POLICY FORUM

The Safety of Foods
Developed by Biotechnology
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By virtue of its broad regulatory jurisdic-
tion over foods, drugs, biologicals, and
medical devices, the Food and Drug Ad-
ministration (FDA) directs its efforts to
ensure that safety and other public health
issues are properly addressed as the exciting
fruits of new biotechnology come to the
market. The FDA has already approved
human drugs and vaccines, diagnostic de-
vices, and food processing enzymes pro-
duced through recombinant DNA tech-
niques and other tools developed by the
recent and continuing revolution in the
biological sciences.

Recombinant DNA techniques are now
being used to develop new plant varieties
that will be sources of foods, such as fruits,
vegetables, grains, and their by-products.
These techniques enable developers to
make specific genetic modifications in
plants, including modifications that intro-
duce substances into plants that could not
be introduced by traditional methods. To
ensure the safety of the resulting foods and
to foster innovation, the FDA is taking the
initiative, before foods from such plants are
ready to enter the market, to see that there
is an agreed upon scientific basis to evaluate
the safety of whole foods and animal feeds
derived from new plant varieties. Here, we
summarize our regulatory framework and
our approach to safety assessment and dis-
cuss its scientific basis (1).

Our safety assessment approach address-
es new varieties of food crops developed by
both traditional and newer methods of ge-
netic modification and provides guidance
on how safety issues should be addressed.
The approach identifies scientific or regula-
tory issues where developers may need to
consult the FDA. In developing this ap-
proach, we have examined many tech-
niques now available to plant breeders and
the types of food safety issues that might
arise as a result of those techniques (2-7).
However, we focus here primarily on issues
associated with foods derived from new
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plant varieties developed by recombinant
DNA techniques. Such foods are now ap-
proaching the point of commercial intro-
duction.

We consume in our diet a great diversity
of chemical substances. In some cases,
these substances are macroconstituents of
the daily diet, such as potato starch or
wheat gluten. Other substances are micro-
constituents, such as most flavors, enzymes,
vitamins, and minerals. The major classes
of food constituents include carbohydrates
(mostly monosaccharides, disaccharides,
oligosaccharides, and polysaccharides, in-
cluding gums, starches, and celluloses), fats
(mostly triglycerides containing fatty acids
of varying chain lengths and degrees of
saturation), enzymes and other proteins and
peptides, minerals, DNA and RNA, essen-
tial oils, waxes, vitamins, pigments, and
alkaloids (2).

Developers introduce hundreds of new
varieties of food plants into commerce ev-
ery year. Most have improved agronomic
characteristics, such as higher yield. Vari-
eties are also being developed with en-
hanced quality characteristics, such as im-
proved nutritional or processing attributes.
To develop new varieties, breeders use all
the techniques at their disposal to generate
ever more advantageous combinations of
genetic traits.

Breeding techniques include hybridiza-
tions between plants of the same species,
between plants of different species, and
between plants of different genera; chemi-
cal and physical mutagenesis; interspecies
and intergeneric protoplast fusions; soma-
clonal variation resulting from regeneration
of plants from tissue culture; and in vitro
gene transfer techniques.

Traditional methods of plant breeding of
some major crops have yielded dramatic
changes in food composition, including in-
creases in major plant constituents. For
example, traditional breeding resulted in
the transformation of the kiwifruit from a
small berry native to Asia to the recogniz-
able variety in our grocery stores. Hundreds
of similar or more subtle improvements in
the agronomic, food processing, or other
attributes of food crops have been achieved
without any significant adverse impact on
the safety of foods (2—4).

Recombinant DNA techniques, which
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are being used to achieve the same types of
goals as traditional techniques, offer plant
breeders a number of useful properties.
First, any single-gene trait (and, potential-
ly, multi-gene traits) whose chromosomal
location or molecular identity is known can
be transferred to another organism irrespec-
tive of mating barriers. Second, this trans-
fer can be accomplished without simultane-
ously introducing undesirable traits that are
chromosomally linked to the desirable trait
in the donor organism. Thus, the tech-
niques have great power and precision.

Currently, more than 30 different agri-
cultural crops developed with recombinant
DNA techniques are being tested in field
trials. With these techniques, food crops
are being developed to resist pests and
disease, to resist adverse weather condi-
tions, to tolerate chemical herbicides, and
to have improved characteristics for food
processing and nutritional content (Table
1). The genes conferring these traits usually
encode proteins that are responsible for the
new trait or that directly or indirectly mod-
ify carbohydrates or fats in the plant to
bring about the desired characteristics. In
addition, genes encoding antisense messen-
ger RNA have been introduced to decrease
gene expression and thereby bring about
the desired new phenotype.

FDA Approach to Regulation

The United States today has a food supply
that is as safe as any in the world. Most
foods predate the establishment of national
food laws, and the safety of these foods has
been accepted on the basis of extensive use
and experience over many years or even
centuries. Foods derived from new plant
varieties are not routinely subjected to sci-
entific tests for safety, although there are
exceptions. For example, potatoes are gen-
erally tested for the glycoalkaloid solanine.
The established practices that plant breed-
ers use in selecting and developing new
varieties of plants, such as chemical analy-
ses, taste testing, and visual analyses, rely
primarily on observations of quality, whole-
someness, and agronomic characteristics.
Historically, these practices have been reli-
able for ensuring food safety (2—4).

The Federal Food, Drug, and Cosmetic
Act (8) gives the FDA authority to ensure
the safety of whole foods. This act places a
legal duty on those who develop and sell
food to assure the safety of the products
they offer to consumers and provides the
FDA with a range of legal tools to enforce
this duty. The FDA can take action to
remove a food from commerce if there is
even a “reasonable possibility” that a sub-
stance added by human intervention might
be unsafe [8, section 402(a)(1)]. The FDA

also has authority to require formal premar-

1747




ket review and approval of substances in-
tentionally added to food if there is a
question about safety (that is, if the sub-
stance is not generally recognized as safe or
“GRAS”) (8, section 409).

Because of the limited nature of most
modifications likely to be introduced, the
FDA would waste its resources and would
not advance public health if it were rou-
tinely to conduct formal premarket reviews
of all new plant varieties. We will require
such reviews before marketing, however,
when the nature of the intended change in
the food raises a safety question that the
FDA must resolve to protect public health.
The FDA also has a responsibility to pro-
vide scientific guidance on how the safety of
foods from new plant varieties should be
evaluated, regardless of whether formal
FDA review and approval are required.

Safety Assessment: Scientific Basis

Qur safety assessment approach (Fig. 1),
like that of others (2-6) addresses import-
tant food safety issues that pertain to the
host plant, donor organisms, and new sub-
stances that have been introduced into the
food. The host plant is a benchmark for
considering modifications that may affect
the safety.of food derived from new variet-
ies. Potential new substances considered in
this safety assessment are proteins, carbohy-
drates, and fats and oils because these are
the substances that will be introduced or
modified in the first plant varieties devel-
oped by recombinant DNA techniques.

The host plant. The host is the plant that
is genetically modified and is the recipient
of any newly introduced traits. In general,
it is a species commonly used as a source of
food. We expect that developers will con-
sider information consistent with currently
accepted scientific practices, such as the
potential adverse effects of an altered met-
abolic pathway in the plant, the inheri-
tance of the introduced genetic material as
a single Mendelian trait, and the genetic
stability of the new plant variety. In princi-
ple, factors that favor stability and facilitate
subsequent genetic manipulation include a
minimum number of copies of the intro-
duced genetic material and a single site of
insertion. How critical these factors are for
maintaining stability is unclear because vir-
tually all plants have multi-gene families.

Developers should consider changes in
the concentrations or bioavailability of im-
portant nutrients for which a food is widely
consumed. For example, if a new tomato
variety contained no vitamin C, consumers
would need to be informed of that fact
through appropriate labeling (for example,
a change in the common name).

Most plants produce a number of toxi-
cants and antinutritional factors, such as
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protease inhibitors, hemolytic agents, and
neurotoxins, presumably as a means of re-
sisting natural predators. The concentra-
tions of toxicants in most species of domes-
ticated food plants (for example, corn and
wheat) are so low as to present no health
concern. In others (for example; potato and
rapeseed), breeders routinely screen new
varieties to ensure that toxicant concentra-
tions are within an acceptable range. In
some cases (for example, cassava and kid-
ney bean), proper preparation, such as
soaking and cooking, is required to produce
food that is safe to eat (2—4).
Additionally, plants, like other orga-
nisms, have metabolic pathways that no
longer function because of mutations that
occurred during evolution. Products or in-
termediates of some of these pathways may
include toxicants. In rare cases, such silent
pathways may be activated by the introduc-
tion or rearrangement of regulatory ele-
ments, or by the inactivation of repressor
genes by point mutations, insertional mu-

tations, or chromosomal rearrangements.
Similarly, toxicants ordinarily produced at
low concentrations in a plant may be pro-
duced at higher levels in a new variety as a
result of such occurrences.

However, the likelihood of such events
occurring in food plants with a long history
of safe use is low. The potential of plant
breeding to activate or upregulate pathways
synthesizing toxicants has been effectively
managed by sound agricultural practices, as
evidenced by the fact that varieties with
unacceptably high levels of toxicants have
rarely been marketed (2—4).

Therefore, the toxicants that are of con-
cern in any particular species are those that
have been found at unsafe concentrations
in some lines or varieties of that species or
related species. In many cases, characteris-
tic properties (such as a bitter taste associ-
ated with alkaloids) are known to accom-
pany elevated concentrations of specific
natural toxicants, and the absence of bitter
taste may provide an assurance that these

Table 1. Examples of food crops under development.

Trait

Genetic modification

Examples of food crops
with the trait

Herbicide tolerance

Glyphosate tolerance

Sulfonylurea/chlorsulfuron
tolerance
Glufosinate/bialophos tolerance

Bromoxynil tolerance
2,4-dichlorophenoxy acetic
acid tolerance

Disease/pest resistance
Resistance to lepidopteran
insects

Resistance to viruses

Resistance to bacteria

Resistance to European corn
borer

Resistance to Rhizoctonia
solani

Other agronomic properties
Cold tolerance
Stress tolerance
Altered ripening

Post-harvest properties
Simple sugar increase
Starch increase
Altered fatty acid content

Increased solids or dry matter
content

Altered amino acid content

5'-enolpyruvylshikimate-3'-
phosphate synthase
Acetolactate synthase

Phosphinothricin
acetyltransferase

Nitrilase from Klebsiella ozaenae

Alcaligenes eutrophus/2,4-D
monooxygenase

Bacillus thuringiensis delta
endotoxin

Various viral coat proteins

Cecropin
Wheat germ agglutinin

Chitinase

Fish “antifreeze protein”

Stress-alleviating enzymes

Polygalacturonase antisense
gene

Metabolic enzymes

Metabolic enzymes

Antisense desaturase and
thioesterase oil modification
genes

Pectin methylesterase antisense
gene; metabolic enzymes

Seed storage proteins

Tomato, cotton, soybean,
corn, rapeseed
Tomato, cotton

Corn, soybean, tomato,
alfalfa, rapeseed

Cotton, potato

Potato

Tomato, cotton, corn,
rapeseed, rice, potato,
apple, walnut

Cantaloupe, squash,
tomato, corn, potato,
alfalfa

Potato

Corn

Potato

Tomato
Potato
Tomato

Potato
Potato
Rapeseed

Tomato, potato

Corn, soybean, rice,
sunflower

Source: Federal Register notices published by the Division of Biotechnology, Biologics, and Environmental
Protection, Animal and Plant Health Inspection Service, U.S. Department of Agriculture.
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toxicants have not been elevated to unsafe
levels; in other cases, analytical or toxico-
logical tests may be necessary.

The donor. The donor (plant, microor-
ganism, or animal) is the source of the new
trait. We expect that producers will consid-
er information consistent with currently
accepted scientific practices that might re-
late to the presence of unintended toxi-
cants, such as history and derivation of
molecular constructs (for example, passage
through microbial hosts), known activities
of any introduced regulatory sequences (for
example, environmental, developmental,
and tissue-specific effects on promoter ac-
tivity), and the potential for inadvertently
introducing undesirable substances (for ex-
ample, due to the expression of extraneous
open reading frames).

Toxicants known to exist in the donor,
related species, or progenitor lines may be
transferred to the new plant variety, for
example, during hybridization of a cultivated
variety with a wild, poisonous relative. The
possibility that donor-derived toxicants
could occur in food derived from a geneti-

cally modified plant should be considered.

One of the questions raised most fre-
quently about the use of recombinant DNA
techniques to develop improved food crops
concerns the safety for consumption of sub-
stances (now primarily proteins, carbohy-
drates, and fats and oils) that will be intro-
duced into foods such as fruits, vegetables,
grains, and their by-products. Here we dis-
cuss the scientific issues pertaining to these
substances in food derived from the new
plant variety.

Proteins. Proteins (including antisense
modifications that modulate expression of
native proteins) make up the largest group
of substances being introduced into food
through recombinant DNA techniques.
Our approach in evaluating uncertainty
associated with proteins is first to ask,
“Does the protein have a safe history of
use in food, or is it substantially similar to
such a food component?” The scientific
issues pertaining to proteins that are de-
rived from other food sources, or that are
substantially similar to proteins that are
derived from food sources, are known tox-
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Fig. 1. Summary of safety assessment of new varieties.
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icity, allergenicity, and dietary exposure.

Thousands of proteins have been safely
consumed in the human diet. In fact, the
eukaryotic cell contains 5000 or more dif-
ferent polypeptides. Genetic polymor-
phism, the occurrence of more than one
allele of a gene, also contributes to the
diversity of proteins in the diet. For exam-
ple, six alleles of beta-galactosidase have
been identified in 39 widely used inbred
lines of corn (9). Variation may also occur
as a result of posttranslational processing
(for example, glycosylation or methylation
pattern of the host plant).

This variation is also seen in enzymes
derived from microorganisms used in food
processing. Enzymes that have the same
fundamental catalytic activity may differ in
DNA sequence, protein structure, and
functional properties (10). For example,
alpha-amylases from different organisms
may differ in optimal conditions of use,
such as temperature and pH, and substrate
affinity.

Generally, enzymes that are substantial-
ly similar to enzymes known to be safely
consumed (including minor variations in
structure or function) would not raise safety
concerns (5, 6, 11). For example, in food
crops a gene coding for an enzyme whose
catalytic activity confers herbicide resis-
tance may be isolated from a plant or
bacterium, subjected to site-directed muta-
genesis to enhance its herbicide resistance,
and introduced into the desired host plant
to substitute for the biochemical activity of
the plant enzyme that is sensitive to the
herbicide. However, some enzymes produce
toxic substances (for example, the enzymes
that convert cyanogenic glycosides to cya-
nide) that would raise safety questions.

As discussed above, a variety of proteins
are present in the diet and have a history of
safe consumption. In general, proteins that
are currently consumed or substantially sim-
ilar to proteins already in the diet do not
pose specific safety concerns. A seed storage
protein, for example, may be transferred
from one plant species to another to im-
prove nutritional quality. However, a num-
ber of groups of proteins present in common
food sources are known to be toxic or
antinutritional (for example, lectins and
protease inhibitors). Because processing
(such as soaking or cooking) may reduce or
eliminate the toxic effects of these proteins,
many foods that contain these toxic sub-
stances are poisonous if eaten raw but safe
when properly prepared. Sound scientific
practices dictate that such toxic proteins
not be introduced into food or animal feed
components of new plant varieties.

Many foods produce an allergenic re-
sponse in some individuals. Foods that

(Continued on page 1832)
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(Continued from page 1749)

commonly cause allergenic responses in-
clude milk, eggs, fish, crustacea, mollusks,
tree nuts, wheat, and legumes. Although
only a small fraction of the thousands of
proteins in the diet have been found to be
allergenic, all known food allergens are
proteins. The transfer of proteins from one
food source to another might therefore con-
fer on food from the host plant the aller-
genic properties of food from the donor
plant. For example, the introduction of a
peanut allergen into corn might make that
variety of corn newly allergenic to people
ordinarily allergic to peanuts.

In some of these foods, the protein
responsible for the allergenicity is known
(for example, gluten protein in wheat). In
such cases, the precision of methods such as
recombinant DNA techniques allows the
developer to determine whether the aller-
genic determinant has been transferred
from the donor to the new variety. In many
foods, however, the protein responsible for
the allergenicity is not known. In these
cases, well-designed in vitro tests, such as
serological tests, may provide evidence that
the suspected allergen was not transferred
or is not allergenic in the new variety.

A separate issue is whether any new
protein in food has the potential to be
allergenic to a segment of the population.
At this time, we are unaware of any prac-
tical method to predict or assess the poten-
tial for new proteins to induce allergenicity.

Uncertainty may exist about the safety
for consumption of a protein that has not
been a constituent of food previously (or has
no counterpart in food that would serve as a
basis for comparison of safety) . The degree of
testing these new proteins should be com-
mensurate with any safety concern raised by
the objective characteristics of the protein.

Generally, the function of proteins that
have been introduced into food by recom-
binant DNA techniques is well known, and
these proteins are not known to exert toxic
effects in vertebrates. If such well-charac-
terized proteins do not exhibit unusual
functions, safety testing will generally not
be necessary.

However, certain groups of proteins are
known to be toxic to vertebrates. These
include bacterial and animal toxins, hemag-
glutinins, enzyme inhibitors, vitamin-bind-
ing proteins (avidin), vitamin-destroying
proteins, enzymes that release toxic com-
pounds, and selenium-containing proteins
(12). For such substances, testing may be
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the only means available to ensure safety.

Carbohydrates. Developments that affect
carbohydrates will often be modifications of
food starches, presumably affecting the con-
tent of amylose and amylopectin, as well as
the branching of amylopectin. Such modi-
fied starches are likely to be functionally and
physiologically equivalent to starches com-
monly found in food and thus would not
suggest any specific safety concerns. Howev-
er, if a vegetable or fruit is modified to
produce high concentrations of an indigest-
ible carbohydrate that normally occurs at
low concentrations or to convert a normally
digestible carbohydrate to an indigestible
form, nutritional questions may arise.

Fats and oils. Some alterations in the
composition or structure of fats and oils,
such as an alteration in the ratio of saturat-
ed to unsaturated fatty acids, may have
significant nutritional consequences or re-
sult in marked changes in digestibility.
Such changes may warrant labeling that
describes the new composition of the sub-
stance. Additionally, safety questions may
arise as a result of the presence of fatty acids
with chain lengths greater than C,,, fatty
acids with cyclic substituents, fatty acids
with functional groups not normally present
in dietary fats and oils, and fatty acids of
known toxicity, such as erucic acid.

Nonclinical Safety Testing

Animal feeding trials of foods derived from
new plant varieties are not conducted rou-
tinely. However, in some cases testing may
be needed to ensure safety. For example,
substances with unusual functions or that
will be new macroconstituents of the diet
may raise sufficient concern to warrant test-
ing. Tests could include metabolic, toxico-
logical, or digestibility studies, depending
on the circumstances.

Developers may also need to conduct
tests on the “wholesomeness” of foods
derived from new plant varieties as a
means of ensuring that the food does not
contain high levels of unexpected, acutely
toxic substances. Such tests may provide
additional assurance to consumers that
food developed by new technology is as
safe as food derived from varieties already
in their grocery stores. However, animal
tests on whole foods, which are complex
mixtures, present problems that are not
associated with traditional animal toxicol-
ogy tests designed to assess the safety of
single chemicals. Potential toxicants are
likely to occur at very low concentrations
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in the whole food, and the tests may
therefore be inadequately sensitive to de-
tect toxicants. Efforts to increase the
amount of whole food ingested by the test
animals in order to increase the sensitivity
and attempt to establish a traditional mar-
gin of safety (for example, a 100-fold
safety factor) may not always be possible.
When tests are contemplated, careful at-
tention should be paid to test protocol,
taking into account issues such as nutri-
tional balance and sensitivity.

FDA's science-based approach for ensur-
ing the safety of foods from new plant
varieties focuses safety evaluations on the
objective characteristics of the food: The
safety of any newly introduced substances
and any unintended increased concentra-
tions of toxicants beyond the range known
to be safe in food or alterations of important
nutrients that may occur as a result of
genetic modification. Substances that have
a safe history of use in food and substances
that are substantially similar to such sub-
stances generally would not require exten-
sive premarket safety testing. Substances
that raise safety concerns would be subject-
ed to closer inquiry. This approach is both
scientifically and legally sound and should
be adequate to fully protect public health
while not inhibiting innovation.
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