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SPECIAL ISSUE ON GENOME EDITING
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Abstract
Various genome-editing technologies have been embraced by plant breeders across the world as promising tools for the im-
provement of different crops to deliver consumer benefits, improve agronomic performance, and increase sustainability. The
uptake of genome-editing technologies in plant breeding greatly depends on how governments regulate its use. Some major
agricultural production countries have already developed regulatory approaches that enable the application of genome editing for
crop improvement, while other governments are in the early stages of formulating policy. Central to the discussion is the principle
of “like products should be treated in like ways” and the subsequent utilization of exclusions and exemptions from the scope of
GMO regulations for these products. In some countries, the outcomes of genome editing that could also have been achieved
through conventional breeding have been defined as not needing GMO regulatory oversight. In this paper, we provide a short
overview of plant breeding and the history of plant biotechnology policy development, the different classes of current regulatory
systems and their use of exemptions and exclusions for genome-edited plants, and the potential benefits of such approaches as it
relates to achieving societal goals.
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Plant Breeding Serves as a Valuable Reference Point The
plants grown today for food, feed, and other needs are the
result of a long journey of crop domestication, selection, and
improvements. A large number of morphological, molecular,
and biochemical changes have been introduced (Doebley
et al. 2006; Lenser and Theißen 2013) to significantly change
the appearance, taste, and characteristics of wild progenitor
plants. Breeders continuously adapt plants to diverse and
changing farming practices and environments, and to the
evolving needs of farmers and consumers. To achieve that,
breeders use a broad range of breeding tools (Breseghello

and Siqueira Guedes Coelho 2013; Chopra 2014) and apply
them to generate and select (Walkowiak et al. 2020) plants
with desired traits and characteristics. With the challenges of
climate change and the demand for agricultural sustainability,
as well as the raising demand for food and better nutrition,
further pressure is put on plant breeding to deliver safe prod-
ucts in an accelerated way (Kaiser et al. 2020).

Conventional plant breeding, mostly relying on crosses
and phenotypic selection, remains the main or even
unique strategy for many crops, but it has been gradually
complemented by improved methods (Venske et al. 2019)
that increasingly incorporate knowledge of gene function
and gene interactions. The currency of breeding is genetic
variability, and since the discovery of DNA in the 1950s,
the science of molecular biology has advanced as breeders
began to understand and characterize the enormous genet-
ic variation in plants and reliably associate genotypes with
phenotypes. Today, breeders have access to a multitude of
tools including genomics, as well as computer and imag-
ing techniques, that help improve the effectiveness of
plant breeding to deliver plants that reliably produce safe,
nutritious, and good tasting food (American Seed Trade
Association 2016; Kaiser et al. 2020).
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Because new and naturally occurring mutations yield de-
sirable traits at a very low frequency (Ladics et al. 2015;
Schnell et al. 2015), making the identification of such rare
events exceedingly difficult, breeders have sought out
methods to introduce genetic variability into populations
(Moose and Mumm 2008) in the hopes of increasing the fre-
quency of desirable mutations for crop improvement. Over the
last century, methods making use of chemical and radiation
mutagenesis, somaclonal variation, tissue culture, protoplast,
cell or embryo fusion, wide and bridging crosses, haploid
induction, or other methods that enable movement or rear-
rangement of genes within the plant’s gene pool have all be-
come common tools in a researcher’s toolkit to improve crops
(Chopra 2014). These methods have been well integrated into
breeding practices and have contributed to the development of
many new plant varieties. For example, well over 3300 crop
varieties have been directly developed (International Atomic
Energy Agency n.d.) by a selection of induced mutations
alone, including ruby red grapefruit, seedless watermelon,
and disease-resistant tomatoes (Hancock 2012) as well as
many varieties of rice, wheat, and other staple crops.

Notably, with the underlying plethora of possible inher-
ent or induced genetic variation, all these techniques have
demonstrated a history of safe use, and there have not been
any documented cases where breeding has resulted in the
production of new toxins or allergens (Kaiser et al. 2020).
The history of safe use of conventional breeding tech-
niques including mutagenesis was already noted by the
US Food and Drug Administration in their policy state-
ment on foods derived from new plant varieties (United
States Food and Drug Administration [USFDA] 1992).
Over the course of centuries, and the development of
countless new varieties, plant breeding has resulted in the
reduction or elimination of existing natural risks. This in
turn led to the view that breeding as an activity is “safe by
design” (Louwaars 2019) in part because successful
screening and evaluation processes have been established
irrespective of the plant breeding methods employed. For
plants, effective, proportionate, and targeted measures for
protecting human health and the environment are in place
at every stage of research and development and through
commercialization and use and these measures equally ap-
ply to all products irrespective of the way they were devel-
oped (De Jong et al. 2018; United States Department of
Agriculture Agricultural Marketing Service [USDA AMS
n.d.). New varieties from species that are known to pro-
duce metabolites of concern (e.g., potato glycoalkaloids,
cassava cyanogen, rapeseed erucic acid) are monitored
and actively selected to ensure that the levels of relevant
metabolites are below a threshold of concern (Kaiser et al.
2020). It is because of these long-standing practices that
hundreds of new commercial varieties are introduced
worldwide every year without cause for safety concerns.

With the development of the first transgenic plants in the
1980s (Bevan et al. 1983; Fraley et al. 1983; Herrera-Estrella
et al. 1983), attention focused on whether this new method of
genetic manipulation leads to novel risks that warranted addi-
tional assessment in comparison to those developed with ear-
lier tools and methods. At the time, scientists and regulators
agreed that in principle, recombinant DNA (rDNA) tech-
niques and the resulting GM organisms do not result in differ-
ent or greater risks than those associated with conventional
genetic manipulation tools and derived organisms (National
Research Council [NRC] 1989) and that the level of risk de-
pends on the product, regardless of the way it has been devel-
oped (NRC 1987). Irrespective of these views (Conko et al.
2016), countries favored the establishment of precautionary
pre-market regulations for products developed using rDNA.
At an international level, this approach was reflected in the
development of the Cartagena Protocol on Biosafety under the
UN Convention on Biological Diversity where products of
“modern biotechnology” require the performance of a specific
risk assessment before environmental release. Thus, the intro-
duction of dedicated regulatory processes for GMOs created a
split in how plants products are handled from a regulatory
point with a focus primarily on the manner in which they were
developed (with or without the use of modern biotechnology),
rather than on the actual food or environmental risk they may
present (McHughen 2016).

Currently, genome editing (Zess and Begemann 2021) has
become a focus of renewed discussions about the appropriate
level of regulatory oversight. On one hand, genome editing is
a tool of modern biotechnology, but on the other, it can result
in products comparable to those developed with tools that do
not trigger GMO regulatory oversight. It has also been argued
that genome editing could result in genomic changes that are
difficult or unlikely to be achieved with other breeding tools
(Kawall et al. 2020) and that such outcomes may represent
new risks. These views are contrasted by the positions of
many scientific bodies (National Academies of Sciences,
Engineering, Medicine 2016; European Academies’ Science
Advisory Council EASAC 2018; Leopoldina et al. 2019;
ALLEA 2020) stating that genome editing provides not only
added precision for achieving desired modifications but also a
reduction in the potential for off-target or unintended changes
(European Commission, DG Research and Innovation 2017;
Graham et al. 2020). Divergent views—about new technolo-
gies leading to new risks on one side, and the evidence of
improved control of breeding outcomes via genome editing
on the other—lead to challenging regulatory discussions in
many parts of the world. Earlier discussions about the appro-
priateness of process-based GMO regulatory triggers
(Atanassova and Keiper 2018) have been reignited for ge-
nome editing. The challenge faced by regulators is how to
handle plants that were developed using biotechnological
tools but carry changes comparable to those that could have
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been obtained through conventional breeding, or even as a
result of spontaneous changes (European Commission, DG
Research and Innovation 2017).

The Foundation and Principles of GMO Regulatory Regimes
The increasing use of genome editing in plant breeding posed
a challenge to regulators who, as early as 2006 (Commission
on Genetic Modification 2006), began to contemplate how
and whether plants and other organisms that were developed
using these tools should be evaluated relative to other tech-
niques for genetic variation that had been used widely for
many years. This discernment was, from the outset, likely to
pose challenges to regulators, as most technologies used to
introduce genetic variation (like radiation or chemical muta-
genesis, somaclonal variation, or other techniques designed to
affect ploidy or allow hybridization between unrelated spe-
cies) did not trigger specific pre-market regulation. In contrast,
the utilization of modern biotechnology (genetic engineering)
did trigger additional regulatory oversight via newly enacted
GMO regulations. One of the first scientific advisory bodies
(COGEM n.d.) to weigh in on the potential regulation of
plants developed using “new techniques” in 2006 foresaw
the conundrum between governments and product developers.
They observed that “companies are only prepared to further
develop some innovations when it is clear whether they are
subject to the GMO legislation or not. Being bound by EU
legislation, the government says it can only make this judge-
ment when an actual application is submitted. Thus, a situa-
tion is created in which both parties are waiting for each oth-
er.” This sentiment captures the importance of gaining clarity
on regulatory status as a driver for innovation in breeding.

Most regulations are defined by the question of scope that
lays the foundation of a regulatory scheme. The language and
definitions found in regulations, normatives, or directives are
typically identical to, or derived from, scope language in na-
tional laws [note: a notable exception to this construct of leg-
islation dictating the form and scope of GMO regulation is the
USA where no new legislation was enacted to support the
promulgation of regulations on genetically engineered organ-
isms and regulators had broad discretion to define the scope of
their regulations and any associated exclusions or exemp-
tions]. As such, the definition of the articles or substances that
policy makers deem should be subject to pre-market regulato-
ry assessment and approval is of paramount importance. In the
area of genetic modification, the definition of terms like
rDNA, transgenic, modern biotechnology, genetic modifica-
tion, living modified organism (LMO), genetically modified
organism (GMO), genetically engineered, and transformation
event set the foundation for the scope of these regulatory sys-
tems. The scope terms were fixed in legislation and transposed
into regulation beginning in the 1980s and into the early
2000s. These terms most often described the use of a narrow
set of tools and processes, or presence of a type of genetic

material in organisms (as well as non-living derived products
that may be used for food, feed, or other regulated products) as
the trigger for regulation. In addition to setting the scope of
what the regulatory regimes covered (“what is a GMO”) and
what they excluded (“what is not a GMO”), in some instances,
regulators described, by way of criteria or method descrip-
tions, what products or techniques were exempted from the
new regulations (Hamburger 2019).

An exclusion from regulation defines the organisms (and
products) that are not covered by the regulation. It can be
established by the definition of genetic modification, or genet-
ic engineering, or what otherwise is defined as “regulated
material” in national law or regulation. Thus, anything that
is not included within the scope of the regulation is excluded
and not subject to the regulation. In some instances, a regula-
tory scope definition explicitly calls out what a term does not
mean. For example, the United States Environmental
Protection Agency (EPA) has defined a class of substances
that are not pesticides based on their interpretation of the scope
and other definitions in the pesticide law and thus are excluded
from regulation under the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA) (United States Environmental
Protection Agency n.d.-a). In order for the exclusion to apply,
the Agency has articulated certain criteria that must be met to
be deemed a “non-pesticide.” There are numerous other ex-
amples in the food and agricultural input area of exclusions
that are set by law or regulatory interpretation of the law.
Regulators have demonstrated varying degrees of flexibility
and willingness to provide interpretation of scope or exclusion
language in the law since they are attempting to discern the
intent of legislators and lawmakers.

In contrast, an exemption is created by explicitly carving
out certain classes of products that are within the scope of the
regulation, but have characteristics, or meet certain criteria
that do not warrant concern or require regulatory review.
The establishment of exemptions and associated eligibility
criteria (sometimes called “conditions” or “conditional ex-
emptions”) is a very important aspect of many rDNA product
regulatory regimes, especially when the initial scope of the
regulations is particularly expansive, and exclusions are lim-
ited or unclear.

A classic, well-analyzed example of the interplay of exclu-
sions and exemptions can be found in the EU GMODirective
2001/18. The directive defined (in Article 2(2)) GMO broadly
covering all non-human organisms “in which the genetic ma-
terial has been altered in a way that does not occur naturally by
mating and/or natural recombination” (European Parliament
2001). So as to not regulate every organism whose genetic
makeup was in some way selected or manipulated by human
intervention, there are a series of conditions in the GMO
Directive regarding techniques (i.e., human interventions) that
do result in GMOs (Annex I A Part 1), and another list of
techniques whose use does not result in a GMO (Annex I A
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Part 2) and are thus excluded from regulation. The GMO
Directive also contains an exemption clause (Article 3) that
describes (in Annex 1 B) other techniques (like mutagenesis)
that constitute GMOs within the meaning of Article 2(2) but
are exempt from the scope of the Directive. As described
further below and elsewhere (Tagliabue 2016; Zimny and
Eriksson 2020) the distinctions between exclusion and ex-
emption can have notable implications especially when the
terms in the law are subjected to legal, as opposed to scientific,
interpretation.

Products that meet the exemption eligibility criteria are con-
sidered to pose the same level of concern or be as safe for use as
those products that are not subject to the regulation. In other
words, eligibility criteria have the effect of creating a safety or
protection standard that products need to meet to qualify for a
pre-determined exemption. Such a mechanism achieves the
goal of assuring that products on the market are acceptably safe
under the law and utilizes a means other than product-specific
government-directed risk/safety assessment and approval. The
regulatory tool of exemptions is commonplace in many fields
where regulators deem oversight to be in the interest of society
but recognize that not all products within the scope of the
regulation require the same degree of scrutiny. An example of
conditional exemptions is EPA’s criteria for “minimum risk
pesticides” where the Agency has a set of six conditions that
need to be met for a product to be exempted from the EPA’s
registration requirements (US EPA n.d.-b). Assessing the ap-
plicability of these conditions is the responsibility of the com-
pany planning to market the product (US EPA 2020). The
approach taken by the EPA is similar to the United States
Food and Drug Administration (FDA) regulations on food
ingredients that meet the eligibility criteria (FDA 2020) to
be deemed “general recognized as safe” or GRAS (Burdock
and Carabin 2004). New food ingredients are subject to pre-
market review unless they are “generally recognized, among
qualified experts, as having been adequately shown to be
safe under the conditions of its intended use, or unless the
use of the substance is otherwise excluded from the defini-
tion of a food additive.” GRAS status can be independently
determined by the ingredient developers, and for marketing
and acceptance purposes GRAS determinations may also be
notified to the FDA (Hanlon et al. 2017). Other examples
include exemptions to FDA’s food safety standards for
growing, harvesting, packing, and holding foods (FDA
2017) or the allergen labeling exemptions in the Food
Standard Australia New Zealand (FSANZ) regulations for
certain ingredients (FSANZ 2016). Thus, consistent with
other regulatory frameworks, genome-edited plant products
that meet established exemption criteria by expert evaluation
or government confirmation can be considered equivalent in
terms of safety with products that are excluded from regu-
lation as well as those that are reviewed and approved by a
regulatory body.

Genome-Edited Products in the Context of Existing GMO
Regulations A key question that regulators around the world
have tried to address as they moved to interpret the applica-
bility, or lack of applicability, of existing GMO legislation and
regulations to genome-edited organisms was “what is the in-
tent of our GMO definition?” By extension, it was important
to address what products or technologies were excluded or
exempted when those GMO definitions and the scope of the
GMO regulations were set. As described below, several gov-
ernments in Latin America, which are either parties to the
Cartagena Biosafety Protocol (BSP) to the Convention on
Biological Diversity (Secretariat of the Convention on
Biological Diversity 2003) or have adopted its scope (e.g.,
Brazil, Argentina), addressed the question of the regulation
of genome editing by providing an interpretation of the phrase
“possessing novel combination of genetic material” which is
found in the definition of “living modified organism” (LMO)
of the protocol. Under Article 3 (g) of the BSP a “living mod-
ified organism” means any living organism that possesses a
novel combination of genetic material obtained through the
use of modern biotechnology.

Recognizing that there remain many countries that have not
yet finalized a regulatory approach or policy related to genome-
edited products, the approaches already taken by regulatory
agencies in classifying and evaluating genome-edited plant
products fall into several discernible classes as laid out below.
The regulatory landscape for genome-edited plant products
(Fig. 2) is reviewed in many recent articles (Friedrichs et al.
2019; Menz et al. 2020; Schmidt et al. 2020; Turnbull et al.
2021). Given the wealth of reviews describing existing regula-
tory approaches, the summary below describes various ap-
proaches taken by governments in articulating exclusion or
exemption criteria for genome-edited plants and the processes
for gaining clarity on regulatory status. Most countries have
gone through a process to evaluate their existing GMO legisla-
tion and regulations, seek public input, and then proceed with
amending existing regulations or guidance.

It is also important to note that there may be multiple reg-
ulatory agencies that have developed regulatory processes to
evaluate and authorize GMOs in a given country. In some
countries, there may be two, three, or more agencies that are
involved in assessing different aspects of food, feed, or envi-
ronmental safety of new products. For a country to have a
clear path that allows genome-edited plant products to come
to market, each of the agencies with an existing GMO regu-
latory process needs to develop a clear policy and processes to
apply exemptions or exclusions and confirm the regulatory
status of those products.

Below, we briefly discuss examples of alternative regula-
tory approaches informed from initiatives in different coun-
tries, which may be considered for organisms developed using
technologies such as genome editing. While there are some
differences in the regulatory concepts behind the individual
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approaches, they attempt to achieve a similar goal, namely the
exclusion from the scope of national GMO regulations of
plant products that could have been obtained by conventional
breeding methods (García-Alonso and Holt 2020).

Regulatory Systems with Clearly Defined Criteria and
Developer Self-determination

& Australia/OGTR: In 2016, the Australian Office of the
Gene Technology Regulator (OGTR) commenced a tech-
nical review of the Gene Technology Regulations 2001
with the objective of providing clarity about whether or-
ganisms developed using a range of new technologies are
subject to regulation as GMO (Office of the Gene
Technology Regulator 2016). The resulting amendments,
most of which were incorporated into law in 2019 (OGTR
2019), expressly excluded “organisms modified by repair
of single-strand or double-strand breaks of genomic DNA
induced by site-directed nuclease, if a nucleic acid tem-
plate was not added to guide repair” (commonly referred
to as the SDN-1 exclusion). This exclusion was made by
adding these organisms to schedule 1 which lists “organ-
isms that are not genetically modified organisms”; such
organisms might otherwise be considered within the scope
of the definition of GMO provided by the Gene
Technology Act 2000 (Cth) (Thygesen 2019). One of the
primary rationales for excluding these organisms was that
“the targeted genomic break created by a site-directed nu-
clease is repaired through the samemechanisms that repair
naturally occurring DNA breaks, and the same range of
changes to the DNA nucleotide sequence can occur as for
natural mutations.” Therefore, the OGTR does not require
notification or consultation for such organisms to be re-
leased into the environment and it is the responsibility of
proponents to ensure that the exclusion applies. While the
options examined in the 2016 technical review considered
broader genome-editing exclusions (e.g., template-driven
DNA edits), the eventual outcome was limited by the un-
derlying policy setting of a process-based regulatory trig-
ger, which a subsequent review of the National Gene
Technology Scheme (NGTS) concluded will be main-
tained (Department of Health, Commonwealth of
Australia 2018). The current implementation process for
the recommendations fromNGTS reviewmay provide for
broader exclusions and clarity on additional tools (e.g.,
base or prime editing that are not nuclease-based) in the
future, and/or more risk-tiered and streamlined regulatory
approaches for other types of genome-editing approaches
(Department of Health, Commonwealth of Australia
2020).

& US/USDA: The United States Department of Agriculture
Animal (USDA) Animal and Plant Health Inspection
Service (APHIS) established a set of exemptions relevant

to genome-edited plants in their 2020 amendments to the 7
CFR Part 340 regulations (USDA APHIS 2020a,
Section 340.1(b)). The new regulation exempts certain
genome-edited plants that are within the scope of the def-
inition of “genetically engineered“ when changes in the
plant genome meet any one of these criteria: (1) the genet-
ic modification is a change resulting from cellular repair of
a targeted DNA break in the absence of an externally
provided repair template, (2) the genetic modification is
a targeted single base-pair substitution, or (3) the genetic
modification introduces a gene known to occur in the
plant’s gene pool, or makes changes in a targeted se-
quence to correspond to a known allele of such a gene or
to a known structural variation present in the gene pool
(Hoffman 2021). In establishing these exemption classes
in plants, USDA concluded that the “exemptions are
based on measures that are easily defined, are based on
familiarity, and thus are meant to be limited to genetic
changes that could practically be achieved by convention-
al breeding methods in any plant.”USDA also established
a mechanism to request expansion of the edits or modifi-
cations, based on the similarity of the modifications to
variation that could be achieved through conventional
breeding (USDAAPHIS 2021). The Agency can also take
action on its own to propose and add modifications that
are exempted from their regulations. Similar to the ap-
proach adopted by OGTR, USDA does not require notifi-
cation or verification from developers, but does provide a
mechanism to request confirmation that a particular plant
product meets the exemption criteria. For genome-edited
plant products that do not qualify for one of the existing
exemptions, USDA has implemented a simplified case-
by-case determination process (termed a Regulatory
Status Review) to confirm that the product does not pose
a “plant pest risk.”

Regulatory Systems with Defined Criteria and Mechanism for
Case-by-Case Regulatory Status Determinations

& Latin American Approach: Numerous countries in Latin
America have adopted a relatively consistent policy ap-
proach that set forth upstream consultative procedures to
identify on a case-by-case basis if a genome-edited prod-
uct is within or outside the scope of national GMO regu-
lations. Such consultative procedure ensures regulatory
flexibility to provide guidance to developers (Dederer
and Hamburger 2019). In these countries, the primary de-
terminant of whether an organism is classified as a GMO
or not is the presence or absence of transgenic sequence(s)
in the final product intended for introduction to the mar-
ket. Products that are not in the scope of the GMO regu-
lations remain subject to the same laws and regulations
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that are applicable to plant products developed by conven-
tional breeding methods (see Fig. 1).

The first agency to adopt this “case-by-case absence of
transgene” approach was CONABIA in Argentina.
CONABIA had no directly relevant precedent to rely upon
when setting out its approach on genome-edited products
(referred to as NBTs) but they started with the premise that
“a new regulation on NBTs should not be based on a
closed list or description of particular technologies, but
instead it should be framed to be flexible and able to be
applied to existing or forthcoming technologies as much
as possible” (Whelan and Lema 2015). This reliance on
outcomes, not techniques used, to help determine regula-
tory status has served as a model approach in many other
countries. The specific criteria CONABIA uses to assess if
a product meets the definition of a GMO is whether the
final product contains “a new combination of genetic ma-
terial when a stable and joint insertion of one or more
genes or DNA sequences that are a part of a defined ge-
netic construct.” Since the issuance of the 2015 resolution,
CONABIA has conducted numerous consultations on
genome-edited products, with the majority of products
deemed to not be GMOs coming from local developers
in a diverse set of organisms and traits (Whelan et al.
2020).

In Brazil, a normative resolution (Comissão Técnica
Nacional de Biossegurança 2018) to clarify the interpreta-
tion of the 2005 National Biosafety Law as it relates to

organisms developed using “innovative precision im-
provement techniques” (TIMP) was completed in 2018
following deliberations within National Biosafety
Technical Commission (CTNBio) (Nepomuceno et al.
2020). To facilitate the determination of whether a product
is excluded from the scope of the National Biosafety Law,
the normative presents a non-exclusive list of example
“new techniques” (in Annex 1) and articulates a series of
molecular characteristics describing products that would
be excluded from the biosafety law based on absence of
rDNA and their similarity to conventionally bred organ-
isms. Developers of genome-edited organisms are re-
quired to consult with CTNBio on the regulatory status
of the product. The applicability of the exclusions is then
determined via a case-by-case analysis by CTNBio.

The approach and establishment of exclusion criteria
for genome-edited products laid out in Argentina and
Brazil were closely followed in other Latin American
countries, including Chile (Sánchez 2020), Colombia,
Paraguay, Honduras, and Guatemala (Gatica-Arias
2020). Each of these countries has released final resolu-
tions or regulations clarifying the criteria for exclusions or
exemptions that may be applicable to genome-edited or-
ganisms (Menz et al. 2020). This consistency in approach
and criteria for exclusion from GMO regulations across
Latin America provides an important regional advantage
in terms of supporting multi-lateral or regional regulatory
cooperation and an environment conducive to innovative

Figure 1. Schematic diagram illustrating the general relationship
between regulatory scope, exclusions, and exemptions, and the role of
eligibility criteria for plant products. Products that are, by definition,
within the scope of the regulations may either be evaluated by a
regulatory body and approved to gain market access or determined to
meet defined exemption criteria (“eligibility criteria”) and considered to
meet the same safety or protection targets as products that have been

approved. It should be noted that all products whether they are
“excluded from regulation,” exempted or go through a pre-market ap-
proval process would be subject to other regulatory requirements under
other authorities (e.g., seed testing/quality standards, food safety stan-
dards). Depending on the country/region, a myriad of post-market safety
and marketing requirements are also likely to be applicable to all products
(Institute of Medicine (US) and National Research Council (US) 1998).

614



REGULATORY ENVIRONMENT FOR GENE EDITING

product development and deployment. This regional co-
operation was articulated in a 2019 Southern Agricultural
Council (Consejo Agropecuario del Sur [CAS])
“Declaration of Gene Editing Techniques” signed by the
Ministers of Agriculture from Argentina, Brazil, Chile,
Paraguay, and Uruguay (Southern Agricultural Council
(CAS) 2019). It is also of note that the first country with
a formal policy on genome-edited plants in Africa,
Nigeria, has taken a case-by-case approach clarifying the
types of modifications (lacking rDNA in the final product)
that would not require a GMO evaluation in a manner
similar (USDA Foreign Agricultural Service [FAS]
2021) to what has been adopted in several Latin
American countries.

& Japan: There are three regulatory agencies overseeing dif-
ferent aspects of use of GMOs in Japan, the Ministry of
the Environment (MOE), the Ministry of Agriculture,
Forestry, and Fisheries (MAFF), and the Ministry of
Health, Labor and Welfare (MHLW). These agencies
have clarified when the existing GMO regulations apply
to genome-edited products and when they do not. This
clarification is based on an interpretation of the scope of
the GMO legislation. Under the MOE policy finalized in
2019 (USDA FAS 2019a), and later accompanied by
implementing guidelines issued by MAFF (USDA FAS
2019b), certain categories of genome-edited plants do not
require review under MOE’s GMO regulations (also
called the “Cartagena Law”), once determined to fall out-
side the scope of the definition of a “living modified or-
ganism” (LMO) (Tsuda et al. 2019). Specifically, the pol-
icy stated that genome-edited organisms where “extracel-
lularly processed nucleic acid is not transferred” into the
plant or when “it has been confirmed that no nucleic acid
or a replicated product thereof remains in the finally ob-
tained organism,” the product is not considered an LMO.
Furthermore, if the inserted “extracellularly processed”
nucleic acid is from the same species (referred to as
“self-cloning”), or from a species that can exchange
nucleic acids with the species that has been edited (e.g.,
from a sexually compatible species) that organism is also
not considered to be an LMO. Thus, from a practical
standpoint, this policy excludes plants that do not have
integrations of “extracellularly processed nucleic acids”
(i.e., transgenes), and plants that solely contain genetic
material that comes from the same or sexually compatible
species.

MHLW clarified its policy stance for foods derived
from genome-edited plants in 2019, outlining the types
of genome-edited food products that would “present the
same level of risk as a food product from conventional
breeding” and thus not be subject to the GMO safety as-
sessment process (USDA FAS 2019c). The criteria set
forth by MHLW for products that do not require a GMO

safety assessment include (1) absence of transgenic (“for-
eign”) genes and/or fragments in the final product and (2)
changes induced by an enzyme recognizing a specific base
sequence resulting in (a) base-pair deletions; (b) substitu-
tion; (c) naturally occurring gene deletion; and/or (d) in-
sertion of one to several base pairs (USDA FAS 2019d).
Notification to MHLW with relevant information by de-
velopers is expected to confirm the applicability of the
criteria to specific products intended for use as food.

The status of feeds derived from genome-edited plants
was clarified by MAFF in its 2020 guidelines (USDA
FAS 2020). The criteria for exemption from the GMO
regulations and processes to notify the agency are closely
aligned with the approach taken byMHLW related to food
products. It is noteworthy that the completion of policies
and relevant guidance in Japan in 2020 was followed by
notification and confirmation in late 2020, of regulatory
status of a compositionally enhanced tomato (with elevat-
ed levels of gamma-aminobutyric acid) co-developed by a
Japanese firm (Sanatech) and a leading Japanese universi-
ty (Tsukuba University). The tomatoes are expected to be
available for home garden use in 2021, making it the first
commercial genome-edited product in Japan.

Countries with Judicial Rulings Determining that New
Modification Techniques Are Not Excluded or Exempt In con-
trast to the countries described above, the regulatory status of
genome-edited plants in the following two jurisdictions was
not set by scientific advice and public input followed by reg-
ulatory agency interpretation and policy implementation, but
by judicial interpretation of existing GMO legislation. In both
instances, the status of genome-edited products was inferred
from interpretations provided by courts on specific process-
based definitions of the term GMO that was laid out in legis-
lation that pre-dated the widespread use of genome-editing
techniques.

& European Union: A great deal has been written regarding
the legal interpretation of the EUGMODirective (2001/18/
EC) by the European Court of Justice (ECJ) in July 2018
(Eriksson et al. 2019; Plant Genetic Resources International
Platform 2019; Sowa et al. 2021). In brief, the court ruled
(European Court of Justice 2018) that mutagenesis methods
not widely used in the development of products prior to
2001 do not qualify for the explicit exemption afforded to
mutagenesis techniques. The ECJ ruling placed products
developed using “new” techniques like genome editing
within the scope of the GMO directive (Van der Meer et al.
2020; Vives-Vallés and Collonnier 2020). This interpreta-
tion places stronger weight on the technology or techniques
used in determining a products regulatory status. Under the
ECJ interpretation, two organisms with an identical genetic

615



JENKINS ET AL.

makeup, expressing an identical set of characteristics and
the same safety profile, but developed using techniques in
practice either prior to 2001, or after 2001, would be treated
differently under the law. This approach violates basic
“equal treatment” principles that products that are the same
should be treated in an equivalent manner under the law.

& New Zealand: The Environmental Protection Authority
(EPA) administers the Hazardous Substances and New
Organisms Act of 1996 (HSNO Act) which includes
GM organisms. The general scope of the “new organ-
ism” definition in the HSNO Act includes “a genetical-
ly modified organism,” which is further defined in
Section 2A as any organisms where the genes or genet-
ic material has been modified by in vitro techniques,
with the term “ in vitro technique” undefined
(Hazardous Substances and New Organisms Act 1996
1996). The HSNO Act includes specific exclusions
and, as in the EU, further exclusions are provided in a
list of “organisms not genetically modified” in the
Haz a r dou s Sub s t a n c e s and New Organ i sm
Regulations 1998. Applicants can request a determina-
tion from the EPA whether or not an organism is a
“new organism” under the Act (Hazardous Substances
and New Organisms Act 1996 1996; Section 2A,
section 26). In 2012, a developer made such an appli-
cation concerning a genome-edited organism with a
targeted mutation, and the EPA’s determination was
that certain applications of genome editing were suffi-
ciently similar to the exempted process of chemical
mutagenesis, and such organisms were not GMOs
(Fritsche et al. 2018). In pre-dating the genome-
editing policy in Argentina adopted in 2015, for a brief
period, New Zealand was the first country where a reg-
ulatory agency was willing to determine that certain
types of genome edits could be exempt from GMO
regulation. But that status was short-lived as this deter-
mination was challenged, and the legal interpretation
subsequently provided by New Zealand’s High Court
in 2014 made it clear that the organism must be ex-
pressly captured by the “organisms not genetically
modified” list and that the EPA was exceeding its pow-
ers by making interpretations that expanded its scope
(Kershen 2015). The ruling by the Court in New
Zealand was a further example that when processes
define either the scope or exclusions in GMO regula-
tions, it is very challenging for such a 2 to adapt to new
technologies and processes. The Regulations were sub-
sequently amended in 2016 to expressly limit the scope
of mutagenesis exclusions to chemical or radiation
treatments that were in use on or before 29 July 1998
(Hazardous Subs tances and New Organ i sms
(Organisms Not Genetically Modified) Regulations
1998, amended 2016).

Looking Ahead: What Is Still to Come for Genome-Edited
Plant Regulation? Regulatory alignment and consistency will
be important for the use of technologies like genome editing to
be broadly adopted and applied in a manner akin to the wide-
spread use of common plant breeding techniques like classical
mutagenesis and other techniques used to introduce genetic
variation into plant genomes. It has been noted and clearly
articulated in the literature (Menz et al. 2020; Entine et al.
2021; Turnbull et al. 2021) that currently, there is a lack of
regulatory harmonization and consistency around the world
with regard to the status of genome-edited plant products. At
this point, there are emerging general trends (certain edits like
deletions are generally considered to be exempt from GMO
regulations), but there is clearly more global “disharmony”
than harmonization in the regulatory treatment of genome-
edited plant products. As illustrated in Fig. 2, there are many
regions and countries with significant agricultural productivity
and human population (e.g., China, India, sub-Saharan Africa
(Komen et al. 2020), Russia, Mexico) that are currently eval-
uating their options and deciding on a path forward in setting
policies and practices related to genome-edited organisms.
The Canadian approach toward genome-edited products also
remains under development as of early 2021 with a proposed
approach put forth by Health Canada in March 2021 (Health
Canada 2021). Canada has been the only country that explic-
itly designed its regulations around a “product-based” ap-
proach to assess “novelty” in plants and derived food and feed
regardless of how the novelty was developed (Ellens et al.
2019).With this product-based focus, Canadian agencies have
been challenged to contemplate how to address novelty in the
context of techniques like genome editing that may not create
novel genetic combinations. At the other end of the spectrum,
in the EU the European Commission study report (European
Commission and SWD 2021) on new genomic techniques
(NGTs) released in April 2021 recognizes that strictly
process-based regulations are not “fit for purpose” and that
there is a need for regulations to be adapted to account for
scientific and technological progress. The recognition in the
report that “it may not be justified to apply different levels of
regulatory oversight to similar products with similar levels of
risk, as is the case for plants conventionally bred and obtained
from certain NGTs” is a good summary of the challenge that
the regulators are trying to resolve.

Given the global interconnectedness of food and grain
markets and the critical need to move material between
countries during the development and production of seed
and plant products, regulatory disharmony will, in the
long run, have negative inhibitory effects on the utiliza-
tion of these tools to develop new plant varieties. As such,
the inability for breeders and crop developers to use “all
the tools in the toolbox” may mean a lost opportunity to
continue to develop crops and agricultural production sys-
tems that meet critical societal needs.
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Impacts of Sound Regulatory Policy on Delivering Societal
Benefits In the coming decades, the global agricultural system
must find ways to meet pressing but often competing needs.
Farmers must produce enough food for a population that is
expected to reach nearly 10 billion people by 2050.
Employing around 2 billion people today (International
Labour Organization n.d.), agriculture must continue to be
an engine of inclusive economic and social development that
contributes to poverty reduction, even as many small-scale
farmers transition into other forms of employment. At the
same time, agriculture must lighten its environmental foot-
print. The impacts of agriculture are large and growing, in-
cluding aspects of land degradation, water scarcity, and cli-
mate change (Searchinger et al. 2019; Crippa et al. 2021).
Finally, a renewed focus on nutrition is paramount: recent
estimates of the impact of our global nutritional and diet state
that 11 million deaths and 255 million disability-adjusted life-
years were attributable to dietary risk factors (GBD 2017 Diet
Collaborators 2019). In short, the worldmust improve the way
it produces and consumes food. Given the magnitude of these
challenges, all tools and forms of agriculture have value in
contributing to a sustainable future. The development of plant
varieties employing modern breeding techniques, such as ge-
nome editing, could be among the most impactful and effi-
cient approaches to address these shared goals.

To achieve these goals, multiple elements must be ad-
dressed quickly and effectively to generate an environment
that allows innovative tools like genome editing to be broadly
adopted. Elements such as trust among consumers and stake-
holders to help gain acceptance, appropriate market incen-
tives, and clear policy and regulations are all of critical impor-
tance (Herrero et al. 2020). However, if clear, workable pol-
icies and regulations are not in place, then the need for the
“license to operate” elements are generally moot. Appropriate
policies and regulations are the foundation that enables initial
and stable investment in research and development activities
that are needed to bring products to fruition. The prospect of
tangible commercial products that flow from this foundation
will then serve as the basis of downstream discussions in these
other areas.

In this section, we seek to illustrate the benefits that sound
policy is already having, and can continue to have, in posi-
tively changing the way we produce and consume food
through the application of plant genome editing. As a frame-
work, we consider the United Nations 2030 Sustainable
Development Goals (United Nations 2015). These 17
Sustainable Development Goals (SDGs) were finalized in
September of 2015 by a global coalition to “meet the needs
of the present without compromising the ability of future gen-
erations to meet their own needs” and are based on three
interconnected principal elements: economic growth, social
inclusion, and environmental protection. It is a reasonable
assumption that most, if not all, stakeholders involved in the

nexus between agriculture, technology, and society share
these goals at least at a high level. Nonetheless, the recent
2020 UN update report on progress against these targets
shows that even before the COVID-19 pandemic, progress
was “at best uneven” (United Nations 2020). Global efforts
to date have been insufficient to make the changes required in
the necessary amount of time. This has led to a call for a
“Decade of Action” with the UN Secretary-General calling
for urgent advancement on three levels, including inter alia:
global action to secure smarter solutions; local action
transitioning policies and regulatory frameworks; and people
action, including civil society, the media, the private sector,
academia, and other stakeholders, to push for the required
transformations. Given the UN’s recognition that “food sys-
tems connect to every sustainable development goal,” there is
a very real opportunity for sound genome-editing policy to
have broad impacts toward these goals over the next decade.

However, transformative changes to “food systems” will
be difficult to enact if there are a limited number of enterprises
that are able to garner the resources needed to develop and
bring new products to market. Disproportionately restrictive
and burdensome regulations, such as the current GMO regu-
lations, will result in a familiar conundrum: a few companies
focused on a handful of large acreage, globally grown crops,
mostly on only broadly applicable traits. This sentiment is
echoed in the aforementioned European Commission study
report (European Commission and SWD 2021) where they
summarized the view that genome-editing techniques afford
“an opportunity for SMEs (small and medium enterprises) to
develop minor, niche, or orphan crops, and special traits in
plants, in response to local needs, to move toward more sus-
tainable agri-food production, stress-tolerant, and disease-
resistant varieties, and a reduced use of plant protection prod-
ucts.” For these opportunities to be realized appropriate policy
changes are necessary. As mentioned above, under the poli-
cies enacted in Argentina, many products developed with the
use of genome editing are not GMOs, and thus not subject to
GMO regulatory requirements. In the four years following the
implementation of the Argentinian policy, an analysis showed
that genome-edited products are pursued by a more diverse
group of developers, largely comprised of small- andmedium-
sized companies and public sector researchers, and are more
diverse in terms of crops as well as traits (Whelan et al. 2020).
While 90% of the GMOs going through a regulatory process
in Argentina were developed by multinationals, 59% of the
genome-edited product determination requests were made by
local companies and public sector researchers. In addition,
GMO submissions were predominantly for herbicide toler-
ance and insect protection traits in row crops, while genome-
edited product consultations spanned a much broader range of
traits including those for increased productivity and consumer
preference, in crops that also included fruits and vegetables
and ornamental plants (Whelan et al. 2020).
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Importantly, the widespread use and adoption of a set of
breeding tools that are capable of efficiently and affordably
working across species, varieties, and attributes, can help
move us from euphemisms like “uneven progress” to actual
progress in a timeframe that keeps pace with population and
climate challenges. While plant breeding innovations can con-
tribute to the achievement of different SDG goals and targets,
we focus on selected examples of genome-editing applications
in plant breeding that can directly address targets under four
specific SDGs listed below (Table 1).

Zero Hunger This goal aims to end hunger, achieve food se-
curity and improved nutrition, and promote sustainable agri-
culture. After decades of decline, 2015 marked a reversal with
a slight increase in the number of people suffering from chron-
ic undernourishment, with current estimates stating that nearly
690 million people are hungry, up by nearly 60 million in five
years, and nearly one in ten people in the world suffered se-
vere levels of food insecurity (United Nations n.d.-a; Food and
Agricultural Organization, IFAD, UNICEF, WFP, WHO
2020). Profound changes to the global food and agriculture
system are needed, including production and distribution chal-
lenges, if we are to nourish the people who are hungry today,
while meeting the challenge of a global population growing
by an additional 2 billion people by 2050 that needs an in-
crease of food production by over 50% (Searchinger et al.
2019).

Genome editing of plants offers strong potential to address
these issues. Unlike conventional breeding approaches, these
new breeding techniques offer an efficient means to generate
optimized germplasm. In the past few years, genome editing
has been used to improve a multitude of crop characteristics
and there are several examples of products being developed
that can substantially contribute to reducing hunger. Rice,
wheat, and maize are the world’s three leading food crops
and together they provide more than 42% of all calories con-
sumed by the entire human population (Searchinger et al.
2019). In maize, genome-edited lines with targeted edits in
the native zmm28 gene promoter and in FEA3, resulting in
plants with higher yield and kernels per row, were moved
through regulatory clearance in the USA (USDA APHIS
2020b). With billions of people depending on rice for 20%
of their daily calories, it is the staple food of more than half of
the world’s population (Ricepedia n.d.). Recent academic re-
search has shown that editing the rice LOGL5 gene enhanced
grain yield in a variety of environmental conditions (Zhu et al.
2020). Other examples in rice include edits involved in regu-
lating panicle size, grain size, and grain weight that have all
provided increased yields (Stanic et al. 2021).

There are also potential productivity benefits in specialty
crops. For example, a naturally occurring trait in strawberries that
causes them to produce fruit for a significantly longer period was
recently exempted from regulation (USDA APHIS 2020c).
Similarly, use of editing for achieving increased yield of fruit

Figure 2. World map showing the current regulatory policy landscape
related to genome-edited plant products. The key indicates which
countries/regions have regulatory policies and processes already in place,

which are currently having policy discussions, and areas where court
rulings have determined that GMO regulations are applicable to
genome-edited plants.
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crops through edits of genes involved in meristem size has been
reported (Rodriguez-Leal et al. 2017; Yuste-Lisbona et al. 2020).
Reductions in food waste can be addressed by traits that prolong
shelf life (Cohen 2019) or reduce darkening and discoloration in
fruits and vegetables that are perceived as undesirable by both
consumers and processers. To date, USDA has exempted five
potential genome-edited products that are being developed to
address this issue (potatoes and avocados with low polyphenol
oxidase (PPO)) (USDA APHIS 2020d, 2020e, 2020f, 2020g,
2020h, 2020i).

Good Health andWell-being This SDG goal is largely focused
on improvement in the medical field and delivery of
healthcare more universally. Genome editing has been applied
in medicinal plants to further our understanding of important
biosynthetic pathways of secondary metabolites to possibly
enhance their application and potentially improve their yield

and quality (Karkute et al. 2017). In addition to plants that can
provide medicinal benefits, nutrition, and improved diets also
play a critical role in good health and well-being. Poor dietary
habits are associated with a range of chronic diseases and are a
major contributor to non-communicable disease–related mor-
tality worldwide (GBD 2017 Diet Collaborators 2019).

There are several applications of genome editing in crops
that may support more healthy diets. Fruit and vegetable crops
are important for a healthy diet, but they have had less genetic
improvement compared to other crops due to the difficulty
in breeding many of them. Currently, only 15 out of approx-
imately 30,000 edible plants contribute an estimated 70% of
our calories (Fernie and Yan 2019). Pairwise, a startup com-
pany focused on using genome editing in fruits and vegeta-
bles, has recently advanced a leafy green through the US reg-
ulatory exemption process (USDA APHIS 2020j). Mustard
greens (Brassica juncea (L.)) are among the most nutrient-

Table 1. Summary of potential genome-edited crop products. An “x” indicates relevance to a United Nations Sustainable Development Goal (2 Zero
Hunger, 3 Good Health and Well-Being, 13 Climate Action, 15 Life on Land) for those products

Species

Alfalfa x
Apples x x x x
Avocado x x
Bananas x x
Berries x x
Canola x x x
Cassava x x
Citrus x x
Cotton x x x
Dandelion x
Grapes x x
Hemp x x x
Leafy Greens x x
Maize x x x
Peanuts x x
Peas x x x
Pennycress x x
Poplar x x
Potato x x x x
Rice x x x x
Soybean x x x x
Tomato x x x x
Wheat x x
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dense leafy green vegetable available for consumers and are
characterized by a wide variation of leaf traits such as color,
size, texture, and headingmorphology.When eaten fresh, they
are pungent due to the presence of natural defense compounds
which are produced in response to herbivory. Consequently,
mustard greens are typically either cooked to minimize pun-
gency, or consumed fresh in smaller quantities or as baby
greens. Pairwise has knocked out multiple homologs of the
gene responsible for producing these pungent compounds
resulting in an improved flavor and highly nutritious mustard
green intended for fresh-market consumption. Another fresh-
market health-focused application of genome editing is the
gene-edited tomato with an increased amount of naturally oc-
curring γ-aminobutyric acid (GABA) developed by the
Japanese company Sanatech that was recently determined by
USDA to not be subject to their regulations and the Japanese
Ministry of Health, Labor and Welfare (MHLW 2020) con-
firmed that the product is not a GMO and can be marketed.
GABA is a non-protein amino acid, widely found in bacteria,
which has been shown to lower blood pressure in humans,
thus providing a potentially important health benefit (USDA
APHIS 2020k).

Another important specialty crop genome editing is being
applied to that could impact good health and well-being is
cassava. Cassava (a.k.a. yuca, manioc, muhogo, or tapioca) is
one of the most important root crops, mainly due to its toler-
ance for drought and marginal soils, with approximately a
billion people relying on it as a source of calories, primarily
in Africa and the tropics. However, cassava roots naturally
produce a precursor of cyanide. Over time, consuming this
cyanogenic compound can have effects that range from cogni-
tive problems to sudden and irreversible paralysis of the legs.
The cyanide precursor can be removed through processing, a
burden that mainly falls on women, but in many areas of sub-
Saharan Africa that have experienced drought, famine, and
instability, proper processing typically does not occur. Given
the precision and efficiency of genome editing, it is a nearly
ideal approach to address this problem as it is impractical to use
slow conventional breeding methods that would also disturb
other preferred traits (Innovative Genomics Institute n.d.).

In row crops, researchers have developed lower α-gliadin
wheat. Wheat is well known to contain proteins that trigger
hypersensitivity in individuals with Coeliac disease through
the ingestion of gluten proteins like α-gliadin. Using genome
editing, multiple lines have been generated, all showing large
reduction in these causative peptides (Sánchez-León et al.
2018). Calyxt, a plant-based technology company, has gained
exemption determinations for high oleic low linolenic soy-
bean (Haun et al. 2014; USDA APHIS 2020l), high fiber
wheat (USDA APHIS 2020m), and low acrylamide potato
(USDA APHIS 2014; Clasen et al. 2016) for improved stor-
age and health benefits as well as food safety clearance from
FDA (US Food and Drug Administration n.d.). Finally,

genome editing has also been used to develop rice lines con-
taining higher amylose content. Amylose is a resistant starch
and thus not digestible in the small intestine, so it is passed on
to the large intestine and therefore may reduce the risk of
health issues such as diabetes (Sun et al. 2017).

Climate Action This UN Sustainability Goal seeks to “take
urgent action to combat climate change and its impact.”
Improvements to crop plants in terms of yield gains, as well
as traits that can build upon their natural ability to capture
carbon, or to serve as alternatives to fossil fuels or animal-
based proteins, are critical to achieving this goal. Disease
and pest resistance are of particular importance because the
changing climate may lead to increased pressure from plant
pathogens and pests, with some estimating that yield losses in
corn, rice, and wheat to insects could increase by 10 to 25%
for every 1°C of rising global temperatures (Deutsch et al.
2018).

Improvement of crops to mitigate the impacts of climate
change, has been constrained by the limitations of convention-
al breeding. Pairing increased genome knowledge with ge-
nome editing is an encouraging potential solution to these
goals (Fernie and Yan 2019). This is in part why programs
such as USDA’s Agricultural Genome to Phenome Initiative
n.d. (AG2PI) have been initiated (AG2PI n.d.). There are mul-
tiple efforts across crops to increase yield and improve perfor-
mance in response to stress (Ahmar et al. 2020; Kitomi et al.
2020). For example, modern tomato cultivars are strongly
affected by environmental stress, while other edible
Solanaceae species that remain untapped due to being poorly
adapted for cultivation are generally resilient and resistant to
disease. Multiple studies have demonstrated that with a small
number of edits these wild species can be domesticated (Soyk
et al. 2016; Rodriguez-Leal et al. 2017; Soyk et al. 2017).
These kinds of changes would take conventional breeding
decades to achieve and may provide a wider selection of va-
rieties more suitable to changing environmental conditions.

Researchers are also looking for ways to optimize plants’
natural ability to capture and store carbon. Using CRISPR as a
research tool, they were able to identify and demonstrate the
EXOCYST70A3 gene as a strong modulator of root system
architecture in a model plant system. This discovery could
have significant impacts on drought tolerance and carbon cap-
ture advancement across a wide variety of plants (Ogura et al.
2019) if appropriate regulatory systems are in place. Genome
editing was used to develop new varieties of the cover crop
pennycress that has improved quality characteristics to func-
tion as a low carbon intensity feedstock for food, bioenergy,
and animal feed (CoverCress Inc n.d.) and potential products
from this developer have been exempted by USDA (USDA
APHIS 2020n, 2020o).

There are also several interesting areas of research to fur-
ther reduce our dependence on fossil fuels. One is rubber
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production, where fossil fuel is a common feedstock. A spe-
cies of dandelion (Taraxacum kok-saghyz) produces high mo-
lecular weight rubber in its roots and has the potential to serve
as an alternative source of natural rubber. Researchers were
able to create a high efficiency system using CRISPR/Cas9
which may facilitate the use of this species as a viable rubber
crop (Iaffaldano et al. 2016).

Genome editing has been proposed as a way to shorten the
long breeding cycles of trees and tree-like species and for the
development of specific valuable characteristics that are chal-
lenging to achieve using traditional methods. Genome editing
was recently used successfully in poplars (Zhou et al. 2015)
and is being applied to solve devastating problems of disease
in the production of a variety of different fruits. For example,
genome editing has been used to develop citrus trees resistant
to citrus canker disease (Peng et al. 2017) and Cavendish
bananas resistant to Panama disease (Queensland University
of Technology n.d.), and the public sector in Brazil has been
working to develop citrus trees resistant to citrus greening
(Maliszewski 2021). Other advancements include gene
knockouts to lessen susceptibility to powdery mildew and fire
blight disease in grape and apple protoplasts (Malnoy et al.
2016).

Life on Land This goal aims to protect, restore, and promote
sustainable use of terrestrial ecosystems, sustainably manage
forests, combat desertification, and halt and reverse land deg-
radation and halt biodiversity loss. According to the United
Nations: “Human activity has altered almost 75 per cent of the
earth’s surface, squeezing wildlife and nature into an ever-
smaller corner of the planet.” Around 1 million animal and
plant species are threatened with extinction—many within
decades—according to the 2019 Global Assessment Report
on Biodiversity and Ecosystem Service calling for transfor-
mative changes to restore and protect nature. Plants play an
important part in these discussions as they are a major class of
organisms that can provide habitat and serve as the basis of
food webs and ecologies throughout the world, yet can at
times also be disruptive to these ecological roles due to their
cultivation footprint.

For example, the expansion of palm oil cultivation has
become controversial, due to the associated land use change
and resulting environmental impacts. Current estimates place
the number of species threatened by expanded palm oil culti-
vation over 300 (Meijaard et al. 2020). Calyxt is working on a
high saturated fat soybean that may serve as an alternative to
palm oil (Calyxt n.d.-a). Such an alternative may present a
source of vegetable oil with characteristics similar to palm
oil, while providing a more sustainable source of this ingredi-
ent. Another approach for making better use of terrestrial eco-
systems is to improve animal feed efficiency with products
such as improved digestibility alfalfa currently developed by
S&W Seed Company (Mickelson 2020). Finally, hemp is a

crop with considerable untapped potential for bringing plant-
based and sustainable solutions for foods, materials, and
nutraceuticals. Hemp is historically a non-domesticated crop
poorly adapted for broad acre production. Development to
stabilize and optimize hemp seed genetics is underway
(Calyxt n.d.-b) to unleash the significant potential it has as a
crop for addressing these sustainability challenges.

As the land and water resources needed to support global
meat consumption at its current rate become less available,
many scientists and food entrepreneurs are looking to create
realistic plant-based alternatives that mimic the flavor, texture,
and nutrition of meat. Startups like Impossible Foods and
Beyond Meat have seized this opportunity in recent years to
address this issue andmeet grower consumer demand for meat
alternatives. Peas are a protein-rich food that are an attractive
contributor to the development of these products. However,
pea protein’s flavor profile can be problematic for consumers.
Students at the University of California Berkeley have initiat-
ed a startup (“CRISPea”), using CRISPR to “knock out” the
gene responsible for pea protein’s bitter flavor (Lynn 2018).

Conclusions

From a regulatory and policy standpoint, we find ourselves at
a key moment for genome editing in plants. We are at the
nexus of urgent and pressing sustainability issues worldwide,
at a time when we have modern breeding techniques that can
be applied broadly and precisely to crops, which can have
meaningful impact across a large set of commonly shared
goals. The European Commission study report (European
Commission and SWD 2021) underlined the potential of
new genomic techniques (genome editing) and the products
that can be developed with these to contribute to sustainable
agri-food systems in line with the objectives of the European
Green Deal and “Farm to Fork Strategy.” This potential can
only be fully realizedwith an enabling regulatory environment
that duly considers the increased precision and efficiency of
the tools.

The regulatory policy trends for genome-edited plants ap-
pear to be taking a different direction from the regulatory
choices made over the past 30 years for modern biotechnolo-
gy. The implementation of enabling regulatory policies for
genome-edited products appears to already have had a democ-
ratizing effect in terms of types of applications and range of
developers. This is in part due to governments taking a
science-based and risk proportionate approach in applying
established and commonly practiced regulatory procedures,
such as exclusions or exemptions, when justified. Such para-
digms are justified when applying the oft-cited principles that
product characteristics, not the process used, should drive the
need for a safety assessment and like products should be treat-
ed in like ways. It is only with sound, objective, and equitable
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regulations that research, investment, and development in
plant breeding improvement can occur. If the hurdles are dis-
proportionate, innovation will stall at a time when we cannot
afford to stand still if agriculture is to achieve global sustain-
ability goals.
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