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Abstract

Worldwide, an increasing number of regulatory systems have begun to consider applications for the authorization of activities involving gene-
edited organisms for agri-food use. Although a handful of countries have made advances in establishing regulatory criteria and gathering practical
experience in this regard, there is still a general need for regulatory cooperation concerning capacity building and development of harmonized
criteria. Consequently, many biotechnology regulators need to quickly become more acquainted with the numerous technological possibilities
enclosed under the concept of “gene editing”, and to incorporate criteria for their regulatory assessment. This article contains a simplified
introduction to the state of the art in genome editing, described from a regulatory perspective. In particular, two issues of higher practical
importance are covered in detail, namely, off-target effects and unintended DNA insertions. The detailed review of current evidence regarding

those issues serves as the basis for proposing concrete regulatory criteria to address them.
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1. Introduction

1.1. The Established Regulation of “Modern Biotechnology”

With the advent of recombinant-DNA (r-DNA) techniques
applied to the genetic modification of organisms for agri-food
uses, governments developed ad hoc regulatory frameworks for
the so-called “modern biotechnology” [16, 7, 79]. Typically,
such ad hoc regulation does not replace but supplement other
regulations of broad applicability to organisms of agricultural
use and the foodstufts derived from them.

Concurrently, intergovernmental organizations developed
international standards for “modern biotechnology”. The main
corpus of regulatory guidance in this regard includes several
Guidelines from Codex Alimentarius [132], the text of the
Cartagena Protocol on Biosafety [14] and many reference doc-
uments from the Organization for Economic Co-operation and
Development [84].

These national regulations and intergovernmental docu-
ments were crafted from the early 1990s to the late 2000s. In
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that period, the only kind of products developed for agri-food
use with the aid of recombinant-DNA technology consisted
of transgenic organisms. Other agricultural “biotechnologies”
also emerged in that period, such as plant micropropagation,
marker-assisted breeding, animal cloning, microbial bioinputs,
and mutagenesis from somaclonal variation. However, these
other innovative biotechnologies do not use r-DNA, and for that
reason, they were not included in the scope of the new regula-
tions intended for transgenic organisms.

In general, national regulations and international guidelines
are nowadays quite developed and harmonized in terms of their
scientific basis and the principles to conduct a safety assess-
ment of transgenic organisms. Basically, these frameworks be-
gin with a comprehensive characterization of the artificial ge-
netic construct inserted in a host organism and the resulting
novel (or modified) traits. Such characterization constitutes a
foundation for subsequently performing risk analyses based on
a comparative approach with “conventional counterparts” (typ-
ically, wild-type organisms with a similar genetic background).
The core of those analyses is the safety assessment of novel
substances - in most cases meaning new proteins - and changes
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in composition (food/feed safety assessment), or biosafety as-
sessment of changes in phenotype and the interactions with the
environment.

In contrast to a high level of harmonization regarding the
underlying scientific criteria, international guidance and na-
tional regulations are very diversified regarding the use of terms
and definitions mandating which organisms and products are
under their scope. Examples of this diversity include “ge-
netically modified organism” (GMO), “living modified organ-
ism” (LMO), “modern biotechnology products”, “genetically
engineered (GE) organism”, “organisms/products derived from
recombinant-DNA”, “organisms with novel traits”, and “organ-
isms containing pest components”. Moreover, the term most
frequently used by governmental regulations, which is “GMO”,
can have diverse operational definitions in different territories.

Nevertheless, these discrepancies were of little relevance
when only transgenic organisms were presented to the regula-
tors because, in most cases, they would be encompassed under
any of the definitions for these terms. However, the lack of har-
monization in this respect became very relevant during the last
half of the past decade with the advent of gene (or genome)
editing applied to species of agricultural use.

1.2. The Evolution in The Regulation of Gene-Edited Products

In the early 2010s, some regulators in the field of agricul-
tural biotechnology became aware of innovations in breeding
techniques using r-DNA technology [70]. These innovations, in
many cases, can be used to generate changes in the host genome
that do not result in transgenic organisms. They were called
“new breeding techniques” (NBTs), and gene editing is their
most prominent member.

Eventually, it became necessary to clarify the status of
organisms and products obtained using these techniques as
subjected, or not, to governmental regulations for agricul-
tural biotechnology [51, 109]. During the first half of the
decade, regulators in Canada, the United States, and some Euro-
pean countries took some case-by-case decisions in this regard
[19, 45]. However, their decisions were based on very particular
scoping definitions used only in their territory; therefore, these
early decisions cannot be readily replicated in third countries
having different definitions.

In 2015, Argentina issued a regulation establishing general
criteria and a mechanism to define the regulatory status of these
products [124, 126]. The Argentine regulation is based on def-
initions taken from the Cartagena Protocol on Biosafety, which
are the more widely recognized. Therefore, the Argentine ap-
proach was the first that could be replicated by other countries
also abiding by the Cartagena Protocol definitions. To date,
another seven countries in Latin America have enacted simi-
lar regulatory approaches. At the same time, other countries
in Asia and Africa have also endorsed approaches that may be
compatible for most products or are officially considering to do
so [22, 33, 98, 118, 120].

Finally, in 2018 the European Court of Justice issued a legal
interpretation that contradicted earlier regulatory decisions of
European Member States as well as official scientific reports

[111]. Currently, many governments are still analyzing if (and
eventually how) to regulate gene-edited agricultural organisms
and the products derived from them [32, 45, 59, 88, 24].

1.3. Scope of this Article

1.3.1. Checking for off-target activity and DNA insertions in
SDN products

Argentina has now accumulated significant practice in the
regulatory analysis of gene-edited organisms [66, 127], and also
has cooperated intensely on this subject with various govern-
ments and intergovernmental organizations. From this experi-
ence, it has become clear now that two practical issues of high
regulatory relevance require harmonized approaches. These
are the assessment of, (a) the so-called “off-target” activity,
and (b) spurious DNA insertions. Therefore, this article pro-
poses model criteria in this regard. These criteria have not been
crafted merely on theoretical considerations; they are a result
of several refinement rounds from practical experience on the
regulatory assessment of different gene edited products.

To begin, we may consider the simpler scenario where gene
editing is applied to generate a small number of point muta-
tions and/or a short indel (insertion and/or deletion of a few
nucleotides) in a specific locus. In this scenario, changes in
the DNA sequence are due only to random spontaneous errors
in the DNA repair process following the cut performed by a
site-directed nuclease (SDN). Therefore, for this scenario the
expected result should be a short stretch of nucleotide base sub-
stitutions and/or deletions and/or additions (due to DNA poly-
merase error), but not in the insertion of any pre-existing DNA
fragment. This result/scenario is named “Site-Directed Nucle-
ase, Type 1 (SDN1)” according to the current regulatory jargon
[20]. Typically, the intent of such interventions is to knock out
an endogenous gene.

1.3.2. Relevance and timeliness

The criteria presented here would be useful under any of the
diverging options for regulatory approaches that are being con-
sidered worldwide. On one side, they would be applicable in
situations where it may be necessary to assess if a product is (or
is not) a GMO or the analogous category of regulated products.
On the other hand, the criteria would be useful also in situations
where it has already been decided that a product will be regu-
lated as GMO (or analogous category). In the latter case, the
criteria would be the first step in identifying those genetic al-
terations that would be further scrutinized by established GMO
risk analysis practices.

Moreover, since many cases correspond to agri-food prod-
ucts that are traded internationally, these regulatory crite-
ria, if widely adopted, could help in facilitating an unavoid-
able crosstalk between similar as well as dissimilar regulatory
frameworks across national borders.

The specific issues and criteria discussed in this article are
thus quite independent of the regulatory environment where
they may be applied. In addition, they are based only on scien-
tific considerations. They are not technically trivial, since they
require considering a state of the art that is quite diversified and
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continuously evolving. They tackle a regulatory challenge con-
sisting of balancing the case-by-case approach with the princi-
ple of avoiding arbitrariness and providing equal treatment to
all applicants under laws and regulations.

1.3.3. What this article is not about

This article is not intended to address any of the topics un-
der debate with regard to the governance of genome editing in
agriculture [6, 99], nor neglect their importance. These top-
ics include whether the gene-edited products are GMOs or not
[110], ethical aspects [21] and socioeconomic considerations
[53, 125, 127], consumer acceptance [44] or the applicable risk
assessment criteria [19, 29]. Instead, this article is anticipat-
ing that whatever the outcome of such debates, the regulatory
criteria presented here would be useful for regulators when im-
plementing any of the policy options that are being considered
worldwide.

This article suggests how to harmonize the approach for
searching every possible change in genetic sequences derived
from a gene-editing intervention, considering that it would be
a common need of regulators in different countries and for dif-
ferent purposes. However, there will be subsequent regulatory
steps after such a search that are beyond the scope of this article
and would be different for each case.

After searching, there would be a need for characterizing
each genetic change. Characterization needs a case-by-case ap-
proach. For instance, it would be different if assessing a muta-
tion that knocks out an endogenous gene vs. another that “res-
urrects” a pseudogene [74]. Also, a specific characterization
would be warranted, for instance, if novel polypeptides are pos-
sibly expressed after the random insertion of foreign DNA. Fi-
nally, characterization is dependent on specific regulatory end-
points, such as analyzing if the resulting organism should be
regulated as GMO or not or for the safety assessment of each
change.

2. Further Considerations

2.1. What Else Can Happen at or Around a Cleaved Site?

As explained above, the activity of SDNs can lead to point
mutations and indels in the cleaved site, generated during the
subsequent DNA repair process. In contrast, ordinary SDNs
are reported not to cause epigenetic changes [65]. Nevertheless,
other kinds of changes in the host genomic sequence caused by
SDN cleavage are possible, and they are briefly reviewed next.

2.1.1. Unintended DNA insertion in cleaved sites

Genome editing methods based on genomic DNA cleavage
can result in unintended DNA insertion at the cut loci. Such
inserted DNA may come from the host cell as well as from for-
eign sources [2, 46, 67, 37]. In the case of foreign DNA, the
possibilities are not limited to the more obvious source of plas-
mids purposely introduced in the cell for expressing the SDN.
The insertion of foreign DNA has been reported even in case
of allegedly “DNA-free” techniques based on the intracellular

delivery of nuclease proteins. In one case, for instance, the for-
eign DNA was identified as the in vitro transcription template of
a Cas nuclease’s RNA component; such an outcome could not
be avoided even after DNAse I treatment [3]. Besides, more
remote sources of minute DNA contamination have also led to
foreign DNA insertions in cleaved loci. For instance, E. coli
DNA from bacteria used to multiply plasmids, or mammalian
DNA from fetal serum added to culture media [85]. For this
reason, in the current state of the art no SDN technique can be
claimed to be absolutely “DNA free”. Developers should mini-
mize the presence of foreign DNA and genomic DNA breakage
as much as possible.

The latest improvements in sequencing and bioinformatic
tools allow for a more exhaustive search of foreign DNA inser-
tions compared with the early days of GMO safety assessment
when that search could be based only on Southern Blot tech-
niques. These improved techniques, however, given their level
of detail, raise the issue of how to distinguish foreign (artificial)
from endogenous (spontaneous) DNA insertions, especially for
very short sequences.

2.1.2. Mutations from refilling

It has been reported [96] that the gap-refilling activity of the
DNA repair mechanisms acting after SDN cleavage can lead to
mutations at a short distance (up to 24 nt up/downstream) of
the cleavage site. Such “satellite” mutations can happen even if
there is no mutation in the cleavage site itself.

2.1.3. Local chromosomal rearrangements

It has also been reported recently [61] that large dele-
tions and complex rearrangements (translocations, inversions,
or large insertions) can result from SDN activity. Such chromo-
somal rearrangements can be quite distal to the cut site. There-
fore, they can be missed by conventional short-range sequenc-
ing but they would still be in reach of long-range PCR or long-
read sequencing. Such rearrangements also seem to be possible
even if the sequence of the cut site is not modified.

2.2. CRISPR-Cas Nucleases as a Case Study

Various site-directed nucleases have been used for gene
editing over the past two decades [90]. However, the advent
of the CRISPR-Cas technology in 2012 [50, 92] generated an
enormous increase in the number of projects and developers
of genome-edited organisms [141]. CRISPR-Cas is considered
easier to use by many researchers, particularly in regard to the
programmability of the target sequence.

Clustered, regularly interspaced, short palindromic repeat
(CRISPR) RNA-guided nucleases are highly efficient genome
editing tools. These CRISPR-associated (Cas) ribonucleopro-
tein complexes with endonuclease activity generate a double-
strand break in those DNA molecules having sequence comple-
mentarity to a specific section of its RNA component (CRISPR
RNA “crRNA” or single-guide RNA “sgRNA”).
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2.2.1. Sequence specificity

The specificity-relevant section of the Cas RNA component
consists of a “protospacer adjacent motif” (PAM), followed up-
stream by a so-called “spacer” sequence. A perfect pairing of
the PAM with DNA is required for cleavage, while mismatches
may be tolerated in the spacer.

The first nucleotides within the spacer sequence that are lo-
cated immediately upstream of PAM are called the “seed re-
gion”; mismatches in this region greatly impair nuclease activ-
ity. Conversely, the middle of the spacer sequence appears to
have a higher tolerance for mismatches [31, 91, 50, 52, 71, 82,
115].

Significant knowledge on the molecular basis of mismatch
tolerance comes from studies of the ribonucleoprotein/DNA in-
teraction; these studies combine molecular modeling, statistical
thermodynamics, and kinetics [25, 48, 52, 129, 135]. The first
critical stage of the enzymatic mechanism is PAM site recog-
nition. The second one is the formation of a DNA/RNA bound
structure (R-loop), leading to a conformational gating mecha-
nism driven by the 14th-17th nt region of the spacer.

It has been shown that the specificity of Cas nucleases can
be modified by protein mutation, leading to alterations in mis-
match tolerance and the PAM canonical sequence [8, 12, 57,
58, 106, 140]. Specificity has also been modulated by creating
homo- or hetero-dimeric fusion proteins [91, 119, 36].

2.2.2. Variants of Cas proteins

There are many types of Cas nucleases in nature, and just
a handful have been employed so far for genome editing. The
more widely used and perhaps best characterized Cas nuclease
was obtained from Streptococcus pyogenes (SpCas9). SpCas9
PAM has the canonical sequence “NGG”. The possible length
of its spacer sequence ranges from 17 to 24 nt; and its seed
region is reported to measure from 8 to 12 nt.

In addition to SpCas9, other natural Cas9 homologs include
those obtained from Neisseria meningitides (NmCas9), Tre-
ponema denticola (TdCas9), Staphylococcus aureus (SaCas9),
and Streptococcus thermophilus (StCas9) [23, 54, 112, 128].

Casl2a (a.k.a. Cpfl) is a different group claimed to
have higher specificity than Cas9 nucleases [114]. The group
includes the Casl2a nuclease of Francisella novicida (Fn-
Casl2a), Acidaminococcus sp. BV3L6 (AsCasl2a), and Lach-
nospiraceae bacterium (LbCasl2a) [56, 116]. Casl2b is a
related group, including representatives from Alicyclobacillus
acidophilus (AaCas12b), Alicyclobacillus acidoterrestris (Aac-
Cas12b), Bacillus thermoamylovorans (BthCas12b), and Bacil-
lus hisashii (BhCas12b) [75]. These other Cas nucleases have
PAMs that are different from SpCas9 in canonical sequence and
length (from 2 to 7 nt). The length of the spacer region and the
relative span of the seed subregion within it can also vary.

2.2.3. Other factors affecting specificity

The standard design of Cas9 spacer sequences has a length
of 20 nt. Fu et al. [31] showed that using a truncated RNA
molecule having a spacer of 17-18 nt can decrease the gener-
ation of mutations in loci harboring mismatches. Conversely,

spacer sequences with a high GC content (50-70 percent) might
favor tolerance towards mismatches [71, 119, 134, 47].

It has been suggested that the delivery of purified Cas ri-
bonucleoprotein complex may result in lesser cleavage of loci
having mismatches compared to in vivo expression of the pro-
tein from a Cas gene delivered to the cell. This difference is
explained using kinetic speculations based on the fast degrada-
tion rate of the protein [55]. There seems to be enough evidence
from several studies that increases in cleavage efficacy (e.g., by
using a more processive nuclease, increasing GC content, gen-
erating a high concentration or a longer-term presence of the
nuclease) likely lead to a trade-off regarding specificity.

Finally, the current state of the art also includes techniques
for modulating “tissue specificity”. They include the applica-
tion of anti-CRISPR (Acr) proteins [42] and photoactivatable
systems [81]. However, such techniques are not expected to
modify “off-target specificity” and would be applied mostly in
health-related applications and basic research.

In summary, many studies show that gene editing specificity
displays variability from one intervention to another. However,
such variability has boundaries that can be assumed for pre-
dicting the broadest scenario with regard to loci that could be
affected. Moreover, these studies also illustrate that it is possi-
ble to find and characterize every significant change generated
by a particular gene editing procedure.

3. “Off-Target” Analysis

3.1. From “Off-Target” to “Potentially Affected Loci”

Numerous reports have shown that Cas nucleases are capa-
ble of performing their DNA cleavage activity in loci having
some mismatches with the spacer sequence [46, 117, 134, 140,
62, 121, 101]. As a result, one of the main concerns related to
technologies based in Cas and other SDNSs is the possibility of
“off-target” cleavage [139].

A simplistic portrayal of the “off-target” issue would be a
situation where: (a) the sequence of the locus that is intended to
be modified is present only once in the genome and has perfect
sequence identity with the spacer sequence (i.e., one “intended”
“target” loci with zero mismatches); and concurrently (b) there
are other loci with imperfect sequence identity scattered along
the rest of the genome that are not intended to be modified (i.e.,
“unintended” “off-target” loci with mismatches).

However, real-world situations are usually more complex.
On one side, the developer’s intention could be to modify more
than one related sequence, perhaps not having a 100 percent
sequence identity among them (e.g., when attempting to mod-
ify different alleles or homolog genes all at once). In such
cases, the design of the spacer sequence would contemplate
mismatch tolerance to reach every locus of interest. On the
other hand, in addition to a locus of interest, there could be
other loci with 100 percent identity with the PAM + spacer se-
quences (e.g., genes with repetitive sequences or random coin-
cidences throughout the genome). In such situations, the mean-
ing of terms like intended/unintended and target/off-target can
be blurry (and ultimately irrelevant) from a regulator’s perspec-
tive. Moreover, such “target/off-target” labels usually lead the
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developer to study potentially affected loci using different tools
and depth, on a subjective basis. Subsequently, this can lead to
a situation where the developer/applicant presents the case to
regulators in a way that may mislead them towards paying dif-
ferent attention to “loci of interests” compared with “off-target
loci”. Nevertheless, all potentially affected loci should receive
the same treatment in regulatory issues like deciding if a prod-
uct is a GMO or not, and for the safety assessment of genetic
modifications.

Therefore, the term “potentially affected locus/loci” (PAL)
is proposed to encircle all possibilities under a homogeneous
umbrella of regulatory oversight, leaving aside the developer’s
subjective point of view. PAL would include every sequence
of the host genome that has a significant probability of being
altered by the activity of the SDN.

3.2. Ex-ante Assessment of PAL

Whole-genome studies have confirmed that Cas proteins
do not affect loci lacking homology with the spacer sequence
[117, 27]. Therefore, the identification of PAL should be based
exclusively on a bioinformatics search of loci having a certain
degree of homology with the PAM and spacer sequences.

With so many different Cas proteins and protocol options
available that can affect specificity, it becomes a difficult task to
establish standard consensus rules for identifying PAL. More-
over, caution should be taken when generalizing results across
different reaction milieus. In vitro environments vs. bacterial
cells vs. eukaryotic cells can display differences affecting pro-
tein function and kinetic and thermodynamic factors such as
redox potential, pH, water activity, DNA repair machinery, as
well as the concentration of key molecules and their degrada-
tion routes.

Developers usually base their searches for PAL on speci-
ficity rules taken from a reduced number of publications on the
NnCasX protein that they are using, or a closely related one.
Furthermore, in some cases developers just rely on one of the
online tools available for this purpose [4, 17, 38, 39, 43]. How-
ever, these online tools do not always agree on their results,
given that their algorithms were devised separately by different
experts, based on different sets of publications.

This situation is particularly problematic for regulators,
who have the three following options:

(1) Rely blindly on the applicant’s (or the server’s) criteria.
This option would not be a preferred choice, since an im-
portant part of the regulator’s oversight duties would be
discharged to the interested party (or even worse, a third
party that takes no legal responsibility on the reliability of
the prediction, in the case of online tools). The applicant
may select rules with bias or incomplete knowledge on
the state of the art, thus missing and underreporting PAL.
Besides, this would lead to different applicants arbitrar-
ily receiving tailored regulatory stringency. In summary,
there would be unacceptable regulatory slips regarding
both safety assessment and fairness.

(i) Wait until the state-of-the-art leads to repeated validation
of distinctive specificity rules for each protocol (i.e., each

particular combination of a NnCasX protein, host organ-
ism, and delivery method). This option could appear as
the more appropriate one in theory. However, in practical
terms, it would lead to a never-ending moratorium on the
use of the technology, or at best to the forced use of just a
couple of older and best characterized Cas proteins, thus
halting innovation.

(iii) Apply a set of canonical rules based on the more charac-
terized Cas proteins, including how to adapt these rules
cautiously in case of novel Cas versions and protocols.
This option seems to be the more reasonable one, after
considering that there is already a significant amount of
knowledge about these proteins; thus, it is further devel-
oped below.

3.2.1. General considerations

The rules for predicting PAL should be used by default in
most cases, for the sake of fair treatment to all applicants and
to seek harmonization between regulatory offices. They should
incorporate evidence from a broad base of literature sources.
The rules should be clearly made available to the public in ad-
vance, so that any potential developer can incorporate (and con-
sult with regulators about) them during the design stage of a
gene-editing procedure.

Regulators should exert a conservative criterion regarding
how to identify all the genome locations potentially affected by
the gene-editing procedure. Conservative in this context means
that less available information on specificity may lead to more
stringent criteria. Such criteria would be prone to identify more
“false” PAL as a trade-off in avoiding to miss any “real” PAL
(i.e., type Il error over type I error) [11].

Being conservative, the rules should initially treat the lat-
est innovations (for instance, using mutant Cas9 proteins) with
the same or increased stringency. Lowering stringency shall
be contemplated as an infrequent case-by-case possibility, only
after strong evidence of increased selectivity is gathered and
where the evidence also allows extracting clear alternative
rules. “Strong evidence” in this context means a significant
number of studies, from different authors, under similar con-
ditions (NnCasX protein, host organism, delivery method) as
the case presented by the applicant.

Comprehensive in vivo and in vitro empirical studies
searching for effectively affected (mutated) sites have been per-
formed in diverse species [27, 28, 30, 91, 64, 65, 75, 80, 86, 89,
95, 117, 130, 142]. These studies on specificity usually report
the number of loci that have been affected (mutated) despite
having mismatches against the sequence of the spacer region.
Studies are diverse, but most of them report a tolerance of typ-
ically one (occasionally two) mismatch in the seed region and
up to three (occasionally up to five) mismatches in the whole
spacer region. In contrast, some studies report no other affected
loci than those with perfect matches.

There could be many explanations for such varied results,
ranging from differences in the Cas protein and the protocol
used, up to the strategy used to identify affected loci. Another
relevant factor could be the trueness of the genomic sequences
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Figure 1: Proposed rules for identifying PAL

used for the ex-ante bioinformatics analysis compared to the
actual genome of the specific strain/breed/variety to be gene-
edited; for instance, when only a generic reference sequence
for the species is available.

Off-target mutations appear to be reported more frequently
in mammals than in plants. However, it is not clear if such dif-
ference is factual or just an artifact from more intense search in
mammalian studies (given serious inferences for human health
applications), vs. lesser studies in plants (where removal of mu-
tations is feasible through backcrossing) [38].

3.2.2. Proposed rules

Considering the current state of the art, for regulatory pur-
poses in agricultural applications, a locus should be assumed to
be a PAL when all the following apply (see also Figure 1):

(i) It has perfect complementarity to the PAM. This assumes
that the regulator acknowledges the PAM region to be
sufficiently characterized for the nuclease used (such as
the “NGG” motif in SpCas9). If this is not the case, only
the first two nucleotides of the alleged PAM region would
be assumed to be acting as PAM (i.e., not allowing mis-
matches), and the remainder would be considered to be
part of the seed region. This approach is conservative be-
cause, in any case, it would increase the number of PAL
and thus would lean towards type II errors while avoiding
type I errors.

(ii) It has up to two mismatches in the seed region, assum-
ing an 8 nt seed region for any NnCasX protein. Al-
though the seed region has been postulated to be longer in
some cases, this shorter assumption would, in any case,
increase the number of PAL.

(iii) It has up to three mismatches in the whole spacer region,
including any mismatch in the seed region.

Most designs use a 20 nt spacer region. However, the same

limit of three mismatches should be used for other lengths, as
follows:

(a) If a truncated RNA molecule is used to shorten the spacer
(17-18 nt), the same limit of three mismatches would, in
any case, increase the number of PAL.

(b) If the applicant claims to be using a “shorter” spacer but
without truncating the RNA molecule (i.e., there is still
a short stretch of 2-3 contiguous nucleotides at the tail
of the molecule that could be considered part of a 20 nt
spacer).

(c) If the use of a spacer longer than 20 nt is claimed. For
regulatory analysis, the extra nucleotides should be ig-
nored and still apply the same limit of three mismatches
over a spacer region of a 20 nt. To accommodate differ-
ent types of uncertainties, the limit of three mismatches
in the whole spacer should be increased to four in any of
the following cases:

— The sequences used for the bioinformatics analysis
are not from the very same strain/breed/variety em-
ployed later in the gene editing procedure.

— Usage of a Cas nuclease that has very few stud-
ies on their specificity (regarding homologs from
other microorganisms and mutant versions as differ-
ent proteins). This criterion would apply especially
in cases where the nuclease or the protocol is pos-
tulated to have “increased” cleavage activity (which
has been shown to antagonize specificity).

— The absence of any practice that may reduce the
number of loci effectively affected. This includes,
where possible, designing a spacer with a low GC
content (<45 percent), performing ribonucleopro-
tein delivery, and doing repeated backcrossing (>3
times) to bred-out undetected affected sites.
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Figure 2: Bioinformatic analysis of PAL after application of the gene editing technique

The 3-4 mismatch limit is based on the assumption that very
few PAL are actually found to be changed later. This assump-
tion allows for avoiding an initial characterization of unlikely
affected sites having a higher number of mismatches. Never-
theless, affected loci with up to six mismatches have been re-
ported; this seems to be the limit imposed by the ribonucleo-
protein/DNA binding process thermodynamics. Therefore, in
cases where a significant number of PAL end up being affected
(>5 in total or >30 percent of all PAL) using a 3-4 mismatch
limit, and if the applicant is still interested in continuing, the
analysis shall be repeated and expanded to loci with 5-6 mis-
matches.

These rules are devised on the assumption that there is a
complete set of reference genome sequences available for the
organism before the technique is applied, thus allowing the
prior bioinformatics analysis. Nevertheless, this does not mean
that deregulation shall be impossible in cases where such a ref-
erence genome is not available. A speculative possibility in
this regard is the use of unassembled whole-genome sequences,
which would be cheaper (S. Feingold, personal communication,
November 28, 2019). Another possibility consists in the use
of physicochemical methods for isolating genomic DNA frag-
ments containing PALs; for instance, affinity chromatography
using modified SDNs [131]. Finally, an alternative solution
could be the “inverse approach”, based on identifying affected
loci after the gene editing procedure has been performed (as
described later).

3.3. Ex-post Analysis of PAL

After executing a gene editing technique, in order to find
which PAL have actually been affected by the SDN, developers
may resort to preliminary analysis such as PCR/restriction en-
zyme assay [26, 48, 130, 68, 102] or T7E1 assay [134, 100].
However, for regulatory purposes these tests provide insuffi-
cient information and could miss some kinds of genomic se-
quence alterations. Therefore, the following should be required
for regulatory purposes:

3.3.1. Whole-genome sequencing

Whole-genome sequencing (WGS), with at least 20 passes
is the most straightforward way to assess if and how a PAL has
been affected by the activity of the SDN. It allows exploring any
PAL with any number of mismatches. It also allows any DNA
insertion or satellite mutations or chromosomal rearrangements

to be discarded. Moreover, this option is less prone to raise de-
bates between applicants and regulators regarding experimental
design and interpretation of results. Besides, in case of contro-
versy regarding the parameters of the sequence analysis, it is
relatively simple to perform them again.

The use of WGS does not mean that a whole-genome com-
parison with the reference sequence should be made (except
when the “inverse approach” is used, see below). Such a com-
parison will always report differences in other locations not re-
lated to the PAL, which are expected due to spontaneous muta-
tion, somaclonal variation, or pre-existing differences between
the genome of the strain/variety/breed used and the reference
genome [27, 117]. These kinds of changes are not a conse-
quence of SDN activity and are not under the regulatory frame-
works usually applied to agricultural biotechnology products.
However, a few countries have a very particular criterion in this
regard, including France (according to the latest court interpre-
tations, see [63]), or perhaps Canada, if one of those other spu-
rious mutations generates a novel trait [103, 93]. Therefore,
only the WGS data corresponding to the PAL identified earlier
should be used. The suggested approach for the bioinformatics
analysis applied to every PAL should involve (see also Figure
2):

(i) Sequence alignment of a region spanning 200 nucleotides
centered in the predicted cut site (100 upstream to 100
downstream). This would enable analyzing for (a) indels
or change of bases at the cut site, (b) DNA insertion in
the PAL, and (c) adjacent mutations from repair/refilling.

(i) Sequence alignment of a region spanning 10 kb centered
in the predicted cut site (5000 nt upstream to 5000 nt
downstream). Parameters of the comparison should be
adjusted for finding and reporting large deletions and
complex rearrangements.

3.3.2. Alternatives to whole-genome sequencing

As mentioned earlier, WGS would be the preferred option
for obtaining regulatory data on genetic changes derived from
a gene editing procedure. However, this option may have a
prohibitive cost in some cases. Therefore, alternative meth-
ods based on other techniques but still generating information
of similar regulatory value may be used in some cases. The
cost and hustle of these alternative approaches increase with
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Figure 4: Alternative Southern blot analysis

the number of loci to be studied. Therefore, its relative con-
venience relies on the developers’ capacity to find spacer se-
quences that minimize the number of PAL. Besides, their rel-
ative convenience will decrease over time as WGS cost gets
cheaper. The suggested approach, regarding every PAL, would
involve:

(i) Standard PCR, followed by sequencing and alignment,
of a region spanning at least 200 nucleotides centered in
the predicted cut site (100 upstream to 100 downstream).
This approach would enable analyzing for (a) indels or
change of bases at the cut site, (b) DNA insertion in the
PAL, and (c) adjacent mutations from repair/refilling, and

(ii) a single long-range PCR spanning a 10 kb region cen-
tered in the predicted cut site (5000 bp upstream to 5000
bp downstream), followed by sequencing of the PCR
fragment and alignment, where parameters of the bioin-
formatics comparison should be adjusted for finding and
reporting large deletions and complex rearrangements, or

(iii) alternative A: Three separate long-range PCRs covering a
region spanning approximately, (a) 5000 bp upstream to
50 bp upstream of the predicted cut site; (b) 2000 bp up-
stream to 2000 bp downstream of the predicted cut site;
(c) 50 bp downstream to 5000 bp downstream of the pre-
dicted cut site. The exact location of the primers and
PCR parameters should be adjusted (i.e., appropriate GC
content, avoiding repetitive sequences, etc.) to avoid arti-
facts or misleading results. In addition, an RFLP analysis
with two different restriction enzymes should be applied
to assess the presence/absence and size of the amplicons.
The restriction enzymes used should cut at least once on

each amplicon according to the reference sequence and
be used in combination (see also Figure 3), or

(iv) alternative B: Southern blot analysis of a DNA fragment
spanning 10 kb centered in the predicted cut site, by using
at least three probes spanning that fragment in combina-
tion with separate treatments using a different restriction
enzyme each, chosen to cut in different sites spanning the
fragment (see also Figure 4).

With regard to (ii), (iii Alternative A), or (iv Alternative B)
above, it is relevant to note that all of them would add a sig-
nificant regulatory cost and are based on currently scarce evi-
dence (only [61]) concerning large deletions and complex re-
arrangements. Therefore, as more scientific evidence accumu-
lates, this requirement might be left out in cases where the reg-
ulator has confidence that local chromosomal rearrangements
are not likely to have occurred.

3.4. “Inverse Approach”: Ex-post Detection of Affected Loci

An alternative approach that does not require presenting an
ex-ante assessment of PAL begins with a comprehensive whole-
genome comparison between the gene-edited organism and a
closely related, wild type reference genomic sequence. As men-
tioned, such whole-genome comparisons will report numerous
differences, most of which are not likely to be caused by the ac-
tion of the SDN. Therefore, after all differences are found, the
corresponding local sequences in the wild type genome should
be tested with the PAL rules described previously.

This alternative approach has pros and cons. The refer-
ence (wild type) genomic sequence should be exactly the same
strain/breed/variety used; if not, the parameters of the bioinfor-
matics comparison may become quite subjective and therefore
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debatable. The quantity of PAL is not examined ex-ante; there-
fore it might make more sense for techniques where the ability
to redesign the tool to reduce the amount of PAL is more lim-
ited (e.g., TALEN vs. Cas). It may lead to a higher cost (two
WGS determinations, on the wild type and edited organisms);
however, that cost is put off until a gene-edited organism of a
satisfactory phenotype is obtained.

4. Spurious DNA Insertions (Outside of PAL)

It has been shown that spurious insertions of foreign DNA
in random locations (different from PAL) can occur under cer-
tain circumstances. This outcome seems to have a signifi-
cant probability for techniques that introduce high quantities
of DNA in the cell (e.g., those expressing the Cas and its RNA
component in vivo). The latter is especially valid when com-
bined with biolistic or other physical introduction methods that
may increase the rate of random nuclear DNA breakage. In
contrast, no random DNA insertion has been reported in proto-
cols that use modified Agrobacterium-mediated methods to de-
liver the nuclease gene [5]. A recent article by FDA regulators
[83, 137, 10] is enlightening about the possibility of spurious
foreign DNA insertions, as well as insertions in PAL, to stay
unnoticed by the developers because of assumptions about the
“cleanliness” of an SDN technique.

Conversely, the probability of having spurious foreign DNA
insertions can be dismissed as highly unlikely in cases where
the presence of DNA in the milieu introduced in the cell has
been greatly reduced. This is applicable for techniques where
the nuclease protein is delivered into the cell instead of its gene,
the Cas RNA component has been synthesized chemically, and
the milieu to be inserted in the cell has been treated extensively
with DNAse I, fulfilling the three conditions altogether.

In any case, further breeding, including backcrossing, as
well as phenotype studies showing no changes in polygenic
traits can increase regulatory confidence in many aspects, in-
cluding the absence of DNA insertions in the final product that
could have safety relevance.

4.1. Whole-Genome Sequencing

A bioinformatics search for foreign DNA insertion should
be required in every case where the developer has performed a
WGS. It should be based on the alignment of sliding windows
of 100 nt having 100 percent identity. This comparison, when
applicable, should be made against the following:

(a) every DNA known to have been purposely introduced in
the cell; in the case of restriction fragments or PCR am-
plicons from a larger DNA molecule, the study should be
made against the whole larger molecule;

(b) every DNA molecule used as a template in the process
of producing the ribonucleoprotein complex in separate
expression systems, including both the templates for the
Cas protein and the RNA component;

(c) an appropriate whole reference genome of the system
used for producing plasmids and/or as a separate expres-
sion system for Cas protein, typically E. coli; and

(d) an appropriate whole-genome reference sequence of or-
ganisms contributing with components of culture me-
dia that are presumed to contain considerable amounts
of DNA (typically Bos Taurus in an animal cell culture
medium, because of fetal calf serum).

Perhaps (c) and (d) would be an over-exaggeration for those
cases described previously as having minimal possibilities of
spurious DNA insertions. However, if the applicant has already
invested in a WGS determination and the associated capabilities
of bioinformatics analysis for assessing PAL, this additional re-
quest would not be significantly costly. Besides, the empirical
experience gathered this way will enhance the regulators’ abil-
ity to address different cases where other applicants base their
analysis in one of the approaches described next.

4.2. Alternatives to Whole-Genome Sequencing

When the applicant is not able to provide WGS data, regu-
lators should decide if there is a need for demanding proof of
absence regarding spurious insertions of foreign DNA. This de-
cision can be taken based on counting “flags”, corresponding
to those factors mentioned before that affect the possibility of
having such insertions.

“Red flags” would be raised for protocols that are prone to
generate random breaks in the genome and introduce significant
amounts of DNA in the cell. Conversely, “green flags” can be
acknowledged when repeated backcrossing has been performed
and extensive phenotype information about polygenic traits is
available.

If, after counting flags, such proof is required, in the ab-
sence of WGS it could be based on PCR and Southern blot
analysis. For this purpose, it can be acknowledged that biotech
regulators have plenty of experience with the analysis of trans-
genic organisms having transformation events. In that analo-
gous situation, the applicant has to prove how many indepen-
dent foreign DNA insertions from the construct and its molecu-
lar vector may be present. For years, this has been done with a
combination of PCR and Southern blot analysis. Adhering to a
strict scientific base as well as the principle of fairness towards
all applicants, the experimental design required for the search
of random DNA insertions in gene-edited and transgenic organ-
isms should be the same. As further guidance, a suggestion of a
strict design that could be equally applied to both situations is:

(i) Southern blot analysis using probes of 700 nt correspond-
ing to at least five different, roughly equally spaced sec-
tions across the whole of each foreign DNA molecule,
preferably on coding regions, or

(i) PCR using primers targeting gross sources of foreign
DNA (e.g., DNA purposely introduced in the cell, plas-
mids from in vitro transcription if the milieu was not
treated with DNAse I). They should be selected to pro-
duce fragments not longer than 700 kb nor shorter than
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200 kb, taking into account both the efficiency of ordi-
nary PCR detection methods and seeking short insertions.
Amplicons should span at least five different, roughly
equally spaced sections across the whole target molecule,
preferably on coding regions because of their higher im-
portance on safety considerations.

Once again, regulators should make sure that whatever their
criteria may be, either they are equivalent to their previously
established criteria for finding the number of inserts in a trans-
genic organism, or they should update those earlier require-
ments to match the ones used for this purpose.

5. Other Gene-Editing Techniques and Site-Directed Effec-
tors

5.1. Other Nucleases

Nowadays, dossiers reaching the regulator’s desks include
similar proportions of products obtained using Cas nucle-
ases vs. products obtained using other genome editing tech-
niques. These other techniques resort to the use of Tran-
scription Activator-like Effector Nucleases (TALEN) [9, 78,
133, 138], zinc-finger nucleases (ZFNs) [122], and meganu-
cleases [104, 108]. In addition, some products are obtained
with oligonucleotide-directed mutagenesis (ODM) [97], a set
of gene-editing techniques that do not use SDNs.

In most cases, these other products originated in projects
that started before CRISPR-Cas tools were widely available,
and they will likely become a minority in the near future. How-
ever, they may not disappear entirely because of intellectual
property aspects that could balance their alleged technical dis-
advantages, and some companies that have been investing in de-
veloping proprietary technology may stick to them. In the long
term, older technologies becoming off-patent sooner may be
preferred by low-budget developers such as the public research
sector and SMESs because they are free after entering the public
domain. In principle, the overall approach presented here can
be adapted to these other techniques, provided that enough in-
formation on specificity is available. For instance, it has been
shown that TALEN pairs can tolerate up to 3-4 mismatches in
their recognition sites [13]. However, studies characterizing the
possibility of unintended genetic changes in these other tech-
niques [15, 35, 18, 40, 73, 77, 87, 94, 107, 136] are far less in
number compared with the literature on Cas nucleases. This
asymmetry represents a challenge for regulators, who should
adopt the same level of stringency toward different applicants,
regardless of the technique used.

5.2. SDN2 and SDN3

The criteria proposed here were explained based on the sim-
pler SDN1 scenario. However, as mentioned, there are other
classes of gene editing techniques [20, 126]. One class em-
ploys an additional short DNA molecule as a template for re-
pairing the cleaved locus (SDN2, a.k.a. “allelic repair” in some
cases). Another class uses a bigger DNA molecule for its in-
tended insertion in or replacement of the target locus (SDN3,
a.k.a. “allelic replacement” in some cases).

10

In principle, the criteria presented here are also applicable to
SDN2 and SDN3, with due consideration to the fact that these
techniques always involve the deliberate introduction of spe-
cific foreign DNA in the cell in significant quantities. Hence,
the additional DNA molecule has a high probability of ending
up inserted, perhaps in tandem insertions, inversions, etc., in
any of the PAL or elsewhere in random locations of the genome
[96]. Therefore, this molecule’s sequence should be taken into
account in the search for spurious foreign DNA insertions, as
described.

In addition, for SDN3, the short-range sequence identity
analysis of those PALs where there has been an insertion should
be extended. Sequence information should reach at least from
200 nt downstream of the first junction, between the inserted
DNA molecule and the host genome, until 200 nt upstream of
the second junction. This approach would be effective in find-
ing unintended effects such as multiple head-to-tail insertions
that can be misidentified as single insertions when only con-
ventional PCR analysis is performed [105].

5.3. Other Site-Directed Activity

The criteria presented here perhaps could also be used as
inspiration for developing regulatory criteria for SDNs-related
proteins that have a different function. For instance, “prime
editors” that edit single bases without double-strand breaks [34,
69], epigenome editing [41, 113, 123], transcriptional activation
[60, 72], or the use of Casl3a (a.k.a. C2c2) for knocking down
endogenous mRNA [1]. It has been shown that it is possible to
have off-target activity in some of these techniques [49, 143].

6. Discussion and Conclusions

This article proposes a pragmatic and proportionate ap-
proach for addressing the possible existence of off-target edi-
tions and spurious DNA insertions caused by gene-editing tech-
niques in agricultural applications. If widely adopted, there
would be a harmonized approach for this important regulatory
issue. Moreover, its explicit availability would help developers
improve a safety aspect of their experimental design and pro-
tocols ab initio, lowering costs and complications during the
subsequent regulatory assessment.

The value of counting with a standardized regulatory ap-
proach of the kind presented here can be compared with the
allergenicity analysis of novel proteins expressed in GMOs.
In 2003, the Codex Alimentarius generated guidance in this
regard based on a simple bioinformatic analysis [132]. At
that time, different scientific opinions were proposing alternate
rules, which were similar albeit not entirely coincident. The
Codex guidance was ultimately a compromise solution, agreed
on the understanding that it may be a little bit prone to type II
errors, but not as much as to hinder the use of GMOs for food.

The Codex guidance on allergenicity assessment was
widely adopted and applied during the past two decades, and
such a harmonized approach greatly facilitated that developers
receive a fair and similar regulatory response in different coun-
tries. This guidance has never failed nor changed, despite up-
dating proposals inspired by theoretical advances in the field,
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since the robustness and efficacy of its original criteria are re-
markable.

Similarly, the current body of knowledge on off-target ef-
fects and DNA insertions from SDN is enough for adopting
criteria like the ones proposed here. Nevertheless, as more in-
formation continues to be made available, such criteria can be
updated and extended to other techniques. Ongoing work on
systematic reviews and information maps (such as [76]) may
be very useful in this regard.

It could be argued that establishing a set of standard rules
based on the specificity displayed by SDNs used nowadays
would discourage the development of enhanced alternatives.
Regulators may not easily relax the rules, unless an increased
selectivity is considered to be fully proven, case by case; there-
fore, the quantity of PAL to be verified might not be affected
much by innovation. However, the development of more spe-
cific SDNs or techniques will remain appealing, since they
would reduce the number of loci that are actually affected.
Therefore, such innovations may still reduce the overall reg-
ulatory burden.

Finally, it is important to highlight the relevance of examin-
ing phenotype to reinforce the molecular genetics approach pre-
sented here. In particular, the absence of unexpected changes
in polygenic traits would act as an additional reassurance re-
garding the lack of genetic changes that could have gone un-
detected. For this purpose, polygenic traits could include agro-
phenotypic characterization in the case of crops, overall health
indicators in the case of animals, and compositional analysis of
derived foodstuff in both cases. In addition, assessing the pre-
dicted phenotypic change caused by the gene editing interven-
tion is highly recommended. This assessment would serve as
a reassurance that the biological function(s) of the target gene
and the possible consequences of the intervention are under-
stood well enough to assess their safety.
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