
novel traits from other plants. Both approlrChes
warrant investigation.

Plants are known to produce a variety c?t sec
ondary metabolites that have either pharnfaceu
tical or agricultural uses, yet little is knownrabout
the genetic regulation of their production pr the
development of culture systems for optimal pro
duction.Better understanding of these iareas
could lead to the production of new, improved,
or less expensive drugs and compounds that at
tract or repel insects for controlling weeds and
pests.

Goals for improved biological nitrogen fixation
include extending nitrogen-fixing bacterial sys
tems to a wider variety of plants, transferring the
bacterial nitrogen-fixinggenes to plants, and mak
ing existing nitrogen-fixing systems more efficient.
Genetic studies will reveal how nitrogen-fixing
genes are regulated, including how they rFspond
to environmental levels of nitrogen and ~xygen.

The extension of any of the nttrogen-tixmg sys
ems depends partly on understanding more about
survival and competition of nitrogen-fixtng
bacteria in field conditions. Temperature ex
tremes, nutrient and pH status of soils, ahd pres
ence of other micro-organisms are factors that
influence colonization of host plants. Reliable,
analytical descriptions of the field ecology and
physiology of nitrogen-fixing organisms are
needed.

Much basic biology of microbial insecticides is
yet to be understood. In order to determine the
appropriate strategy for their use, it is necessary
to study the influence of such factors as sunlight,
temperature, rain, and relative humidity on the
micro-organisms. Additionally, little is known
about the mode and schedule of application and
dose required for effective use of micro-or
ganisms in the field. Criteria established by EPA
require an analysis of the pathogen's possible ef
fect on human and animal health and the environ
ment.

Even with the lack of biological knowledge cur
rently, it is possible to apply the techniques of
biotechnology to the field of microbial insecti
cides. Approaches include the development of
more potent strains, an increase in their tolerance
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"These priorities only cover the techniques discussed in this re
part. It should be noted, though, that genetic advances andapplica
tiona are dependent on concurrent research in plant biochemistry
and physiology.

and gene expression in plants, * The knowledge
generated from investigations of DNAsequences
and their functions will be essential to the use of
biotechnology in crop improvement, although the
initial contributions ofbiotechnology will not be
in crop improvement but in acquiring a better
understanding of the basic biology of plants.

It is unlikely that results from laboratory
"model" species can be extrapolated to agricul
turally important crop plants. Therefore, research
is needed for improving and understanding the
laboratory culture conditions for cells from these
important plants. These plants must be able to
be regenerated from single cells on a routine basis
before many experiments using novel biological
techniques can be performed. Much more work
needs to be done before any plant cell vector can
be used routinely. Additionally, a continued
search for vectors for monocots is necessary if
rDNA technology is to have an impact on some
of the most important crop species.

It also is important to develop better selection
methods. For instance, it is essential to be able
to determine rapidly which cells carry specific
genes and whether or not those genes are acting
appropriately.

Both basic and applied research efforts in im
proved plant characteristics are quite active. The
economic impact of finding disease or environ
mental resistances in the near term are potentially
great enough that this research area is the pri
mary thrust of many of the new plant genetics
companies in the United States. Considerable ef
fort continues in universities, as well, although
overall funding forthe university effort probably
is much less than. that represented by the cur
rent industrial effort. For many desirable traits,
the actual protein product of the gene is not
known. Cloning and genetic analysis of such genes
would greatly increase the knowledge of what
kinds of proteins are involved in disease and other
resistances. Other improvements in specific plant
characteristics may be made by modifying genes
in major crop plants or by the introduction of
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to environmental stresses, and an extension of
their host ranges. The cloning of the Bacillus toxin
gene, for example, opens up possibilities for the
genetic manipulation of this gene to produce a
more potent toxin and for the transfer of the gene
to other micro-organisms.

Thevirus AcNPV currently is well enough char
acterized that its use as a vector is now possible.
Some ideas for genetic manipulation include the
introduction of insect-specific toxins and broaden
ing the host range of the virus. The use of fungal
insecticides requires a better understanding of the
physiology, genetics, and pathogenicity of the
genes that code for these insecticides. This under
standing should lead to the development of strains
with increased virulence and greater ease of pro
duction in culture (81).

Plants are capable of producing insecticides, yet
little is known about their biosynthesis or mode
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Chapter 7

Specialty Chemicals and Food Additives

Introduction

In the production of specialty chemicals, de
fined in this report as chemicals whose price ex
ceeds $l/lb (50¢lkg) in cost, there are many poten
tial applications of biotechnology. * The nearest
term applications are in the production of special
ty chemicals that are already produced by proc
esses using micro-organisms, e.g., amino acids and
enzymes. Enzymes are the direct products of
genes, so their production is particularly accessi
ble with new genetic technologies.

A number of specialty chemicals are chemical
ly synthesized. Some, including some vitamins,
are synthesized chemically from petrochemicals.
Others, including fatty acids and steroids, are syn
thesized chemically from naturally occurring
compounds. Current chemical synthesis produc
tion processes often require large energy inputs,
have complicated synthesis steps, and yield many
byproducts. Potentially, some of the steps in cur
rent chemical synthesis processes could be re
placed by biological steps catalyzed by enzymes.
Enzymes that perform some of the necessary con
versions in a very specific manner and with small
energy inputs are already known. If appropriate
microbial enzymes (or higher organism enzymes)
were identified and characterized, the appropri
ate genetic information could be cloned and ex
pressed fairly rapidly in,well-studied micro-orga
nisms to produce or modify compounds such as
vitamins, lipids, steroids, and aromatic chemicals.
Alternatively, a chemical synthesis production
process might be replaced entirely by a biological

"The application of biotechnology to the production of commodity
chemicals, defined in this report as chemicals that sell for less than
$1 per pound, is discussed in Chapter 9:Commodity Chemicals and
Energy Production.

Amino acids

In 1982, the worldwide sales volume of amino
acids was 455,000 metric tons (tonnes) valued at
$1.15 billion (see fig. 17), and an annual growth

process if a micro-organism were identified that
performed the synthesis. Both individual enzymes
and biosynthetic pathways consisting of several
enzymes can be manipulated genetically to in
crease production.

Finally, it should be noted that there are some
specialty chemicals synthesized in nature, such
as complex polysaccharides, for which chemical
synthesis is not feasible. Improving the syntheses
of these specialty chemicals in controlled micro
bial processes is beginning to be investigated.

This chapter discusses the applications of bio
technology to the production of specialty chemi
cals. It also discusses applications to the produc
tion of animal feed and human food additives, be
cause many of the genetic techniques applicable
to the production of specialty chemicals also apply
to the production of such additives. Since the
main difference between specialty chemicals and
food additives is in the Food and Drug Administra
tion's (FDA's) regulatory approval process for food
and food additives, food additives are discussed
here as a subset of specialty chemicals. **

The several kinds of products that could be pro
duced using biotechnology, which are discussed
in this chapter, are only representative of the
large range of products that could fie synthesized
using biotechnology. The specialty chemicals and
food additives market is extremely broad, and
many other applications of biotechnology to the
production of such products may be evident in
the future.

* *FDA'sregulatory approval processes are discussed in Chapter
15: Health, Safety, and Environmental Regulation.

rate of 7 to 10 percent is expected during the re
mainder of this decade. The world markets for
amino acids are currently dominated by Japanese
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Figure H.-Uses of Amino Acids

Specialties
1%

Foods
52%

Sales value
198210101=$1.15 billion

Glutamic acid

The largest world market for an amino acid is
the market for glutamic acid; the sodium salt of
glutamic acid, monosodium glutamate (MSG), is
used as a food additive. On the order of 300,000
tonnes of glutamic acid are produced annually
worldwide (23,25). Approximately 30,000 tonnes
are used in the United States, and about one-half
of U.S. needs are met through imports at a price
of about $2/kg (10). .

MSG is produced by an efficient bioprocess
using a strain of Corynebacterium. This strain
was first isolated, on the basis of the micro
organism's ability to synthesize and excrete glu
tamic acid, by the Japanese in the late 1950's. Re
ports through the Japanese patent literature in
dicate that Ajinomoto, the world's leading MSG
manufacturer, is applying recombinant DNA
(rDNA) techniques to Corynebacterium strains in
an effort to improve glutamic acid production. *

"Str-ains of Corynebacterium are used extensively in Japan for
synthesis of several amino acids, but the Japanese bioprocess industry
did not do basic research with these bacteria until recently.
However, patents and reports in the literature indicate that Japanese
amino acid producing firms have begun application of rDNA tech-

Worldwide volume
198210101=455,000 tonnes

SOURCE: Offlce of Technology Assessment, adapted from P. L. Layman, "Capacity Jumps for Amino AcidS," Chern. & Eng. News, Jan. 3, 1983.

producers, the largest of which is Ajinomoto.
Amino acid production in the United States, how
ever, is beginning to expand. W. R. Grace is plan
ning to use a new plant in Maryland to produce
pharmaceutical-grade amino acids, and two Jap
anese producers, Ajinomoto and Kyowa Hakko,
are opening plants in the United States (47).

Amino acids have traditionally been used as an
imal feed and human food additives, and their use
as animal feed additives may increase as other
proteinaceous feedstuffs become more expensive.
Recently, there has been increased use of phar
maceutical-grade amino acids for enteral and in
travenous feeding solutions. Important constit
uents of these feeding solutions are the essential
amino acids, those that the human body cannot
make. Leading U.S. manufacturers of such solu
tions are Abbott Labs, Baxter Travenol, and Amer
ican Hospital Supply (30). As shown in figure 17,
the specialty market accounts for only 1 percent
of world volume of amino acid production, but
amounts to 18 percent of the sales value. The pro
duction of pharmaceutical-grade amino acids
using biotechnology is receiving attention from
both U.S. and Japanese companies (28,47).



Methionine

Another large market for amino acids is in ani
mal feeds (47). Typical corn/soybean animal feeds
have low concentrations of the amino acids meth
ionine and lysine, so their nutritive value in animal
diets is limited. Methionine and lysine (seebelow),
therefore, are widely used as animal feed addi
tives. Two companies in the United States, Mon
santo and the U.S. affiliate of the West German
firm Degussa, produce feed-grade methionine
using a chemical process (9). Because this process
is quite inexpensive, it is not likely that competi
tive biological routes to methionine production
will be developed in the near future.

Lysine

The production of the amino acid lysine is dom
inated by three Japanese producers, Ajinomoto,
Kyowa Hakko, and Toray Industries (11), which
together account for 90 percent of the world mar
ket. Manufacturers' prices are variable, general
ly in the range of $3 to $4lkg for feed-grade lysine
(43). The United States imports all its lysine (67)
and in 1981 imported approximately 11,000
tonnes (68). A plant for lysine production is be
ing built in Cape Girardeau, Mo., by the Japanese
manufacturer Kyowa Hakko, and it is projected
that the plant's initial production of lysine will be
7,500 tonnes per year (40).

Most lysine is produced in a bioprocess using
mutant strains of Corynebacterium. A substan
tial increase in lysine production and a corre
sponding decrease in cost can be expected to
result from applying rDNA techniques to these
bacteria (30). In production processes, Corynebac
terium mutants already yield large amounts of
lysine from a crude carbon source such as mo
lasses (45). Amplification of lysine biosynthetic en
zymes in these bacteria through gene cloning
should result in an increased synthesis rate and
amount.

Tryptophan

The amino acid tryptophan is the second limit
ing essential amino acid in corn and the third

niques to Corynebacterium. Genex and W. R. Grace also have re
search programs to develop genetic techniques for these bacteria
(301.
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limiting essential amino acid in combination feeds
for swine and poultry (58). Although tryptophan
would seem to be a prime candidate for the ani
mal feed supplement business, marketing analyses
have shown that the cost of tryptophan would
have to be reduced to the $10lkg range (i.e.. about
threetimes the cost of lysine) in order to interest
feed formulators in its use (47). The current cost
of tryptophan, $95lkg, makes its addition to ani
mal feeds out of the question at this time.

The development of efficient bioprocesses for
tryptophan production using either modified Cor
ynebacterium or enterobacteria (intestinal bac
teria) such as Escherichia coli could potentially
lower tryptophan costs. The current level of un
derstanding of the E. coli aromatic amino acid
pathway and sophisticated rDNA techniques that
are available should facilitate strain construction
in the enterobacteria. As for constructing a tryp
tophan-producing Corynebacterium, basic under
standing of the synthetic pathway and develop
ment of a vector system remain to be achieved.
Manipulating any micro-organism to produce
tryptophan efficiently may be difficult, however,
because the synthesis of tryptophan requires a
greater expenditure of energy than does that of
any other amino acid (l). The yield of tryptophan
from a given carbon source, therefore, will be
lower than the yield for other amino acids. The
yield of product from glucose is an important fac
tor in determining production cost in a bioproc
ess. Information concerning production cost im
provements made by the Japanese companies
now manufacturing tryptophan is not available.

Progress has been made in developing a two
step enzymatic process for tryptophan produc
tion (32). This approach requires three substrates:
glycine, formaldehyde, and indole. The high levels
of the two enzymes required for this process are
obtained by cloning and amplifying each of the
genes for these enzymes. This process has not yet
been commercialized, but is being investigated by
the new biotechnology firm (NBF)· Genex (U.S.).
Commercialization requires that the three sub
strates be priced low enough to meet the target
price for tryptophan. Another enzymatic process
for the production of tryptophan has been devel-

*NBFs, as defined in Chapter 4: Firms Commercializing Biotech
nology, are firms that have been started up specifically to capitalize
on new biotechnology.
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oped by Mitsui Toatsu Chemicals. Commercial
production of tryptophan by this Japanese firm
was due to begin in January 1983 (7,12).

The relative costs of corn and soybean meal in
fluence the use of these products as animal feed
additives. As the price of soybean meal, the main
source of protein, and thus amino acids, in poul
try and swine feeds rises relative to feed-corn
prices, as is expected during the 1980's, there will
be a tendency to use less soybean meal in animal
diets if less expensive feedstuffs are available. A
reduction in lysine production cost and a substan
tial reduction in tryptophan cost could result in
increased incorporation of these amino acids in
animal diets as a substitute for proteinaceous soy
bean meal.

Aspartic acid

Innovative processes for amino acid production
that involve immobilization of whole cells or en
zymes for bioconversion of precursors to amino
acids are being developed (30). In the case of
aspartic acid, a constituent of the sugar substitute
aspartame, an immobilized process has reduced
the costs of production. An early process for
aspartic acid production involved the enzyme
aspartase in a one-step batch reaction. The life
of the catalyst in this process was, at most, a few
days. When the enzyme aspartase was immobil
ized and a continuous-flow process was devel
oped, a 40-percent saving in aspartic acid produc
tion cost was realized (14). The life of enzymes
in immobilized systems can be increased many
fold, up to several months. Cost savings are due
to reductions in the amount of catalyst required,
in the size of equipment used, and in the labor
needed to operate the system.

Phenylalanine

The demand for the amino acids aspartic acid
and phenylalanine as components of the sugar

Enzymes

Enzymes are proteins whose function in living
systems is to catalyze the making and breaking
of chemical bonds. They have been used commer-

substitute aspartame has spurred process devel
opment. Aspartic acid is already available at an
attractive price, and the research described below
will make reasonably priced phenylalanine avail
able soon (30). Phenylalanine, like tryptophan, re
quires large amounts of energy for the microbial
cell to make. However, it should be possible to
genetically manipulate enterobacteria or Coryne
bacterium strains to overproduce phenylalanine,
thereby making the process economic.

A group of Australian scientists at the Univer
sity of New South Wales, Kensington, is construct
ing E. coli mutants to overproduce phenylalanine
in either a batch or continuous-flow bioprocess
(15). No report of the commercialization of their
process has been made. Amino acid producers in
Japan (Ajinomoto and Kyowa Hakko) may also be
applying rDNA techniques to improve phenylal
anine production by their Corynebacterium
strains in order to reduce phenylalanine costs.

A single-step enzymatic process to produce
phenylalanine for use in aspartame is being
developed in the United States by Genex and in
Japan by Tanabe Seiyaku (31,73). In this process,
yeast cells that contain the enzyme phenylalanine
ammonia lyase (PAL) are utilized. Under the ap
propriate conditions, PAL will catalyze the for
mation of phenylalanine from cinnamic acid and
ammonia. The economics ofthe PAL process are
very sensitive to the cost of the major raw ma
terial, cinnamic acid, which is currently rather
expensive. Recovery of phenylalanine from the
PAL process, however, will be much more
straightforward than recovery from the complex
broth that results from a batch bioprocess. High
recovery yields in the PALprocess may offset the
disadvantage of a more expensive raw material.

cially since the 1890's, when fungal cell extracts
were first added to brewing vats to facilitate the
breakdown of starch into sugar"The size of the
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$1.3 billion in U.S. payments for sugar imports
was saved in 1980 because of the domestic use
of corn. sweeteners (17).

The process for converting glucose to fructose
is catalyzed by the enzyme glucose .isomerase. Ini
tiaIIy, the conversion was done using a batch reac
tion; in 1972, however, a continuous system using
immobilized glucose isomerase was initiated (36).
The immobilized glucose isomerase process rep
resents the largest immobilized enzyme process
used in production in the world. A large process
ing plant can convert 2 million pounds of corn
starch into high-fructose corn syrup per day (19).

Because of expanded sales in, for example, the
detergent and high-fructose corn syrup markets,
demand for enzymes will increase. The applica
tion of rDNAtechniques to microbial enzyme pro
duction is expected to facilitate the expansion of
the enzyme industry (25). Additionally, enzymatic
activities of higher organisms could be cloned into
micro-organisms, also expanding the enzyme in
dustry. The fact that enzymes are direct gene
products makes them good candidates for im
proved production through rDNAtechnology. For
example, a 500-fold increase in the yield of a
ligase, used for connecting DNAstrands in rDNA
research, was obtained by cloning the gene for
that enzyme on an E. coli plasmid vector (25).
Several research enzymes now on the market are
produced by micro-organisms modified using
rDNA techniques. Some are restriction endonu
c1eases used for cutting DNA, and others are DNA
modifying enzymes. Companies that market these
enzymes include Bethesda Research Laboratories
(U.S.), New England Biolabs (U.S.), poL Biochemi
cals (U .S.), and Boehringer Mannheim (F.R.G.) (30).

Recombinant DNAtechnology could potential
ly beused to increase glucose isomerase produc-

world industrial enzyme market for 1981 was es,
timated to be 65,000 tonnes at a value of $400
million. A growth rate resulting in 75,000 tonnes
valued at $600 million has been predicted for the
end of 1985. Fewer than 20 enzymes comprise
the large majority of this market. Economic
sources of enzymes include a limited number of
plants and animals and a few species of micro
organisms (33).

The enzyme industry is dominated by two Euro
pean companies, Novo Industri (Denmark) and
Gist-Brocades NV (Netherlands), which together
have about 65 percent of the current world mar
ket (25). Other companies marketing or planning
to market large volume enzymes include CPCIn
ternational (U.S.), ADM (adivision of Clinton, U.S.),
Miles (U.S.), Pfizer (U.S.), Dawi Kasi (Japan), Alko
(Finland), Finnish Sugar (Finland), and Hohm (a
division of Henkel, F.R.GJ.

The leading enzymes on the world market in
terms of volume are the proteases, amylases, and
glucose isomerase (25). Alkaline protease is added
to detergents as a cleaning aid and is widely used
in Western Europe. Trypsin, another type of pro
tease, is important in the leather industry. Two
amylases, alpha-amylase and glucoamylase, and
glucose isomerase are corn-processing enzymes.
The reactions catalyzed by these three enzymes
represent the three steps by which starch is con
verted into high-fructose corn syrup (see fig. 18).
Fructose is sweeter than glucose and can be used
in place of table sugar (sucrose) in preparation
of candy, bread, carbonated beverages, and in
canning. Historically, the United States imported
sugar, but with the commercial development of
an economic process for converting glucose to
fructose in the late 1960's, corn sweeteners have
decreased the amount of sugar imported. About

SOURCE: Office of Technology Assessment.



erties. The world market for rennet from various
sources is valued at approximately $64 million,
over half of which is the more valuable calf ren
net (25). The increasing scarcity of calf rennet has
made this enzyme a very attractive candidate for
gene cloning and subsequent production in a mi
crobial bioprocess. The first announcement of the
cloning of the rennet gene came from a Japanese
scientist (53). Since then, it also has been cloned
by four NBFs: the U.S. firms Genex, Collaborative
Research (29), and Genencor (56), and the British
firm Celltech (24,35).The first marketing of calf
rennet produced by genetically manipulated bac
teria is likely to occur in 1984 (30).

Enzymes, such as urokinase and streptokinase,
are being used increasingly for treatment of
human disorders. Their use and importance are
discussed in Chapter 5: Pharmaceuticals. Many
other enzymes are used for research and medical
purposes in small quantities. Because rDNAtech
nology potentially allows the construction of en
zymes with improved stability and faster reaction
rates, the use of enzymes industrially and medical
ly could increase dramatically.

(26)because of a decrease in the consumption of
animal products.

Vitamins are either synthesized chemically or
isolated from natural sources, and to date,
biotechnology has had essentially no impact on
vitamin production. Nevertheless, some oppor
tunities do exist for reducing vitamin production
costs using biotechnology. First, the cost of ex
isting bioprocesses for vitamin production, such
as that for vitamin B12,might be reduced by using
a genetically manipulated micro-organism that
synthesizes the vitamin in larger amounts at a
higher rate. Second, some steps in a chemical syn
thesis might be replaced by biological steps, or
the chemical synthesis might be replaced entire
ly by identifying micro-organisms able to synthe
size particular vitamins. Once such microbes have

tion in micro-organisms and to improve the en
zyme's properties. An improved glucose isomer
ase would have the following properties:

• a lower pH optimum to decrease the brown
ing reaction caused by the alkaline pH now
required;

• thermostability so thatthe reaction temper
ature can be raised, thus pushing the equi
librium of isomerization to a higher percent
age fructose; and

• improved reaction rates to decrease produc-
tion time.

Improvements in glucose isomerase will first
come from the cloning of its gene into vectors and
micro-organisms that have been developed for
high production. It is also possible that screen
ing a broad range of micro-organisms will yield
enzymes with some improved properties. Final
ly, it will be possible in the future to identify the
regions of the enzyme that are responsible for
its various properties, such as pH optimum, and
to direct changes in the gene structure to modify
these properties.

Rennet is an enzyme that is essential to the
cheese industry because of its milk-clotting prop-
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In 1981, the U.S. Department of Commerce re
ported that Sales of vitamins for human use
amounted to $1.1 billion (69). This market is ex
pected to grow substantially over the next decade
because of the current trend toward a more
health- and nutrition-conscious population. A
smaller but significant sector of the human vita
min market is for food processing and fortifica
tion.

Another important use of vitamins is in com
mercially prepared animal feeds. The vitamin con
tent of natural feedstuffs is variable, so animal
producers often supplement animal diets with vi
tamins. The U.S. market for vitamins as supple
ments in commercially prepared animal feed is
large but is expected to increase an average of
only 2.5 percent annually over the next decade

Vitamins



been identified, vitamin synthesis can be en
hanced by various biochemical, traditional genet
ic' and rDNA techniques. Finally, a micro-orga
nism might be identified that produces a vitamin
precursor. Such a micro-organism might then be
genetically modified so that it would produce the
vitamin itself by introducing a gene (or genes) that
specifies an enzyme that would convert the pre
cursor to the vitamin.

There are technical problems that introduce
risks to research programs for new process de
velopments for Vitamins. One major problem is
the dearth of information concerning vitamin bio
synthetic pathways, especially in micro-orga
nisms. Another problem is that any new biotech
nology-based process will have to be very efficient
to compete with the established chemical produc
tion methods.

Since vitamins are naturally occurring sub
stances, they all have the potential for biotech
nological production. The discussion below con
centrates on vitamins B2, B12, C, and E to illus
trate the range of biosynthetic pathways and po
tential problems for industrial production.

Vitamin B2

Riboflavin (vitamin B2) is known to be synthe
sized in small quantities by micro-organisms, but
is manufactured primarily by chemical synthesis.
The synthesis of riboflavin by the bacterium Ba
cillus subtilis has been studied extensively by a
group of Soviet scientists (13), and strains of B.
subtilis that overproduce and excrete riboflavin
have been isolated (22). Because B. subtilis has
been the subject of extensive studies by u.S. and
European scientists, techniques such as DNA
transformation, protoplast fusion, and gene clon
ing have been developed for this bacterium (21).
The availability of such techniques should facili
tate the construction of a strain of B. subtilis for
the production of riboflavin.

Vitamin B12

Vitamin B12 is currently produced by a micro
bial bioprocess (27). The u.S. marketfor vitamin
B12 is supplied both by u.S. and European firms.
One U.S.company (Merck)supplies the major part
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of the feed-grade vitamin B12 market, while im
ports from Europe account for the major portion
of the pharmaceutical grade (30). The current
manufacturers' price for vitamin B12 is approx
imately $8,000lkg for pure material (9).'

Reducing the cost of vitamin B12 production
will require genetic modifications of bacterial
strains so that the micro-organisms synthesize
vitamin B12 more efficiently. Vitamin B12 is one
of the most complex molecules of living systems,
however, and its biosynthetic pathway has not
been definitively characterized.

Vitamin C

The u.S. market for vitamin C is very large,
17,500 tonnes in 1982 (30). Approximately two
thirds of this volume is supplied by U.S. pro
ducers, while the remaining third is imported.
The current price of vitamin C is approximately
$12lkg (9).

Although some of the synthesis of vitamin C is
done microbially, efforts to replace other steps
with bioconversions have not been successful (18).
The synthesis of vitamin C has been reported in
a few micro-organisms (50). The first step in de
veloping a vitamin C bioprocess, therefore, will
be screening for a potential production organism.
Analysis of the biosynthetic pathway must be
done, because little is known about microbial
pathways for vitamin C synthesis. Once the rate
limiting steps of the pathway have been identi
fied, rDNA techniques could possibly be used to
increase production. A complicating factor in a
vitamin C bioprocess is the fact that this vitamin,
in solution, is readily oxidized when exposed to
air. Controlling dissolved oxygen and complexing
vitamin C with other compounds are two poten
tial techniques for controlling the rate of vitamin
breakdown during production. The wealth of
unknowns makes it impossible at this time to pre
dict a time frame for developing an improved vi
tamin C production process.

"The prices in this reference are for small volumes. The purchase
of large quantities of these chemicals can result in a substantial price
reduction.
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Vitamin E

If an approach to natural vitamin E production
using biotechnology could be developed, its im
pact would be quite significant. In 1979, approx
imately 3,200 tonnes of vitamin E were used in
the United States (39). Of this amount, 700 tonnes
were the natural form of vitamin E. The remain
ing 2,500 tonnes were synthetic forms. Synthetic
vitamin E is a mixture of closely related com
pounds that vary in biological activity, whereas
the natural vitamin preparation consists of only
the most active compound. Demand for vitamin
E as an antioxidant could increase the market for
this vitamin by as much as 1,500 tonnes per year,
depending on FDA's decisions concerning contin
ued use of chemical antioxidants. The U.S. de
mand for natural vitamin E is met by two U.S.
manufacturers, Eastman Chemicals and Henkel,
and 95 percent of synthetic vitamin E is produced
in the United States (30). The May 1983 price of
the synthetic vitamin mixture was $27/kg (9). The
price of the natural vitamin was several times that
amount, depending on the activity of the prepa
ration.

Natural vitamin E is now purified from vegeta
ble oil by a process that involves several steps.
If a one-step fermentation process could be de
veloped based on a high-producing microbial
strain, the manufacturing cost of natural vitamin
E might be lowered substantially.

Blue-green algae are the only well-characterized
micro-organisms that are known to produce vi
tamin E (20,55). It might be possible to increase
vitamin E synthesis by altering the biosynthetic
pathway in blue-green algae, but the biochemistry
and physiology of this pathway is poorly under
stood, and gene cloning in these micro-organisms
is at a rudimentary stage of development.

Single-cell protein

The term "single-cell protein" (SCP) refers to
cells, or protein extracts, of micro-organisms
grown in large quantities for use as human or an
imal protein supplements. Although SCP has a

The discovery in bacteria, such as E. coli, B. sub
tilis, and Pseudomonas, of a compound that is
potentially a vitamin E precursor suggests another
route for vitamin E production (37). These bac
teria are well-characterized species for which ge
netic transfer techniques are developed. Con
struction of a vitamin E-producing strain first
would involve isolating mutants that overproduce
the precursor_Then the genes for the enzyme
that catalyzes the conversion of the precursor to
vitamin E could be isolated from blue-green algae
and introduced into the potential production
strain. Although the savings in production cost
of vitamin E could be great, this project involves
a substantial amount of risk related to the lack
of information concerning the biosynthesis of this
vitamin. For example, itis not known if only one
enzyme is needed for the conversion of precur
sor to vitamin, how complex such an enzyme is,
how many genes encode it, and what cofactor re
quirements it might have.

Summary

Biotechnological techniques for improving the
efficiency of vitamin production are similar to
those being used in amino acid process develop
ment. The research and development (R&D) ef
fort for vitamins will be more extensive than that
for the amino acids, because vitamin biosynthetic
pathways are more complex and less understood.
In some instances, screening programs to identi
fy micro-organisms with potential for producing
a particular vitamin may be required. Further
more, for some micro-organisms that have good
potential for vitamin production, it will be nec
essary to develop techniques of genetic manipula
tion. In summary, the impact of biotechnology on
vitamin production will be more long range than
its impact on the production of either amino acids
or enzymes.

high protein content, it also contains fats, carbo
hydrates, nucleic acids, vitamins, and minerals.
Interest in SCP production is not new, as evi
denced by the fact that Dutch, German, and Brit-
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Table 38.-Typical 1982 Selling Prices 01 Selected
Microbial, Plant, and Animal protein Products

and taste of SCP suggest real potential in feed and
food markets. In prepared aquaculture feeds
where, for juvenile animals, protein content up
to 50 percent and above is required, SCPappears
to be an attractive product. Another application
is as a calf, lamb, or kid starter, thus leaving more
milk for human consumption.

Incentives for production of SCP are fourfold.
First, some parts of the world, for example, the
high rainfall, tropical areas, have agricultural feed
and food products high in carbohydrates; in such
places, there is a chronic shortage of protein,
which results in deteriorated physical and men
tal health. SCP would raise the protein content
of food. Second, the land in other regions, includ
ing the Middle East and Africa south of the Saha
ra, cannot produce sufficient food of any type to
prevent hunger. Here also an SCP supplement
would be an asset. Third, there is demand world
wide for very high protein ingredients for feeds
in the aquaculture industry, i.e., in the produc
tion of shrimp, prawns, trout, salmon, and other
finfish and shellfish. Finally, SCPdoes not rely on
temperature, rainfall, or sun for survival. At least
one of the variety of feedstocks is usually avail
able in almost any country or region of the world.
The security of having such an internal source
of protein is attractive to many countries.

Economicallyfeasible SCP production is depend
ent on the efficient use of an inexpensive feed
stock by a micro-organism. A large variety of feed
stocks have been used for SCP production over
the years, including carbon dioxide, methane,
methanol, ethanol, sugars, petroleum hydrocar
bons, and industrial and agricultural wastes.
These feedstocks have been used industrially with
different micro-organisms, including algae, acti
nomycetes, bacteria, yeasts, molds, and higher
fungi. The choice of a feedstock includes such
considerations as cost, availability, efficient
growth of the micro-organism, andrequirements
for pretreatment (49).

SCP has yet to become an important source of
protein, mainly because of high production costs.
Some SCP-production processes that were eco
nomical at one time have not remained so because
of changes in prices of competitive sources of pro
tein such as soybean meal or fishmeal. In com
parison to SCP, these protein sources are quite

1982 selling
price
($/kg)

Protein
content

(%)

50 to 55 $1.87 to $2.24
45 to 50 2.09 to 2.29

72 0.88 to 1.03
92 2.59 to 2.68
37 1.16 to 1.21

Product

Food.grade prodUcts:
Candida utills (tortuia yeast) .
K/uyveromyces (ragilis _..
Soy protein concentrate . _.. _ .
Soy protein isolate _
Dried skim milk _ .

Feed-grade products:
Saccharomyces cerevisiae 45 to 50 $0.48 to $0.66
Soybean meai . . . . . . . . . . 44 0.19 to 0.20
Meat and bonemeal . . . . . . . . . . . . 50 0.19 to 0.21
Fishmeal 65 0.23 to 0.40
SOURCE:J. H. Litchfield, "Slngle:Celi Proteins," Science 219:740-746, 1983.

ish patents for Scp· production were issued as
early as 1920 (51). Interest in SCPhas waxed and
waned throughout the ensuing years, but SCP
production has never achieved great significance,
mostly because of economic considerations
(49,64). With the advent of new biotechnology and
the threat of potential world food shortages, in
terest in SCP may once again return (49).

SCP can be used as a protein supplementfor
both humans and animals. In animal feed, it is a
replacement for more traditional supplements,
such as soybean meal and fishmeal. For humans,
SCP is used either as a protein supplement or as
a food additive to improve product functionali
ty, for example, flavor, whipping action, or fat
binding (49). The use of SCP in human food pre
sents a problem: humans have a limited capacity
to degrade nucleic acids. Therefore, additional
processing is necessary before SCP can be used
in human food. The animal feed market is more
attractive for SCP, not only because there is less
processing of the product, but also because the
regulatory approval process is less stringent.

Relative protein content of the various commer
cial sources of concentrated protein is shown in
table 38. Nutritionally, the amino acid composi
tion of SCP resembles meat, fish, and shrimp meal
rather than vegetable protein. It has been shown
through extensive testing both in the United
States and abroad to be a suitable substitute for
at least part of the former high-cost protein
sources. The high protein content, good storage
properties in dry form, texture, and bland odor
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inexpensive (see table 38). In fact, the price of
most SCPprocesses would have to be decreased
one-half to one-fifth for SCP to be competitive
with soybean meal and fishmeal.

Through the years, the high cost of SCP relative
to that of these other sources of concentrated pro
tein has prevented extensive utilization of SCP,
primarily in animal feeds. In the case of SCP pro
duced from methanol, for example, the methanol
represents approximately 50 percent of the cost
of the product. In the United States, the cost of
SCP made from methanol exceeds the average
cost of fishmeal by a factor of 2 to 5. A plant in
the United Kingdom (lCI) is operating at a loss
because of such a situation (49,52). In some parts
of the world, such as the Middle East, low-cost
methanol and high shipping costs for fishmeal and
other natural protein sources make the cost dif
ferential considerably less. In countries without
methanol, biomass presents an option as a cheap
feedstock source. However, this market has not
been developed yet.

It is possible that the application of biotech
nology will help to reduce the cost of production
of SCP. Strains of micro-organisms could be im
proved using rDNA techniques. Improvements
could include increasing the production of pro
teins with a better amino acid balance* or improv
ing the ability of the micro-organism to utilize the
feedstock efficiently. Technological improvements
in the process and recovery steps would also be
important. The use of automated, continuous
processes could improve the efficiency of produc
tion. Recovery steps could be aided by using
micro-organisms that have been genetically ma
nipu�ated to excrete protein. Additionally i it is
possible that an enzyme that degrades cell walls
could be cloned and produced in large amounts.
Its use would help in the production of a protein
concentrate from cells. New technologies will
probably improve the production of SCP; but
widespread introduction of SCPwill be governed
by economic and regulatory factors.

Several companies in Western and Eastern Eu
rope, the United States, and Japan have built SCP

*As do proteins from plants, proteins from micro-organisms often
lack one or more essentialamino acids. Most commercial SCPprod
ucts are low in methionine (51).

production plants in the last 15 years (3,5,64).
Many of these are no longer operating because
of high production costs and regulatory approval
problems. Nevertheless, there are several com
panies operating plants, including Shell Chemicals
(Netherlands), British Petroleum (U.K.), ICI (U.K.),
Rank Hovis MacDougaB (U.K.), Sosa Texaco (Mex
ico), Finnish Pulp and Paper Institute (Finland),
Amoco (U.S.), Phillips Petroleum (U.S.), Pure Cul
ture Products (U.S.), Rhinelander Paper Corp.
(U.S.), and Amber Laboratories (U.S.). In addition,
there is one plant in the German Democratic Re
public, and there are several in the U.S.S.R.

The center of SCPtechnology is in England, es
peciaBy at ICI (71). The ICI process uses aerobic
bacteria with methanol and ammonia as feed
stocks. The bacteria are grown in the world's larg
est continuous bioprocess system with computer
ized control and monitoring of performance. The
product, Pruteen®, contains 80 percent crude pro
tein as well as a high content of essential micro
nutrients, especially B group vitamins. Pruteen'"
is used in animal feed diets (poultry, swine, fish)
and as a milk replacer (calves). In 1981, ICI had
scaled up its process to produce 3,000 tons of SCP
per month. It is beginning research using rDNA
technology to facilitate protein harvesting (49). So
far, however, the production of Pruteen'Phas not
been economic even though it is twice as nutri
tious as soybean meal (52).

Two of the SCPplants in the United States (Am
ber and Rhinelander) use wastes produced in
other parts of their plants for feedstocks, assur
ing a constant and inexpensive source of raw ma
teria�s for SCP production (49). This type of small
scale operation using internally generated wastes
as feedstocks may be the most appropriate use
of SCPtechnology in the United States and other
countries where animal- and plant-derived pro
tein sources are abundant.

The U.S.S.R. is actively pursuing the production
of SCP. The Soviets consider the construction of
plants to produce SCPa high priority in order to
decrease their dependency on foreign sources of
protein for animal feed (5). The U.S.S.R. produces
about 1 million tons of SCPper year, butproduc
tion has not increased since 1976 (62). About half
of the Soviets' SCPfeedstock is cellulose, and the
balance is petroleum. The current Five-Year Plan
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Fatty acids

Fatty acids are important industrial chemicals
used in cosmetics, plastics, lubricating greases,
rubber compounding, polymer emulsifiers, spe
cialty household cleaners, foods, paints, varnishes,
and flotation reagents (46). In the United States
alone, the present consumption of fatty acids is
about 1.65 billion pounds annually (46). The ma
jor sources of fatty acids are the naturally occur
ring fats and oils of plants and animals. The ma
jor plant sources of fatty acids in the United States
are tall oils and coconut oil,and the major animal
source is tallow (46). Synthesizing fatty acids from
petroleum feedstocks is possible, but the process
requires complex reactions and is more expen
sive than obtaining the acids from natural
sources.

range of utilizable feedstocks; 2) increasing the
optimum bioprocessing temperature and achiev
ing a concomitant decrease in cooling require
ments; 3) increasing the efficiency of utilization
of the feedstock with the associated benefit of de
creased generation of heat; 4) optimizing the bal
ance of the essential amino acids in the product;
and 5) producing of high-value products in con
junction with the SCP (e.g.,growth stimulators)
which may be either left in the SCP product or
isolated from the broth.

The future of SCP depends largely on reduc
tion in cost and improvement in quality. Means
to meet these requirements involve lower cost
feedstocks, improved engineering of the conver
sion and recovery processes, and upgrading the
yield and quality of the product through conven
tional genetic and rONA methods. The renewed
interest in all of biotechnology, in part due to
rONA technology, is leading to increased effort
in developing economically competitive SCPwith
improved qualities.
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Fats and oils are composed of triglycerides,
which can be broken down to free fatty acids and
glycerol, a valuable coproduct. The usual decom-

Lipids are water-insoluble compounds found in
cells whose many functions include serving as the
structural components of membranes and stor
ing of metabolic fuel. The term lipid designates
a general class of compounds that includes the
complex lipids (saponifiable lipids) which contain
fatty acid components and simple lipids Inonsa
ponifiable lipids) which have no fatty acid com
ponent. The simple lipids include some vitamins,
steroid hormones, and other highly specialized
fat-soluble biomolecules.

Complex lipids are readily available and are ex
tracted from natural sources. Some lipids such
as sophorolipids have commercial uses. Byfar the
most valuable attributes of lipids, however, are
the products that can be derived from them, in
cluding fatty acids and fatty alcohols and the
potential of lipids to replace petroleum feedstocks
(48). Biotechnology could be used to develop new
methods for economical production of lipid-de
rived products.

Engineering improvements expected include
bioreactor designs for continuous operation and
high cell density. High cell densities decrease cost,
because at high cell densities, the cell suspension
leaving the fermentor can be dried without pre
concentration of the cells by centrifugation, and
because extracellular nutrients are recovered in
the product.

Conventional genetic and rONA methods for
SCP production are currently being directed
toward the following goals: 1) broadening the

Complex lipids

calls for doubling SCP production by 1985 to 2
million tons per year, but the Soviets will have
to produce a total of 3 million tons per year in
order to be able to stop importing soybeans for
use as a protein source.

Low-cost or waste biomass feedstocks have
been cited as one means to product cost reduc
tion. Inedible biomass can serve as an indirect
feedstock for SCP processes by high-temperature
conversion to synthesis gas and then to methanol
(2).

•
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position method is a chemical process whereby
the triglycerides are continuously hydrolyzed (16).
This chemical process is efficient; 99 percent of
the available triglycerides are hydrolyzed to free
fatty acids and glycerol. Because the process re
quires both high temperatures and high pressure,
however, it is also energy-intensive.

An attractive alternative to chemical hydrolysis
of triglycerides is an enzymatic process that uses
lipases to split the triglycerides into free fatty
acids and glycerol (seefig. 19).Such a process does
not require severe reaction conditions and is
therefore more energy-efficient. Two Japanese
companies have begun to commercialize the pro
duction of fatty acids from natural oils and fats
using lipases. Miyoshi Oil and Fat Co. has report
edly constructed two plants for the lipase-cata
lyzed production of fatty acids. Its initial plant
reportedly is producing 300 tons of fatty acids
annually. Similarily, the Nippon Oil and Fat Co.
has begun trial operation of a pilot plant at its
Amagaski facility. It plans to produce initially
about 1,000 tons of fatty acids per month. These
Japanese companies report that the lipase-based
production of fatty acids is both energy- and
labor-efficient (38,39).

Because of their stability and lack of cofactor
requirements, lipases are good candidates for use
in an immobilized enzyme process. At the pres
ent time, however, the apparent requirement of
lipases for an emulsified substrate represents a
barrier to an immobilized enzyme process. Re
search on both process design and the identifica-

Figura 19.-Hydrolysis of Triglycerides

SOURCE: Office of Technology Assessment.

tion of lipases that are more amenable to immo
bilization should result in the development of an
immobilized enzyme process for the production
of fatty acids. Such process development might
take several years.

The cost of obtaining sufficient quantities of
lipase will have a major impact on the economic
viability of such processes. The application of
biotechnology to develop or improve techniques
for the recovery and reuse of lipases would be
desirable. Supplies of specific lipases could be in
creased through gene cloning and amplification.

Fatty alcohols

Fatty alcohols are important industrial chemi
cals. The plasticizer ester industry uses large
quantities of shorter chain (6 to 10 carbons)
alcohols, while alcohols oflonger length (11to18
carbons) are used to make detergents. Fatty al
cohols can be synthesized chemically from eth
ylene, which is derived from petroleum feed
stocks. Alternatively, some Japanese companies
use a chemical process to convert fatty acids ob
tained from coconut oil into fatty alcohols (30).
Although the Japanese chemical process does not
rely on nonrenewable petroleum feedstocks, it
does require extreme reaction conditions and
therefore high energy consumption. A number
of micro-organisms are capable of converting fat
ty acids to fatty alcohols, but these biological con
versions are also energy consumptive. Further
more, both the substrate and product are toxic
to micro-organisms. Hence, the development of
a biologicalprocess would require, at best, anum
ber of years of R&D effort.

Microbial oils

Although naturally occurring fats and oils can
currently be obtained cheaply from plants and
animals, there is a resurgence of interest in ex
ploiting micro-organisms for the production of oil.
Israel, for example, is actively pursuing the de
velopment of a microbial source for oil (57) to
reduce its dependence on imports. A number of
eukaryotic oil-producing micro-organisms have
already been identified, and preliminary research
in developing micro-organisms as a source of oil
is underway. It is impossible to predict when such



Ch. 7-Specialty Chemicals and Food Additives • 207

processes will be commercial. The United States
has sufficient plant and animal sources for fats
and oils, but the supply is affected by climate.
European countries, unless they develop a micro
bial source, will have to rely on imported mate
rials to satisfy demands for vegetable oils and fats
(57).

Sophorolipids

There is increasing interest in identifying and
exploiting microbial biosurfactants (biologically

Steroids

With the recognition of the therapeutic value
of the natural steroid hormones and their analogs,
it became necessary to develop efficient processes
for producing these products. The steroids cur
rently in therapeutic use are synthesized primari
ly by modifying naturally occurring steroids ob
tained from plants. Two commercially important
modifications, ll-beta-hydroxylation and delta"
dehydrogenation, are difficult to achieve via
chemical routes, but micro-organisms have been
reported to perform both reactions. Examples of
a microbial ll-beta-hydroxylation and a delta '
dehydrogenation are shown in figure 20.

Microbial reactions have been identified for the
hydroxylation of virtually every position of the
steroid nucleus. Because whole-cell bioconver
sions for introducing the 11-beta-hydroxyl group
occur at low levels and are plagued by the for
mation of byproducts, they have not been devel
oped for commercial use. Further study of the
enzymatic process should establish whether the
byproducts are the result of many steroid-metab
olizing enzymes or a lack of specificity of the
ll-beta-hydroxylating enzyme. If the enzyme is
specific, it may be possible to obtain the desired
conversion levels by cloning and expressing at
high levels the genes that encode the t i-beta
hydroxylase.

derived emulsifying agents). One group of glyco·
lipids, the sophoroliplds, shows considerable
promise for use as biosurfactants. Sophorolipids
can be produced from vegetable oils by the yeast
Torulopsis. These sophorolipids are comparable
in activity to other surfactants, but are produced
by the yeast in much higher yield and are easily
separated from reaction broths, thus minimizing
costs. Further characterization of the sophoro
lipids and their potential markets is required
before applications of biotechnology to their pro
duction are likely to be considered.

Microbial delta '-dehydrogenations are used
commercially today. However, an efficient micro
bial process that combines delta --dchydrogenatton
and ll-beta-hydroxylation has not yet been de
veloped. Biotechnology could make a significant
contribution to the steroid industry by achieving
both the delta-dehydrogenation and ll-beta-hy
droxylation in a single biological process step. The
latter reaction is catalyzed by a complex enzyme,
so it is unlikely that an immobilized enzyme sys
tem could be developed for it. Therefore, the most
efficient process would be to have the two reac
tions carried out by one cell.

The steroid market is readily accessible to bio
technology. Microbial processes are used routine
ly in the manufacture of steroid products. Fur
thermore, bioconversions with potential value to
the steroid industry have been identified, and
rDNA technology could be used to construct a
micro-organism that more efficiently converts the
steroid substrate to the desired product. The pri
mary barriers to further biotechnological applica
tions in the manufacture of steroids are the lack
of rDNA host/vector systems for some of the
micro-organisms involved and a lack of under
standing of the specific enzymatic processes of
steroid synthesis.
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Figure 20.-Microbial Modifications of Steroid Molecules

SOURCE: Genex.Oorp., "Impact of Biotechnology on the Specialty chemtcats Industry," contract paper prepared for the Of
fice of Technology Assessment, U.S. Congress, April 1983.

Aromatic specialty chemicals

Aromatic compounds occur in many household
products, medicines, agricultural products,
pesticides, paints, cosmetics, and dyes, and their
synthesis is a major component of the specialty
chemical industry (6). Aromatic compounds that
contain a hydroxyl group on the aromatic ring
are an important group of specialty chemicals. Ex
amples are the parabens and their esters, which
are used as preservatives; 2,4-dichlorophenoxy
acetic acid (2,4-D), which is the most extensively
used herbicide; and N-acetylated para-aminophe
nol, an aspirin substitute. The synthesis of each
of these compounds requires the specific hydrox
ylation of the aromatic ring.

The chemical hydroxylation of the aromatic
ring is generally an inherently expensive step in
the synthesis of an aromatic specialty chemical.
This expense often results from the nonspecificity
of the hydroxylation reaction, which forms un
wanted byproducts and is therefore an inefficient
use of the starting material. Additional process
ing may be required in order to remove the by
products and to dispose of them properly. Chem
ical hydroxylations also require severe reaction
conditions and therefore consume a large amount
of energy. In addition, chemical reactions can
result in the formation of undesirable contami
nants. One highly publicized case is the dioxin



Figure 21.-An Example of a Microbial Aromatic
HydrOxylation

en. 7~Specialty Chemicals and Food Additives • 209

SOURCE: Office of Technology Assessment.

The major commercially available water-soluble
biopolymers are used as viscosifiers (thickening
agents), flocculating agents (aggregating agents),
and lubricants. Currently, there is a trend toward
increased use of synthetic polymers as flocculat
ing agents in place of natural products (70). This

gene(s) have been cloned and expressed in an ap
propriate production strain, more research time
and effort will be required for process develop
ment. One major consideration is how to mini
mize the toxic effects of the aromatic compounds
on micro-organisms. One solution would be to
develop an immobilized enzyme process; how
ever, because of the complexity of the hydroxyl
ation reaction it may not be possible to apply this
technology. Toxic effects in bioprocesses have
been minimized by innovative process design, and
it is anticipated that there will continue to be
significant advances in this area of research.
Another consideration in developing an effective
process is that the substrates and products are
not soluble in water. Again, innovative process
design could minimize this problem.

Polysaccharide biopolymers

contamination that. occurs during the chemical
synthesis of 2,4,5-trichlorophenoxyacetic acid
(2,4,5-T), an herbicide and a component of the
now banned Agent Orange.

Byreplacing a chemical reaction with a biolog
ical process, biotechnology has the potential to
decrease the manufacturing cost of aromatic spe
cialty chemicals, especially in processes that in
volve aromatic hydroxylations. Many micro-orga
nisms are able to grow on aromatic compounds,
and aromatic hydroxylations are key reactions in
these growth pathways. These enzymatic reac
tions occur under mild conditions and result in
specific hydroxylations of the aromatic ring. Fur
thermore, using enzymatic reactions, hydroxyla
tions can be obtained at positions not readily
hydroxylated by chemical reactions. The develop
ment of bioprocesses for aromatic hydroxylation
reactions represents a valuable biotechnological
opportunity for the specialty chemical industry.

Microbial aromatic hydroxylations are mediated
principally by oxygenases that catalyze the direct
incorporation of molecular oxygen into the aro
matic ring (6,54,65,66). An example of an aromatic
hydroxylation mediated by a microbial oxygenase
is shown in figure 21. Many oxygenases have been
studied in detail; while differences do exist among
the various types of oxygsnases, oxygenases gen
erally are complex enzyme systems that require
cofactors for activity.

As found in nature, the conversion efficiencies
of most aromatic hydroxylations are generally too
low to be commercially viable (30). However, the
conversion efficiency could be improved by clon
ing the gene(s) encoding the oxygenase and ex
pressing the cloned gene at high levels in an ap
propriate production strain. Once the oxygenase

Biopolymers are naturally occurring macromol
ecules that include proteins, nucleic acids, and
polysaccharides. The discussion here will empha
size the polysaccharide biopolymers and the op
portunities for the application of biotechnology
to their synthesis.
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trend, however, is sensitive to the availability and
cost of the petroleum feedstocks required for
manufacturing synthetic polymers, and biopoly
mers will be important if the price of oil rises.

The market for viscosifiers is several times
larger than that for flocculants. The currently
used viscosiflers. unlike flocculants, are biopoly
mers obtained from plants, especially seaweed.
Although these sources are not dependent on
petroleum feedstocks, the use of plants as biopoly
mer sources has several disadvantages, including
labor costs associated with extraction and puri
fication, limited availability of the sources, and
a supply that can be affected by adverse climatic
conditions. Micro-organisms could provide a con
stant and reliable supply of these products (72).
Microbial biopolymers produced in controlled
processes would not suffer from the problems
associated with climate, disease, and other fac
tors that normally affect plant products. Further
more, microbial biopolymers have relatively uni
form chemical and physical properties.

These attributes have led to increasing interest
in the production of biopolymers that could be
used in novel applications as well as in place of
commercial biopolymers that are not now micro
bially produced. For example, alginate is a com
mercially important gum obtained from kelp. The
markets for alginates demand different specific
characteristics such as solution viscosities and gell
ing qualities. The alginates obtained from kelp can
vary in composition, so they must be separated,
evaluated, and categorized for the different mar
kets. Alginate is also synthesized by Azotobacter
vinelandii (41). Because the composition of the
microbial alginate can be closely controlled by bio
processing conditions, separate microbial bioproc
esses could be developed to produce specific al
ginates with uniform chemical and physical prop
erties. Another microbial biopolymer that has
been developed by the Kelco Co. and has recent
1y become commercially available is gellan. Gellan
is a Pseudomonas polysaccharide that can be used
as a solidifying agent for laboratory media or food
products (44).

While. a number of microbial biopolymers are
being developed for commercial applications as
gums, plastics, and other products, only xanthan

gum, dextran, polytran, and gellan are current
1y being produced commercially (44,72)' In terms
of production volume, xanthan gum is the major
microbial polysaccharide. At present, over 20,000
tons of xanthan gum are manufactured in the
United States annually (30). Xanthan gum's pri
mary use is as a food additive for stabilizing liq
uid suspensions and for gelling soft foods, such
as ice creams and cheese spreads. More recent
ly, it has been used in the new clear-gel tooth
pastes. The use of xanthan gum in enhanced oil
recovery is still experimental, but this appears to
be the largest potential market for this product. *
Xanthan gum is commercially produced in an aer
obic batch bioprocess using the bacterium Xan
thomonas campestris (30).

The importance of polysaccharide biopolymers
is likely to grow. For example, the microbial poly
saccharide pullulan is synthesized by Aureoba
sidium pullulans from a number of substrates
(42). Pullulan has potential applications in the
cosmetic industry, in diet foods, and, more im
portantly, as a biodegradable plastic to be used
in place of wraps and plastic containers. Plastic
wraps and containers are now made from petro
leum-based plastics which are not biodegradable
and are dependent on nonrenewable feedstocks.
The Japanese are already at the pilot plant stage
for the microbial production of pullulan, and
pullulan has the potential to develop into a signifi
cant market.

Another microbial biopolymer that is expected
to be available commercially in 1983 is emulsan.
A potent hydrocarbon emulsifier, emulsan is ex
pected to gain widespread use in cleaning oil-eon
taminated vessels, oil spill management, and en
hancedoil recovery (4). ** Like many biological
ly produced polymers, emulsan exhibits a speci
ficity that generally is not observed in chemically
synthesized materials; the emulsifying activity of
emulsan is substrate-specific, acting only on
hydrocarbons that have both aliphatic and cyclic
components. Emulsan was originally discovered
by researchers in Israel (34,59,60,61,75).

"Enhanced oil recovery is discussed in Chapter 8: Environmen
tal Applications.

* "See discussion in Chapter 8: Environmental Applications.



Ch. 7-Specialty Chemicais sndPood Aoantves » 211

important to have an understanding of the com
plex biochemical pathways for the production of
the biopolymer and its regulation. Most biotech
nology advances will only appear several years
into the future, if at all.

More immediate improvements in the produc
tion of microbial biopolymers might be realized
by the development of novel bioreactor designs.
The polysaccharides have very large molecular
weights and are viscous, two characteristics that
preclude the use of most standard bioreactors.
One way to generate a large quantity of polysac
charides is to maintain live cells in an immobil
ized cell bioreactor. The cells cannot be micro
encapsulated, because the product is too large to
be washed away. Therefore, they need to be at
tached to a solid surface by a procedure that does
not damage the cells. Another critical research
area is improved product recovery from the
broth. Current methods for the recovery of xan
than gum, for example, often result in prepara
tions that contain water-insoluble solids such as
nonviable cells and residual medium constituents.
For xanthan gums to be used in enhanced oil re
covery, it is important to have a product free of
cells and other fine particulates because the fluid
must be able to flow through porous rocks.

Another area of research is the identification
of thermophilic polysaccharide producers. Devel
opment of a thermophilic micro-organism could
result in substantial gains in productivity and
lower process costs due to energy conservation.
Screening thermophiles for polysaccharide pro
duction is an active area of research (74). To date,
no thermophilic xanthan gum producers have
been identified. Thermophilic Bacillus and Clos
tridium bacteria are being screened for the pro
duction of polymers that would be useful as bio
surfactants (74).

by Japanese companies, especially Ajinomoto and
Kyowa Hakko, whereas the enzyme markets are
dominated by two European firms, Novoand Gist-

Commercial aspects of biotechnology
in specialty chemicals

Emulsan was awarded patents in the United
States in 1982, and Petrofirm, USA, a subsidiary
of Petroleum Fermentations, N.V., headquartered
in Netherlands Antilles, is developing emulsan as
a commercial product (4). To date, the develop
ment has been confined to strain improvement
through mutation and selection techniques. Be
cause of the complexity surrounding the micro
bial biopolymer, the feasibility of applying rONA
technology for strain improvement is uncertain.

Useful microbial biopolymers can extend be
yond the. polysaccharides. For example, polyhy
droxybutyrate (PHB), a metabolic product of the
bacterium Alcaligenes eutropbus, has potential
commercial applications as a biodegradable ther
moplastic that could be used as a surgical mater
ial. The unique electrical properties of PHB are
also useful in other specialty markets (8). ICI (U.K.)
soon will market a PHB product known as
Biopol®, made with a bioprocess using glucose as
a feedstock. ICIdoes not know yet what Btopolf 's
first markets will be. PHBhas properties similar
to polypropylene but costs substantially more. Its
edge is its biodegradability, and ICI believes that
its customers will pay the higher price for this
quality (63).

There are several inherent problems in using
bacteria to produce polysaccharides (30). There
are probably at least 100 enzymatic steps impor
tant in the production of these biopolymers, very
few if any of which have been identified. There
fore, it is much more likely that classical genetic
selection techniques will be more useful than
rONA techniques initially for improving the char
actertistics of the compounds. Before it is possi
ble to predict the role that rONA technology will
play in microbial biopolymer production, the pro
ducing micro-organism will have to be character
ized genetically and physiologically. It will also be

Some specialty chemicals are currently made
using bioprocesses, most notably amino acids and
enzymes. The amino acid markets are dominated
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Brocades, Japan also leads the world in the bio
technological production of fatty acids, a relatively
new process.

Most of the opportunities for the use of biotech
nology in the production of specialty chemicals
are still in planning or early development stages.
Many potential bioprocesses would replace chem
ical processes, necessitating a large investment in
new plants. Thus, the potential of a process using
biotechnology must justify this investment. On the
other hand, enzymes that could withstand high
temperatures and pressures could be used to re
place existing chemical steps without having to
change the basic chemical process. Enzymes with
these characteristics are beginning to be studied.

U.S.companies are beginning to enter some spe
cialty chemical markets with biotechnology prod
ucts. Corn sweetener companies are planning to
market enzymes that they have produced for in
house use for some time. Other established firms,
such as W. R. Grace, are entering markets with
biotechnologically derived specialty chemicals.
Several U.S. NBFs, such as Genex, Genentech,
Chiron, Amgen, Ingene, Enzo, and Industrial Ge
netics, have stated interests in specialty chemical
markets. Although 20 percent of U.S. companies
using biotechnology say they are working in the
specialty chemicals field, their interests are not
well known and most of their research is highly
proprietary.

Priorities for future research

The most glaring lack of knowledge for the suc
cessful application of biotechnology to the produc
tion of specialty chemicals is in the identification
and characterization of micro-organisms that per
form particular chemical conversions; Often
when industrially useful reactions in micro-orga
nisms have been identified, the micro-organism
is so poorly understood that the application of
new biotechnology is not possible. There are
many opportunities for the specialty chemical in
dustry to expand and improve its production cap
abilities using biotechnology, but before it can
take advantage of these opportunities, useful
micro-organisms, especially those that function
at high temperature and pressure, will have to
be screened and identified.
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Pollution control and toxic waste treatment

Chapter 8

Environmental Applications

Introduction

Micro-organisms have several uses in the envi
ronment, and new, biotechnology can potential
ly be used to improve these micro-organisms. One
application is in the.control of pollution and treat
ment of toxic wastes. As discussed in this chapter,
micro-organisms are currently used in pollution
control, and the potential applications of biotech
nology to treat liquid and solid wastes are numer
ous. Additionally, techniques are beginning to be
used to select micro-organisms that can degrade
extremely toxic compounds. In the miningindlls
try, microbes are used to leach metals from mine
dumps and concentrate metals from dilute solu
tions, and there are possibilities for using biotech
nology to improve the efficiencies of these proc
esses. A third environmental application of bio-

technology is in enhanced oil recovery. About 50
percent of the world's subterranean oil is either
reserves trapped in rock or is too viscous to
pump. It is possible that either micro-organisms
themselvesor microbially produced compounds
could be injected into oil wells to release the
trapped oil.

None of the environmental applications of new
biotechnology are ready to be marketed, and
there are still many technological problems to be
overcome. Nevertheless, several companies are
pursuing research and development (R&.D) in
these environmental applications, and their de
velopment will progress over the next several
years.

Waste products and the pollution problems
associated with such products have been part of
human existence since the dawn of civilization.
Troublesome wastes are of three types: those in
the atmosphere, those in aqueous systems, and
solids. In the treatment of both liquid and solid
wastes, there are significant opportunities for the
use of biotechnology. Indeed, most liquid and solid
wastes have been dealt with for millermia by nat
uralbiological processes. Moreover, humans in
their initial attempts to control such wastes have
generally resorted to contained biological systems,
particularly for the treatment of liquid wastes.
The possibilities for using biological systems to
control atmospheric pollution, in contrast, are
rather limited. The discussion here, therefore,
focuses on the applications of biotechnology in
the treatment of liquid and solid wastes.

25-561 0 - 84 - 15

Treatment of nontoxic liquid
and solid wastes

Of the conventional microbiological systems for
the treatment of liquid wastes now in use, the
most complex is that found in publicly owned
water treatment plants. As shown in figure 22,
there are four basic unit operations in a waste
water treatment plant:

• primary processing;
• secondary processing;
• tertiary processing; and
• digestion.

The primary treatment step removes solids
from the wastewater. These solids (sludge) are
then either disposed of or sent to a sludge digest
er, and the wastewater is forwarded to second-
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ary treatment. The secondary treatment system
generally consists of natural aerobic microbes in
a large open basin with some type of forced aera
tion. The purpose of this processing step is to
degrade the dissolved organic compounds. The
sludge resulting from this operation is primarily
composed of microbial cells and is either disposed
of or sent to a digester. The liquid from the sec
ondary operation is sometimes subjected to ter
tiary processing, which can involve precipitation
and separation of phosphorous and nitrogen,
sand filtration, detention ponds, or biological
filters. The water from the tertiary unit (or, in

the absence of tertiary treatment, from the sec
ondary unit) is returned to the environment.

The sludge digestion process used to treat the
sludge resulting from the primary and secondary
treatments is conventionally an anaerobic bio
process. Its purpose is threefold: to reduce the
total volume of solids requiring disposal, to reduce
the odor, and to reduce the number of pathogenic
organisms. Another potential objective of solid
waste treatment can be to recover useful methane
from the anaerobic bioprocess. Although the ef
fective anaerobic treatment of solid wastes is



more a problem of engineering than of biotech
nology, there is a possibility that enzymes added
to the waste could improve the efficiency of this
treatment. Like secondary processing, sludge
digestion is a classic bioprocess open to further
technological improvements.

The total cost of.running publicly owned water
treatment systems in the United States has been
estimated to be $5 billion to $6 billion per year
(12). The cost of the chemicals used in these sys
tems represents approximately 20 percent of the
total operating costs (12). The biotechnology-based
improvements that could be used by these treat
ment systems will either:

• increase the capacity of the treatment plants
and therefore reduce the need for new
capital expenditures,

• replace existing synthetic organic chemical
additives, or

• remove newly identified, potentially harm
ful materials:

Processes similar to those just described for
publicly owned water treatment plants are also
used in the treatment of industrial wastewater,
particularly wastewater from the chemical,
petroleum, food processing, and pulp and paper
industries. For that reason, biotechnology-based
improvements in bioprocessing or solids separa
tion procedures that are applicable to public
water treatment systems will very likely be ap
plicable to the industrial sector.

IMPROVEMENT OF CONVENTIONAL
WASTEWATER TREATMENT PROCESSES

Both physical and biological processes are uti
1ized in the treatment of wastewater. improve
ments in any of these operations would be re
flected in reduced capital and operating costs for
wastewater treatment. Some specific opportuni
ties for biotechnology-based improvements in
wastewater treatment are discussed below.

Solids Separation: Floceulation.-The major
physical operation in wastewater treatment is that
of solids separation. Suspended solids must be
separated duringboth the primary and secondary
treatment steps. Quite frequently, it is also desir
able to "thicken" the sludges resulting from these
settling operations. The present techniques for
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accomplishing these separation and thickening
operations generally include the use of materials
known as flocculants. Because of the increased
use and reuse of water, the U.S. market for floc
culants is expanding (8,10).

Examples of classical flocculants are iron or
aluminum salts and activated silica. in recent
years, synthetic polymers have been used as floc
culants, and in some cases, they have produced
very promising results (8,10). Unfortunately, most
of these synthetic polymers are based on acryl
amide, a toxic compound. Moreover, these syn
thetic polymers are usually subjected to postpoly
merization chemical modification" which adds to
their cost. For both safety and economic reasons,
therefore, biologically derived flocculants could
be very desirable.

A few microbially produced polyelectrolyte
polysaccharides that may prove to be effective
flocculants have been identified (15). Before these
potential bioflocculants can be commercially ap
plied, micro-organisms with the potential for high
level production of effective polysaccharides at
low cost will have to be identified. The potential
bioflocculants will also have to be tested for their
flocculating ability in waste treatment situations.
Because the potential bioflocculants are polysac
charides and not proteins, improving their pro
duction through recombinant DNA (rDNA) tech
nology may be a complex task (see discussion of
polysaccharide biopolymers in Chapter 7:Special
ty Chemicals and Food Additives) .. It should be
noted, however, that improvements in microbial
polysaccharide production have already been
achieved with classical chemical mutagenesis and
selection (34).

Sludge Dewatering.-For ease of handling of
solid residues from water treatment processes, the
water content of such residues must be reduced
to a minimum to reduce their total weight. It is
particularly important to reduce the water con
tent of these residues to the smallest practical
value if the sludge is to be disposed of by incin
eration.

The sludge dewatering operations with current
technology (filtration and centrifugation, for ex
ample) result in a solids content of 15 to 40 per
cent, leaving a water content of 60 to 85 percent.
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A significant proportion of the water that is
retained is "microscopic" in, nature I i.e 0' it is
associated with microbial cells and organic debris
present in the sludge. If techniques for releasing
this retained water could be developed, they
would find a ready and profitable market in the
field of residue disposal.

Because much of the water retained in sludge
is probably held in polymeric matrixes composed
of cellulosics, fats, polysaccharides, and proteins
(38), partial degradation of these matrixes by
using some combination of cellulases, proteases,
amylases, and polysaccharide hydrolases should
release it. Some enzymes potentially useful for
sludge dewatering may already be available in suf
ficient quantities and at economically attractive
costs. For other potentially useful enzymes, tech
niques for economic, high-yield production will
have to be developed. In some instances, these
developments will simply involve process develop
ment using known microbial strains. In other in
stances, it may be necessary to construct genet
ically strains of micro-organisms for high-level
production ofspecific enzymes and perhaps spe·
cifically alter the characteristics of the enzymes
through directed protein modification. It may also
be desirable to identify new enzymes from nature
that have superior characteristics for use in
sludge dewatering.

Conventional Uses of Biological Proc
esses.c-Biological processes are used in two opera
tions of wastewater treatment plants, the secondary
treatment step involvingan aerobic process and the
sludge digestion operation involving an anaerobic
process. The performance of these standard aer
obic and anaerobic biological treatment processes
could conceivably be improved by the addition
of specific enzymes that could augment the ability
of the natural micro-organisms to degrade, for
example, protein, starch, polysaccharides, and
cellulosics. Such enzymes could be applied selec
tively at specific wastewater treatment plants
where their particular substrates are present in
unusually high concentrations. Enzyme "augmen
tation" might also help accommodate fluctuating
loads on a particular treatment plant. The R&D
involved in providing enzymes for this purpose
would be similar to that for providing enzymes
for sludge dewatering.

One potential byproduct of anaerobic bioproc
esses is gas. Solid wastes, when held in sanitary
landfill, very often encourage the growth of
micro-organisms that produce methane. The
generation of methane has become a serious
problem in many sanitary landfill sites around the
country. Experiments concerning the possibility
of tapping this methane as an energy resource
are in progress (39). Preliminary results indicate
that the costs of the required anaerobic equip
ment are so high as to make the methane gas thus
generated uneconomic as an energy source (39).
Research is continuing, however, and it is con
ceivable that at some point in the future, im
proved micro-organisms or added enzymes could
improve to a limited extent the economics of
methane production from solid waste.

CONTROL OF ORGANIC MICROPOLLUTANTS

In recent years, significant pollution problems
have arisen with regard to drinking water (27).
Analyses of surface waters in the United States
and Europe have demonstrated the presence at
low concentrations of certain naturally arising
soluble organic compounds that, when chlori
nated' lead to the formation of trihalomethanes
(THMs) (23,24,25,28,35,36). Increasing attention
is being focused on these precursors of THM,
because THMs are classified as potential car
cinogens (23,24,25,28,31,35,36). In addition, there
has been a series of toxic compounds discovered
in ground water called volatile organic corn
pounds (VOCs). VOCs are apparently leached
from a variety of sources in the ground. Both
VOCs and the precursors of THMs are potential
Iy amenable to biological treatment methods.

Biotechnology can potentially offer improved
techniques for the removal of organic micropol
lutants (13). It is possible, for example, that their
removal could be accomplished by the use of en
zymes that are capable of polymerizing aromatic
compounds (e.g., fulvic acids and phenolic com
pounds) that often contaminate drinking water.
These low molecular weight aromatic compounds
are not precipitated in the traditional flocculation
procedures, and they do not adsorb readily to ac
tivated carbon (26). These compounds also con
tribute to the formation of THMs and chlorophen
ols during chlorination procedures (2,23,24,25,
28,35,36).
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strains developed in the laboratory to the natural
ly occurring micro-organisms to encourage their
survival in the environment.

The comments above have been made with re
spect to the control of organic micropollutants
in drinking water. Any technology developed to
solve the problems associated with drinking wa
tel', however, would most likely be applicable to
similar organic contamination problems in indus
trial wastewater.

CONTROL OF HEAVY METAL CONTAMINATION

Heavy metals in drinking water have long been
of concern (3). The concern has focused on lead,
zinc, copper, and cadmium, although iron, at rel
ativelyhigh concentrations, can al~o present
health risks (38). In addition to contaminating
drinking water supplies, heavy metals can have
detrimental effects on the operation and perform
ance of biological processes used in wastewater
treatment (3). Moreover, heavy metal contami
nants in effluents from wastewater treatment
plants can have potentially deleterious effects on
downstream flora and fauna (3).

Micro-organisms used in metal accumulation
(see section on microbiological mining below) are
not useful for concentrating the heavy metals dis
cussed here (except copper), because most metals
found in contaminated water are toxic to micro
organisms. One potential approach to solving the
problems of heavy metal contamination involves
the use of metallothiorieins (see also section on
microbiological mining). These proteins, found
principally in higher organisms, have a high af

.finity for various heavy metals (21). The econom
ics of this process would depend on efficient
release of the bound metals and reuse of the
metallothionein. In fact, the gene coding for
mouse metallothionein has been cloned and ex
pressed (22,46).It is possible, therefore, that this
protein could be produced in large amounts by
bacteria, immobilized on a solid support, and used
to extract metals from any solution passed over
the immobilized protein (41). This process would
be highly controlled and could be used not only
for decontamination of waste streams from any
industrial process, but also for concentrating
metals by the mining industry.

Enzymatic polymerization should result in the
removal of most of these low molecular weight
aromatic compounds during flocculation.proce
dures. Horseradish peroxidase is one enzyme that
can catalyze polymerization reactions of this type
(1,19,20), but it is not clear that purified or even
crude horseradish peroxidase could be employed
in a cost-effective manner. Other potentially use
ful polymerizing enzymes are synthesized by
micro-organisms, but the current production
levels are much too low for these enzymes to be
commercially viable (5,6,11,33). Development of
enzymatic polymerization to remove low molec
ular weight aromatic compounds will therefore
require one or more of the following biotech
nological developments (13):

• microbial strain improvement and process
development programs using known poly
merizing enzyme-producing microbial
strains;

• identification of micro-organisms that pro
duce useful polymerizing enzymes in high
yield; or

• the genetic manipulation of a micro-organism
to produce high levels of a polymerizing en
zyme.

Another potential approach for using biotech
nology to remove organic micropollutants from
water is to. develop micro-organisms that will
better degrade these contaminating compounds.
Such micro-organisms could be introduced into
the water treatment cycle by seeding them onto
activated carbon. When activated carbon is em
ployed in water treatment processes, it accumu
lates naturally occurring microbes from the wa
tel'. The goal would be to expand the degradative
capacity of that microbial population. Although
certain micro-organisms of various genera (Pseu
domonas, Acinetobacter, Arthrobacter, Klebsiella)
will degrade a variety of organic compounds, it
will probably be necessary to identify or develop
novel micro-organisms for the degradation of
specific classes of pollutants. One procedure for
accomplishing this, plasmid-assisted molecular
breeding, is discussed below in the section on tox
ic waste treatment. Because micro-organisms of
the genera listed above are generally present in
natural populations, it should be possible to trans
fer genes that encode degradative enzymes from
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Toxic waste treatment

The chemical andpetroleumindustries produce
a variety of highly toxic organic wastes that are
not initially amenable to conventional microbial
treatment. Such wastes can be either liquid or
solid. For developing biologically based processes
that will degrade or otherwise detoxify them, a
variety of techniques can be envisioned. A specific
micro-organism or enzyme will probably have to
be developed for each toxic compound.

As the number of toxic compounds that are
leached or dispersed into the environment in
creases, the development of technologies for the
treatment of toxic wastes becomes more critical.
Toxic wastes are often resistant to natural bio
logical degradation and therefore persist in the
environment. Because of their toxic character, de
veloping biotechnological approaches for effec
tive treatment of such wastes may be difficult.

Toxic wastes are generally present in the envi
ronment in one of two forms. In some cases, they
are purposefully concentrated at specific disposal
sites in the form ofdumps or lagoons. In other
instances, the toxic compounds have already been
dispersed into the environment, and they are
often present at very low concentrations in soil
and water over a fairly large geographical area.
In general, toxic wastes in dumps or lagoons are
likely to be more amenable to biological treatment
than those that have been more widely dispersed.
Dumps and lagoons have the advantage of pre
senting a reasonably high concentration of a par
ticular type of compound or family of compounds
at a specific site. Thus, the feasibility of develop
ing a very.specific treatment process tailored to
both the waste to be detoxified and the environ
ment in which it is found is increased. For more
widely distributed wastes, even if biological
methods for .detoxification are developed, it may
beimpossible to apply them effectively.

It has often been observed in traditional bio
logical waste. treatment systems that the microbial
population will adjust to the presence of a toxic
compound and eventually achieve some degree
of efficiency in its decomposition. This phenom
enon, traditionally termed acclimatization, prob
ably represents the selection of mutant micro
organisms that are able to both tolerate and

degrade the toxic compound. In the case of cer
tain toxic wastes, it may be possible to accelerate
this natural mutation and selection process in the
laboratory by the use of a technique called chem
ostat selection.

In traditional chemostat selection, the natural
microbial populations present in soil or water
samples collected from or near the waste dispos~l

sites are grown continuously over several months
in the presence of steadily increasing concentra
tions of the relevant toxic compound. This proc
ess provides steadily increasing selective pressure
for the growth of mutant micro-organisms able
to tolerate and potentially degrade the toxic
substrate. The mutation rate in the chemostat can
often be increased by the use of chemical or phys
ical agents.

In a more modern version of chemostat selec
tion, plasmid-assisted molecular breeding.Iabora
tory strains of Pseudomonas that contain plasmids
encoding enzymes involved in the degradation of
toxic compounds are added to the chemostat (16).
This technique is based on the observation that
in nature degradative plasmids often evolve by
the recruitment of genes from other plasmids in
other micro-organisms. Plasmid-assisted molecu
lar breeding has resulted in the generation of both
a mixed-culture and a pure Pseudomonas strain
that degrade the normally recalcitrant molecule,
2,4,5-T, which is a component of herbicides and
Agent Orange (16,17). It has also been possible
to develop micro-organisms that degrade novel
substrates by introducing into a single bacterial
strain plasmids specifying the degradation of dif
ferent, but analogous, compounds or different
portions of a single degradative pathway (32).
Because degradation of a toxic compound usual
ly involves a complex and often uncharacterized
series of reactions, it has generally been prefer
able to let nature select for the proper genetic
combination rather than to attempt to construct
it de novo in the laboratory.

More recently, however, in a joint research
project between the University of Geneva
(Switzerland) and the University of Gottingen
(F.R.G.), researchers have cloned the gene for one
of the key enzymes in the degradation of 2,4,5-T.
Their hope is to understand better the degrada-
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tion pathways that have been naturally selected
and possibly use this knowledge to develop a
more capable micro-organism (4).

One or more of the techniques described above
could potentially lead to the isolation of either a
mixed culture or a pure strain that degrades a
particular toxic compound that might be able to
be used at a disposal site or in a contaminated
area. The Pseudomonas strain that degrades
2,4,S-T has been shown to function successfully
both in laboratory tests using contaminated soil
and in field tests (17). The micro-organisms be
ing investigated now are aerobic. However, if the
toxic waste is present in a dump, it may be nec
essary to develop anaerobic micro-organisms for
detoxification. .

The development of micro-organisms for the
degradation of both organic micropollutants and
toxic wastes will require screening of natural mi
crobial populations or chemostat selection for the
appropriate degradative abilities. Once micro
organisms with the ability to degrade the offend
ing cornpoundls) are available, it may be desirable
to transfer that ability to a different microbial host
by using rDNA technology to increase the effi
ciency of degradation or to increase the ability
of the micro-organisms to survive in the environ
ment in which they are utilized.

For certain toxic wastes, an alternative ap
proach to detoxification might involve the use of
specific enzymes. Enzymatic processes would not
totally degrade the toxic compound but simply
would convert it to a nontoxic derivative that
might then be degraded through natural biologi
cal processes. Development of such enzymatic
processes would probably involve an extensive
research effort, and only very hazardous toxic
wastes would justify this degree of effort.

Slime control

Slime can be broadly defined as an aggregation
of microbial cells held together by the extra
cellular polysaccharides produced by the micro
organisms. Wherever water moves in significant
quantities, slimes proliferate. The proliferation
merely requires the presence of a nutrient, even
in minute quantities. In the manufacture of paper,

slime control is of major concern because slimes
have a very deleterious effect on product quali
ty (7,9,29,30). This problem arises because of the
high nutrient availability and favorable tempera
ture and pH in the paper processing environment.

The slimicides currently in use are often heavy
metal-based poisons that can result in significant
pollution and waste treatment problems (7,9,29,
30). However, the potential for using enzymatic
methods for slime control appears quite promis
ing. The formation of slimes is principally due to
the extracellular polysaccharides produced by
micro-organisms, so it should be possible to use
polysaccharide hydrolases to degrade the slimes
rather than toxic agents to destroy the micro
organisms.

Grease decomposition

Facilities processing meats, poultry, and cer
tain other foods have particularly difficult prob
lems with grease. Grease problems also appear
throughout the wastewater collection and treat
ment cycle. Both pipe collection branches and
pump stations are susceptible to the problems of
grease accumulation, which include plugging of
lines, accumulation of debris in wet wells, slip
pery working surfaces, unsightly conditions,
odor, and operational problems at the facility site.
Scum layers on sedimentation tanks ana scum
mats in digesters cause additional problems. The
two basic problems are the congealing (solidify
ing) of the grease and the difficulty, if not an im
possibility, of decomposing the grease once it ar
rives at the wastewater treatment plant.

Techniques that result in the emulsification and
decomposition of grease would significantly im
prove the operation of allwaste treatment facili
ties. Bacterial formulations have been used in the
past for grease decomposition (18). Improvement
of these cultures might be possible. Additionally,
an enzymatic approach, such as the use of lipases,
could improve the operation of waste facilities. *
However, because grease contamination generally
is in the form of nonaqueous, congealed deposits,
substrate availability may be a significant prob-

"See Chapter 7: Specialty Chemicals and Food Additives.
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Photo credit: David W. Taylor, Naval Ship Research and Development Center

Grease buildup in a holding tank on a U.S. Navy ship after
5"months of normal operation

lem. A mechanism for delivering the enzyme to
the substrate might solve the problem, but no
approaches for accomplishing this have been
postulated.

Commercial aspects of biotechnology
in pollution control and toxic
waste treatment

In contemporary times, basic developments and
improvements in water treatment have originated
primarily in Western Europe and spread through
the Western Hemisphere. Higher population and
industrial densities coupled with fewer water
resources have forced Western European coun
tries to advance the technology at a much faster
pace than required in the United States. In a
sense, Western Europe has been the proving
ground for new technologies used for water and
wastewater treatment. This historical pattern sug
gests that Western Europe has probably been

Photo credit: David W. Taylor, Naval Ship Research and Development Center

Grease buildup in the same tank after 4112 months of
operation with daily addition of degreasing bacteria
produced through classical genetic selection techniques

making initial assessments of the impact of ad
vanced biotechnology in this area. Japan is also
conducting a small amount of R&D in this area.

In the United States, there probablyis more ac
tivity oriented to biotechnology, much of it fi
nanced by the U.S. Government, in the municipal
solid waste treatment sector than in either the
air or liquid waste treatment sectors. Additionally,
R&D efforts aimed at improving the technology
of wastewater treatment are concentrated in a
handful of small bioprocess-oriented companies
and certain academic microbiology laboratories.
Only recently did interactions begin between
these research groups and the plant operators in
volved in purifying wastewater (14). In the past,
industry has relied primarily on engineering con
sultants' not technology-based companies, to ad
dress pollution problems; these consultants have
used the most basic existing technologies for treat
ment of organic wastes.
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Two potential barriers to the commercial ap
plication of novel approaches to the problems of
pollution control and waste treatment are the per
formance of the products that are developed and
scientific uncertainty regarding their application.
For example, although the technology for high
level production of enzymes and metallothioneins
certainly exists or can be developed, the perform
ance of these products in the desired application
is as yet untested. If their performance turns out
to be poor, then the R&D effort for commercial
ization would be much more extensive and might
not be worth pursuing. Furthermore, although
reasonable approaches can be designed to iden
tify or develop micro-organisms for the degrada
tion of organic micropollutants and toxic wastes,
the success of these approaches is uncertain. It
is also unclear whether genetically manipulated
micro-organisms or micro-organisms that have
been otherwise selected in the laboratory will be
able to survive in a nonlaboratoryenvironment.
Their ability to survive and function in the field
will probably be greatest if the desired degra
dative activities can be introduced through
minimal alteration of a naturally occurring micro
organism.

If the technological barriers to commercial ap
plication can be surmounted, the other areas of
importance will be markets, Government policy,
and regulation. Biotechnological improvements in
the area of conventional wastewater treatment
processes and slime control would provide eco
nomic benefits. If the performance is satisfactory,
markets for these products should develop. The
primary limitation to commercialization will be
the rate of acceptance by the treatment plant
operators.

In the case of pollution control, whether it be
control of organic micropollutants, heavy metals,
or toxic wastes, the primary nontechnological bar
rier will be Federal Government policy. Biotech
nological solutions to these problems are likely
to be vigorously pursued only if the Government
sets goals and criteria for reducing these contam
inants that must be met by both the public and
private sectors. The effort for developing these
biotechnological solutions will probably initially
require Federal funding. However, the require
ments could eventually create a demand for a
commercial product, and funding might then shift

partially to the private sector. At the present time,
most industries will not fund biotechnological re
search on waste treatment problems. They are
only interested in licensing or purchasing such
technology if it has already been developed.

Another potential barrier to commercialization
of products for pollution control is Government
regulation of the products themselves. In the case
of enzymes and other proteins, few significant
safety problems requiring regulation are antici
pated, although care must be taken in handling
these products. The application of micro-orga
nisms' in contrast, could involve significant reg
ulatory implications. Since the micro-organisms
proposed here will have the potential for being
released into the environment, it will probably
be necessary to establish their safety or to develop
methods for their containment at the site of treat
ment. U.S. policy with regard to the regulation
of micro-organisms, particularly genetically ma
nipulated ones, is dynamic. The regulatory con
straints that will be placed on the use of micro
organisms in the future, therefore, cannot be
accurately predicted. The benefits of using micro
organisms in the area of pollution control to pro
tect human health will have to be carefully bal
anced against any perceived dangers associated
with their use.

Pseudomonas puttee, a bacterium capable of degrading
hydrocarbons
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Microbiological mining

Micro-organisms have been used to some ex
tent in mineral leaching and metal concentration
processes for many years. For the most part,
these processes have been fortuitous, relying on
micro-organisms found associated with mine
dumps. With the recent advent of novel biologi
caltechniques, people in the mining industry and
biologists have begun to think about ways to
manipulate genetically some of the micro
organisms important in metal recovery processes
to increase their efficiency and allow them to
function on a larger variety of substrates.

Mineral leaching

More than 10 percent of the copper produced
by the United States is leached from ores by
micro-organisms (41,48). The micro-organisms
used are found naturally associated with ores; the
ores are not inoculated with selected strains. Until
recently, the use of micro-organisms in the min
ing industry received little research attention
because of the ease of mining high-grade ores and
the relatively low energy cost for conventional
mineral processing. The use of micro-organisms
is gaining new attention, not only because of the
depletion of high-grade are and the soaring cost
of energy, but also because of the possibility for
genetic manipulation to increase the efficiency
and broaden the application of microbial leaching.

There are many advantages to the use of micro
organisms. Besides having a low energy require
ment due to their growth at ambient temperature
and pressure, micro-organisms work efficiently
and are less polluting than smelting techniques.
It is possible they could be used for leaching in
deep underground sites that are inaccessible to
more traditional mining equipment. Mining with
micro-organisms requires relatively low capital
and operating costs, making it feasible for small
scale mining operations. The major drawback to
the use of micro-organisms is that the biological
processes are slow compared to the equivalent
chemical ones (41).

Micro-organisms have been used mostly to leach
copper and uranium (40). The organism that is
most often used in these operations, and conse-

quently the best studied, is Thiobacillus ferrooxi
dans. T. ferrooxidans has also been shown to ef
fect solubilization of cobalt, nickel, zinc, and lead
(43). This organism, and mostof the other bacteria
found in mine dump sites, are autotrophic: they
use carbon dioxide from the air for their carbon
source, and they generate their energy from the
oxidation of inorganic matter. In other words,
they need no raw material input from miners who
wish to exploit them.

The solubilization (leaching) of metals from are
by bacteria occurs in two ways: indirect and
direct. The indirect method involves the transfor
mation of ferrous iron to ferric iron by T. fer
rooxidsns. The ferric iron is a very powerful ox
idizing agent that consequently converts metal
sulfide minerals into acid soluble metal sulfate
compounds. For example, ferric iron reacts with
copper sulfide to form soluble copper sulfate. The
direct method involves an enzymatic attack by
the bacteria on sulfide minerals to give soluble
sulfates and, in the process, also oxidizes .the fer
rous iron to ferric iron. The result is the same,
i.e., the metal is soluble in an acid solution. The
metal-laden solutions are collected and the metals
are removed from solution by chemical and phys
ical processes (see fig. 23). Additionally, since the
use of coal as an energy source will increase, bac
teria may be used to extract the sulfur from coal,
making it less polluting.

Biotechnology could be used by the mining in
dustry to create more efficient micro-organisms.
Recombinant DNA technology could be used to
effect the following improvements in selected
bacteria:

• an enhancement in the rate at which the bac-
teria regenerate the ferric iron;

• greater tolerance to acidic conditions;
• greater tolerance to saline conditions;
• a decrease in the bacteria's sensitivity to some

metals, especially thorium, silver, mercury,
and cadmium; and

• an increase in the bacteria's ability to with
stand high temperatures for deep mine oper
ations.



Figure 23.-0ne Possible Configuration for a
Leaching Process

SOURCE: Oflleeo! Technology Assessment.

It is likely that rDNA technology will be able to
address some of these problems in the near future
(41,43,47).

Micro-organisms used in a metal-leaching opera
tion are subjected to very different stresses than
those used in a laboratory setting. These differ
ences must be kept in mind when considering the
use of rDNAtechnology, especially since most of
the experience with the new technology has fo
cused on well-defined laboratory strains in con
trolled environments. The bacteria used in leach
ing endure variable weather conditions, some
quite inhospitable for most organisms. When a
micro-organism is placed in the environment, it
will most likely have to interact with other orga
nisms, and this fact has to be taken into account
when researching organisms of interest. Addi
tionally, the mineralogy at each mine site is
unique, so micro-organisms either will have to be
modified for each site or will have to be able to
acton varied feedstocks. It is unlikely that feed,

Ch. 8-EnvironmentalAppfications • 227

stocks will be prepared to suit the micro-orga
nism. It seems that the most likely application for
genetically manipulated micro-organisms in min
eral leaching will be in the same area in which
micro-organisms are used now, for the treatment
of large quantities of discarded waste rock that
have small quantities of valuable metals (41,43).

Because the leaching process takes place in the
environment, the biological process cannot be
completely controlled. Nevertheless, there are
ways to optimize the reaction conditions for the
micro-organisms of interest. The particle size and
particle-to-solution ratio of the mine dumps can
be manipulated. It is also possible to some extent
to control the pH, temperature, and oxygen and
carbon dioxide levels. Byoptimizing these condi
tions, the leaching organisms can be given an ad
vantage over naturally occurring organisms.

In recent years, the search for new micro-orga
nisms in such primeval environments as hot acid
springs, volcanic regions, and deep ocean ther
mal vents has revealed many micro-organisms
capable of metal transformations under harsh
conditions. Not only are these organisms likely
to have application in commercial metal recovery,
but they also represent an enormous gene .pool
for improving existing leaching bacteria through
rDNA technology.

Concentration of metals

Another area where micro-organisms could be
useful to the mining industry is the concentra
tion of metals from aqueous solutions. The R&D
of this kind of process is somewhat easier than
R&D of leaching because it can occur in more
controlled laboratory situations, making manip
ulation of the organism's environment possible.
There are two biological methods for concentrat
ing metals. In one case, the metals are nonspe
cifically adsorbed to the surface of the organism.
In the other, the metals are specificallybound and
taken up by the organism. In the latter mecha
nism, metals can be concentrated llP to 10,000
times. There is a great diversity of organisms that
have been shown to concentrate metals, including
bacteria, fungi, and algae. The metals they con
centrate are primarily copper, uranium, silver,
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and the lanthanides. Recombinant DNA technol
ogy could be useful in developing organisms to
expand the range of metals concentrated.

Another approach to concentrating metals in
volves the use of specific metal-binding proteins
produced in higher organisms. One of the best
studied metal-binding proteins is metallothionein,
which binds cadmium, zinc, mercury, and cop
per. The use of these proteins is discussed earlier
in the section on pollution control and toxic waste
treatment.

Commercial aspects of biotechnology
in microbiological mining

In the United States, there is no Federal R&D
funding specifically earmarked for mining micro
biology. The National Science Foundation and the
U.S. Department of Energy (DOE) have funds
under various programs that can be used for
basic research studies on micro-organisms impor
tant in mining: In fiscal year 1984, neitheragen
cy anticipates funding at levels more than
$300,000. The Bureau of Mines of the U.S. Depart
ment of the Interior did not fund any micro
biology in fiscalyears 1981 and 1982. In fiscal year
1983; it funded the Idaho National Engineering
Laboratory at about $300,000 to study the leach
ing and concentrating of cobalt. The Bureau in
tends to continue the funding of this project at
the same level in fiscal year 1984 (45l.

Much of the R&D funding in this field comes
from both large and small firms in the mining in
dustry. Atlantic Richfield Co. is doing a substan
tial amount of research in this area. Other large
companies investing in microbiological mining in
clude General Electric, Koppers, Eastman Kodak,
International Nickel Co., Chevron, W. R. Grace,
and Standard Oil of California. Additionally, at
least four small U.S. companies, Advanced Min
eraI Technologies, Inc. (Socorro, N. Mex.),Poly-

bac (Allentown, Pa.}, Genex, and Biogen S.A.· are
researching mining and metal microbiology.

Two spinoff applications could derive from the
work in the area of microbiological mining. One
application is the recovery of expensive metals
such as silver from processes such as photograph
developing. In the past, the developing solutions
containing the silver were disposed, but with the
increased price of silver over the past few years,
there has been increasing interest in silver recov
ery. Another application is using micro-organisms
to reactivate metal catalysts, recovering metals
that have been deposited on the catalyst. Both the
catalyst is regenerated and the metal is recovered
(48).

Several other countries, notably the United
Kingdom, Australia, South Africa, and Canada, are
interested in the applications of biotechnology in
the mining industry. The majority of the R&D,
however, is being done by private industry. Very
little is funded by the Governments of these coun
tries.

As of mid-1983, there were no genetically ma
nipulated micro-organisms on the market (44). Yet
it is possible that research efforts could yield
useful, new bacteria for leaching and concentra
tion of metals in a few years. If scale-ups and field
trials (for leaching) were carried out expedient
ly, marketable products for leaching and concen
tration could be available in less than 10 years
(42). This research is proceeding slowly, however,
because of the currently depressed state of the
minerals market. Most industry experts hesitate
to speculate when micro-organisms used for min
ing might reach the marketplace, because the
worldwide availability and price of these metals
will determine how fast the research will proceed.
There will have to be a scarcity of the metal be
fore much microbiological research will be done.

'Blegen is about en-percent U,S. owned, but most of its work in
microbtologtcal mintng is done by Biogen SA in Switzerland.

Microbial enhanced oil recovery

Conventional oil extraction technologies can re
cover only about 50 percent of the world's sub
terranean oil reserves. The balance either is

trapped in rock or is too viscous to pump. The
application of micro-organisms or their products
possibly could be used to aid in the recovery of



trapped oil. The use of microbial processes for
this purpose is called microbial enhanced oil
recovery (MEOR).

The interest in MEOR has increased substan
tially since 1975. Several conferences on the sub
ject have brought together petroleum engineers
and microbiologists to begin to analyze the roles
that micro-organisms could play in the recovery
of trapped oil. To date, several field tests have
been done, but none have yet revealed a micro
organism that is broadly applicable in MEOR (51).

There are three general experimental ap
proaches to MEOR (51):

• the stimulation of endogeneous micro-orga
nisms by injection of nutrients into the well,

• the injection of laboratory-selected micro
organisms into the well, and

• the production by micro-organisms of spe
cific biological compounds and the subse
quent use of these compounds in wells.

As discussed further below, new biotechnology
offers possibilities in the latter two approaches.

Uses of micro-organisms in oil wells

Various micro-organisms are now being isolated
and examined for properties useful for oil extrac
tion. Micro-organisms evolve gases, notably car
bon dioxide, that could aid in repressurizing an
oil well. An ideal microbe would use the less val
uable parts of oil as a carbon source to produce
surfactants or emulsifiers to lower the viscosity
of the oil allowing it to be pumped to the surface.
Several problems complicate this senario. No
micro-organism has yet been found that degrades
only the less useful components of oil; micro
organisms usually also degrade the compounds
important to the petroleum industry. Some micro
organisms will not degrade the oil at all, but these
micro-organisms need to have a carbon source,
usually molasses, pumped into the well, and this
increases the cost of production.

Microbes currently being studied survive only
under conditions of moderate heat, salinity, and
pressure (55,56). Given the wide variability in geo
logical deposits, these micro-organisms have lim
ited usefulness. However, there is substantial evi-
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dence that the oil reservoir is not as an untenable,
restrictive environment for micro-organisms as
some laboratory studies would indicate. Micro
organisms can, in fact, be isolated from deep res
ervoirs, and they may have developed specialized
mechanisms to cope with low amounts of oxygen.
Other micro-organisms have been isolated that
do not need oxygen for growth. Further study
of these organisms may lead to the development
of micro-organisms useful to the petroleum in
dustry (52).

Use of microbially produced
compounds in oil wells

Another approach to MEOR,the useofmicro
bially produced compounds in oil wells, could be
a relatively near-term application of biotechnol
ogy. Biologicalcompounds that could be injected
into wells include surfactants and viscosity en
hancers and decreasers. The search has, begun
for these compounds, but it is becoming increas
ingly obvious that little is known about these com
pounds and the micro-organisms that produce
them.

Even with the lack of knowledge, however, two
promising compounds have been isolated and
studied. One substance, characterized at the
University of Georgia, is a glycolipid from a
bacteria named H-13.This substance reduces the
viscosity of various heavy crude oils (51).Another
substance, originally isolated in Israel but now
studied in the United States, is called emulsan and
has the property of emulsifying oil, allowing bet
ter flow and dispersal (54).' Field trials have in
cluded the cleaning of an oil tanker hold and an
aircraft carrier runway (57). Emulsan proved ef
fective at these jobs and holds promise for use
in oil wells. Emulsan is being developed by Petro
ferm, USA (AmeliaIsland, Florida), and produced
and marketed by Pfizer (50).

"Bmulsan is discussed further in Chapter 7: Specialty Chemicals
and Food Additives.
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Commercial aspects of biotechnology
in microbial enhanced oil recovery

Many of the major oil companies are thought
to be investing in MEOR (49). The U'.Sr leader.In
this field appears to be Phillips Petroleum. Small
U.S. firms doing R&D in MEOR include Petro
ferm, Genetics International (Boston), and Worne
BiotechnologylMedford, N.J.). Only one company,
Shell Oil Co., has stated that MEORis too specu
lative for its R&D laboratories (55). Additionally,
the U.S.Government, through DOE, is investigat
ing MEOR.

Foreign companies and countries are also in
vestigating MEOR, notably the Swiss firm Petro
genetic AG, the British Government and British
Petroleum, the U.S.S.R., and the Peoples Republic
of China (49,53).

The status of potential markets for MEOR is
very questionable because of the lack of knowl
edge about MEOR's real potential. However,
MEORcould potentially increase the production
of oil and decrease the costs of recovery signifi
cantly.

Priorities for future research

The applications of new biotechnology in the
environment are at a rudimentary stage, primari
ly because of the lack of knowledge about the ge
netics and biochemistry of the potentially useful
micro-organisms and the environment in which
they operate. Currently, most basic research is
done with pure cultures that do not represent the
real world situation. There is certainly noguar
antee that a species of bacterium will perform in
an outdoor environment as it does in the labora
tory. Additionally, scale-up problems willbe great
because of the large size of the operations. Studies
in all of these research areas are interdisciplinary.
Unless there is close collaboration between biol
ogists and engineers, it is unlikely that the re
search will be very productive.

Specific challenges for pollution control and
toxic waste treatment include:

• the isolation and characterization of enzymes
to polymerize low molecular weight organic
compounds,

• better characterization of metallothioneins
from various species,

• the identification of polysaccharides to serve
as bioflocculants,

• the development of enzymes for sludge de
watering,

• the development of microbial strains or en
zymes that degrade toxic. compounds, and

• the development of improved polysaccharide
hydrolases to degrade slimes.

Specific challenges for microbiological mining
include:

• the development of micro-organisms that
could leach valuable metals such as thorium,
silver, mercury, gold, platinum, and cadmi
UIDi

• a better understanding of the interactions be
tween the micro-organisms and the mineral
substances; and

• the development of DNA transfer technolo
gies for use at low pHs.

Specific challenges for. MEOR include:

• better biochemical and physiological under
standing of micro-organisms already present
in oil reservoirs,

• the development of a micro-organism thatde
grades only the less useful components of oil,
and

• screening of micro-organisms for the produc
tion of surfactants and viscosity enhancers
and decreasers.
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Chapter 9

Commodity Chemicals and
Energy Production

Introduction

In 1982, the U.S. chemical industry produced
about 158 billion pounds (lb) of organic chemicals
(36). About 30 commodity chemicals-defined in
this report as chemicals that sell for less than $1
per lb'-constitute the majority of this market
(see table 39).

'Chemicals with higher value such as vitamins, food additives,
and amino acids, form the subject of Chapter 7: Specialty Chemicals
and Food Additives. The difference between "commodity" and "spe
cialty" chemicals is somewhat fluidly determined by price versus
quantities produced. Some of the compounds described in chapter
7 are considered by some analysts to be commodity chemicals. These
include vegetable oils and their derivatives, single cell protein, and
fructose. Because of their predominant use as food additives, how
ever, these compounds are considered in the earlier chapter.

Practically all commodity chemicals are cur
rently made from petroleum and natural gas re
sources and are used as precursors for a variety
of materials such as polymers and solvents. The
United States, which now imports about 30 per
cent of its petroleum (34), usesabout 7 to 8 per
cent of its total petroleum and natural gas sup
ply for the production of commodity chemicals
(10,18,22); the remainder of this supply is used
as an energy source.

The chemical industry's reliance on petroleum
feedstocks raises a number of problems. Two
problems are the fluctuating cost and uncertain

Table 39.-'-Annual Production and Selling Price of the Major Organic Commodity Chemicals in the United States

Production in 1982 Price in 1982
Chemical (billion pounds) Wlb) Major uses

Polymers
Polyvinyl acetates, alcohols
Rubber

237

Polyethylene derivatives
Benzene,gas additive, solvents, potytoarns
Polypropylene, isopropanol
Vinyl chloride
Styrene, phenol, cyclohexane
Formaldehyde
Styrene
Polyvinyl chloride, resins
Polystyrenes
p- and o-xytene, gas additive, solvent
Polyester fibers
Ethylene glycol
Resins
Antifreeze, polyesters
Synthetic fibers
Vinyl. and cellulosic acetate
Phenol

Ethylene. . . . . . . . . . . . . . .. . . . . . . . . 24.7 25.5
Toluene 15.3 26.7
Propylene. . . . . . . . . . . . . . . . . . . . . . . 12.3 24.0
Ethylene dichloride . 10.0 13.7
Benzene. . 7.9 21.1
Methanol 7.3 10.8
Ethylbenzene . . . . . . . . . . . . . . . . . . . . 6.6 30.0
Vinyl chloride 6.5 22.0
~ffiM ,............ 59 ~5

Xylene : . . . . . . . . . . . . 5.3 18.9
Terephthalic acid 5.0 N.A.
Ethylene oxide 4.9 45.0
Formaldehyde. . . . . . . . . . . . . . . . . . . 4.7 24.4
Ethylene glycol. . . . . . . . . . . . . . . . . . 4.0 33.0
p-xylene 3.2 31.0
Acetic acid '. . . . . . . . . . . . 2.8 26.5
Cumene 2.7 24.0
Phenol 2.1 36.0
Acrylonitrile ,. . . . .. . . . . . . 2.0 44.5
Vinyl acetate ; ,.. ;......... 1.9 37.5
Butadiene.. 1.8 40.0
Acetone........................ 1.8 31.0
Propylene oxide ;.............. 1.5 40.5 - Propylene glycol, urethanes
Isopropanol :..:.. 1.3 32.9 Acetone, solvents
Cyclohexane ........•............ 1.3 25.3 Nylon, caprolactum
Adipic acid......... 1.2 57,0 Nylon
Acetic anhydride: , .. , .'.. 1.1 41.0 Oetlulose esters
Ethanol , .. , .. ,....... 1.1 25.8 Detergent, solubilizer, cosmetics, solvent, fuel
SOURCE: Office of Technology Assessment, adapted from D. Webber, "Basic Chemical Output Fell Third Year in a Row," Chern. Eng. News, May 2, 1983, pp. 10·13;

T. G.O'Brien, "Feedstock Trends for the Organic cnemrcerrnoustrv,' Planning Report 15, U.S. Department of Commerce, National Bureau of Standards, April
1983; and ChemlcafMarketing Reporter/Weekly Price Report," May 31, 1982, pp. 35-39.
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supplies of petroleum. Commodity chemical
prices are esp~(;ially sensitive to the cost of
petroleum because feedstock costs typically
represent 5.0 to 75 percent of commodity chemi
cal manufacturing costs (6). Other problems of
the commodity chemical industry include a cur
rent overcapacity of production by the capital
intensive petrochemical companies, the high costs
of energy associated with "cracking" petroleum
into chemical feedstocks, and environmental, safe
ty, and ideological concerns surrounding the use
of nonrenewable, fossil resources (6).

These well-publicized problems, which increase
in urgency with the passing of time, have intensi
fied the search for nonpetroleum feedstocks for
chemical and energy production. The options be
ing pursued at present include the liquification
and gasification of coal, the development of syn
thetic fuel from natural gas, and the conversion
of biomass ** to fuels and a wide variety of or
ganic chemicals.

The substitution of natural gas, coal, and other
nonrenewable resources for petroleum are issues
that have been discussed in several previous O'I'A
reports (28,29,31). Despite the drawbacks outlined
in those reports, coal is favored as an alternative
resource by u.s. petroleum companies, which
control 20 percentof U.S. coal production and
25 percent of u.s. coal reserves (3,27). Processed
coal feedstocks fit readily into most petroleum
feedstock schemes for the production of commod
iiy chemicals and thus do not require large capital
investments for new chemical plants. Neverthe
less, at least one analyst thinks that petroleum will
continue to be used as a feedstock for commodi
ty chemicals for some time and that coal will not
make a significant impact on the production of
chemicals until the 21st century (22).

It appears that countries with substantial inex
pensive supplies of petroleum, such as Mexicoand
Saudi Arabia, are turning to the production of
commodity chemicals as a way of adding value
to their resources. Thus, countries with petro
leum may begin to control the price of these
chemicals. Because such countries may be able
to produce commodity chemicals at a lower price,

* "Biomass is all organic matter that grows by the photosynthetic
conversion of solar energy.

companies in the United States, Europe, and Japan
may have to develop new ways of using commodi
ty chemicals to produce compounds of greater
value or to move directly to the manufacture of
higher value-added chemicals from biomass. In
any case, a rapid or dramatic shift in feedstock
use is unlikely; it is much more probable that
there will be a slow transition to the use of
biomass as a feedstock in particular instances.

Although nonrenewable resources such as coal
will probably be adopted earlier, biomass-includ
ing crop and forest product wastes and municipal
and agricultural wastes-may provide solutions
to some of the long-term problems associated with
chemical and energy production from petroleum.
It is technologically possible to produce essentially
all commodity chemicals from biomass feedstocks
such as starch or cellulose, and most commodity
chemicals can be synthesized biologically (10,24).
A viable biomass feedstock for the production of
commodity chemicals may be starch. Less than
1 percent of the u.s. corn crop would be required
to obtain the cornstarch needed to produce a typ
ical commodity chemical at the rate of 1 billion
lb per year (18). Although a few high-volume
chemicals that could be produced from biomass,
such as ethanol, can be used for fuel, the volume
of biomass needed to produce a nation's energy
would be substantially greater than that needed
to produce its commodity chemicals. Starch prob
ably could not be used for energy production
without putting a strain on food and feed uses.
Thus, if biomass is to be used extensively for
energy production, the biomass source will most
likely be lignocellulose.

Biomass as an alternative to petroleum for U.S.
energy production was described in OTA's July
1980 report Energy From Biological Processes
(30). As emphasized in that report, substantial
societal change, i.e., more public support and a
higher priority for research on biomass use in the
U.S.Departments of Agriculture and Energy pro
grams, will be necessary if biomass is to become
a viable alternative to petroleum as a sourceof
energy in the near future. At present,the level
of U.S.public support for biomass research is not
high. Furthermore, Federal support of applied re
search and development (R&D) programs for al-
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technology might improye the efficiency of bio
mass conversion, thus facilitating the transition
to the use of biomass resources. The advances
biotechnology could provide for the improved
growth of plants used for biomass conversion are
discussed in Chapter 6: Agriculture.

Since commodity chemicals represent only a
small portion of today's U.S.petroleum consump
tion, a transition to biomass-based commodity
chemical production without a concurrent tr-an
sition to biomass-based energy production will not
substantially reduce the country's dependence on
petrochemical resources. For moving the United
States toward the goal of reduced reliance on im
ported, nonrenewable resources, a unified ap
proach to chemical and fuel production will be
necessary.
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ternative fuel sources has beenplummeting in the
recent climate of intense fiscal scrutiny.

A shift from petrochemical processes to bio
processes for the production of commodity chem
icals will be difficult because of the existing in
frastructure of chemical and energy production.
This infrastructure allows a barrel of oil to be con
verted to products in a highly integrated system
in which the byproduct of one reaction may form
the substrate for another reaction. Most chemi
cals derived from biomass cannot yet compete
economically with chemicals made from oil in this
infrastructure.

As the costs of bioprocesses are reduced
through R&D, however, a transition to biomass
resources may become a more realistic proposi
tion. This chapter-examines ways in which bio-

Biomass resources

The United States has abundant biomass re
sources. The largest potential amount of cellulosic
biomass is from cropland residues such as corn
stover and cereal straw, * although the potential
amount of cellulosic biomass from forest re
sources is also quite large. About 550 million dry
tons of lignocelluloseare easily collected and avail
able for conversion to chemicals each year. In
addition, some percentage of the 190 million dry
tons of corn produced yearly could be converted
to starch and usedfor chemical production (21).

Parameters used to determine the optimal kind
of biomass used in microbial systems include
availability of the biomass, its energy content per
dry weight, the amount of energy that must be
expended to achieve the desired products, the
environmental impact of the process, and the
amenability of the material to conversion by ex
isting microbial systems. Ultimately, biomass re
sources that minimize usurpation of food sources
are sought (e.g., nonfeed crops grown on extant
arable land).

"Agricultural residues.left on the soil aid in the sustainabiIity of
soil. The environmental impact of the removal of these residues must
be studied more thoroughly in-order to determine whether agrt
cultural wastes are, in fact, true wastes.

This chapter emphasizes the use of the two
most abundant feedstocks from biomass: starch
and cellulose. Starch and cellulose are both poly
mel's of glucose units (6-earbon simple sugars)
which, when hydrolyzed, yield glucose molecules
(see fig. 24). These glucose sugars provide the
starting point for biological chemical production,
for example, the transformation of glucose to eth
anol. Other derivatives of biomass, such as vege
table oils, are used in bioprocesses, and those
resources are considered in Chapter 7:Specialty
Chemicals and Food Additives.

One drawback to the use of biomass as a feed
stock for commodity chemical and energy pro
duction is its relatively low energy content per
unit dry weight. Dry cellulose biomass, for exam
pie, yields roughly 16 million Btu per ton and
cornstarch yields 15 million Btu per ton, whereas
petroleum yields 40 to 50 million Btu per ton.
Thus, the energy yield per unit of weight is lower
for biomass than for petroleum. Furthermore, the
costs of transporting biomass to a factory may
bean important economic consideration. Raw ma
terial and transportation costs are particularly im
portant in the production of commodity chemi
cals' becauseof the low value added to the feed
stock in the synthesis of final products.



240. Commercial Biotechnology:An International Analysis

Figure 24•.-Polysaccharides 01 Biomass:
. Starch and Cellulose

SOURCE: Office of Technology Assessment.

Starch

Starch, a molecule composed of many hundreds
of glucose units bound together in branched or
unbranched chains, is the principal carbohydrate
storage product of higher plants and is readily
available from such crops as corn and potatoes.
In 1979, the United States produced about 666
billion Ib of grain from six major cereal crops, and
this grain contained 470 billion Ib of starch. The
major grain produced, corn, contained 316 billion
Ib of starch (10), which could provide 285 billion
Ib of glucose.

As shown in figure 25, world grain production
has increased steadily over the past several years,

Figure 25.,....Trends in World Grains Production
(million metric tons)
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and this trend is expected to continue through
the end of the century as the result of yield im
provement and an expansion of acreage planted
(19). Furthermore, the price of corn has remained
relatively constant over the past decade, especially
when compared to the nearly tenfold increase in
the price of oil over the same period of time.

The utilization of U.S. corn has changed over
the past 10 years. A decrease in U.S. meat con
sumption caused a concurrent decrease in the
amount of corn used for animal feed, while at the
same time, technological advances increased corn
yields. Consequently, the export market for U.S.
corn has risen from 15 percent of the crop to 35
percent. Since U.S. corn production is expected
to increase and meat consumption is expected to
decrease, U.S.farmers will need new markets for
their corn. Commodity chemical production from
a starch feedstock could provide a market for U.S.
corn. The potential for industrial use of starch
from corn alone is large, and an increase in the
industrial use of corn would probably aid in sup
porting farm prices. Currently, only about 7 per
cent of the corn produced in the United States
is processed into cornstarch (7,19). Figure 26 sug
gests that 14 percent of the 1990 corn crop could
go to chemical production, and enough corn
would still be available for other uses.

Because of its high solubility in water and ease
of hydrolysis into individual glucose units, starch
is highly amenable to bioprocessing and may be
an ideal feedstock for chemical production. The
use of starch for both chemical and fuel produc
tion, however, might be at the expense of its use



in food production. Starch may not be produced
in large enough quantities to be used both as a
source of food and a source of energy. *

Lignocellulose

Lignocellulose is composed of cellulose, an un
branched chain of glucose units, lignin, a linked
mixture of aromatic molecules, and hemicellulose,
a polymer composed mainly of 5-carbon sugars.
This structure provides the rigidity necessary for
cellulose's primary function, the support of plants.
Because of its wide availability, lignocellulose has
the potential to be the most important of all the
raw materials for use in bioprocessing. Current
ly, however, several problems impede the use of
lignocellulose on a large scale. Lignocellulose is
highly insoluble in water and its rigid structure
makes cellulose much more difficultthan starch
to hydrolyze to individual sugars. Furthermore,
most micro-organisms cannot utilize lignocellulose
directly without its having been pretreated either
chemically or physically. Despite the considerable
advances made in both chemical and enzymatic
hydrolysis techniques, the cost of glucose derived
from cellulose is still much higher than that de
rived from starch.

The inherently diffuse nature of lignocellulose
resources means that very high collection costs,
especially in energy and manpower, will be en
countered in any attempt at large-scale utilization.
These considerations have given rise to the con
cept that the utilization of lignocellulose for
energy will be feasible only through a widespread
network of smaller manufacturing facilities that
draw on local resources and supply local needs.
Indeed, this pattern has already been established
for farm-scale alcohol production from corn. An
alternative to multiple small-scaleproduction units

"As.detatled in O'I'A's July 1980 report Energy From Biological
Processes (30), starch could be.used to produce approximately 1
billion to 2 billion gal of ethanol in the United States each year (about
1 to 2percentofU.S.gasoline consumption) before food prices might
begin to rise.
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1990
9760 million bushels

1980/81
7230 million bushels

Figure 26.-Trends In U.S. Corn Utilization
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prospects for success, but the development with
biotechnology of more effective biological agents
for lignocellulose utilization could radically
change this picture.
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is the concept of centralized, intensive lignocel
lulose production on so-called "energy planta
tions." The potential ecologicalproblems and high
ly questionable economics have detracted from

Conversion of biomass to commodity chemicals _

Lignocellulose

*l
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B. Lignocellulosic biomass

Figure 27.-Conversion of Biomass to Commodity
Chemicals

SOURCE: Office of Technology Assessment.

STARCH

The United States relies primarily on corn for
starch feedstocks. About 500 million bushels are
processed by corn refiners yearly to produce

* =Possible microbiological stepPretreatment

As noted above, there are numerous types of
biomass resources, including lignocellulosic prod
ucts and feed crops such as corn. Because of the
varying compositions of these raw materials, dif
ferent methods are used in rendering them into
useful chemicals. Nevertheless, all microbial con
version of biomass to marketable chemicals is a
multistep process that includes:

• pretreatment (particularly with lignocellu
losio biomass),

• hydrolysis (saccharificationlto produce hex
ose (6-carbon) and pentose (5-carbon) sugars,

• bioprocessing of these sugars by specific
micro-organisms to give commodity chemi
cals,

• subsequent bioprocessing or chemical reac
tions to produce secondary commodity chem
icals, and

• separation and purification of end products.

Figure 27 is a schematic summary of the multistep
processes for the conversion of starch and ligno
cellulosic biomass to commodity chemicals. Al
though figure 27 emphasizes the microbial steps
that could be used for these processes and appli
cations of biotechnology to them, it should be
noted that a variety of chemical syntheses can also
be used to convert the components of biomass
into useful chemicals (9,10,17,18).

Beforeeither starch or lignocellulosic biomass
can be used as feedstocks for bioprocesses, they
must be pretreated in preparation for hydrolysis.
Starch from corn requires little pretreatInent. Lig
nocellu�osic materials such as wood, however, de
mand extensive pretreatment to make cellulose
and hemicellulose available for hydrolysis.



cornstarch products. In the production of corn
starch, refiners employ a process known as "corn
wet milling" in which corn kernels are cleaned,
soaked in warm, dilute acid, and ground to yield
a slurry composed of starch, protein, and oil.
Much of the starch is further converted to sweet
eners, such as glucose and high fructose corn
syrup (7). Cornstarch is the milling product that
could be used to make commodity chemicals.

The pretreatment of starch requires minimum
inputs of acid and heat. Energy requirements are
low compared with the potential energy gained,
and almost all byproducts are marketable. Com
bined with starch thinning and saccharification
costs (see below), corn wet milling is estimated
to yield monomeric sugar at a cost of 12(j;/lb (at
$3.40Ibushel of corn) (21).

LIGNOCELLULOSE

Methods used to pretreat lignocellulosic bio
mass include chemical pretreatment in acids and
bases, steam explosion, and mechanical grinding.
These methods, described in OTA's July 1980 bio
mass report (30), add substantially to the costs in
volved inusing lignocellulosic biomass as a chem
ical resource.

In the future, biodelignification (the biological
degradation of lignin) by micro-organisms may
prove useful in the pretreatment of lignocellulosic

. biomass (8,24). Biodelignlficatinnresults in remov
al of lignin, exposing the crystalline cellulose and
lowering the costs of mechanical pretreatment.
At present, however, biodelignification is an in
adequate, expensive means of pretreatment, and
it is not used in the pilot projects for use of ligno
cellulose currently underway. As yet, there are
no valuable uses for lignin. Uses must be found
for lignin derivatives before these processes will
be commercially viable (2).

Several groups are working toward obtaining
faster biodelignification using mixed cultures of
micro-organisms, but microbial reaction rates at
present do not approach those needed for eco
nomic feasibility. With use of the best candidate,
the degradative mold Chrysosporium pruinosum,
40 percent of lignin remains intact after 30 days
of treatment (1). At least 20 strains of bacteria that
have lignodegradative abilities have been identi-
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fied, but efforts to use micro-organisms for de
lignification are hampered by the fact that lignin
metabolites are toxic to these micro-organisms.
Thus, more work remains to be done before bio
delignification and other methods of biological
pretreatment are competitive with the current
1y used chemical or mechanical pretreatment
methods. Were more information available on
these micro-organisms, biotechnology could.be
used to improve their efficiency.

Hydrolysis

STARCH

Enzymes from microbial systems are widely
used industrially to catalyze hydrolysis of starch
into sugars. * Batch bioprocesses are used for
hydrolysis. Three enzymes, alpha-amylase, beta
amylase, and glucoamylase, are used to hydrolyze
the starch chains to yield complete hydrolysis and
the formation of glucose (15). The largest indus
trial use of enzymes is in the corn wet milling
industry.

The major U.S. corn refiners have ongoing ac
tive research programs for the improvement of
enzymatic degradative processes, and these man
ufacturers have made major advances in the areas
of bioprocessing and enzyme immobilization.
These manufacturers have continued their efforts
toward improvement of enzymes by using. new
biotechnology (32).

CELLULOSE

The well-ordered crystalline structure of cel
lulose necessitates harsher treatments than those
used for starch. Whereas hemicellulose is readi
1yhydrolyzed into its 5-carbon sugars under mild
conditions, the hydrolysis of cellulose requires
strong acids, heat, and pressure. These conditions
lead to the formation of byproducts which must
be separated and utilized to minimize the overall
costs of lignocellulose use. In addition, the acid
used for the hydrolysis of cellulose must be neu
tralized before the mixture is used for bioprocess
ing, a requirement that raises the cost of hydrol
ysis.

"For further discussion of these enzymes, see Chapter 7:Specialty
Chemicals and Food Additives.
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The use of enzymes known as cellulases (and
micro-organisms that produce cellulases) to hy
drolyze cellulose, either alone or in conjunction
with chemical treatment, offers an increasingly
popular alternative to chemical methods of hy
drolysis. Cellulose is the most abundant biological
compound on earth, and a myriad of micro
organisms employ cellulases to obtain energy for
growth from the resulting glucose molecules. Re
search efforts to improve cellulase activity by
mutagenesis and selection of cellulolytic (cellulose
degrading) micro-organisms have yielded mutant
strains of micro-organisms (particularly fungi) that
produce cellulases with higher tolerance to glu
cose (the product of hydrolysis that inhibits cel
lulase activity), increased efficiency and reaction
rate, and better functioning at the elevated tem
peratures and high acidities used in industrial bio
processes (t). .

The enzymatic activity of cellulases has been
improving over the past several years, and in
some cases, the time needed for saccharification
and subsequent bioprocessing to produce ethanol
from cellulose has been reduced several fold (11).
Despite these improvements, however, the activi
ty of cellulases does not begin to compare with
the activities of amylases, which are about 1,000
times more catalytically efficient (5).

Although research into the molecular biology
of cellulases is in its early stages, biotechnology
is being used to improve the cellulase-catalyzed
hydrolysis of cellulosic biomass in several ways.
Two challenges for biotechnological approaches
to cellulase production are increasing the low ac
tivity of the cellulase and making sure the entire
cellulase gene complex is expressed. Processes
that optimize cellulase activity and efficiency are
prerequisite to the use of lignocellulosic biomass
resources.

Researchers at the National Research Council
of Ottawa, Canada,the University of British Co
lumbia, the University of North Carolina, and Cor
nell are. using recombinant DNA (rDNA) tech
niques to clone cellulase genes from several
micro-organisms into bacteria that may be in
duced to produce cellulase in large quantities (20).
Similarly, researchers at the U.S. Department of
Agriculture are cloning cellulase genes from the
fungus Penicillium funiculosum (12).

Another possibility for .a biotechnological im
provement is to transfer the ability to utilize the
5-carbon sugars from hemicellulose into cellulose
utilizing micro-organisms. A third possibility is im
proving the specificity of organisms that can uti
lize lignocellulose directly, e.g., Clostridium ther
mocellum. The "wild types" of these micro
organisms produce a range of products, typical
ly ethanol and several organic acids. This varied
synthesis results in low yields for each product
and great difficulties in subsequent recovery and
purification. Genetic mechanisms could be used
to select for high production of anyone of the
products.

Microbial production of commodity
chemicals

Some commodity chemicals, including ethanol
and acetic acid, are now produced in the United
States with microbial bioprocesses (9), while other
chemicals, such as ethylene and propylene, will
probably continue to be made from petroleum
feedstocks because of lower production costs. The
commodity chemicals that are attractive targets
for production from biomass include ethanol, ace
tone, isopropanol, acetic acid, citric acid, pro
panoic acid, fumaric acid, butanol, 2,3-butanediol,
methyl ethyl ketone, glycerin, tetrahydrofuran,
and adipic acid (9,18). Additionally, some chemi
cals, such as lactic and levulinic acids, could be
used as intermediates in the synthesis of polymers
that might replace petrochemically derived poly 
mers (18).

Because the chemical composition of biomass
differs from that of petroleum and because micro
organisms are capable of a wide range of activi
ties, it may be that the most important commodity
chemicals produced from biomass will be, not
chemicals that directly substitute for petrochem
icals, but other chemicals that together define a
new structure for the chemical industry. Micro
organisms used to produce organic chemicals
could be used with micro-organisms that fix ni
trogen to produce nitrogeneous chemicals, either
higher value-added compounds or ammonia, a
high volume commodity chemical. Other micro
organisms, such as the methanogens or the micro
organisms that metabolize hydrogen sulfide, may
be used to produce sulfur-containing chemicals
(14).
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Figure 28.-Metabolic Pathways for Formation ot Various Chemicals

The aerobic and anaerobic microbial pathways
leading to a number of important compounds are
shown in figure 28. Some of the micro-organisms

responsible for these reactions are listed in table
40. Knowledge of biochemical pathways for the
synthesis of particular chemicals will lead to the

SOURCE: T. K. Ng, R. M. Busche, C. C. McDonald, el al., "Production of Feedstock Chemicals," Science219:733·740,1983.
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Table 40.-Potentially Important Bioprocessing Systems lor the Production 01 Commodity Chemicals

Micro-organism Carbon source(s) Major fermentation product(s)
Saccharomyces cerevisiae Glucose Ethanol
Saccharomyces cerevisiae Glucose Glycerol
Zymomonas mobilis >••••••• Glucose Ethanol
Clostridium thermocellum Glucose, lactic acid Ethanol, acetic acid
Clostridium thermosaccharolyticum Lactic acid Glucose, xylose, ethanol, acetic acid
Clostridium thermohydrosulfuricum Glucose, xylose Ethanol, acetic acid, lactic acid
Schizosaccharomyces pombe Xylulose Ethanol
Kluyveromyces lactis Xylulose Ethanol
Pachysolen tannophilus Glucose, xylose Ethanol
Thermobacteroides saccharolyticum Xylose, glucose Ethanol
Thermoanaerobacter ethanolicus Glucose, xylose Ethanol, acetic acid, lactic acid
Clostridium acetobutylicum Glucose, xylose, arabinose Acetone, butanol
Clostridium aurianticum Glucose Isopropanol
Clostridium thermoaceticum Glucose, fructose, xylose Acetic acid
Clostridium propionicum Alanine Propionic acid, acetic acid, acrylic acid
Aeromonas hydrophilia, Xylose Ethanol, 2,3·butanediol
Dunaliefla sp. _. , Carbon dioxide Glycerol
Aspergillus niger Glucose Citric acid
Aerobacter aerogenes. ~ ; Glucose z.a-butanedto:
Bacillus polymyxa ...........•..... , Glucose z.a-butanecto:
SOURCE:Office of Technology Assessment, from T. K. Ng, A. M. Busche, C. C. McDonald, et al., "Production of Feedstock Chemicals," Science 219:733-740, 1983;

J. C. Linden and A. Moreira, "Anaerobic Production of Chemicals," Basic Biology of New Developments In Biotechnology (New York: Plenum Press, 1983);
and D. I. C. Wang, Massachusetts Institute qf Technology, personal communication, 1982.

identification of the genes that control the syn
thesis of these chemicals. With such knowledge,
it will be possible in some instances to employ
rONA technology or cell fusion methodology to
yield micro-organisms with improved bioconver
sion efficiencies. Improvements of these micro
organisms by genetic manipulation at present are
limited to a few cases. Examples include the de
velopment of a Pseudomonas putida plasmid that
codes for proteins that hydroxylate chemicals and
the development of rONA plasmids in Escherichia
coli that provide the genes that code for enzymes
that convert fumarate to succinate (21).

In developing commercial bioprocesses, a ma
jor need is for micro-organisms with character
istics such as tolerance to increased levels of prod
ucts during bioprocess reactions; * better efficien-

"The most commonly used micro-organism for ethanol fer-men
tation is yeast, which tolerates ethanol concentrations up to about
12 percent. Since the purification of ethanol from such dilute solu
tions. is costly I a desirable goal is to develop organisms (and thus
enzymes) whose tolerance to end products is higher. Such organisms
could be used as: hosts for cloned bioconversion genes.

cy of sugar utilization; faster rates of production;
tolerance to higher temperatures, so that separa
tion and purification methods (which often re
quire elevated temperatures) can be coupled with
bioprocesses; ** selected drug tolerance, so that
growth of contaminant bacteria can be inhibited
by drug treatment; and better growth on a variety
of biomass sources (26). Another major need is
the identification of plasmids that can be used as
vectors for the transmission of useful genetic
information.

'" '"A combination of bioprocessing and purification could be imple
mented whereby products are continuously removed and collected.
In this case, the high temperatures would minimize contamination
by other organisms and avoid product concentrations high enough
to kill the micro-organisms (13,37l.
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Differing emphasis is placed on the biological
production of chemicals and fuels by the govern
ments of foreign countries. The United Kingdom
funds biotechnological applications to chemical
production processes through several govern
mental departments. The Canadian Development
Corporation is pursuing technology develop
ment for producing ethanol from aspen wood
($21 million over 5 years), and several other
Canadian. Government agencies are addressing
chemical and energy production from biomass.
Japan, France, and Sweden also have Govern
ment-funded programs pursuing the use of bio
mass as a feedstock for chemicals and energy (33).

Profiles of recent U.S. patent activity indicate
widespread attention by private inventors and
companies in the United States and other coun
tries to biomass conversion, particularly in areas
related to hydrolysis of starch to sugar, the pro
duction of higher value-added chemicals such
as amino acids from microbial systems, and im
provements in bioprocess systems such as en
zyme immobilization (32). Organizations with the
mostV.S. patents in starch hydrolysis and related
bioprocesses include CPCInternational Inc. (U.s.),
with 21; .A. E. Staley Manufacturing Co. (U.S.),
with 18; A. J. Reynolds Tobacco Co. (U.S.), with
8; France's National Agency for the Funding of
Research (L'Agence Nationale de Valorisation de
la Recherche); Anheuser-Busch, Inc. (U.S.), and Ha
yashibara Biochemical Laboratories, Inc. (Japan),
with 7 each; and NovoIndustri A/S (Denmark) and
Miles Laboratories Inc. (U.S.), with 5 each (32).
Even though patents in starch hydrolysis do not
give a conclusive view of future biotechnological
applications to the commodity chemical industry,
they do indicate that U.S. companies are the pre
dominant developers of the bioprocess technology
underlying the utilization of starch biomass.

Biomass-related research in the United States
is conducted by the Department of Energy (DOE),
the National Science Foundation, and private com
panies. Programs within DOEinclude the Biomass
Energy Technology program, which examines the
technical feasibility of innovative biomass feed
stock production and conversion technology; the
Alcohol Fuels program; and the Biological Ener
gy Research program (within DOE's Office of Ba
sic Energy Science), which funds research on ge
netic manipulationof plants for increased biomass
production and of micro-organisms for improved
bioprocessing. DOE's Energy Conversion and
Utilization Technologies (ECUT) group recently
started a program in biocatalysis specifically in
response to the potential use of rDNA organisms
in chemical production processes. The goal of this
generic applied research program is to build "bio
catalysis technology to enable industry to displace
a significant level of nonrenewable resource re
quirements by [the year12000" (33). The ECUT
program focuses on research on scale-up of bio
processes, monitoring continuous bioprocesses,
bioreactor design, and downstream product sep
aration.
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The Reagan administration's proposed fiscal
year 1984 budget is not generous to biomass con
version for energy programs. The budget re
quests $17.3 million to support "fundamental
R&D"in this area, a small increase of $1.3 million
(8.1 percent) from fiscal year 1983. Alcohol fuels
R&D, formerly budgeted separately, would be
combined with biomass energy programs (25).
Since some of this R&D relates to studies of mi
crobial chemical production, any change in Fed
eral support for R&D of biomass energy will ef
fectively alter R&D for biological commodity
chemical production. The only DOEprogram spe
cifically directed toward the use of new biotech
nology' the ECUTprogram,received no funding
for fiscal year 1984.

International research activities



•
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Conclusion

The production of low-value-added, high-vol
ume commodity chemicals demands the use of
the most economic production schemes available.
The most economic schemes for chemical and
energy production at present favor the use of
petrochemical feedstocks. In the future, however,
decreasing petroleum supplies, increasing oil
prices, and technological advances in biomass
utilization may foster a transition to the use of
feedstocks derived from biomass. Such a transi
tion is not expected to occur on an industrywide
scale in. the near future, but bioprocesses are
being used to produce significant amounts of fuel
grade ethanol from corn and other crops econom
ically.

Because of the potential for disruption of the
existing industrial structure, the complex inter
relationships that characterize the production of
commodity chemicals will affect the success of
the introduction of particular compounds pro
duced by microbial bioprocesses. Projected bio
processing costs of commodity chemicals and the
structure of the chemical industry have been in
vestigat)d byB. O. Palsson, et al.(23). These in
vestigators concluded that the potential exists for
a smooth introduction of four microbial products
(ethanol, isopropanol, n-butanol, and 2,3-butanol)
into the U'S, chemical industry, and that these

products may foster other bioprocess develop
ment. In order for this transition to take place,
however, either the costs of producing these
products must be reduced (about 20 to 40 per
cent of their existing costs) or the price of
petroleum must rise. Reducing the costs of pro
duction of chemicals from biomass isa prerequi
site to commercial success in all case studies thus
far.

U.S. Government support for applications of
biotechnology to the conversion of biomass is de
creasing, while high levels of government support
are provided in several competitor countries, par
ticularly Japan and the United Kingdom. U.S.com
panies appear to be active in developing certain
biotechnological applications, but most of this ac
tivity as reflected in patents is concentrated in
applications to starch conversion, with primary
emphasis on higher value chemicals which are
expected to be produced before biomass-based
commodity chemicals are made. Some companies
in the United States and other countries are ac
tive in bioprocess development, but given the cur
rent slow pace of R&D in microbial systems that
perform the chemical conversions, these proc
esses will not be applicable in the chemical in
dustry for some years.

Priorities for future research *
Biotechnology will be a key factor in develop'

ing economic processes for the conversion of bio
mass to commodity chemicals. A number of pri
orities for research that will improve the efficien
cy of the conversion of biomass to useful chemi
cals can be identified:

• bioprocess improvements, including the use
of immobilized cell and enzyme systems and
improved separation and recovery meth
ods, ** an area especially important to the

"Many of these suggestions are from Rabson and Rogers (24).
* -see Chapter 3: The Technologies for a more extensive discus

sion.

production of commodity chemicals because
incremental improvements in bioprocess
technology will be readily reflected in the
price.of. these chemicals.

• screening programs to identify micro-orga
nisms (and their bioohemical pathways) usc
ful to processes such as commodity chemical
synthesis, cellulose hydrolysis, lignin degrada
tion, and catalysis of reactions that utilize by
products that are currently unmarketable;

• developing host/vector systems that facilitate
increased production of commodity chemi
cals by gene amplification and increased gene
expression of desired products and that allow



the transfer of genes into industrially impor
tant micro-organisms;

• understanding the structure and function of
the cellulase and ligninolytic activities of
micro-organisms:

• understanding the mechanism of survival of
micro-organisms in extreme environments)
such as high temperature, high pressure,
acid, or salt;

• understanding the mechanism of cell toler
ance to alcohols, organic acids, and other or
ganic chemicals;
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Introduction

The potential for the use of proteins in elec
tronic devices has received attention recently with
the advent of recombinant ONA (rONA) technol
ogy and the potential for computer-aided design
of proteins (1,2,3,5,6,7,11,13,14,15,19,21). Work
is focused in two areas: biosensors and biochips.
Biosensors (biologicallybased sensors) have been

Biosensors

A potential application of biotechnology is in the
development of improved sensing devices. Be
cause of their high specificity for given sub
stances, enzymes and monoclonal. antibodies
(MAbs) are particularly suited for use as sensors.
Sensors using these biological molecules have the
potential to be smaller and more sensitive than
traditional sensors.

Biosensors using enzymes have been used to
detect the presence of various organic compounds
for many years (12). Most of them have used a
free or immobilized enzyme and an ion-sensitive
electrode that measures indirectly (e.g., by tem
perature or color changes produced during an
enzymatic reaction) the presence of a productthe
formation of which is catalyzed by the enzyme.
Because ofthe proximity ofthe enzyme and elec
trode, these biosensors are rapid and sensitive.
They have not had wide application, however,
because of the high cost of many enzymes, lack
of particular enzymes, and temperature instabil
ity.

The use of rONA and MAbtechnology and com
puter-aided design of enzymes and other proteins
may allow the problems associated with existing
biosensors to be overcome. The cloning in bac
teria of genes coding for useful enzymes, for ex
ample, could allow the enzymes to be made in
large amounts cost effectively. The use of MAbs,
which can be made for virtually any molecule,

Chapter 10

Bioelectronics

used for several years, but design problems have
limited their acceptance. Biotechnology is ex
pected to increase the variety, stability, and sen
sitivity of these devices. Biochips(biologically
based microchips) capable of logic and memory
are still only speculative, and their development
is many years away.

not only could obviate the need for enzymes but
also could substantially broaden the applications
of biosensors. A longer term solution to the lack of
particular enzymes might be to.have computers
design enzymes with particular catalytic func
tions. Finally, features of proteins that determine
temperature stability could be incorporated into
the genes that code for important sensing en
zymes.

A new approach to fabrication is yielding bio
sensors with greater speed, sensitivity, and ease
of operation (4). The new biosensors use a field
effect transistor that translates a chemical reac
tion, such as that catalyzed by an enzyme, into
an electronic signal. Because the electronic re
sponse is a direct measure of the chemical reac
tion, the sensitivity and speed of the device is in
creased. (It is postulated that these sensors could
use MAbs as specific detection agents.) The British
Government has one of these new biosensors on
the market; it detects a particular nerve gas (4).

There are many potential applications for im
proved biosensors in the medical, industrial, en
vironmental, and defense fields (2,12).These are
discussed in turn.

In medical diagnostics, many substances need
to be measured accurately and rapidly, but the
sensors now available are often expensive, slow,
and insensitive. Improved biosensors could poten-
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tially solve many or all of these problems. Such
biosensors could detect, for example:

• antigens associated with infectious disease,
• hormonal levels to examine endocrine func

tion, and
• serum protein levels indicative of disease.

One particularly important medical application of
improved biosensors could be in the treatment
of diabetic patients for whom proper levels of in
sulin and glucose must be maintained. Small, im
plantable devices that sample blood for glucose
and regulate the delivery of insulin could be de
veloped.

As mentioned in Chapter 3: The Technologies,
one of the hindrances to effective bioprocess mon
itoring and control is the need for a wide range
of sterilizable sensors. Biosensors could be devel
oped to measure levels of key reaction substances,
such as reactants, intermediates, nutrients, and
products. Continuous monitoring of several sub
stances with biosensors interfaced to a computer
would allow better control over the reaction proc
ess and thus increase productivity. The use of
thermotolerant enzymes could potentially allow
these sensors to be sterilized in place.

A potential environmental application of im
proved biosensors would be to monitor water and
air quality. However, cost considerations limit the
use of the extremely sensitive sensors now avail
able. Additionally, very few measuring systems
are portable enough for monitoring in the field.

Biochips

Probably the most novel potential application
of biotechnology is in the production of a biomo
lecular electronic device. Such a device would
contain a specially designed organic molecule that
would act as a semiconductor surrounded and
stabilized by specially designed proteins, as shown
in figure 29. Researchers have studied the use of
proteins as a matrix for semiconductors since the
early 1970's, but the possibility of designing pro
teins aided by computers and producing the pro
teins with rDNA technology has sparked more in
tense interest.

Better biosensors might circumvent these prob
lems. Other environmental biosensors could be
developed to detect exposure of workers to haz
ardous substances and to monitor indoor air pol
lution in the office or at home.

The U.S. Department of Defense (DOD), in the
near future,will be the major supporter of bio
sensing research in the United States ($8 million
over the next 4 years). DOD's aim is to develop
biosensors for the detection of chemical and bio
logical warfare agents that are small, have high
sensitivity, quick response times, and. no false
alarms (18). If such devices were developed, they
would have broad civilian applications such as
those just mentioned. Companies funding re
search on biosensors for a number of uses include
IBM, IT&T, and Johnson & Johnson in the United
States and Cambridge Life Sciences in the United
Kingdom (4,9,16).

Many technical barriers to developing highly
reliable biosensors remain (8,17). Operating limita
tions (e.g.,a narrow temperature range) and fab
rication problems have yet to be overcome. Re
search is needed to identify which proteins are
most appropriate for this technology. Moreover,

. sensors implanted in animals or used to monitor
bioprocesses must be sterilized prior to implan
tation or use, and research is needed to develop
biosensors that are not destroyed by sterilization
methods. Over the next 5 to 10 years, many of
these generic problems inherent in the develop'
ment of biosensors will probably be solved (2,18).

Two small entrepreneurial firms in the United
States are doing research on biological micro
chips, or biochips: Gentronix (Rockville, Md.) and
Ean-Tech (San Francisco, Calif.), Furthermore,
DOD will be funding biochip research beginning
in fiscal year 1984 at $3 million to $4 million for
s years. Afew large electronics companies in the
United States (Westinghouse, General Electric,
and IBM) have small inhouse programs in this
area. Japan, France, the United Kingdom, and the
U.S.S.R. have indicated interest in biomolecular
computers (10,20).
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width of molecules, the resulting devices would
be very small and should find use in areas where
small size is essential (e.g., in missile guidance).
Furthermore, because of the nonmetallic nature
of biochips, it is thought that they would be im
mune to "electromagnetic pulse," the extraordi
nary electrical charge that results from a nuclear
explosion and renders useless all metallic devices
in a large area. In spite of the potential uses, how
ever, it is likely to be many years before any com
plex biochip will be developed.

A conventional silicon chip contains a set of op
tically imprinted circuits on a wafer of silicon.
Four factors limit the number of circuits con
tained on a chip. First, the lower limit of the width
of a circuit is determined by the wavelength of
light used for imprinting. The current limit is 1
to 10 microns; it has been postulated that by 1990
the width could be 100 times narrower (2). Sec
ond, the distance between circuits is limited by
the nature of the silicon circuit construction itself.
When circuits are too close together, electrons
can "tunnel" between circuits. This tunneling
decreases the reliability of the electronic device.
The lower limit for the distance between circuits
is rapidly being approached for silicon chips. The
third limiting factor for conventional chips is heat
dissipation. As circuits are packed more closely
together, the chip becomes too hot to function
effectively. Lastly, as the amount of information
processing ability per chip increases, the prob
lems.with fabrication and quality control increase.

Biologicaland chemically synthesized molecules
Conceivably could solve these problems associated
with conventional silicon chips as well as provide
additional advantages in design. Because the mol
ecules themselves would be the conductors, the
lower limit of the circuit width would be the
width of molecules, which is several orders of
magnitude narrower than silicon circuits used (or
even postulated) at present. Molecular circuits
could be placed very close to one another without
tunneling effects, because the proposed molecules
conduct current without losing electrons. Fur
thermore, since almost no energy is required for
molecules to conduct current, very little heat
would be generated even when the circuits were
close together. The specificity of complex inter
actions among proteins and the self-assembling

"Mutations that occur at a certain low level during growth of
micro-organisms could affect the reliability of the final product.

Bioelectronics research is in its infancy. Al
though most potential applications of proteins in
this field are only speculative, the successful
development of these applications could have a
substantial effect on the electronics industry.
Computers using protein-based biochips, for ex
ample, would be smaller, faster, more energy ef
ficient, and possibly more reliable than computers
using silicon chips. * The impact ofsuch biochips
would be as broad as that of present computers,
from hand-held calculators to robotics.

The biological nature of biochips also raises the
possibility of some exciting medical applications
they could be implanted in the body to interface
with the living system. Some possibilities include:

• brain implants to circumvent damage that.
has caused blindness and deafness,

.' cardiac implants to regulate heart beat,
• blood implants to regulate drug delivery Ie.g.,

insulin for diabetics), and
• implants to control artificial limbs.

DOD considers biochip technology potentially
very useful. Because the circuits would be the

SOURCE: Offlce of Technology Assessment.

Figure 29.-The Use of Proteins in
Constructing a Circuit
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There are many problems to be solved before
a three-dimensional biochip will become available.
Biological equivalents of capacitors, transistors,
and resistors are yet to be developed. Switching
devices, necessary for use with the computer bi
nary system, are only theorized. No one has deter
mined how a three-dimensional biological struc
ture will do logic functions or store memory. The
problem of interfacing biochips so they can be
programed or can assimilate other input has not
been addressed. And, because the chips would
use complex molecules, research needs to be done
on their environmental stability,

Biochipswill not be possible without computer
designed proteins and rDNA technology. Yet it
will probably be several years before rDNA tech
nology will be able to contribute substantially to
biochip research, because it is first necessary to
understand more about the relationship between
protein structure and function, the biological self
assembly processes, and the mechanisms by
which molecules could do logic functions and
store memory.

processes char-acteristic of biological systems
would facilitate the fabrication of very reliable
biochips.

The fabrication of complex three-dimensional
biochips with the fabrication technology now
used in the electronics industry is probably im
possible. Anessential feature ofthe use of a pro
tein matrix is that the proteins direct their own
assembly and the appropriate positioning of the
semiconductor molecules. There are numerous
examples of self-assembling protein structures,
including virus particles, and these are being
studied intensely for potential. applications to
biochip technology:

Several proteins, including MAbs, have been
suggested for constructing a biochip in three di
mensions. The movement of microelectronics
from two- to three-dimensional structures would
allow not only for increased complexity but also
for greatly reduced size. The use of a three-di
mensional protein matrix necessitates the design
of proteins that will interact with otherproteins
at correct and unique angles. The construction
of these proteins will rely on computer-aided de
sign and rDNA technology.

Increased funding for research in the follow
ing areas could speed the development of bioelec
tronics:

• computer-aided design of proteins,
• temperature stability of proteins,

• field-effect transistors,
• miniaturization of sensors,
• biological self-assembly processes, and
• molecular-switching mechanisms for elec

tronic signal propagation.
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commercialization of emerging technologies. If
the country's potential competitive position can
be defined, policy analysis can suggest possible
governmental steps to improve that position.

With the increasing importance of high-tech
nology industries. in the United States and the
decreasing competitiveness of Ll.S. goods in world
markets, u.s. policymakers need to be able to
assess the country's future with respect to the

Chapter 11

Framework for Analysis

Factors influencing competitiveness in biotechnology

To analyze the future competitive position of
the United States in biotechnology, OTA identified
10 factors believed to have potential influence on
the international competitiveness of products
resulting from an emerging technology. * Many
of these factors relate to the legal system and
various governmental policies, although societal
and private sector factors were also identified.
The 10 factors are:

• financing and tax incentives for firms;
• government funding for basic and applied

research;
• personnel availability and training;
• health, safety, and environmental regulation;
• intellectual property law;
• university/industry relationships;
• antitrust law;
• international technology transfer, investment,

and trade;
• targeting policies in biotechnology; and
• public perception.

These 10 factors are described in the, chapters
that follow. The chapters are presented, more or
less, in the order of the factors' importance to
competitiveness in biotechnology. Each of these
factors was analyzed for the United States and
five countries identified as the major potential
competitors of the United States in biotechnology:
Japan, the Federal Republic of Germany, the
United Kingdom, Switzerland, and France.

*OTA'smodel for determining the future competitive position of
different countries with respect to the commercialization of bio
technology could very well be useful in determining international
competitiveness with respect to the commercialization of other
emerging technologies. For emerging technologies other than bio
technology I however, the relative importance of specific factors
would not necessarily be the same.

The three factors that OTA believes to be 11)0st
important to a country's success in cornmercializ
ing an emerging technology such as biotechnology
are financing and tax incentives for firms, govern
ment funding of basic and applied research, and
the availability of trained personnel.

The first of these factors encompasses the avail
ability of capital both for starting new firms and
for financing the growth of existing firms. It also
includes tax policies that affect the formation and
availability of capital as well as the strategic
decisionmaking in firms.

Funding of basic, generic applied, * and applied
research is necessary both to maintain a science
base and to ensure the availability of the technical
means to apply scientific knowledge industrial
ly. The distinction between basic, generic applied,
and applied science research is an important one,
because, in establishing a competitive position, a
comparative advantage in applied science may be
more important than an advantage in basic re
search. Optimally, an analysis of funding for basic,
generic applied, and applied research would in
clude funding from both government and indus
try. Industry figures are usually proprietary, how
ever, so the analysis in this report necessarily con.
centrates on government funding.

The third factor, availability of personnel
trained in essential disciplines in a new tech-

*Generic applied research is research whose objective is to gain
the understanding necessary to solve a problem common to a par
ticular industry. Such research falls between basic research, the
objective of which is to gain understanding of the basic aspects of
phenomena without goals toward the development of specific proc
esses or products; and applied research, the objective of which is
to gain understanding necessary to meet a recognizedand specific
need, process, or product.
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Some governments target selected emerging
technologies to promote rapid commercialization.
In consultation with experts from academia and
industry, they formulate the direction, backed by
funds, that technologies should take to ensure
rapid commercialization. Countries with targeting
policies may have a competitive advantage in com
mercializing an emerging technology.

The last factor analyzed is how the public per
ceives the benefits and risks of the technology.

now, although these factors could increase in im
portance as biotechnology becomes a more ma
ture technology. They are antitrust law; interna
tional technology transfer, investment, and trade
policies; and government targeting policies in bio
technology.

U.S. and foreign antitrust laws were originally
intended to stimulate competitiveness among do
mestic industries by prohibiting restraints of trade
and monopolization. As countries have sought in
ternational markets, however, questions have
been raised about whether antitrust restrictions
accomplish their intended purpose. Governments
of some countries have taken a relaxed attitude
toward the interpretation of these laws with re
spect to .research joint ventures and technology
licensing, while the governments of some coun
tries continue to have strict interpretations. It is
possible that the strict interpretation of antitrust
law with respect to joint ventures and technology
licensing could decrease a country's international
competitive position.

Trade policies and laws that guide the trans
ferof products and technology internationally
could influence a country's competitive position
if the laws and policies are not reciprocal among
countries. Technology transfer laws are generally
concerned with national security issues and trans
national joint ventures. Investment control and
exchange laws when applied to technology licens
ing or technical assistance agreements or foreign
investment, can restrict the importation of foreign
technology or capital into particular countries and
thereby restrict foreign access to that local.mar
ket. Trade policies important to biotechnology in
elude tariffs and nontariff barriers, such as pack
aging requirements and nonacceptance of foreign
clinical data.

nology, is important to firms considering the com
mercialization of that technology. Furthermore,
the quality of science and engineering education
is a major factor in determining the future avail
ability of personnel.

Three factors were identified as having mod
erate importance in the commercialization of bio
technology: health, safety, and environmental reg
ulation, intellectual property law, and universi
ty/industry relationships.

To determine the importance of health, safety,
and environmental regulation, several issues had
to be weighed. On the one hand, the more strin
gent the regulations protecting against potential
risks of the technology, the more positive the pub
lic's reaction to the development of the technology
is likely to be. On the other hand, stringent regula
tions may discourage commercialization. Most
companies will seek to enter domestic markets
first, and for these companies, the domestic reg
ulations will be of primary importance. Compa
nies interested in developing international mar
kets, however, must also consider the regulations
of other countries. Some countries' regulations
are effective nontariff trade barriers that discour
age entry by foreign firms into domestic markets.

The intellectual property laws of a country par,
tially affect whether a company will pursue a line
of inquiry. If one is unlikely to reap the benefits
of the discovery of an invention, then one is less
likely to work on such an invention. Furthermore,
if a country's patent laws are not sufficiently pro
tective, then a company may choose. to keep its
inventions as trade secrets. Protection through
trade secrets usually discourages technology
transfer.

Active interaction between industry and aca
demia is a factor that could promote the compet
itiveness of a country in an emerging technology.
Usually when a technology is in the early experi
mental phase, most Of the important research is
carried out in universities. Ongoing dynamic uni
versity/industry relationships are an effective
means of domestic technology transfer. Generally,
therefore, such interactions promote a country's
competitiveness.

Three factors were determined not to be very
important to the development of biotechnology
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be an overriding factor in the commercialization
of a new technology. In the case of biotechnology,
the public's perception of an accident or perceived
risk could significantly influence the development
of the technology.
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financial and marketing resources to remain sol
vent. Furthermore, many established companies
are now beginning to make substantial contribu
tions to the commercialization of biotechnology
in the United States through their increasing in
vestments in their own research and production
facilities.

In European countries such as the Federal
Republic of Germany, Switzerland, France, and
the United Kingdom, biotechnology is being com
mercialized almost exclusively by large pharma
ceutical and chemical companies, manyOf which
already have significant strength in biologically
produced product markets. Large established
companies are critical to the development of bio
technology in Europe, and they also establish the
rate at which biotechnological development takes
place. Although such companies have been slow
to invest in biotechnology R&D, their inherent
financial, production, and marketing strengths
will be important factors as the technology con
tinues to emerge internationally.

In Japan, dozens of strong "old biotechnology"
companies from several industrial sectors have
extensive experience in bioprocess technology,
and these large companies are using new biotech
nology as a lever to enter profitable and expand
ing pharmaceutical markets. Japanese companies
dominate biologically produced amino acid mar
kets and are also major competitors in new anti
biotic markets. They could dominate new special
ty chemical markets as well.

Pharmaceutical markets will be the first proving
ground for U.S. competitive strength in biotech
nology. International competition will be intense.
American pharmaceutical and chemical compa
nies will be competing not only against Japanese

In democratic countries in particular, public
perception can promote or undermine the com
mercialization of an emerging technology. De
pending on the nature and intensity of the public's
response to an emerging technology, which can
not be readily predicted, public perception could

Firms commercializing biotechnology

25-561 0 - 84 - 18

In addition to analyzing the factors just dis
cussed, it is also necessary for this competitive
assessment to analyze the aggregate level of indus
trial activity. OTA's industrial analysis, presented
in Chapter 4: Firms Commercislizing Biotechnol
ogy, was approached from the following perspec
tives:

• the number and kinds of companies commer
cializing biotechnology,

• the commercial areas toward which industrial
biotechnology R&D is being directed,

• the interrelationship among the companies
applying biotechnology, and

• the overall organization of the commercial
effort.

The analysis focused on the United States and
then made comparisons with other countries.

U.S. efforts to commercialize biotechnology are
currently the strongest in the world. The U.S.
strength is in part derived from the unique
complementarity that exists between small entre
preneurial firms founded specifically to develop
new biotechnology and established companies in
a variety of industrial sectors. While the entre
preneurial new biotechnology firms (NBFs)
specializing in research-oriented phases of
development have been the major force behind
the commercialization of biotechnology in the
United States to date, the role of established
companies is expanding. Established companies
have assumed a major share of the responsibility
for production and marketing of, and, when
necessary, obtaining regulatory approval for,
some of the earliest products developed by NBFs.
Through equity investments and licensing and
contract agreements, these companies have also
provided many of the NBFs with the necessary
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companies, but also against the pharmaceutical
and chemical companies of Western Europe, all
of whom expect to recover their biotechnology

Results of the analysis

The results of the analysis of the relative im
portance of the factors affecting the competitive
position of the United States and other countries
in biotechnology both now and in the future is
presented in Chapter 1: Summary. Also discussed
is the current U.S. competitive position with re
spect to the other countries analyzed.

Congressional issues and options for improving
the competitive position of the United States in
biotechnology are discussed at the end of the fol
lowing chapters. To improve the competitive posi
tion of the United States, legislation could be di
rected toward any of the factors discussed, al
though coordinated legislation directed toward
all the factors might be more effective in pro
moting U.S. biotechnology.

The chapters that follow discuss only those con
gressional options that are specific to the develop
ment of biotechnology or were pointed out to
OTA by U.S. firms commercializing biotechnolo
gy. Policy options in some areas are not specific

investments through extensive international mar
ket penetration.

to biotechnology, but to high technology or in
dustry in general. These options are:

• to improve U.S. science and engineering ed
ucation and the retraining of industrial per
sonnel,

• to ease U.S. antitrust law to promote more re
search joint ventures among domestic firms,

• to regulate U.S. imports to protect domestic
industries)

• to regulate the transfer of technology from
the United States to other countries, and

• to target specific industries or technologies for
Federal assistance.

There are many arguments for and against these
options that are beyond the scope of this report.
Because of their broad applicability to industry
in general, these options are not discussed in the
chapters that follow. It is important to note, how
ever, that legislation in anyone of these areas
could affect the development of biotechnology.
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"Cetus (U,S.) and Agrfgenettcs (U.S.), though established before
1976, are included in the NBF category. Cetus was founded to
capitalize on.classical genetic techniques for product development.

(footnote continued on next page)

... "Direct government funding :of.basic and applied research is
treated in Chapter 13: Government Funding of Basic and Applied
Research. Direct government funding in the United States is pro
vided exclusively for research. In some countries, notably Japan,
the Government provides direct funding to industry. Such funding
is discussed in this chapter.

Financial needs of firms
~mm~cimdngbwreMnm~y

As discussed in chapter 4, a distinction can be
made in the United States between two types of
firms that are active in the commercialization of
biotechnology: NBFs and established companies.
NBFs, as defined in this report, are firmsest~b
lished around 1976 or later specifically to pur
sue applications of biotechnology. * Established

The first section of this chapter examines finan
cial needs of firms commercializing biotechnol
ogy, emphasizing the needs of NBFs in the United
States. It also evaluates the sources and availability
of capital for firms in the United States and other
countries. The second section examines tax incen
tives for firms. Tax incentives are an indirect
source of government funding. ** Such incentives
can expand or contract the supply of funds avail
able to companies engaged in biotechnology and
can thereby affect the overall rate at which bio
technology develops. They also can affect the
financial decisionmaking and thus the methods
of financing used by companies applying biotech
nology.

Chapter 12

Financing and Tax Incentives for Firms

Introduction

Two of the most important factors in the de
velopment of biotechnology in the United States
have been the supply of venture capital to finance
the startup and growth of new biotechnology
firms (NBFs) * and the tax incentives provided by
the U.S. Government to encourage capital forma
tion and stimulate research and development
(R&D) in the private sector. As noted in Chapter
4: Firms Commercializing Biotechnology, the
types of companies commercializing biotechnol
ogy in the United States include a large number
of NBFs and a smaller yet growing number of
established companies from. a variety of industrial
sectors. In Japan and the European countries, by
contrast, it is predominantly established com
panies that are commercializing biotechnology.
A variety of reasons might explain the different
nature of foreign commercialization efforts, but
certainly of major importance is the fact that ven
ture capital to fund the startup of new companies
is not generally available outside the United States.

Starting a new company,expanding the product
line of an existing company, and manufacturing
an existing product in a new way all require some
form of financing. The discussion below outlines
the financial needs of U.S. companies applying
biotechnology. It also examinesthe sources and
availability of private sector funds to meet these
needs. Brief comparisons are made with the five
countries likely to be the major competitors of
the United States in the commercialization of bio
technology-e-Japan, the Federal Republic of Ger
many, the United Kingdom, Switzerland, and
France.

Financing in firms commercializing biotechnology

·NH!"s, as defined in Chapter 4: Firms Commercializing Biotech
nology, are firms' established around 1976 or later specifically to
pursue applications of biotechnology.

269
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Table 41.-Breakdown 01 Revenues and Net Income/Losses lor 18 New Biotechnology Firms in the United
Slates, Fiscal Year 1982 (millions of dollars)

~ Losses are shown In parentheses.
Fiscal year 1983.

c Stock spilt.. '.'
dUn its offered (onelB'llt';"three ~hares ot ccmrncn stock and three Class A Warrants).

SOURCE: Office of Technology Assessment, based on information from E.F. Hutton & Co., company annual reports, and company prospectuses.

Even the most mature NBFs at present have
only a few products to generate revenues that can
be used to cover operating expenses and provide
capital for future growth. In order to generate
revenue, as described in chapter 4, NBFs in the
United States are currently relying heavily on
research contracts. The reliance of entrepre
neurial firms on research contracts to generate
revenue is almost without parallel, except perhaps
for the small firms that do defense contracts.

Table 41 shows profit/loss figures for 18 NBFs
in the United States, all of which are publicly held.
Of these firms, only three, Cetus, Genentech, and
International Genetic Engineering (INGENE), have
shown earnings in the most recent fiscal year for
which data are available. The favorable financial
position of Cetus and Genentech is mostly due to
earned interest income from funds obtained in
public offerings. However, revenues from sales
(including contract research) fall far short of ex
penses for all three of these companies, and all
three are losing money on an operating basis.

As shown in table 42, NBFs' investment in Il.&D
is currently very largein comparison to.their op-

Operating revenues

Revenues Contract revenue Revenues from
from as a percent of product sales Interest Total

New biotechnology firm research total revenues or royalties Total income revenues Net tncomenoss-

Amgenb ...................... $ 0.13 9.4 % $ 0.13 $ 1.38 $ 1.5 ($7.0)
Biogen.................. ,......... 12.1 58.8 12.1 8.5 20.6 (3.9)
Biotechnica International ....... 0.031 34 0.031 0.059 0.09 (1.6)
Bio-Technology General ........ 0.15 93 0.15 0.16 0.011 (2.3)
Centocor ..... _............... 2.4 84.2 2.4 0.45 2.85 (2.76)
Cetus ........................ 15.2 46.5 $0.79 15.99 16.7 32.7 4.5
chlron> ...... '. _...... '.' ....... 1.58 92 1.58 0.14 1.72 (2.2)
Damon Blctech :". ; ............. 0.81 48 0.81 1.7 (1.38)
Enzo Blochem'' ................ 0.10 11.2 0.17 0.27 0.62 0.89 (1.25)
Genentech? ... , ............... 28.8 88.3 28.8 3.76 32.6 0.625
Genetic Systems ; ............. 2.2 71.66 2.2 0.87 3.70 (1,0)
Genex ..... ; ... _............... 5.2 85.3 5:2 0.67 6.1 (5.6)
Hybrldoma Sclences'' .......... 0.07 73 0.07 0.024 0.095 (0.186)
Hybritech ..................... 1.3 27.4 1.8 3.1 1.6 4.75 (7.26)
Integrated Genetics ... ; •........ 0.6 60 0.6 0.46 1.0 (U6)
International Genetic. Engineering
(Ingene) ...................... 1.78 90 1.78 0.211 1.98 0.13
Molecular Genetics .... ; ....... 0.66 61 0.66 0.42 1.08 (3.75)
Monoclonal Antlbodles? ........ 0.10 1.5 0.16 0.26 0.39 6.5 (2.7)

(continued)
It showed early interest in biotechnology and began aggressively
pursuing product development with the new techniques.
Agrfgenettcs was formed in 1975 to link new genetic research with
the seed business. Thus, the behavior and research focus of both
Cetus and Agrigenetics places them in the new firm category despite
their early founding dates.

companies have considerably longer corporate
histories than NBFs and are generally much larg
er. In Japan, the Federal Republic of Germany,
the United Kingdom, Switzerland, and France, ef
forts to commercialize biotechnology are led by
established companies, although the United King
dom and France do have a few NBFs. Because of
their large financial assets, established companies
generally do not need external sources of funds
for R&Din new areas such as biotechnology. Fur
thermore, if they do need such funds, established
companies are generally able to obtain debt fi
nancing. Debt financing, a traditional means to
fund corporate growth, is not available to NBFs,
because they lack both collateral to secure a loan
and sufficient means to repay the lender (27). The
discussion in this sectiori, therefore, focuses on
the financial needs of NBFs.
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Table 42.-Capital Expenditures, R&D Budgets, and Operating Revenues of Nine New Biotechnology Firms in
the United States, Fiscal Year 1982 (millions of dollars)

New biotechnology firm
Capital

expenditures
R&D

budget
Operating
revenues

R&D as a percent of
operating revenues

Table 43.-Cash Drain Relative to Equity for Six New Biotechnology Firms in the United States, Fiscal Year 1982
(millions of dollars)

SOURCE:Office of Technology Assessment based on Information from company annual reports.

·The cumulative losses shown in table 41 understate the level of
funding required to sustain these companies because they do not
fully reflect capital outlays. Only the depreciated portion of capital
outlays shows up in a profit and loss statement and, hence, in
cumulative loss (27).

··Biogen N.V.,the parent company of the Bingen group, is regis
tered. in the Netherlands Antillesbut is about SO-percentU.S.owned..
Btogen's principal executive offices are located in Switzerland. Bto
gen N.V. has four principal operating subsidiaries. Blegen Research
Corp. (a Massachusetts corporation) and Bfogen S.A. (a Swiss cor
poration) conduct research and development under contract with
Blegen N~V. Biogen B.V.fa Dutch corporation) and Biogen Inc. (a
Delaware corporation) conduct marketing and licensing operations.
Available figures pertaining to Biogen refer to Btogen N.V. and its
subsidiaries.

72%
143
400
111
177
160
161
424
423

$12.1
16.0
0.3

28.8
2.2
5.2
3.1
0.66
0.26

The most revealing indicator of the NBFs' poten
tial needforcash is the rate at which such firms
are consuming funds. Table .43 shows decreases
in working capital for six NBFs. Except for Cetus,
which raised an exceptional amount of money in
its initial public offering, the drop in working
capital for these firms is large compared to their
equity capital. In 1981, Genentech used up 21 per
cent of its ending equity capital, while Molecular
Genetics used up 10 percent, and Cetus 12 per
cent (27). Hybritech increased its working capital
by 72 percent of beginning equity in 1981 by
means of a public stock offering; by October 1982,
however, Hybritech had returned to the public
markets to raise additional equity because its

Because of the emphasis on R&Din biotechnol
ogy, skilled labor for firms applying biotechnology
is relatively more important than labor for firms
in other areas. Such labor is also quite expensive.
The average Ph. D., supported by two technicians,
costs on the order of $150,000 to $175,000 per
year with overhead (27). As a result, labor may
initially constitute a large percentage of a new
firm's operating expenses.

$ 8.7
25.9

1.2
31.9
3.9
8.3
5.0
2.8
1.1

$ 8.7
22.9

0.09
31.8

0.46
1.8
1.44
1.4
0.57

Biogen .
Cetus .
Enzo Biochem ; .
Genentech .
Genetic Systems .
Genex ; .
Hybritech .
Molecular Genetics .
Monoclonal Antibodies.

erating revenues. Furthermore, NBFs that are in
curring large R&D costs to develop products are
sustaining large losses relative to their earnings
(see table 41).* These losses, which will likely con
tinue for several years, are eroding the capital
bases of many NBFs and increasing their need for
additional sources of funds. NBFs such as Biogen
N.v .•• do not expect operating revenues to meet
R&D expenses, and consequently do not expect
to operate at a profit for at least several years (2).
For the next several years, expenditures by NBFs
for R&D will probably equal 20 percent or more
of sales (27).

Equity Cash Yearly change in Cumulative
New biotechnology firm capital flowa werking capital deficit

Biegen ............ ; .. $ 61.9 ($3.0) ($12.1) $10.0
Cetus ................ 128.3 5.7 (15.7) (0.3)
Genex ............... 13.3 0.6 (9.4) (2.3)
Genentech ............ 53.1 1.0 (11.4) (0.03)
Hybrltech. . . . . . . . .. .. 17.6 (4.3) 6.3 (12:8)
Molecular Genetics .... 1.5 (3.6) (1.6) (4.0)
a Cash flow Is sum;of net Income or loss plus noncash expenses such as depreciation.

SOURCE:Office of Technology Assessment, based on information from company annual reports.

t
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working capital had dropped to 43 percent of
stockholder's equity by the end of 1981 (27). Other
NBFs, including Monoclonal Antibodies, Genex,
and Molecular Genetics, have also had to return
to the public market not long after their initial
or second public offerings.

The financial needs of NBFs are largely depend
ent on which market they are trying to enter. To
enter each of the markets described below, in
creasing amounts of funds are necessary.

Contract Research and Development Market.
The funding needed to support entry into the con
tract R&D market is generally less than. that re
quired for entering product markets, because reo
search that a firm does for another company, uni
versity' or government agency is funded by that
organization, often through progress * or advance
payments. Most NBFs perform contract R&D to
generate revenues to fund their own proprietary
research, although the costs of proprietary re
search generally exceeds their contract research
fees (27).

In Vitro Monoclonal Antibody Diagnostic Prod
ucts Market. ** The funding needed to support
entry into the market for in vitro (used outside the
body) monoclonal antibody (MAb) products is
more than funding needed to support entry into
the contract research market. Because of the
small amount of plant and equipment required
to develop such products and because of the corn
paratively low cost.of complying with the Food
and Drug Administration's (FDA's) testing require
ments for in vitro diagnostic products for hu
mans, the financial requirements are relatively
low. *** A number of NBFs, including Hybritech,
Monoclonal Antibodies, Molecular Genetics, Cen
tocor, and Genetic Systems, have developed in
vitro MAb diagnostic products for humans that
are "substantially equivalent" to products that
FDA has already approved and thus do not reo
quire rigorous. testing. Other MAbproducts being
developed by these firms are intended for re
search or production (e.g., separation and puri-

"Progress payments are received when the contracting company
reaches certain milestones in the research project:

* "In vitro MAb products are discussed in Chapter 5:
Pharmaceuticals

* * "For a discussion of FDA'sregulatory processes, see Chupser
15: Health, Safety, and Environmental Regulation.

!

fication) purposes and thus do not require FDA
approval. Several of these NBFs are within a few
quarters of achieving operational profitability for
these product lines (27).

Specialty Chemicals Market. * Specialty chemi
cals are defined in this rejJort as chemicals whose
price exceeds $1 per pound (50<1: per kilogram).
These include substances such as enzymes, amino
acids, vitamins, fatty acids, and steroids. Most spe
cialty chemicals do not need regulatory approval.
For specialty chemicals considered foods or food
additives, however, FDA approval is required, and
significant funds may be expended to meet FDA
requirements. Thus, the amount needed to enter
the specialty chemicals market varies depending
on the product. In general, though, the amount
of funds needed to enter the specialty chemicals
market is more than the amount required to enter
the contract research market but less than that
needed to enter the commodity chemicals market.

Agricultural Products Market. ** For the animal
agricultural market, the R&D cost are very sim
ilar to those for pharmaceuticals (in vitro and in
vivo products), because many of the products,
such as diagnostics, vaccines, and hormones, are
essentially the same. However, the regulatory re
quirements promulgated by the U.S. Department
of Agriculture (USDA) and FDAfor animal health
products are much less stingent than the require
ments for pharmaceuticals. Some animal agricul
ture products (e.g., vaccine for colibacillosis) have
received approval and are already reaching the
market.

The R&Dcosts for applications of biotechnology
to plant agriculture vary over a broad range. The
genetic manipulation of micro-organisms impor
tant to plant agriculture, for the most part, is less
costly than the genetic manipulation of the plants
themselves. Furthermore, the various traits be
ing investigated are at different stages of research.
For instance, plants with traits conferring resist
ance to drought or saline stress are more near
term than those with improved photosynthesis
or nitrogen fixation. The financial requirements
for developing the latter plants are much greater

*Applications of biotechnology to specialtychemicals are discussed
in Chapter 7: Specialty Chemicals and Food Additives.

* *Applications of biotechnology to animal and plant agriculture
are discussed in 'Chapter 6: Agriculture.
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Revenues From Contract Research,
Product Sales or Royalties, and Interest.e
Besearch and product development agreements
between NBFs and established companies are gen
erally cost reimbursement contracts with addi
tiona� fees and incentives for reaching agreed on
milestones. The NBF generally retaihs the patent
rights to any technology involved and grants the
contracting company an exclusive license to that

• revenues from contract research and interest
on cash previously obtained from public or
private offerings;

• various sources of venture capital; and
• public stock offerings.

NEW BIOTECHNOLOGY FIRMS

The main sources of financing for NBFs, the
small, new firms specializing in biotechnology, are
the following:

With the exception of firms developing in vitro
MAb assays and diagnostic products, it will be
some time before NBFs, most of which are U.S.
companies, can be self-financing; some estimate
that NBFs cannot be self-financing before the late
1980's (27). The new firms must finance not only
losses due to operating expenses but also expend
itures needed for capital assets. For some NBFs,
meeting FDA regulatory requirements will also
require substantial funds. Because, as noted
earlier, debt financing may not be available to
many NBFs, the firiancial needs of these firms
must for the most part be met by additions to
equity capital (27). Thus, in many cases, the recep
tivity of the public market to NBF stock issues and
the use of R&D limited partnerships is a matter
of great importance.

Sources and availability of financing
for U.S. firms

The sources and availability of financing for the
two types of firms that are important to the de
velopment of biotechnology in the United States
i.e., NBFs and established companies-are quite
different. The discussion below, therefore, treats
each type of firm separately.

than those for developing simpler genetic applica
tions. Firms doing research in the more complex
agricultural applications of rDNA te~hnology are
unlikely to have commercial products available
until the late 1980's or1990's. Some companies,
such as Plant Genetics (U.S.), hope to finance
themselves through the research period by de
veloping commercial products using conventional
plant genetics (27).

In Vivo Diagnostic and Therapeutic Products
Market. * The financial requirements for enter
ing the market for in vivo (inside the body) diag
nostic and therapeutic products for human use
are very large, in part because such products re
quire extensive clinical testing to meet FDA reg
u�atory requirements. Taking a pharmaceutical
product from research to market in the United
States generally requires 7 to 10 years and costs
$70 million or more (14). To date, no NBFs at
tempting to enter this field are operationally prof
itable, nor are they likely to be in the near future
(27). Hybritech, for example, does not. anticipate
profitability for its therapeutic line until about
1988 (26).

Commodity Chemicals Market. **Forseveral
reasons, the financial requirementsfor entering
the commodity chemicals market are the largest.
Currently, practically all commodity chemicals,
defined in this report as chemicals that sell for
less than $1 per pound, are made from petroleum
feedstocks. Although it is theoretically possible
to produce essentially all commodity chemicals
from biomass feedstocks such as starch or cellu
lose, and most commodity chemicals can be syn
thesized biologically, most commodity chemicals
derived from biomass cannot yet compete eco
nomically with chemicals made from petroleum
in the highly integrated production infrastructure
that now exists. Furthermore, profitability in com
modity chemicals requires the achievement of
economies of scale in production plants costing
hundreds of millions of dollars (27).

,.Applications of biotechnology to in vivo diagnostic and thera
peutic products intended for human use are discussed in Chapter
5: Pharmaceuticals.

,.,.Applications.of biotechnology to commodity chemical produc
tion are discussed in Chapter 9:Commodity Chemicals and Energy
Production.
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Each of these is discussed further below.

From 1969 to 1977, the total venture capital
pool in the United States remained relatively un
changed, at the level of about $2.5 billion to $3
billion each year (27). Since then, however, the
venture capital pool has increased sharply, reach
ing between $3.5 billion and $4 billion in 1979
(45), $5.8 billion in 1981 (46), and an estimated
$7.5 billion as of the end of 1982 (48).

Variability in the amount of venture capital in
the United States is influenced by many factors.
These include general macroeconomic variables
(e.g., interest rates and inflation), changes in cap
ital gains tax laws, and changes in pension fund
investment rules. In 1969, the u.s. capital gains
tax was increased from 29 to 49 percent. In ad
dition, the U.S. inflation rate increasedsharply
in 1972, causing investors to,seek a much higher
rate of return on their investments. In 1973-74,
the price index of the National Association of Se
curity Dealers Quotation of over-the-counter se
curities, which represents smaller companies, de
clined more than did the Dow-Jones industrial
price index, which represents larger companies
(27), indicating a decline in investor interest in
newer, smaller firms Telative to larger, more es
tablished companies.

Recent changesin U.S. laws and regulations af
fecting the formation of venture capital have led
to a resurgence in the supply of venture capital
in this country. In 1979, Employee Retirement In
come Security Act pension fund regulations were
interpreted to allow some pension fund money
to flow into venture capital investments. Around
the same time, the Securities and Exchange Com
mission adopted Rule 144 allowing founders of
companies to liquidate their "restricted" stock
holdings sooner than previously allowed. The op
portunity to liquidate sooner provides investors
with a stronger incentive to invest. Especially im
portant to the supply of venture capital in the
United States have been decreases in the rate at
which long-term capital gains are taxed. The cur
rent long-term capital gains tax rate for individ
uals, established under the Economic Recovery
Act of 1981, is 20 percent (28percent for corpora
tions), making venture investments even more at
tractive than they were under the pre-1969 rate
of 29 percent.
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Venture CapitaL-In the United States, there
are several sourcesof venture capital. These are:

• corporate venture capital,
• R&D limited partnerships,
• venture capital funds, and
• Small Business Investment Corporations

(SBlCs).

technology, Thus, such agreements usually pro
vide for royalty payments to the NBF by the estab
lished company on the future sales of the prod
uct that results from the R&D work; these royal
ties may range from 2 to 10 percent of total sales,
depandingjon the size of the product market.

Table 41 breaks down total fiscal year 1982 rev
enues for 118 NBFs into operating revenues re
ceived from contract research or product sales
or royalties and interest income. In most NBFs,
no incomelor very limited income was obtained
from the sale or licensing of products. Most rev
enue, evenfor the larger NBFs such as Genentech,
Cetus, andBiogen, was contract revenue and in
terest on cash raised through public offerings and
private investment. Genentech reports, for exam
ple, that 811 percent of its total $32.6 million rev
enue in 19~12 was derived from contracts and the
balance derived from interest income. Cetus re
ports that" in fiscal year 1982 (which ended in
June 1982)1 income from contracts accounted for
almost 47 percent of its total revenues and inter
est income! for most of the remainder. Similarly,
Biogen reports that 59 percent of its revenue
comes from contract sales with the balance be
ing interest income.

Biogen and Genentech are concentrating on
product development using rDNA technology.
Some NBFs, including Genetic Systems, Monoclo-

-, nal Antibodies, Centocor, and Hybritech, are de
,veloping M{\bsfor in vitro assays, diagnostics, and
research products. These firms will probably
achieve an income stream from product sales
more quickly. In fiscal year 1982, however, these
firms also show primarily interest income. Cur
rently, Hybritech has the greatest percentage of
total revenue coming from product sales, 38 per
cent. In the.near future, product sales should con
tribute more substantially to revenues for
Hybritechas well as other diagnostic product
companies;



1980 1981
10.9% 11.2%
25.7 34.3

9.6 13.1
7.6 11.2
9.3 5.8

19.9 5.8
3.7 1.9
2.7 5.3
2.0 3.4
8.6 8.0-- ---

100.0% 100.0%

Percent of
dollar amount invested
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talists is generally combined to obtain enough
money for product development and initial mar
keting. Financing for biotechnology projects
averaged about $2.2 million per project in 1982
(27). As shown in table 45, seed money is a very
small percentage of total venture capital disburse
ments in the United States. In biotechnology,ven
ture investments have tended to combine both
seed and startup financing, making the average
disbursement disproportionately high.

The peak period for raising venture capital in
, biotechnology in the United States occurred in

1980. That year, the valuations of NBFs ranged
from $5 million to $25 million for 25 percent of
the company (41). The stock market decline of
1981-82 was accompanied by changes in the ven
ture capital market with respect to biotechnology
ventures. Valuations of NBFs ranging from $2 mil-

1980 1981
11.5% 11.4%
27.4 30.0

9.6 14.5
4.2 6.2

10.5 7.0
8.3 4.9
7.5 4.9
4.5 6.2
3.6 4.4

12.9 10.5-- ---
100.0% 100.0%

Percent of total
number of investments

SOURCE: Venture CapitalJouma/22(6):8,June 1982.

Communications .
Computer related .
Other electronics related .
Genetic engineering .
Medical/Health related .
Energy .
Consumer related .
Industrial automation .
Industrial products .
Other .

Total .

Table 44.-Distribution of Venture Capital Disbursements In the United States by
, Industry, 1980 and 1981

Table 44 shows the distribution of venture capi
tal disbursements in the United States by industry
for 1980 and 198L In 1980, investments in "ge
netic engineertng'' accounted for 4.2 percent of
the total number of investments but 7.6 percent
of the dollars invested. In 1981, "genetic engineer
ing" accounted for 6.2 percent of the number of
investments but absorbed 11.2 percent of venture
dollars. The disproportionately large average size
of "genetic engineering" investments reflects the
fact that a large amount of funds must be dedi
cated to R&Dbefore a concept is proven. In other
high-technology industries, "seed money" is usual
ly sought to prove a concept and averages around
$1 million per project. But in biotechnology, seed
money and startup financing from venture capi-

~ A definition of "genetic engineering" was not given by the ven-
ture Capital Journal. '

Table 45.-Dlstribution of Venture Capital Disbursements in the United States by Stage of Investment, 1981

Percent of number
ot lnvestrnents

Venture Total
State of investment development activity

$1,000
2,200
2,000

$2,000
$1,750
$1,900

1,850
90d

46%
41
87%

8%
5

100%

2%
31
19
52%
48

100%

Venture
development

39%
40
79%
10%
11

100%
SOURCE: Venture CapitalJournal. 22(6):9, June 1982.

Seed 4%'
Startup. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Other early stage. . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . 19

Total early stage .. . . . . . . . . . . . . . . .. . . . . .. .. . . . . 49.%
Expansion........ .•... ~

Total." . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 100%
Other " .
Stage unrecorded .

Total .
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lion to $4 million for 40 to 50 percent of the com
pany became more common. The following two
factors may have accounted for the decrease in
the valuation of NBFs in 1981 and 1982:

• increased investor knowledge of the time that
would be required for commercializing appli
cations of biotechnology, and

• decreased investor interest in biotechnology
because most venture capitalists who desired
to invest in an NBF had already done so.

At least one venture. capitalist stated that the.
number of new proposals based on biotechnology
decreased substantially from 1981 to 1982 (27).
Possible reasons for the decrease in proposals in
clude the following:

• the existence of many competing companies
in each of the major application areas dis
couraged additional entrants, and

• the fact that many of the scientist/entrepre
neurs who wanted to form a new firm had
already done so.

Table 46 shows the cost of venture capital for
selected NBFs in the United States, although it
should be noted that few general rules can be de
termined from this table. Genentech and Hybri
tech, which the venture capital firm Kleiner, Per
kins, Caulfield, and Byer partly organized as well
as financed, turned out to be particularly good
investments. For Hybritech, a $300,000 invest
ment initially purchased 72 percent of the com
pany at a price of $0.20 per share. At the time
of the public offering at $26.75 per share, Kleiner,

Perkins, Caulfield, and Byer held 29.3 percent of
Hybritech worth $1.7 million. For Genentech, a
$200,000 investment eventually equated to 14.3
percent of the common stock ($0.21 share cost)
worth around $33 million at the time of the public
offering. Wilmington Securities, a later investor
in Genentech; purchased 6.2 percent of the com
pany for $500,000 or $2 per share of a stock that
went public at $35. Lubrizol, a still later investor
in Genentech, paid $10 million for 24 percent of
the company or $6:43 per share.

Table 47 contrasts the private valuations and
public (market) valuations of some recently of
fered NBF issues. Hybridoma Sciences exhibits the
greatest increase invaluation (and thus the high
est rate of return to original investors) in the
shortest period of time-s-overL100 percent in just
over 2 years.

The four sources of venture capital in the
United States, which were mentioned at the be
ginning of this section, are discussed further
below. Independent private venture capital funds
have accounted for an increasing share of total
venture capital relative to that provided by cor
porate investors and SBICs, as shown in table 48.

Corporate venture capital. A number of major
corporations provide revenue to NBFs through
R&D contracts as well as equity investments and
joint ventures. Contractual relationships provide
benefits to the corporate investors as well as the
NBF. Chapter 4: Firms Commercializing Biotech-

Table 46.-Cost of Venture Capital for Selected New Biotechnology Firms in the United States

SOURCE:Office of Technology Assessment, based on Information from company prospectuses.

New biotechnolcgyfirm

Cetus:
1st staqe .: .
SOCal 2d mend .

Genentech:
Wilmington Securities, early stage .
Lubrlzol..' '.'

Genetic Systems." .. , .
Hybritech .
Molecular Genetics:

Founders : .
Sale of 632,366 shares to American Cyanamid ..
Monoclonal Antibodies , .

Private venture capital

Venture Percent
capital of company Price

invested purchased per share

$ 1,999,600 16.5'% $ 0.91
5.000,000 1004 3.60

500,000 6.2 2.00
10,000,000 24.0 6.43

200,000 9.7 0.51
300,000 72.0 0.20

40,560 59.9 0.02
2,750,000 18.7 4.35

825,116 29.2 0.52

Price per share
in public offering

$23.00

35.00

6.00
26.75
9:00

10.00



Table 47.-Col11parison of Private and Public (Market) Valuations of Eight New Biotechnology Firms. With Initial Public Offering in 1983
(mullens of dollars except offering price per share)

Date of
Date initial Offering price

company public and millions of
New biotechnology firm founded Private valuation" offering shares offered
Arngen ...... '.' ............ ,', .... , 1980 $54~Feb. 1981 6/17/83 $18

2.35
Advanced Genetic Sciences ........ 3/79 $48-April 1981 7/83 $20b

2.0
Blogen ....... ..... ,', ...•....... 1978 $100~ApriI1981 3/83 $23

2.5
Cambridge Bioscience .............. 3/81 $8.3-July 1982 3/31/83 $ 5

1.0
Chiron ..... -.................... 5/81 $29-April 1983 8/83 $12

1.5
Hybridoma Sciences .........." .... 4/81 $2.2-Feb. 1983 8/83b $ 6'

0.70
Immunex .........................'. 7/81 $10.5-July 1982 7/1/83 $11

1.65
Integrated Genetics ., ............. 1981 $33.3-0ec. 1982 7/19/83 $13

1.6
~Based on most recent transaction.
Estimated

cOne unit. One unit = three shares common stock and three Class A Warrants.

SOURCE:Office Technology Assessment, adapted from E. F. Hutton, prep~redJuly18,·1983.

Public valuation
Total market valuation

and millions of
shares outstanding

$187
10.4

$242 b

12.2
$425

18.5
$ 20.3

4.08
$ 87.6

7.3
$ 25.7

4.29
$ 64.3

5.85
$107.9

8.3

Ratio of
private valuation

to public valuation
1:3.5

1:5

1:4.25

1:2.4

1:3

1:11.7

1:6.1

1:3.2

•



$405.46

$ 55.0
3.4

80.0
27.5
55.0
11.1
0.96
7.5

78.0
34.0
25.0
29.0

Amount
(millions of dollars)

1981
1982
1982
1982
1982
1982
1982
1982
1983
1983
1983"
1983

Partnership
formation

date

Percent Percent
of total 1982 of total

35% $4,400 58%

24 1,300 17

41 1,900 25
100% $7,600 100%

New biotechnology firm

Agrigenetics .
Genetic Systems .
Cetus .
California Biotechnology.
Genentech .
Molecular Genetics .
Neogen .
Hybritech .
Cetus .
Genentech , .
Genetics Institute .
Serono Labs .

Total .
a As of 8/83 not yet closed.

SOURCE: Officeof Technology Assessment, based onInformation fromthetrade
press and company reports.

Table 49.-R&D Limited Partnerships Used by 12
New Biotechnology Firms in the United States

their costs of capital. They have also provided
many NBFs with a stable source of financing for
the next 4 to 5 years-the time frame written into
most of the partnerships. In other words, R&D
limited partnerships are providing NBFs with the
financial ability to undertake their own proprie
tary research and early product development and
in some cases clinical testing without relying on
established companies and venture capital firms.

As shown in table 49, the total amount raised
by 12 NBFs for R&D limited partnerships in bio
technology exceeds $400 million. The amount
raised for each partnership ranged from just
under $1 million (Neogen) to $80 million (Cetus).
The first NBF to raise a fairly large amount of
money ($55million)through an R&Dlimited part
nership was Agrigenetics ..Genentech, which is
using an R&D limited partnership as a novel ap
proach to financing clinical trials of human
growth hormone and gamma interferon, raised

612

$ 887

............... ~

$2,521

Independent private funds and venture capital
partnerships ..•. . . . . . . . . . . . . . . . . . . . . . . . . . . .

SBICs (exclusive of nonventure capital related
SBICs) .

Corporate (financial and industrial subsidiaries
and non·SBIC public funds) . _
Total pool .

nology provides a discussion of these joint ven
tures and the costs and benefits accruing to both
parties. Table 13 in chapter 4, entitled "Equity In
vestments in New Biotechnology Firms by U.S.Es
tablished Companies, 1977-1983,"summarizes es
tablished U.S.firm equity investments in and joint
equity ventures with NBFs.

R&D limited partnerships. R&Dlimited partner
ships, consisting of at least one general and one
limited partner, are a financing mechanism that
allows businesses to engage in research activities
without paying for the activities out of retained
earnings or borrowed capital. * Most of the 300
to 400 R&D limited partnerships that exist in the
United States have been formed since 1980 (29).

From August 1982 to May 1983, over $200 mil
lion was raised through R&Dlimited partnerships
by NBFs alone (4). One analyst estimates that R&D
limited partnerships will raise a total of $500
million in 1983 (3). In R&D limited partnerships
in biotechnology, the NBF typically serves as the
general partner and assumes liability. The limited
partners are the investors whose money buys a
share of the partnership's future profits or losses.
The liability of the limited partners is limited to
the loss of their investment. More than 10 R&D
limited partnerships in biotechnology have been
formed since 1980, and 10 to 20 more are now
being formed (40).

Such partnerships have enabled NBFs to reduce
their reliance for financing on established com
panies and venture capital firms and to reduce

SOURCE: Venture C9pltal Journal 22(10):7, October 1982.

"The u.s. Supreme Court decision in the 1974 precendent-setttng
Snow v. Commissioner (416U.s. 500)held that limitedpartners could
offset their other income with partnership research or other ex
perimental expenditures. It also extended the reach of section 174
(Title 26 U.s.C. IRS §174) to include businesses that had not yet of
fered any products for sale.

Table 48.-U.S. Venture Capital Pool, 1977 and 1982 (millions 01 dollars)

1977

278 • Commercial Biotechnology: AT! International Analysis



An SBIC provides at least three kinds oftax ad
vantages for shareholders (34). First, a loss on the
sale or exchange of the stock can be treated by
stockholders as an ordinary loss, i.e., such loss
does not have to be offset against gains from sales
of stock, and it can be regarded as a business loss
for net operating loss deduction purposes. Sec
ond, a loss on the sale or exchange of converti
ble debentures purchased from small businesses
(or stock obtained through conversion) can be

Small Business Investment Corporations. In
1982, approximately 17 percent of the venture
capital funds in the United States were raised by
SBICs. SBICs are private companies licensed by
the Small Business Administration (SBA) that must
invest their funds in U.S. small businesses. There
are three major groups of SBICs: 1)bank affiliates,
2) subsidiaries of venture capital and other finan
cial companies, and 3) independent SBiCs and
units of nonfinancial companies. Each SBIC must
have paid-in equity capital contributed by share
holders of at least $500,000. After the paid-in cap
ital requirement is met, SBA will loan up to three
times the paid-in amount of capital.fhus extend
ing the resources of the SBIC. In effect, SBICs le
verage their paid-in capital by four times with
SBA's assistance. SBICs obtain funds from SBA at
very favorable interest rates, several points below
the prime rate. They then lend the money to small
businesses at a rate that is higher than the rate
at which they have obtained it but still less than
the prevailing rate.

to invest a significant percentage of their funds
in biotechnology. One example is Plant Resources
Venture Fund, a $15 million to $20 million fund
that invests in companies doing plant-related
R&D. In the first 18 months of its operation, this
fund invested in three companies, taking all the
outside equity in each. Two ofthe companies are
engaged in tissue culture research and the other
is a plant genetics company. The strategy of the
Plant Resources Venture Fund is to invest
$500,000 to $1.75 million in each company in sev
eral stages. In first -stage financing, the fund ex
pects to assume the major share of investment.
In subsequent financings, the fund will take pro
gressively smaller amounts as other investors are
brought in. Plant Resources Venture Fundantici
pates financing another seven to nine companies
by 1984 (10).
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$34 million (27). R&D limited partnerships can
provide more financing than the average amount
raised by NBFs in the most recent initial public
stock offerings (see below).

One advantage to the general partner in an
R&D limited partnership is the fact that partner
ship funds appear on the corporate balance sheet
as contract revenue rather than as debt or equi
ty, thus enhancing future investment prospects.
Another advantage for the general partner is that
the limited partners do not participate in the
management of the partnership; in this respect,
an R&D limited partnership is unlike other forms
of equity financing where investors may sit on
the board of directors and shareholders vote on
major management decisions.

The limited partner (investor) in an R&D limited
partnership is generally interested in investing in
such a partnership because R&D limited partner
ships, unlike corporations, are treated under the
U.S. Internal Revenue Service (IRS) Code as non
taxable entities, meaning that partnership profits
and losses are "passed through" to the individual
partners who then combine them with their other
items of income and expense.* Since an R&D proj
ect typically generates tax losses in its initial years
(because of large R&D expenditures), limited part
ners can use those losses immediately to offset
other income which might be taxable at rates as
high as 70 percent. Furthermore, partners can
deduct as much as 85 to 95 percent of their ini
tial investment, immediately decreasing their
after-tax cost (and risk) and more than doubling
the potential rate of return.

Venture capitalfunds. Venture capital funds are
professionally managed funds dedicated to invest
ment in one or more industries. Sources of capital
for these funds include pension funds (e.g., John
Deere, General Electric, and Ohio Public Employ
ees Retirement Fund), insurance companies (e.g.,
Wausau Insurance, Prudential Life, and Metropol
itan Life), trust departments of commercial banks
such as Morgan Stanley or City Bank, and corpo
rate investors interested in potential profitfrom
discoveries arising from the fund's support.

Of interest is the fact that a few independent
private venture capital funds have been formed

"Corporate profits, by contrast, are taxed both at the corporate
and the shareholder level, and deductions for losses incurred by
the corporation are not available to the individual shareholders.
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treated by the company as an ordinary loss.
Third, rather than the normal 85-percent deduc
tion for dividends received from domestic cor
porations, the company gets a 100-percent divi
dends received deduction.*

For NBFs that might want to use funds from
SBICs, there are two problems. First, because
SBICs obtain much of their money as loans from
SBA and must repay the SBA in a prescribed
period of time, SBICs lend their money rather
than use it to buy stock in small businesses. How
ever, an increasing number of equity investments
are being made by SBIC bank affiliates such as
First Capital Corp. of Chicago. Most NBFs do not
seek money from SBICs, because such firms need
to retain dollars internally rather than use them
to pay interest on debt to an SBIC. Second, SBICs
do not generally commit public funds guaranteed
by public institutions to high-risk ventures, which
is exactly what NBFs are. However, in spite of the
interest risks associated with investments in new
high-technology firms, some SBICs have invested
in NBFs. SBICs raised $4,108,197 in capital for
NBFs in 1981 and $3,383,333 in 1982 (50). * They
invested in 15 NBFs in 1981 and 9 NBFs in 1982.
Thus, although the total amount of capital in
vested by SBICs decreased from 1981 to 1982, the
average amount of capital invested per company
increased.

Public Stock Offerings.-Public offerings can
be divided into initial public offerings, the first time
a firm attempts to raise money by offering shares
in itself to the public, and subsequent public offer
ings, when the firm returns to the market to raise
additional funds. As a way to obtain funds, the
initial public offering differs in an important way
from the other methods for raising funds that
have already been discussed. The initial public
offering is the first time that the firm must public
ly disclose its financial and product development
status. Going public also requires registration with
an oversight organization, the Securities and Ex
change Commission, and commits the firm to con
tinued public scrutiny through publicly available

*A corporation pays tax on dividends distributed. The dividend
is also taxed aspart of income .of the distributee. To partially com
pensate for this double taxation, if the distributee is a corporation,
85 percent of-dividends.received is excluded from this second tax
ation.However- Ifthe corporation is an SBIC, 100 percent of div
idends received tsexcluded.

"The 1982, figures available 'from theSBA did not include
November .and December figures.

reports to shareholders .and annual statements
to the Securities and Exchange Commission (Form
10-K). Meeting the requirements for public ac
countability is expensive, both in time and money,
and meeting the earnings expectations of the in
vestors can inhibit long-term R&D. In confirma
tion, Gabriel Schmergel of Genetics Institute in
Boston says "reasons why companies haven't gone
public is because sometimes they are under great
pressure to produce earnings" (18). Thus, al
though a great deal of money can be raised in a
public offering, its costs, both fiscal and other
wise, must also be considered.

The amount that a firm can raise through a pub
lic offering depends not only on the performance
of the firm itself but also on the stock market and
the receptiveness of investors. In times of reces
sion, institutional investors tend to undervalue
high-technology stocks because they are inter
ested in short-term gains (16). Yet, during the
early 1980's, despite the recession, high-tech
nology issues were fairly successful.with the peak
years for biotechnology stocks being 1980 and
1981. In 1982, some NBFs that made public offer
ings were not able to raise as much as they had
expected. Until September of 1982, the perform
ance of biotechnology stocks paraleled that of
Standard and Poor stocks. After September, how
ever, the biotechnology stocks outperformed the
Standard and Poor stocks. Thus far, the 1983 bull
market has been accompanied by a boom innew
issues, greater in magnitude and scale than ever
before. For biotechnology issues, 1983 is a ban
ner year. Between March and July of 1983, 23
NBFs raised about $450 million (18). Figure 30 pro
vides a comparative market performance of some
MAb, rDNA, and biotechnology support com
panies with the Standard and Poor 500 for the
period April 1982 through April 1983..

Duringthe 1970's, venture capitalists were ac
customedto waiting 5 to 7 years before seeing
their investments achieve liquidity in the public
markets. Withthe advent of the microprocessor,
a number of electronic companies developed ap
plications that became profitable quickly. In some
cases, these companies were able to achieve prof
itability in 18 months and a public offering within
2 to 3 years from founding, in part because of
better capital markets after 1978 (8). As a result,
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Figure 30.-Comparative Market Performance:
Companies Using Biotechnology vs. Standard and Poor's 500 Companies, April 1982 through April 1983

"atctecn index includes A. B. Fortla, Blcresponse, Cetus, Damon, anec-atochern, stcw-eenerei, eenentecn, Genetfc Systems, Hybrftech, Monoclonal Antibodies, Novo
Industrl AlS. OTA did not include A. B. Fortia or Flow General as companies using biotechnology.

bStandard and Poor's 500 Is an index of a broad cross aectton of companies traded on American stock exchanges.

SOURCE:. Office of Technology Assessment, adapted from E. F. Hutton.

some venture capitalists may have shortened their
investment time horizons (41), a development that
now might be affecting the time taken to bring
NBFs to the public market. Table 50 shows the
elapsed time between company founding date and
initial public offering for 19 NBFs.

The number of, and the amount of money
raised in, initial public offerings in all industrial
sectors in the United States over the past 10 years
is shown in table 51. As can be seen, both the
number of offerings and the amount raised first
decreased and then increased dramatically. The
years 1981 and 1982 were record years for new
stock offerings, both in the number of offerings
and in the amount raised (though the total amount
raised in 1982 was 25 percent less than the
amount raised in 1981).Not since the boom of the
late 1960's, however, has the new issues market
been as active as in 1983.

25-561 0 - 84 - 19

The initial public offering history and market
valuations as of July 1983 for 19 NBFs is shown
in table 50. No NBFs made offerings prior to 1980.
Two firms went public in 1980, five in 1981, and
three in 1982; as of August 1, nine had gone public
in 191%The drop in the number of biotechnology
public offerings between 1981 and 1982 parallels
the drop in initial public offerings in all sectors
during the same period (table 51).

The first recognized "biotechnology firm" to go
public, in October 1979, was BioResponse, * with
an offering of 1,320,000 units ** at $2.50 per
share. Thus, the total raised was $3.3 million. It
is interesting to note that at the time of the in
itial public offering, BioResponse had no revenues
and a negative net worth of more than $600,000.

*BioResponse was founded in 1972 and is not included here as
an NBF;

*"One unit = one share of common stock plus.one.warrant.
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Table 50.-lnitial Public Offering History and Market Valuations as of July 1983 for
19 New Biotechnology Firms in the United States

Market valuation as of July 19B3

New biotechnology firm

Date
company
founded

Date of
initial
public

offering

Millions of
shares

outstanding

Price per
share as of

7/15/B3

Market
value

(millions of dollars)

Advanced Genetic Sciences .
Amgen , .
BioCel1 Technology .
Biogen .....•'.......•............
Cambridge Bioscience . - .
Centocor " .
Cetus .
Chirona .
Damon Biotech .
Enzo Blochern" .
Genentechc. . .
Genetic Systems .
Genex .
Hybritech .
Hybridoma Sciences .
Immunex .
Integrated Genetics. " .
Molecular Genetics .
Monoclonal Antibodies .

1979
19BO
19BO
197B
19B1
1979
1971
19B1
19B3
1976
1976
19BO
1977
197B
19B1
19B1
19B1
1979
1979

7/83
7/B3
B/B1
3/B3
4/B3
12/B2
3/B1
B/B3
6/B3
6/BO
10/BO
6/B1
9/B2
10/B1
B/B3
7/B3
6/B3
4/B2
B/B1

12.2
10.0
N/A
1B.5
4.0B
5.3

22.0
7.2B

19.5
5.B
1.4
1.B

12.6
10.3
4.29
5.7
B.3
6.13
2.4

N/A'
$133/B

1/2
153/4
11 3/4
17 1/2
17 1/4
12'
16
30
463/4
14
19
271/4

eb,d

131/4
13
1B 3/4
1B 3/4

N/A
133.75

N/A
291.375
4B.175
92.75
379.5
B7,4

312
174
65.45
25.2

239.4
2BO.67
25.7
7.5

107.9
114.94
45

aN/A-Information not available.
bAfter public offering August 1983.
CStock split. , .•
dOne unit = 3 shares common stock + 3 Class A Warrants.

SOURCE: Office of Technology Assessment, adapted from E.F. Hutton & Co., Inc., Washington, D.C., personal comrnuntcatfon, August 1983.

Table 51.-Number of Initial Public Offerings
and Amount Raised in All Industrial Sectors in the

United States, 1972·83

The history of the initial public offering of Bio
Response illustrates the extraordinary investor in
terest in firms commercializing biotechnology. In
deed, biotechnology has produced two "firsts" on
Wall Street. In 1980, Genentech set a new record
with a price rise from $35 to $89 per share in
the first 20 minutes of trading in its initial public
offering. In 1981, Cetus set a new high for an ini
tial public offering-$120 million (net amount was
$107 million). Even in 1983, the best year ever
for raising money for biotechnology, few prod
ucts had been introduced.

Public offerings in 1982 were less successful
than had been hoped for, probably because of an
increasing realization by the public that the fruits
of biotechnology R&D might be more distant than
was first anticipated and also because the stock
market was depressed in 1982. Thus, Collabora
tive Research in February of 1982 raised lessthan
half of the $28.5 million it had hoped to raise in
its initial public offering, while Molecular Genetics
obtained only $3.3 million, less than one-third of
its goal, Genex, in a 2.5 million share initial of
fering, sought to raise about $30 million to sup-

$2,700
330

51
265
234
153
249
506

1,400
3,200
1,470
7,900

Amount raised"
(millions of dollars)

56B
100
15
15
34
40
45
B1

237
44B
222
516

Number of
initial public

offeringsYear

a Through August 1983.
bHoward & Co., Philadelphia, personal communication 1983.

SOURCE: Office of Technology Assessment, adapted frcmK. Farrell, "Going Pub
IIc 1982," Venture, April 1982, p. 30.

No revenues had been recorded by September
1982(27), yet stock in BioResponse is trading in
1983 at about $13 per share. The successful ex
perience of BioResponse established a precedent
for bringing NBFs with similar financial charac
teristics to the market.

~~~~ ::::::::::::::
1974 ; '.

m~ ::::::::::::::
197B ' .

~~~6 ::::::::::::::
~~~~" .
19B3".b· .

............



port scale-up of its research products, but first
day over-the-counter sales totaled only about 1
rnillionshares, and the closing price was $9 rather
than the $10 to $12 initially predicted.

The boom in the 1983 public offerings market
has provided many new firms including NBFs,
with capital. Venture capital for NBFs increasingly
difficult to obtain, the result being that public of
ferings in 1983 are supplying second- and third
round financing. NBFs that are either seeking or
already have raised second- and third-round fi
nancing in 1983 include Cambridge BioScience,
Damon Biotech, Molecular Genetics, Biotechnica,
Genetics Institute, Biogen, Integrated Genetics,
Applied BioSystems, California Biotechnology/
Synergen, DNA Plant Technology, Amgen, Hybri
doma Sciences, INGENE, Advanced Genetic Sci
ences, Biotechnology General, Immunex, and
Chiron. Table 52 lists some recent initial public
offerings by NBFs and the amounts raised.

The price/earnings ratios for NBFs appear high
in 1983, given their negative or low earnings
records. Continued reliance on the public market
for funds will place increased pressure on public
NBFs to earn a profitable income stream quick
ly. If products are not manufactured and income
generated within the. time frame demanded by
investors in the stock market, NBFs will face ad
ditional financial constraints. If they have to rely
on the stock market and R&D limited partner
ships for funds, NBFs might face problems in
financing the long-term risky research in scale
up processes that is needed to commercialize bio
technology products.
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ESTABLISHED COMPANIES

Established U.S.companies like Eli Lilly, DuPont,
and Monsanto can finance their entry into bio
technology using internal funds generated from
a variety of sources, Ie.g., the sale of products,
interest income on capital, and other sources).
Such companies also have ready access to debt
financing (e.g., loans) or through debt offerings
and the sale of bonds. The cost of borrowing is
less for established companies than for new com
panies' because financing is available to estab
lished companies at or near the prime rate. Those
NBFs that are able to qualify for loans may pay
2 or 3 percentage points over the prime rate (27).
In sum, for established U.S. companies consider
ing commercial applications of biotechnology, the
question is not whether financing is available, but
whether or not to spend their sizable resources
(or those that they borrow) on the new commer
cial pursuits of biotechnology.

To illustrate the magnitude of established com
pany resources to enter biotechnology, a few ex
amplescan be noted. In 1981, DuPont budgeted
$120 million for biotechnology R&Dout of a total
R&Dbudget of $570 million (19). In 1982, DuPont
began construction of a new $85 million life sci
ences center, and it acquired New England Nu
clear (U.S.) for $340 million, in part to expand its
capability in the life sciences. As another exam
ple, in 1984, Eli Lilly expects to complete a $60
rnillion research center that will emphasize rDNA
and immunological applications of biotechnology
(13). The annual R&D budgets of established U.S.
companies such as DuPont and EliLillydwarf the

SOURCE: Office of Technology Assessment, adapted from E.F. Hutton & Co., Inc" Washington, D.C., personal communication, July 18, 1983.

Table 52.-Amounts Raised in Recent Initial Public Offerings by Six New Biotechnology Firms

New biotechnology firm
Amgen .
Biogen .
Cambridge Biosciences
Chiron .
ImmLinex , , , . "
Integrated Genetics ....

Date of initial
public offering

6/83
3/83
3/83
8/83
7/83
7/83

Shares offered
(in millions)

2.35
2.5
1.0
1.5
1.65
1.6

Offering price
per share

$ 18
23
5

12
11
13

Amount raised
(millions of dollars)

$ 42.3
57.5
5.00

18.0
18.15
20.8
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France, are not found in Japan because of the low
level of equity funds there (39),' Public offerings,
venture capital, and other equity instruments are
of relatively minor importance there .. The low
level of equity funding available in Japan is il
lustrated by comparing the over-the-counter se
curities markets in Japan with those in the United
States. About 111 companies are traded on the
Japanese market, compared to 13,000 in the
United States. Differences in venture capital in
vestments are also indicative of the relative im
portance of venture capital in the two countries.
In 1982, venture capital investments in Japan
amounted to about $84 million, whereas those in
the United States amounted to $5.8 billion (6). The
low level of interest by Japanese investors in ven
ture capital is further shown by the fact that a
venture capital firm established in July 1982 by
the Daiwa Securities and Long TermCredit Bank
was the first venture capital company to be
started in 8 years (61.

The Japanese Govermnent has made two efforts
to encourage the development of a venture capital
industry in Japan. One effort was made by the
Ministry of International Trade arid Industry
(MITI) in the early 1970's but yielded little in the
way of results (22). In a resurgence of interest
in this area, in 1982, MIT! set up an Officeof Ven
ture Enterprise Promotion in parallel with the cre
ation of the Office of Biotechnology Promotion
(32).

Japan's private sector has recently taken some
initiative in developing a source of "venture cap
ital" by pooling corporate resources. The Japan
Associated Finance Corporation (JAFCO) is a pri
vate venture capital fund that was organized by
Nomura Securities Company. One French, three
Hong Kong, and 10 Japanese firms are involved
in JAFCO, which plans to offer financial help to
new businesses until they qualify for listing as a
joint stock company. When the firm reaches this
stage of maturity, its income gains will be dis
tributed among the partners of the fund accord-

Sources and availability of financing
for firms in other countries

The sources .and availability of financing. for
companies .commercializing biotechnology in
Japan, the Federal Republic of Germany, the
United Kingdom, Switzerland, and France-the
five countries considered the major competitors
of the United States in the area of biotech
nology-sare outlined in the discussion below.

JAPAN

As noted in Chapter 4: Firms Commercializing
Biotechnology, predominantly large established
companies are developing biotechnology in Japan.
Established companies in Japan, like those in the
United States, are able to rely on debt financing
or revenues generated from the sale of products
and other internal sources of funds to finance
their entry in the field of biotechnology.

The industrial and financial structures of Japan
are very different from those of the United States
and mostEuropean countries. In Japan, equity
markets are relatively unimportant for allocating
capital. Instead of raising capital by sharing equi
ty, Japanese companies continue to favor debt fi
nancing." The emphasis on personal savings by
Japanese families has produced a large pool of
funds in banks and postal savings accounts, and
these fundsarelent to Japanese corporations.
Thus, private sector financing of biotechnology
in Japan is usually mediated through the bank
ing system.

NBFs, especially prevalent in the United States,
and to a lesser extent in the United Kingdom and
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amounts that have been raised by NBFs in the
United States in even the most successful public
stock offerings. In 1981, for example, the NBF
Cetus raised a record breaking $120 million in its
initial public offering-a little more than 20 per
cent of DuPont's. annual R&D budget.

*A majority of Japanese companies commercializing in biotech
nology have debt to equity ratios that exceed 3' (39), as compared
to U.S. ratios that are generally closer to 1. Although the Japanese
figures are biased upwards because of differences in land values
and because off-sheet financing is used more frequently in the United
States than in Japan, the differences in debt to equity ratios are
significant.

"Other reasons for the scarcity of NBFs in Japan are cultural at
titudes that discourage entrepreneunsm, the rigid separation in
Japan between university basic research departments and industry,
and Japan's weak basic science base in molecular biology (39). Some
of these subjects are addressed in Chapter 17: University/Industry
Relationships.



ing to the ratio of the capital contribution of the
fund (22).

These new sources of venture capital mayor
may not succeed in increasing the supply of ven
ture capital in Japan. In any case, the amount of
venture capital these sources currently provide
is very small when compared to the amount avail
able in the United States.

The (me source. of "venture capital" that has
been very important to the development of bio
technology in Japan is personal loans of sizable
amounts by wealthy individuals who are the man-.
agers of progressive Japanese companies such as
Hayashibara, Suntory, and Green Cross. As entre
preneurial managers, these individuals are very
unusual in Japanese history. A venture by Haya
shibara for producing interferon with hamsters
was possible only because the owner, who owns
or controls 12 institutions (hotels,gas stations, and
candy manufacturing firms) and does about $150
million worth of business a year, put his capital
behind it (51). The diversification by Suntory (a
whiskey company) into rDNAresearch to produce
pharmaceuticals was similarly supported.Signifi
cantly, Japan's giant pharmaceutical companies
were far slower and more bureaucratic in their
response to the potential of biotechnology than
these newer Japanese more progressive firms.

In fiscal year 1981, a Government-related orga
nization called the Center for Promoting R&D
Type Corporations guaranteed approximately
$3.7 million (¥ 750 million) in loans (a total of
24 loans). Beginning in 1982, the center was to
begin making loans as well as guaranteeing other
lender's loans. Up until now, however, the Japa
nese Government has not been a major source
of financing for Japanese companies developing
biotechnology.

There is no indication that Significant funds are
being channeled into biotechnology by financial
institutions connected with the Japanese Govern
ment to make up for the shortage of venture capi
tal. In the past, Government-funded banks like the
Japan Development Bank (JDB) lent only to proj
ects that fit into articulated Government policy
and were located in Japan. In the past decade,
however, private bank loans have expanded to
such an extent that they are competitive commer-
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cially with the Government financial institutions
(39). Certain funds within the JDB loan portfolio
are targeted for technology promotion. For the
past 4 years, this fund has remained fairly con
stant at the level of $500 million (¥ 100 billion),
approximately 10 percent of the total loan port
folio. Loans from the JDB are made at interest
rates between 7.5 and 8.4 percent. There is no
indication that any of these funds are being chan
neled into biotechnology.

FEDERAL REPUBLIC OF GERMANY

In the Federal Republic of Germany, nearly all
private sector investment in biotechnology has
been made by the established pharmaceutical and
chemical companies. There is no parallel in the
Federal Republic of Germany to the U.S. venture
capital industry. Commercial.banks provide most
of the funds used for industrial expansion, and
it is common for such banks in Germany, unlike
those in the United States, to have equity partici
pation in companies in which they invest. The
West German commercial banking sector is dom
inated by three banks, and the linkages between
the banking and corporate structures are so close
that the MonopolyCommission concluded in 1976
that the banks effectively utilize management
functions to the detriment of competition (23),

In 1975, a consortium of 28 banks recognized
that the German banking systemis not conducive
to high-risk, innovative, startup firms and formed
a venture capital concern called Risk Financing
Society (WFG, Deutsche Wagnisfinanzierungs
Gesellschaft) (7). The principal objective of this
organization is to aid small and medium-sized
firms in commercializing their products. So far,
the electronics industry has been the major recip
ient of WGF funds; biotechnology firms have not
yet been of great interest to WFG. Since 1980,
WFG has been looking for innovations that could
achieve commercial success within 24 months. If
this continues to be the criterion for any firm
receiving funds from WFG, then it would be sur
prising if many startup firms in biotechnology
were established in the Federal Republic of Ger
many with WFG funds (23).
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UNITED KINGDOM

The present Government of the United King
dom believes that the successful industrial devel
opment of biotechnology depends on private in
dustry. The main source of funds will be the re
tained earnings of established companies and the
capital provided by private financial institutions.
The United-Kingdom does not have a well-devel
oped venture capital market, and the tax struc
ture in the United Kingdom is not conducive to
the formation of risk capital (the capital gains tax
rate there is higher than in the United States, as
are the marginal income tax rates for higher
incomes).

Despite the little direct availability of venture
capital, the United Kingdom is providing public
and institutional support to encourage the forma
tion of small firms. The Unlisted Securities Market
(USM), for example, was formed in 1980 primarily
to raise capital forsmall companies. At the time
of its opening, USM had 6 firms; 2 years later,
it had a membership of 115 firms and was capital
ized at a total of $2 billion. Most of the trading
volume in this market is accounted for by small
investors. The value of the shares of USM's 20
largest companies has increased 45 percent over
the past 2 years, excluding dividends (43). Before
USMwas established, companies could be listed
only on the London Stock Exchange, and listing
there required profits of at least $1 million. In ad
dition' until 1977, the London Stock Exchange re
quired a company to sell off at least 35 percent
of its equity for listing (the requirement has since
been scaled down to 25 percent).

The British Government has introduced two
new measures to encourage the formation of
small firms. The first measure is designed to en
courage the private sector to make equity invest
ments in startup firms by offering tax relief at
the top marginal rate to investors in new (up to
5 years old) qualifying businesses. As a result of
this rneasure.:a number of professionally man
aged funds have been established wherein indi
viduals have pooled their money allowing the pro
fessional managers of the fund to make their in
vestments. Cambridge Life Sciences, the first
British biotechnology firm to go public, used this
measure in April 1982 (43). The second Govern-

ment measure is to guarantee loans made by
banks and other financial institutions for quali
fying projects that are considered to be viable (in
the institution's judgment) but are not backed by
personal securities. This measure means that in
dividuals need not have substantial income in
order to form a company.

Views on whether there is a shortage .of funds
available for biotechnology firms in the United
Kingdom vary depending on the source of infor
mation. Financial institutions say funds are not
in short supply; rather, the shortage is in well
presented ideas with commercial value that are
capable of earning the relatively high rates of
return desired by investors with risk capital. En
trepreneurs say that there is a shortage of funds
because institutions demand more evidence than
they can supplyto prove that their products are
capable of earning high profits.

Several institutions in the United Kingdom are
supplying funds for the development of biotech
nology, including Biotechnology Investments Ltd.,
Prutec, Advent Eurofund, Cogent, and Technical
Development Capital (43). Biotechnology Invest
ments Ltd., a branch of N.M. Rothschild Asset
Management, is the largest, with an initial capital
pool of $55 million (17). Although Rothschild has
invested mostly in U.S. NBFs and other foreign
companies, it recently purchased equity in Cell
tech (U .K.) and is considering several proposals
from other British firms. Another fund, Technical
Development Capital (TDC), provides equity fi
nancing in addition to loans and has a policy of
becoming actively involved in management teams.
TDC has anannual budget of $5.7 million L£10
million) of which $1.4 million (..£ 2.5 million) is
devoted to.biosciences, one of three priority areas.
The time scale of investments required depends
on the industrial sector (e.g., in the medical field,
the time horizon is 5 to 7 years; in agriculture,
it is 15 to 20 years). TDChas investments in.CeIl
tech, Imperial Biotechnology, and three other
NBFs in the United Kingdom. Prutec, a wholly
owned subsidiary of the Prudential Assurance
Co., Ltd., was established in 1980 and makes in
vestments in technology-based firms. Prutec has
identified biotechnology as one of 10 strategic
areas for investment.
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companies spend a substantial fraction of their
R&D costs abroad (this fraction varies among
companies). Ciba-Geigy,for example, traditional
ly spends about 60 percent of its research expend
itures in Switzerland and 40 percent in other
countries; in 1981, Ciba-Geigy's expenditures on
R&D in the United States rose to 23 percent of
its total research expenditures, and expenditures
on R&D in Europe and in Asia accounted for 20
percent (24).

FRANCE

The number of companies involved in commer
cializing biotechnology in France is fairly small,
and the Government expects this situation to con
tinue. The French Government, which generally
believes that only large companies have the
necessary resources to undertake biotechnology,
has identified three centers of development in the
private sector: Rhone Poulenc, Elf Aquitaine, and
Roussel Uelaf. Rhone Poulenc and Elf Aquitaine
are now nationalized, and Roussel Uelaf is
40-percent Government owned (44).

The venture capital market is poorly developed
in France. Banks are the major source of financ
ing. Banks in France, like their counterparts in
the United Kingdom but unlike those in West Ger
many, have always hesitated to take equity posi
tions in industry. The Government of France
would like to change this attitude (28). A mutual
guarantee company, INODEV, was established by
the French Government to guarantee bank credit
for the purpose of innovation (33). Since French
banks do provide long-term financing, French
firms do not have to worry as much about second
and third-round financing as do firms in the
United States (44).

SWITZERLAND

Funding for new, high-risk enterprises in Swit
zerland is not readily available. Analysts attribute
this situation to many factors. The Swiss bank
ing industry is oriented to large-scale international
financial transactions in areas such as securities,
foreign exchange,and precious metals. The bank
ing expertise to evaluate and finance new tech
nologies is lacking. Some argue that the structure
of the savings system is changing, with private
savings declining and pension funds, traditional
ly more conservative in investment policies, in
creasing. Added to these factors is the national
reluctance to take risks. The NBF Biogen SA, for
example, has relied heavily on U.S.venture capital
and the U.S.stock market to obtain needed capital
to finance operations (24).

Allof the established Swiss chemical and phar
maceutical companies have substantial capital in
vestments in the United States. Because of the
small size of Switzerland's domestic market, most
Swiss companies are multinational. The Swiss

A public institution, the British Technology
Group (BTG), is sponsored by the Department of
Industry and is the major public source of ven
ture capital in the United Kingdom. BTGinvests
a certain percentage of its funds in high-risk, long
term investments. The aim of BTG's investment
group is to invest on commercial terms in minori
ty partnership with private industry. The best
known example of this policy is BTG's investment
in Celltech.

Although the number of NBFs forming in the
United Kingdom is increasing, the established firm
sector is largely responsible for the development
of biotechnology there.
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Tax incentives relevant to firms
commercializing biotechnology

The various tax provisions in the United States,
Japan, and Western Europe that (ire potentially
important to companies commercializing biotech
nology' are those pertaining to R&D expendi
tures, capital formation, corporate taxation, and
tax treatmentof small businesses." A summary
of the tax provisions described for the United
States, Japan, the Federal Republic of Germany,
the United Kingdom, and France is presented in
table 53. Switzerland is excluded from the table,
because Swiss tax rates vary among cantons, and
the Federal tax system is less important.'"

U.S. tax provisions affect NBFs and established
companies differentially. In order for corporate
tax rates to make a difference in the decisionmak
ing process of firms, taxable.income, the base on
which taxes. are figured, must be present. Since
the NBFs are not experiencing substantial profits,
and because there are loss carry-forward provi
sions in the tax code (for the United States, the
period that a company can carry forward losses
is 7 years), most NBFs are not now focusing a lot
of attention on tax incentives. ' Established com
panies earning taxable income from a number of
product lines, by contrast, are interested in cur
rent tax benefits.

"Thetax codes ofvarious countries change frequently. The discus
sion here is, based on the latest information available in existing
sources. The intent of this section is to sketch the major provisions,
not to detail specifics of each tax code.

""Localor regional taxes are not included, except in the case of
Switzerland, which taxes primarily ona cantonal level. Value-added
taxes are also not included, since not all countries have this tax.

"""In Switzerland, taxes are governed by Federal law and the
tax laws of 26 cantons. While the Federal Government collects prac
tically all indirect taxes, it receives only a small portion of direct
taxes levied. The 26 Swiss cantons have a number of obligations,
which in other countries would be the responsibility of the Cen
tral Governmem, such as education, road construction, health,
police, and justice expenses. To be able to meet these obligations,
tax revenue is ccllected from taxes on income and net assets of in
dividuals and buefnese entities by each canton.

"Forthis analysis, OTAsolicited the views of the following corn
parties engaged in biotechnology: Blegen, Cetus, Genex, Oenentech,
Dupont, Hybritech, and Monoclonal Antibodies. Industrial Biotech
nology Asssociation and the U.S. Department of Commerce were
also contacted. Most stated that tax incentives are of secondary im
portance to other tax provisions re.g., loss carry forward provisions,
R&Dlimitedpartnership, and capitalgains treatment)given the stage
of the company's development.

In a recent study of California biotechnology
companies, few participants in the survey stated
that tax abatement programs would be useful to
their companies (16). Tax abatement programs
were rated on a scale of possible utility to the com
pany; evaluations of these programs by the execu
tives responding to the survey ranged from "possi
b�e" (atbest) to "unlikely."This pattern may reflect
the essentially entrepreneurial nature of the NBFs
included in the survey. The more established
firms with a diversity of product lines would be
more interested in tax incentives not primarily
focused towards capital formation. It may hap
pen that as established companies become more
importantin the field, tax incentive programs will
be viewed with more interest.

It is important to note that some countries rely
more on tax provisions to stimulate capital forma
tion or industrial development than others that
use grants or subsidies to assist specific industrial
projects. The United States, Switzerland, and to
a lesser extent the United Kingdom, for example,
tend to~elymore on tax incentives to encourage
overall capital formation than, for example, the
Federal Republic of Germany or France, which
use grants or subsidies for specific projects. Other
countries (e.g., the United Kingdom, Franc~., and
Japan) use tax incentives to encourage investment
in R&D or plant and equipment required for
scale-up or scientific research. Furthermore, some
countries te.g., the United States and Japan) favor
formation of small businesses by tax provisions
that are specifically aimed at smaller establish.
ments. Japan targets particular industries and
uses both tax incentives and grants.

Some analysts state that the tax incentives in
the United States, when compared to those in
Western Europe, are not a major factor in deci
sions about the location of foreign subsidiaries
of biotechnology companies (26). However, others
argue that sharp differences in the corporate tax
rate between countries such as the Netherlands
Antilles (whose nominal corporate tax rate is 3
percent) and theUnited States (whose nominal
corporate tax rate is 46 percent) have led some



Table 53.-Tax Treatment of Innovation Activities in the United States and Other Countries

Capital
expenditures
for R&D

Current
expenditures

for R&D

Venture capital
investments in new
technology-based

firms
Small business
tax treatment

R&D tax
credits!

investment grantsa

Immediately expensed No special provisions

Immediately expensed. No special tax provisions for venture
capital investments

-,

•

Can deduct 25% of the difference
between the current year's R&D ex
penditures and the moving average
of a a-year period.

Can deduct each year from its in
come tax 20% of the difference
between the current year's R&D ex
penditures and the highest R&D ex
penditures in a year before the cur
rent year if the difference is
positive

$BIC treatment: 1) dividends-received
deduction of 10% is allowed to
SB1Cs for dividends received from
taxable domestic corporations; 2)
loss on stock is treated as an or
dinary loss and does not have to be
offset against gains from sales of
stocks; 3) gains are treated as
capital gains

SUbchapter S corporations: A sub S
company gives owners- of closely
held corporations the advantage of
limited liability for depts while tax
ing the corporation's income at
shareholder's income rates. Number'
of shareholders permitted is 35

The corporate tax rate for small-and
medium-sized corporations on the
first ¥ _7 million ($28,107) is 22%
(as opposed to regular rate of 30%).
A small business can add each year
to the ordinary depreciation
allowance up to 14% of theoriginal
value ot.new equtpment and
machinery acquired between Apr. 1,
1972 and Mar. 31, 1983

Additional depreciation allowances
are allowed for small businesses
that are entering new industries.

There is no special corporate tax Investment grant of 20% of cost can
treatment apart from a provision ap- be claimed tor the first DM500,000
plicable to foundations and assocla- (U.S. $206,049) of the coste of
ttons. For these organizations, assets used in R&D. The excess of
there is a deductible tax free cost DM500,000 qualifies for an in-
amount of DM5,000 (U.S. $2,060). If vestment grant of 7.5%
corporate income exceeds
DM10,000 ($4,120), the tax-free
amount is reduced by half the
excess

A closely held company's investment
income is apportioned, provided it
is surplus to the requirements of
the business.

Corporation tax rate is 40% if profits
do not exceed .£ 70,000 (U.S.
$122,527)

R&D limited tax partnerships allow
investors to write off current ex
penses as losses and treat future
gains as capital gains

Investors can pool funds in a
regulated investment company of
which venture capital corporations
are a member, and the company
can avoid taxes if the company
distributes all its income

Immediately expensed

Immediately expensed No special corporate tax treatment
for venture capital investments

Federal Republic of Germany:
Depreciated in same way as other

assets. For expenditures of plant
and equipment embodying new
technology, the depreciation
allowance includes reasonable
allowance for obsolescence

United States:
Treated in same manner as other

depreciable assets

United Kingdom:
For scientific research assets, a

100% tax allowance (or deduction)
is given. Allowances are given for
capital expenditures (e.g., labs) and
current expenditures (e.g., research
workers' salaries)

Japan:
Firms that are members of Research

Association can take 100%
depreciation allowance on all fixed
assets used in connection with
Research Association activities
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Table 53.-Tax Treatment of Innovation Activities in the United States and Other Countries (Continued)

Capital
expenditures
for R&D

France:
Can oecrecrete.sow of the cost in

first year with the balance
depreciable over useful life

Current
expenditures

for R&D

Current expenditures
are immediately
expensed-carry
backs are not allowed

Venture capital
investments in new
technology-based

firms

Businesses which purchase shares
in Qualified Research Companies
and shares in Innovation Finance
Companies may deduct 50% of the
cost of the-shares in the year of
acquisition. If shares are sold, the
additional gain attributable to this
50% deduction is eligible for capi
tal gains tax treatment. If shares
are held for 3 years or more, no
capital gains tax is assessed

Small business
tax treatment

Small and medium-sized businesses
(fewer than 2,000 employees, not
leqafty.dependent.on a larger
business and having less than 50%
of their shares held by_ quoted com
panies) are entitled-to an excep
tional deduction of 50% of the cost
of equipment and tools used for
R&D

Tax allowance amounting to one-third
of the firm's taxable profits in the
fiscal years otIts establlshment
and in the 3 subsequent tax years

R&D tax
creditsl

investment. grantsa.

a Information on the tax rules of foreign countries obtained from tax services and other secondary sources, not from the foreign statutes themselves. While' efforts were made to obtain accurate and up-to-date
information, it should be noted that reliance on secondary sources does increase the potential for error.

SOURCE:Office of Technology Assessment, based on information from National Science Foundation, Corporation Income Tax Treatment of Investment and Innovation Activities in Six Countries, Washington,
D.C., 1981;Price Waterhouse & Co., Price Waterhouse Information Guide: Doing Business in Germany, September 1978; Price Waterhouse &Co:,Price Waterhouse Information Guide: Doing Business
in France, 1979; Price Waterhouse & Co., Price Waterhouse Information Guide: Doing Business in the United Kingdom, 1980; and Price Waterhouse & Co., Price Waterhouse Information Guide: Doing
Business in Switzerland, 1982.



biotechnology companies to incorporate in the
Netherlands Antilles and then form a subsidiary
in the United States (20). Generally, tax incentives
aimed at capital formation, such as the R&D lim
ited tax partnership or capital gains tax rate, are
viewed with much more interest in the short term
by u.s. NBFs than tax incentives .because NBFs
need taxable income to use them.

Tax incentives relevant to new
biotechnology firms in the United
States and other countries

Tax incentives beneficial to NBFs include R&D
tax incentives) capital formation taxIncentives,
and tax treatment of small businesses.

R&D TAX INCENTIVES

The U.S. tax code offers no special incentives for
R&D beyond those available for investment general
ly and for investment in depreciable structures or
equipment used for research and experimental
design. The buildings used for R&D are not given
preferential tax treatment in the United States as
they are in Western European nations. Thus, the
United States has no special tax incentive for con
struction of plant or equipment used in biotech
nology. Such an incentive may be, depending on
the importance of the costs of depreciable assets
in the total production costs, an important fac
tor in determining cost competitiveness in bio
technology products. As products move from re
search to scale-up stages of production, these
costs become more important.

Companies in the United Kingdom are entitled
to a 100-percent first year writeoff on capital ex'
penditures for scientific research, the most rapid
allowance offered by any country (1). Tax provi
sions allowing the immediate deduction of capital
expenditures for assets used in R&D provide a
current tax benefit * rather than a deferred tax
benefit, because the capital expenditures for R&D
may be offset against income earned in the year
of the capital asset's acquisition rather than off
set against income earned over the useful life of
the asset. Accelerated depreciation provides a tax

"This current benefit is of immediate benefit only to firms with
sufficient current taxable income to use the tax benefit.' .
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benefit in that it permits a much faster recovery
of the cost of an R&D asset; however, the imme
diate deduction of the total cost of the asset pro
vides an even faster recovery of costs. The Federal
Republic of Germany allows accelerated deprecia
tion for R&D assets in the form of additional
depreciation taken in the first few years the assets
are used. For investments of less than $234,750
(DM570,000), there is an investment grant of 20
percent of the cost of the assets used in R&D
(9,30). France allows 50 percent of the cost of
buildings used for scientific or technical research
to be written off in the first year.

The United States, Japan, the Federal Republic
of Germany, the United Kingdom, and France
allow deductibility of current R&D expenditures,
but only the United States and Japan give a tax
credit for incremental R&D. The Japanese tax
credit allows a company to deduct each year from
its income tax 20 percent of the difference be
tween the current year's R&D expenditures and
the highest R&D expenditures in a base year
before the current year. The U.S.tax credit allows
a company to deduct 25 percent of the difference
between the current year's R&D expenditures
and the moving average of a 3-yearperiod's R&D
expenditures. In order to qualify for the credit,
a company must be carrying on a trade or busi
ness. The U.S. Treasury was given leeway in de
fining the trade or business, and it was widely
hoped that the newest proposed regulations
would give small firms, primarily engaging in
research but not yet selling products, an advan
tage. Some have stated that Treasury's position
is inflexible towards the small firms not yet able
to produce products (5).

Some analysts argue that the U.S, tax credit for
incremental R&D encourages more R&D than
Japan's tax credit, because the base used in. tile
United States (the moving 3-year average) may be
lower than the base used in Japan (the highest
R&D expenditure in a previous year); the lower
base in the United Statesmay allow a higher tax
credit given the same rate of increase in R&D
expenditures. The U.S. tax credit is currently
scheduled to expire in 1985, and many are urge
ing an automatic extension of the credit, especially
since the planning and implementation of R&D
is a long-term process. Legislation introduced in
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the 98th Congress, H.R. 3031, sponsored by Rep
resentative Fortney Stark, and S. 738, sponsored
by Senator John Danforth, would amend the IRS
Code by making the R&Dcredit permanent in the
United States. France is considering a 25-percent
tax credit for R&D expenditures, thus encourag
ing through the tax system an increase in R&D
expenditures (49). Whether the implementation
of additional tax credits will affect the amount
of money devoted to R&D expenditures will de
pend in part upon the permanency of the tax pro
vision in each country.

The treatment of income derived from the sale
or license of technology differs among countries.
In the United States, proceeds from the sale of
patents. are treated as long-term capital gains
(taxed at the long-term corporate capital gains tax
rate of 28 percent). Royaltiesare taxed as ordinary
income (30). In Japan, both proceeds and royalties
are treated as ordinary income. Sales of patent
rights, technical and manufacturing processes,
and know-how are taxable in France at the re
duced 15 percent long-term capital gains tax rate
(1). Royaltiesare taxed at the standard 50-percent
corporation tax rate unless industrial property
rights have the characteristics of fixed assets or
the license is granted for 8 years and for exclusive
use within a geographical area. In the latter in
stances, royalties are taxed as long-term capital
gains. In the United Kingdom, any capitalsum re
ceived on the sale of a patent by a U.K. resident
is charged as if it were a corporation (at a tax rate
of 52 percent); the sum is generally spread over
6 years, so that one-sixth of the sum is liable to
tax in each year. Royalties received are treated
as ordinary income (30). Overall, the United King
dom has the most adverse tax treatment of in
come resulting from the sale of technology
(whether involving the sale of patents or licens
ing).

CAPITAL FORMATION TAX INCENTIVES

Tax incentives designed to stimulate capital for
mationare ofspecial importance to the forma
tion and growth ofNBFs, because few NBFs have
enough income derived from product sales or
contract revenue to sustain high costs for both
R&D and scale-up production. In affecting the
amount of capital available to smaller firms, the

tax treatment of individual capital gains and R&D
limited partnerships are important.

Tax Treatment of Individual Capital
Gains.-The long-term capital gains tax rate for
individuals in the United States is 20 percent,
down from 49 percent in 1976. Industry analysts
suggest that this decrease in the individual capital
gains tax rate is the primary reason for the sub
stantial increase in venture capital available in the
United States (27).

In Japan, capital gains on the sale of securities
are exempt from tax, unless the sales are habitual
or in the course of business. For nonexempt gains,
the first $2,232 (¥ 500,000) is exempt, and the
remainder of gain is either taxed as short-terrn cap
ital gains (treated as ordinary income) or long
term gains (50percent taxed at ordinary income
tax rates) (42).

In the Federal Republic of Germany, no capital
gains tax is payable by individuals on assets held
longer than 6 months. If an asset is held less than
6 months, the capital gains income is taxed as or
dinary income. Capital gains arising from the sale
of business assets by an individual are liable to
tax at normal rates where the assets form part
of the business property. Extraordinary income
arising as a result of a gain from the sale of an
entire unincorporated business or from the sale
of shares by a substantial shareholder are taxed
at half the individual's marginal tax rate, i.e., at
a maximum of 28 percent (35).

In the United Kingdom, capital gains income is
subject to a tax rate of 30 percent (42). The tax
treatment of capital gains in France depends on
the length of time the asset is held. Short-term
capital gains (on assets held for less than 2 years)
are included in operating profit and are. taxable
at a 50-percent tax rate (37). The taxpayer may
elect to spread the capital gains tax over 3 years.
Long-term capital gains (on assets held for 2 years
or more) are taxable at a 15-percent tax rate.
Long-term capital gains and losses of the same fis
cal year are offset against each other.

. Tax Treatment of R&D Limited Partner
ships.-As discussed in the section of this
chapter on "Financing in Firms Commercializing
Biotechnology,"an important tax tool used for risk



capital formation in the smaller companies en
gaged in biotechnology in the United States is the
R&D limited partnership. Some NBFs using R&D
limited partnerships as a method of raising capital
have stated that they prefer the partnerships as
a method of financing, because the revenues from
a partnership are treated as revenues and allow
a company to show a profit even if it has few or
no products to sell (27). By using R&D limited
partnerships, NBFs have postponed issuing stock,
selling equity to established firms, or searching
for venture capital, thereby keeping more con
trol over their company. Neither Japan nor West
European countries use a similar type of tax
treatment.

An R&D limited partnership is formed to sup
port R&D that will result in something that is
marketable and patentable. As discussed below,
financial advantages accrue to the limited part
ners (investors) at both the R&D phase and the
marketing phase, provided certain conditions are
met.

Turning attention first to advantages at the
R&D phase, the applicable part of the Internal
Revenue Service (IRS) Code is section 174 (Title
26 U.S.C. IRS §174). Section 174 allows each
limited partner to deduct all expenses for re
search (generally, the amount the limited partner
invested in the partnership) from income in the
year the expenses were incurred, provided the
limited partners were at risk. * If the limited part
ners are not at risk, such deduction is not allowed.
The challenge, therefore, is to write the agree
ment establishing the partnership so that the lim
ited partner is at risk. This is generally done by
structuring the agreement so that the general
partner does not automatically buy the results of
the research from the limited partners. An auto
matic purchase provision in the agreement would
presume the research would be successful and
imply that there was no risk. Similarly, agree
ments usually base any financial return to the
limited partners that may arise from the partner
ship on sales rather than profits, because the term
"profits" in the agreement implies success and
hence a no-risk situation.

"I'o ascertain whether the partners bear the required risk, one
asks, "Who loses if the research effort is a complete failure?"
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Upon successful completion of an R&D project
supported by an R&D limited partnership, the
limited partners may realize economic returns
either through royalties or license fees derived
from the sale or transfer of a patent or by sale
of the product back to the general partner or to
a third party. Both of these may qualify for favor
able tax treatment. If the research results in a pat
ent, the patent may be sold or transferred by the
limited partners to the general partner, general
ly in return for royalties or license fees. Under
section 1235 of the IRS Code (Title 26 U.S.C. IRS
§1235), any royalties received as a result of
transfer of a patent qualify as long-term capital
gain rather than ordinary income. The current
tax rate on long-term capital gains for individuals
is 20 percent, whereas the tax rate on ordinary
income can be as much as 50 percent. The usual
1-year period necessary for the sale of a capital
asset to qualify for capital gains treatment does
not apply.

Generally, section 1235 treatment applies to a
transfer of property consisting of allsubstantial
rights to a patent by any holder. A holder is de
fined as any individual whose efforts created the
patentable property or any other individual who
has acquired interest in the patentable property
in exchange for money paid to the creator prior
to the actual reduction to practice of the inven
tion. * This definition of holder makes· it difficult
for R&D limited partnerships to acquire rights
to a patent when a university has the rights to
the patent through employment agreements with
its university scientists. Universities that have ob
tained patent rights through employment agree
ments with university scientists are excluded
from the present definition of holder. As a result,
relatively few universities have formed R&D lim
ited partnerships as a means for helping to com
mercialize their research results.

If the research results in nonpatentable know
how or technology, the sale of the property must
meet the requirements of sections 1221-1223 or
section 1231 of the same IRS code for the pro
ceeds to be taxed to the limited partners as capital
gains rather than ordinary income. Under this

-geduction to practice is a term used in patent law referring to
when the invention has been tested under operating conditions.
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section, capital assets must be held for at least
1 year before they are sold to qualify for long
term capital gains treatment. Another challenge
then is to write R&D limited partnerships so that
they result in a patent.

Two recent changes in the U.S. tax code have
increased investor interest in economic return
from tax shelters, rather than just a tax deduc
tion. First, the maximum tax rate on unearned
income has been reduced from 70 percent to 50
percent. This reduction in the maximum tax rate
makes unearned income for individuals in high
tax brackets more valuable than it used to be and
also reduces their need to shelter it. Second, in
vestors may no longer deduct more than the
amount they are actually at risk; thus, they can
no longer recoup more than their full cash invest
ment in tax savings.

There are two potential disadvantages of R&D
limited partnerships for the limited partner. The
first is low liquidity: the only way for a limited
partner to get out ofthe agreement is to convince
the general partner to buy his or her interest in
the partnership. The second is that patents are
the only assets. that qualify for tax treatment
under section 1235. Other.types of intellectual
property, such as plant variety protection certif
icates and trade secrets, do not qualify. *

R&D limited partnerships permit the partners
to deduct partnership expenses for R&Dactivities
from their individual incomes and then allow any
income from the sale of the successfully devel
oped invention to be treated as capital gains in
come, which is taxed at lower individual tax rates.

Because the financial markets are so dissimilar
amoung countries, it is difficult to compare the
effect on investments of different capital g~ins tax
treatment. However, the United States has a more
developed capital market than its competitors in
biotechnology and also has more options for fi
nancing smaller firms. If the NBFs continue to
serve as an important source of innovation, the
expanded financing options for these firms will
help the competitive position of the United States.
The ability of firms to commercialize innovations

"Patent law and plant breeders' rights statutes are discussed in
Chapter 16: Intellectual Property Law.

will serve as a better indicator of a country's com
petitiveness than the ability of firms to serve as
a source of innovation.

TAX TREATMENT OF SMALL BUSINESSES

Some countries have special tax incentives to
promote the growth of small businesses. Studies
suggest that small businesses serve as an impor
tant source of innovation as well as of the diffu
sion of technology,

The most favorable tax treatment for smaller
businesses is provided by the United States. Sub
chapter S corporations * give the owners the ad
vantage of limited liability for debts, while the cor
poration's income is taxed at the shareholder's tax
rate rather than at the corporation's tax rate. A
key advantage of subchapter S is that if a com
pany generates operating losses, these can be
"passed through" to the individual shareholders.
The shareholders can use the losses to offset
other taxable income. If the owners of a small
company have incorporated as a "Sub-S" and they
are in the 50-percent tax bracket, then the effect
is that the U.S. Treasury is financing 50 percent
of the new company expansion. Most NBFs are
experiencing losses, so this form of corporation
is attractive.

Japan also has special tax treatment for small
businesses. A small business can add each year
to the ordinary depreciation allowance up to 14
percent of the original value of new machines and
equipment. In addition, there is a special deprecia
tion allowance for encouraging small businesses
to enter new industrial sectors. A small business
that plans to change its business can treat its old
machines and equipment as ones newly acquired
when it calculates depreciation allowance. Special
first -year depreciation credits are now allowed
on this machinery (39).

A recent study by the Organisation for Econom
ic Co-Operation and Development (OECD) outlined
member government policy towards small busi
nesses and concluded that European countries
had fewer policies aimed at small firms than did
either the United States or Japan (33).

'*Any corporation satisfying requirements described in the Bub
chapter S Act and Subchapter S Revision Act of 1982 is known as
a Subchapter B corporation.
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Tax incentives relevant to established
companies In the United Stll;tes and
other countries

emption for certain companies which, although
closely controlled, have a 35-percent public share
holding and are quoted on a recognized stock ex
change. A close company is subject to special tax
provisions, of which the most important before
March 26, 1980, was that all or part of the com
pany's undistributed after-tax income, after allow
ing for certain business requirements, could be
apportioned (i.e., attributed to its shareholders ac
cording to their respective interests in the com
pany and treated as their income). For account
ing periods ending after March 26, 1980, only a
close company's investment income canbe appor
tioned (37). Therefore, the income of a close com
pany is, to the extent attributed to shareholders
under these provisions, subject to the progressive
rates of personal income tax and investment in
come surcharge. Companies whose pretax prof
its do not exceed $40,000 L£22,900) pay a cor
poratetax rate of 40 percent instead of the usual
52 percent (37).

Various countries have national programs of
regional tax incentives to encourage industries to
develop in particular geographical locations.
France is divided into four zones, Zones A
through D,forincentive purposes. Zone D is the
Paris Basin area and the Lyon region, and for this
area, there exist no incentives. The other areas
have varying amounts of grants and other incen
tives available (33). in the United Kingdom, enter
prise zones are to be designated to encourage the
creation of new businesses in economically declin
ing areas. Generous depreciation allowanceswill
be granted in these areas on the cost of certain
new buildings in these zones. There also exist re
gional tax incentives in the Federal Republic of
Germany, but the incentives only apply to the
West Berlin area. in the United States, there are
no Federal programs to encourage industry de
velopment in certain sections of the country. in
creasingly, however, local and State governments
are offering their own tax incentive programs.

Tax incentives for established companies in
clude R&D tax incentives, capital formation tax
incentives, and corporate taxation.

The French Government has been giving in
creasing attention to startup firms since 1976.
Three problems for smaller businesses have been
addressed: self-financing, external capital financ
ing, and access to medium- and long-term bank
credit (33). The first problem is being addressed
through a tax allowance for startup firms equal
to one-third of the firm's taxable profits in the
fiscal year of their. establishment and in the 3 sub
sequent tax years. The usefulness of this incen
tive for the small firms using biotechnology in its
present stage of development is questionable. Few
NBFs are experiencing profits, so few would be
able to use the tax allowance. The second prob
lem, external capital financing, is addressed in
France through the.establishmentof regional fi
nancing companies (Societes de Financement Re
gional) and incentives for these financing com
panies to acquire holding in new firms. The last
problem, access to bank credit, has been and still
continues to be a problemfor smaller companies
in France. As noted earlier, the Government of
France has established a mutual guarantee com
pany, iNODEV, to guarantee bank credit for the
purposes of innovation (33). in addition, smaUand
medium-sized businesses (i.e., businesses that
have fewer than 2,000 employees, are not legal
ly dependent on a larger business, and have less
than 50 percent of their shares held by quoted
companies) are entitled to an additional deduc
tion of50 percent of the cost of equipment and
tools used in R&D. However, the small firm sec
tor is not expected to playas innovative a role
in France as it has in the United States.

in the Federal Republic of Germany, there is
no special tax treatment of small businesses other
than a provision applicable to research founda
tions and associations (30).

The United Kingdom has few tax provisions
available to investors or owners of small busi
nesses that would encourage the formation of
startup firms. To the extent that the NBFs are im
portant in determining a country's ability to cap
ture world market share in biotechnology prod
ucts, the United Kingdom would beat a disadvan
tage. A U.K. resident company which is controlled
by five or fewer persons (a person is defined as
an individual and near relatives) or by its direc
tors is known as a close company. There is ex-
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R&D TAX INCENTIVES

The depreciation allowances that apply to the
capital assets used in R&D by established com
panies are the same as those discussed in the R&D
tax incentives section for small firms above. Ad
ditional tax incentives forestablished companies
are noted below.

Large established companies in the United
States can utilize the same R&D tax credits as
those used by small.firms. An early assessment
of the recent U.S. R&D tax credit suggests that
it is not likely to induce significant increases in
the, growth rate of R&D in the short run, but the
tax credit may have been one of a number of fac
tors helping to maintain R&D budgets in the tight
financial situation of 1980-82 (31).

Table 54 shows initial calculations relating U.S.
firm size to tax credits earned in 1981. The as
sumptions underlying this table are: 1) about 63
percent of total R&D budgets is actually eligible
for inclusion as R&D expenses for the credit; and
2) half of 1981 eligible expenditures occurred in
the second half of the year (because only the sec
ond halfof 1981 is covered by the credit). The
tax credit as. a percent of total 1981 R&D falls
from about 2 percent on average for firms with
fewer than 1,000 employees to about 1 percent
for firms with 25,000 employees or more. The
inverse relationship between firm size and tax
credit as a percentage of R&D reflects the inverse
relationship between firm size and rate of growth
of R&D. The initial results tend to suggest that
the tax credit for R&D is relatively more impor
tant to small than large companies.

Japan allows companies that are members of
a Government Research Association * such as the
one formed for biotechnology research to take
a 100-percent depreciation allowance on all fixed
assets used in connection with their Research As
sociation activities. Only established companies
are members of Research Associations. The Fed
eral Republic of Germany provides a 7.5 percent
tax -free cash subsidy for investment in R&D
facilities for investments exceeding $206,050
(DM500,000),

Some countries allow businesses to deduct pay
ments to research institutes for contract research.
The United Kingdom allows deduction for pay
ments made to research institutes approved by
the Secretary of State or the Minister of Tech
nologyrt). The United States allows corporations
to deduct the cost of equipment given to univer
sities, Also, a manufacturer of new R&D equip
ment in the United States can donate equipment
to universities and obtain a deduction of cost plus
one-half the difference between price and cost,
up to a limit of twice cost. Payments to univer
sities for contract research or basic research by
firms may be included in eligible expenditures for
computing R&D tax credit.

CAPITAL FORMATION TAX INCENTIVES

The corporate capital gains tax rate and invest
ment tax credits are discussed below as they re
late to capital formation for established compa-

"Resear-ch Associations are government-sponsored groups of es
tablished companies in Japan performing joint research in specified
fields.

Table 54.-Estimated Relationship Between Tax Credit Earned and U.S. Firm Size'

aBased on figures published In Business Week's "R&D Scoreboard 1981."

SOURCE: National Science Foundation, An Early Assessment of Throe R&D Tax Incentives Provided by the Economic Recovery Act of 1981,PRA report 83·7,Washington,
D.C., April 1983.
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nies. In a broader sense, all of the tax incentives
discussed in this chapter have some influence on
companies' decisions concerning investment.

Corporate long-term capital gains are taxed in
the United States at a maximum rate of 28 per
cent. In the Federal Republic of Germany and
Japan, corporate capital gains are taxed at ordi
nary corporate income tax rates. In the United
Kingdom, corporate long-term capital gains are
effectively taxed at 30 percent (30,37). France
allows long-terrn capital gains and losses of the
same fiscal year to be offset against each other.
Any remaining net after-tax gain (after off-setting)
is credited to a special reserve, where it is allowed
to remain for an indefinite period of time. If
capital gains in the special reserve are distributed
as cash dividends, a complementary tax equal to
the difference between the long-term capital gains
tax and the corporate tax is assessed. If the
amount is a loss (after off-setting), it may be car
ried forward for 10 years to offset future long
term capital gains (36).

The United States and Japan have investment
tax credits. In the United States, the credit is equal
to 10 percent of qualified investment in depre
ciable property up to 70 to 100 percent of the tax
liability for the year the equipment was placed
in service; the excess may be carried over. In
Japan, the credit is equal to 10 percent of the pur
chase price up to 20 percent of total corporate
tax liability in the year of purchase for certain
industries; the excess may be carried over for 3
years.

CORPORATE TAXATION

The top-bracket corporate tax rate on retained
earnings or distributed earnings in the United

Findings

As a factor determining competitiveness in the
commercial development of biotechnology, finan
cial resources to support entry into this new field
are of critical importance in all countries, especial-
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States for established companies is 46 percent.
The corporate tax rate in Japan is 40 percent on
retained earnings and 30 percent on distributed
earnings. In the Federal Republic of Germany, the
corporate tax rate is 56 percent on retained earn
ings and 36 percent on distributed earnings. In
United Kingdom, the corporate tax rate on retain
ed earnings is 52 percent. In France, the corporate
tax rate is 50 percent (42).

For international comparisons, effective cor
porate tax rates should be used rather than the
statutory rates just cited. The effective rates take
into account different definitions of taxable in
come and treatments of depreciation. Available
studies suggest that effective corporate tax treat
ment in the Federal Republic of Germany, France,
and the United States is relatively equal, with
Japan and the United Kingdom having lower ef
fective corporate tax rates; however, these studies
need to be updated.

In Switzerland, different cantons have different
corporate tax rates: some allow taxes that are paid
to other tax authorities as. a deduction; others
have different loss carry-forward provisions; still
others will tax capital gains at a separate rate or.
not tax the gains at all. The effective corporate
tax rates (including Federal defense taxes) in Swit
zerland range from 8.85 percent to 36.89 percent,
depending on the size of profits and the particular
canton (38). These tax rates are among the lowest
in Europe, and Switzerland is favorable in its
treatment of established companies. Switzerland
does not have any special treatment for small
businesses, only for companies that invest in the
equity of other companies and derive most of
their income from dividends.

ly now when the technology is new and its applica
tions are just being developed. Financial resources
available to commercialize biotechnology are great
est in the United States and Japan and somewhat
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less in the four other countries examined: the Fed
eral Republic of Germany, United Kingdom, Swit
zerland' and France.

In the United States, a variety of funding
sources are available to support the commercial
ization of biotechnology in both NBFs and estab
lished companies. Most major U.S. corporations
have sizable internal sources of funds and are
therefore less likely than NBFs to use external
sources of funds to support R&D efforts in bio
technology. If external funds are needed, how
ever, they are most likely to be obtained through
debt financing.

Funding needs of NBFs depend on the market
selected for entry. Funding needed to support en
try into the contract research market is very low.
Higher, but still quite low, are the funds needed
to manufacture in vitro MAb diagnostic products;
indeed, such product lines should be profitable
within 2 to 3 years. Greater financial resources
are required to enter the pharmaceutical market
involving products for internal human use be
cause of the expense of testing and clinical trials
to obtain FDA approval. Nevertheless, about 55
percent of the NBFs in the 'united States plan to
enter this market. * The amount of financial re
sources needed to enter the specialty chemicals
market varies depending on the product. Most
specialty chemicals do not require regulatory ap
proval; however, FDA approval is required for
specialty chemicals considered foods or food addi
lives. Because research is near term for many of
the products, 3 to 5 years, and most do not re
quire approval, the financial costs of entering this
market fall betwen those for the contract reo.
search and commodity chemicals markets. Very
great financial resources are needed if an NBF
wishes to enter the market for applications to
plant agriculture requiring the manipulation of
many genes, such as nitrogen fixation or photo
synthesis, because a great deal of basic science re
mains to be done before commercial applications
can be achieved, so a firm must plan on many years

.of research withoutfinancial return. Entry into the
commodity chemicals market also requires major
financial resources, because economies of scale are

"The commercial applications of biotechnology being pursued by
NBFs are discussed in Chapter 4: Firms Commercializing Biotech
nology.

essential for economic production, and production
plants for commodity chemicals cost millions ofdol
lars. The commoditychemicalsmarket is a risky one
to select because it involves competition over a few
cents difference in price. Additionally, the biotech
nology that would be used needs substantial basic
research.

The major sources of financing available to NBFs
in the United States may be broadly categorized as:

• revenues from contract research and interest
on cash previously obtained from public or
private offerings,

• various sources of venture capital, and
• public stock offerings.

Research and product development agreements
between NBFs and established companies are gen
erally cost reimbursement contracts with addi
tional incentives 'for reaching agreed upon mile
stones. Prepayments and advance payments may
be obtained, and licensing agreements may bring
royalties to the NBF from marketable products
of the research. The funding that NBFs receive
from research contracts is likely to diminish in
the future as large corporations establish greater
in-house capabilities in biotechnology. Thefunds
available from corporate sponsors will increas
ingly be for truly innovative research, which his
torically has .been done by small firms. As con
tract research funds decrease, however, many
NBFs may find themselves in financial jeopardy.

Venture capital sources include venture capital
from major corporations, R&D limited partner
ships, venture capital funds, and SBICs. SBlCs
have provided relatively little venture capital to
NBFs, although recently an increasing number of
equity investments in new firms including NBFs
have been made by SBIC bank affiliates. Many
equity investments have also been made by rna
jar corporations in NBFs. Such investments ap
pear to be motivated more by the corporations'
desire to gain"a window on the technology" than
by the hope of financial gain from their invest
ments.

Some venture capital firms are set up by ma
jor corporations to invest corporate funds in new
ventures. Because the firms are independent enti
ties, the corporation is protected from loss. If sue-



In most countries, proceeds from patents are
treated as either capital gains income Or ordinary
income. In the United Kingdom, however, pro
ceeds from patents are taxed as corporate income

Available studies suggest that Switzerland,
followed by Japan and the United Kingdom, have
the lowest effective corporate tax rates. The ef
fective rates in the United States, the. Federal
Republic of Germany, and France are higher and
about equal.

The United States tends to use tax incentives
more than direct government funding to encour
age industrial development. In the United States,
the tax measures aimed at capital formation and
R&D are important to NBFs in their present stage
of. development. As scale-up proceeds, tax
measures aimed at R&D capital assets will become
more important. The United States tax code of
fers no special incentives, beyond those available
for investment generally, for investment in
depreciable structures or for equipment used for
research and experimental design. Currently,
France and the United Kingdom have accelerated
write-offs for R&D capital assets, and West Ger
many has an investment grant allowing a com
pany to recover up to 20 percent of the cost of
R&D capital expenditures. Japan also has ex
tremely favorable depreciation allowances for
capital assets used in R&D for members of Gov
ernment Research Associations such as the one
formed for biotechnology.

lack .of venture capital in these countries, the
number of NBFs in Europe and Japan is tiny corn
pared to the.number of NBFs in the United States.
Some governments, such as those in France, Ja
pan, and the United Kingdom, have attempted to
stimulate the formation of venture capital, but the
results have been disappointing. Outside the
United States, direct government funding of in
dustry is proportionately a far more important
funding source for the commercial development
of biotechnology than it is within the United
States. In Japan, corporate funds supply most of
the financing for biotechnology.
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cessful, the venture firm returns some profits to
the parent corporation. Other venture firms have
no connection to major corporations. Venture
capital firms can provide seed money (used to
write business plans for new firms), but most
often, they fund startups, underwrite public of
ferings, and invest in R&D limited partnerships
as limited partners. A few of these firms have in
vested a significant amount of their money in
NBFs.

R&D limited partnerships are a very important
source of funds for NBFs; next to public offer
ings, R&D limited partnerships have so far pro
vided the most funds for NBFs. Although such
partnerships have been available for some time,
NBFs are responsible for popularizing their use.
Such partnerships have enabled NBFs to attract
the substantial funding needed to fund research
and early product development and have also
been formed for novel purposes, such as support
ing the cost of clinical trials.

The number of public stock offerings in biotech
nology in 1982 declined to about half the number
in 1981, paralleling a similar decline in the num
ber of public offerings in all U.S. industrial sec
tors. Furthermore, the amounts raised by NBFs
in 1982 public offerings were less than NBFs had
hoped for. The disappointing return on public of
ferings probably reflected increased public
knowledge about biotechnology and more realis
tic appraisals of the time necessary before in
vestments in biotechnology are likely to payoff.
Thus far in 1983, there is a boom in the new
issues market and a large number of NBFs are
using the market as a means to finance expan
sion. Between March and July of 1983, 23 NBFs
raised about $450 million (18). The stock market
is also providing newly public NBFs with second
and third-round financing. Some of these firms,
however, may encounter future financial con
straints if they continue to rely on the stock
market, because ,many investors are interested
in relatively short-term returns.

In European countries and Japan, there is sig
nificantly less venture capital available than there
is in the United States, and venture capital has
therefore not been a major funding source for
biotechnology R&D. Furthermore, because of a
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(at a rate of 52 percent). Royalties are taxed as
ordinary income, except-in France under certain
circumstances. From a tax viewpoint, the United
Kingdom has the most adverse treatment of in
come derived from innovational activity, because
proceeds from patents are taxed at corporation
tax rates and the long-term capital gains tax rate
in the United Kingdom is the highest of the com
petitor countries.

The United States has the most favorable tax
treatment for raising capital for smaller firms.
This is an important advantage in fostering the

Issues and policy options

ISSUE 1: How could Congress help new bio
technology firms obtain the financ
ing necessary ior production scale
up?

Many NBFs in the United States are currently
. sustaining large losses because of the very large

investment in R&D relative to operating revenues
required to develop a biotechnology product.
Most NBFs at present have few or no products
to generate revenues and will have difficulty fi
nancing production scale-up. Furthermore, as
more and more NBFs carrying large losses ap
proach production stages in the future, financ
ing difficulties are expected to increase. If NBFs
do not have the financing necessary for produc
tion scale-up. the commercialization of biotech
nology in the United States may be hindered.

Although many NBFs are currently using public
stock offerings and R&D limited partnerships to
obtain funds for scale-up, it is not at all certain
that these sources of financing will remain avail
able to them. The public market is not generally
considered a reliable source of funds for invest
ments characterized by long time horizons and
high risk; and R&D limited partnerships may not
be a reliable source of funds given current legal
uncertainties and uncertain IRS interpretations
which affect the tax status of the partnership. If
future returns on investments are lower than ex ~

pected by current investors or if the time hori
zons for biotechnology scale-up are longer than

growth of startup and small expanding firms. The
people contacted in NBFs agreed that this feature
ofthe U.S.tax system aided the formation oftheir
companies, especially compared to the tax treat
ment abroad. Recently, DECD published a study
comparing the treatment of small businesses
among its members and concluded that the Euro
pean governments had few policies directly aimed
at small businesses (33). The European govern
ments are trying to develop policies to encourage
entrepreneurs, but there are cultural as well. as
economic obstacles to be overcome.

expected, these sources of financing might be
come less available.

It might be argued that sufficient investment
capital is available to commercialize biotechnology
in the United States and that the Government
need not intervene with specially targeted guaran
teed loans or special tax provisions to further
stimulate the U.S.biotechnology effort. However,
the commercialization of biological technologies
appears more costly both in time and investment
than other high technologies. For this reason,
Government support may be necessary to main
tain the current competitive status of the United
States. To help NBFs obtain the financing neces
sary for production scale-up, Congress could
adopt one or more. of the following options.

Option 1: Provide guaranteedloans for production
scale-up.

A guaranteed loan program, much the same as
the 1950 V-loan program that supplied working
capital for U.S. semiconductor firms, * could be
formulated for biotechnology. Under a V-loanpro
gram for biotechnology, the Federal agencyguar
anteeing a loan would be obliged to purchase a
stated percentage of the loan if the borrower de
faulted. The loans would be granted at less than

*The development of the semiconductor industry is discussed in
Appendix C: A Comparison of the U.S. Semiconductor Industry and
Biotechnology.



prevailing interest rates and would thus decrease
the cost of capital for the individual firm. Because
the guarantees would not be tied to a particular
loan but to a particular level of debt, they would
serve as a system of revolving credit. As periodic
repayments reduce the outstanding debt, addi
tionalloans could be taken out as-long as repay
ment kept the debt within the face amount of the
authorization. The V-loan program of 1950 au
thorized a total of $2.9 billion over its life, which
permitted loans totaling about $11.6 billion, It also
returned a profit to the Federal Government of
about $24.5 million, because the Federal guaran
teeing agent was, entitled to a portion of the in
terest paid on the loan,

Funds for biotechnology earmarked for scale
up projects could be placed in a "Biotechnology
Development Bank" or allocated to an Interested
agency such as the National Institutes of Health,
National Science Foundation, or the SBA. The
funds could be authorized for a specific amount
and aimed at a particular level of debt, thus allow
ing successful biotechnology firms to pay back
the loans to the level of debt only. Once the level
of debt was paid back, the firms could obtain
additional funds from the agencylBank.

Option 2: Allow rapid depreciation for capital assets
required for production scale-up.

, The current depreciation schedule for plant and
equipment assets in the United States is a set of
statutorily provided depreciation periods: 15years
for most structures, 5 years for most equipment,
and 3 years for R&D equipment. This schedule
is faster than earlier schedules and provides a
greater incentive than was provided before for
the purchase of long-lived equipment such as bio
reactors. A depreciation schedule that would
allow an even more rapid recovery of capital costs
incurred in production scale-up would help alle
viate some of the financial constraints faced by
NBFs in production scale-up. The increased write
offs could be made available to investors through
equipment partnership agreements or leasing ar
rangements. Such agreements would allow NBFs
to obtain additional money instead of relying on
tax provisions alone.

The Defense Procurement Act of 1950, which
allowed participating firms to write off their
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capital expenditures in a 6-month period, could
be used as a model for new legislation that would
similarly benefit firms using biotechnology. The
new legislation could allow NBFs to write off 100
percent of their expenditures for pilot plant
equipment.

Currently, the United Kingdom and France have
tax provisions applicable to scientific R&D equip
ment, allowing up to tno-percent write-offs in the
first year. Congress could allow similar write-offs
or accelerated depreciation for equipment used
in biotechnology pilot plants.

Option 3: Refund the R&D tax credit to NBFs not
earning enough taxable income on which
to apply the R&D tax credit.

The R&D tax credit legislation currently allows
unused tax credits to be carried over to each of
the 15 taxable years following the unused credit
year. For NBFs experiencing cash flow problems
while scaling-up production, a tax credit refund
able in the year sustained would help alleviate
these financial constraints. In addition, in present
value terms, a refundable tax credit would be
more valuable to NBFs in the year earned than
a tax credit carried forward to the years in which
enough taxable income would be earned to take
advantage of the credit.

The major disadvantage of this option would
be the loss of revenue to the U.S. Treasury in
times of high deficits. In addition, political and
equity-related objections might be raised concern
ing Government rebates to businesses.

ISSUE 2: How could Congress encourage
broader use of R&D,limited partner
ships in biotechnology?

R&D limited partnerships have been an impor
tant source of financing for NBFs. As noted above,
NBFs incur high R&D costs relative to their rev
enues and have few marketable products. NBFs
have found R&D limited partnerships usefulve
hides by which to attract the substantia! funding
needed to fund research, early product develop
ment, and In the case of some pharmaceutical
products, clinical trials required by FDA. Such
partnerships may allow more NBFs to enter mar
kets such as that for pharmaceuticals, where ex
tensive regulation makes the costs of entry high.
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Given the very large amounts of capital which
will be required to support the further commer
cial development of biotechnology and the vari
ability of the stock market as a source of funds
through public offerings, R&D limited partner
ships are probably critical to the survival and
growth of NBFs. To encourage broader. use of
R&D limited partnerships and increasetheir role
in providing financing for NBFs,c:ongress might
consider the following options.

Option lA: Amend section 12.35 of the l1i!?code so
that it applies to plant variety protection
certificates.

The most favorable tax treatment of income for
R&D limited partnerships is provided under sec
tion 1235.of the IRSCode. Section 1235 treatment
applies to a transfer of property consisting of all
substantial rights to.a patent by any holder. Under
section 1235, any royalties received as a result
of transfer of a patentqualify as long-term capital
gains rather than ordinary income. Because they
are legally distinct from patents, plant variety pro
tection certificates are currently excluded from
section 1235 treatment. Their exclusion from sec
tion 1235 treatment may have limited the us~ of
R&D limited partnerships for biotechnology re
search in plant agriculture-an area where some
of the most important applications of biotech
nology are likely to occur. Adopting this option
would very likely encourage the formation of
R&D limited partnerships for plant-related bio
technology.

Option IB: Amend section 1235 of the IRS code so
that universities are included inthedefini
tion of holder;

Under section 1235, a holder is defined as any
individual whose efforts created the patentable
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Chapter 13

Government Funding of Basic
and Applied Research

Introduction

Federally funded basic research in the United
States has been essential to the development of
biotechnology. The United States currently has
a strong and diversified basic research capabili
ty, the foundation for which was laid during
World War II by theOffice of Scientific Research
and Development (OSRD). The National Institutes
of Health (NIH) was established to succeed OSRD'S
Commmitteeon Medical Research in 1930.

Within a few years after World War II, several
patterns of U.S. Government funding for basic
research had been established. First, funding of
scientific research would further the broad aims
and priorities of the U.S. Government as defined
by Congress and the President. Second, non
governmental laboratories (e.g., research univer
sities) would perform much of the research of
interest to. the Federal. Government; in-house
Government laboratories would also perform
such research. Third, direct relationships be
tween Federal agencies and university research
ers would be established; funds for university
research would be awarded to individual investi
gators or small teams of investigators rather than
to the institutions themselves (legally. funds are
administered through institutions in the name of
investigators) ..Fourth, university research and
graduate training in the United States would be
closely related functions. These patterns, with
elaboration, have persisted until the present (21).

The launching of Sputnik in 1957 triggered a
spectacular increase in the U.S. research effort.
From 1953 to 1967, national expenditures in cur
rent dollars for research and development (R&D)
increasedby more than 350 percent, and current
dollar R&D expenditures by the Federal Govern
ment increased almost 425 percent. In 1967, Fed
eral Government expenditures represented 62
percent of total national expenditures for R&D.
After 1967, the rate of growth in R&D expendi-

tures declined, and by 1976, the Federal Govern
ment's contribution had dropped to an estimated
53 percent of total national R&D expenditures
(21).

National basic research expenditures by. the
Federal Government have decreased more sharp
ly in constaw dollars than in total R&D outlays.
Between 1968 and 1976, basic research expendi
tures declined in constant dollars by an estimated
15 percent. Since universities perform the great
est share of basic research, they have suffered
the most from constraints on Federal research
funding. In real dollars, fewer basic research
funds were spent in universities in 1976 than in
1968 (21). In spite of this leveling off of Federal
support, the basic research effort of the United
States is prodigious and led to the recent devel
opments in biotechnology.

One aspect of the development of biotechnology
demonstates the unanticipated results of a long
term commitment by the U.S. Federal Govern
ment to basic research. The "war on cancer"
stimulated investigators to study the properties
of viruses that cause tumors.' A great deal of
work was done to locate the genes in several
tumor viruses, such as SV40virus, that cause
tumors in hamsters and mice. These viruses are
particularly recalcitrant to classical genetic pro
cedures for mapping genes. This problem led to
the use of bacterial restriction enzymes--enzymes
that cut DNA at specific locations-to construct
physical maps of genes. Physical mapping of an
entire genome (a complete set of genes of an or
ganism) using restriction enzymes was first ac
complishedon SV40DNA. It was the knowledge
of the mechanism of action of these restriction
enzymes, generated originally from cancer re
search, that led to the cloning of genes.

-See Appendix C:A Comparison of the u.s. Semiconductor Indus
try and Biotechnology.
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As biotechnology is commercialized, different
emphases will be placed on various aspects of the
continuum that stretches from basic to applied
research. The objective of basic research is to gain
a better understanding of the fundamental as
pects of phenomena without goals toward the de
velopment of specific processes or products. The
objective of applied research is to gain the under
standing necessary to meet a recognized and spe
cific need, process, or product (13). Bridging the
gap between basic and applied research is "ge
neric applied" research, which is more specific
than basic research, but longer term and more
risky than most applied research. * The Federal
commitment to basic and generic applied research
in the United States will be a necessary element
in the commercialization of biotechriology in the
coming years.

Donald Kennedy has characterized the process
that moves from basic, to generic applied, to ap
plied research as the "trajectory of innovation"
(10). Within this trajectory, particular kinds of in
stitutional sponsors play defined roles:

• Phase One (Basic Research). Characterized by
loose, informal organization, open communi
cation, quick publication of all the details of
an experiment. Usually takes place in uni
versity departments or laboratories such as
those at NiH, or sometimes in a special or
ganization such as Bell Laboratories. Most
often publicly funded, oriented toward the
discovery and explanation of phenomena.

• Phase Two (Generic Applied Research). Fo
cused on processes, the application phase.
Takes place in various settings: applied insti
tutes, some university departments, nonprof
it organizations Ie.g., Stanford Research in
stitute, Battelle). Mixed public and private
funding. Environments variable with respect
to proprietary secrecy.

"Generic applied research ta a part of the continuum between
thetwo poles of baste.and applied. This research may be character
ized as follows: 1) it is'not committed to open-ended expansion of
knowledge as university basic research typically is, but isless specific
(more widely applicable or "generic")than the typical industrial prod
uct or:process development effort; 2) it has more well-defined ob
jectives than basic research, but is longer term than typical prod
uct and process development efforts; and 3) it is high risk, in the
sense that the stated objectives may fail and the resources committed
may he lost for practical purposes.

• Phase Three (Applied Research). innovative
emphasis on products, the development
stage, attention given to practical application.
Funding by private risk capital, environment
tends to be closed for proprietary reasons,
essentially all work takes place in private lab
oratories.

Biotechnology is moving rapidly along the trajec
tory of innovation. The role of Federal funding
in the process has been and will continue to be
critical to the U.S.competitive position in biotech
no�ogy.

Assessing the U.S. competitive position in bio
technology research is difficult for several
reasons. First, the definition of biotechnology
used in this report is a definition specific to the
commercialization of biotechnology, and thus is
more likely to fit traditional definitions of applied
research. Second, basic or fundamental research
in biotechnology can include research on topics
as diverse as cancer, developing new vectors to
improve recombinant DNA (rONA) techniques, in
creasing oxygen solubility in aqueous systems,
understanding immune function, and neurobiol
ogy. Basic research by its very nature is wide
ranging; many elements drawn from basic re
search of various kinds go into the innovation and
development of a particular patentable product.
Third, the use of rONA techniques or rONA re-, .
search may be but a small component of a par-
ticular research project, or the description of the
particular research may not have contained key
words that warranted its inclusion in an agency
classification of biotechnology research. in addi
tion, as rONA techniques are more widely used,
much of basic research at the cellular andsubcel
lular level will use these techniques; thus, much
of basic biomedical research will use the tech
niques of biotechnology. Fourth, even in the
United States, biotechnology is defined differently
among funding agencies. Added to problems of
definitions are differences in granting procedures
by various agencies, as well as different account
ing procedures for indirect costs (indirect costs
are part of the cost of doing research and there
fore must be included). And, finally, overall fund
ing levels give some indication of the total re
search effort but do not reveal the quality of the
research. Nevertheless, most experts would agree
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Table 56.-U.S. Federally Funded Researl'h in Biotel'hnology'

$5.0(SBIR)
0.5

$ 6.4

1.7

3.3
2.0

2.2

9.9b

23.7'
2.0'

$ 2.0

7.2'
6.4'
5.0

15.6'

38.6

12.8

Basic Generic applied Applied

$378.0

. $510.9

can Association for the Advancement of Science
and National Science Foundation (NSF) documents
listed in the references (1,13).

The three sections of this chapter that follow
are intended to provide a perspective on the U.S.
commitment to biotechnology research by dis
cussing basic,generic applied, and applied bio
technology research, respectively, within individ
ual U.S. Government agencies. A separate section
considers instrumentation initiatives by the U.S.
Government that have bearing on biotechnology
research. Near the end of the chapter, research
expenditures in biotechnology and channels of
research funding in Japan, the Federal Republic
of Germany, the United Kingdom, switzerland,
and France are presented ina comparative over
view. The final section of the chapter identifies
issues and congressional policy options pertain
ing to U.S. Government funding of biotechnology
research and instrumentation initiatives.

FY 1983
FY 1983
FY 1983
FY 1983

FY 1983
FY 1983
FY 1982
1981-82

FY1983
FY 1983
FY 1983

FY 1982
FY 1982

FY 1982
FY 1982

NIH:
Molecular biology, generic manipulation,

hybrldoma, monoclonal antibodies .
lrnmobilized enzymes . . '" ; .. , .

NSF:
rDNA research .
Bloprocess-enqlneertnq , . .' .
Other biotechnology-related research (broadly

defined) .
USDA:

ARS plant biotechnology, .
ARS animal biotechnology .•..•.. , '" .
CSRS competitive grants (CRGO) .........•
SAES .

DOD:
DARPA .
Army/Navy/Air Force rDNA research , ..
Other biotechnology, ; ~ .. , . ~ .

DOE:
Photosynthesis, stress mechanisms of plants

and micro-organisms, genetic mechanisms,
methanogenesis, etc.? ..:. ';. , ; .

Conservation & Renewable Energy Program ..
Other " .
Biocatalysis research ' , .. , .

Total .
~unless otherwise soecrneo,' see text for explanation of figures.
Some of this research may be.qenerlc applied research.

"atctectmotccy, broadly defined.

SOURCE: Office of Technology Assessment.

Since the focus of this chapter is an assessment
of the relative strengths of basic, generic applied,
and applied research in biotechnology in the
United States, Japan, the Federal Republic of Ger
many, the United Kingdom, Switzerland and
France, the estimates of government funding for
biotechnology research in other countries that are
available have been included in this chapter. Given
problems with respect to definitions, currency ex
change fluctuations, and lack of complete data,
these figures must be interpreted with caution.
For detailed analysis of agency budgets within the
United States, the reader is referred to the Ameri-

that the two are closely correlated and that the
United States leads the world both in its invest
ment in science and in the quality of its science.
The totals for Federal funding for biotechnology
research are shown in table 56 and will be dis
cussed in the sections to follow.
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u.s. Government funding of basic research
in biotechnology

$ 1
2
2
2
2

$ 61
103
131
164
185

nouars awarded
(millions of dollars)

25
33
26
27
25

Table S7.-NIH Projects in Biotechnology,
Fiscal Years 1978·82

fort. With the exception of generic applied re
search on immobilized enzymes, the work is pri
marily basic research, so many of the industrial
applications associated with new biotechnology
may be in the distant future. Despite these clas
sification problems, it is evident from the figures
in table 57 that research using rDNA techniques
is becoming more widespread and comprises a
larger proportion of the total grants awarded
each year.

Funding figures for biotechnology research in
NIH intramural programs are unavailable; how
ever, this research is a much smaller portion of
all NIH-sponsored research.

Number
Fiscal year of projects

aData are probably not complete.

SOURCE:U.S. Department of Health and Human Services, National Institutes
of Health, Office of Recombinant DNA Activities, 1983.

Genetic manipulaUon:
1978............ 548
1979.. . . . . . . . 847
1980 ,. 1,081
1981. 1,400
1982............ 1,588
Hybrldomas (Iarm nol craalad unIII19BO):
1980............ 258 $ 22"
1981 . . . . . . . . . . . . 479 49
1982............ 654 64
Monoclonal anllbodlas (Iarm nol craalad unlll 19BO):
1980. . . . . . . • . . . . 268 $ 22
1981 . . . . . . . . . . . . 768 78
1982............ 1,274 129
Immobilized enzymes:
1978 .
1979 .
1980 .
1981 .
1982 .

National Science Foundation

The total fiscal year 1984 budget request for
NSF is $1.2 million, a 17.4:percent increase over
fiscal year 1983. Research instrumentation and
support for graduate students are high priorities.
·Within NSF's Biological, Behavioral, and SocialSci-

National Institutes of Health

In November 1983, the fiscal year 1984 budget
of NIHwas appropriated at $4.3 billion with some
of the unauthorized programs still under conti
nuing resolution. The number of new and com
peting project grants will be maintained at 5,000.*
The 16,560 research project grants-5,000 com
peting and 11,560 noncompeting-will be the larg
est number of research project grants supported
in the history of NIH. Budget estimates indicate
that direct costs for noncompeting continuation
grants will be reduced by about 1 to 2 percent
and those for competing grants by 2 to 4 percent.
A 4-percent reduction in average costs was ap
plied to these grants in both 1982 and 1983.

Most of the basic research that has been and
is done in biotechnology is NIH-funded research.
Despite the budget pressures on NIH funding as
a whole, the number of extramural projects using
rDNA techniques has increased. Funding figures
for NIH projects in biotechnology for the fiscal
years 1978 to 1982 are shown in table 57. Since
data are catalogued by NIH staff on the basis of
grant applications or progress reports and in
dexed by staff who looked for key words such
as tlgenetic manipulation," "hybridoma," "mono
clonal antibodies," and "immobilized enzymes,"
the figures may be slightly misleading. For exam
ple, the term "genetic manipulation" includes
some projects that do not involve rDNA tech
niques. Also, the figures are the total costs
associated with the awards, including direct and
indirect costs, and are not related to the propor
tion of rDNA research in the total research ef-

U.S Government agencies funding basic re
search in biotechnology are NIH, NSF, the U.S.
Department ofAgricuiture (USDA), the Depart
ment of Energy (DOE), and the Department of
Defense (DOD).

"New projects are those competing for first time; competing proj
ects are those that are competing but have been funded before by
Nlli (a competitive renewal); and noncompeting projects are ongoing
projects awarded for more than 1 year.



Department of Defense

The Federal agency with the greatest increase
in the fiscal year 1984 budget proposal for R&D
funding is DOD-up 29.7 percent over fiscal year
1983 in current dollars. Although most of this in
crease will fall in the development areas of re-

grants, approximately $5 million was spent on bio
technology research (17).

The Agriculture Committee on Biotechnology
of the National Association of State Universities
and Land-Grant Colleges (12) has estimated that
during 1981-82, $34.7 million was committed to
biotechnological research by State Agricultural
Experiment Stations (SAES). (This estimate was
derived from a survey of SAES that totaled the
number of persons plus full-time equivalents
working on biotechnological research.) The dis
tribution of this total is 42 percent State, 45 per
cent Federal, and 14 percent private funding.

ARS has funded a total of $13.6 million in bio
technology research in fiscal year 1983; $7.2 mil
lion of this was devoted to plant biotechnology
and $6.4 million to animal biotechnology (27).

"

Department of Energy

DOE has several programs involved in biotech
nology research. DOE'sOffice of BasicEnergy Sci
ences, which funds fundamental research in plant
sciences and microbiology (photosynthesis, stress
mechanisms of plants and micro-organisms, ge
netic mechanisms, methanogenesis, genetics of
anaerobic micro-organisms, and regulatory as
pects of metabolic pathways), had a budget of $9.9
million in fiscal year 1983 and will have $11.0 mil
lion in fiscal year 1984. Work on anaerobic diges
tion, algal production, and genetic manipulation
is funded through DOE's Conservation and Re
newable Energy programs (including DOE's Solar
Energy Research Institute); the budget for these
programs is $23.7 million. Other programs sup
port biotechnology research relating to pollutant
control, beneficiation of coal, and microbial en
hanced oil recovery. The aggregate of these lat
ter activities totaled between $1.5 million and $2.0
million in fiscal year 1983 (14).
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u.s. Department of Agriculture

The fiscal year 1984 budget proposal calls for
USDA's agricultural research programs to get
along with essentially the same amount of money
in 1984 as in 1983 (19).

The division of funds among USDA's bureaus
the Agricultural Research Service (ARS), the
Cooperative State Research Service (CSRS), and
the Forest Service-s-and the USDA research agen
da have been the subject of several reports and
studies. The latest, from the White House Office
of Science and Technology Policy (5), has caused
considerable debate. The findings from that re
port indicate that research at the land-grant col
leges and universities lags far behind current
developments in plant biology, that agricultural
research funds should be more widely distrib
uted, that much of the research conducted by
ARS is duplicative, and that the agriculture system
overall is no longer energy- nor resource-efficient.
In addition, this and other reports have suggested
that the competitive grants program within CSRS
funds high-quality basic research within USDA
and should be expanded in order to create a criti
cal mass of long-term high-quality research. Hear
ings on this issue are expected in the next year.

In fiscal year 1984, there will be an increase of
$4.6 million for the competitive research grants
within CSRS in order to initiate a program in ani
mal science. Some of these grants may include
biotechnology research. In fiscal year 1981 Ilatest
year for which data are available), of the $15.8
million total being spent for. competitive research

ences program, the physiology, cellular, and mo
lecular biology program is increased 20 percent
over fiscal year 1983. The Chemical and Process
Engineering Division budget in NSF's Engineer
ing program is also up 211.5 percent; this may have
some effect on biotechnology (4).

The total NSF expenditure' for grants having
some rDNA component from 1975 through Octo
ber 1982 was just over $57 million. From fiscal
year 1975 through fiscal year 1980, about $35.3
million was spent. Funding for grants having some
rDNA component in fiscal year 1981 was $9.8 mil
lion and in fiscal year 1982, $12.8 million.
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search, a s-percent increase in basic research is
also proposed (18). Within this framework, there
are some data available on biotechnology R&D.

The total funding for rDNAbasic research over
all three military services for fiscal year 1983 is
$3.3 million; $2.9 million of this is funded with
$0.4 million obligated but not yet funded (2). DOD
is currently amassing data on fiscal year 1983
funding for biotechnology activities (research on

cell culture, monoclonal antibodies, etc.). DODes
timates that in-house research is probably at a
level of $1 million per year and that contract re
search in biotechnology is at least as greatas that.
More accurate figures should be available in fiscal
year 1984 (2). These figures represent a very small
proportion of the total military basic research
budget($787.5 million for basic research in fiscal
year 1983) (19).

u.s. Government funding of generic applied research
in biotechnology

NSF, DOE,DOD, and NIH are the only U.S.Gov
ernment agencies funding generic applied re
search in bioprocess engineering. Because of lim
ited Federal support, bioprocess engineering
could prove to be a critical bottleneck in the
United States as biotechnology moves toward pro
duction scale-up. Not only is bioprocessengineer
ing research underfunded relative to other types
of engineering research, but trained bioprocess
engineers are in short supply. *

The major U.S. Government funding group for
generic applied research in bioprocess engineer
ing is NSF's Chemical and Process Engineering Di
vision. In fiscal year 1983, $1.7 million of its $4.5
million budget was used to fund projects in bio
process engineering. In fiscal year 1984, there is
no increase in its budget, but more of the budget,
$2.7 million, is being allocated to bioprocess en
gineering (29):

DOEhas a.Biocatalysis Research Activity within
its Energy Conversion and Utilization Technolo
gies Program. Although this activity was funded
up to $525,000 through fiscal year 1983, the ad
ministration's fiscal year 1984 budget request im
plies that biocatalysis research activities will be
terminated. This research project, begun in 1981
at $130,000 was a generic applied research proj
ect designed specifically to capitalize on basic
research conducted at universities. Its goal was

"See Chapter 14:Personnel Availability and Training for a discus
sion of the shortage of bioprocess engineers.

to build the technical and engineering base of
biocatalysis technology to enable U.S. industry to
displace a significant level of nonrenewable re
source requirements by the year 2000. The proj
ect supported applied research and exploratory
development to help establish the technology base
that the chemical process industry will need to
deveiop cost-competitive products from genetical
ly manipulated organisms based on renewable
energy feedstocks. Unfortunately, this beginning
toward a federally funded generic applied re
search base in bioprocess engineering has been
terminated. Currently, however, discussions are
underway in DOE's Office of Energy Research to
begin a broader bioengineering initiative.

DOD's Defense Advanced Research Projects
Agency OJARPA),with an overall budget for fiscal
year 1983 of $719:iriilillion (projected to increase
9.7 percent in fiscal year 1984), has two program
areas in biotechnology, one underway and one
beginning in fiscal year 1984. Thie first program,
a research effort in chemical and biological ultra
sensors, began in fiscal year 1982 with a budget
of $888,000. Funding for this program is expected
to increase to $2.2 million in fiscal year 1983, stay
level at about $2.2 million in fiscal year 1984, and
increase to $2.9 million in fiscal year 1985. The
research is being done through contracts with
four universities, two private companies, and
three Federal laboratories. The purpose of the
second initiative, which is to begin in fiscal year
1984, is to study the mechanical properties of bio-
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u.s. Government funding of applied research
in biotechnology

When the program is fully phased in, nearly $430
million annually will be set aside for small high- .
technology firms, including many new biotech
nology firms (NBFs). *

On July 22, the SmallBusiness Innovation Devel
opment Act of 1982 was signed into law by Presi
dent Reagan. The purposes of this act are to: 1)
stimulate technological innovation from Govern
ment-funded R&D, 2)use small businesses to meet
Federal R&D needs, and 3) increase private sec
tor innovation derived from Federal R&D by
coupling the SBIR to venture capital. In the first
NSF SBIR solicitation, NSF awards totaled $5.3 mil
lion. Approximately $42 million in follow-on fund
ing was awarded to the first recipients.

In order to accomplish the three objectives of
the law, the SBIR program is structured in three
phases. Phase I is a screening phase to evaluate
the technical and commercial feasibility of pro
posals. Usually, the period of performance is
months. The awards given in Phase I are up to
$50,000. This money is most effectively used for
either out-of-pocket expenses and the salary of
a technician or for financial sustenance while
developing a business plan and looking for ven
ture capital. Only winners of Phase I awards can
compete for Phase II awards, and only about 50

*NBFs, as defined in Chapter 4: Firms Commercializing Biotech
nology, are small firms that have been started-up in recent years
specifically to capitalize on new biotechnology.

area. Programs are viewed as successful if the
technology is transferred to secondary agencies
within 5 years. Thus, most research initiatives are
for 5 years, at which time they are phased out.
New initiatives are continually being phased in
as projects demonstrate merit (20).

Although most NIHresearch is basic research,
NIH research on immobilized enzymes, which
totaled about $2 million in 1982, could be charac
terized as generic applied.

25-561 0 - 84 - 21

U.S. Government funding of applied research in
biotechnology is provided principally through the
Small Business Innovation Research (SBIR) pro
gram, a program that was established to promote
research by small businesses because only about
1 to 2 percent of the total research budgets of
Federal funding agencies were set aside for
research by small businesses. The Small Business
Innovation Development Act establishing this pro
gram was passed in 1982, so it is too early to
evaluate it. Furthermore, each Federal agency is
implementing the program slightly differently. In
several of the agencies, however, there is poten
tial for some funding of applied biotechnology re
search. The status of the SBIR program with re
gard to biotechnology in specific Federal agencies
is detailed below. Also discussed is the Small Busi
ness Set Aside program.

Small Business Innovation Research
program

The findings of both Government and private
studies on technological innovation in small firms
convinced the U.S. Congress of the need to in
crease the share ofFederal R&D dollars going to
small businesses. The new Federal SBIR program
was created to meet this objective. The SBIR pro
gram provides a source of nonequity capital to
small businesses in the United States. The SBIR
program is designed as an expanded version of
continuing smaller programs in DOD and NSF.

polymers. Funding in fiscal year 1984 will be $1.4
million, rising to szmtllion in fiscal year 1985 and
1986, $2.7 million in fiscal year 1987, and decreas
ing to $1 million for phaseout in fiscal year 1988.

Projects are undertaken in DARPA if there is
a perception that there will be downstream appli
cations of interest to the military. Thus, the re
search DARPA funds is generic applied. If a par
ticular initiative appears to be fruitful, additional
funding will be targeted to basic research in the
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percent of the Phase I winners receive Phase II
awards.

Phase II provides funds for the projects found
most promising after Phase I. These awards are
generally used for the principal research effort.
The period of performance is up to 2 years and
the awards given are up to $500,000. In Phase
II, the law requests (but does not require) the pro
poser to obtain a follow-on funding commitment
from a third party, usually a large corporation
or a venture capital firm. The third party is used
not only because the small firms tend to be under
capitalized but also to provide an objective look
at the management, market, technology, and long
term financial requirements.

Phase IIIconsists of private investments to stirn
ulate commercial production. This phase is not
funded by the Federal Government.

The SBIR law requires that each Federal agen
cy for the next 6 years set aside a specific percent
age of its R&.D budget for awards to small busi
nesses. Federal agencies with external R&D budg
ets exceeding $100 million-Le., the National Aero
nautics and Space Administration (NASA), the De
partment of Health and Human Services (ofwhich
NIH is a part), NSF, DOE, USDA, the Department
of Transportation, the Department of the Interior,
the Environmental Protection Agency, and the
Nuclear Regulatory Commission-must set aside
0.2 percent of their external R&D budget for
small businesses in fiscal year 1983, 0.6 percent
in 1984, 1 percent in 1985, and 1.25 percent in
1986-88. In those agencies with external R&D
budgets exceeding $10 billion (DOD), the set aside
begins at O.lpercent and increases to 1.25 per
cent in the fifth year. Each agency sets its own
guidelines for implementation and its own. R&D
areas for solicitations.

Because the SBIR law is so new, it is difficult
to determine the extent to which it might affect
technological innovation and the overall competi
tiveness of NBFs. Nevertheless, it is clear that the
SBIR program gives the U.S.Federal Government
an opportunity to influence technological innova
tion in the U_S. private sector. If biotechnology
research areas are given adequate support by Fed
eral agencies, innovations in biotechnology might
very well be fostered.

U.S. DEPARTMENT OF AGRICULTURE

USDA has reserved almost $550,000 for its SBIR
program in fiscal year 1983. There are five proj
ect areas. The two most likely to initiate bio
technology proposals are animal production and
protection and plant production and protection.
Solicitations were sent May 1, 1983. USDAantic
ipates making 10 to 14 awards.

DEPARTMENT OF ENERGY

DOE has set aside $5.5 million for the SBIR pro
gram for fiscal year 1983. One topic of the 25 in
the solicitation schedule deals with bioprocess
technology and applied microbiology. Of the 1,700
proposals DOE received, 100 were on this topic.
Traditionally, DOE's relationships with small busi
nesses have been through subcontracting of
funds allocated to the National Laboratories and
contractors in universities and elsewhere. The
work has usually involved procurement of ma
terials, construction, and fabrication rather than
research. The SBIR program will provide DOE
with another means of supporting applied re
search in small R&D firms (14).

DEPARTMENT OF DEFENSE

For fiscalyear 1983, DODhas almost $17 million
set aside in its SBIR program. Unlike all other Fed
eral agencies, with the exception of NSF, DOD al
ready relies on the small business sector for R&D
contracts. In fiscal year 1981, DOD awarded 7.4
percent ($679 million) of its external budget to
small businesses-almost twice the small business
share of total Federal R&D. Because DOD does
not classify R&D projects by industrial applica
tion or research area, the amount awarded to
small businesses for biotechnology R&D is
unknown. *

Because of the important contribution small
firms have made to DOD's R&D effort, the De
partment designed its own SBIR program in
1981-the Defense Business Advanced Technol
ogy (DESAT) program-and has made awards to
small businesses through that program as well as
through regular procurement channels. In fiscal

*DOD's classification system is as follows: a.t-Basic Research, 6.2
Exploratory Research, 6.3-Advanced Research, 6.4-Engineering,
6.S-8upport, g.g-Major- Systems. These headings are not immediately
recognizable as biotechnology.



NATIONAL SCIENCE FOUNDATION

NSF's SBIR budget for fiscal year 1983 is $5.5
million, approximately the same as the SBIR budg
et for the Public Health Service. In fiscal year
1982, NSF did not give any awards in biotechnol
ogy, and few good proposals were received by
NIH. Congressman Don Fuqua sent a letter to NSF
and NIH asking why so few proposals for biotech
nology research topics were received (6). The
response given was that many of the NBFs had

are unsolicited. Earlier in fiscal year 1983,
when the schedule for solicitations was be
ing formulated, biotechnology R&D was
given the highest ranking for research areas
to be pursued. As the schedule went through
the review process, however, the specificity
of the proposals was changed and the propos
als were broadened. A biotechnology effort
will, however, be funded in DARPA, in the
area of biopolymers. Some of the contract
awards will no doubt go to NBFs.

NATIONAL AERONAUTICS AND SPACE
ADMINISTRATION

NASA's fiscal year 1983 SBIR program has a
budget of $11 million. However, biotechnology
as defined in this report does not fall within the
mission of NASA and is therefore not a NASA re
search area.

DEPARMENT OF HEALTH AND HUMAN SERVICES

The fiscal year 1983 SBIR budget for the Public
Health Service, of which NIH is a part, is $5.6
million. Within NIH, it is difficult to speculate
about the amount of R&D money to go to NBFs.
NIHuses what it refers to as an omnibus solicita
tion. This approach is designed to generate new
business. NIH has little experience awarding ap
plied research contracts to small for-profit com
panies. In fiscal year 1981, contracts totaling $40
million went to small businesses, mostly for re
search support te.g., building animal cages). In
fiscal year 1982, the amount increased to $70 mil
lion. However, only since January 1982 has NIH
been making awards to other types of profitmak
ing organizations. Most of the forthcoming NIH
research solicitations under the SBIR program are
in the field of biotechnology.
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year 1982, 1,103 proposals were received from
the first solicitation under the DESAT program
and 100 awards were made. The DESAT program
will in all likelihood be replaced by the SBIR
program.

All three military services plus DARPA partici
pate in DESAT.

• Air Force. The.Air Force is not pursuing any
biotechnology-related R&D with small busi
ness or otherwise.

• Navy. In fiscal year 1982, the Navy granted
36 awards under the DESAT program; few
if any of which were in biotechnology-related
areas. Other awards were made to small busi
ness, but no agency or service is able to break
down biotechnology-related contracts for
small businesses only, unless they fall under
a specific small business program. Most con
tract research carried out by the Office of
Naval Research and the Naval Research Lab
oratory in the past has been unsolicited. Of
the unsolicited business in the past, 48 per
cent was done by small business and 50 per
cent was done by universities.

• Army. Under the SBIR program, biotechnolo
gy and chemical defense "correspond to the
U.S. Army's 'New Thrust' program designed
to take advantage of U.S. technology un
matched by Soviet capabilities that can pro
vide the leverage technologies needed for the
future battlefield" (23). The Army's R&D ef
forts under the SBIR program will emphasize
the application of novel technologies such as
rDNA and hybridoma technology in the de
velopment of vaccines, antidotes, analgesics,
and blood substitutes (mostly for casualties).
About 3,000 proposals are expected to be re
ceived for this topic alone.

• Defense Advanced Research Projects Agen
cy. In fiscal year 1983, DARPA has set aside
$750,000 for its SBIR program. It is unlikely
that more than one biotechnology-related
contract will be awarded under the program
this year, because there are 14 research areas
to be covered and the average contract price
is about $50,000. In fiscal year 1982, about
12 percent of all awards went to small busi
nesses. Most proposals that come into DARPA



u.S. Government instrumentation initiatives

competitive awards to small businesses. The set
aside contracts (not grants) reserve an entire pro
curement or a portion of a procurement for the
exclusive bidding of small business concerns. The
program was designed to give small businesses
equal opportunity to compete for Government
contracts and subcontracts. It was not designed
specifically with R&D contracts in mind and has
had limited significance in stimulating technologi
cal innovation in small businesses (22).

Small Business Set Aside program

The Small Business Set Aside program was cre
ated to help small businesses obtain Federal
Government contracts and subcontracts by set
ting aside "suitable" Government purchases or

received funding from private sources for their
first-round financing needs (6). Such firms were
ineligible to receive Phase II funding without hav
ing participated in Phase 1.

316 • Commercial Biotechnology: An International Analysis

The obsolescence of analytical instruments is
an increasingly severe problem for U.S. univer
sities. As instrumentation becomes more sophis
ticated, it also becomes more costly; furthermore,
obsolescence occurs more rapidly. DOD has esti
mated that upgrading all qualified laboratories to
"world class' status in instrumentation would take
an infusion of $1.5 billion to $2 billion. Instrumen
tation is needed not only to carry out research
but also to teach the next generation of research
ers and industrial personnel.

Since reduced funding levels have caused uni
versities to cut back purchases of necessary tech
nical equipment, a special fund totaling $150 mil
lion over 5 years for the purchase of equipment
has been set up in DOD. The purpose of the spe
cial DODfund is to upgrade the equipment of uni
versities. Each of the three military services con
tributes equally to DOD's special fund, and the
Office of Naval Research coordinates its adminis
tration. The solicitations sent out by DOD stipu
late that the requests are to be for major pieces
of equipment that cannot be purchased with
other funding. One goal of DOD's fund is to stimu
late program projects, i.e., to encourage several
researchers to work together. The research they
would undertake would necessitate the purchase
of equipment costing a minimum of $50,000 (this

.may be raised to $100,000). The primary criterion

for evaluating proposals is the relevance of the
proposed research to DOD's interests. The second
criterion is the scientific merit of the research to
be performed with the equipment. By the clos
ing date of November 30, 1982, 2,478 proposals
totaling $645 million had been received. The an
nouncement of 204 awards was made in late April
1983, with awards averaging $148,000. The large
response to the DOD initiative is one index of the
need for updating instrumentation in universities
(15).

For fiscal year 1984, major increases in NSF's
R&Dequipment and instrumentation initiative are
proposed (see table 58). Rather than taking the
form of a single dedicated line-item, the funding
is distributed among the regular disciplinary ele
ments of the budget. NSF stresses that a few man
ufacturers of equipment recently have agreed to
provide substantial discounts for equipment pur
chased by NSF grantees. Efforts to broaden par
ticipation by manufacturers in this program are
continuing.

DOE has a $4 million university equipment ini
tiative in fiscal year 1984 for DOE contractors
who need equipment costing more than that al
lowed in the DODinstrumentation initiative;these
requests can have a minimum of about $100,000
(14).
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Table 58.-NSF R&D Equipment and Instrumentation, Fiscal Year 1984 Request (obli9ations in millions of dollars)

Actual Estimate Estimate Increase (percent)
FY 1982 FY 1983 FY 1984 FY 84/82 FY84/83

Mathematical and Physical Sciences.... . $41.7 $ 56.4 $ 86.3 107.0% 53.0%
Engineering.. . 6.4 8.7 18.3 184.4 109.2
Biological, Behavioral, and Social Sciences , . 14.3 16.2 24.6 72.0 51.9
Astronomical, Atmospheric, Earth and Ocean Sciences..... 19.6 22.1 36.7 87.2 66.1
U.S. Antarctic Program................................. 8.0 6.6 12.1 101.7 83.3
Scientific, Technological and International Affairs. . . . . . . . . . 2.1 2.3 2.3 9.5 0.0

Total, NSF.......................................... $90.1 $112.3 $180.2 100.0% 60.5%
SOURCE:American Association for the Advancement of Science, R&D in the FY 1982 Budget: A Preliminary Analysis. Washinglon, D.C.. March 1983.

International comparisons

A brief overview of Government research fund
ing in the foreign countries expected to be the
major competitors of the United States in biotech
nology-Japan, the Federal Republic of Germany,
the United Kingdom, Switzerland, and France
is presented below.

Government funding of biotechnology
research in other countries

The amounts spent by foreign governments on
biotechnology research (including basic, generic
applied, and applied) are extremely difficult to es
timate. Any estimate is at best a guess, and, ex
cept where indicated, breakdowns by basic or ge
neric applied cannot be made. Currently available
estimates for the countries identified as the ma
jor competitors of the United States in the area
of biotechnology are as follows:

• Japan. Funding for biotechnology research
in Japan is divided among the Ministry of in
ternational Trade and industry (MiT!), the

Science and Technology Agency, the Ministry
of Agriculture, Forestry and Fisheries, and
three other Government agencies. This re
search is a mix of basic, generic applied, and
applied. The figures are shown in table 59.

• Federal Republic of Germany. Estimates of
spending for projects funded by the Federal
Ministry for Research and Technology
(BMFT, Bundesministerium fiir Forschung
and Technologie) range from $49 million to
$70 million (DM120 million to DM170 million).
A large proportion of this research is generic
applied.

• United Kingdom. The British Government is
spending about $43.8 million to $52.5 million
(.£25 million to .£30 million) per year on ge
neric applied and applied research in biotech
nology. if basic research is included, the fig
ure probably ranges upward toward $60 mil
lion.

• France. Estimates for Government expendi
tures for biotechnology range from $35 mil-

Table 59.-Government Funding for Biotechnology Research in Japan, 1982 and 1983 (in millions)

SOURCE:G. Saxonhouse, "B,lotechnology in Japan" contract report prepared for the Office of Technology Assessment, U,S.Congress, June 1983.

¥ 2,381
2,172
1,874

$10.04
9.40
S.10

31.75
$59.29

DollarsYen
1983

¥ 2,503
2,338
2,017

7,906
¥ 14,761

$ 9.56
8.72
7.53

30.35
$56.16

Dollars

.. . 7,557
¥ 13,984

Yen
1982

Ministry of International Trade and Industry .
Science and Technology Agency ... ~ ..........................•....
Ministry of Agriculture,Forestry, and Fisheries .
Ministry of Education, Ministry of Welfare, and Environmental

Protection Agency. . . . . . . . . . . . . . . . . . . __
Totai .



318 • Commercial Biotechnology: An International Analysis

'0

SOURCE: G. Saxon house, "Biotechnology in Japan," contract report prepared for the Office of Technology Assessment, U.S. Congress, June 1983.

Project
period

1980-83

1980-90

1979-83

1980-84

1978-82

"For further details, see Chapter 17: UniversitylIndustry Beletion
ships.

FEDERAL REPUBLIC OF GERMANY

The Society for Biotechnological Research (GBF,
Gesellschaft fiir Biotechnologische Forschung) is
without doubt the most important of the federally
owned research centers for biotechnology in
West Germany and perhaps the most ambitious
governmentally operated institution of its kind in
the world. In 1982, GBF's operating expenses were
$13.1 million (DM32 million). Generously funded
by the West German Government, GBF is one of
the best equipped facilities of its kind in Europe.
Its bioprocess laboratory, for example, permits
considerable experimentation with bioprocess
technology as well as scale-up of biotechnologi
cal processes to the pilot -plant stage.

GBF was set up to perform a variety of substan
tive research tasks as well as to cooperate with
other researchers working in the field of biotech
nology. GBF's major functions include the follow
ing (9):

• to develop environmentally sound biotech
nological processes in order to assure a suf-

cal year 1982 budget was $4.4 million (¥ 1.1 bil
lion). FRI and other institutes in Japan meet many
of industry's needs for generic applied research
in biotechnology. Their equivalent does not ex
ist in the United States (16). *

MITI Government Industrial Research Institute, Shikoku
Agency for Industrial Science and Technology

Table 6Q.-Some Biotechnology Projects in Japan

Ministry of Agriculture, Business Office, Agriculture, Fishery and Forestry
Forestry, and Fisheries Technology Council

National Institute of Agricultural·Sciences
Forestry Experiment Station
Nationai Agriculturai Experiment Station
National Research Institute of Agriculture
University and private research institutes

MITI National Chemical Laboratory
Agency for Industrial Science and Technology

MITI Fermentation Research Institute
Agency for Industrial Science and Technology

MITI Research Institute for Polymers and Textiles
Agency for Industrial Science and Technology

Ministry with jurisdiction Institutions conducting projects

Physiologically active
macromolecules and
production processes

Biochemical pulp
technology

Industrial enzyme use

Enzymatic reactors

Title of R&D project

Utilization of biomass

lion to $60 million (F230 million to F395 mil
lion).

JAPAN

Because of Japan's continuing interest in bio
process engineering and because MIT! has iden
tified biotechnology as a "next-generation" proj
ect, there is a great deal of activity in biotech
nology research in Japan. Much of the research
is carried out by MIT!'s Agency for Industrial Sci- .
ence and Technology. Some biotechnology proj
ects that MIT! is sponsoring are listed in table 60.
This agency oversees several research institutes,
including the Fermentation Research Institute
(FRI). FRIwas founded in 1940 to develop fermen
tation technology and has expanded to include
any microbial application in industry and en
vironmental protection. Additionally, FRI has a
depository for patented micro-organisms. Its fis-

Organization of basic and applied
research in other countries

The organization of basic research in the United
States and other countries competing in biotech
nology is described in Chapter 17: University/in
dustry Relationships and in Appendix B:Country
Summaries. The organization of generic applied
and applied research efforts in countries likely
to compete with the United States in biotechnol
ogy is outlined below.



testing of new products. GBF is also engaged in
joint activities with academic and international
research centers. GBF fosters international scien
tific exchanges by receiving temporary visitors
from other countries. An acknowledged objective
of BMFT is to strengthen existing ties between
GBF and private industry in order to facilitate
technology transfer in the field of biotechnology
(9).

Since 1979, the German Collection of Micro
Organisms (DSM, Deutsche Sammlung von Mikro
organismen) has been incorporated into GBF.
DSM has served since October 1981 as an in
ternational depository of patented or patent
related micro-organisms pursuant to the Budapest
Treaty.' More generally, DSM's mission is to col
lect micro-organisms of scientific and technolog
ical significance, to conserve them unchanged,
and to make them available for R&Dand teaching
purposes. The proposed budget for operating
DSM in 1982 was $833,000 (DM2 million).

*SeeChapter 16: Intellectual Property Law.

UNITED KINGDOM

The United Kingdom has several Government
sponsored research centers that are involved in
biotechnology development projects (seetable 61).
Some of the centers are entirely Government
owned, whereas others have significant industrial
commitments.

ficient supply of chemicals, pharmaceuticals,
and foodstuffs;

• to scale-up biotechnological processes from
the laboratory to the pilot-plant stage, this be
ing the basis for the development of full-scale
industrial processes;

• to make new sources of raw materials avail
able for the manufacturing of natural prod
ucts by micro-organisms and to make plant
and tissue cultures available;

• to make new pharmacologically significant
natural products available and to investigate
their modes of action;

• to make its scientific facilities available to non
GBF research groups, provided that their
projects fit within the R&D program of GBF;

• to support other research groups in the fields
of biology, chemistry, and medicine by sup
plying noncommercial natural products;

• to participate in joint projects, provided they
.are within the framework of BMFT's Biotech
nology Program; and

• to provide advanced interdisciplinary train
ing for scientists, engineers, and technicians.

In keeping with its overall mission, GBF is in
volved in a number of cooperative arrangements
with industry and with academic institutions.
GBF's resources and expertise are used by indus
trial and academic researchers, and GBF relies on
other institutions, usually private industry, for
services such as toxicologicaland pharmacological
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Table 61.-Government·Sponsored Applied Biotechnology Centers in the United Kingdom

Name of center Funding (in millions) Source of funds
Center for Applied Microbiology

and Research (CAMR) -£ 2 ($3.5)

British Technology Group (BTG) -£13 ($22.8)
Ceiltech -£ 12 ($20)

Agricultural Genetics about -£40 ($70)

Biotechnology Institute and Studies
Centre Trust N.A.b

Department of Health and Social Security,
sales of products, industry contracts

Government
BTG (44%)"
Technical Development Capital (14%)
Prudential Assurance (14%)
Midland Bank (14%)
British & Commonwealth Shipping Co. (14%)
BTG (about one-third),Ultramar, Advent

Eurofund

Government through: Polytechnic of Central
London, University of College. London,
University of Kent at Canterbury

No committed industries
aBTG recently released 14 percent of Its equity to the Rothschild Biotechnology Investments Group and Boots Co.
bN.A. = Information not available.

SOURCE: M. Vaquln, "Biotechnology in Great Britain," contract report prepared for the Offlc~of Technology Assessment, U.R Congress, December 1982.
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One Government-sponsored center is the Center
for Applied Microbiology and Research (CAMR).
As shown in table 61, CAMR is financed in part
through the Department of Health and Social
Security and in part from sales of products and
contract research. Its current operating budget
is $3.5 million (.£2 million), and there are plans
for expansion. CAMR has been singled out by the
British Government to playa special role in the
development of biotechnology. It has well-devel
oped and established contacts with both univer
sities and industry and sees itself as an inter
mediary between basic university research and
production on an industrial scale. CAMR's major
commercial contract in biotechnology is with
KabiVitrum (Sweden) to scale-up and develop a
process for manufacture of human growth hor
mone using rDNAbacteria developed for Kabi by
the U.S.firm Genentech. CAMR also has contracts
with Cadbury Schweppes (U.K.), Unilever (U.K.),
Technofirm Development, Ltd. (U.K.), and Cell
tech (U.K.).

The British Technology Group (BTG) is a public
corporation sponsored by the Department of In
dustry with the aim of supporting the develop
ment of biotechnology by facilitating the transfer
of technology from the laboratory to the market
place (seefig. 31).BTGhas committed about $22.8
million (.£13 million) for biotechnology projects
to date, with annual increases of $6.5 million pro
jected. BTGhas four major investment areas: re
search support, joint venture funding, startup fi
nancing of small firms, and equity and loan fi
nancing. It is not clear what portion, if any, of
BTG'sfunds is being used for scale-up and devel
opment processes. In addition to and separate
from BTGactivities, the Department of Industry
has initiated a 3-year $30 million "Biotechnology
in Industry" program.

Celltech was founded in 1980 by the National
Enterprise Board (now BTG), Technical Develop
ment Capital, Prudential Assurance, Midland
Bank, and British and Commonwealth Shipping
Co., with an initial outlay of $20 million (.£ 12).
Recently, the BTG and Technical Development
Capital released 14 percent of their equity to the
Rothschild Biotechnology Investments Group and
Boots Co. The establishment of Celltech repre
sented one of the first steps initiated by the British

Government to involve industry in commercializ
ing the results of research in public sector
laboratories. While the company was being
formed, it successfully negotiated exclusive access
to all work in the Medical Research Council,
where monoclonal antibodies (MAbs) were dis
covered in 1975. Although the firm, which intends
to concentrate on the development of MAbs for
human diagnostic and therapeutic applications,
has yet to make a profit on its limited product
sales, it has extensive plans for the future, includ
ing the development of a continuous cell culture
bioreactor that would produce MAbs in higher
volumes than current bioprocessing technologies
permit.

Agricultural Genetics is a company similar in
design to Celltech that will commercialize re
search of the Agricultural Research Council. BTG
will provide about one-third of the capital ($8.6
million; .£5 million). The industry sponsors are
Ultramar and Advent Eurofund.

The Biotechnology Institute and Studies Centre
.Trust (BISCT) is a recently established organiza
tion that draws on the expertise of some of United
Kingdom's foremost biotechnologists. Currently,
BISCT is offering continuing education in the form
of a l-year postgraduate degree in biotechnology,
short courses, and an advisory service for indus
try. It hopes to undertake research programs
sponsored by industry in bioprocess engineering
and applied microbiology (26).

SWITZERLAND

Switzerland has no publicly owned research in
stitute specifically for biotechnology comparable
to GBF in West Germany. Outside industry, re
search related to biotechnology, both basic and
applied, is carried out primarily in the universi
ty system, which at present includes 10institu
tions of higher learning.

The leading Swiss center for research on the
generic applied and applied aspects of biotech
nology is at the Federal Institute of Technology
(ETH, Eidgeniissiche Technische Hoschschule) in
Zurich, one of the two polytechnic universities
managed by the Federal Government through the
Swiss School Council (Schweizerischer Schuh-atl.
Headed by a former research director of the
Swiss pharmaceutical company Hoffmann-La
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Figure 31.-Brilish Technology Group Supporllor Biolechnology

BTG Support lor Biotechnology

• Support research
• Joint venture funding
• Mlnlmum-fuss finance for small firms
• Equity and loan finance

Total funds committed by BTG: £13 million

Biotechnology Subject Areas Being Supported

Agricultural applications 8 projects
Industrial applications 8 projects
Medicinal applications 17 projects
Veterinary applications 4 projects
Enabling technology 2 projects

Strategy for Further Investment
Seek out and promote:
• Opportunities for industrial investment in downstream applications of genetic

engineering and cell fusion
- Low volume, high margin products
- Healthcare, food production and fine chemicals

Respond positively to:
• Technology transfer opportunities from universities and public sector laboratories

- Back a lot of starters
- Involve potential industrial partners as early as possible

• Opportunities for industrial investments.tn "biotechnology infrastructure":
~ Laboratory reagents and equipment
- Fermentation hardware

Avoid:

• Early investment in "big biotechnology" projects
- e.g., heavy organic chemicals, bioenergy, and waste recovery

SOURCE:British Technology Group, Prutec Ltd., and Technical Development Capital, "Minutes of EvIdence to Education,
Science, and Arts Committee on Biotechnology," H. M. Stationery Office 289iii, April 26, 1982.
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Roche, ETH proved receptive to the idea of
biotechnology at a fairly early date, and its depart
ment of biotechnology was established in 1976.
One of the department's achievements to date is
the development of a new bioreactor design,
which is being tested along with more conven
tional models in the ETH bioprocessing facility.

The channels for transfer of knowledge from
the universities to industry appear well estab
lished in the area of biotechnology, although the
large pharmaceutical companies may not yet be
major beneficiaries of this exchange. The presi
dent of ETH, for example, has endorsed the prac
tice of industrial contracts with professors in the
biotechnology department. Joint funding by in
dustry and the Commission for the Encourage
ment of Scientific Research provides another
avenue for collaboration with the private sector,
one that has been actively utilized by the ETH
biotechnology group. The Swiss firm Biogen SA *
is not only closely linked to the Swiss university
research system, but has built an important share
of its competitive strength on the productivity of
these ties (8).

FRANCE

France has no Government-sponsored applied
research centers like GBF in West Germany and
the ETH-Zurich in Switzerland. The Institut Pas
teur, a nonprofit organization jointly sponsored
by the Government and industry, is the single
most important facility in biotechnological
research in France, but is primarily concerned
with basic research. The Institut Pasteur receives
47 percent of its income from the French Govern
ment (Directorate General for Research). The rest
of its income comes from the sale of services: roy
alties from Institut Pasteur Production (13 per-

"Biogen N.V., the parent company of the Biogen group, is regis
tered in the Netherlands Antilles. Biogen S.A., one of Biogen N.V.'s
four principal operating subsidiaries, is located in Switzerland, along
with Blegen N.V.'s principal executive offices.

cent), industrial contracts (33percent), and dona
tions collected by the Association for the Develop
ment of Institut Pasteur (7percent). Although the
Institut Pasteur is mostly concerned with basic
research (e.g., projects on vaccines and mono
clonal antibodies), it does support the develop
ment aspects of biotechnology (e.g., projects on
the use of cellulose for alcohol production and
biological insecticides) with industrial contracts.

The lnstitut Pasteur has plans to open a new
biotechnology building in 1985 or 1986. This
building, which will have 3,000 square meters of
new laboratory space, will be used partly to re
house existing projects and partly for new proj
ects. It will also contain bioprocess scale-up fa
cilities (at present, the Institut Pasteur cannot do
any scale-up work itself). The new biotechnology
building is to be financed by the Government, but
the Institut Pasteur will have to cover the operat
ing costs, probably by increased industrial con
tracts.

An organization within the Institut Pasteur, G3,
was started several years ago to encourage ap
plied research in rDNA technology. G3 is funded
by a set of Government groups: Institut Pasteur,
the National Center for Scientific Research (CNRS,
Centre National de la Recherche Scientifique), the
National Institute for Agricultural Research (Insti
tut National de la Recherche Agronomiquel, and
the National Institute of Health and Medical Re
search (INSERM, Institut National de la Sante et
de la Recherche Medicale). G3 has no capital, can
not employ directly, and does not own any labora
tory space. It only has an operating budget. Now
working with a staff of only 10, G3 plans to ex
pand into the new biotechology building. The
work program is proposed in part by the Govern
ment partners and in part undertaken at the re
quest of industries. It is too early to predict
whether G3 will contribute significantly to a
generic applied research program in bioprocess
technology (25).



base in the United States that is the best in the
world. Furthermore, continued Federal support
of basic research is critical for future innovation
in a high-technology society. Because the U.S.
Government has provided comparatively little
funding for generic applied research, however,
Americans may not be as efficient as the Japanese
in applying the scientific base to the development
of marketable goods and services. The Japanese
Government's funding for generic applied re
search allows companies in Japan to make opti
mal use of the basic scientific knowledge of the
United States and other countries and very effi
ciently develop this knowledge into marketable /
products. U.S.fudustry draws on the basic science
knowledge base also, but the speed of the diffu
sion and development of this knowledge may be
slower and ultimately more costly than it would
be if more generic applied research were funded
by the U.S. Government.

In comparison with other types of engineering
research, as well as with molecular biology re
search, bioprocess engineering research in the
U.S. is severely underfunded by the Federal
Government. The personnel and academic re
search needs are enormous. If current funding
levels for bioprocess engineering research are not
increased, the United States' competitive position
in biotechnology may not be as strong in the fu
ture as it is now. Bioprocessing expertise current
1y rests in private industry (chiefly in the phar
maceutical industry). Because private industry's
bioprocessing research is proprietary, the diffu
sion of generic applied knowledge in this area is
not as rapid as it might be. Industrialists generally
agree that roughly 20 person-years of engineer
ing research are required to go from the test-tube
stage to the point where the design of a plant can
begin. (Each person-year costs from $80,000 to
$120,000). If existing processes or engineering
techniques can be used, then about 8 instead of
20 person-years of engineering research are re
quired. The 12 person-year difference is partial
ly attributable to generic applied research that
is now duplicated among companies at great cost.
Generic applied research in bioprocess engineer
ing could, at least partially, be supported by Fed-

The current pattern of U.S. Government fund
ing for basic and generic applied research in bio
technology in the United States may compromise
the U.S. competitive position in the commerciali
zation of biotechnology. There is no doubt that
past Federal support for basic research has pro
duced a scientific infrastructure and knowledge

Findings
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U.S. Government expenditures for basic re
search in biotechnology-the largest in the world
-amount to approximately $511 million per year
(mix of data from fiscal years 1982 and 1983). U.S.
Government expenditures for generic applied
research in bioprocess engineering and applied
microbiology are estimated to be approximately
$6.4 million (see table 56), although the amount
could possibly range as high as $20 million or $30
million if the portions of USDA and DOE expendi
tures devoted to generic applied biotechnology
research were known. U.S. Government funded
applied research in biotechnology is virtually
nonexistent, except for the SBIR program and
some work being done in the National Labora
tories. Most of NIH's solicitations for the SBm pro
gram and about 5 percent of DOE's are for bio
technology; if all solicitations are funded, this
could total about $5 million plus. The U.S. Army
has also included a major initiative for biotech
nology under its SBm program. Since none of
these grants has. been funded, it is too early to
estimate the amounts that will be devoted to ap
plied biotechnology research.

Data on Government expenditures on biotech
nology research in Japan are the best for pur
poses of international comparisons. The total
amount being spent by the Japanese Government
for biotechnology research in Japan is about $60
million, but Japan's definition of biotechnology
is a broad one. A significant proportion of the
Japanese Government's funding is for generic ap
plied research in bioprocess engineering. The Fed
eral Republic of Germany, United Kingdom, and
France are probably spending similar amounts for
biotechnology research (approximately $60 mil
lion to $100 million each), probably with relatively
equal portions of basic and generic applied re
search.
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eral funds. Federal support could ensure more
rapid diffusion of generic applied knowledge, thus
enhancing U.S. competitiveness in biotechnology.

In Japanese universities, there is a clear separa
tion between basic and generic applied research.
In addition, the Japanese Government supports
generic applied research through institutes such
as FRI. Japan currently is increasing its funds to
basic research, although it relies to some extent
on the basic research of the United States.

GBF, generously funded by the West German
Government, is one of the best equipped applied
biotechnology research centers in Europe. Its
bioprocess laboratory, for example, is excellent.
In its various activities, GBF also serves as a bridge

, between academia and industry"

The United Kingdom has a high standard of ex
cellence and a cadre of highly trained basic re
search personnel. Recently, the British Govern
ment funded either wholly or in part several in
stitutes and organizations to carry out generic ap
plied and applied research and to train research
ers in industry in the new techniques. These in
clude CAMR, a center to carry out generic applied
microbiology research and diffuse it to industry;
Celltech, a company formed to exploit public sec
tor microbiology research; Agricultural Genetics,
a company formed to exploit public sector agri
cultural research; and BISCT, a biotechnology in
stitute and studies center trust to offer continu
ing education, especially to industrialists.

Switzerland has an excellent basic research base
in molecular biology, especially considering its
small size. In addition, ETH in Zurich undertakes
applied research and in 1976 established a bio
technology department. ETH and faculty at uni
versities have a tradition of close interaction with
industry in Switzerland.

In France, universities are regarded as teaching
rather than research institutions. The Govern-

ment funds its own laboratories through CNRS
or INSERM. These laboratories are attached to
several universities. The most important center
for biotechnology research is the Institut Pasteur
which is funded jointly by the Government and
industry and carries out primarily basic research.
G3, an organization established several years ago
within the Institut Pasteur, was specifically man
dated to encourage applied research in rDNA
technology. It is too early to predict whether G3
will contribute significantly to the development
of the field. The major lack in French biotechnol
ogy is a supply of trained researchers, because
the biological disciplines have not traditionally
been favored in France.

Basic, generic applied, and applied research are
necessary for any country's competitive position
in biotechnology. In terms of funding of basic
research, the United States is clearly the leader
with the largest and most extensive basic research
enterprise in the world. The United Kingdom,
West Germany, and Switzerland follow, and Ja
pan is slightly behind them. France is sixth be
cause it only now is beginning to exert a con
certed effort to study molecular biology.

In contrast, the Japanese Government leads all
countries in its commitment to generic applied
and applied research. The West German Govern
ment also has an extensive commitment to generic
applied research with the best equipped generic
applied research laboratory in Europe. The
United Kingdom and Switzerland follow. The
United Kingdom is beginning to fund applied
efforts with its support, for instance, of Celltech
and Agricultural Genetics, and Switzerland, with
ETH, has had a biotechnology effort since 1976.
The United States ranks behind these four coun
tries in its relative commitment to generic applied
research as opposed to basic research, and is fol
lowed by France, which ranks sixth in all three
categories of research.



Option 2: Increase funding for university-industry co
operative programs within NSF.

NSF currently has two university/industry
cooperative programs. One, the Industry/Univer
sity Cooperative Research Projects program, en
courages industry/university cooperation for ba
sic research because it will fund up to half of the
cost of a grant for basic research projects involv
ing the cooperation of investigators from industry
and universities. The program is advantageous to
industry, because it allows industry to leverage
its research funding effort, and, through coopera
tion' to gain a competitive edge in the innovation
process. University researchers benefit from the
program as well, because they improve their
awareness of industrial problems and applications
of basic research work. I

The other NSF program, the IndustrylUniversi
ty Cooperative Centers program, provides seed
money for a university to set up a center in
cooperation with industrial partners. Federal
funding is phased out after 3 to 5 years. This pro
gram allows the establishment of settings that en
courage university/industry cooperative research,
while market demand helps to determine the type
of research to be undertaken. Government fund
ing adds incentive for industry to fund long-terrn,
generic applied research. The infrastructure for

campuses of biotechnology institutes, in which
faculty in both biology and engineering could be
located in the same physical structure and work
on common research projects, could facilitate this
interaction. These institutes could carry out basic
and generic applied research. Funding could come
from Federal and State Governments and from
industrial sources. Several States have already
begun development of biotechnology centers:
Federal funding might help leverage State funding
to bring in more industrial support. Industrialists
as well as academicians could work in the insti
tutes; this arrangement would foster domestic
technology transfer. In addition, students could
be trained in both academic and industrial envi
ronments and industry personnel could be re
trained at the institutes.

The interdisciplinary nature of biotechnology
requires interaction among people with back
grounds in biology and engineering, but most
American universities are not structured to fa
cilitate this interaction. The creation at selected

Option 1: Fund one or more biotechnology institutes
within. universities.

Issues and options
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-see Chapter 12:Financing and Tax Incentives for Firms for indi
rect funding options for R&D.

ISSUE 1: How could Congress improve U.S.
competitiveness in biotechnology
by promoting generic applied re
search?

With its continual support of basic research,
Congress has endorsed a Federal commitment to
long-term funding of basic research that is essen
tial to technological development and innovation
in this country. It is crucial to the U.S.competitive
position in biotechnology that this commitment
to basic research continue.

Over the last three decades, the Federal com
mitment to generic applied research in biology
andbioprocess engineering has declined relative
to the commitment to basic research. Researchers
in the United States have not been attracted to
fields such as applied microbiology or bioprocess
engineering because only small amounts of Fed
eral funding have been available. Two critical fac
tors underlie this decline: 1) thereis no flexible,
broad-based Federal system for carrying out such
work; and 2) there has been a steady erosion of
these generic applied science efforts in U.S. uni
versities.

The governments of the major industrial coun
tries of Western Europe and Japan all possess
generally effective and sometimes extensive
mechanisms for funding generic applied R&D.
Furthermore, the university systems of these
countries have not become as unaware of the
needs of industrial technology as have the univer
sities in the United States (7). To improve U.S.
competitiveness in biotechnology by promoting
generic applied research, Congress could adopt
one or more of the following options."
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the continued implementation of the program
already exists within NSF.

The peer review system for reviewing univer
sity/industry cooperative research projects at NSF
is separate from the system for reviewing other
research projects. Thus, the generic applied na
ture of these cooperative research projects is
taken into consideration, while high standards of
research are assured.

Although increased Federal funding for univer
sity/industry cooperative programs within NSF
could promote generic applied research, if the
funding is not supplemental to needed increases
in basic research in bioprocess engineering, the
cooperative program could be damaging to the
extension of fundamental knowledge inbioproc
ess engineering and applied microbiology.

Option 3: Establish specialgrants for interdepartmen
tal cooperative research in biotechnology.

Currently, there is little communication be
tween bioprocess or chemical engineers and basic
biologists in universities. Special grants stipulating
that a bioprocess engineer and a biologist be co
principle investigators on a cooperative research
project could make researchers in these disci
plines more likely to conduct research on bioen
gineering or applied microbiology research rele
vant to the commercial development of biotech
nology. The grants could be administered by NSF,
since it has the technical personnel to administer
such a program.

One potential problem with special grants, given
current difficulties in obtaining funding, is that
the researchers might cooperate in order to write
the proposal then do essentially separate pieces
of research once funding is obtained. Thus, the
research conducted might not be truly coopera
tive. Avoiding this problem would necessitate
carefully stated requests for proposals and careful
monitoring of research.

Option 4: Develop generic applied research capabili
ty for biotechnology in the National Labora
tories.

The National Laboratories are an existing re
source, both in terms of physical plant and per
sonnel, that would be expensive to duplicate. Cur
rently, the National Laboratories do not have a
great deal of expertise in biotechnology. Never
theless, there would be several advantages to de
veloping their generic applied research capabili
ty. These laboratories have a commitment to re
search, facilities to conduct research, an objec
tive attitude towards industrial development, an
array of personnel trained in relevant disciplines,
and unique instrumentation development capabil
ities that could have a major impact on biotech
nology development. DOE's Energy Research Ad
visory Board has just assessed the laboratories,
and the White House Office of Science and Tech
nology Policy is currently reviewing them. An
assessment of the capability of the National Lab
oratory system to Carry out generic applied re
search in biotechnology has not been a part of
this report. This is an option for further study
by Congress.

Option 5: Increase funding for the SRIR program.

Increased funding for the SBIR program would
foster applied research not only in biotechnology
but also in other high-technology areas. Further
more, this program maintains the traditional phi
losophy of keeping much of applied research in
industry and fostering entrepreneurship.

Two counterarguments to this option should
be mentioned. First, although DOD and NSF have
had programs similar to the SBIR program, the
SBIR program has not been in existence long
enough in other agencies to be evaluated. Second,
because SBIR-funded research must have com
mercial potential within 3 years, it is too short
term for problems that are generic applied, l.e.,
studies that fall between fundamental research
and applied research. The SBIR program, as it is
structured, is funding research that is further on
the continuum toward product development than
generic applied research. Although the program
is important for biotechnology because it could
help support small businesses that are doing bio
technological research, it may not be a viable op-



The NSF research instrumentation initiative is
slated for major increases in fiscal year 1984, with
the biological sciences component up 51.9 per
cent and engineering up 109 percent (some por
tion of which will be spent on bioprocess engi
neering). The NSF funds will concentrate on multi
user equipment. Various manufacturers of equip
ment have agreed to give NSF grantees reduced
prices for purchase of this equipment.

Option 2: Increase the instrumentation fund within
NSF.

The NSF research instrumentation initiative,
although it moves in the right direction toward
reducing instrumentation needs, is a part of the
awards process. That is, more money will be avail
able only for NSF grantees to use for instrumen
tation needs for NSF-funded research projects. In
strumentation initiatives similar in amount to
DOD'sbut without the defense-related restrictions
do not exist in the United States. An instrumen
tation initiative within NSF or some other agen
cy could be steadily increased over the next sev
eral years to begin addressing the instrumenta
tion needs of teaching and research institutions.
Some funds could be earmarked for instrumen
tation needs primarily for teaching purposes.

Option 1: Increase the special DOD fund for
upgrading university equipment.

The purpose of DOD's fund, obligated in fiscal
year 1982 and totaling $150 million over 5 years,
is to upgrade university equipment. The solicita
tions stipulated that the equipment must be for
basic research, must be multiuser, and must cost
more than $50,000. Bythe closing date, proposals
totaling $645 million had been received from U.S.
universities. An increase in funding would help
to alleviate the huge need manifested by the $645
million in proposals.

One disadvantage of relying exclusively on the
instrumentation fund in DODis that DODawards
are granted only to projects that are of interest
to DOD. A second problem is that DOD's fund
does not address equipment needs in the $10,000
to $50,000 range.

ISSUE 3: How could Congre.... help U.S.
academic institutions meet their
needs for modern equipment and
instrumentation?

There is an enormous need for modern equip
ment and instrumentation at universities, colleges,
and secondary schools. Instrumentation is needed
for teaching as well as research purposes, because
teaching and research institutions have not been
able to meet the needs for rapidly changing tech
nology in instrumentation. In addition, as re
search grows more sophisticated and specialized,
the instrumentation also grows more costly. To
enable academic institutions to meet their needs
for equipment and instrumentation, Congress
could adopt one or more of the following'options.
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ISSUE 2: Should the U.S. Government fund a
germplas m screenlng program?

USDA (under ARS) has a network of centers for
accession, storage, screening, and research on
germplasm. The work at most of the centers is
devoted to study of plants (the center at Fort Col
lins, Colo.,being the largest). The center in Peoria,
Ill., however, also includes micro-organisms in its
collection. The Peoria center currently houses
about 80,000 accessions of micro-organisms (path
ogens are not included in the program) of poten
tial interest to bioprocesses, especially for foods
and drugs. It also houses 15,000 accessions of wild
plant species and is screening these for industrial
and medical potential. Of these, 8,000 wild species
have been analyzed. Since the Peoria center is a
repository for patented and industrially impor
tant micro-organisms, there is no specific program
to screen these or other micro-organisms for po
tentially useful genes. The National Academy of
Sciences is currently reviewing the USDA germ
plasm storage program in order to evaluate the
relative efforts spent on accession and storage
versus screening and analysis for potentially use
ful genes. A germplasm screening program might
be an oversight issue for Congress as biotechnol
ogy develops.

tion for increasing support of generic applied
research in biotechnology.
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Option 3: Legisiate tax deductions for the installation
and servicing of new or used equipment
that companies have donated to universities

Tax deductions to encourage industry to donate
equipment to universities and colleges already ex
ist. Often, however, because they cannot afford
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personnel is the fact that companies are offering
special inducements to highly qualified person
nel. Many companies have given their scientists
and engineers considerable freedom with respect
to the pace and direction of their work. U.S. firms
using biotechnology stress the independence and
flexibility of the work environment in order to
attract qualified personnel from academic envi
ronments (11). In Japan, companies that persuade
Japanese doing academic research abroad to re
tum promise them a flexible research environ
ment (35).

As background for the analysis that follows, the
first section of this chapter discusses the quanti
ty and types of scientific and technical person
ne� needed for the commercial development of
biotechnology. The second section compares and
contrasts the availability of especially important
categories of personnel in the United States and
four other countries commercializing biotechnol
ogy-Japan, the Federal Republic of Germany,
United Kingdom, and France-while the third sec
tion compares the training systems in biotechnol
ogy-related areas in these countries. Also pre
sented is the information that is available on
Switzerland. In the concluding section, congres
sional issues and policy options with respect to .
the training and retraining of U.S. personnel in
biotechnology are outlined. Because the amount
of government funding of specific research areas
can attract or discourage students from entering
those areas, the reader may wish to review Chap
ter 13: Government Funding ofBasic and Applied
Research.

Personnel Availability and Training
Chapter 14

Introduction

Adequately trained scientific and technical per
sonnel are vital to industrial competitiveness in
biotechnology. Countries lacking highly skilled
personnel cannot have companies that compete
internationally in highly technical operations such
as the design and manufacture of a computer-eon
trolled bioreactor, the discovery of a new bio
chemical pathway for the production of a special
ty chemical, or the development of a micro
organism that produces a desired protein.

An important factor in the success of companies
attempting to commercialize biotechnology is the
degree of sophistication of their research and de
velopment (R&D) personnel with respect to state
of-the-art developments in the field. Despite the
fact that there is no "typical" firm or organiza
tiona� structure among the firms using biotech
nology, most corporate activity in new biotech
nology at present is dedicated to R&D.* Thus, for
example, a July 1982 report on a survey of Califor
nia firms using new biotechnology estimated that
63 percent of the employees in these companies
were professional and technical personnel in
volved in R&D (11). ** The other employees were
clerical workers (17 percent), managers (15 per
cent), and floor-level production and maintenance
workers (5 percent).

An indication that the commercial development
of biotechnology is highly dependent on skilled

-see Chapter 4: Firms Commercializing Biotechnology for a
description of the firms involved in the development of biotech
nology in the United States and other countries.

* "This survey identified 50 companies and interviewed a simple
random sample of 10 firms (20 percent), All were new biotechnology
firms, as defined in Chapter 4: Firms Commercializing Biotechnology.
The survey's definition of biotechnology was "the use of living
organisms or their components in industrial processes."
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Size and future growth of the
biotechnology labor force

It is very difficult to estimate the size of the
biotechnology labor force. Theoretically, the num
ber of personnel in supply and technological sup
port firms, which is approximately four to five
times that of firms commercializing biotechnology
(11), should be included in the estimate. This chap
ter, however, focuses exclusively on the person
nel requirements for professional and technical
personnel of firms commercializing biotechnol
ogy. It does not consider the requirements of sup
ply and technological support firms, the vast ma
jority of which market products not only to com
panies commercializing biotechnology but to
other companies as well.

A July 1982 report estimated total U.S. private
sector employment in "synthetic genetics" to be
3,278, * including about 2,000 "professional and
technical" employees (11). The same report esti
mated that U.S. private sector employment in
"synthetic genetics" had grown at a rate of 54 per
cent annually since 1976 and projected that total
employment would reach about 40,000 in 1992.

O'TA estimates that about 5,000 employees are
employed by companies in the United States in
biotechnology R&D. In April 1983, oTA and the
National Academy of Sciences (NAS) ** conducted
a survey to determine the personnel needs in bio-

. technology of companies in the United States. The
questionnaire, reproduced in Appendix E: OTAI
NAS Survey of Personnel Needs of Firms in the
United States, was sent to 286 companies. Of the
133 that responded, 18 indicated that they were
not engaged in biotechnology activities, and 20
others were determined not to be engaged in bio-

"This number was arrived at by taking estimates of total world
wide shipment of biotechnology products estimated for the target
year from OTA's 1981 report Impacts of AppHed Genetics: Micra
Organisms, Plants ..and Animals (40). This estimate was converted
to employment of production workers by using case study data from
the same OTA report. Next, this estimate was converted into total
employment, including nonproduction workers, by utilizing data
for established industries. Finally) total worldwide employment was
subdivided and a weighted allocation made to the United States.

""NAS Committee on National Needs for Biomedical and Behavioral
Research Personnel; Robert Barker, Cornell University, Chair of
Panel on Basic Biomedical Personnel.

technology activities from their answers to the
questionnaire. To estimate the total number of
firms engaged in biotechnology in the United
States, oTA determined which of the 153 nonre
sponding companies were engaged in biotechnol
ogy by telephoning the companies, examining an
nual reports, reading newspaper reports, etc.
O'I'A's estimate of the total number of companies
engaged in biotechnology activities in the United
States is 219. *

As of April 1983, the 95 companies that reo
sponded to the oTAINAS survey employed 2,591
individuals in industrial biotechnology R&D.
These 95 firms represent 43 percent of the 219
firms in the United States estimated to be engaged
in biotechnology activity. Extrapolation of this
number suggests that the number of individuals
employed in biotechnology R&D in all 219 com
panies using biotechnology could be about 5,000.

The 95 firms that responded to the survey indi
cated plans to hire an additional 1,167 technical
ly trained employees over the next 18 months. **
No company indicated plans to reduce the num
ber of technically trained employees in the next
18 months, so this figure represents an annual
employment growth rate approaching 30 percent
(not including any new companies formed in the
next 18 months). A 3D-percent annual growth rate
in the number of R&D personnel probably will
not be sustained over any length of time, so it is
unlikely that the commercialization of biotechnol
ogy will lead directly to large increases in employ'
ment in the R&D sector. The need for marketing
and sales personnel and the potential for spinoff
industries are difficult to assess at this time.
However, these sectors could be high-growth sec
tors for biotechnology.

"For a list of companies engaged in biotechnology in the United
States, see Appendix - D: Index of Firms Commercializing
Biotechnology in the United States.

"<Fer a tabulation of the numbers and types of employees these
companies indicated they planned to hire, see question 4 in Appendix
E:QTAJ1VAS Survey of Personnel Needs ofFinns in the United States.
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The demands for biotechnology R&D person
nel are estimated to be fairly small in foreign
country calculations as well. Britain's Royal Socie
ty has estimated that about 100 graduate biotech
nologists per year will be needed over the next
10 years to commercialize biotechnology in the
United Kingdom; about four times that number
of technicians and technical support staff will be
needed (45). The French Biotechnology Commis-

. sion has forecast a need for about 1,830 research
ers and engineers in biotechnology in France over
the next 5 years (44).

"Feldman cites a 1980 report by the National Institute for Occupa
tional Safety and Health (NIOSHl, in which NIOSH reported on a
Schering-Plough (U.s.) process for producing human leukocyte inter
feron. Only six people were assigned to production, and probably
all six were not needed to monitor the bioprocess (11).

One reason that commercialization of biotech
nology will not directly contribute to a rapidly
expanding U'S. work force is that bioprocess tech
nology is not labor intensive (11),' It is estimated
that personnel requirements for bioprocessing,
even after firms enter mass production, will be
only 10 to 15 percent of the total biotechnology
work force. Furthermore, with more sophisti
cated' computer-controlled continuous bioproc
esses, the labor intensity of bioprocesses could
decrease (11).

Categories of technical expertise

The industrial development of biotechnology
will require several specific categories of techni
cal personnel, many of which are listed in Appen
dix E: OTAINAS Survey of Personnel Needs of
Firms in the United States. Especially important
categories include specialists in genetic manipula
tion such as molecular biologists and immunolo
gists, specialists in scale-up and downstream proc
essing such as bioprocess engineers, biochemists,
and microbiologists. Generalizations with regard
to the relative importance of these various cate
gories of technical specialization in the develop
ment of biotechnology can be drawn from the re
sponses of the 95 companies that responded to
the OTAINAS survey.

SPECIALISTS IN GENETIC MANIPULATION:
MOLECULAR BIOLOGISTS AND IMMUNOLOGISTS

The development of hybridoma and recombi
nant DNA (rDNA) technologies brought molecular
biology into the marketplace. A sufficient supply
of molecular biologists and immunologists who
are specialists in genetic manipulation has been
critical to the development of corporate biotech
nology R&D in the United States. As shown in
table 62, about one-third of the technical person-

nel employed by the 95 companies responding to
the OTA/NAS survey are specialists in rDNA/mo
lecular genetics or hybridoma/monoclonal anti
body (MAb) technology (there are twice as many
specialists in rDNA as in hybridoma technology).
These specialists in genetic manipulation are ex
pected to become increasingly important in the
next 18 months, constituting 37 percent of new
hirees.

Most molecular biologists trained in the United
States at present are specialists in animal molec
ular biology. The development of agricultural ap
plications of biotechnology will require specialists
in plant molecular biology with knowledge of both
plant physiology and molecular genetics. Accord
ing to the OTAINAS survey, specialists in plant
molecular biology currently constitute only 3 per
cent of the U.S. biotechnology R&D labor force
and will constitute 5 percent of all new hirees in
biotechnology in the next 18 months.

SPECIALISTS IN SCALE-UP AND DOWNSTREAM
PROCESSING: BIOPROCESS ENGINEERS,
BIOCHEMISTS, AND MICROBIOLOGISTS

Specialists in scaling-up the production of genet
ically manipulated micro-organisms (and higher
organism cells) and in separation and purification
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Table 62.-Major Categories 01 Biotechnology R&D Personnel in Firms in the United States IOTA/NAS Survey)

Area of technical expertise
Areas related to genetic manipulation:
rDNA/molecular genetics , .
Hybridoma/mcncclonal antibodies .
Plant molecular biology , . , .
Areas related to scaleoup/downstream processing:
Microbloloqy> , ",
Biochemistry? -. ','" '" , , .
Bioprocess engineering , ............•.............
Areas related to all aspects of biotechnology:
Enzymology/immobilized systems .
Cell culture .

Employees to be hired
Present employees in the next 18 months

Number Percent of total a Number Percent of total a

586 23% 302 25%
247 10 146 12
76 3 63 5

334 13 160 13
326 13 125 10
186 7 100 8

219 9 59 5
187 7 66 5

aThe total number at industrial personnel (currently engaged in R&D in new biotechnology) Identified In the OTA/NAS survey was 2,591.The total number of personnel
to be hired In the -text 18 months, according to the survey responses, was 1,167 (see app. E).

bMlcrobiology, as used in this table, combines the OTA/NAS survey responses to industrial microbiology and general microbiology (categories 9 and s of the survey
questionnaire repmduoed In app. E).

cSiochemlstry, as used In this table, combines the OTA/NAS survey responses to analytical biochemistry and general biochemistry (categories J and k of survey quee
tionnaire reproduced in app. E).

SOURCE:Office of Technology Assessment.

of products will become increasingly important
as companies developing commercial applications
of biotechnology move into production. Although
few companies have reached the scale-up stage
for new biotechnology products to date, * a
substantial amount of R&Din companies develop
ing commercial applications of biotechnology is
related to scale-up.

As shown in table 62, about one-third of the bio
technology R&D technical personnel at the 95
companies responding to the OTAtNAS survey are
specialists in areas related primarily to scale-up
and downstream processing: bioprocess engineer
ing, biochemistry, and microbiology. Bioprocess
engineers are needed to design, construct, and
maintain scale-up equipment and bioprocesses.
Biochemists (apart from enzymologists, discussod
below) are involved in the recovery, purification,
and quality control of protein products. Microbiol
ogists are needed for the isolation, screening, and
selection of micro-organisms having particular
catalytic properties. Such specialists are also
needed to determine the optimal growth and pro
duction conditions for micro-organisms in order
to facilitate the design of environments that max
imize the micro-organisms' productivity. In the
context of the commercialization of biotechnol
ogy, bioprocess engineering, biochemistry, and

"In 1982, about 2 percent of all biotechnology workers in Califor
nia were production workers (11).

microbiology are generally considered to be more
applied science disciplines than are molecular
biology and immunology.

As shown in table 62,the OTAtNAS survey of
.firms in the United States found that bioprocess
engineers constitute approximately 7 percent of
the current biotechnology R&D work force and
will constitute 8 percent of all new hirees over
the next 18 months. Specialists in microbiology
constitute 13 percent of current employees and
13 percent of the employees to be hired in the
next 18 months. Biochemists constitute 13 per
cent of current employees and will constitute 10
percent of new hirees in the next 18 months.

SPECIALISTS IN ALL ASPECTS OF
BIOTECHNOLOGY: ENZYMOLOGISTS AND CELL

CULTURE SPECIALISTS

Enzymologists and cell culture specialists are
important for many aspects of biotechnology. Ad
vances in the understanding of enzyme structure
and function are important in developing the po
tential of biocatalysts for product formation. Cell
culture is used at early R&D stages, but it is be
coming increasingly important for the large-scale
growth of higher organism cells, especially hy
bridomas. As shown in table 62, according to the
OTAtNAS survey, enzymologists constitute 9 per
cent of current biotechnology employment in
R&D; cell culture specialists constitute 7 percent



of current biotechnology employment. Both cat
egories of specialists constitute a smaller fraction
of future biotechnology hirees (5 percent each)
than they do of current employees.

Availability of biotechnology
personnel in the United States

Of the countries studied, the United States has
the largest number of specialists in genetic
manipulation. The large supply of well-tr-ained
molecular biologists and immunologists in the
United States is one reason for the rush of small
company startups and the initial American lead
in biotechnology. A primary reason for the large
number of basic life science specialists in the
United States is that for the past three decades,
there has been substantial support from the U.S.
Government, primarily from the National Insti
tutes of Health (NIH), of basic research in the life
sciences (26). In 1978, for instance, while the
governments of most other developed countries
were putting 2 to 4 percent of their R&Dexpend
itures into health-related basic research, the
United States was putting 11 percent of a much
larger R&D base into health research (26). U.S.
Government funds have strengthened the foun
dation of basic life science research, produced
trained graduates,and generated an infrastruc
ture for U.S. industrial growth in molecular
biology (12). The dominance of the United States
in the life sciences is supported by scientific and
technical article publishing data. In 1979, U.S.
authors published 40 percent of the world's arti
cles in biology and 43 percent of the world's ar
ticles in biomedicine (26).

The results or-the OTA/NAS survey of U.S. in
dustrial biotechnology personnel needs reflect,
with few exceptions, the United States' abundance
of personnel trained in basic biological science.
Relatively few of the 95 companies responding
to the survey indicated that they were experienc
ing shortages of biochemists, pharmacologists,
and toxicologists, who will be needed for the pur
ification, recovery, and testing of biotechnology
products. Furthermore, relatively few companies
cited shortages of personnel in the areas of hy
bridoma and cell fusion technology. *

"For a tabulation of responses, see question 1 in Appendix E:
OTAINAS Survey ofPersonnel Needs ofFirms in the United States.
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Despite the abundance of personnel in the basic
biological sciences in the United States, partici
pants at two recent National Science Foundation
(NSF) workshops * expressed concern that the
United States currently may not have enough
well-trained bioprocess engineers necessary for
design and monitoring of biological scale-up proc
esses (27). A shortage of highly trained bioproc
ess engineers in the United States, workshop par
ticipants suggested, could be a bottleneck to the
rapid commercialization of biotechnology in the
United States. The NSF workshop participants also
pointed to an insufficient supply of industrial
microbiologists. Between 1979 and 1981, the num
ber of industrial microbiology positions listed in
the United States nearly doubled, while the num
ber of doctorates in "microbiology and bacteriol
ogy" has remained constant for the past 15 years
(4). As shown in table 63, the results of the OTA/
NAS survey also suggest that the United States
may be experiencing shortages of bioprocess engi
neers: 11 of the 26 U.S. companies planning to
hire Ph. D. bioprocess engineers in the next 18
months are experiencing shortages. The OTA/NAS
survey results with respect to shortages of micro
biologists are more equivocal. **

Shortages in bioprocess engineers, and possibly,
industrial microbiologists, may be due in part to
the fact that in the past three decades, there has
been relatively less Federal support for applied
microbiology, applied biochemistry, and bioproc
ess engineering research than for basic research
in molecular biology, biochemistry, and immunol
ogy. Thus, university research activities have been
guided by Federal funding toward basic biological
research and away from these applied disciplines.
The shortages may also reflect the fact that U.S.
industrial support for university R&D in applied
biology and bioprocess engineering has declined
in the past three decades (12). After World War

"Prospects for Biotechnology ,"University of Virginia, Apr. 5-6,
1982; "Developing the Biotechnology Component of Engineering,"
North Carolina Biotechnology Center, Apr. 24-25, 1983.

* "Results concerning personnel shortages from the OTAINAS sur
vey are equivocal because the responses of the firms that indicated
that they were not experiencing personnel shortages could indicate
merely that the firms have not begun a search for personnel or
instead indicate that they are not having any difficulty finding trained
personnel. Furthermore, the 95 firms that responded to the survey
represent less than half of the total number of companies commer
cializing biotechnology in the United States-and may not be repre
sentative of the level of scale-up taking place as a whole.
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Table 63.-Shortages In Major Categories of Ph. D. Biotechnology R&D Personnel in Firms in the United States
(OTA/NAS Survey)

Area of technical
expertise (Ph. D.)

Bioprocess engineering .
Recombinant DNA .
Gene synthesis .:~ .
Plant molecular biology .
Industrial microbiology .
SOURCE: Offlce of Technology Assessment.

Experiencing shortages
and plan to hire in
the next ·18 months

11
10

7
4
3

Number of firms

Experiencing shortages
and do not plan to hire in

the next 18 months

1
1
3
4
4

Not experiencing shortages
but plan to hire in

the next 18 months

15
29
7

15
14

II, U.S. chemical companies switched from bio
mass to petroleum feedstocks and consequently
decreased their demand for bioprocess engineer
ing and applied biology programs. Conditions in
Japan, the Federal Republic of Germany, and the
United Kingdom have differed markedly from
those in the United States; in these countries, both
public and industrial support have helped main
tain a strong academic base for the microbial and
bioprocess industries over the past several years
(12).

The late David Perlmann wrote in 1973 (8):

The interest in the u.s. has shifted in the past
20years toward molecular biology.Few students
are being trained for the fermentation industries.
In the long run, this has worked to the disadvan
tage of the industries. Unless present trends in
the U.S. are reversed, we can expect that in the
future it will be desirable to send our students
to Japan to learn the techniques thatwill assure
the continuation of the fermentation industries
in the United States.

This situation does not appear to have changed
much in the last 10 years.

The OTAINAS survey also showed that 10 of
39 companies planning to hire Ph. D. specialists
in rDNA in the next 18 months are experiencing
shortages. Much of the R&D activity now in the
commercialization of biotechnology is in this area,
and, thus, the demand for these specialists is high.
However, as companies move toward production,
the demand for scale-up and downstream proc
essing specialists will increase, while the demand
for the more basic scientists will not. Thus, the
current shortages of bioprocess engineers and in
dustrial microbiologists are considered to,be more
serious.

The shortages in biotechnology personnel in the
United States may be partially counteracted by
a flow of skilled foreign personnel into the United
States.' A representative of one U.S. company
stated that of the company's R&D staff of 130,
13 were foreign nationals (9Ph. D.s). The foreign
nationals were from Taiwan, India, Canada, and
Hong Kong, and had expertise in nucleotide chem
istry, applied microbiology, and bioprocess engi
neering. U.S. companies using biotechnology
might be hiring an even greater percentage of
foreign technical personnel if cumbersome and
strict immigration regulations did not exist.

A vailability of biotechnology
personnel in other countries

The number of scientists and engineers engaged
in R&D activities in the United States, Japan, the
Federal Republic of Germany, the United King
dom, and France is shown in table 64. As can be
seen from that table, in 1977, the United States
had more R&D scientists and engineers than any
of its principal competitors in biotechnology.
Japan had the second largest number, with half
that of the United States. The size of a country's
R&D labor force is one measure of a nation's R&D
capacity. It is only an approximate measure, how
ever, because it does not take into account such
factors as the level of sophistication or specializa
tion, utilization, or productivity of a country's
R&D personnel. Furthermore, these data cannot

*Reliance on foreign R&D personnel has been common in other
U.S. high-technology industries. Many semiconductor and computer
companies hire foreigners in order to compensate for shortages of
U.S. electrical engineers. At Intel (U.S.l, for instance, 50 percent of
the engineers holding M.S. degrees and 64 percent of the engineers
with Ph. D.s are foreign (15).
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Table 64.-Number of Scientists and Engineers Engaged in R&D by Country, 1977

Country
United States .
Japan .
Federal Republic of Germany .
United Kingdom .
France .

Number of Scientists and engineers
scientists and engineers as percentage of work force

573,900 0.58%
272,000 0.50
111,000 0.44
80,700' 0.31
68,000 0.30

81975.

SOURCE: National ScienceFoundation, Science Indicators, 1980, Report of the Natlonal Science Board, Washington, D.C.,1981.

be dissected into the percentage of biological per
sonnel.

There are few statistics documenting numbers
of specific types of biotechnology personnel in
countries other than the United States. For that
reason, shortages and surpluses in foreign coun
tries are difficult to identify. Nevertheless, distinct
patterns with respect to the availabilityof biotech
nology personnel in foreign countries can be dis
cerned through an examination of available gov
ernment policy documents and other supporting
evidence.

JAPAN

Several experts noted that in the early 1980's,
Japan experienced a shortage of experts in genet
ic manipulation. This shortage was undoubtedly
due to the inadequacy of the basic biological sci
ences in the universities. * Japanese universities
have received limited Government support for ba
sic research, so most Japanese universities have
not developed extensive research programs in the
basic biological sciences. Japan's public universi
ties have been a relatively minor source of highly
trained personnel in rDNA and hybridoma tech
niques (35). Thus,Japanese companies have had
to look to other sources of trained basic biological
scientists. Some companies have started in-house
training programs. Japanese companies have also
hired Japanese researchers from abroad, sent em
ployees to be trained abroad and at Japanese
universities, and recruited midcareer researchers
from other Japanese companies (35). The last op-

"There is little communication between the basic and applied
science departments in Japanese universities. Only the applied
science departments have traditionally maintained close relation
ships with industry. Fora more extensive descriptionof the Japanese
university system and its relationship with industry, see Chapter
17: Universityhndustry Relationships.

tion is particulary unique for Japan, a country
noted for a lack of personnel mobility. The ex
tensive effort exhibited by Japanese companies
seems to have overcome the personnel shortages
documented a few years ago.

The supply of bioprocess engineers and indus
trial microbiologists is larger in Japan than in any
of the competitor countries. Japanese Govern
ment officials monitoring biotechnology have in
dicated that the supply of personnel to handle the
challenges of scale-up in Japan is not an area of
concern (19,35). In fact, a major proportion ofbio
technologists in Japan have their background in
microbial physiology, an area of neglect in every
country examined here except Japan (29).

The specialties of bioprocess engineering and
industrial microbiology are strong in Japanese
universities in part because the specialty chemical
and other industries using traditional bioproc
esses in Japan have kept the demand for gradu
ates in these specialties high. After World War
II, when chemical companies throughout the
world largely switched to processes using petro
leum feedstocks, Japanese chemical companies re
tained some processes using biomass feedstocks
and came to dominate the international amino
acid market. Furthermore, applied biology depart
ments at Japanese universities have kept in close
contact with industry representatives. Each year,
75 students in applied biochemistry graduate
from Tokyo University alone; half go on to grad
uate studies, and half of these go beyond their
M.S. degrees. Most are employed by Japan's lead
ing bioprocess companies (35).

FEDERAL REPUBLIC OF GERMANY

The Federal Republic of Germany has sufficient
personnel to compete with the United States and



338 -Commercial Biotechnology: An International Analysis

other countries in biotechnology. It is possible that
there are some shortages of molecular biologists
with expertise in rDNA and hybridoma research.
However, according to Norman Binder, the
cabinet head of the German Ministry of Science
and Technology (BMFT, Bundesministerium fiir
Forschung und Technologie), the training of peo
ple in rDNA and hybridoma technology is now
a high priority in West Germany (21).

The Federal Republic of Germany's supply of
personnel in specialties related to scale-up and
bioprocessingappears to be adequate. Like Japan,
the Federal Republic of Germany maintained a
steady supply of both industrial and government
funding for applied microbiology and bioprocess
engineering after World War II. According to
BMFT, however, the number of both bioprocess
engineers and industrial microbiologists in Japan
surpasses the number in West Germany (21).

Like the United Kingdom (see below), the Fed
eral Republic of Germany is concerned about a
brain drain of biotechnology R&D personnel to
other countries. According to the Max Planck So
ciety's senate and the present Minister of Re
search and Technology, shortages of suitably
qualified workers in West Germany are partially
due to a brain drain to the United States (9,37).
The brain drain of scientists from West Germany,
however, appears to be less serious than that
from the United Kingdom,

UNITED KINGDOM

Like the United States, the United Kingdom
boasts both qualified personnel and excellent
training and education programs for personnel
in the basic life sciences. In the 1950's and 1960's,
there was considerable expansion of basic life
science research in British universities. By
1972-73, health-related R&D, supported mostly
by the Medical Research Council (MRC), had risen
to 5 percent of the British Government's R&D
budget, nearly twice the percentage of Japan, the
Federal Republic of Germany, or France (26).'
MRC's past investmentin biology is now paying
off. Molecular biologists and immunologists sup-

"Since 1973, Government expenditures in the United Kingdom
for health-related research have dropped and are now equivalent
to those of the other foreign countries studied here (26).

ported by MRC are internationally prominent in
the development of rDNA and hybridoma tech
nologies. Nevertheless, there may be shortages
of molecular biologists if the industrial develop
ment of biotechnology expands rapidly (2).

Like Japan and the Federal Republic of Ger
many, the United Kingdom has a good academic
base for training bioprocess engineers. Never
theless, the United Kingdom appears to be expe
riencing a shortage of bioprocess engineers (2).
A brain drain from the United Kingdom is viewed
as partially responsible for this shortage. Many
British biotechnologists are leaving for the United
States, Switzerland, and other countries of the
European Economic Community, because suffi
cient posts do not exist in the United Kingdom
at present and salaries in the United Kingdom are
not competitive with those in other countries (45).
When the Swiss company Biogen SA' advertised
for 30 molecular biologists, half of the 600 applica
tions they received were well-qualified British (45).

Analysts estimate that a total of between 100
and 1,500 experts in some aspect of biotechnology
have left the United Kingdom over the past sev
eral years (30). Governmental institutions are tak
ing active measures to counteract the brain drain.
The Research Councils, the United Kingdom's
public research institutes, have adopted an active
policy of encouraging scientists from the United
Kingdom who have spent time in industry abroad
to return home. The Science and Engineering Re
search Council (SERC) maintains a list of British
biotechnologists outside the United Kingdom and
may be taking measures to encourage them to
return (30), and MRChas announced publicly that
it will provide laboratory space and allow reen
try into the career structure without penalty for
scientists who return to the united Kingdom (45).

SWITZERLAND

The access to distinctive universities and the
high standard of living in Switzerland attract
highly qualified personnel from around the world
to participate in Swiss biotechnology. Although
the availability of personnel may not be impor-

-Btogen S.A. is one of the four principal operating subsidiaries
of Blegen N.V., which is registered in the NetherlandsAntilles.Biogen
N.V. is about SO-percent U.S.-owned.
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Japan and many European countries. High school
students in Japan are required to complete 2
years of mathematics and 2 years of science be
fore graduating (42). Secondary school students
in many European countries, even students spe
cializing in classics or languages, similarly get far
more extensive training in mathematics and sci
ence than do students in the United States (6).

Several recent studies have identified a decline
in the quality of science and mathematics educa
tion in U.S. secondary schools, attributing it to
a lack of good teachers, instrumentation, Federal
support, and local community support in the form
of bonds and taxes (6,10,16,31,47). Furthermore,
many leading scientists, engineers, and politicians
in the United States fear that the decline is leading
the United States to become a nation of techno
logical illiterates and is compromising the U.S.

anced national research bases of other competitor
countries.

The scarcity of personnel in France cuts across
several sectors of R&D in these technologies and
applies equally to different categories of person
nel' from scientists and bioprocess engineers with
advanced degrees to skilled laboratory and pro
duction technicians. In order to correct this situa
tion' the French Government has given special at
tention to the education and training of qualified
personnel. The research law passed in July of
1982 called for the active involvement in the ed
ucational process of public sector researchers out
side universities (46). And the Programme Mobil
isateur presents educational guidelines for all
stages of schooling from secondary to postdoc
torallevels, placing special emphasis on an inter
disciplinary approach within the universities (24).
The education of a specialist in rDNA technology,
nonetheless, takes many years, as does the im
plementation of such training programs. As a
short-term solution to its present lack of person
nel' therefore, France imports foreign experts
(24).

Secondary school education in the
United States and other countries

Secondary school education in science and
mathematics in the United States trails that in

The availability of the scientific and technical
personnel necessary for the commercialization of
biotechnology is highly dependent on a country's
educational infrastructure. The discussion here
compares various aspects of training, all of which
are important to the development of biotechnol
ogy: 1) secondary school education, 2) biotech
nology-related undergraduate and graduate ed
ucation, 3) transnational training opportunities,
and 4) mid-career retraining opportunities.'

Personnel training

FRANCE

France has a serious shortage of qualified per
sonnel that could well undermine the country's
basic and applied science base and prevent France
and its industries from competing successfully in
the world biotechnology marketplace. Specialists
in the fields of general and industrial microbiol
ogy, rDNA and hybridoma technologies. enzym
ology, plant and animal cell culture, and bioproc
ess engineering are few (3). Although some
French research centers boast internationally rec
ognized teams, such as the enzymology and bio
process technology teams at the technical Univer
sity of Compiegne or the immunology groups at
the Institut Pasteur (44), these are isolated clusters
of expertise. Thus, France will have difficulty
matching the total output of the large and bal-

"Forgeneral information on science and engineering education
and personnel internationally, see (39).

tant for the large pharmaceutical companies
which conduct a large proportion of their R&D
in other countries, it is crucial to the Swiss ad
vancement of biotechnology in other sectors. The
attraction of talent from other industrialized
countries may help the competitive efforts of
Swiss companies in biotechnology in the future.
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Table 65.-Sources of New Ph. D. Biotechnology R&D Personnel
In Selected Categories in Firms in the United States

(OTA/NAS Survey)

*At the undergraduate level, there are only two accredited bio
engineering (distinct from biomedical engineering) programs in the
United States, one at the University of Illinois at Chicago and one
at Texas A&M.

Companies planning to
retrain current staff

Companies planning to
hire from academia

nology. Nevertheless, interest in plant molecular
biology is increasing dramatically. Botanists are
learning the new techniques, and biomedically
trained researchers are applying their expertise
to plants. Because of the separation of agricultural
researchers and plant molecular biologists in the
United States, however, there are problems of
communication between these groups which may
slow research advances (34).

There is a growing concern that a shortage of
plant molecular biology professors in the United
States could result from a drain of Ph. D. plant
molecular biologists from U.S. universities to in
dustry (25). As numerous companies have started
efforts in plant molecular biology and existing
companies have expanded into plant molecular
biology, industry has been competitively recruit
ing university researchers. As shown in table 65,
according to the OTA/NAS survey, all of the corn
panies wanting to employ Ph. D. plant molecular
biologists intend to hire from academia, and half
intend to hire from industry as well.

Bioprocess engineering education in the United
States, now almost exclusively provided in univer
sity chemical engineering departments at the
graduate level, * is closely tied to training oppor·
tunities in chemical engineering (12). Between
1970 and 1980, the number of Ph. D.s graduating
in chemical engineering declined by nearly 25 per
cent, and the bioprocess subset of the chemical

Companies planning to
hire from industry

UNITED STATES

The United States has an adequate supply of
personnel in nearly all the fields of basic biological
sciences relevant to biotechnology, with the possi
ble exception of plant molecular biology. For the
training of plant molecular biologists, new and
modified curriculum offerings may be needed.
Most classical plant breeders in the United States
are trained at agricultural research stations and
land-grant colleges; thus, their training does not
traditionally include molecular biology. Because
the new genetic technologies grew out of biomed
ical research at universities and NIH, few tradi
tional plant breeders have the training that would
allow them to do experiments using rDNA tech-

There is near unanimous agreement that the
development of biotechnology will require per
sonnel capable of operating in an interdisciplinary
environment with various levels of expertise in
both biology and engineering (29). Because of tra
ditional barriers between basic biological science
and engineering departments in most higher
educational institutions, the challenge of pro
viding interdisciplinary undergraduate and grad.
uate education for personnel in biotechnology is
a challenge common to all industrialized coun
tries.

Undergraduate and graduate
education in the United States
and other countries

position in international competition in high-tech
nology areas (1,38,49).

Area of technical expertise
(Ph. D.) Number

Percent
of total" Number

Percent
of total a Number

Percent
of totat"

Recombinant DNA .
Gene synthesis _.
Industrial microbiology .
Bioprocess engineering .•...
Plant molecular biology ....

15
9

11
19

9

38%
64
67
86
50

35
13
13
11
18

84%
93
81
50

100

3
3
2
2
3

7%
21
13
9

17

aRefers to percent of ccmcenree that both indicated plans to hire In the specialty area and revealed the sources from which they would hire new personnel. Many
companies indicated more than one hiring source for each specialty area.

SOURCE: Office of Technology Assessment.



engineer category probably declined propor
tionally. At most, only about 10 percent of the
recent M.S.s and Ph. D.s in chemical engineering
are ready to enter the bioprocess industry with
out additional formal training (13).

The decline in the number of Ph. D.s graduat
ing in chemical engineering in the United States
in part reflects declining graduate student enroll
ment. Because industry salaries are quite high for
bachelor's degree engineers, fewer and fewer
people have gone to graduate school. Another
reason for the decline is a shortage of engineer
ing professors. Most American universities do not
pay salaries commensurate with industry. Cur
rently, there are 1,600 faculty vacancies at U.S.
engineering schools in all disciplines (43).Partic
ipants at a 1982 workshop on biotechnology spon
sored by the University of Virginia and NSF
agreed that the shortage of faculty in engineer
ing is a more pressing problem for the long-term
educational stability ofthe United States than the
declining engineering graduate student enroll
ment (28).

According to the OTA/NAS survey of firms
using biotechnology in the United States, Ph. D.
bioprocess engineers are in high demand by in
dustry (see table 63). If incentives for Ph. D. bio
process engineers to remain in the academic field
are not improved, the loss of these Ph. D.s to the
private sector may reach the point that the Ameri
can Society for Engineering Education refers to
as "industry eating their seed corn" (32). If the
United States is to produce high-quality Ph. D.
engineers, salary money and research funding for
engineering faculty, as well as a restructuring of
bioprocess engineering education emphasizing in
terdisciplinary training may be necessary.

JAPAN

In Japan, training in basic biology research is
relatively weak. The director of the new Bioin
dustry Office of Japan's Ministry of International
Trade and Industry (MITI) has listed as one of his
primary concerns the state of basic biology re
search in Japan. However increased Japanese Gov
ernment funding for such research is not ap
parent. The University of Tsukuba, the heart of
a new $5 billion "science city" 37 miles north of
Tokyo, has the largest budget of Japan's 95 na-
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tional universities, but has no plans to expand its
graduate enrollment in biology (22).

The distinction between basic and applied sci
ence departments at Japanese universities is great.
At Tokyo University, for example, basic and ap
plied science departments are located on separate
campuses and have little interaction. Further
more, professors in pure science areas such as
biology are proud of their independence from in
dustry (35). There is little direct correlation in
Japan between university basic sciences curricula
and corporate personnel needs. Special interdis
ciplinary biotechnology programs combining
basic and applied sciences have not been insti
tuted at Japanese universities.'

Because of Japan's need to generate and trans
fer basic science to industry more rapidly, the
Japanese Government is attempting to end the iso
lation of Japan's basic research. Japan's Science
and Technology Agency (STA) funds "Leading
Technology" (Senatsu Gijutsu) projects, that
allocate research responsibilities between univer
sity and corporate laboratories, but this funding
has not yet been applied to the biotechnology
field. STA is also funding a new program called
the New Technology Development Fund (Shingi
jutsu Kaihatso Jigyodan) that was established to
help companies commercialize university
generated research. The Government has also
proposed building two new biotechnology centers
open to private sector corporations through
universities. Each researcher will conduct re
search in his or her own laboratory, but exchange
of information between the corporate and aca
demic researchers will take place on a regular
basis (35).

National laboratories supported by the Agen
cy for Industrial Science and Technology of MITI
encourage the flow of personnel into interdisci
plinary generic applied research. The national
laboratories provide a place for university pro
fessors, Government researchers, and corporate
researchers to work together. These laboratories
have been especially important in the develop
ment of agricultural sciences and applied micro
biology, because there are few private institutes

-Bee Chapter 17: UniversitylIndustry Relationships.



342 • Commercial Biotechnology: An International Analysis

carrying on significant research in these areas
(35).

FEDERAL REPUBLIC OF GERMANY

In the Federal Republic of Germany, three types
of nonindustry laboratories conduct basic re
search in biotechnology: 1) laboratories belong
ing to universities, 2) laboratories dependent on
BMFTfor operating expenses and onthe German
Research Society (DFG, Deutsche Forschungsge
meinschaft) for project support, * and 3) labora
tories in institutes supported by the Max Planck
Society (Max-Planck Gesellschaft ziir Forderung
der Wissenschaften), which in turn receives sup
port from BMFT.

Although laboratories supported by BMFTand
DFG, such as the Cancer Research Center at Hei
delberg, carry out important biotechnology
related work, institutes funded by the Max Planck
Society are responsible for the bulk of basic
research advances in biotechnology. The Max
Planck Institute for Plant Breeding Research in
Cologne, which recently received an unrestricted
grant from Bayer, boasts some of the best plant
genetics teams in the world. BMFTwould like to
see closer cooperation between the Max Planck
institutes and industry (21).

The center for generic applied research in bio
technology in the Federal Republic of Germany
is the Society for Biotechnological Research (GBF,
Gesellschaft fiir Biotechnologische Forschung).
GBF is a Government-supported private institution
that was founded to conduct generic bioprocess
ing research to meet the needs of industries (23).
In 1972, 89 percent of its $13 million (DM31.6 mil
lion) came from BMFT (14).

Among the factors cited to explain Germany's
slow entry into biotechnology is an educational
system that prevents the kind of interdisciplinary
cooperation that is viewed by most experts as
essential to the development of this field (21).
Because of the traditional separation of technical
faculties from arts and science faculties in West
Germany, bioprocess technicians, usually located
in technical schools, rarely come into contact with
colleagues holding university appointments in bio-

"See Chapter 13: Government Funding of Basic and Applied
Research.

chemistry or microbiology (21). In August 1981,
BMFT policy called for greater interdisciplinary
cooperation among biologists, chemists, medical
experts, and engineers (21).

UNITED KINGDOM

The United Kingdom's system of funding reo
search in biology and the medical sciences at
universities has produced highly trained person
nel in rDNA and hybridoma technology for indus
try. Furthermore, the country's Plant Breeding
Institute is considered a model for interdiscipli
nary research on plants. Unlike the United States,
therefore, the United Kingdom is probably not
suffering interdisciplinary training problems in
plant molecular biology.

Many British universities have programs in bio
process engineering. Bioprocess engineering has
been taught at the postgraduate level at Univer
sity College in London and Birmingham to biolo
gists and biochemists for nearly 20 years. further
more, at least 10 to 15 university centers are now
involved in postgraduate biotechnology education,
and these centers are receiving extra money from
the University Grants Committee. One of these,
the Centre for Biochemical Engineering and Bio
technology, was set up by three universities both
to acquire new laboratory space and to launch
new courses. Imperial College in London set up
the Centre of Biotechnology with four new faculty
positions. This center will work with other depart
ments of the college involved in biotechnology to
launch a biotechnology masters course. Funding
for bioprocess graduate research and training in
Britain's universities is also being provided by
SERC. SERC has plans to fund four new special
ized biotechnology courses in universities, which
will all contain elements of bioprocess engineer
ing. SERC will fund a maximum of 60 places for
graduate students, and industry is encouraged by
the Government to finance more places (45).

British universities have 30 to 40 teaching staff
who teach biotechnology (including bioprocess
engineering) on a full-time basis and a much
greater number of teaching staff who devote
varying proportions of their time to teaching
biotechnology. According to bioprocess expert
Malcolm Lilly, the United Kingdom has more
teaching biotechnologists than the United States



A trend evident in many scientific and technical
fields, including biotechnology, is the training of
increasing numbers of foreign students in the
United States. In 1982, foreign students consti
tuted 2.6 percent of the total U.S. university
enrollment, and 23 percent of the foreign stu
dents enrolled at U.S. universities were studying
engineering. In 1981, for the first time, more
foreigners than Americans received doctoral de
grees in engineering in U.S. graduate programs
(15). The proportion of foreign students in Amer
ican postdoctoral engineering programs was more
than 60 percent. Furthermore, foreign students
constituted a third of all postdoctoral students in
American science and engineering programs (20).
These numbers illustrate the esteem with which
U.S. science and engineering education is held
throughout the world (43).

In the areas of molecular biology and immunol
ogy, foreign nationals are actively seeking train
ing at U.S. institutions. Hoechst's (F.R.G.) 10-year,
$70 million contract with Massachusetts General
Hospital, for example, was, in part, established
to train Hoechst's personnel at Harvard Medical
School (21).'

NIH has several programs that sponsor research
by foreign nationals in NIH laboratories. Under
the "visiting program," NIH sponsors and pays
visiting scientists studying at NIH labs. In 1983,
810 foreign nationals were enrolled in this pro
gram. Of these visiting scientists, 158 were from
Japan, 97 from India, 62 from Italy, 27 from
France, and 6 from the United Kingdom. Under
the "guest researchers program," foreign na
tionals are sponsored by their native country. In
1983, 32 Japanese were enrolled, 23 Italians, 21
French, 10 Indians, and 4 British (36).

Japanese personnel trained in the United States
are now being actively recruited by Japanese

Trensrunionnl training in the
United States and other countries
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"This arrangement is discussed in Appendix H:Selected Aspects
of u.s. UniversitylIndustry Relationships.

and is also ahead of other European countries.
Thus, there appears to be no current shortage
of biotechnology faculty at British universities.
Nevertheless, Government officials are worried
that a lack of bioprocess engineering faculty may
be a problem for the United Kingdom in the fu
ture because of the fairly small numbers of chem
ical engineers getting higher degrees in bioproc
ess engineering in recent years (45). To counter
any shortage in teaching capabilities, the United
Kingdom plans to involve industrialists in teaching
bioprocess engineering courses at the universities.

FRANCE

In France, those pursuing higher education in
scientific and engineering education go either to
universities, to the more prestigious grandes
ecoles, or to Government-funded laboratories.
French universities do not have graduate inter
disciplinary courses in microbiology, rDNA tech
nology, enzyme engineering, or bioprocessing
techniques (33), and their creation will be difficult
because of the lack of funds and a shortage of
faculty. Four grandes eccles have interdisciplinary
courses in biotechnology, but they produce only
about 40 graduates a year total. However, other
grandes ecoles are now introducing courses in bio
technology (44). The Institut Pasteur, which is 49
percent Government-owned, regularly accepts
doctorate students in biotechnology fields.

Other important loci of graduate training for
biotechnology personnel in France, apart from
the grandes ecoles, are public research centers
(grandes organismes), a very important part of
the French research establishment. The grandes
organismes have approximately 600 technical
workers in biotechnology-related fields (nearly
one-half of all of France's personnel in biotech
nology), but they will probably find it difficult to
create interdisciplinary training programs. At the
largest and most significant organisme, the Na
tional Center for Scientific Research (CNRS, Cen
tre National de la Recherche Scientifique), for
example, there are communication problems
between the scientific and engineering depart
ments (44).
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firms. In a 1982 Keidanren survey' of 60 Japa
nese companies using biotechnology, 35 per
cent of the companies were active in recruiting
researchers already studying or working abroad
(35). When the Japanese company Suntory hired
new employees for about one-third of the 126
research positions in its Biomedical Research In
stitute established in 1979, for example, many of
the new employees were Japanese who had been
working abroad (35).

The larger more established Japanese compa
nies sponsor transnational training of their em
ployees. Sixty-two percent of Japanese companies
responding-to the 1982 Keidanren survey indi
cated that some scientific and engineering per
sonnel would be sent abroad for training in spe
cialized technologies (35).

Foreign nationals are being trained not only at
university and government centers in the United
States, but at U.S. companies looking for supple
mental sources of revenue. Five corporate re
searchers from Japan recently attended a 3
month course at Genex in rDNA technology of
fered at $120,000 per person. According to the
Japanese companies, they learned "highly specific
knowledge _.. and key points for developing
specific products by using the rDNA technology"
(18).

Amid all the evidence that foreign countries are
making use of U.S. training facilities, data show
that U.S. doctoral graduates are going abroad for
postdoctoral study less frequently. During the
decade of the 1970's, postdoctoral training abroad
decreased by nearly 50 percent (26). In biotech
nology especially, postgraduate training abroad
appears to be an area poorly funded by the United
States. Professor Arnold Demain, for example, has
indicated that 8 of the 11 students currently
enrolled in his graduate program in industrial
microbiology at Massachusetts Institute of Tech
nology (MITtare foreigners, all sponsored either
by their government or company. Money to send
Americans overseas to do postdoctoral work in

"Keidanren, the Japan Federation of Economic Organizations,
is a national organization composed of about 700 of the largest
Japanese companies. It enjoys the regular and active participation
of the top business leadersworking closely with a large professional
staff to forge agreements on behalf ofbusiness as a whole. It often
surveys its members on issues of economic importance.

industrial microbiology, however, is not avail
able (7).

Midcareer retraining in the
United States and other countries

To address the challenges of biotechnology, in
dustrial scientists and engineers can probably be
retrained. Retraining in the United States is often
viewed as the responsibility of the individual sci
entist or engineer and not that of the employer,
with some exceptions (see below). A problem is
that it is very difficult for a scientist or engineer
in midcareer to take a year off to go back to
school.

Reflecting concern over this situation, four sen
ior professors at MIT recently published a report
advocating "lifelong cooperative education" (48).
The report's major recommendation was that en
gineering schools and neighboring industries col
laborate in making off-campus graduate programs
available to working engineers. Although the
report was addressed specifically to the electrical
engineering department of MIT, it could also be
addressed to a larger community, and many of
its recommendations may apply to biotechnology.
For example, MIT Professor Daniel Wang recently
stated that chemical engineers who "don't know
the faintest thing about how proteins are iso
lated," if taught some basic protein chemistry,
could develop new techniques for large-scale pur
ification (17). Historically, chemical engineers
in the United States have been retrained by phar
maceutical companies to be bibprocess engi
neers (7).

As shown in table 65, a relatively small percent
age of the 95 companies responding to the OTAI
NAS survey intend to retrain their workers to fill
vacancies in areas of biotechnology personnel
shortages. For most categories of Ph. D. person
nel, hiring from academia is considered the op
timal choice. In the case of Ph. D.s in bioprocess
engineering, however, 86 percent of the compa
nies planning to hire Ph. D. bioprocess engineers
intend to hire them away from other companies,
50 percent plan to hire from academia; only 9
percent of the companies plan to retrain. * One

"These percentages exceed 100, because some companies indi-.
cated more than one hiring source.



reason for the very small amount of retraining
in biotechnology may be the small size of many
of the U.S. companies using biotechnology. The
small companies that account for much of the bio
technology research activity in the United States
probably do not have the resources to retrain per
sonnel in-house.

Some foreign countries are pursuing the re
training of personnel more actively than the
United States. The retraining of workers in Japan,
more than in any other industrialized country,
is viewed as the responsibility of the corporation.
The Japanese permanent employment programs,
prevalent in a majority of companies in the Japa
nese biotechnology-related industries, make it eco
nomically feasible for a firm's employees to be
optimally trained at company expense (35), Japa
nese employees' salaries are in part based on the
number of years they have been employed by the.
firm, so employees have strong incentives not to
leave the firm for which they are working. Be
cause employees in Japan are more likely to stay
with their firms than employees in the United
States, a far larger proportion of total training .is
sponsored by the Japanese private sector than in
the United States (35).

The provision of corporate funding for worker
retraining in biotechnology is common in Japan.
According to the 1982 Keidanren survey, 53 com
panies indicated thatthey planned to use in-house
training to meet, at least partially, their person
nel needs (35). Some Japanese corporations, by
commissioning research on a particular topic, are
able to send their researchers to train at a univer
sity laboratory with a professor and his or her
staff. At national universities, each professor is
limited to approximately six or seven corporate
traineesa year, but at private universities, there
is no such restriction. As discussed above, train-

Findhlgs

The OTA/NAS survey of 95 companies using
biotechnology in the United States suggests that
approximately 5,000 workers are now doing bio
technology R&D in the 219 companies using bio
technology in the United States. Though the num-

25-561 0 - 84 - 23
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ing of Japanese workers at institutions in .other
countries is also common.

Japan's ability to overcome weaknesses in its
labor force rapidly, due largely to corporatefi
nancing of worker retraining, is truly extraordi
nary. In 1981, for example, no more than 10 pri
vate Japanese firms had more than 10 researchers
working on rDNAprojects. Ayear later, the Keid
anren survey in March 1982 revealed that 52 out
of the 60 leading Japanese firms surveyed had
10 or more research workers in the area (35). It
is partly because of the large-scale retraining of
industrial personnel that Japan has been able to
overcome a weak biological science base to re
main a leading international competitor in the
commercial development of biotechnology.

The European leader in the industrial retrain
ing of its biotechnology work force is the Federal
Republic of Germany. The German chemical in
dustry association, DECHEMA, has an expert
group on biotechnology, a standing body to bring
academics and industrial scientists into regular
contact. It organizes continuing education courses
in various aspects of biotechnology (e.g., the use
of immobilized enzymes, measurement needs,
and control of bioreactors) (21).

The British and French Governments are adopt
ing active policies to encourage retraining. In the
United Kingdom, some Research Councils are of
fering short courses for midcareer scientists. Cur
rently, MRC establishments are providing train
ing in cell fusion and rDNAtechnology to the em
ployees of Celltech and some larger companies,
including Glaxo, ICI, and Seralab (45). In France,
the Institut Pasteur runs postgraduate courses in
biotechnology, long courses in both microbiology
and immunology, and short specialized training
courses (44).

ber is expected to increase about 30 percent over
the next year, it is unlikely that a 3D-percent an
nual growth rate can be maintained oyer the next
decade. The commercialization of biotechnology
is unlikely to contribute directly to large increases
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in employment. Bioprocess technology, an essen
tial part of industrial biotechnology activities, is
not labor intensive.

About one-third of the technical personnel cur
rently employed in 95 surveyed companies using
biotechnology are specialists in basic science areas
related to genetic manipulation: rDNA/molecular
genetics and hybridomalMAb technology. Special
ists in these categories will continue to be impor
tant to biotechnology R&D, and more hirees are
expected. Another third of the technical person
nel currently employed by the U.S. companies
using biotechnology are specialists in areas of ap
plied science related to scale-up and downstream
processing: microbiology, biochemistry, and bio
process engineering. Of these categories, only
hirees in bioprocess engineering will increase
over the next 18 months. About one-fifth of the
biotechnology work force are specialists in areas
important to all aspects of biotechnology: enzy·
mologyand cell culture. The balance of people
are specialists in such fields as pharmacology and
toxicology:

The United States currently has a competitive
edge in the supply of scientific personnel able to
meet corporate needs for R&D in rDNA and hy
bridoma technology. This edge is primarily due
to generous Federal support for university life
science research since World War II. Never
theless, the supplyof Ph. D. specialists in plant
molecular biology and in applied disciplines such
as bioprocessengineering and industrial micro
biology may be inadequate for. U.S. corporate
needs. It may be difficult to alleviate rapidly the
shortage of engineers because of the shortage of
Ph. D. engineers serving as university faculty and
the lack of governmental training programs. To
an extent, foreign technical personnel are allevi
ating some of the industrial shortages.

With the exception of France, the other com
petitor countries have adequate supplies of basic
biologicalscientists. French companies are import
ing foreign specialists. German and Japanese com
panies, where slight shortages do exist, are rnak
ing efforts to train some of their personnel abroad
and to retrain workers. Some Japanese companies
are making successful efforts to repatriate Japa
nese workers trained overseas.

Japan, the Federal Republic of Germany, and
the United Kingdom, unlike the United States,
maintained a steady supply of both industrial and
government funding for applied microbiology and
bioprocess engineering after World War II. Ja
pan's supply of scale-up personnel appears to be
sufficient. However, the United Kingdom and
West Germany are suffering from a brain drain
to foreign countries (in particular to the United
States), and shortages of scale-up personnel may
occur.

The United States has very few undergraduate
or graduate interdisciplinary programs in biotech
nology. Consequently, in the agricultural fields,
for example, there are communication barriers
between classical plant breeders and plant mo
lecular biologists. Bioprocess engineering educa
tion in the United States is provided almost ex
clusively at the graduate level and is closely tied
to training opportunities in chemical engineering
with few interactions occurring between biolo
gists and engineers. Funds for Ph. D. and post
graduate education in bioprocess engineering in
the United States have been inadequate for the
training of sufficient numbers of specialists for
industry and academia. Furthermore, the high in
dustrial demand for Ph. D. bioprocess engineers
is likely to create a shortage of university faculty
in the field.

Universities in the United Kingdom, in contrast
to their counterparts in the United States, have
long had interdisciplinary programs in biotech
nology, and the British Government is encourag
ing the formation of overarching biotechnology
programs in those universities where they do not
already exist. Though France, the Federal Repub
lic of Germany, and Japan have systematic bar
riers to interdisciplinary programs, their govern
ments are utilizing national research institutes
to facilitate interdisciplinary research in biotech
nology.

The funding by foreign governments and com
panies for the training of domestic workers over
seas is far more extensive than that of organi
zations within the United States. In fact, in bio
technology-related areas, the U.S. Government
appears to fund more the training of overseas



nationals in the United States than the training
of U.S. nationals abroad.

Switzerland, which has not been extensively dis
cussed in this chapter, appears to have no trouble
meeting the personnel needs in either its uni
versities or companies developing biotechnology.
Particularly in relation to the size of the coun
try, Swiss academic institutions show unusual
strength in both basic and applied research rele
vant to biotechnology. Swiss companies seeking
to develop and expand their expertise in these
technologies may choose to work with the quali-

Issues and options

ISSUE 1: How could training for biotechnol
ogy at the graduate and postdoctoral
levels be improved?

The United States appears to be suffering short
ages of Ph. D. plant molecular biologists, applied
microbiologists, and bioprocess engineers in its
biotechnology-related industries. Although im
proved science education at the secondary school
and undergraduate level could enhance the de
velopment of biotechnology in the future, the
graduate level seems to be the best place to ad
dress the shortages of certain types of personnel.

For the past several years, U.S. Government
funding for research in the areas of plant molec
ular biology, applied microbiology, and bioprocess
engineering has been far less than funding for
research in animal and bacterial molecular biol
ogy and immunology. Increasing Federal funding
for research grants in plant molecular biology,
applied microbiology, and bioprocess engineer
ing, by encouraging more investigators to enter
these fields, could help alleviate shortages of per
sonnel. Since fields of faculty endeavor are at least
partially determined by the availability of re
search grants, increased funding for research
might encourage training and indirectly prevent
future shortages of faculty. Options for directing
research funds toward areas of personnel short
ages are discussed in Chapter 13: Government
Funding of Basic and Applied Research.
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fied Swiss researchers in the university or may
recruit foreign scientists, with apparently little
difficulty, to work in Switzerland (20).

Retraining of corporate workers in biotechnol
ogy is being pursued more actively in foreign
countries than in the United States. Japanese com
panies, in particular, make a regular practice of
sending their workers to be retrained at Japanese
and foreign universities and research institutions.
Only a very small percentage of companies using
biotechnology in the United States intend to re
train their workers in areas of personnel scarcity.

Another area where more Federal research
funding could potentially reduce personnel short
ages is that ofinterdisciplinary research. The in
terdisciplinary nature of biotechnology requires
research collaboration among people with back
grounds in biology, engineering, and chemistry.
Options that Congress could take to encourage
interdisciplinary research are discussed below.

OPTION l:Authorize increased funding for USDA,
NIH, and NSF graduate and postdoctoral
traininggrants in plant molecular bioiogy}
applied microbiology, and bioprocess en
gineering.

The lack of training grants is probably the single
most outstanding reason for U.S. shortages in se
lected areas of biotechnology personnel. There
are no NIH or NSF training grants for industrial
microbiology or process engineering. The U.S. De
partment of Agriculture (USDA) this past year
gave only five training fellowships in plant sci
ence. NSF until recently had no training grants
at all in plant science, although in May of 1983,
NSF's Biological and Behavioral Directorate ap
proved 24 postdoctoral fellowships for study in
plant cell biology.

In fields such as molecular biology, competitive
training grants have been one of the most effec
tive uses of Government funds for graduate and
postdoctoral education. Training grants encour-



348 • Commercial Biotechnology: An International Analysis

age university departments to carryon a cohesive
training program and allow money from faculty
research grants to be used for research instead
of salaries. The institution of adequate training
grants in the areas of plant molecular biology, ap
plied microbiology, and bioprocess engineering
would be a long-term strategy to counter person
ne� shortages in these areas. Such grants could
be administered by NIH (for applied microbiology
and plant biology), USDA (for plant biology), and
NSF (for all three).

OPTION 2: Continue to support special incentives to
encourage young engineers to stay in
academia.

The shortage of engineering faculty at U.S.uni
versities could seriously hamper efforts to in
crease the number of qualified engineers, includ
ing bioprocess engineers, in the United States. The
recently instituted Presidential Young Investigator
Awards to be administered by NSF isan exam
pie of the sort of special incentives program that
Congress could continue to support to counteract
the shortage of engineering faculty. Two hundred
of these awards, 100 of which are to go to engi
neers, are to be awarded each year for 5 years
to scientists and engineers in academia who have
fewer than 7 years postdoctoral experience. Each
award could total up to $100,000 per year for 5
years. The first $25,000 per year is to come from
NSF. Industry funding for the engineers, of up
to $37,500 per year, is matched by NSF, giving
the total amount of $100,000.

OPTION 3: Specify that a certain percentage of NSF
graduate and postdoctoral grants be used
for training inother countries andauthor
izeNIH and otherrelevant agencies to ini
tiate researcher exchanges with other in
dustrialized countries.

Increasingly fewer U.S. Ph. D.s are doing post
doctoral work abroad, while the number of for
eign Ph. D.s doing postdoctoral work in the United
States is increasing. The U.S. Government sup
ports the training of its nationals overseas far less
than its induatriallzed competitors.

Foreign countries have many significant and
growing research programs in biotechnology that

U.S. researchers could fruitfully be visiting-e.g.,
Japan's Fermentation Research Institute and Uni
versity of Tokyo; the Society for Biotechnological
Research (GBF) in Braunschweig, Federal Republic
of Germany; and the John Innes Institute and
Plant Breeding Institute in the United Kingdom.
Few Americans are studying at those institutions.
Though NSF's Science and Engineering Director
ates can give grants to students studying overseas,
such grants are not generally given because they
are usually more costly than regular grants.

NSF's Science, Technology, and International Af
fairs Directorate has an International Coopera
tion and Scientific Activities program that pro
vides special funds for researchers to study
abroad-funds that can supplement the grants of
other programs within NSF. One advantage of au
thorizing more money for this program is that
this program has had experience negotiating
standards of bilateral student exchange with
foreign governments, having negotiated a suc
cessful bilateral agreement with France. In most
foreign countries, American students cannot
study at the best institutions (usually national)
without the proper contacts and encouragement
of the domestic government.

Congress could also specify that the NSF inter
national grants that are given have a clearer train
ing component. currently, even the international
fellowship grants a~e evaluated on the basisof
their proposed research, rather than the quality
of training for the U.S. nationals. It should be
noted, however, that setting aside a part of NSF
international grants for graduate and postdoctoral
training would probably reduce the current per
centage of international grants given to junior
professors.

NIH'sunilateral programs to support the study
and research of foreign postdoctoraL personnel
in the United states could also be expanded to
support the study of American nationals overseas.
Since the United States is not the sole sourceof
advanced R&D capability, Congress could author
ize NIH to formulate programs that result in re
ciprocal exchanges and postdoctoral research op
portunities for American scientists and engineers
in areas of foreign exper-tise,



ISSUE 2: How could Congress improve inter
actions between classicalplant biol
ogists and plant molecular biolo
gists?

Many people would argue that the agricultural
research system in the United States does not
need to be improved because the United States
has the most productive agricultural system in
the world. Nevertheless, there are specific areas
where some advances in plant science, aided by
new biotechnology, may be crucial to feeding the
world's population in the coming years. These ad
vances can be made only with the interaction of
classical plant breeders and plant molecular bi
ologists. Yet, because of the historical separation
of agricultural researchers and plant molecular
biologists in the United States, these groups do
not have established communication networks.
Most of the classical plant breeders are trained
at agricultural research stations and land grant
colleges, whereas most of the plant molecular bi
ologists were originally trained in biochemistry,
bacterial genetics, and animal biology (funded ex
tensively by NIH) and are now working at the uni
versities where much of the molecular biology is
done. The lack of interaction between these two
disciplines puts the United States at a disadvan
tage in modern agricultural research. *

The agricultural surpluses that the United States
has today could vanish in a single year and prob
ably are temporary. Greater productivity will be
necessary as we move into the 21st century. The
United States is also depleting its water resources
and its topsoil. Advances in biotechnology can
contribute to the solution of these problems with
the development of plants that need less water,
have greater nutritive value, and are more resist
ant to the high saline content of irrigation water.
The costs of production can be lowered if plants
are pest-resistant, and fewer fertilizers will be
needed if plants can fix their own nitrogen. These
advances cannot be made without greater interac-

"I'he administration of basic research in agriculture has recent
ly beenreviewed by several agencies (5,34,41). Changes in the ad
ministration of USDA research will be extremely important to the
direction of development of biotechnology in agriculture. A pro
posal within USDA to significantly increase the competitive grants
in plantbiology has recently been published Izsl. However, an assess
ment of the USDA technical and administrative infrastructure is
beyondthe scope of this report.
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tion between classical plant breeders and plant
molecular biologists. The Federal Government is
spending about $20 billion on an acreage diver
sion program. This money subsidizes the market
price, but does not address the central agricul
tural production issue, the farmer's low profit
margin. Diverting a portion of this money to re
search on plant genetics could go a long way
toward reducing agricultural production costs.

OPTION 1: Legislate the creation ofone or more plant
research institutes.

A plant research institute was established under
the Department of Energy's (DOE's) management
and with cooperation from the State of Michigan
in 1965. DOE's contribution to this effort was
$1.65 million in fiscal year 1983 and will be $1.7
million in fiscal year 1984. This is a beginning
toward solving some of the problems of commu
nication among biologists of different disciplines,
but it is only one effort.

The creation of several more plant research in
stitutes could facilitate interdisciplinary research
between classical plant biologists and plant mo
lecular biologists, although there could be some
problems. First, a large amount of money would
be required. Second, scientists to work in the in
stitutewould have to be drawn from other insti
tutions, thereby possibly causing a shortage of
teaching faculty. Faculty shortages could be par
tially alleviated if the institute were located near
a major research university or land grant college.
Third, it is not obvious what agency would ad
minister the institute. DOE is one choice because
it already has experience with one institute. USDA
is another choice, but recent studies (see preced
ing footnote) have suggested that the research sta
tions it already administers have not kept up-to
date with the latest molecular techniques being
applied to plants. NIH, which is well versed in mo
lecular biology, is not an ideal agency to admin
ister an essentially agricultural program. NSF
might be a candidate to administer a new plant
research institute because of its interdisciplinary
staff. .

OPTION 2: Establish grants for cooperative research
between classical and molecular plant bi
ologists from different institutions.
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An increase in funding alone would facilitate
interaction between classical and molecular plant
biologists. Because of its interdisciplinary focus,
NSF might be the agency to administer these
grants.

Careful specification of requests for proposals
and monitoring of the grants by technically qual
ified staffwould be needed to ensure that the re
search that is funded is truly cooperative. Other
wise, some researchers experiencing difficulties
in obtaining research funding might be tempted
to cooperate in proposal writing in order to ob
tain a grant and then carry out independent
research.

ISSUE 3: How could the retraining of indus
trial personnel in biotechnology be
improved?

The OTA/NAS survey of companies using bio
technology in the United States shows that there
is little retraining of personnel in this field. This
situation is probably due, in part, to the fact that
many of the U.S. companies using biotechnology
are small and have neither the resources nor in
centives to retrain personnel. These small com
panies depend on their ability to attract already
highly qualified personnel. However, the pharma-

Chapter 14. references

1. Abelson, P.H.} "Science and Engineering Educa
tion," Science 210:965} 1980.

2. AdvisoryCouncilfor AppliedResearch and Devel
opment} Advisory Board for the Research Coun
cils, and The Royal Society, "Biotechnology: Report
of a Joint working Party" (Spinks' Report) (Lon
don: H. M. Stationery Office, March 1980),

3. AFP Sciences, "Scientific Research- Policy and
Organization," July 22,.1982, pp. 4·5.

4. ASM News, "Shockman Testifies on Manpower
Needs ... ," 48(8):349-350, 1982.

5. Bentley, 0., "Perspective on AgriculturalResearch,"
Science 219:4584, 1983.

6. Chemical and Engineering News, "Foreign Precol
lege Curricula; GivesStrong Dose of Science," Jan.
25, 1982, p. 42.

ceutical industry has shown that chemical engi
neers can be retrained in bioprocess engineering.

Continuing education sponsored by large U.S.
companies, in general, takes place through short
courses or joint research performed at universi
ties. University/industry.training and research
agreements in biotechnology are being developed
without the assistance of the Federal Government.
But the. Governmentcould further encourage re
training in biotechnology by increasing funding
for NSF's IndustryiUniversity Cooperative Centers
Program, which provides seed money for a uni
versity to set up a research center with industrial
partners. This option is discussed in Chapter 1;1:
Government Funding of Basic and Applied Re
search.

Whether human resources in the United States
are used and retrained adequately is a larger, na
tional question that addresses the transition of the
U.S. labor force from declining to growing indus
trial sectors. Suggestions to encourage more re
training have included revision of the tax code
to encourage business loans to employees for re
training and an extension of unemployment in
surance to include payment for retraining. The
comparative evaluation of measures such as these
that include other disciplines is beyond the scope
of this study.

7. Demain} A.} Professor of Industrial Microbiology,
Massachusetts Institute of Technology, personal
communication} 1983.

8. Demain, A. L.} and Solomon}N. A~} "Responsibilities
in the Development of Biotechnology," Bioscience
33(4):239, 1983.

9. Dunnet, J. S.} «Brain Drain Threatens Progress,"
Nature 302:644, 1983.

10. Feinberg, L., "Panel Urges Measures To Halt De
cline of Education in America," Washington Post,
Apr. 27, 1983, p. 1.

11. Feldman, M., and O'Malley, E. P., The Biotecbnol
ogy Industry in California, contract paper pre
pared for the California Commission on Industri
al Innovation) Sacramento} Calif., August 19,82.

12. Gaden, E., "Bioprocess Technology: An Analysis



30. Pearson, R., Institute of Manpower Studies, Univer
sity of Sussex, personal communication, June 1983.

31. Peterson, B., "Academic Gap Found Narrowing,"
Washington Post, Feb. 8, 1983, p. 1.

32. Pierce, K., "Bull Market For Engineers," Time} Nov.
10, 1980, p. 69.

33. Pinon, J. C., Scientific Attache to Embassy of France,
Washington, D.C., May 1983.

34. Rockefeller Foundation and Executive Office of the
President, Office of Science and Technology Policy,
Science for Agriculture (New York: Rockefeller
Foundation, October 1982).

35. Saxonhouse, G., "Biotechnology in Japan," contract
report prepared for the Office of Technology
Assessment, U.S. Congress} June 1983.

36.Schambra, P., National Institutes of Health,
Bethesda, Md., personal communication, 1983.

37. Strack, G., "BonnEntices Bioscientists,"Frankfurter
Rundschau, FrankfurtlMain, February 1983, trans
lated by the Foreign Broadcast Information Service
in West Europe Report: Science and Technology
(Joint Publications Research Service! Arlington!
Va.)

38. Tangley, L.! "Science Education in U.S. Criticized,"
Science News, May 22, 1982, p. 341.

39. U.S. Congress, Library of Congress, Congression
al Research Service! IIU.8. Science and Engineer
ing Education and Manpower: Background; Supply
and Demand; and Comparison with Japan, the
Soviet Union, and West Germany," report pre~

pared for the Subcommittee on Science Research
and Technology, Committee on Science and Tech
nology, U.S. House of Representatives, April 1983
(Washington, D.C.: U.S. Government Printing Of
fice, 1983).

40. U.S. Congress, Office of Technology Assessment,
Impacts of Applied Genetics: Micro-Organisms,
Plants, and Animals, OTA-HR-132, Washington,
D.C., April 1981.

41. U.S. Congress, Office of Technology Assessment,
An Assessment of the U.S. Food and Agricultural
Research System, OTA-F-155, Washington, D.C.,
December 1981.

42. U.S. Congress, Office of Technology Assessment,
International Competitiveness in Electronics} OTA·
ISC-200, Washington, D.C., November 1983.

43. U.S. Department of Commerce, An Assessment of
u.S. Competitiveness in High-Technology Indus
tries} Washington! D.C., February 1983.

44. Vaquin, M., "Biotechnology in France," contract
report prepared for the Office of Technology
Assessment! U.S. Congress, February 1983.

45. Vaquin, M. 'Biotechnology in Great Britain," con
tract report prepared for the Office of Technology
Assessment} U.S. Congress! February 1983.

Ch.: 14-Personnel Availability and Training • 351

and Assessment," contract report prepared for the
Office of Technology Assessment, U.S. Congress,
July 1982.

13. Gaden, E., University of Virginia, personal commu
nication, 1983.

14. Gesellschaftfiir Biotechnologische Forschung
(Society for Biotechnological Research) Programm
budget (Program Budgetl, Braunschweig, 1982.

15. Greer, W. R.,"ForeignStudents: Boon or a Threat?"
New York Times) Mar. 27, 19B3, sect. 12, p. 72.

16. Herman, R" "Science Slips in the Land of Oppor
tunity," New Scientist, July 14, 1983, pp. 110-113.

17. Hochhauser,S. J., "Bringing Biotechnology to Mar
ket," High Technology, February 1983, pp. 55-60.

18. Japan Economic Journal, "Researchers From 4
Companies Study at Genex," Jan. 26, 1982, p. 10.

19. Japanese External Trade Organizatlon (lETRO)
mission, meeting of Japanese corporate, universi
ty, and government officials in biotechnology
related areas with the Biological Applications Pro
gram, Office of Technology Assessment, U.S. Con
gress, Washington, D.C., November 1982.

20. Jasanoff', S., "Public and Private Sector Activities
in Biotechnology in SWitzerland!"contract report
prepared for the Office of Technology Assessment,
U.S. Congress, January 1983.

21. Jasanoff', S., "Public and Private Sector Activities
in Biotechnology in the Federal Republic of Ger
many," contract report prepared for the Office of
Technology Assessment, U.S. Congress, January
1983.

22. Knox, R., "Basic Research a Biotech Barrier," Boston
Globe, p. 6 of Special Report, Dec. 5-10, 1982.

23. Maddox, J., "Research Labs Galore," Nature
297:279, 1982.

24. Ministere de la Recherche et de l'lndustrie (Minis
try of Research and Industry), Mission des Biotech
nologies (Biotechnology Mission), "Programme Mo
bilisateur: l'Essor des Biotechnologies" (Mobilizing
Program: The Expansion of Biotechnology), Paris,
July 1982.

25. National Association of State Universities and Land
Grant Colleges, "Emerging Biotechnologies in Agri
culture: Issues and Policies," Progress Report II!
November 1983.

26. National Science Foundation, Science Indicators}
1980, Report of the National Science BOard, Wash
ington, D.C., 1981.

27. National Science Foundation, "Special Initiative:
Biotechnology," Washington, D.C., July 15, 1982.

28. National Science Foundation! "Bictechnology Ini
tiative," Washington, D.C.! Apr. 3D! 1982.

29. Organisation for Economic Co-Operation and De
velopment, Biotechnology: International Trends
and Perspectives} Paris, 1982.



352 • Commercial Biotechnology: An International Analysis

46. Walgate, R., "La Loi at Last," Nature 298:110, 1982.
47. Walsh, J.,~ "Tr-ouble in Science and Engineering

Education," Science 210:215, 1980.
48. Walsh! J., "New Slant onEngineering Training/,

Science 218:269, .1982.

49. Worthy!W.! "Classroom Crisis in Science and
Math," Chemical and Engineering News, July 19,
1982, pp. 9-16.





:~~~f~~~~i'r~~~E;d Spe,cificaJllyTo,w'trd Biotechnology



355

effects on workers' health from exposure to novel
organisms and products and about the risks of
deliberately releasing genetically manipulated
organisms into the environment. In addition, some
of the products thatwill be made by biotech
nology may present special risks. For example,
the U.S.Food and Orug Administration (FDA) has
been concerned about bacterial endotoxins found
in drugs produced by Escherichia coli (28).

Regulation will have a moderately important
effect on the development of biotechnology and,
consequently, on U.S. competitiveness in biotech
nology. Special risks may lead to limited new regu
1ation that could direct commercial efforts away
from certain areas or at least slow advancements
in those areas. In addition, most of the products
that could be made by biotechnology and associ
ated processes are already subject to considerable
regulation, pharmaceuticals and chemicals being
the best examples. This existing regulation also
will affect corporate strategies and patterns of
industrial development.

The costs and time involved in complying with
regulatory requirements are the price society
pays for safety. However, unreasonable restric
tions and unnecessary burdens may delay or pre
vent important products from reaching the mar
ket or may increase the business risks of develop
ing those products. Uncertainties, for example,
about what the regulatory requirements will be
or which agencies have jurisdiction, will also
affect the risk, time, and cost of product develop
ment. Those countries that have the most favor
able regulatory environment in terms of least
restrictions and uncertainties will have a com
petitive advantage in the commercialization of
biotechnology.

This chapter evaluates the regulatory environ
ment for the commercialization of biotechnology
in the United States and five competitor countries

Introduction

As time passed, however, concern and fears di
minished greatly. As scientists learned more about
molecular genetics, perceived risks associated
with probing the unknown diminished, and no
evidence was discovered to support many of the
early risk scenarios. Formal risk assessment
studies also led to downward evaluation of poten
tial risk. Molecular biologists gained the confi
dence of the public by bringing other experts and
the public into the decisionmaking process that
established the system of voluntary self-regula
tion. And, most importantly, there has been no
evidence of any harm to human health or the
environment. from rONA. Consequently, the
requirements of the rONA guidelines in the
United States have been substantially relaxed.

Today, most experts believe that the potential
risks of rONA research were drastically over
stated and that rONA technology generally does
not involve a risk beyond that already inherent
in the host, vector, ONA, solvents, and physical
apparatus being used (35). This is not to say,
however, that biotechnology-likemost new tech
nologies-does not continue to raise special
concerns or-present special risks. In particular,
questions have been raised about the long-term

Chapter 15

Health, Safety, and
Environmental Regulation

Regulation has been and will continue to be a
factor in the development of biotechnology,
especially for recombinant ONA (rONA) processes
and products. When the rONAtechnique was first
developed, its novelty and tremendous power to
manipulate organisms raised the specter of poten
tially drastic consequences to human health and
the environment through the creation and prolif
eration of orl5anisms with unknown butpoten
tially hazardous traits. In the United States, there
fore, Congress moved to develop stringent regula
tion of rONA. This movement was forestalled in
part by the adoption in 1976 of fairly restrictive
self-regulatory guideltnes by the scientists (27).
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being examined in this assessment-the Federal
Republic of Germany, the United Kingdom,France,
Switzerland. and Japan. Two specific factors are
considered in the evaluation: 1)the restrictiveness
of the regulation, and 2) the uncertainties with
respect to possible agency jurisdiction or require
ments. Congressional options for improving
U.S. competitiveness in biotechnology through
changes in the regulatory environment are pre·
sented at the .end of the chapter.

In the analysis that follows four areas of regula
tion are considered:

• regulation directed specifically toward bio
technology;

• existing regulation that would apply to
biotechnology products;

• environmental regulation relevant to biotech
nology; and

• worker health and safety regulation.

The chapter concentrates on the guidelines for
rONA research adopted by the competitor coun
tries and the approval requirements for pharrna
ceuticals (human drugs and biologics) and for
veterinary medicines (animal drugs and biologics).
The guidelines for rONA research merit signifi
cant attention because they are the only type of
governmental oversight developed specifically for
biotechnology. The approval requirements for
pharmaceuticals and veterinary medicines also
merit attention because those products are sub
ject to the most restrictive regulation, even when
made by conventional means, * and because so

"Significant regulation also exists for commodity and specialty
chemicals (including herbicides and pesticides), but it is generally
not as restrictive.asforpharmaceuticals and some types of vetert
nary medicines. The use'of genetically modified organisms in the
environment wiD probably face some moderate degree of regula
tion. Agricultural products currently face little health; safety, or
environmental regulation, but this situation could change in the case
of genetically modified plants and animals.

much of the current activity in biotechnology is
directed toward those types of products. In ad
dition, with respect to regulation of products in
other countries, most of the information OTA was
able to obtain related to the approval process for
pharmaceuticals and veterinary medicines. Suf
ficient information on foreign regulation of food,
food additives, medical devices, and chemicals
was not available for meaningful international
comparisons; however, this information is in
cluded for the United States because of its avail
ability and because of the interest in it.

Two inherent limitations could qualify the anal
ysis in this chapter. The first results from the diffi
culty of determining and interpreting foreign laws
and especially the rules and policies of the foreign
agencies. Much of this material is not readily avail- .
able in English or even in the native language. In
addition, enforcement of laws and regulations in
other countries generally is much more discre
tionary than in the United States. * Thus, there
may be a wide gap between the written laws and
regulations and the actual regulatory environ
ment in which foreign companies operate. The
second limitation results from the fact that the
analysis does not consider the positive effects of
regulation and a country's track record for safety.
In other words, the restrictiveness of regulation
theoretically. should be balanced against some
measure of the harm avoided. However, the nee
essary data are generally not available, and such
an analysis is beyond the scope of the chapter.

"In fact, this discretion has led to claims of selective enforcement
against u.s. companies, thus creating a nontariff trade barrier. For
discussion of other nontariff trade barriers, see Chapter uctmer
national Technology Transfer, Investment, and Trade.

Regulation directed specifically toward
biotechnology: rDNA research guidelines

The only oversight mechanism directed specifi
cally toward biotechnology is the rONA research
guidelines. These guidelines grew out of the con-

cerns in the mid·1970's about potential risks of
rONA research and the desire to proceed cau
tiously in the face of the uncertainties. Guidelines



similar to the National Institutes of Health Guide
lines for Research Involving R.ecombinant ONA
Molecules (NIH Guidelines) in the United States
have been adopted by Japan, the Federal Repub
lic of Germany, the United Kingdom, France and
Switzerland. Over time, they have been substan
tially relaxed worldwide in a series of revisions
that reflect decreasing concern about the risk. In
fact, many types of experiments involving rONA
are now exempt from the guidelines. The guide
lines are essentially self-regulatory.

The guidelines for rONA research reflect the
decision by experts and policymakers that rONA
research presents some special risks and uncer
tainties that require special attention. They are
based on two underlying concepts:

• rONA research should be conducted at in
creasing levels of physical and biological con
tainment related to the degree of possible
hazard, and

• the degree of oversight should relate to the
degree of possible hazard.

The implementation of these concepts is fairly
similar in the competitor countries, because the
worldwide scientific community was involved in
their development and because most countries
followed the lead of the United States. Neverthe
less, there are some important differences among
the guidelines adopted in the various countries,
and different countries are at different stages in
the process of relaxing them.

This section surveys the rONA research gutde
lines of the six competitor countries with respect
to their scope, containment requirements, ap
proval requirements, and enforcement mecha
nisms in order to assess their impact on competi
tiveness in biotechnology. * The commercial de
velopment of biotechnology in many of these
countries, however, will depend less on the
specific biological and physical containment
measures required by their rONA research guide
lines than on the scope of activities reached by
the guidelines (i.e., whether they cover large-scale
research) and the structure set up for implement
ing and enforcing the guidelines. The analysis

"Provisions relating specifically to worker health and safety are
discussed in the secttori of this chapter. entitled "Regulation of
Worker Health and Safety."
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presented here is based on the more detailed
description of the rONA research guidelines of
the six countries and the European Economic
Community found in Appendix F: Recombinant
DNA Research Guidelines, Environmental Laws,
and Regulation of Worker Health and Safety,
which the reader is urged to examine.

Scope

In the United States, Japan, and France, the
guidelines technically apply only to government
funded rONA research, while in Switzerland, the
Federal Republic of Germany, and the United
Kingdom, they apply to all rONA research. (Actu
ally, all the guidelines also apply to large-scale
rONA work to varying degrees, as discussed be
low.) While U.S., Japanese, and French private
laboratories, might seem to have some advantage
over private laboratories in the other countries
because they could dispense with safety measures
perceived to be unnecessary, this "advantage" is
probably illusory. Industry perceives compliance
with the guidelines to be in its best interest, and
there has been no publicized evidence of non
compliance.

Perhaps the single most important issue for
companies using biotechnology is the rONA
guidelines' treatment of large-scale research Ii.e.,
work with cell cultures in volumes exceeding 10
or 20 liters),which is a necessary step in success
ful commercial development. The guidelines in
Japan are easily the least favorable in this regard,
Recombinant ONAresearch with volumes exceed
ing 20 liters can be conducted in Japan only after
Government permission, and that permission has
been quite difficult to obtain. * It should be noted,
however, the situation in Japan is expected to
change shortly. ** Under the U.S. guidelines, the
large-scale work need only be reviewed by each

"Six companies have obtained permission for large-scale work (14).
.."The Council for Science and Technology, which advises the

Prime Minister and oversees rDNA work by private institutions in
Japan, is expected to recommend the elimination of the prohibition
of large-scale work without special Government approval. Instead,
large-scale bioprocess facilities would classify into two categories,
LS1 andLS2. LSI facilitieswould be covered by rules similar to those
for conventional microbiological laboratories.'LS2 facilities, which
would involve work with more hazardous mtcrc-crganisms, would
be covered by more stringent rules. The Prime Minister is expected
to act favorably on the recommendation in August 1983.
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Institutional Biosafety Committee (lBC), although
NIHhas made specific recommendations regard
ing physical containment, which were recently
incorporated into the U.S.guidelines. Large-scale
research in the United Kingdom is treated on a
case-by-case basis by the supervising authority,
the Genetic Manipulation Advisory Group
(GMAG). * But in explaining the need for a differ
ent kind of review of large-scale research, GMAG
has suggested that large-scale research will not
be subject to as stringent oontainment measures
as smaller scale research. The French rONA
guidelines exclude large-scale research from their
coverage, but the Government's oversight agency
will apparently consider such activity on a case
by-case basis. The West German guidelines do not
mention large-scale research. The Swiss guide
lines permit scaling-up without special approval;
it is unclear whether the small-scale rules con
tinue to applyor whether, as with the NIHguide
lines, large-scale research is subject to the safety
measures decided on by the IBC.

Containment requirements

Each country's rONA guidelines specify require
ments for physical and biological containment of
the research organisms. Except for the United
Kingdom, each country assesses risk in the same
manner-e-according to the source of thepNA used
in the experiment and the pathogenicity of the
host-vector system. The United Kingdom deter
mines risk by considering the survivability and
likely harm of the organism containing rONA.
Whether this risk assessment method gives the
United Kingdom an advantage or disadvantage de
pends on the particular experiment. The United
Kingdom does have an advantage with respect to
rONA production of insulin and interferon, which
are classified at a lower containment level there
than in the United States (8). Each country uses
four levels of physical containment. Most research
is now conducted at the lowest physical contain
ment level.

"GMAG's status was recently reviewed by the Health and Safety
Executive, and the subsequent report recommended relocation of
the group from the:Department of Education and Science to the
Department of Heahh and Social Security. GMAG has been moved
and is now called the Health and Safety Commission Advisory Group
on Genetic Manipulation.

The physical and biological containment meas
ures required for an .experiment vary slightly
from country to country, but it is difficult to
determine what effect on a country's competitive
position any. one requirement might have. It is
difficult to determine, for example, what effect
will come from the fact that at the United King
dom's physical containment level Il, a continuous
air flow into the laboratory is required, while it
is not required in other countries until the third
containment level. The measures with the great'
est impact are probably the biological contain
ment rules in Japan, which severely restrict the
types of organisms that can be used in host-vector
systems. These restrictions may prevent commer
cially promising rONA research from goingforward.

Approval requirements

Notice and approval requirements depend on
the risk of the experiment. Research in the United
States at the highest risk level is subject to the
approval of NIH and the appropriate IBC; at the
next level, only IBC approval before initiation is
necessary. IBC notification at the time of initia
tion isrequired for some lower level risk experi
ments, while many are exempt entirely. More
than 85 percent of all rONA work in the United
States is done at the lowest containment levels
(23), and virtually all monitoring of rONA work
is done by IBCs,

The recommendation of the European Econom
ic Community (EEC) on rONA research suggests
that notice of experiments be given to the central
authority in each member state, usually before
the work begins. For some types of research,
notice would not have to be made before work
is begun. The United Kingdom, France, and the
Federal Republic of Germany are members of the
EEC.

In the United Kingdom, the Health and Safety
Executive (HSE) is directed to inspect the facilities
for rONA research at the two higher containment
levels, categories III and IV. For research at these
levels, GMAG also must have notice and an oppor
tunity to give advice. Advance notice is required
for research at the category II level but not
approval. Activities at the category I level can go
forward provided only that the local safety com-

•



mittee notifies the central authorities once a year
of new research. Companies in the United King
dom also have to deal with two separate agencies:
GMAG, which promulgates and monitors the
rules, and the HSE, which enforces them.

Scientists in France must notify the French Con
trol Commission (Commission de. Contr6le) of
planned research. This commission must approve
certain high-risk research. Local safety commit
tees monitor the research.

In the Federal Republic of Germany, the Central
Commission for Biological Safety (Zentrale Kom
mission fiir die Biologische Sicherheit) must be
notified of all research except that at the lowest
level of containment. This requirement makes for
one of the most restrictive approval processes in
the countries surveyed. Experiments at the two
high-risk levels require the entire commission's
approval, while those at the second lowest con
tainment level must be approved by one or two
individual members of the commission. The Com
mission for Biological Safety must also authorize
the use of host-vector systems not enumerated
in the rDNAresearch guidelines and may approve
reductions in levels of containment employed.

Switzerland, where rDNA research is now con
ducted under guidelines that are essentially equiv
alent to the April 1982 NIHGuidelines (34), differs
from the United States in an important respect.
The research is overseen by a commission created
by the Swiss Academy of Medical Sciences. The
commission, as a private entity, may be more will
ing than NIHto modify requirements for projects
with which it is familiar.

In Japan, two different bodies monitor rDNA
research, the Council for Science and Technology,
which supervises activities by private institutions,
and the Science Council (in the Ministry of Educa-
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tion), which monitors the activities of public insti
tutions such as universities. The Science Council
is not required to approve university experiments,
which may go forward simply on the approval
of the president of the university and the univer
sity safety committee. However, it must approve
the use of hosts other than those specified in the
gutdelines. Only a limited number of hosts and
vectors have been approved for use, which puts
Japan at a competitive disadvantage.

Enforcement

In all of the countries except the United King
dom, the only direct sanction for noncompliance
with the rDNA research guidelines is the ability
of the government to restrict or withdraw fund
ing for an institution's or a scientist's rDNA
research. The guidelines in the United Kingdom
are promulgated under the Health and Safety at
Work Act of 1974 and are backed-up by the gen
eral legal sanctions created by that act.

Effect on competitiveness

The commercial effect of the rDNA research
guidelines is difficult to assess, because their effect
depends on the specific research done and be
cause commercial exploitation of rDNA research
has only recently begun. With the exception of
Japan and possibly the Federal Republic of Ger
many, no country's rDNA research guidelines
place it in a noticeably disadvantageous position.
Howeverjthe U.S. rDNA research guidelines are
probably the least restrictive ofthe six competitor
countries. The European countries and Japan
have generally followed the U.S. guidelines but
are often following earlier, more restrictive
versions.

Existing regulation of biotechnology products

A comparative assessment of the regulation of
biotechnology products in the competitor coun
tries involves two stages: Since biotechnology
products generally will be subject to existing

regulation for generic products, it is first
necessary to compare these general regulatory
regimes. In other words, biotechnologically made
pharmaceuticals, for example, will be subject to
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the general regulations covering pharmaceuticals,
regardless of how they are made; thus, comparing
the pharmaceutical laws of the different countries
will provide information about competitiveness.
In this context, the following questions are par
ticularly relevant:

• How much time and effort does it take to get
products through the approval process?

• What is the usual or average cost for securing
regulatory approvals?

• What are the import and export restrictions
on approved and unapproved products?

• Will the regulatory authorities accept foreign
test data in the approval process?

The second stage of the analysis involves look
ing at specific issues raised by biotechnology.
Some of these are the following:

• will new biotechnology products chemically
identical to approved products made by other
means still be required to go through the full
regulatory review process?

• will the classification of a pharmaceutical as
a drug or biologic affect the time or cost of
securing regulatory approval?

United States

Three Federal agencies will be most involved
in regulating biotechnology products. They are
the Food and Drug Administration (FDA), the U.S.
Department of Agriculture (USDA), and the Envi
ronmental Protection Agency (EPA).

FOOD AND DRUG ADMINISTRATION

FDA regulates drugs, biologics, food, food addi
tives, and diagnostics pursuant to the Federal
Food, Drug, and Cosmetic Act (FFDCA) (21 U.S.C.
§§301-392) and section 351 of the Public Health
Service Act (21 U.S.C. §262).

Since the first commercial applications of bio
technology (i.e., pharmaceuticals) have been in
areas subject to FDAjurisdiction, FDAis the agen
cy having the most experience with biotechnol
ogy products. FDA has approached rDNA-pro
duced products on an agencywide basis bycre
ating a Recombinant DNACoordinating Commit
tee, composed of representatives of its centers
and bureaus, the Office of General Counsel, and

Office of Regulatory Affairs. FDA's Recombinant
DNA Coordinating Committee has determined
that rDNA products whose active ingredients are
identical to ones already approved or to natural
substances will still have to go through the new
product approval process. Data requirements may
be modified and often abbreviated, however, and
each case will be handled on an ad hoc basis.'
(In the case of many conventionally produced
products, abbreviated review procedures are
available when the active ingredient of the new
product is identical to one already approved or
to natural substances.) FDA will not require com
pliance with the NIHGuidelines as a condition of
approval. For monoclonal antibody (MAb) prod
ucts, no coordinating body similar to the Recom
binant DNA Coordinating Committee exists; FDA's
policy for these products has been set by the Na
tional Center for Devices and Radiologic Health
(NCDRH) and the Office of Biologics. Actual prod
uct regulation will occur at the individual bureaus
or offices as discussed below.

Human Drugs.-FDA's Office of New Drug
Evaluation has taken the position that drugs made
by rDNAtechnology, even if identical to currently
approved drugs, are "new drugs."" Therefore,
such drugs cannot be marketed until approved
by FDA as safe and effective.

FDA's approval process for a new drug can take
several years because it requires a series of animal
and human tests. Clinical investigations can be
carried on only after a drug's sponsor files a
Notice of Claimed Investigational Exemption for
a New Drug (IND). The IND contains the results
of animal testing, a description of the planned
clinical investigations, and other information. The
preclinical investigations generally last from 1 to
2 years (20). The human studies then go through

..FDAhas been concerned about bacterial endotoxins and immu
nogens contaminating the products and about the genetic stability
of the rDNA organism. In the latter case, the product might be
affected if the DNA underwent changes.

... A new drug is a drug whose composition Is not generally rec
ognized by qualified experts as safe and effective under the condi
tions of use set forth in its labeling or, even if so recognized, has
not been used to a material extent or for a material time (sec. 201(p)
of the Federal Food, Drug, and Cosmetic Act: 21 U.s.C. §321(p).
A drug is a substance intendedfor use in the diagncsia-treatment,
or prevention of disease or which is intended to affect the struc
ture or function of the body (sec. 201(g)of the Federal Food, Drug,
and Cosmetic Acti21 U.S.C.§321(g)).
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"I'he Office of Biologics also regulates diagnostics related to blood
bank products. All other diagnostics, including most of those incor
porating monoclonal antibodies (MAbs), are regulated by FDA's
National Center for Drugs and Radiologic Health (NCDRH). The first
MAb diagnostic kits related to blood products and were approved
by the Office of Biologics.

*"It has published three about biotechnology. One covers MAb
diagnostic kits for blood bank related products (31).Another covers
MAbsfor use in human therapy (33).A third covers the production
and testing of interferon (32).

adequate data are available in the published
literature to establish safety and effectiveness.

Human Biologics.-A biologic is a vaccine,
therapeutic serum, toxin, antitoxin, or analogous
product for the prevention, treatment, or care
of diseases or injuries. The distinction between
a drug and a biologic is largely historical and
bureaucratic and is becoming even more blurred
with the advent of biotechnology.

Although biologics also come within the defini
tion of drugs in section 201(g) of the Federal Food,
Drug, and Cosmetic Act (FFDCA), they primarily
are regulated under section 351 of the Public
Health Service Act and by FDA's Office of Biologics
rather than the Office of New Drug Evaluation.'
Section 351 creates a regulatory structure for bio
logics similar to that for drugs. However, it is a
licensing procedure; both the product and the
establishment where it is produced must be li
censed. At the investigational stage, the Office of
Biologics follows the requirements for INDs.After
clinical trials, the procedure involves a license
application for the establishment and for the
product; together they provide essentially the
same information as required by an NDA. Differ
ences, however, occur in practice. The Office of
Biologics generally has been perceived to be more
flexible than the Office of New Drug Evaluation.
It often uses informal, unpublished guidelines, or
"regulatory memoranda."" On the other hand,
it is the administrative practice of the Office of
Biologics to require lot by lot approval of many
biologics before they are released by the manufac
turer, which is not usually required by the Office
of New Drug Evaluation (1).

Biologics made by biotechnology will have to
go through the approval process outlined above.
In accordance with announced policy, rDNA-pro
duced biologics, even if chemically identical to
approved biologics, will have to go through the

Ch. 15'-Health,Safety, and EnvironmentalRegulation • 361

*A General Accounting Office study of the U.S. drug approval
process foundthatfor 132 NDAs submitted to FDA in1975, the
average approval time was about 20 months. (20).
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three phases to establish safety, set dosage levels,
and establish efficacy. This clinical testing often
takes 5 to 6 years (20). During or after the clinical
studies, the sponsor files a New Drug Application
(NDA), which contains the results of animal and
human testing, a statement of the drug's composi
tion, a description of the methods and controls
used in its manufacture, and other information.
The time required for processing an NDA de
pends on the completeness of the data, the drug's
performance, and the speed of FDA review. In
1980, the duration of the NDA phase for new
chemical entities varied from about 1 to 7 years
and averaged slightly less than 3 years (20).'
Taking into account the research and develop
ment (R&D) costs of drugs that fail to reach the
market, various economic analyses indicate that
the R&D costs per marketed new chemical entity
range from $54 million to over $70 million (11).

There are abbreviated approval procedures that
FDA might eventually permit sponsors to use after
it gains more familiarity with rDNA technology
and if warranted by the risks. One is the Supple
mental New Drug Application (SNDA), which is
required when an NDA holder intends to market
the drug under conditions materially different
from those approved in the NDA. An SNDA could
become available in the case where the manufac
turer of an approved drug made by chemical syn
thesis decides to make the drug by using rDNA
and bioprocess techniques. A second procedure
is the Abbreviated New Drug Application (ANDA),
which is availablefor generic versions of drugs
first marketed between 1938 and 1962. An ANDA
might be used by a manufacturer using rDNA
techniques to make an approved drug made by
conventional techniques by another manufac
turer. The final procedure is a "paper" NDA, avail
able for generic copies of drugs marketed after
1962. Such drugs require an NDA, but FDA is will
ing to accept published reports demonstrating
safety and efficacy, thus saving the new sponsor
the time and costs of clinical trials. A "paper" NDA
could become available in the case where a man
ufacturer wants to make an rDNA-produced drug
whose NDA is held by another manufacturer, if



)

362 • Commercial Biotechnology: An International Analysis

full approval process, but data requirements may
be lessened. For MAbs, there has been no an
nounced policy, but virtually all of those .that
would be used for therapeutic purposes would
be truly new and therefore have to go through
the full review process.

Medical Devices.-Medical devices are reg
ulated by FDA's National Center for Devices and
Radiologic Health (NCDRH), except for those in
vitro diagnostic products used in connection with
blood banking activities such as tests for hepati
tis B surface antigen. Those products are regu
lated by the Office of Biologics.

The Medical Device Amendments to FFDCA in
May 1976 required that all devices for human use
marketed before the amendments be classified by
FDA into one of three categories on the basis of
recommendations by expert panels. Class I prod
ucts are subject to general controls, such as good
manufacturing practice regulations. Class II de
vices are required to meet performance standards
in addition to the general controls. ClassIIIdevices
require FDA premarket approval for safety and
effectiveness. For devices marketed after May
1976, those that are "substantially equivalent" to
a preamendment device are classified with that
product, and those that are not substantially
equivalent are placed in Class III. Under section
510(k) of the act, manufacturers are required to
give FDAa gO-day notice before they can market
a device, during which period FDA determines
whether the device is substantially equivalent to
a preamendment device.

Manufacturers of MAb diagnostic kits general
ly have been successful in using the 510(k)notice
procedure to get their products to the market
quickly. Although MAbs are different from and
generally superior to polyclonal antibodies for
diagnostic purposes, applicants have been suc
cessful in showing that MAbs are "substantially
equivalent" to polyclonal antibodies marketed
before May 1976. That is, the applicants have
demonstrated to the satisfaction of NCDRH that
the MAbs provide essentially the same (or better)
results as polyclonal antibodies used for the same
diagnostic purposes (1). Since the review panels
of experts required by the statute have placed
most preamendment diagnostic kits in Class II (1),
the new MAb kits have been placed in Class II,

which requires certain performance standards to
be met, rather than Class III,which would require
the manufacturer to demonstrate safety and effi
cacy. * The availability of the 510(k) application
is highly desirable from a company's perspective
because NCDRH must respond within 90 days.

Food and Food Ingredients. - --The dis
tinction between food and food ingredients (sub
stances added to food) is important in terms of
the regulatory approval process,Food can be mar
keted without FDA clearance, but food ingre
dients are subject to the food additives provisions
of FFDCA, which may require premarketing ap
proval. FFDCA defines food broadly and circularly
as food or any component thereof (sec. 201(f)).
A food additive is defined as a substance that may,
by its intended use, become a component of food
or affect the characteristics of food (sec. 201(s)).
This definition excludes, among other things, sub
stances generally recognized as safe (GRAS) by
qualified experts and certain prior-sanctioned
(previously approved) substances. A new food ad
ditive requires premarketing clearance by FDA,
and its sponsor has the burden of demonstrating
its safety. Favorable action by FDA results in a
published regulation stipulating the concentration
and other conditions under which the additive
may be used. GRAS substances technically can be
marketed without prior approval by FDA, but also
can be the subject of published FDA regu
lations. * * *

FDA's Bureau of Foods has not been confronted
with any foods, food additives, or GRAS sub
stances produced by rDNA techniques; however,
on the basis of the announced policy of FDA's
Recombinant DNA Coordinating Committee and
discussions with the staff, the Bureau appears
likely to take the following positions. If FDAwere
concerned about the safety of such a food, high
lysine corn, for example, it could take various

*If a MAb kit were placed in Class III, the sponsor could petition
for a reclassification to Class II;however, such reclassifications are
supposedly difficult to obtain.

* "This section uses the term food ingredient instead of the term
food additive usedin other chapters, because the term food additive
has a particular meaning under FFDCA. As explained in this sec
tion, under FFDCA a food additive is one type of food ingredient
(substance added to food).

...."FDApublishes lists of what it considered to be GRAS substances
and sometimes it will consider a substance GRASonly when used
under certain conditions.



steps to prevent its sale or remove it from the
market by proving it was "ordinarily ... injurious
to health" and, therefore, was adulterated within
the meaning of section 402(a) of FFDCA. It might
be able to require premarketing clearance if the
corn were used as an ingredient in other foods,
such as stew, because then it would be subject
to the food additive requirements (21 C.F.R.
§170.30 (f)). Recombinant DNA products that are
similar or chemically identical to GRAS substances
or food additives already approved for use will
be required to go through the approval process
by FDA's Bureau of Foods, although the Bureau
will be flexible on data requirements.

Animal Feeds, Feed Additives, and De
vices.-These products are regulated in a way
similar to the way in which human foods, food
additives, and medical devices are regulated; how
ever, the regulation for aniIIlal products is less
rigorous than thatfor human products. For ani
mal feeds and feed additives, the requirements
for demonstrating safety are less than for the
comparable case of human food and food addi
tives. In the case of animal feed additives, how
ever, there is an additional requirement that they
be shown to be safe to people consuming edible
products from animals receiving the additive. For
animal devices, there isno premarket approval
requirement as there is for many human devices.
At this time, there is no reason to expect any par
ticular regulatory problems if these products are
made by .. biotechnology.

Veterinary Medicines.-For veterinary
medicines (animal drugs and biologics), FDA's
authority is similar to its authority for human
drugs or biologics with two exceptions. First,
there is an additional requirement in the animal
drug approval process,. i.e., aIIlmaldrugs must not
leave unsafe residues or metabolites in edible
tissues or other food products. Second, FDAdoes
not havethe primary regulatory authority over
animal biologics; USDA regulates them under the
Virus, Serum, Toxin Act of 1913 (VST Act) (21
U.S.C. §§151-158),even though they are also tech
nically drugs under FFDCA. USDA's authority ap
pliesonly to interstate marketing. According to
a recent case, FDAhas jurisdiction over intrastate
marketing (10).
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These jurisdictional distinctions have been
blurred by rDNA and MAb technology. An
FDA/VSDA memorandum of understanding cre
ates a standing committee to sort out regulatory
responsibilities in this area (29). * The memo says
FDA will regulate where the VST Act does not
apply or does not offer an appropriate remedy.

The first product to be considered by the stand
ing committee is bovine interferon. Both agencies
claimed jurisdiction, and the committee has split
along agency lines. Several attempts to resolve the
impasse on scientific grounds have failed; how
ever, efforts are continuing. In the meantime, the
manufacturer has encountered additional costs
and burdens by attempting to meet the require
ments of both agencies (6).

Control Over Exports.-Under section
801(d) of FFDCA, unapproved food additives and
medical devices can be exported if certain condi
tions are met. ** Unapproved new human drugs
or biologics and unapproved new animal drugs,
however, cannot be exported except in the follow.
ing two cases: 1) if the products are subject to
an IND,providing the importing country's govern
ment has approved such imports; or 2) if the
importing country's government formally reo
quests through the U.S.Department of State that
the product be exported (for purposes of clinical
trials only) (21C.F.R. §312.1(a)). As to unapproved
animal biologics, there is some question about
whether the VST Act applies to exports. Never
theless, it is clear that FDA has authority over
such exports, and, as indicated in thepreviously

*The FDA!USDA memorandum of understanding defines animal
biologic products as those jhat "generally, act through a specific
immune process and are intended for use in the treatment (including
prevention, diagnosis, or cure) of diseases in animals. Such products
include but are not limited to vaccines, bacterins, sera, antisera,
antitoxins, toxoids, allergens, diagnostic antigens prepared from,
derivedfrom, or prepared with micro-organisms, or growth prod
ucts of micro-organisms, animal tissues, animal fluids, or other
substances of natural or synthetic origin."

*"Anapproved food. additivecan be exported if the exporter deter
mines, without any need to inform or petition FDA, that the four
conditions in sec. 801(d)(1)of FFDCA are met. The same is true for
a Class I medical device, but an unapproved Class II or Class III
medical device cannot be exported unless a petition has been sub
mitted to FDA and FDA has found that the exportation is not con
trary to the public health and safety of the importing country and
has the approval of the importing country, under sec. 801(d)(Z) of
FFDCA.
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discussed memorandum of understanding, FDA
could exercise that authority.

The U.S. policy of restricting the export of un
approved drugs and biologics is essentially based
on paternalism. Many countries do not have the
mechanisms either to evaluate or to regulate the
quality of the drugs they import. In addition, there
have been cases of drug dumping-situations
where drugs deemed unsafe or ineffective by the
United States or other developed countries have
been marketed in less developed countries (25).

This policy has several implications for U.S.
companies using biotechnology, and the irnplica
tions may differ depending on the size of the
company. In part because of the export restric
tions, several of the large U.S. pharmaceutical
companies have established manufacturing facil
ities in foreign countries, where their products
are approved of' where the law permits the export
of unapproved products. These actions result in
the transfer of technology, lost employment
opportunities for U.S. workers, and lost oppor
tunity to help the U.S. international balance of
payments. These consequences can be expected
to continue with respect to biotechnology prod
ucts. The existence of such facilities in foreign
countries may provide the large companies with
at least a short-term competitive advantage over
small, new biotechnology firms (NBFs).· The vast
majority of the latter companies do not have and
probably cannot afford to establish foreign
facilities.

The export restrictions will also have an impor
tant implication for NBFs and for u.s. competi
tiveness in general because they may foster tech
nology transfer to foreign companies with which
they have joint ventures. In their joint ventures
with large foreign companies, some NBFs in the
United States are required to provide bulk prod
uct produced by the micro-organism to the for·
eign partner, which would secure necessary ap
provals and purify, package, and market the drug
in foreign markets. If the U.S. firm is unable to
provide bulk product, the foreign partner then
has the right to obtain the organism for its own

*NBFs, as defined in Chapter 4: Firms Commercializing Biotech
nology, are firms that have started up specifically to capitalize on
new biotechnology.

use. The U.S. prohibitions on the export of urt
approved drugs and biologics might be one rea
son why an NBF could not fulfill its agreement
to supply bulk product to its foreign partner,
thereby being required to transfer the organism
and the technology.

In proposed revisions to the regulations govern
ing the approval of new drugs, FDA has taken the
position that bulk products, which it calls "drug
substances," can be exported only if they are used
in the manufacture of approved drugs and if cer
tain labeling requirements are followed (30). FDA
has proposed to define "drug substance" as "an
active ingredient that is intended to furnish phar
macological activity or other direct effect in the
diagnosis ... treatment or prevention of dis
ease...." (30). This definition would cover drug
products produced by biotechnology, even if they
required purification, packaging, and labeling, be
cause such products usually will be active. At least
one NBF in the United States has argued that sec
tion BOI(d) of FFDCA should not be interpreted
to prohibit the export of such substances for pur
poses of clinical trials (if the conditions of sec.
BOl(d) are met) ami that such an interpretation
will require it to transfer technology forthe rea
sons mentioned in the preceding paragraph (9).

This entire problem concerning the export of
unapproved drugs can be avoided in the future,
however, without changes in the law or regula
tions. As mentioned previously, the current U.S.
regulations allow the export of unapproved drug
substances upon the formal request ofthe import
ing country's government. NBFs in the United
States rightly point out that such requests are
unlikely in cases where the government is actively
seeking to encourageinward technology transfer.
However, the NBFs' licensing agreements with
foreign companies could be written so. that the
NBFs would not have to transfer the technology
if the foreign company's government did not
make the necessary request.

Imported Pharmaceuticals and Foreign
Test Data.-Imported pharmaceuticals must
meet FDA's IND and NDA requirements, even if
approved for clinical testing or marketirig in a
foreign country. A question naturally arises reo
garding the acceptability of foreign test data.



Currently, FDA will accept foreign clinical data
in support of an NDA, but it very seldom approves
an NDA solely on the basis of foreign data, even
if the study that produced the data meets FDA
requirements for well-conducted studies. Under
proposed revisions to its regulations, FDA would
consider approving NDAs based solely on foreign
clinical trials on a case-by-case basis if: 1) the data
are applicable to the U.S.population and U'Scmed
ical practice; 2) the studies have been performed
by investigators of recognized competence; and
3) FDA is able to assure itself of the validity of
the data (30).

If adopted, the revised data requirements would
have at least two implications for this country's
competitiveness in biotechnology. First, they
would allow large U.S. drug companies to con
tinue their practice of conducting much of their
clinical work in foreign countries where drug
approval has been quicker than in the United
States, but also to secure quicker drug approvals
in the United States. Second, they would lessen
a U.S. nontariff trade barrier faced· by foreign
firms.

U.S. DEPARTMENT OF AGRICULTURE

Under the VSTAct, the manufacturer of an ani
mal biologic to be sold interstate needs premarket
clearance by getting licenses for the product and
the factory from USDA. The agency has broad
authority to require any data it thinks necessary
to judge product identity, purity, safety, and effi
cacy. USDAregulation is generally seen as signif
icantly less costly and time-consuming than FDA
regulation. However, USDA's position on biotech
nological productsappears to be consistentwith
FDA's, i.e., such products will need a new license,
even if identical to other licensed products,
although data requirements may be lessened.

ENVIRONMENTAL PROTECTION AGENCY

EPA has extremely broad authority over chemi
cals, herbicides, and pesticides. Chemicals are
covered by the Toxic Substance Control Act
(TSCA) (15 U.S.C. §§2601·2629). TSCAis intended
to fill gaps in other environmental laws. It
authorizes EPA to acquire information on "cherni
cal substances" in order to identify and evaluate
potential hazards and then to regulate the produc
tion, use, distribution, and disposal of those sub-
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stances. Commodity and specialty chemicals made
by biotechnology (except those regulated under
FFDCA) will face the same kind of regulation
under TSCAas those chemicals made by conven
tional means. TSCA will also be applied to orga·
nisms used in the environment, as noted in the
"Environmental Regulation" section below.

Pesticides, herbicides, and related products are
covered by the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA) (47 U.S.C. §§136(a).{y)).
FIFRA creates a premarketing clearance proce·
dure under which EPAreviews data on safety and
then registers the pesticide, provided it will not
generally cause unreasonable adverse effects on
the environment. EPAhas proposed a rule on data
requirements for such registration (36). Sections
158.65 and 158.165 of the proposed rule cover
biological pest control agents, including genet
ically manipulated ones.'

European Economic Community
countries

The Federal Republic of Germany, the United
Kingdom, and France are members of the EEC,
or Common Market, which was established by the
Treaty of Rome in 1958." The regulations of the
EEC and the national regulatory processes of
these three countries that are relevant to biotech
nology products are discussed further below.

EUROPEAN ECONOMIC COMMUNITY

Since 1965, the EEC has issued a series of di
rectives aimed at harmonizing the member states'
testing and approval processes for proprietary
medicinal products and veterinary medicinal
products. None of these directives specifically
deals with biotechnological products. The.direc
tives are important for the development of bio
technology because, to the extent biotechnological
products are proprietary or veterinary medicinal
products,'" their approval for manufacture or

"These sections set extensive data requirements on product per
formance, toxicology, residue analysis, hazards to nontarget orge
nismsr and environmental fate and expression.

* "The other members of the EEC are Belgium, Denmark, Greece,
Ireland, Italy, Luxembourg, and the Netherlands.

* * "Proprietary medicinal products are drugs, biologics; or-similar
products soldunder brand or trade namea.In practice, most mem
ber states regulatebtologics differently from chemically synthesized
drugs and the European Community directives have not been used
to try to harmonize those regulations.
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marketing will be governed by national proce
dures conforming to the directives.

Although the ultimate aim of the EEC directives
is to replace national drug approval processes
with a Community-wide system, such a system
is unlikely in the near future. The speed with
which the EEC does achieve a Community-wide
drug approval system, however, will have a sig
nificant impact on the development of biotech
nology, because such a system could cut costs,
provide uniform regulation, speed up the ap
proval process, and open access to new markets.

Currently, the existing directives deal only with
drugs and veterinary medicines, not biologics.
The directives also deal only with some aspects
of the pharmaceutical approval process-market
ing authorizations and certain testing require
ments. A system has been set up for obtaining
multiple authorizations for marketing in EEC
member states, but control over exports outside
the EEC is entirely up to member states.

Council Directive 65/65/EEC established the
basic regulatory framework with respect to drugs
(4). It requires an authorization from the com
petent authority of a member state before a drug
can be marketed in that state. It sets forth the
required information that must be submitted to
the authorizing agency and provides thatauthor
ization of the product shall be based on a finding
of safety, efficacy, and quality. Licenses are to be
granted for a 5'year period, subject to extension.
A similar directive exists for veterinary medicine (5).

Two questions that will be important to biotech
nology companies that manufacture drugs and
that seek EECmarketing authorizations remain
unanswered. The first concerns the so-called
paper NDA issue. The EECpermits a new manu
facturer ofan already approved produ~t to rely
on published data to establish the safety, efficacy,
and quality of its version. It is unclear, however,
whether this policy will apply to biotechnological
products. Under most member states' existing reg
ulations, a change in manufacturing process from
chemical to biotechnological synthesis requires
either a new market authorization or an amend
ment to an existing one. Since the EEC has not
addressed the issue, the individual member states
will determine whether published tests results

can be relied on or whether new tests must be
undertaken.

A variation of this same issue involves unpub
lished test results. Under current regulatory pol
icies for drug approvals in boti). Europe and the
United States, the documents submitted in sup
port of an application for approval of a drug (the
"dossier") are treated as confidential. Proposals
are being considered in Europe, particularly in
the Federal Republic of Germany, to change the
scope of the confidentiality of the dossier, One
proposal is to retain the confidentiality of the
dossier for a certain number of years, and then
allow access to the information after the payment
of compensation to the original manufacturer
who performed the tests.

FEDERAL REPUBLIC OF GERMANY

The Law on the Reform of Drug Legislation of
1976 sets forth the approval process for drugs,
biologics, andvetertnary medicines (7). It is de
signed to conform with the relevant EEC direc
tives, and responsibility for its administration lies
with the Federal Health Office (BGA, Bundes
gesundheitsamt).

The licensing procedure for new drugs and bio
logics produced through biotechnological proc-

, esses will be the same as for more traditional
products. A manufacturer of pharmaceuticals
must obtain individual marketing authorizations
to distribute each drug or biologicthat it manufac
tures and separate manufacturing authorizations
for each of its production plants. Generally, the
drug approval process takes 4 to 6 months from
the time the application is filed. In the case of bio
logics, BGA defers to the Paul Ehrlich Institute,
which provides authorizations for the manufac
ture of sera, vaccines, test allergens, test sera, and
test antigens. Before deciding to approve a new
drug or biologic, BGA must consult anindepend
ent commission of experts composed of physi
cians and representatives of the pharmaceutical

-industry. After an authorization for a drug or a
biologic is given, BGA continues to monitor the
competence -of the managers and the adequacy
of the facilities. An authorization may be with
drawn, revoked, or suspended if satisfactory
standards are not maintained.



BGA regulations governing clinical testing of
drugs and veterinary medicines track the appli
cable EEC directives. No specific prior approval
of clinical testing is required, but IlGA guidelines
for such trials must be followed. The process for
obtaining marketing approval and the information
required in the application follows the EEC direc

. tives on proprietary medicinal products and on
veterinary medicinal products. * In addition, the
manufacturer must show that it holds a manufac
turing license.

Anyone seeking to market an imported product
must show that the product's foreign manufac
turer has the equivalent of a manufacturing
license and a marketing license in the country of
manufacture; otherwise an explanation of why
such authorization has not been granted must be
supplied.

With respect to exports, it appears that a man
ufacturer intending to produce an item solely for
export must comply with the requirements and
obtain a manufacturing license but need not
obtain a marketing license.

Certain biologics, specifically sera, vaccines, or
test allergens, may only be marketed if each batch
is approved by the Paul Ehrlich Institute. Ap
proval is given only if a test shows that the batch
possesses the required safety, efficacy, and quali
ty, and has been manufactured and tested by
methods which conform to the standard set by
scientific knowledge currently prevailing.

Several aspects of the Federal Republic of Ger
many's pharmaceutical approval process are of
particular significance to pharmaceuticals pro
duced by biotechnology, because a change in
manufacturing process from chemical synthesis
to biotechnology would necessitate a reauthoriza
tion of these products. In certain cases, a manu
facturer must apply for reauthorization of a drug

"The application data must contain data showing: 1) the texico
logicaleffects and pharmacologicalproperties of the drug; 2)its effec
tiveness in the given indications; 3) the propriety of the suggested
dosage; 4) side effects; 5) the drug is of appropriate quality; and
6) the production control methods correspond to scientific knowl
edge currently prevailing and are suitable for quality assessment.
An application for an authorization for veterinary medicines and
medicated foodstuffs must include residue tests and indicate how
long it takes for. residues to occur in edible tissues and how such
residues are to be assessed.
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despite an existing authorization. The circum
stances in which such a reauthorization must be
sought include a change in the composition of the
active constituents either in type or quantity, a
change in dosage form, or an extension in the field
of application. For biologics such as sera, vaccines,
and test allergens, a change in the manufacturing
process also requires a reauthorization.

Two regulatory issues currently being debated
in the Federal Republic of Germany are also rele
vant. The first is a regulation now in force that
requires any person who markets a drug in the
country to maintain a legal presence in the
Federal Republic of Germany. The EEC has re
cently ruled that this requirement is illegal and
has asked that it be abolished. Whether the Fed
eral Republic of Germany will do so remains to
be seen.

The second issue involves current proposals to
modify the confidentiality of drug authorization
dossiers. As in most of Europe, no manufacturer
in West Germany has access to confidential infor
mation in another manufacturer's dossier unless
it specifically receives permission from the origi
nal manufacturer, permission which is usually
granted, if at all, only after the payment of sub
stantial compensation. A second manufacturer of
a drug that has already been approved may also
rely on published material in lieu of relying on
the dossier or conducting its own tests, but most
important drugs are not the subject of published
studies. Almost any scientifically reliable material
will be contained in the confidential dossier that
the first manufacturer submitted. Under active
consideration are proposals that would maintain
absolute confidentiality of the dossier for a given
number of years, but then allow for access to the
dossier with a statutorily prescribed compensa
tion system. It will probably be some time before
any such system is enacted (8).

UNITED KINGDOM

Because the United Kingdom is a member state
of the EEC, its regulations conform to the basic
requirements of the EEC pharmaceutical direc
tives. Its current standards are embodied in the
Medicines Act of 1968 and in the regulations
adopted under this statute. No specific regulations
governing the approval of biotechnologically pro-
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duced pharmaceuticals have yet been adopted,
so such products are subject to the general ap
proval process set forth in the Medicines Act. The
approval process for pharmaceuticals and related
substances is similar to the U.S. system in several
respects, but it is somewhat less restrictive and
much more efficient in terms of the time for
approval.

The Medicines Act of 1968 provides a compre
hensive framework for the regulation of "medici
nal products" which include drugs, biologics, and
veterinary medicines. Its provisions are adminis
tered by the Health and the Agriculture Ministers
of the United Kingdom, acting with the advice of
the Medicines Commission. The day-to-day opera
tion of the act is the responsibility of the Med
icines Division of the Department of Health and
Social Security.

The regulations governing the use of medicinal
products focus on the safety, efficacy, and quality
of the product. The system utilizes five types of
licenses: licenses as of right, clinical trial certifi
cates, * product licenses I manufacturers' licenses I

and wholesale dealer licenses. These licenses
apply to the manufacture, sale, storage, import,
or export of any medicinal product. The require
ments for the issuance of clinical trial certificates
are considered to be among the strictest in
Europe. Before a certificate can be granted, an
applicant must present animal pharmacokinetic
data, acute and chronic toxicity data, and infor
mation on potential reproductive toxicity. The
basic documentation required to obtain a product
license is similar to that required by the relevant
EEC directives. Trial certificates valid for up to
2 years and product licenses valid for 5 years are
issued for drugs on which clinical testing and pro
ductionbegan after September 4, 1971. Either
may be renewed.

Additional requirements are imposed with re
spect to "biologicals," which include vaccines,
toxins, antigens, sera, and enzymes. Such biologi
cal medicines are licensed on a batch release
system. The manufacturing license requires that

-Licenses of right and clinical trial certificates are self-limiting.
The trial certificates terminate automatically once the trial process
has ended. Licenses of right are transformed into product licenses
once the drug has .been reviewed by the Medicines Review Com
mission and found safe, effective, and of proper quality.

each batch of product be subject to certain tests
and that samples and the results of the tests be
submitted to the National Institute of Biological
Standards and Controls (NIBSC). The basic tests
administered by NIBSC, which may have to be
modified in the case of new biotechnological ap
plications, include potency, purity, toxicity, pyro
genicity, and immunogenicity.

NIBSC has begun considering how its testing re
quirements may have to be modified for biotech
nological products but has not formally adopted
new requirements (2). Among the issues which
NIBSC has identified as requiring modification of
its procedures for biotechnologically produced
products are establishment of the identity of large
proteins produced by rDNA technology, adapta
tion of bioassay techniques, biological potency,
contamination of biotechriologically produced prod
ucts with macromolecules of bacterial origin, and
chemical modification of the required products.

Several aspects of the pharmaceutical approval
process in the United Kingdom will be particularly
relevant to the development of biotechriology. The
batch release system for testing biologics will ap
ply to many biotechnologically produced prod
ucts' but that will be the case in many countries.
Also of importance for biotechriology is the treat
ment of already licensed drugs produced with
new methodologies. In the United Kingdom, such
drugs require product and manufacturing licenses.
However, the full documentation that would be
required for a completely new drug need not be
provided. The precise amount of documentation
will vary with the particular drug. In general, the
United Kingdom will allow the substitution of
published references for actual test results in
those situations permitted under the EECCouncil
Directive 65/65IEEC (4). However, a second manu
facturer is not permitted to rely on the confiden
tial information submitted in the dossier of a first
manufacturer. Thus, a new manufacturer of an
already approved drug is required independently
to demonstrate the safety, efficacy, and quality
of the drug through its own research or that of
independent researchers.

Imported drugs also require a product license.
The manufacturer may be required to declare
that any requirements imposed by the law ofthe
country in which the drugs are manufactured



""

from the Directorate of Pharmacy and Medica
ments to manufacture the new drug product. If
the product is to be manufactured abroad, the
manufacturer must attach to the French market
ing application the document granting it authority
to manufacture the product in the foreign coun
try. The marketing authorization itself is subject
to the documentary requirements established by
the EEC directives.

Once a manufacturer has submitted alI relevant
data to the Ministry of Health, the Minister must
announce a decision on the application for mar
keting registration within 120 days. This period
may be extended for another 90 days in excep
tional cases. In practice, however, the process
ing time for an application averages 6 to 8 months.
A second manufacturer cannot rely on the dossier
of a first manufacturer to qualify its drug, so a
new manufacturer making an already approved
drug by biotechnological processes would have
to show the drug's safety, efficacy, and quality
all over again. However, as in other EEC coun
tries, a manufacturer may rely on some published
data to support its application.

Once registration has been approved, as in the
rest of the EEC, the marketing license is valid for
5 years. It may be renewed for additional 5-year
periods only if the manufacturer formally de
clares that no modification has occurred in the
scientific data submitted in support of the original
application. The Ministry of Health must there
fore be notified of any new data.

A drug may be imported from another EEC
country and, in exceptional circumstances, from
a non-EEC country, provided that a marketing
license has been obtained in France. A certificate
is required proving authorization for sale or dis
tribution within the exporting country. Author
ization for the marketing of an imported drug is
only valid for 6 months, but presumably may be
renewed.

Drug products designed for animal consump
tion are also regulated by the Ministry of Health.
The application procedures for obtaining author
ization to market veterinary drugs are basically
the same as those for human drugs.
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FRANCE

The French approval processes for pharmaceu
ticals includes many of the same steps as the proc
esses in the United States. The basic standards
for approval are quality, safety, and efficacy of
the pharmaceuticals, and the necessary tests are
largely the same.

The authority responsible for the registration
of new drug products is the Directorate of Phar
macy and Medicaments of the Ministry of Health,
which administers the requirements of the Public
Health Code, Book V, and the EEC protocols for
analytical, toxicological, and pharmacological tests
and clinical trials. The Ministry of Health uses the
same basic standards of quality, safety, and effi
cacy required by the EEC.

A manufacturer must notify the Ministry of
Health before commencement of clinical trials of
a new product or for a new indication of an estab
lished product. The trials must be carried out
under the supervision of an "approved expert"*
and must follow procedures and present data in
the format established by the Ministry of Health.
Toxicological and pharmacological data must be
submitted to the approved expert prior to com
mencement of the trials. Except forthe analytical
data, the information does not have to be gener
ated by local French studies; however, the for
eign data can only be accepted if it is justified by
approved experts and conforms to EEC protocols.
These rules apply also to clinical data generated
by studies conducted abroad. Clinical trials must
be performed in hospitals as controlled experiments.

Prior to obtaining a marketing license, a manu
facturer is also required to request authorization

have been complied with and to permit the licens
ing authority to inspect his premises to ensure
that they comply with any prescribed conditions
of the license. Drugs produced solely for export
also must be licensed, but the licensing authority
is required to consider only quality, not the safety
and efficacy of the drug.

"Approved experts" are scientists with expertise in various aspects
of pharmaceutical testing who are approved by the Minister of
Health. The Minister maintains lists of these experts from among
whom an applicant may select experts to review his or her data
and supervise further testing. Approved experts need not be French.
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Switzerland

The Intercantonal Convention for the Control
of Medicaments is the authority for the regulation
of drugs and related products. Under the Con
vention, the Intercantonal Office for the Control
of Medicaments (IOCM, Interkantonale Kontroll
stelle fiir HeilmitteDadministers the drug regula.
tory system. IOCM has four principal tasks: quali
ty control of marketed drugs, quality control of
manufacturing, the licensing of new drugs, and
the review and relicensing of existing drugs.
IOCM has responsibility for pharmaceuticals, *
veterinary medicines, and medical devices. Food
and cosmetics are controlled by the Federal Office
of Public Health under separate Federal author
ity. The quality control functions of IOCM are
exercised through sampling of drugs at the time
of their registration and periodically thereafter
and through periodic inspections of pharrnaoeu
tical facilities.

The licensing of pharmaceuticals is much more
streamlined than in other countries. There is no
requirement for government approval before ini
tiation of clinical trials. This is due both to the
small size of IOCM and to greater reliance on the
good faith of manufacturers and the common
sense of medical practitioners participating in the
clinical trials of new drugs.

Approval of the marketing of a drug is based
on its efficacy and safety, which are judged by
an independent board of university scientists.
Approval can be refused not only if the drug is
found not to be safe and effective, but also if its
price is excessive. Licenses are issued for as-year
period and maybe renewed by the same board. **
The drug approval process generally takes 6 to
10 months.

Of particular importance for biotechnology is
the fact that less documentation is required for
drugs that are not new chemical entities. Swit
zerland's streamlined drug approval process
should mean faster action on new drug applica-

"This includes in vivo diagnostics, contraceptives, narcotics,
anesthetics, antibiotics, some industrially produced homeopathic
medicines, herbal-remedies, radiopharmaceuticals. and certain blood
products.

* "In special cases, up-to-date analytical, preclinical, and chemical
data as well as samples may be required if requested by IDCM.

tions and on old drugs being produced through
biotechnology.

For imports, it is necessary to have a certifica
tion that the drug is authorized for sale or distri
bution in the country of manufacture and that
the manufacturer is subject to regular inspection.
Drugs intended solely for export are exempt from
registration, but voluntary registration can be
made.

Japan

The approval process for drugs, biologics, and
veterinary medicines in Japan is set forth in the
Pharmaceutical Affairs Law (17). The law gener
ally requires each manufacturer or importer to
obtain a license fOJ; each manufacturing plant or
business office and a separate approval for each
drug manufactured or imported. * The manufac
turer's or importer's license must be renewed
every 3 years. The product approval has no set
duration, but in practice many drugs are reo
viewed again after 6 years. The approval process
is quite drawn out and complex because many
agencies are involved. The time from submission
of an application to approval is supposed to take
1 to 3 years but in practice takes longer (13).

The information that must be filed with the
application for the approval of a new drug in
Japan include data on origin, discovery, use in
foreign countries, physical and chemical structure
and properties, stability, various forms of toxicity
and other dangerous side effects, pharmacological
action, how the drug will be used in the body,
and results of clinical trials (15). Most of the data
is required to be published as an original article
in a Japanese scientific journal. Data on animal
tests for toxicity must meet certain special reo
quirements. The application will be denied if the
drug has no effect, efficacy, or efficiency as in
dicated in the application, if the drug is "remark
ably dangerous" in comparison to its effect, or
if the drug has been designated improper under
the Ministry of Health and Welfare Ordinance (17).

An application to import a new drug must meet
these standards. It must also contain a document

"The separate approval for each drug is unnecessary if the drug
is listed in the Japanese Pharmacopoeia and has been exempted by
the Minister for Health and Welfare.
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reexamination is to determine whether the drug
now displays any condition that would, if a new
drug application were now filed, require its rejec
tion, i.e., that the drug is not efficacious, is more
dangerous than efficacious, or has been desig
nated improper (17). The approval for a drug may
be canceled if the drug cannot pass reexamina
tion' if health or sanitation reasons so require,
if the licensee failsto submit accurate reexamina
tion material, or if the licensee has not produced
the drug for 3 years (17). How this will affect
drugs produced with biotechnology is unclear.

Environmental regulation *

certifying that the exporting country approves its
manufacture and copies of the import contract
or similar document (16). The import or manu
facture of biologics is prohibited unless special
requirements concerning their processing, prop
erties, quality, and storage are met (16). Each
batch of biologics must be tested and approved
by the National Institute of Health.

New drugs must be reexamined about 4 to 6
years after approval, largely so that the safety of
the drug can be assessed in light of post-approval
clinical tests and other scientific research. The

Protection of the environment is one aim of the
rDNA gutdellnes in each of the competitor coun
tries; none of them have any other rules specifi
cally directed to the environmental effects of bio
technology. Nevertheless, the more general en
vironmentallaws will apply to biotechnological
processes, products, and waste products. The ex
tent to which these general laws will apply to ge
netically modified organisms used in the environ
ment is uncertain in all of the countries except
the United States, where EPA has asserted juris
diction under TSCA.

The environmental requirements in the rDNA
guidelines are likely to have little effect on the
competitive position of any country. The specific
measures required for any physical containment
level vary little from country to country, More
over, most rDNA activities are now conducted at
low containment levels that require essentially
only that good microbiological practices be fol
lowed. Deliberate release of genetically modified
organisms is generally prohibited, although pro
cedures exist for exceptions from the prohibition.
In the United States, deliberate release is not pro
hibited as such, but one who would do so under
the guidelines must have the approval of mc and

NIH, after consultation with the Recombinant
DNA Advisory Committee. *

It is difficult to determine what effect, if any,
the more general environmental regulations of
each country dealing with air and water pollution
and waste disposal will have on biotechnology in
that country. Since much of the environmental
regulation in any country is performed on the
local level, generalizations about national environ
mental controls can be misleading. States (Lander)
in the Federal Republic of Germany, for example,
are about to enact specific legislation to fill in the
framework set up by Federal laws. Certain envi
ronmentallegislation in Japan, though enacted at
the national level, applies only to certain areas.
Local authorities in France and the United King
dom possess considerable responsibility for ad
ministering and enforcing environmental rules.
Switzerland leaves most decisions on environmen
tal regulation to the cantons, as it does decisions
on other subjects. The United States has one of
the more centralized systems for environmental
control, but even Federal statutes allow for
responsibility to be transferred to the States.

"For specific information regarding the six-countries, see the
section on environmental regulation in Appendix F: Recombinant
DNA Research Guidelines, Environmental Laws, and Regulation of
Worker Health and Safety. -

•A lawsuit has been filed against NIH claiming that approval by
the Recombinant DNA Advisory Committee is not consistent with
the National Environmental Policy Act and claiming that an Environ
mental Impact Statement must be prepared (Foundation on
Economic Trends v.Heckler, NO.,83 Civ. 2714 OJoO.C. Sept. 14,1983)).
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All of the. countries except Switzerland have
fairly comprehensive and stringent environmental
regulation. Switzerland's national regulation is
directed only toward water pollution. Thus, its
biotechnology companies may have a competitive
advantage over those in the other countries be
cause of less restrictive environmental regulation.
Yet even the more stringent regulation in other
countries would not necessarily handicap com
panies because the regulation is directed mainly
toward toxic chemicals. The degree of traditional
environmental problems that companies using
biotechnology might create-air and water pollu
tion and hazardous waste-does not now appear
to be so great that environmental controls will
significantly affect the commercialization of bio
technology. However, increasing commercializa
tion of biotechnology eventually will require more
consideration about the disposal of waste byprod
ucts. All countries are now about equal in this
area, but those who undertake to resolve uncer
tainties about the specifics of that regulation
should enhance the competitive positions of their
biotechnology companies.

The United States seems to be the farthest
ahead in considering the risks and regulation of
the deliberate release of genetically modified
organisms. This may simply be the result of the
fact that this area of biotechnology is further
along in the United States than inthe other coun
tries. In any event, NIH recently has reviewed and
approved several proposals to release organisms
into the environment. Also, on June 22, 1983, two
congressional subcommittees held a joint hearing
on the topic of regulating such releases (22).

At the hearing, EPAtook the position that such
organisms are "chemical substances" as defined
by TSCA* and therefore subject to regulation by
EPA under TSCA (3). Although the matter is not
free from doubt, a consensus has been developing
among the experts that TSCA would apply (18).

TSCA gives EPAbroad authority to regulate the
products of biotechnology, and, assuming EPA's

*A "chemical substance" is defined in the relevant part under sec.
3(Z)(Al of TSCA as "any organic or inorganic substance of a par
ticular molecular identity," including "any combination of such sub
stances occurring in whole or in part as a result of a chemical reac
tion or occurring in nature . . . ."

interpretation of the definition of "chemical sub
stance" survives any subsequent legal challenge,
TSCA would have great potential for regulating
the deliberate release of genetically modified orga
nisms. Under section 4 of TSCA, EPA can adopt
rules requiring testing of chemical substances that
"may present an unreasonable risk of injury to
health or the environment" or will be produced
in substantial quantities (and enter the environ
ment in substantial quantitites or result in sub
stantial human exposure) when existing data are
insufficient to make a determination and testing
is necessary to develop adequate data. Section 5
requires the manufacturer of a new chemical sub
stance to notify EPA 90 days before beginning
production and submit any test data it may have
on the chemical's health or environmental effects.
If the agency decides that the data are insufficient
for evaluating the chemical's effects and that it
"may present an unreasonable risk of injury to
health or the environment" or will be produced
in substantial quantities (and enter the environ
ment in substantial quantities or result in substan
tial human exposure), it can propose an order to
restrict or prohibit the chemical substance'sman
ufacture or use. Under section 6, EPA can pro
hibit or regulate the manufacture or use of any
chemical substance that "presents, or will present
an unreasonable risk of injury to health or the
environment." TSCA also provides for record
keeping and information gathering about the
environmental and health effects of chemical
substances.

Despite its theoretical applicability, TCSAmay
leave much to be desired in terms of a practical
program to regulate the use of genetically manip
ulated organisms in the environment. First, EPA
has little expertise or experience in the area of
genetic manipulation. Second, its toxic substances
program has been significantly understaffed,ac
cording to a 1980 study by the U.S. General Ac
counting Office study (21). Third, TSCAmay not
give EPA sufficient regulatory power, if the risks
presented by deliberate release are viewed as sub
stantial. For example, section 5, which creates the
premanufacturing notice requirement, does not
require the generation of toxicological data. A
recent OTA background paper found that near
ly half of the premanufacturing notices submitted



§§151-167; 7 U.S.C. §150aa et seq.l. Thus, some
of the "raw materials" of interest to biotechnolo
gists in the agriculture field are subject to USDA
restrictions. For example, two potential mecha
nisms for transferring genes into plants are the
bacterium Agrobacterium tumefaciens with its
integrating Ti plasmid and the cauliflower mosaic
virus. Both the bacterium and the virus are sub
ject to the restrictions. Similarly, work with par
ticularly dangerous animal viruses may be pro
hibited or severely restricted. For example, work
on foot and mouth disease virus can only be per
formed at Plum Island, a high containment USDA
laboratory located off the coast of Long Island,
N.Y. USDA also bars entry into the United States
of 22 other pathogens that might be of interest
to companies desiring to produce animal vaccines.
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"As to the importance of such information, OTA's background
paper stated (26): "Certainly, the absence of toxicity data complicates
EPt\.'s efforts to decide whether a new chemical may present an
unreasonable risk to health or the environment. Butthe importance
of toxicity data for making decisions about particular chemicals
varies. Those data are less important for chemicals that closely
resemble others for which there is much Informationand experi
ence. They are critical for unusual chemicals or chemicals for which
there is limited information."

Regulation of worker health and safety *

to EPA do not have information about the chem
ical's toxicity (26).' Moreover, the burden is on
EPA to take legal action if it believes that insuffi
cientdata exists for a new chemical substance.

USDA also has an environmental role to play
with respect to biotechnology. It regulates impor
tation and interstate shipment of plants, animals,
and their pathogens (21U.S.C. §§101-135; 7 U.S.C.

The rDNA research guidelines in each of the
six countries (but not those ofthe EEC itself) con
lain provisions for the safety and health of labora
tory workers. Each country also has more widely
applicable laws andregulations, but it is the rDNA
guidelines that willhave the most immediate im
pact on the biotechnology companies.

The substance of the various worker health and
safety provisions in the national rDNA guidelines
varies among the six countries studied, although
most set forth rules to ensure that laboratory
workers are knowledgeable about laboratory pro
cedures, that emergency procedures are known
and safety equipment is available, and that worker
health is monitored for certain types of work. It
seems fair to infer that the costs and burdens
associated 'With these requirements are modest,
because there has been little criticism or com
plaints about them from academia or industry (8).

The more general worker health and safety
laws in the. United States and in each of the five
foreign countries have had no measurable effect

"For specific information regarding the six countries, see section
on regulation of worker health and safety in Appendix F:Becombi
nent DNA Research Guidelines, Bnvtronmentel Laws, and Regula~

tion of Worker Health and Safety.

as yet on the industries using biotechnology in
each country. Each country imposes general
duties on employers to maintain safe workplaces
and to eliminate or control hazardous substances
(although when these substances are specified,
they do not include materials likely to be found
in a biotechnology laboratory). The most that can
be said is that each country has at least one
authority able to impose further requirements to
protect worker health and safety, but none has
yet done so. Such requirements would be pri
marily process rather than product oriented.

The United States has studied the question of
the possible risks posed to workers from long
term exposureto novel organisms and products.
The Centers for Disease Control and the National
Institute of Occupational Safety and Health
(NIOSH) created an ad hoc working group on
medical surveillance for industrial applications of
rDNA. The group concluded that, while physical
containment of rDNA-containing organisms and
their products is the first line of defense, medical
surveillance of industrial workers can playa valu
able auxiliary role in protecting their health (19).
Others have disagreed 'With this finding, question
ing the need for surveillance and the ability to
construct a meaningful program.
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The NIOSH findings have notbeen implemented
by the Occupational Safety and Health Admini
stration (OSHA), the U.S. agency primarily respon
sible for worker safety and health. Under the
Occupational Safety and Health Act of 1970, OSHA
can promulgate workplace standards to protect
workers from toxic substances or harmful phys
ical agents. Under a recent decision by the U.S.
Supreme Court (12), such standards must be "rea
sonably necessary to remedy a significant risk of
material health impairment." Although this re
quirement would appear to prevent OSHAfrom
acting on those purely conjectural risks associated

Findings

Health, safety, and environmental regulation
can affect the cost, time, and financial risks of
getting products to market.Thus, such regulation
can be expected to affect international competi
tiveness in biotechnology.

The only government controls directed specif
ically toward biotechnology are the rONA guide
lines adopted by the EEC and the six competitor
countries. They are essentially voluntary and
directed primarily at research, although they do
apply to large-scale work to varying degrees.
Their containment and oversight provisions have
been substantially relaxed since they were origi
na��y adopted, and this trend is expected to
continue.

The rONA guidelines in the competitor coun
tries are quite similar in their regulatory goals,
requirements, andimplementation because they
are generally patterned after the U.S.guidelines,
which were initiallydeveloped through the efforts
of the international scientific community. Never
theless, there are differences that allow the
guidelines to be ranked in terms of their restric
tiveness and potential impact on the competitive
ness of the various countries.

The rONA guidelines of the United States are
the least restrictive of the guidelines in any of the
competitor countries. The vast majority of the ex
periments that are done with the most common
ly used host-vector systems are either exempt or

with biotechnology, the agency could act on
known biological risks (e.g.,those presented by
known pathogens), or physical risks (e.g., those
presented by the use pressurized containment
vessels). Inany event, OSHA has not promulgated
any standards for bioprocesses in general, nor has
ittaken any position on regulating biotechnology.

At this point and for the foreseeable future,
worker health and safety regulation of biotech
nology is minimal. Thus, it will give neither an
advantage nor a disadvantage to any of the com
petitor countries.

can be done at the lowest containment levels.
Prior approval, even by the !BCs,is required only
for a limited category of experiments. The rONA
research guidelines of Japan and the European
countries are more restrictive than the U.S. guide
lines in one or more of the. following ways:

• they require more stringent containment;
• they require more time-eonsuming approval

procedures;
• they have fewer categories of approved host

vector systems; or
• they severely restrict large-scale work.

Japan has the most restrictive rONA guidelines,
A limited number of host-vector systems have
been approved for use. Moreimpbrtantly, com
panies have had extreme difficulty in obtaining
approval to do work with more than 20 liters of
culture, but this is expected to change soon.

Of the remaining countries, Switzerland ap
pears to have the least restrictive guidelines. Its
Government has played no role in theguidellnes,
and there are no requirements covering large
scale work. However, Switzerland follows an
earlier, and thus more restrictive, version of the
U.S.guidelines. The guidelines in France and the
United Kingdom appear to be roughly equivalent
with regard to their impact on biotechnology. The
Federal .Republic of Germany appears to be
slightly more restrictive, primarily because
Government approval must be obtained before
even moderate risk experiments can be started.



It is the existing regulation that will most affect
biotechnology: product approval laws, environ
mental laws, and worker health and safety laws.
The most important of these for biotechnology
will be the productapproval requirements, espe
cially for pharmaceuticals and veterinary medi
cines because those products are the most strin
gently regulated or the subject of much of the cur
rent effort in product development. For this
reason, and because of insufficient information
on foreign regulation of the other products, the
analysis for product approval in this chapter con
centrated on the regulation of pharmacuticals and
veterinary medicines.

With respect to the product approval process,
particularly for pharmaceuticals and animal
drugs, the United States appears to be at a com
petitive disadvantage with respect to all of the
other countries except Japan. The competitive dis
advantage for the United States results mainly
from the time and cost necessary to secure
premarketing approval. In contrast, the United
Kingdom has the most expedited pharmaceutical
approval process, even though its substantive re
quirements are quite similar to those of the United
States. Switzerland is the least restrictive of the
countries in terms of substantive requirements.
For example, it does not require Government ap
proval before initiation of clinical trials. In con
trast to pharmaceuticals and animal drugs, the
regulatory requirements for animal biologics are
less restrictive in the United States and roughly
on par with those in other countries.

Another reason the United States is at a com
petitive disadvantage is that the United States, in
contrast with the other countries, does not allow
the export of unapproved pharmaceuticals. In
addition, bulk drug products may also not be able
to be exported. Given certain provisions in joint
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venture agreements between U.S. NBFs and their
foreign partners, these requirements could en
hance the transfer of biotechnology to foreign
companies.

Specific requirements regarding biotechnology
products are or will be set at the agency level
within the existing statutory framework. In the
United States, FDAhas taken the lead in develop
ing and publishing informal statements. Since
these statements help dispel uncertainties, they
will help product development. In its policy state
ments, however, FDAhas taken the position that
rDNA products whose active ingredients are
identical to ones already approved or to natural
substances will still need to go through the new
product approval process. However, data require
ments may be modified and abbreviated. This ap
pears not to be the situation in other countries,
although there have not been definitive pro
nouncements by the regulatory agencies.

One area of uncertainty that could hinder U.S.
competitiveness in biotechnology to some degree
is the question of jurisdiction over animal bio
logics. FDA and USDA are engaged in a jurisdic
tional dispute that could delay product approvals.

Environmental and occupational safety and
health regulations are not likely to give any of the
countries a significant competitive advantage in
biotechnology. This regulation is likely to playa
minor role, except in the area of deliberate release
of genetically manipulated organisms into the
environment. For that application of biotech
nology, uncertainties exist as to what, if any, kind
of special regulation will develop. The United
States appears to be the farthest alongin consider
ing the problem: thus, tothe extent that decisions
are made and the regulatory picture clarified for
corporate planners, the United States may have
a slight advantage.
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Issue and options

ISSUE: How could Congress improve U.S.
competitiveness in biotechnology
through changes in the regulatory
environment?

Regulation imposes costs, constraints, and de
lays onbiotechnology companies that are justi
fied when they promote such general goals as the
enhancement of human health or quality of the
environment. To the extent that such regulation
is inefficient or unnecessarily restrictive or
creates uncertainties that impede business plan
ning' however, it will restrict biotechnological
innovation and U.S. competitiveness in biotech
nology without achieving the other goals.

OTA has identified several options that could
improve U.S. competitiveness in biotechnology
through changes in laws, regulations, and admin
istrative policies regarding health and safety.
Many of these are not specific or limited to bio
technology but nevertheless could significantly
affect this technology. Furthermore, many of the
actions could be taken by executive agencies, and,
in fact, are being considered. Nevertheless, Con
gress may decide legislative action is necessary
or more appropriate.

Option 1: Amend the Federal Food, Drug, and Cos
tnetic Aet !FFDCA) to permit the export of
unapproved drugs and biologies.

Of the six competitor countries identified in this
assessment, the United States is the most restric
tive regarding the export of unapproved drugs
and biologics. The relevant provision of FFDCA
is designed to prevent "drug dump!ng"-situations
where drugs deemed unsafe or ineffective by the
United States or other developed countries have
been marketed in developing countries.

Those who advocate eliminating this provision
of FFDCA argue that a U.S. company can have
ethical reasons for wanting to export a drug that
is unapproved by FDA. For example, it may be
supplying a company that sells the drug in a coun
try that has approved the drug for sale. Advocates
of eliminating this provision also argue that the
provision simply embodies U.S. paternalism
toward other countries, which are capable of

making their own health and safety decisions.
Partly to avoid the U.S. ban on the export of un
approved drugs, the multinational drug compa
nies have established foreign manufacturing fa
cilities. This practice results in the transfer of
technology and jobs from the United States and
has an adverse effect on the U.S. balance of
payments. For NBFs, which may not have the
money to establish foreign facilities or the time
before contract revenues and capital run out, the
export restriction may be especially burdensome.

FDA has taken the position that bulk pharma
ceutical products made by biotechnology are
drugs because such products are biologically ac
tive; thus, the export prohibition of FFDCA ap
plies. OneD.S. company, Genentech, has asserted
that its inability to sell bulk pharmaceutical prod
ucts to its foreign joint venturers will result in
its being required to transfer the technology to
produce that bulk product to its foreign partners.
This company has argued that bulk pharmaceu
tical products produced by biotechnology and not
labeled as drugs should not be considered drugs
under FFDCA and FDA regulations. Clearly, this
question of interpretation could be resolved on
the administrative level without congressional ac
tion. To change the general prohibition in FFDCA
against the export of unapproved human and ani
mal drugs and biologics, however, legislation
would be necessary.

The arguments against amending FFDCA to per
mit the export of unapproved drugs and biologics
are essentially moral ones. There have been
documented cases of drug dumping in developing
countries. Supporters of the existing restrictions
argue that the United States has a moral duty to
try to prevent such actions and that the develop
ing countries are unofficially in favor of these
export restrictions.

There are several different ways that legislation
to permit the export of unapproved human and
animal drugs and biologics could address these
moral arguments. First, the legislation could ex
elude products that have actually been barred by
FDA. Second, it could permit the export of un
approved drugs and biologics only if they have



The OTA report mentioned above found that
"[tlhe evidence that is available neither supports
nor refutes the position that innovation will in
crease significantly because ofpatent-term exten
sion." It did note, however, that the incentives pro
vided by patents for pharmaceutical R&D would
be enhanced.

Option 3: Amend the patent law to extend the term
of patents on products or processes that
need regulatory approvals before mar
keting,

This option was considered extensively by the
97th Congress, in which legislation passed the
Senate and failed to pass the House by a few votes.
It was also the subject of an OTA report, Patent
Term Extension and the Pharmaceutical Industry
(24). Legislation to accomplish this.option (S. 1306,
H.R.3S02)has been introduced in the 98th Congress.

Firms that are heavily involved in basic research
support patent-term extension. They claim that
R&D costs and risks are rising, yet the effective
life of patents on the products resulting from the
R&D is declining because of the increasing time
necessary for securing regulatory approvals be
fore marketing. Since this may cause returns on
R&D investments to decrease, the firms assert
that innovation will suffer. Several biotechnology
firms have supported this option publicly.

Generic drug producing firms and consumer
groups oppose patent-term extension. The generic
drug firms, which derive most of their revenues
from drugs equivalent to the pioneering ones
whose patents have expired, assert that patent
term extension will delay their entry into the
market or not make that entry worthwhile be
cause of limited product life remaining. They also
assert that patented products often maintain an
exclusive market position after their patents ex
pire because of nonpatent barriers to market ac
ceptance of generically equivalent products. As
a result, patent-term extension would cause com
petition to decline and prices to increase. The
consumer groups support this position and also
note that the pharmaceutical industry has been
extremely and consistently profitable for a great
many years, even while the regulatory burdens
have been increasing.
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been approved by at.least one other developed
country, Third, it could permitthe export of un
approved drugs .and biologics only to, countries
where the products has been approved, Finally,
the legislation could be drafted so that un
approved drugs and biologics can be exported
only to developed countries. The potential
diplomatic problems that could arise by having
to decide which countries are "developed" could
be avoided or lessened by using the definitions
of various international organizations, such as the
International Monetary Fund.

Option 2: Pass legislation to merge the Virus, Serum,
Toxin Act of 1913 into the Federal Food,
Drug, and Cosmetic Act.

Thereasons for the different statutes are pri
marily historical, and the distinctions between
animal drugs and biologics, if they .were not
already anachronistic, havevirtually been made
so by rDNA and hybridorna technology. Neverthe
less, USDA and FDA were engaged in a jurisdic
tional dispute over bovine interferon and may
well continue to engage in disputes over future
products. By trying to satisfy both agencies, U.S.
companies using biotechnology are likely to in
cur additional costs and delays. In addition, the
uncertainties over regulatory authority may
hinder corporate planning for what product areas
to pursue or may steer firms away from pursu
ing these-kinds of products. As a result, U.S. firms
may be ata competitive disadvantage with respect
to foreign firms.

Although combining the regulatory jurisdiction
into one agency, FDA, may make sense concep
tually, there will be substantial institutional
barriers to doing so. If USDA is unwilling to give
up its jurisdiction, as it appears to be, it can count
on substantial political support from inside and
outside of government. In addition, despite the
.adverse consequences of this jurisdictional dis
pute, the biotechnology companies themselves
may well prefer USDA to retain or enhance its
jurisdiction over animal biologics because USDA
regulation is viewed as substantially less burden
some and costly than FDA regulation. This option
has been proposed several times in past years,
but there, has, been little progress toward its
imrlementation.
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Option 4: Address the uncertainties and concerns
about the deliberate release of genetically
manipulated organisms into the environ
ment by passing new legislation or amend
ing the Toxic Substance Control Act to clari
fy its.epplicebility. to living organisms.

There are risks associated with releasingnon
indigenous organisms into the en"ironment. Al
though most nonindigenous such organisms <;10
not establish an ecological niche, many have done
so with disastrpus consequences. For example,
over half of the insect pests in the United States
today came from abroad; similarly, the micro
organism causing Chestnut blight was not indi
genous to the United States.

The risks of releasing genetically manipulated
organisms into the environment are not known.
On one hand, changing the genetic makeup of an
organism usually decreases its ability to survive.
Onthe other hand, many of these organisms, such
as microbes used for enhanced oil recovery, will
have to be manipulated so as to be competitive
with indigenous micro-organisms and to be able
to withstand extreme environments in order to
be able to accomplish the task. Some industry
spokespeople, who believe that rDNA-containing
micro-organisms do not present any special risks
when properly contained in bioreaotors, have
expressed concern about the deliberate release
of such micro-organisms into the environment.

The concern about releasing genetically manip
ulated organisms into the environment and the
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the Federal Republic of Germany, the United
Kingdom, France, and Switzerland-allows inven
tors, private companies, and others to protect the
results of their efforts.

The three categories of intellectual law most
relevant to biotechnology are those dealing with
trade secrets, patents, and plant breeders' rights.
These are the focus of this chapter. * Copyright
may also be relevant, because it protects the tangi
ble expression of information, and a gene may
be viewed as the tangible expression of informa
tion (36). Because this idea has not been widely
accepted, and several commentators have criti
cized its usefulness (16,40,52), here it will not be
discussed any further.

The categories of intellectual property law work
together as a system. If one has disadvantages,
a company can look to another. To the extent that
a country has available many alternative ways for
companies to protect biotechnological inventions,
it is more likely to be competitive in biotech
nology.

This chapter compares and contrasts thelaw
relating to the protection of biotechnological
inventions and related know-how in the United
States, the United Kingdom, the Federal Republic
of Germany, Switzerland, France, and Japan. The
chapter begins by examining U.S. law in order
to provide a basis for comparisons, raise the rele
vant issues, and explain some basic legal concepts.

"Two other areas of law are also relevant to biotechnology but
will not be considered in this chapter: personal property law and
contract law. Traditional personal property law will apply to cell
lines and many other biological inventions because they are physical
objects-just like cars and jewelry. Contracts create legally enforce
able rights and duties between the contracting parties. Thus, bio
technological Inventions can be protected by contract, and in view
of some of the uncertainties in the intellectual property law regard
ing biotechnology, contracts can be important to biotechnology
companies in many instances. These topics will not be considered
further in this chapter, because OTA was unable to obtain infor
mation on how they would apply to biotechnology in other coun
tries. Some commentators have addressed their applicability to
biotechnology in the United States (10,40,42).

Biotechnology will give rise to a vast array of
new inventions. The inventions may be placed
into two general categories: products alld. proc
esses. Products will include organisms, 'stich as
genetically modified micro-organisms, cell lines,
hybridomas, plants, and possibly even animals.
Products also include parts of organisms and
related material such as high expression plasrnids,
viral vectors, synthetic genes, probes, and restric
tion enzymes. Finally, there will be products of
organisms, such as drugs, chemicals, biologics,
and monoclonal antibodies (MAbs). Processes will
include various wa,ys to make neworganisms or
partsthereof or to use an organismtomake some
productsush as insulin. Other exalTIples of proc
esses Include various bioprocessing techniques,
regeneration of plant tissue culture, 1)reeding
techniques, and methods of treating the 'human
body. In addition,. research and development
(R&D) will give rise to new knowledge, which will
be of value towhoeverpossesses it. .

The ability to secure a property interest in an
invention and to protect related know-how gen-'
erally is perceived as providing an extremely im
portant incentive for a private company to spend
time and money to carry out research, develop
ment, and scale-up for the commercialization of
new processes and products. Without the ability
to prevent other companies from taking the re
sults of this effort, many new and risky projects
that could lead to important new products would
not be undertaken ': Empirically proving this no
tion, however, is difficult (47). It is beyond the
scope of this chapter to delve into the debates
among experts on that problem. This chapter will
assume-as our society does-that the ability to
secure property interests in or otherwise protect
technological processes, products, and know-how
will encourage development of technology. There
fore, one factor to evaluate in assessing U.S. com
petitiveness in biotechnology is how well the law
of intellectual property of the United States and
the five other major competitor countries-Japan,

Intellectual Property Law
Chapter 16

Introduction
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Foreign intellectualproperty laws are considered
after the discussion of the U.S.law and also in
appendix G. The strengths and weaknesses of the
laws of the six countries are then analyzed by con
sidering three basic questions: 1) what interests
will the law protect: 2)how well will they be pro-

tected: and 3) what questions are unanswered?
Policy options for Congress addressing the issue
of how to improve U.S. competitiveness in bio
technology by strengthening U.S. intelleytual
property law are identified and discussed at the
end of the chapter.

Intellectual property law oftbe United states

I\s noted above, three categoties of intellectual
property laware particularlyrelevant to biotech
nology: trade secrets, patents, and plant breeders'
rights.

Law of trade secrets

An inventor is regarded in the United States as
having a natural right to keep an invention secret.
This right is recognized by the law of trade se
crecy. A trade secret is generally viewed as "any
formula, pattern, device, or compilation of infor
mation which is used in one's business, and which
gives him (sic) an opportunity to obtain an advan
tage over competitors who do not knewor use
it" (1).* Examples of trade secrets in biotechnol
ogy are a method for genetically manipulating an
organism, a method for selecting among the orga
nisms for those particular characteristics, and the
organism itself.

The holder of a trade secret in the United States
can enforce his or her interests in State courts
by securing either an injunction or monetary
damages against a person who takes or otherwise
acquires the secret through improper means, or
even against a person who acquired it through
mistaken disclosure by the owner. ** Criminal
penalties may also be available in egregious cases
in the majority of States. The underlying policy
is that a person should not benefit by unfairly
using another's efforts.

"In recognizing the existence of a trade secret, the courts do not
use a hard and fast definition, but look at numerops factor-a.such
as the extent to which the information is known outside of the
business, the effort involved in developing and guarding the Infer
mation, and the difficulty with which the information couldbe prop~

erly acquired by _others (see 34).
*"The cases also recognize secret information that does not qualify,

as a trade secret, but a person acquiring or using that Information
is liable only if he does so by "improper means" (1).

In the United States, virtually any biological in
vention, including cells and their components, or
related information would be protectable by the
law of trade secrets.*

It should be noted, however, there are some
limitations on its scope. One imPllrtant limitation
arises from the fact that a trade secret must be
continuously used in a business. This requirement
raises questions about the. results. ofbastcre
search.Generally, the courts haveheldthatifin
formation is merelya. preliminary idea, it does
not qualify as a trade secret (41,51). Some degree
of commercial value. must be established if the
information is to he considered a trade. Secret. A
few States have taken a more expandedview of
the concept oftrade secret and protect informa
tion that also has only potential economic value.
In.those States-s-Arkansas. Idaho, Kansas, Minne
sota,and Washington-the results of basic re
search clearly would be protected.

,Another possible limitation on the scope of the
law of trade secrets arises from the fact that the
holder of a trade secret must know the informa
tion and attempt to keep it secret from others.
In the well-known case involving disputed owner
ship of an interferon-producing cell line, Hoff
mann-La Roche, Inc. v. Golde (28). Genentech
(U.SJand Hoffmann-La Roche (Switzerland) ap
parently argued that the University of California
had no trade secret interest in the cell line be
cause the university did not know about its abil
ity to produce interferon (10). .

The advantages of a trade secret to its holder
are several. First, there is no time limit on trade

*Misappropriation of an organism or other tangible _- biological
materialconstitutes misappropriation of theinformation it contains
(see 53).



secret protection. It should be noted, however,
that in a fast moving area like biotechnology, the
"useful life"ofa trade secret may actually be quite
short. Second, a trade secret does not have to be
a patentable invention. Third,maintenance and
enforcement are generally less expensive for
trade secret rights than for patents. Fourth, com
petitors are not apprised of the information, in
contrast to the situation with patents (see below).
Fifth, trade secret protectionis valuable for cer
tain inventions. that would be hard· to police if
patented. For example, if a product is capable of
being made by manY9ifferE)nt processes.ikeep
ing secret a new process for making the product
might be preferable to patentingit, Sixth, if there
is doubt as to the patentability of an invention,
trade secrecy is a viable alternative. Finally, cer
tain organisms and parts thereof, such as high
expression plasmids, maybe better off held as
trade secrets, since they could not be reverse
engineered from the products that they produce,
but, if patented, would be placed in the public
domain.

Disadvantages of relying Ontrade secrecy in
clude the following. First, the protection exists
only as long as secrecy exists . .The holder of a
trade secret has no rights against someone who
independently discovers and uses the trade secret
and has no rights against someone who may have
innocently learned the secret from someone who
originally obtained it improperly. Second, reverse
engineering (the examination of a product by ex
perts to discover how it was made) is a legitimate
way to discover atrade secret. The structure of
a gene, for example, may be determined by re
verse engineeril1g a polypeptide that is on the
market. Because of the complexity of biological
processes and organisms, however, most of these
will not be capable of being discovered by reverse
engineering of their products. Third, trade secre
cy is, by definition, incompatible with the desire
of most scientists to publish the results of their
research. If a company wishes to attract and re
tain good scientists, it may not be able to rely on
trade secrecy to protect their work. Fourth, there
is always the chance that a trade secret will be
independently discovered by another, who then
obtains a patent oIl it. The patent holder may then
prevent the holder ofthe trade secret from using
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it. Finally, the acquisition of a trade secret by a
competitor through misappropriation or breach
of a confidential agreement may be difficult to
prevent, discover, or prove. Micro-organisms are
especially easy to .steal, once one gains access to
them, because of their small size and self-repli
cating nature. Further, the thief would not even
have to understand exactly the valuable informa
tion contained in the micro-organiSTs; he or she
has acquired the factory (i.e., the micro-organism)
and the ability to grow it in any amount desired.

Patent law

U.S. patent law, Title 35 of the United States
Code, is designed to encourage invention by grant
ing inventors a limited property right in their in
ventions. A U.S. patent gives the inventor the right
to exclude all others from making, using, or sell
ing the invention within the United States without
the inventor's consent for 17 years. In return, the
inventor must make full public disclosure of the
invention.

The policy behind U.S. patent law is twofold.
First, by rewarding successful efforts, a patent
provides inventors and their backers with an in
centive to risk time and money in R&D. Second,
and more importantly, the patent system encour
ages public disclosure of technical information,
which may otherwise have remained secret, so
that others are able to use it. The inducement in
both cases is the potential for economic gain
through exploitation of the patent right.

To qualify for patent protection in the United
States, an invention must meet the following re
quirements:

• it must be capable of being classified as a
process, machine, manufacture, or composi
tion of matter; *

• it must be new, useful, and not obvious; and
• it must be disclosed to the public in sufficient

detail to enable a person skilled in the same
or the most closely related area of technology
to construct and operate it.

"These categories are set out in §101 of Title 35 of the United
States Code (35 U.S.C. §101). Sec. 101 is the basic section under which
most inventions are patented. Patents under 35 U.S.c. §101 are often
called: utility patents.



*Thev.s, Patent and Trademark Office has stated that it will deter
mine questions as to patentable subject matter on a case-by-ease
basis following the test set forth in Chakrabarty (49),

**A U.S.Patent and Trademark Office official estiInated that there
are currently 500 genetic manipulation related patent applications
pending, that the office is receiving applications at the rate of 200
per year, and that the rate is increasing (46).These applications are
classified in Class.435,.Subclass 172 in th~ V.S. Patent Classiflca
tion System (46). This classification is not coextensive with O'TA's
definition of biotechnology. .. . , ..'

NOVELTY

The statutory requirement of novelty signifies
that an invention must differ from the "prior art,"
which is publicly known technology. Novelty is
not considered to exist, for example, if: 1) the ap
plicant for a patent is not the inventor; 2) the in
vention was previously known or used publicly
by others in the United States; or 3) the inven
tion was previously described in a u.s. or foreign
publication or patent (35U.S.C. §102).The inabili
ty to meet novelty requirement is another reason
why products of nature are unpatentable.

Two questions areparticularly relevant to bio
technology. First, how can naturally occurring
substances, such as genes, plasmids, and even
organisms, be patentable? Second, what actions
on the part of an inventor! such as discussing the
invention with colleagues or publishing a paper
about the results of research, can place the inven
tion in a public domain, thus barring patentabil
ity because the invention will not be .novel?

:f

used by the Court was whether or not the orga
nism is human-made. As a result, eukaryotic cells,
cell lines ,tissue culture, and even plants are gen
erally viewed as being patentable under 35 U.S.C.
§101.The harder question is whether the U.~. Pat
ent and Trademark Office. or the courts would
permit patents on higher organisms. such as
antmals."

There is no question, however, that virtually
any other biotechnological invention would be
patentablesubject matter, providing thatit meets
theother requirerrf3nts. Suchinventrons would
include processes using micro-organisms, recorn
binantDNA (rDNA) molecules, subcellular units
suchas plasmids, methods for making these in
ventions, and biotechnological methods for treat
ing human or animal disease (29). **
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PATENTABLE SUBJECT MATTER

The categories of patentable subject matter
under 35 U.S.C. §101-process, machinevman
ufacture, or composition of matter-are quite
broad but they are not unlimited. The courts have
held scientific principles, mathematicalformulas,
and products of nature to be unpatentable on the
grounds that they are only discoveries of pre
existing things-not the result of the inventive,
creative action of human beings, which is what
the patent laws are designed to encourage.

One of the major patent law questions arising
with respect to biotechnology is whether living
organisms are patentable subject matter. The U'.S.
Supreme Court addressed this question in 1980
in the landmark case Diamond v. Chakrabarty
(21). In a five to four decision, the Court held that
the inventor of a new micro-organism, whose in
vention otherwise met the legal requirements for
obtaining a patent, could not be denied a patent
solely because the invention was alive. The Court
ruled that Congress had not intended to distin
guish between unpatentable and patentable sub
ject matter on the basis of living v. nonliving, but
on the basis of "products of nature, whether or
living or not, and human-made inventions" (22).

The U.S.Supreme Court stated that its decision
in the Chakrabarty case was limited to a human
made micro-organism, leaving unresolved ques
tions of whether eukaryotic cells or other higher
organisms would be patentable subject matter.
In theory, however, the Chakrabarty decision
stands for the proposition that any organism is
potentially patentable, because the crucial test

Plants that reproduce asexually may also be
patented under slightly different criteria.

The criteria for obtaining and enforcing patents
on biotechnological inventions are quite similar
in the six countries being examined in this report.
The following eight subsections discuss the cri
teria of patentable subject matter, novelty, util
ity, nonobviousness, disclosure requirements, de
posit requirements, claims, and enforcement in
the United States in order to provide a basis for
a comparative analysis of how each country's pat
ent law will affect its competitiveness in biotech
nology.


