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ABSTRACT. Transgenic plants are now being used to develop pharmaceutical and
industrial products in addition to their use in crop improvement. Using confinement

requirements, these transgenic plants are grown and processed under conditions that
prevent intermixing with commodity crops. Regulatory agencies in the United States
have provided guidance of zero tolerance of these new industrial crops with com-

modity crops. While this is a worthy goal, it is theoretically unattainable. In spite of
the best containment practices, there is a potential risk using any system of pro-
duction due to unforeseen incidences including natural disasters or exposure to

workers. The precautionary principle has been used for numerous regulated articles
in addressing the potential risks of new products and technology based on a risk
assessment in similar situations. We present here a risk assessment model that could
be used as a start to develop an accepted model for the industry. The model is based

on current risk models used for other regulated articles, but adapted for these types
of products. This could be used to determine action levels in the event of an unin-
tended exposure or to ensure that detection or confinement methods are adequate to

avoid risks. As an example, aprotinin, a therapeutic protein now being produced in
maize, was evaluated for potential risk to humans using this model.

KEY WORDS: aprotinin industrial enzymes, maize, pharmaceuticals, plants, risk,

transgenic

1. INTRODUCTION

Genetically modified crops have taken the agricultural community by storm,

accounting for approximately 50 million acres worldwide and are expected

to continue to increase (Cook, 2003). The use of these crops has led to a

decrease in the amount of chemicals released into the environment, pre-

dominantly for corn and cotton, and a switch to an environmentally safer

herbicide in the case of soybeans (Heimlich et al., 2000). Nevertheless, there

are legitimate concerns regarding the impact of these genetically modified

products on food safety and the environment. Environmental concerns were

brought to the forefront as the public reacted to the news of the potential

ecological impact of insect resistant corn on the monarch butterfly (Pimentel

and Raven, 2000). When a new version of the insect resistant corn was made
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available under the name of StarLink Corn, public concerns about food

safety were elevated with the fear of new food allergens (USEPA, 2001;

Segarra and Rawson, 2001). Because of their high public profiles, these cases

were studied by several groups and it was concluded that neither have

detrimental effects with regard to food safety or the environment (CDC

Report, 2001; Sears et al., 2001; Stanely-Horn et al., 2001; USEPA (FI-

FRA), 2001; USFDA, 2001; USDA, 2002). However, these transgenic crops

can cause subtle differences in the environment that may only show up over

time but should not be ignored (Andow, 2003; Zwahlen et al., 2003). These

cases highlight the growing concern about transgenic plants and the need for

a transparent and science-based process that allows all vested parties to

ensure the safety of the food supply and the environment.

Transgenic plants are now being used to develop pharmaceutical and

industrial products (Kusnadi et al., 1997; Daniell et al., 2001; Streatfield

et al., 2001; Hood and Woodard, 2002; Streatfield and Howard, 2003;

Howard and Hood, in press). These new products have great potential to

improve human health and to benefit the environment by shifting from

harmful chemicals to biodegradable proteins. The potential benefits of

pharmaceuticals from plants include a lower cost of goods, a supply of raw

material free of human pathogens, and the ability to use plant-based oral

delivery of vaccines (Streatfield and Howard, 2003). This can translate into

pharmaceuticals that can save lives and improve the quality of life for

millions of people.

The use of industrial enzymes may reduce the amount of harmful

chemicals applied to the environment. Examples include enzymes that may

eventually reduce the amount of chemicals used in bleaching agents, adhe-

sives, or used in the conversion of bio-based fuels (Hood and Woodard,

2002). Moreover, these products may be more economical to produce in

plants rather than conventional production methods resulting in cost sav-

ings that allow commercialization.

While potential benefits are rarely debated, these new types of products

have raised questions about their impact on the environment and more

significantly, the potential to intermix with the food supply. While special

interest groups differ on many issues, most agree that food safety and

protection of the environment are their most important concerns for these

new products.

Allowing new technology to go forward and reap the proposed benefits

without taking undue risk with incomplete information is not a simple

undertaking. The precautionary approach has been used in this situation to

permit the introduction of new products and technology (Goga and Clem-

enti, 2002). This approach requires an evaluation of the potential risks

before a product is released into the environment to eliminate threats to
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food safety or the environment before they occur. A risk assessment is thus

provided prior to the release of a new product that gives the regulating

agencies and the public confidence that risks and potential unsafe practices

have been addressed. This approach has also been proposed and used for

transgenic plants but it has encountered difficulties in practice (Conko, 2003;

Jaffe, 2004). Traditionally, regulatory agencies in the United States, such the

Environmental Protection Agency (EPA), Food and Drug Administration

(FDA) and the Department of Agriculture (USDA), use risk assessments to

evaluate the safety of new products and to set regulation under federal laws

such as the Clean Air Act (CAA), the Clean Water Act (CWA), Toxic

Substances Control Act (TSCA), the Federal Food, Drug, and Cosmetic

Act (FFDCA), and the Federal Insecticide, Fungicide, and Rodenticide Act

(FIFRA) and others.

While the precautionary principle and the use of risk assessment models

are widely accepted and frequently used for other regulated products, they

have not yet been used to assess nonfood products from transgenic crops.

Instead the FDA has drafted guidance that provides for zero tolerance

(USFDA, 2002) with the rationale that conditions must be met to keep these

products out of the food supply. While this is an excellent first step to set

conditions to prevent intermixing in the food supply, zero tolerance is

theoretically unattainable. The limit of exposure is only as good as the

ability to detect the new product. Therefore, zero tolerance in practice is

based on analytical procedures rather than safety assessments. In addition,

this approach does not address inadvertent intermixing in food by unfore-

seen and possibly undetected events, the impact on the environment, or

worker exposure. A risk assessment model could evaluate the exposure

levels and set limits above which raises a food safety or environmental

concern. This is not intended to allow for intermixing in the food supply,

only to assess the risks if it were to occur.

2. GENERAL CONSIDERATIONS FOR THE SAFETY MODEL

To apply the precautionary principle to these new products, a risk assess-

ment is needed. A model to describe and quantify the risk of nonfood

products from transgenic crops to human populations and the environment

can be developed based on previously accepted risk assessment models.

Currently accepted risk assessment models assume risk is proportional to

the hazard and exposure.

Risk / ðHazardÞðExposureÞ
In order for the risk to be zero, either the exposure or the hazard must be

zero. While this is a good goal, it is theoretically impossible. The best that
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can ever be done is to determine that there is less than a certain level of the

compound given the limitations of sample size and the sensitivity of

detection. This can result in a practical answer of zero exposure once a limit

has been set.

Nonfood products are segregated from commodity crops to prevent

intermixing by a variety of methods, including physical isolation, temporal

delays, and dedicated equipment with frequent monitoring of the process.

This will, in a practical way, eliminate exposure. However, there is always

some remote possibility that some intermixing can occur due to natural

disasters, accidents, worker exposure, or other unforeseen events. Further-

more, many of the proteins that are being engineered into plants are already

present naturally in the environment and exposures will occur regardless of

whether they are engineered into transgenic plants. Therefore, since some

degree of risk is always associated with any product, a more sensible ap-

proach is to assess the risk rather than insist or pretend that it is zero. The

problem of proving that there is zero exposure is eliminated and replaced

with a practical solution of setting an exposure limit. This would allow

regulators and scientists to conclude that below a given level there are no

hazards.

When assessing risk, regulatory agencies have identified exposure levels

that represent an acceptable level of risk for other products (USEPA, 1992).

The expected or estimated exposure levels are initially compared with the

levels of the chemical that have been shown to present a hazard. Toxicity

data typically done on small animals are used to identify the hazard po-

tential of specific chemicals. These are then given an uncertainty factor to

allow for extrapolation into humans. The goal is to keep the risk minimal or

as close to zero as possible. Risk can be determined to be essentially zero if

the exposures are below the level that is determined to cause a hazard

including its uncertainty factor.

A theoretical schematic of this concept is shown in Figure 1. As the

exposure increases, the effect of the product increases. If the product is a

beneficial drug or nutrient, positive effects occur above a critical concen-

tration. As shown in the figure, even beneficial products can have detri-

mental effects at high concentrations. The figure also indicates that there is a

concentration for all compounds below which no effects are observed. This

approach of evaluating exposure together with toxicity has been successfully

used to evaluate the risks for a vast number of products, including food

ingredients, pesticides, and packaging material (USEPA, 1992). For these

products, the regulatory agencies set a concentration below the no effect

level (40 CFR Part 180; 21 CFR Part 570; USFDA, 1998), which is the

maximum amount of the chemical that may lawfully remain in a food

commodity. This level is determined in the risk assessment to be at a level
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that does not cause any significant risk. These nonfood products are then

only approved for use under conditions in which they do not end up in food

above the pre-described concentrations. The producers must then set their

conditions to conform to the limits that can be monitored by the regulatory

agencies.

We are proposing a safety assessment model for nonfood products

produced in transgenic plants that is based on established models (NAS,

1983; USEPA, 1989). Our safety model addresses both the hazard and the

exposure of a nonfood product produced in transgenic plants. This model

can be used for human safety or by substituting information on human

toxicity with information on other animals in the environment that may be

affected. There are differences in the proposed model from those currently

used based on the specifics of these products. These differences are sum-

marized below.

(1) Our model is specifically designed for protein products. Proteins have

different physical properties than most synthetic small molecules. First,

proteins have relatively low toxicity when delivered orally as compared to

when they are injected into the bloodstream. We are exposed to literally

thousands of new proteins all the time that are readily degraded without any

significant adverse biological effect. These include new proteins introduced

into our digestive system and into the environment. Most are degraded by

either heat during food processing, the digestive system in animals, or by

microorganisms in the environment. While some of these differences can be

accounted for in traditional models, we have added a component to this

model to account for protein inactivation.

(2) Proteins are large molecules and may have a greater potential to elicit

an allergenic response than small molecules. Our model includes the eval-

uation of a protein for its potential to elicit an immune response. This

response may not be indicative of an allergenic reaction but without further

evidence it is assumed to be a hazard in this model.

Figure 1. The theoretical effect of chemical exposure on the health of living organ-

isms.
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(3) The nonfood transgenic crops are grown in a closed loop system

under containment conditions and segregated from the commodity food

system. Therefore, the model takes into account potential exposures to the

commodity crop through inadvertent occurrences such as through pollen

drift, seed loss, or another unforeseen release into the environment, rather

than a continuous exposure due to direct delivery as in a typical food

product.

(4) Our model is based on the premise that nonfood products will not be

more than 0.1% of the food crop in any given year. This is a reasonable

estimate for most pharmaceutical products under consideration using any of

the major agricultural crops. Many of the industrial products can be ac-

counted under this premise but in some cases an industrial product may

exceed this estimate. Such cases would need to be treated separately. This is

in contrast to current models that assume exposure is uniform across the

entire crop for an indefinite period of time. Therefore, rather than averaging

potential exposures over the entire crop, we need to account for potential

higher exposure levels in a shorter time frame.

3. THE SAFETY MODEL

The model we are proposing to use is derived from

HQ ¼ CI

RfD

where HQ is the hazard quotient, CI is the cumulative intake of the product,

and RfD is the reference dose where no observable adverse effect of the

product is seen on the target organism. When HQ is less than 1, we would

assume that there are no safety concerns. In other words, the amount of the

product taken in is less than the amount needed to elicit a response. If HQ is

greater than 1, we would evaluate the risk and ensure that the risk is

acceptable in comparison to the benefits.

To be able to use this model, we have defined our exposure (CI) as

CI ¼ ðCMÞðIFÞðEFÞðIRÞ
BW

CM represents the maximal concentration in the food crop, which is the

level of protein expressed on a fresh weight basis. IF represents the inacti-

vation factor. Depending on our choice of crop, the type of processing for a

specific food product could have pronounced effects. Certain crops are eaten

fresh and no significant inactivation occurs. Some enter the food stream

only after cooking or processing at high temperatures resulting in inacti-

vation of most proteins. Alternatively, this may be applied if the protein is
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degraded readily in the environment. IR represents the ingestion rate, which

is typically the normal serving size for the human or animal for the specific

crop. EF is the exposure frequency and equals the maximum number of

exposures experienced by the consumer. BW is the body weight of the

individual.

The RfD can be estimated for a specific chemical using the following

equation:

RfD ¼ NOAEL

UF

The RfD is defined as the amount of the product that can be adminis-

tered to an organism without producing an observable adverse effect

(NOAEL or no-observed adverse effect level). Because of the uncertainty

associated with the process of risk characterization, the RfD is usually de-

rived by dividing the NOAEL by uncertainty factors (UF). These UFs are

generally used to account for the quality and quantity of toxicological data

for a specific chemical. A UF of 10 may be used to adjust for extrapolations

from animal to human studies and may be multiplied by an additional UF

of 10 to account for sensitive individuals within a human population.

These formulas allow us to proceed with the calculation of a hazard

quotient (HQ). For some proteins, there may be no adverse health effects at

all dose levels tested in animal studies. However, there is still the potential

for a specific protein to elicit an immune response. Immune responses do not

necessarily constitute a hazard but they can be indicative of the potential for

an allergic reaction. By obtaining the level of protein below that required for

an immune response in animals (or any type of adverse response), we can

address the confirmation of safety (CS) rather than a hazard quotient. The

equation is similar to that for HQ as shown below.

CS ¼ CI

RfD
¼

ðCMÞðIRÞðIFÞðEFÞ
BW

NOAEL

UF

If the CS is less than or equal to 1, then the exposure is without risk. If

CS is greater than 1, there is not necessarily a hazard, but more information

will be required to estimate the risk.

HQ and CS for a given set of conditions may now give us a quantitative

estimate of the risk associated with a nonfood product grown in transgenic

plants. One question that is currently debated is what production practices

are required to keep these products confined so they do not pose a threat to

food safety or the environment. In order to address this we can modify the

equation to solve for the containment factor, which is the result of specific
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practices used to grow these crops. To do this, CM (the maximal concen-

tration of the protein in the food crop) can be broken down into two parts.

CM ¼ ðELÞðCFÞ
The first part, EL, is the expression level obtained in the target crop for

nonfood use. This is the concentration in the segregated crop that is used to

produce the industrial product. The second part, CF, is the confinement

factor that is applied under specific agronomic practices to reduce potential

exposure to food crops. CM therefore represents the maximum concentra-

tion potentially found in a food crop through inadvertent mixing. If we now

set HQ or CS to 1 and solve for CF, we have:

CF ¼ ðBWÞðNOAELÞ
ðIRÞðEFÞðIFÞðUFÞðELÞ

This now can be used as a practical method to determine the minimum

confinement factor necessary to eliminate safety concerns using information

about the protein and the agronomic practices. For example, a CF of 0.001

would mean that conditions must be met such that intermixing of the food

crop cannot exceed one part in a thousand. Confinement practices would

then be selected that must conform to the CF.

3.1. Aprotinin – An Example of the Model in Practice

To help illustrate the use of the model, we have chosen aprotinin, which

is now being developed as a pharmaceutical product from transgenic

maize. It has multiple uses including prevention of blood loss in cardiac

surgery (Davies et al., 1997), topical applications in wound healing

(Matras, 1985; Lerner and Binur, 1990), and applications in manufac-

turing of pharmaceuticals in cell culture. Aprotinin is a naturally

occurring protein and has been well characterized (Laskowski and Kato,

1980). Most mammals make aprotinin and it is already present in food

products of bovine origin.

Aprotinin is currently produced from bovine lung but has also been

expressed in maize (Zhong et al., 1999). Maize-produced aprotinin has

several benefits, including providing a nonanimal source, thereby eliminat-

ing concerns of mad cow disease and contamination with other animal

pathogens. The maize-produced aprotinin would not be limited in produc-

tion, as is the current source, and would have a potentially lower production

cost due to lower cost of goods, increased stability, and eliminating refrig-

eration for the raw material.

Considering the given qualitative information, recombinant aprotinin

does not seem to be highly controversial. Yet there is no quantitative way to

assess the risk and consequently no quantitative answers to critics of the
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product. We can use the risk assessment model to solve for HQ (hazard

quotient), CS (confirmation of safety), or CF (confinement factor). For this

example, we have made several assumptions based on available data. EL

(expression level) for aprotinin is 0.01% of the fresh weight of the grain or

100 mg recombinant protein per kilogram of grain. Assuming there is no

inactivation or loss during processing, then this would equal 100 mg/kg

processed weight. The IF (inactivation factor) is determined empirically

based on the normal preparation of corn grain for food uses. We have

estimated for this example that 90% of the activity will be lost during pro-

cessing due to heat inactivation, thereby giving an IF value of 0.1. In

practice, experimental data may allow us to reduce this further but without

any data, IF would be set to 1. The IR (ingestion rate) for corn is equal to 1

ounce or 0.03 kg and is the normal amount in one serving of a bowl of

breakfast cereal or an individual taco. The EF (exposure frequency) is a 16-

ounce box of cereal equivalent to 16 doses. BW (body weight) is assumed to

be 70 kg. We used the value of 125 mg/kg for the NOAEL (no observable

adverse effect level) based on a dog study that used injections of aprotinin to

determine the no effect level (Trautschold et al., 1967). We have also as-

sumed that oral toxicity is equal to the toxicity by injection, which is most

likely an overestimate. Since this is in a dog study and we assumed only a

limited amount of information, we set the UF (uncertainty factor) at 100.

Using these calculations we can solve the equation for the containment

factor.

CF ¼ ðBWÞðNOAELÞ
ðIRÞðEFÞðIFÞðUFÞðELÞ

CF ¼ ð70 kgÞð125mg=kgÞ
ð0:03 kgÞð16Þð0:1Þð100Þð100mg=kgÞ ¼ 18

The confinement factor (CF) of 18 means that no containment is re-

quired, since the value is greater than 1. Although this number appears very

high, it is understandable considering how aprotinin is used today. Apro-

tinin is already present in animals and consumed by humans in food and has

an extremely low toxicity level. The amount of aprotinin to provide one dose

of aprotinin in surgery for humans is approximately equal to 10 pounds of

corn. Therefore, a person would need to eat one-half of their annual con-

sumption rates of unprocessed corn specifically grown to produce aprotinin

in order to realize the beneficial affect of this product in surgery. This as-

sumes that this product is as active orally as it is by injection. This back-

ground information is consistent with the value we obtain for CF, i.e., no

confinement is required to achieve safety with respect to toxicity of the

protein.
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While many proteins will not have a CF this high, the model does

illustrate in a quantitative way the risk of a protein that is already present in

the food chain and that has relatively low toxicity. Admittedly, many of the

factors we used are assumptions. Table 1 shows how changing these

assumptions are reflected in CF. For example, the uncertainty factor and

inactivation factor both can be addressed empirically to obtain higher levels

of certainty. However, proteins such as aprotinin may not warrant this

experimentation, since even at a high uncertainty (inactivation factor of 1

and uncertainty factor of 100), the confinement factor is only 1.8.

A greater concern for proteins such as aprotinin is not their inherent

toxicity but that they may be allergens. Using the confirmation of safety

model, we can use the same set of assumptions used to calculate HQ with the

exception of the NOAEL. In this case, we assume that mice can only elicit

an immune response when aprotinin is fed at doses in corn above 0.01 mg

per mouse (preliminary data), and the mice are given repeated exposures.

Therefore, the NOAEL is 0.01 mg per 30-g mouse or 0.3 mg/kg. Solving the

confirmation of safety equation for the confinement factor yields a CF of

0.04. In this case, confinement of the transgenic crop is required from the

commodity crop. Table 2 demonstrates how CF varies when we alter IF and

UF.

In a conservative example, (IF ¼ 1, UF ¼ 100), the confinement factor is

equal to 0.004. Now that we have determined a CF, how can we put this to

use? We have estimated the values of CF based on agronomic practices for

Table 2. Aprotinin confinement factor for CS = 1.

IF UF

1000 100 10 1

1 0.0004 0.004 0.04 0.4

0.1 0.004 0.04 0.4 4

0.01 0.04 0.4 4 40

Table 1. Aprotinin confinement factor for HQ = 1.

IF UF

1000 100 10 1

1 0.18 1.8 18 180

0.1 1.8 18 180 1800

0.01 18 180 1800 18,000
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corn with respect to pollen flow. An example of the different confinement

factors in maize is shown in Table 3.

The estimates are based on values from the literature (Emberlin, 1999)

with the following assumptions: (1) the nonfood product is grown on

1000 acres; (2) immediately adjacent to the field is a commodity crop of

1000 acres that is not mixed with other commodity crop grain, but instead is

segregated and shipped directly for human food use; and (3) the percent

contained in seed represents the highest concentration we would expect to

see in any 1 acre parcel of the field. While admittedly many of the values

used in these examples are assumptions, they are subject to experimentation

for validation. This can now be used as a practical way of addressing what

containment practices are needed for any given protein in a crop rather than

setting arbitrary numbers and then trying to defend them. In this specific

case, the crop would need to be isolated by a minimum of 660 feet

(CF ¼ 0.004) to meet the confirmation of safety requirement.

4. CONCLUSIONS

We have proposed a model to evaluate the risk associated with nonfood

products when produced in transgenic crops that have the potential to

intermix with food crops. This model is similar to other models currently

used by regulatory agencies to evaluate health risks. The model can

accommodate high levels of uncertainty when empirical data are sparse.

Alternatively, more empirical data may be obtained to reduce the uncer-

tainty values. This model can be used to set confinement conditions based

on safety criteria rather than arbitrary standards. We have illustrated the

use of this model for the protein, aprotinin, produced in maize. As one

would expect, based on the current use of aprotinin and the fact that it is

already present in food, aprotinin in maize poses no hazard even without

confinement with regards to toxicity. With regard to confirmation of safety

and its potential as an allergen, however, it is recommended that confine-

Table 3. Estimates of cross-pollination with various confinement practices.

Practice % contaminated seed % Purity CF

A Genetic male sterile 1 99 0.01

B Mechanical male sterile 0.00001 99.99999 0.0000001

C Isolation of 660 0.4 99.6 0.004

D Isolation of 1320 0.004 99.996 0.00004

E Delay planting to
fertilization

1 99 0.01
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ment practices would be used to eliminate the potential of eliciting an im-

mune response.

To address an inadvertent exposure, we recommend that the proposed

model be used to set a level below which would preclude any significant risk.

Confinement practices can also be defined to alleviate safety concerns in the

case of a rare exposure. A variation of this model can also be used to

evaluate environmental concerns by using NOAEL for non-human organ-

isms. Based on the low acreage and the high value, specialized growing

conditions are practical for many of these specialized products.
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