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Abstract Genome editing with engineered nucleases
(GEEN) is a highly efficient means of generating useful traits
in crops. The application of GEEN for multiple traits and
crops is resulting in products that are already entering the
marketplace. Genome editing represents diverse and robust
techniques targeting highly specific genome locations to cause
double-strand breaks and subsequent repair by homologous
and non-homologous mechanisms. Genome edits range from
simple random insertions or deletions to template additions to
stacking of multiple transgenes at a specific locus.
Consequently, it is not easy to generalize the regulatory view
of genome editing for crop improvement since a case-specific
consideration is necessary which, in many regulatory regimes,
encompasses the process used and the genome edit achieved
in addition to the phenotype derived. Key process consider-
ations for regulators of a GEEN-derived product are the nature
of the edit, specificity, the source of the editing machinery, and
post-editing trait segregation. These considerations along with
the nature of the derived trait and performance of the crop
phenotype inform the safety and benefit of a given GEEN
product. The view of regulators toward a particular genome-
edited crop is driven by the degree that regulatory statutes are
product-versus process-focused and will be shaped by emerg-
ing scientific and public views of genome-editing technology.
In order that the public will not confuse genome-edited crops
with genetically modified organisms (GMOs), scientists and
regulators alike need to carefully frame and communicate
GEEN techniques in terms of the specific process used and
the benefits derived through development of useful crop traits.
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Introduction

A variety of new breeding techniques (NBTs) are being ad-
vanced for crop development that reflect both rapidly emerg-
ing technology and developer frustration with insurmountable
regulatory approval timelines for transgenic crops (i.e., genet-
ically modified organisms (GMOs)) (Smyth et al. 2014).
Genome editing with engineered nucleases (GEEN) repre-
sents an NBT that has rapidly emerged where there are nu-
merous proofs of concept with crop products in development
for commercial applications.

There are several GEEN techniques currently in use
(Table 1), and promising new reagents for genome editing
are forthcoming (Zetsche et al. 2015; Gao et al. 2016).
The use of the clustered regularly interspaced short palin-
dromic repeats (CRISPR-Cas9) system, with further guide
RNA innovations, achieves highly selective targeting of
Cas9 nucleases and has received substantial recent notice
largely because of its relative ease of use, wide array of
targeting flexibility, and low cost (Hsu et al. 2014).
However, numerous other GEEN reagents continue to find
use and further improvements, and products with develop-
ment potential have used targeted genome edits with oli-
gonucleotides (Beetham et al. 1999; Gocal et al. 2002),
zinc finger nucleases (Shukla et al. 2009), and transcrip-
tional activator-like effector nucleases (TALENs: Li et al.
2012; Clasen et al. 2016) in addition to CRISPR-Cas9
(Science 2016).

Regulators and scientists alike have expressed interest and
enthusiasm for GEEN-derived crops, andmany have viewed this
as a workaround for plant improvement that avoids the
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regulatory and public acceptance pitfalls associated with GMOs
(Camacho et al. 2014;Wolt et al. 2016). Communication around
this point has fed public misunderstanding and elicited chal-
lenges from civil society groups. In addressing this and trying
to establish a path forward for GEEN-derived crops, regulators
have tended to make policy statements and taken case-specific
actions that show continuing conundrums regarding the tech-
niques used for crop improvement and whether the regulatory
paradigm for bioengineered crops involves the process for gen-
eration of variation, the product derived, or perhaps both process
and product.

The technique conundrum Generating phenotypic variation
in crops involves a range of techniques including selective
plant breeding to acquire traits within a species or among its
close relatives, mutational breeding using chemicals or radia-
tion, recombinant DNA (rDNA) techniques to move genes
among unrelated species, and genome editing. Throughout
much of the world, new crop phenotypes derived through
selective plant breeding and mutagenesis are subject to mini-
mal, if any, regulation aside from varietal registration. Canada
is an exception, since it evaluates all novel plant traits (NPTs)
regardless of technique used in their development (Smyth and
McHughen 2008).

Among countries evaluating GMOs, an apparent dichoto-
my exists between those countries and regions, such as the
EU, that follow a process model and those countries, such as
the USA, that state adherence to a product-focused model. In
fact, because of the statutory language or regulatory ap-
proaches used, there is no such dichotomy since there is a de
facto focus on the process used wherever GMOs are subject to

regulation. Additionally, there is widespread regulatory agree-
ment that crops developed using rDNA techniques are subject
to regulation, whereas conventionally and mutagenically de-
rived crops are not.

The current uncertainties surrounding regulation of GEEN-
derived crops are complicated by regulatory interest in both
the specific approach applied and the type of edit achieved
within the genome. Key process considerations for regulators
for a product of GEEN are the nature of the edit (simple
insertion or deletion, template addition, transgenesis), speci-
ficity (off-target effects), the source of the editing machinery
(transient nuclease or encoding DNA), and post-editing trait
segregation. Thus, simple insertions or deletions involving
non-homologous end joining (NHEJ) or familiar template in-
sertions using homology-directed repair (HDR) tend not to be
of regulatory concern as long as editing is achieved with tran-
sient nuclease introduction or encoding DNA insertion with
subsequent plant breeding selection to remove transgenic ele-
ments (null-segregant (NS) selection). This view seems con-
sistent with the present regulatory approaches or opinions in
the USA, Canada, and Argentina but has not been clarified
elsewhere (Whelan and Lema 2015; Wolt et al. 2016).

Internationally, early regulatory opinion tended to recognize
genome-editing techniques as site-directed mutation and thus
analogous to less-specific chemical or radiation mutagenesis
(Gruère and Rao 2007; Breyer et al. 2009; Lusser et al. 2011,
2012; European Food Safety Authority Panel on Genetically
Modified Organisms 2012; Lusser and Rodríguez-Cerezo
2012; Podevin et al. 2012, 2013; International Life Sciences
Institute 2013; Lusser and Davies 2013; Pauwels et al. 2014).
As such, GEEN-derived crops were not considered subject to

Table 1 Genome editing
terminology and methodologies
for genome editing with
engineered nucleases (GEEN)

Abbreviation Term Definition

SDN Site-directed nuclease Engineered DNA nucleases that are programmed to
specific sites within the genome where they cleave a
DNA chain by separating nucleotides

GEEN Genome editing with
engineered nucleases

Genetic engineering where DNA is inserted, replaced, or
removed from a genome using SDN

OMM Oligonucleotide-mediated
mutagenesis

Site-specific mutation with a chemically synthesized
oligonucleotide with homology to the target site
(other than for the intended nucleotide modification)

EMN Engineered meganuclease Microbial meganucleases that are modified, fused, or
rationally designed to cause site-directed double-strand
breaks. Also referred to as LAGLIDADG endonucleases
or homing nucleases

ZFN Zinc finger nuclease Programmable nucleases consisting of the DNA binding
domain of a zinc finger protein and the DNA-cleaving
nuclease domain of the FokI restriction endonuclease

TALEN Transcriptional activator-like
effector nuclease

Programmable nucleases consisting of the DNA binding
domain of Xanthomonas-derived TAL effectors fused
with FokI restriction endonuclease

CRISPR-
Cas9

Clustered regularly interspaced
short palindromic repeats

Programmable nucleases consisting of bacterially derived
endonuclease (Cas9) and a guide RNA (gRNA)
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regulatory oversight; however, pushback from some scientists
and civil society groups has led to reconsideration. The crux of
the issue appears to be whether the insertion of rDNA that en-
codes the engineered nuclease represents a transgenic event even
when the transgenic elements are subsequently selected out of
the finished phenotype in the process of plant breeding. The EU
has delayed a decision over regulation of genome-edited crops,
probably reflecting diversity of opinion in member states.
German and Swedish regulators may view GEEN-derived crops
involving double-strand breaks with NHEJ and subsequent NS
selection as not subject to regulation (BVL 2015; Swedish Board
of Agriculture 2015). Regulators in New Zealand originally con-
sidered GEEN as not subject to regulation, but civil society
groups pressed the issue before the High Court of New
Zealand and the position was subsequently reversed (Kershen
2015).

The process versus product conundrum In the USA, case-
specific instances have indicated a clear regulatory opinion that
the use of GEEN to develop a unique phenotype is not subject to
regulation when subsequent plant breeding results in a NS selec-
tion (Wolt et al. 2016), and similar opinion has emerged in
Argentina (Whelan and Lema 2015). This is less a regulatory
opinion regarding genome editing than it is a determination that
phenotypes where there is no evidence of insertional rDNA are
not subject to regulation. This appears to be true even when the
transformation is accomplished using Agrobacterium
tumefaciens, a traditional process trigger for regulatory consider-
a t i o n by t he USDA (h t t p s : / /www.aph i s . u s d a .
gov/biotechnology/downloads/reg_loi/aphis_resp_isu_ting_rice.
pdf). This paradigm is subject to change, however, since the
USDA Animal and Plant Health Inspection Service has
undertaken regulatory rulemaking proposing to define products
of biotechnology as subject to regulation while explicitly
excluding conventionally and mutagenically derived organisms
(https://www.aphis.usda.gov/brs/fedregister/BRS_20160307.
pdf). The language of the proposed rule complicates the
distinction of product versus process as the driver for regulation

by defining products of biotechnology by the process involved in
their development. Thus, processes that involve insertion or
deletion of DNA segments and directed genome altering (i.e.,
genome editing) may be subject to regulatory oversight.

Other combinations of GEEN approaches and resulting
changes in the genome would appear to be of regulatory in-
terest irrespective of political domain and would include ap-
proaches that do not involve removal of DNA elements that
encode the nuclease and template insertions that are novel or
transgenic (Fig. 1). In addition, multiplexing procedures in-
volving several simultaneous gene edits will elicit regulatory
interest because of uncertainties regarding rearrangements that
may occur. Finally, genome editing when used to facilitate
gene drives (systems designed to rapidly spread a specific
allele throughout a population through biased inheritance) will
be of considerable concern to regulators until issues surround-
ing the environmental release of gene drives have been clari-
fied (NASEM 2016).

Communicating the science and its implications
Oftentimes, vagueness in scientific communication has con-
fused the path forward for regulation and commercialization
of crops developed through genome editing. Clearly, not all
genome edits are the same in terms of the nature of modifica-
tions achieved, which range from simple insertions or dele-
tions to stacking of multiple transgenes; therefore, genome
editing as a process provides no one answer as to the regula-
tory issues that may be involved. Because of this, regulatory
opinions differ, reflecting the nature of the edit, the trait con-
sidered, and the operative regulatory statute. Regulatory opin-
ions are in flux and will be responsive to public opinion.
Broader deliberation must take place surrounding the needs,
opportunities, and potential concerns associated with crops
developed through genome editing before regulatory opinion
and public opinion align. Until that occurs, there will be a high
degree of uncertainty surrounding the future of genome
editing as an NBT.

Figure 1. Current likelihood of
regulatory oversight for crop
phenotypes generated through
genome editing as a function of
the approach used for nuclease
introduction (encoded genome
insertion of DNA encoding the
nuclease, NS null-segregant
selection) and the resulting edit
achieved in the genome.
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Thus far, public discussion focused on genome editing as a
technology that can be used for the public good has not oc-
curred because of the tendency for both scientific and general
media outlets to emphasize the technology as a means to avoid
regulation (e.g., BCRISPR foods dodge USDA^ [Science
2016] and BGene-edited CRISPR mushroom escapes US
regulation^ [Waltz 2016]). Communication must reflect the
desire to achieve regulation appropriate to the degree of con-
cern and not as an attempt to circumvent appropriate regula-
tory oversight.

Transparency to improve public understanding The scien-
tists who are engaged in developing and advancing applica-
tions of plant genome editing bear a great deal of responsibil-
ity for framing public understanding of this technology. Many
current publications in the field lack clearly defined descrip-
tions of processes, which contributes to misunderstanding as
to areas of genome editing that may be of relatively greater or
lesser concern in terms of regulatory oversight. Additionally,
the thrust of publications for this emerging technology largely
focuses on obtaining the edit and on demonstrating proof of
concept. Items of public and regulatory concern, such as off-
target effects within the genome and their downstream impli-
cations to the derived phenotype, receive lesser consideration.
Scientists studying therapeutic applications of genome editing
have highlighted unbiased genome-wide analyses for off-
target effects and rearrangements that could contribute to
downstream toxicity as a research need (Corrigan-Curay et al.
2015). Furthermore, scientists considering gene drives that are
enabled through genome editing have established guidelines
for their responsible investigation (Akbari et al. 2015). While
these issues are of lesser concern for genome editing as ap-
plied to crops (Weber et al. 2012; Schnell et al. 2015;
Anderson et al. 2016), the public will not easily distinguish
a difference and so addressing general concerns regarding
genome editing is important in anticipation of public ques-
tions. Scientific stakeholder outreach and education will be
important for communicating to the public at large that ge-
nome editing advances the public good by yielding fundamen-
tal advances in knowledge and providing useful traits in crops.

Conclusions

Understanding the current and future landscape surrounding the
regulation of crops developed using genome editing is compli-
cated by the tendency of regulators and the public to view prod-
ucts derived through bioengineering processes as distinctly dif-
ferent from those developed using selective breeding or conven-
tional mutagenesis. Clarity is lacking regarding the process of
GEEN and the outcome of genome editing (a unique trait or
phenotype) as a regulatory paradigm. Transparent communica-
tion is needed to clarify that not all gene edits are the same in

terms of the approach used and the result obtained. To date,
regulatory opinions offered on a case-by-case basis have provid-
ed somewhat varied views concerning genome editing and its
application. Regulatory views will remain in flux until public
opinion gels regarding the technology. Transparency in commu-
nication by scientists and regulators to clearly define the process-
es used and products obtained may forestall overregulation of
crops developed by genome editing. Ultimately, it will be impor-
tant for regulators to forego process-based regulation and focus
on regulating the products intended for environmental release
(Conko et al. 2016; Wolt et al. 2016).
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