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Abstract

Since the commercial introduction of genetically modified (GM) plants in agriculture over two decades ago, technology developers and regulatory
authorities have gained significant experience in evaluating their safety based on assessing potential impact to humans, animals and the environ-
ment. Over 3,500 independent regulatory agency reviews have positively concluded on the safety of GM plants for food and feed. Yet, divergent
and increased regulatory requirements have led to delayed and asynchronous approvals and have restricted access to innovative products for farm-
ers and consumers. With accumulated knowledge from safety assessments conducted so far, an enhanced understanding of plant genomes, and a
history of safe use, it is time to re-evaluate the current approaches to the regulation of GM plants used for food and feed. A stepwise approach
using weight-of-evidence should be sufficient for the safety assessment of newly expressed proteins in GM plants. A set of core studies including
molecular characterization, expression and characterization of the newly expressed proteins (or other expression product), and safety assessment
of the introduced protein, are appropriate to characterize the product and assess safety. Using data from core studies and employing a “problem
formulation” approach, the need for supplementary hypothesis-driven or case-by-case studies can be determined. Employing this approach for
the evaluation of GM plants will remove regulatory data requirements that do not provide value to the safety assessment, and provide a consistent
framework for global regulation.
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1. Introduction

The first genetically modified (GM) plants used as a source
of food were commercialized in 1994 [17], and in 2018 GM
plants were grown on over 190 million hectares across 26 coun-
tries [16]. Over the past 25+ years, technology developers
and regulatory agencies have gained knowledge and experience
from studying and assessing the safety of GM plant products.
To date, more than 4,000 independent regulatory agency re-
views issued by 70 countries have concluded on the safety of
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GM plants, of which 3,524 reviews have been for food and feed
use [16]. The approvals have unanimously found in each case
that the GM plant in question was as safe as its conventional
counterpart. Moreover, global economic gain of 186 billion
USD over 21 years, and savings of 27.1 billion kilograms of
CO2 emissions in 2016 [15], have been realized as a result of
the commercialization of GM plants.

While the 1,000+ years of safe use of conventionally-bred
agricultural plants demonstrate that plants developed in this
manner are generally safe for human and animal consumption,
the introduction of GM plants generated questions about their
safety despite the similarities in the development of both con-
ventional and GM plants. In a typical commercial breeding
program, hundreds of thousands of plants are produced and
tested in hundreds of environments over many years to select
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Figure 1: Screening process for the selection of the lead GM event for further safety assessment and introgression into elite
varieties

a commercially viable, new variety. The screening out of un-
desired and unintended agronomic effects is an integral part of
the breeding process for both conventional and GM varieties,
and acts as a mechanism to reduce or eliminate undesirable
plants and events from the development process. The extensive
screening and selection process during variety development has
led to a general recognition that conventional breeding of food
crops does not present a risk to human or animal health.

During the development of new GM varieties, transgene(s)
are typically introduced into an easily transformable host plant
to produce thousands of GM events [21, 22]. Following an ini-
tial safety screen that is performed during the design phase,
the GM events themselves are subject to an extensive screen-
ing process that includes molecular profiling, assessments of
trait efficacy, and observations for unintended agronomic phe-
notypes [21]. At this point, for sexually propagated crops, one
or more lead events are selected for introgression into elite
germplasms. Introgression typically involves multiple back-
crosses with locally-adapted germplasm. Following these back-
crosses, more than 99 percent of the DNA in the GM variety
is derived from the local germplasm [22]. The trait introgres-
sion process, along with the lead event selection process, sub-
stantially reduce any possibility of unintended effects in com-
mercial GM varieties [22]. For vegetatively-propagated crops
(e.g., sugarcane, potatoes, perennials), alternative selection and
breeding strategies may be required [1]. An overview of the
commercial development process for new sexually propagated
GM varieties is shown in Figure 1.

Despite the rigorous breeding and selection process, record
of safety, environmental benefit, and increasing familiarity with
GM plants, their development and commercialization has, in
some cases, been under increasingly stringent regulatory over-
sight and new safety data requirements. Many of these new
regulatory requirements are not scientifically justified and do
not add value to a safety assessment. Advances in science and

accumulated experience should be considered during the safety
assessment process. As discussed below, some existing data re-
quirements and/or data that do not add value should be removed
from regulatory oversight. This would reduce and provide con-
sistency to product development timelines, greatly benefiting
industry, including small and public sector developers. Another
pragmatic approach to the regulation of GM plants employs the
recognition of safety assessments completed in other regions
through a significantly streamlined approach to the safety as-
sessment process or through the mutual recognition of safety
assessments. This approach maintains a high level of safety for
human/animal health and the environment, while reducing reg-
ulatory timelines and enabling timely access to technology.

This paper presents the aligned view of the authors and rec-
ommends study designs and scientific data appropriate for the
initial safety assessment of GM plants for food and feed use.
These recommendations are modified from earlier guidelines
and recommendations for the safety assessment of GM plants
containing newly expressed proteins (e.g., [5, 9]).

1.1. Current food and feed safety assessment for GM plants

With the commercialization of GM plants, the Food and
Agriculture Organization of the United Nations (FAO) and
the World Health Organization (WHO) held consultations on
biotechnology and food safety in 1990 and 1996, and the
Codex Alimentarius Commission (CAC) published guidelines
for the conduct of food safety assessments in 2003 [3, 4]. The
Codex Alimentarius (Codex) recognized the need for a focused
approach for the safety assessment of foods produced from
GM plants, differing from the classical safety assessment ap-
proaches for discrete hazards that may be present in foods, such
as food additives or pesticide residues. Codex also recognized
the need for a comparative approach, and the concept of “sub-
stantial equivalence” was emphasized as an important first step
in the safety assessment process to identify differences and sim-
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ilarities between the new food (GM plant) and its conventional
counterpart. Codex recommended that the safety assessment
include an evaluation of both intended effects (consideration of
the safety of any newly expressed proteins, NEPs, or intended
metabolic changes) and unintended effects (identifying any new
or altered hazards). These comparisons were to be made rela-
tive to an appropriate conventional counterpart with a history of
safe use (HOSU).

Codex Alimentarius principles and guidelines have served
as a valuable and consistent standard for the development of
national and regional safety assessment guidelines and reg-
ulations since their introduction. However, those guidelines
should be supplemented by the familiarity and established his-
tory of safety of GM plants over the past 25 years. Additionally,
the divergent implementation of these guidelines by regulatory
authorities has, in some cases, led to excessive data require-
ments prior to regulatory approval. The unique requirements
of different agencies have resulted in significant delays in reg-
ulatory approvals, leading to asynchronous approvals globally.
Notable areas of divergence from Codex include requirements
for animal feeding studies without a testable risk hypothesis;
expanding compositional analysis requirements, statistical ap-
proaches and appropriate comparators; extensive allergenicity
assessments of introduced proteins and endogenous allergens
in whole foods; and requests for excessive molecular and pro-
tein characterization data. Regulatory authorities in some coun-
tries where GM plants or their products are imported, but not
cultivated, also require submission of agronomic and environ-
mental data that are not relevant to the assessment of safety of
the GM plant and its products for animal and human consump-
tion. Additionally, some countries require specific studies that
have already been conducted in another country or region to be
repeated locally, adding further time, complexity, and cost to
the approval process, when data from existing studies in other
countries are fully applicable to these countries.

Although all countries agree that the primary purpose of
regulation is the protection of human and animal health and
the environment, divergent approaches to the regulation of GM
plants globally have had major impacts in other policy areas.
For example, asynchronous approvals have resulted in delays
in commercial launches of innovations [18], despite the bene-
fits of the cultivation of GM plants being well documented. The
divergent approaches to current global regulation of GM plants
hinder innovation as well as the wider adoption of the technol-
ogy, resulting in loss of significant economic and environmental
benefits. In fact, a recent report estimated that the value of corn
production and soybean production in major export countries
would increase by 4.3 billion USD and 4.9 billion USD, re-
spectively, between 2018 and 2022 if GM plant approvals were
achieved in a more timely manner [14].

Some regulatory authorities have revised their oversight of
GM plants as a result of their familiarity with GM traits and
plants and extensive experience with their regulation. In Japan,
some previously approved agronomic traits (for example, traits
conferring herbicide tolerance) stacked through conventional
plant breeding are now subject to a simplified risk assessment
[25]. Japan also excluded GM crops that do not have wild rel-

atives in Japan from mandatory field trial requirements if they
contain familiar traits [26]. Canada has reduced the require-
ment of certain agronomic data needed for the approval of a
GM trait which has ‘sufficient similarity’ to a previously ap-
proved GM trait [7]. The USDA recently proposed moderniza-
tion of its biotechnology regulations to exempt GM plants ob-
tained through certain genetic engineering techniques and some
previously approved traits from regulation [24].

In 2017, the U.S. National Academy of Sciences recom-
mended an updated approach to the regulation of future prod-
ucts of biotechnology to address the needs of, “supporting in-
novation, protecting health and the environment, promoting
public confidence in the regulatory process, increasing trans-
parency and predictability, and reducing unnecessary costs and
burdens”. The recommendations also suggested an expedited,
simplified process for products containing previously assessed
traits (i.e., familiar products) [19].

1.2. Recommendations for future food and feed safety assess-
ments for GM plants

Despite recent developments in the regulatory approaches
followed in some countries, complex and unnecessarily bur-
densome regulatory requirements continue to underscore the
importance of a science-based testing paradigm for safety as-
sessments. With the vastly enhanced understanding of plant
genomes since the publication of the Codex principles and
guidelines over 15 years ago, as well as more than two decades
of experience in the development, commercialization and safety
assessment of GM plants, it is time to re-examine approaches
for the safety assessment of GM plants used as food or feed.

A weight-of-evidence (WOE), stepwise, and science-based
approach that uses a set of core studies to evaluate the safety
assessment of GM plants is recommended. Depending on the
nature of the introduced trait, intended use, and data obtained
from core studies, supplementary (hypothesis-driven or case-
by-case) studies may be required to fully evaluate the safety of
the GM plant. Figure 2 provides a schematic overview of the
studies required to ascertain the safety of GM plants as pro-
posed in this article, distinguishing between core studies and
supplementary studies.

1.3. Core studies for food and feed safety assessment

Safety assessment of GM plants used as sources of hu-
man and/or animal nutrition requires a collection of information
about the host plant and donor organism from which the GM
trait is derived, history of food and feed use (if applicable), and
detailed knowledge of the GM trait [4]. In this article, the fol-
lowing core sets of studies are recommended to characterize the
product and assess safety, namely: (1) molecular characteriza-
tion of the GM event; (2) expression levels and characterization
of the NEP or other expression product (e.g., double-stranded
RNA); and (3) safety assessment of the introduced protein (or
expression product). These studies are discussed in more detail
elsewhere [2].
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Figure 2: Schematic overview of the studies necessary to assess the safety of GM plants for food and feed uses. Core studies are a
set of studies necessary for a science-based risk assessment of a GM plant. These are suggested core studies for typical GM plants.

There may also be alternative newly expressed substances (e.g. RNAi). Supplementary studies are studies to be conducted upon
identification of information and/or hypothesis that indicates increased risk to human or animal health. The conduct of these

studies depends on the nature of the introduced trait, intended use and data obtained from core studies.

1.4. Supplementary hypothesis-driven or case-by-case studies
and study design

Data obtained from core safety assessment studies can be
used to determine which additional studies may need to be con-
ducted before fully characterizing the product and evaluating
the safety of a GM plant for food and feed. A “problem formu-
lation” approach should be employed [23, 28] to address spe-
cific safety questions relevant to the nature of the GM product.
The problem formulation approach generates risk hypotheses
arising from the nature of the trait and the genes introduced
to confer the new trait. Evaluation of the potential risks is
then conducted according to the science-based process estab-
lished by Codex. Risk analysis is a stepwise process requiring
hazard identification, hazard characterization, exposure assess-
ment, and risk characterization [11]. In simpler terms, risk is a
function of hazard and exposure (Figure 3). Understanding the
mode of action (MOA) of the expression product also provides
meaningful information on potential hazards. To employ prob-
lem formulation, the study design must be testable and specifi-
cally address the questions or concerns raised to enable devel-
opers and regulators to efficiently assess risk and evaluate the
safety of the product.

Extensive compositional analysis has historically been con-
sidered a core study. However, over 25 years of safety assess-
ments evaluating composition data have demonstrated a lack of
notable difference between GM plants and conventional com-
parators, especially in the context of the natural variability that
already exists between plant varieties [8, 27]. As discussed by
Herman and co-authors, there is enough scientific evidence to-
day to merit a shift to conducting compositional analysis as a
supplementary hypothesis-driven study [13]. In some cases,
nutritional and dietary exposure assessments are performed to
fulfill regulatory requirements. These studies should also be
supplementary and performed if required upon hazard or expo-

sure identification. Similarly, for traits intended to improve the
nutritional profile of grains (e.g., increased oleic acid), changes
in the levels of other grain components (e.g., other fatty acids)
should be assessed through supplementary studies.

1.5. Risk evaluation

Risk evaluation requires consideration of potential “haz-
ards”, as well as an evaluation of likely “exposure” to the evalu-
ated substance [20]. Even in commonly-consumed foods, there
are hazardous substances. Some foods, for example kidney
beans, tomatoes, and potatoes, contain naturally-occurring tox-
ins that could be “hazardous” to our health (e.g. phytohemag-
glutinin, tomatine, solanine/glycoalkaloids). However, various
means (e.g. plant breeding and variety selection, proper storage
and/or preparation, cooking, etc.) have been used to mitigate
“exposure” to these toxins and thereby reduce the risk to an ac-
ceptable level. Safety assessments of new foods produced from
GM plants should focus on new or altered hazards as they per-
tain to the NEP, rather than trying to identify every potential
hazard associated with that food [3]. The safety of food sub-
stances per se is regulated through other food regulation mech-
anisms [12, 6]. A WOE and stepwise approach should be fol-
lowed for assessing the safety of newly expressed substances
(protein or DNA) in GM plants, delineating the safety/risk as-
sessment into its components of hazard and exposure in align-
ment with Codex principles [3, 5]. In cases where no new
hazards are identified, or where there is no human or animal
exposure to identified hazards, there would be no new risk or
need for a full safety assessment. For example, in the case of
a highly purified food ingredient, such as sugar or oil produced
from a GM plant where there would be no exposure to a newly
expressed substance, a hazard assessment is not scientifically
justified. When a full safety assessment is necessary, both haz-
ard and exposure must be evaluated to understand risk. Figure
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Figure 3: Risk evaluation process and possible outcomes [10]. Risk is a function of the probability of an adverse health effect and
the severity of that effect, consequential to hazard(s) in food. Hazard is a biological, chemical or physical agent in, or condition of,
food with the potential to cause an adverse health effect. Exposure is the likely intake of biological, chemical, and physical agents

via food as well as exposures from other sources if relevant.

3 highlights the risk evaluation process and the three possible
outcomes of risk evaluation:

• No risk/no new risk

• Acceptable risk with or without risk management

• Unacceptable

2. Conclusions

The development of GM technology in agriculture was
rightly accompanied by the development of regulatory safety
guidance at the international level through the Codex Alimenta-
rius. With the knowledge, experience, and HOSU gained from
over 25 years of developing, commercializing, and consuming
GM plants, it is time to re-evaluate current approaches to their
regulation. A stepwise and science-based method using a set of
core studies and a problem formulation approach to determine
the necessity for supplementary studies for the safety assess-
ment of GM plants used for food and feed is proposed for all
GM plants. These studies, outlined in Figure 2, are described
in further detail by Brune et al. [2].

The recommendations are based on extensive global experi-
ence and an enhanced understanding of plant genomes and ge-
netic diversity. Further, the extensive screening process for new
GM events and the plant breeding/trait introgression process to-
gether significantly reduce the possibility of unintended effects
in commercial varieties. Removal of regulatory requirements
that do not provide value to the safety assessment would reduce
product development timelines, which would enable smaller
and public sector developers to bring diverse agricultural inno-
vations to the marketplace. It would also lower the cost barriers
to working on non-traditional crops and traits and make product

launch timelines more predictable. With the increasing reper-
toire of GM plant products anticipated in the future, a science-
based regulatory paradigm will enable innovation and delivery
of products that will have a positive impact on the global econ-
omy, the environment, and food security sustainability.
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