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CRISPR/Cas enables a targeted modification of DNA sequences. Despite their ease and
efficient use, one limitation is the potential occurrence of associated off-target effects.
This systematic review aims to answer the following research question: Which factors
affect the occurrence of off-target effects caused by the use of CRISPR/Cas in plants?
Literature published until March 2019 was considered for this review. Articles were
screened for relevance based on pre-defined inclusion criteria. Relevant studies were
subject to critical appraisal. All studies included in the systematic review were synthesized
in a narrative report, but studies rated as high and medium/high validity were reported
separately from studies rated as low and medium/low or unclear validity. In addition, we
ran a binary logistic regression analysis to verify five factors that may affect the occurrence
of off-target effects: (1) Number of mismatches (2) Position of mismatches (3) GC-content
of the targeting sequence (4) Altered nuclease variants (5) Delivery methods. In total, 180
relevant articles were included in this review containing 468 studies therein. Seventy nine
percentage of these studies were rated as having high or medium/high validity. Within
these studies, 6,416 potential off-target sequences were assessed for the occurrence
of off-target effects. Results clearly indicate that an increased number of mismatches
between the on-target and potential off-target sequence steeply decreases the likelihood
of off-target effects. The observed rate of off-target effects decreased from 59% when
there is one mismatch between the on-target and off-target sequences toward 0% when
four or more mismatches exist. In addition, mismatch/es located within the first eight
nucleotides proximal to the PAM significantly decreased the occurrence of off-target
effects. There is no evidence that the GC-content significantly affects off-target effects.
The database regarding the impact of the nuclease variant and the delivery method is
very poor as the majority of studies applied the standard nuclease SpCas9 and the
CRISPR/Cas system was stably delivered in the genome. Hence, a general significant
impact of these two factors on the occurrence of off-target effects cannot be proved. This
identified evidence gap needs to be filled by systematic studies exploring these individual
factors in sufficient numbers.

Keywords: genome editing, unintended effects, off-target mutation, systematic review and meta-analysis,
systematic literature search, evidence synthesis, new plant breeding technique
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BACKGROUND

Site-directed nucleases (SDN), including Clustered Regularly
Interspaced Short Palindromic Repeats with associated protein
(e.g., CRISPR/Cas9), Transcription Activator-Like Effector
Nucleases (TALENs), Zinc-Finger Nucleases (ZFN) and
Meganucleases (MN) enable a modification of a specific DNA
sequences in a site-directed manner. Compared to other SDN,
CRISPR/Cas is the most widely applied method due to simplicity,
accessibility, lower costs and versatility as well as the possibility
of multiplexing (Dénmez et al, 2016). Most CRISPR/Cas
systems require two elements for targeted genome cleavage: An
endonuclease and a single guide RNA (sgRNA) which recognizes
and binds to a specific DNA sequence that is typically 20 base
pairs long for SpCas9 (Sprink et al., 2016). The to date most
commonly used endonuclease Cas9 derived from Streptococcus
pyogenes is able to bind to any DNA sequence paired with an
sgRNA followed by a protospacer adjacent motif (PAM) site
(NGG for S. pyogenes) and introduces a double strand break
(DSB) three bases upstream of the PAM (Zhu et al., 2017). The
DSB is subsequently repaired by the DNA repair system of the
cell. CRISPR/Cas has already been applied all over the world
in more than 60 plant species ranging from model organisms
to agricultural crops (Modrzejewski et al., 2019). Despite the
obvious potentials of CRISPR/Cas in plant breeding, there is an
ongoing debate about its precise targeting and to what extent
the occurrence of off-target effects matters (Eckerstorfer et al.,
2019b, Zhao and Wolt, 2017). In order to evaluate potential side
effects and to further enhance the specificity of CRISPR/Cas
system, a detailed evaluation on the occurrence of off-target
effects is important (Martin et al., 2016). Off-target effects can
be defined as unintended cleavage and mutations at untargeted
genomic sites showing a similar but not an identical sequence
compared to the target site (Modrzejewski et al., 2019). It is not
exactly known why the Cas9 protein cleaves some off-target
sites and others not. One important factor affecting cleavage of
Cas9 could be chromatin structure as it has been shown that
Cas9 cleaves more efficient in open chromatin regions (Hinz
etal., 2015; Liu et al., 2019). In addition, a number of biophysical
experiments highlighted that not only PAM proximal but also
PAM distal mismatches can strongly inhibit off-target cleavage.
The proposed mechanism for this intriguing phenomenon is a
balance shift in the HNH domain toward an inactive state (Chen
et al., 2017; Dagdas et al., 2017; Ricci et al., 2019; Mitchell et al.,
2020). After binding of the target DNA and establishment of the
RNA:DNA hybrid at the on-target, the HNH domain flips from
an RNA-bound state to an inactive state and then rapidly into
a docked-state that enables cleavage (Dagdas et al., 2017). PAM
distal mismatches between the sgRNA and the DNA (especially
position 16-20) can slow down or even inhibit this transition
from inactive to docked-state, thereby prohibiting off-target
cleavage (Chen et al,, 2017; Dagdas et al., 2017). This biophysical
results lead to the conclusion, that not only RNA:DNA binding
affects the occurrence of off-target cleavage but also the internal
reorganization of the HNH domain. The first effect seems to
be located PAM proximal as we could show also in this review
by analysis of a number of experimentally validated off-target

effects. The second effect is located PAM distal and does not
rely on RNA:DNA binding. In contrast to this, mismatches in
the more upstream positions 15-10 do almost not affect the
cleavage negatively, as they neither have a remarkable effect on
RNA:DNA duplex stability nor on the HNH conformational
changes (Chen et al., 2017).

Two different strategies have been used to detect off-
target effects: biased and unbiased detection methods (Martin
et al, 2016). To date, the majority of studies analyzed off-
target effects using biased detection methods (Modrzejewski
et al, 2019). This approach consists of two steps. First, the
potential off-target sequences that are similar to the target
sequence are identified using bioinformatics approaches like
CAS-OFF-Finder (Altschul, 1990), CRISPR-P (Lei et al., 2014;
Liu et al.,, 2017), CHOPCHOP (Montague et al., 2014) or CCTop
(Stemmer et al, 2015). Second, the identified potential off-
target sequences only are analyzed for undesired mutations (off-
target effects). Several different detection methods are used,
whereby off-target effects were mostly analyzed using PCR
followed by sequencing (Modrzejewski et al., 2019). Nevertheless,
a drawback of solely screening pre-selected potential off-target
sequences is the risk to overlook mutations at further loci
in the plant genome (Zischewski et al., 2017). In contrast,
using the unbiased approach whole genome sequencing (WGS)
is the most common detection method in plants allowing
the identification of off-target effects in a less restricted way
(Martin et al., 2016; Modrzejewski et al., 2019). However, due
to the high costs today, solely a few clones are sequenced
for each target in most instances, and hence low-frequency
off-target effects might be missed because of low coverage
(read depth) (Wu et al., 2014). Mutations detected by using
unbiased detection methods do not necessarily originate from
the application of a genome editing technique, but may also
result from spontaneous mutations or through the regeneration
of plants from cell culture (somaclonal variation) (Scientific
Advice Mechanism (SAM), 2017). Therefore, a suitable reference
genome is needed to detect genetic differences. In order to trace
these differences to a genome editing alteration, bioinformatics
and statistical analyses are necessary to estimate whether these
differences are consisterably likely to be technology-induced
genetic modifications (Bartsch et al, 2018). Compared to
routinely used breeding techniques like undirected mutagenesis
(e.g., by irradiation or chemicals) or somaclonal variation,
CRISPR/Cas causes far less unintended changes (Jander et al.,
2003; Miyao et al., 2012; Scientific Advice Mechanism (SAM),
2017). Nevertheless, a recently published systematic map
on off-target effects in CRISPR/Cas-studies identified several
publications, which reported the identification of off-target
effects (Modrzejewski et al., 2019). It is estimated that monomeric
CRISPR/Cas system is more prone for the occurrence of off-
target effects compared to the dimeric ZFN or TALENs systems
that use two neighboring target sequences and hence recognize
a longer target sequence (Lee et al., 2016; Zischewski et al.,
2017). In addition, the sgRNA can tolerate some mismatches
and bulges and hence efforts have been made to increase the
on-target efficiency and to decrease the occurrence of oft-
target effects.
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Several factors are described in literature that may affect off-
target effects. The main factor to decrease the occurrence of off-
target effects is a careful selection of the target sequence (Hsu
et al,, 2013; Zhu et al., 2017; Zischewski et al., 2017). Design
tools like CRISPR-P or CHOPCHOP provide the possibility to
take potential off-target sequences into account when choosing
the target sequence (Zhao and Wolt, 2017). It was considered
that mismatches occurring within the seed sequence (8 up to
12 nucleotides proximal to the PAM) determine the editing
efficiency. Therefore, mismatches within this region may reduce
oft-target effects (Hsu et al., 2013; Endo et al., 2015; Hahn and
Nekrasov, 2018). However, it is not clear how many nucleotides
proximal to the PAM are building up the seed sequence. Different
researchers define the seed sequence to be eight (Russo et al.,
2018), nine (Bertier et al, 2018), 10 (Jiang et al, 2017), 11
(Jacobs et al., 2015), or up to 12 (LeBlanc et al., 2018) nucleotides
proximal to the PAM.

Scientists also assume that the guanine-cytosine (GC) content
of a chosen target sequence may influence off-target effects, as
high GC-content stabilize the SRNA/genomic DNA hybridization
(Fuetal., 2013). Yu et al. (2017) speculate that a low GC-content
results in an reduced number of off-target effects (Yu et al., 2017).
Russo et al. (2018) have chosen a target sequence with a GC-
content of 50% as they assume that a GC-content higher than
70% may increase the risk of off-targeting (Russo et al., 2018).

Much effort is invested in examining other nucleases and
developing improved ones. Next to the most widely used nuclease
SpCas9 derived from Streptococcus pyogenes further Cas9
proteins from different bacterial or archaea species have been
adapted. One example is the Cas9 derived from Staphylococcus
aureus (SaCas9) that is capable to use a longer recognition
sequence of 21- or 22- nucleotides and a different PAM
(NNGRRT). Therefore fewer off-target sequences are predicted
per se and its specificity is estimated to be higher (Kaya et al.,
2016). In addition, the Cpfl nuclease (also known as Casl2a)
has been applied for targeted genome modification in plants.
Compared to Cas9, the Cpfl (from Prevoltella sp. and Francisella
sp.) recognizes a T-rich PAM (TTTV) at the 5’end instead of the
3’end of the protospacer and has the potential to decrease off-
target effects due to their DNA recognition and cutting properties
(Hahn and Nekrasov, 2018). In addition, protein-engineering
approaches resulted in altered SpCas9 variants with potentially
reduced off-target activity. Several SpCas9-variants like SpCas9-
HE eSpCas9 (1.0), or eSpCas9 (1.1) have been engineered and
were already applied in plants (Zhang et al., 2017; Raitskin et al.,
2019). These nuclease variants were described to nearly entirely
avoid off-targeting (Tycko et al, 2016). Another promising
approach is the application of CRISPR/nickase systems. In
contrast to nucleases which induce a DSB a nickase system can be
used to induce single strand breaks or as a paired nickase system
to induce offset DSBs (Puchta and Fauser, 2014; Zhao and Wolt,
2017). This may reduce oft-target effects as the recognition site is
doubled from 20 to 40 nucleotides (Puchta and Fauser, 2014).

A further aspect that may have an impact on off-target
effects is the delivery of the CRISPR/Cas system into the plant
cell. The system can be supplied to the plant genome either
as DNA (transiently or stably expressed), RNA or directly as
Ribonucleoproteins (RNP) (Jansing et al., 2019). It is supposed

that the occurrence of off-target effects depends on how long
the CRISPR/Cas system is active in the plant cell (Jansing et al.,
2019). Stable transformation leads to a permanent expression of
the CRISPR/Cas system compared to the transient approach in
which the CRISPR/Cas system is available only for a limited time.
Therefore, it is supposed that a stable transformation leads to
an increased on-target as well as an increased off-target activity
(Zischewski et al., 2017; Metje-Sprink et al., 2018; Jansing et al.,
2019). Supplying the CRISPR/Cas system as RNA or RNP may
further reduce off-target effects, as it is degraded in the shortest
period and the mode of action is only present in the edited
cells but not in the regenerated plants (Woo et al., 2015; Metje-
Sprink et al., 2018; Jansing et al., 2019). All delivery methods have
their specific advantages and disadvantages and are more or less
suitable for different plant species (Jansing et al., 2019).

All in all a broad range of factors may affect the occurrence
of off-target effects. Reviewing all available literature for plants,
to date no systematical analyzes, which factors actually affect
the occurrence of off-target effects due to the application of
CRISPR/Cas in plants were found.

Topic Identification

Risk assessors and decision makers are depending on the
provision of a reliable body of evidence to support conclusions
about potential risks being associated with the application of
genome editing. In this context, the (potential) off-target effects
caused by genome editing in contrast to its broadly claimed
precision are a point of lasting criticism as they might lead
to adverse alterations in plants (Eckerstorfer et al, 2019a).
Additionally, the detailed analysis of the occurrence of off-
target effects can support further enhancement of the specificity
of CRISPR/Cas (Martin et al., 2016). This systematic review
builds on the recently published systematic map on genome
editing applications in plants (Modrzejewski et al, 2019).
The systematic map and the a priori published systematic
map protocol were conducted based on the guideline of
Collaboration for Environmental Evidence (CEE) aiming to take
the reader through the key stages of the review (Collaboration
for Environmental Evidence, 2018). One topic of this map
(secondary question 2) was the identification of the available
evidence for the occurrence of such off-target effects. The
map identified a knowledge cluster of publications considering
the evaluation of off-target effects caused by CRISPR/Cas in
plants (other genome editing tools were much less represented),
supporting the conduct of an in depth analysis by a systematic
review on this specific section of the map. In the reviewed
studies, factors potentially modifying the occurrence of off-
target effects such as the plant species, the nuclease-variant [e.g.,
Cas9, Cpfl(Casl2a)], the number of mismatches and the chosen
sgRNA were mapped (Modrzejewski et al., 2019). Based on these
data, this systematic review identifies and systematically analyzes
factors that may affect the occurrence of off-target effects caused
by CRISPR/Cas in plants.

OBJECTIVES OF THE REVIEW

The primary objective of this systematic review is to collect and
synthesize the available evidence about factors that do affect
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the occurrence of off-target effects caused by the application of
CRISPR/Cas in plants.

Primary question: “Which factors affect the occurrence of
oft-target effects caused by the use of CRISPR/Cas in plants™?

Components of the Primary Question
Population: Any model plant or crop produced for
agricultural production.

Intervention: The CRISPR/Cas technique was used to induce
any on-target mutation.

Outcome: The occurrence of off-target effects was assessed.
Either biased or unbiased detection methods were used to check
whether off-target effects occurred in the plant genome.

METHODS

The methods used to conduct this systematic review are based
on the recently published systematic map (Modrzejewski et al.,
2019), but adapted to the specific requirements of the systematic
review question. The methods specifically used to conduct this
systematic review as well as the deviations compared to the
systematic map protocol are described below.

Search for Articles
The CRISPR/Cas articles analyzed to answer secondary question
2 of the systematic map about the occurrence of off-target effects
were included in this systematic review, covering the time period
between 1996 and May 2018 (a list is provided in additional file
6 of the published systematic map; Modrzejewski et al., 2019).
In addition, the literature search was updated in March 2019,
to identify all CRISPR/Cas articles published between May 2018
and March 2019 (Figure 1). The search string was similar to the
search string of the systematic map but focused on CRISPR/Cas
(the question addressed in the systematic map was broader in
scope and included besides to CRISPR/Cas also other genome
editing techniques). It comprises two parts: The first part defined
the population of interest comprising less specific terms like
crop, plant or seed as well as specific model plants and crops
including their English and Latin names. The second part defined
the intervention, comprising different CRISPR/Cas variants. The
search terms within each class were combined using the Boolean
operator “OR”; the two classes were combined using the Boolean
operator “AND.” The final search string for Web of Science
is provided in Supplementary Table 1. The search string was
adapted to the specific needs of each database.

The following online publication databases and platforms
were searched for academic literature. Access was ensured by
institutional subscriptions:

(i) Web of Science (WoS), including Web of Science Core
Collection, BIOSIS Citation Index, BIOSIS Preview,
CABIL:CAB Abstracts and Global Health, Data Citation
Index, Derwent Innovations Index, KCI-Korean Journal
Database, Russian Science Citation Index, SciELO Citation
index, Zoological Records

(ii) Scopus

(iii) PubMed

(iv) Science direct
(v) AGRIS

Furthermore, Google Scholar (https://scholar.google.com/) was
searched using 30 different combinations of the most relevant
(model) plants and CRISPR/Cas terms. The first 20 search results,
organized by relevance, of each combined search string were
assessed at the title/abstract level. Deviating from the systematic
map protocol, no search for gray literature on company webpages
was conducted, because we noticed that they do not provided
any data about the occurrence of off-target effects (Modrzejewski
et al., 2019). All hits from each database were imported into an
EndNote X8.0.1 library file. Duplicates were removed using the
appropriate function within the EndNote software. Afterwards,
the remaining records were imported into the open-access and
non-profit database CADIMA to increase transparency and
traceability during the review process (Kohl et al., 2018).

Article Screening and Study Inclusion

Criteria

Screening Process

When conducting the systematic map a consistency check was
performed aiming to assure for a good inter-reviewer agreement.
As the review team stayed the same and the eligibility criteria
were nearly identical compared to the systematic map (except
that only CRISPR/Cas articles were an eligible intervention and
not of all genome editing techniques) we did not carry out a
further consistency check/kappa test within this review. Two
reviewers conducted title/abstract screening independently. Two
reviewers then checked the potentially relevant articles at full
text level. Lists of unobtainable articles and articles excluded
at full text level with the reason for exclusion are provided
(Supplementary Table 2). All members of the review team are
authors of a few articles retrieved by the literature search.
However, as none of their articles provides primary data, these
articles were excluded at title/abstract level.

Eligibility Criteria
In order to be included in the systematic review each article had
to meet the following inclusion criteria:

Eligible population: Any model plant or crop produced for
agricultural production.

Eligible intervention: The CRISPR/Cas technique was used to
induce any on-target mutation.

Eligible outcome: The occurrence of off-target effects was
assessed using either biased or unbiased detection methods.
In case no potential off-target sequences were identified using
prediction tools and thus no potential off-target sequences
were tested for the occurrence of off-target effects, the study
was excluded.

Eligible type of data: Only those references were included
which comprise primary data referring to the use of a
CRISPR/Cas and the detection of potential off-target effects.

Eligible languages: References in German and English
language were included. Articles in other languages were
included when besides title and abstract, further parts of the
article, like figures or tables, were in English or German and
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Records identified within the systematic map in the

Records identified through database searching in

o time period 1996 until May 2018 the time period May 2018 until March 2019
;F: (n=161) (n=4043)
©
]
(%)
Records after duplicates removed L Duplicates
(n=1903) (n=2301)
Records after title/ abstract screening Ll Excluded records

(n=535) (n=1368)
0o
=
o ) . Unretrievable full texts
o Articles retrieved at full text . .
=i (n=469) > (Not accessible, n=49 ;
2 Full text duplicate, n=17)

¥
Articles after full text screening L Excluded full texts, with reasons
(n=180) (n=289)
Excluded on:

« Population (n=5)

« Intervention/exposure (n=21)
« Outcome (n=228)

* No primary data (n=35)

text screening
(n=180/ n=468)

Articles / Studies included after full

o
wv
(4]

d=

=]
c
>

an

(n=468)

Studies included in the systematic
map database and narrative synthesis

(Haddaway et al., 2018).

FIGURE 1 | Flow diagram of the systematic mapping process explaining the selection of relevant articles and studies. This diagram follows ROSES guidance

the provided information allowed for a definite judgement of
their relevance.

Data Coding Strategy
One article can contain several studies e.g., when different
plant species were investigated or different sgRNA, nucleases
or delivery methods were applied. While articles were screened
for relevance at title/abstract and full text level, relevant data
were finally extracted at study level. Due to limited available
resources, one reviewer extracted the relevant data. Unclear cases
were marked by the first reviewer and cross-checked by another
one. Building up on the data extracted within the systematic
map, further details were extracted for the systematic review as
shown in Table 1. The following data of each included study were
extracted into one row in an excel sheet (each in a cell):

In case relevant data were missing or not accessible, the
corresponding author of the article was asked to provide

the missing information within a period of 2 weeks. The
extracted data are available in Supplementary Table 3
(summary) and Supplementary Table 4 (details of all potential
off-target sequences).

Study Validity Assessment

Articles that passed the study inclusion criteria were subjected
to critical appraisal. The critical appraisal was conducted on a
study-by-study basis. Criteria were defined within the review
team in order to assess internal validity (risk of bias within
a specific study) and external validity (generalizability). These
criteria reflect critical variables that affect the reliability of study
outcomes. The critical appraisal criteria are listed in Table 2.
Each study was assessed by considering its compliance with
each of the developed criteria (yes, partly, no, unclear). Based
on these judgments, studies were categorized as having high,
medium, low or unclear validity. In case that, due to the
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TABLE 1 | Overview about the extracted data within the systematic map and further data that were additionally extracted for the systematic review.

Data extracted within the systematic map

Further data additionally extracted for the systematic

review
Bibliographic information - Abstract None
- Authors
- DOV/ISBN
- Issue number
- Keywords
- Page range
- Periodical
- Title
- Volume
- Year
Population Plant species None
Intervention Genome editing technique (e.g., CRISPR/Cas) - Specification of the nuclease variant (e.g., SpCas9, SaCas9,
Cpf1)
Transformation None - Delivery method (DNA-stable, DNA-transient, RNA,
Ribonucleoproteins) (RNP)
Protospacer None Guanin-cytosine (GC)-content of the target sequence

Target sequence Sequence identifier (Name of the gene)

Off-target prediction - Number of identified potential off-target sequences
- Prediction tool

Off-target detection - Detection method

- Number of analyzed off-target sequences

Identified off-target effects Off-targets identified (Yes/No)

- Different sgRNAs targeting one gene were extracted separately
(each sgRNA in one row)

None

None

- Number of mismatches

- Position of mismatches in relation to the PAM
- Number of identified off-targets,

- Number of mismatches

- Position of mismatches in relation to the PAM

fact that more than one potential off-target sequences with
diverging quality were included in one study, a study was
considered as being of medium validity in a first step. In a
next step the medium category was further subdivided into
medium/high or medium/low depending on the characteristics
of the individual sequence (for more detail also see Table 3).
This may occur in case within one study (i) several potential
off-target sequences were analyzed but only some of them were
followed by a PAM, (ii) information were solely provided for
a subset of analyzed potential off-target sequences or (iii) a
subset of analyzed potential off-target sequences were identical
to the on-target site. All potential off-target sequences within
one medium-study that fulfilled the required criteria were moved
to the medium/high category, while the remaining ones were
rated as medium/low validity according to Tables 2, 3. All studies
were included in the narrative report, but based on the overall
ranking of the critical appraisal, the high and medium/high
validity categories were handled separately from the low and
medium/low as well as the unclear validity studies. Due to limited
available resources, solely one reviewer assessed the validity of
all studies. Doubtful cases were discussed within the whole
review team. The results of the critical appraisal are detailed in
Supplementary Table 5.

One reviewer answered the questions with “Yes,” “Partly,”
“No,” or “unclear.” The questions were answered based on
the specification in the table. Questions answered with “Yes”
means that the study has a high validity (low risk of bias)

regarding this criteria, while “No” means that the study has a
low validity (high risk of bias). Questions answered with “Partly”
means that a subset of analyzed potential off-target sequences
within this study has a high validity and a subset has a low
validity regarding this criteria. * CRISPR/SpCas9 and engineered
SpCas9 nuclease variants: NGG-PAM or NAG-PAM or NGA-
PAM (VQR-variants): CRISPR/Cpf1: TTN-PAM or TTTN-PAM;
CRISPR/SaCas9 and CRISPR/eSaCas9: NNGRRT-PAM.

If none of the above categories applied, the study was
considered as high validity.

Potential Effect Modifiers/Reasons for Heterogeneity
The following potential effect modifiers were considered for
studies included in this systematic review:

o Number of mismatches: It is estimated that the number of
mismatches between the target sequence and the potential
off-target sequence significantly affects the occurrence of oft-
target effects.

e Position of mismatches proximal to the PAM: Mismatches
occurring within the seed sequence (8 up to 12 nucleotides
proximal to the PAM) may decrease off-target effects
compared to when the mismatch is located more distant
to the PAM.

e GC-content of the targeting sequence: The GC-content of a
chosen target sequence may affect off-target effects, as high
GC-content stabilize the sgRNA/genomic DNA hybridization
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TABLE 2 | Study validity assessment criteria.

Question/criterion

Yes

Partly

No

Unclear

Study design/methods used
Did the CRISPR/Cas technique
induce any on-target mutation?

Is a reference genome of the edited
plant available?

Potential off-target sequences

Did a PAM follow the potential
off-target sequences?*

Has the potential off-target sequence
at least one mismatch to the
on-target site

Are information about the potential
off-target sequences provided?
(number of mismatches, the position
of mismatches to the PAM)

Any on-target mutation was
induced

Reference genome is
available

All potential off-target
sequences were followed by
a PAM

All potential off-target
sequences have at least
one mismatch

All information are provided

Some potential off-target
sequences were followed by
a PAM

Some potential off-target
sequences have at least
one mismatch

Information are partly
provided

No on-target mutation was
induced

Reference genome has not
been fully
sequenced/Sequencing
error when analyzing
potential off-target
sequences

No potential off-target
sequences were followed by
a PAM

All potential off-target
sequences have no
mismatch

No information are provided

Lacking sufficient
information to judge

Lacking sufficient
information to judge

Lacking sufficient
information to judge

Lacking sufficient
information to judge

TABLE 3 | Overall assessment of study validity.

Studies were assigned low validity or unclear validity if any of the following factors applied

Any of these criteria answered with “No” or “Unclear”

Did the CRISPR/Cas technique induce any on-target mutation?

Did a PAM follow the potential off-target sequences?

Has the potential off-target sequence at least one mismatch to the on-target site?

Any of these criteria answered with “No”

Is a reference genome of the edited plant available?

Did sequencing errors occur?

Are information about the potential off-target sequences provided? (number of mismatches, the position of mismatches to the PAM)

Studies that were not assigned low validity were considered to have medium validity if any of the following factors applied

Any of the criteria answered with “Partly”

Did a PAM follow the potential off-target sequences?

Has the potential off-target sequence at least one mismatch to the on-target site

Are information about the potential off-target sequences provided? (number of mismatches, the position of mismatches to the PAM)

Potential off-target sequences within medium validity studies were handled as medium/low validity if any of the following factors was not applied

Any of the criteria answered with “No”

Did a PAM follow the potential off-target sequences?

Has the potential off-target sequence at least one mismatch to the on-target site

Are information about the potential off-target sequences provided? (number of mismatches, the position of mismatches to the PAM)

Potential off-target sequences within medium validity studies were handled as medium/high validity if all the following factors applied

All of the criteria answered with “Yes”

Did a PAM follow the potential off-target sequences?

Has the potential off-target sequence at least one mismatch to the on-target site

Are information about the potential off-target sequences provided? (number of mismatches, the position of mismatches to the PAM)
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(Fu et al.,, 2013). Therefore, a low GC-content may result in
decreased off-target activity.

o Altered nuclease variants: Next to the most widely used
nuclease Cas9 derived from Streptococcus pyogenes (SpCas9)
several further Cas9 proteins from different bacterial or
archaea species have been adapted (e.g., SaCas9, SpCas9-
HE, Cpfl, Nickase).

e Time of incubation: Time during which genomic DNA is
exposed to CRISPR/Cas (Stable or transient transformation
with respective DNA sequences, RNA sequences or RNP).

Further potential effect modifiers were identified but not
systematically assessed within this review:

e Different plant species (due to genome size and ploidy level)

e Prediction tools used to identify predicted potential off-
target sequences

e Detection method used to identify off-target effects

Data Synthesis and Presentation

All studies included in the systematic review were synthesized in
a narrative report. No studies were excluded, but studies rated
as high and medium/high validity were reported separately from
studies rated as low and medium/low or unclear validity.

All analyzed potential off-target sequences identified within
the high and the medium/high validity studies were included to
address five different hypothesis:

Hypothesis 1: An increasing number of mismatches between the
on-target site and the potential off-target sequence decreases the
likelihood that off-target effects occur.

Hypothesis 2: Mismatches within the first eight nucleotides
proximal to the PAM sequence (seed sequence) decrease the
occurrence of off-target effects.

Hypothesis 3: A lower guanine-cytosine (GC)-content of the
target sequence decrease the occurrence of off-target effects.

Hypothesis 4: Improved nuclease variants decrease the
occurrence of off-target effects.

Hypothesis 5: The period in which the CRISPR/Cas system is
active in the plant cell affects the occurrence of off-target effects.

For all hypotheses, a descriptive overview of the available
literature was given considering all high and medium/high validity
studies. In addition, a quantitative synthesis was performed.
Results of studies rated as low or medium/low validity as well as
unclear validity studies were narratively reported but no specific
validation regarding the formulated hypotheses was performed.
Instead, based on the reasons for study validation as low and
medium/low or unclear it was described whether off-target effects
were detected or not.

Quantitative Synthesis Strategy

Three hundred and sixty three out of 370 studies rated as high
or medium/high validity were used for quantitative synthesis.
Seven studies analyzing 5,021 potential off-target sequences were
not included for quantitative synthesis as unbiased detection
methods were used to detect off-target effects. Due to the huge
amount of analyzed potential sequences it was not possible to
extract all mismatches including their position proximal to the
PAM in detail. In none of these sequences, off-target effects

were detected. Four potential off-target sequences contained
three mismatches, while the remaining ones had at least four
mismatches to the on-target sequence. Detailed information
about the sequences included in this meta-analysis as well as a
list of excluded sequences is provided in Supplementary Table 6.
We ran a binary logistic regression analysis to verify the five
hypothesis to answer the question, which factors affect the
occurrence of off-target effects by using CRISPR/Cas in plants.
This type of analyses aims to investigate the relationship between
a set of independent variables and the depended response
variable and provides information about the probability of the
response of interest, the independent variables which mostly
affect the response of interest and the odd ratios (Walsh,
2016). As indicated in Table 4, number of mismatches (x1 =
1/2/3/>4), position of mismatch/es proximal to the PAM (x2 =
Yes/No), GC-content [x3 = high (>50%)/low (<50%)], delivery
method (x4 = DNA-stable/others) and nuclease variant (x5
= SpCas9/further nucleases) were considered as independent
variables (x = classification). Moreover, the occurrence of an off-
target effect (Y = Yes/No) were applied as depended variable.
The Fit Model platform implemented in the software package
JMP (JMP®), 2019. JMP®). Version 14. SAS Institute Inc. Cary,
NC.) was used to fit a binary logistic regression model by using
the binary logistic personality(SAS Institute, 2018. JMP® 14
Fitting Linear Models). Therefore, the Yes level of the dependent
variable was defined as response level i.e., the model estimates
the probability of the Yes level of the off-target-effect variable
(SAS Institute, 2018. JMP® 14 Fitting Linear Models). First, a
model was fitted including all independent variables described
in Table 4 (“full model”). All variables that appear insignificant
based on effect likelihood ratio chi-square test were excluded.
Then, a second model (“reduced model”) was fitted which
includes all significant variables of the full model. Again, all
variables that appear insignificant were excluded resulting in a
final model (“final model”) obtaining the significant variables.
The Fit Model platform provides three tests to evaluate the model
fit: (i) whole model test, (ii) lack of fit test, and (iii) likelihood ratio
effect test (SAS Institute, 2018. JMP®) 14 Fitting Linear Models).
Additionally, to evaluate the accuracy and predictive ability of the
final model, a confusion matrix was created (SAS Institute, 2018.
JMP®) 14 Fitting Linear Models) and sensitivity (true positive
rate) and specificity (false positive rate) were calculated (Walsh,
2016). Furthermore, a receiver operating characteristic (ROC)
curve was created and the area under the curve (AUC) was
calculated. A ROC curve greatly exceeds the diagonal and a high
AUC value indicates a model with good accuracy and a high
predictive ability (Walsh, 2016). Furthermore, odds ratios were
estimated based on the final model.

RESULTS

Review Descriptive Statistics

The Evidence Base

Our systematic review included in total 468 studies from 180
articles. Figure 1 presents a flow diagram of the systematic review
process with the number of articles and studies included and
excluded at each stage. One hundred and thirty three articles
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TABLE 4 | Description of independent Variables.

# Variable Variable description Level Number of analyzed Total (%)
potential off-target
sequences
x1 Number of One mismatch 1 154 11
mismatches
Two mismatches 2 218 16
Three mismatches 3 352 25
Four or more mismatches >4 671 48
x2 Position mismatch/es (Any) mismatch within the seed Yes 862 62
proximal to the PAM sequence (Position 1-8 proximal to
the PAM)
Any mismatch/es within the seed No 533 38
sequence
x3 GC-content < 50% Low 505 36
> 50% High 890 64
x4 Delivery method DNA-stable DNA-stable 1,229 88
Others (DNA-transient, RNP, RNA) Others 166 12
x5 Nuclease variant CRISPR/SpCas9 SpCas9 1,218 87
Further Nucleases Others 177 13

(306 studies) were derived from the systematic map (secondary
question 2) that preceded this review (Modrzejewski et al.,
2019). Twenty eight articles from the systematic map were not
rated eligible for inclusion in this review because of ineligible
intervention (n = 19) or ineligible outcome (n = 9). The
literature update identified further 47 articles (162 studies) for
the period May 2018 until March 2019. A list of all articles
and studies comprised in this systematic review is provided in
Supplementary Table 3 and includes the extracted data.

Characteristics of Articles Included in Narrative
Synthesis

All articles included in this systematic review were published in
peer-reviewed journals in English language.

Articles per Year

In 2013, the first four articles were identified that assessed off-
target effects in plants after applying CRISPR/Cas. Since that
time, the number of such articles on CRISPR/Cas increased
continuously to 62 in 2018. In the first quarter in 2019, the
number of relevant articles reached 21.

Study Design
We identified five different possibilities how potential off-target
sequences have been identified and analyzed:

(i) Potential off-target sequences that are similar to the target
sequence were identified using bioinformatics approaches
(mainly CRISPR-P, n = 104; BLAST, n = 61, and Cas-
OFFinder, n = 55). Then a subset of potential off-
target sequences with the considered highest likelihood for
occurrence of off-target effects were analyzed using biased
detection tools (mainly PCR + Sequencing).

Potential off-target sequences that are similar to the target
sequence were identified using bioinformatics approaches.

(ii)

All potential off-targets sites with up to a certain number
of mismatches were analyzed for the occurrence of off-
target effects.

Potential off-target sequences for the chosen target sequence
were already known (for example due to polyploidy of
plants or due to a priori research). Only these sequences
were analyzed for the occurrence of off-target effects.

To analyze the binding specificity of the CRISPR/Cas
system, variations were made in the protospacer binding
site. The target site was then assessed for the occurrence
of mutations.

The whole genome was sequenced for the occurrence of
off-target effects.

(iii)

(iv)

)

Results Critical Appraisal

Three hundred and twenty six out of 468 studies were rated
high validity, 44 to have medium/high and medium/low validity,
72 to have low validity, and 26 to have unclear validity. One
study potentially rated as high validity was downgraded to low
validity because the sgRNA/Cas9 complex was constitutively
overexpressed but it is not traceable how this overexpression was
actually achieved (Ji et al., 2018). Detailed information about the
validity assessment of all studies including the reason for their
classification is provided in Table 5 and Supplementary Table 5.
Within the studies rated as high validity, 2,267 potential off-
target sequences were assessed for the occurrence of off-target
effects. In addition, 4,149 potential off-target sequences identified
from 44 studies rated as medium validity fulfilled the required
criteria and were rated as medium/high validity [(i) sequences
were followed by a PAM (ii) All information were given (iii)
sequences had at least one mismatch to the on-target sequence].
Therefore, the database of high and medium/high validity studies
comprises 370 on-target sequences and in total 6,416 potential
off-target sequences were analyzed to identify off-target effects.
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TABLE 5 | Overview on the validity assessment of all studies and the reason for validation.

Validity assessment Number of Reason for validity assessment outcomes Number of analyzed potential
studies off-target sites
High validity 326 All study validity assessment criteria were rated as “Yes” High validity: 2,267
Medium validity 44 Some potential off-target sequences were followed by a PAM Medium/High validity: 4,149
(n=28) Medium/Low validity: 154
Information are considerably incomplete (n = 15)
Only some potential off-target sequences show at least one
mismatch (n = 7)
Low validity 72 No on-target mutation was induced (n = 27) Low validity: 197
Reference genome has not been fully sequenced/sequencing
error when analyzing potential off-target sequences (n = 7)
Potential off-target sequences were not followed by a PAM (n
=15)
All potential off-target sequences have no mismatch (n = 5)
No information is provided (n = 23)
Overexpression of the sgRNA/Cas9 complex (n = 1)
Unclear validity 26 Lacking sufficient information to judge (n = 26) Unclear validity: 170

Within the studies rated as low validity, 197 potential off-target
sequences were assessed for the occurrence of off-target effects.
In addition, 154 potential off-target sequences identified from 44
studies were rated as medium/low validity as they didn’t fulfill
the required criteria [(i) sequences were not followed by a PAM
(ii) Information are incomplete (iii) on-target and off-target site
were identical]. Adding these sites in total, 351 potential off-
target sequences were rated as low or medium/low validity. One
hundred and seventy potential off-target sequences lack sufficient
information and were rated as unclear validity.

Characteristics of High and Medium/High Validity
Studies

In total, 370 studies were rated as having high or medium/high
validity. These studies analyzed a total number of 6,416
potential off-target sequences for the occurrence of off-target
effects. Table 6 summarizes key characteristics of these analyzed
sequences, including the applied nuclease variant, delivery
method and the number of analyzed potential off-target
sequences. Thirteen different nuclease variants were identified
that were applied and assessed for off-target effects in plants.
Mostly the nuclease SpCas9 was used (97%) followed by
Cpfl (1%), eSpCas9 (1.0) (0.5%), eSpCas9 (1.1) (0.5%), and
SaCas9 (0.5%).

In the large majority, the CRISPR/Cas system was delivered
into the cells via stable transformation of DNA (321 studies).
Thirty nine studies transiently supplied the CRISPR/Cas
system as plasmid DNA (DNA-transient). Eight studies used
a DNA-free approach by suppling the CRISPR/Cas system
as ribonucleoproteins (RNP) and two studies delivered the
CRISPR/Cas system via RNA sequence. More than 93% of the
analyzed potential off-target sequences were assessed when using
the standard nuclease SpCas9 and the system was supplied into
the cell as stably integrated DNA approach (DNA-stable).

Based on the results gained within the high and medium/high
validity studies, we conducted a meta-analysis and assessed five
different hypothesis about the occurrence of off-target effects

in CRISPR/Cas studies in plants. In addition, a descriptive
overview based on the identified evidence base is provided for
each hypothesis.

Meta-Analysis of High and Medium/High
Validity Studies

Binary regression analysis was conducted to evaluate if the
independent variables “number of mismatches,” “position of
mismatches proximal to the PAM,” “GC-content,” “nuclease
variant,” and “delivery method” affect the occurrence of off-
target effects. In a first step, a full model was fitted including
all variables as indicated in Table 4. Then, the full model was
reduced by removing the nuclease variant and the delivery
methods, as these variables appeared to be insignificant (reduced
model) (Figure 2). In a next step, a reduced model was fitted
including the remaining variables. Due to insignificance, the
reduced model was further reduced by removing the variable
GC-content as it appeared to be insignificant. Therewith we
gained the final model including the variables number of
mismatches and position of mismatches proximal to the PAM
(Figure 2). The final binary regression analysis revealed that the
number of mismatches and the position of mismatches proximal
to the PAM significantly affect the occurrence of off-target
effects, whereby the number of mismatches has the dominant
impact (Figure 2).

The whole model test, lack of fit test and likelihood ratio
effect test indicate that the final model fitted the data in
an appropriate and sufficient way (details are provided in
Supplementary Table 6). Furthermore, the observed accuracy
rate indicated that the final model predicted 92% of the recorded
off-target effects correctly i.e., correct assignment to the “Yes”
or “No” level of the dependent variable. In detail, the amount
of true negatives was higher than the amount of true positives,
indicated by a specificity of 0.98 and a sensitivity of 0.46. Due
to the bias in specificity and sensitivity, which can be caused by
unbalanced ratio between the Yes and No level of the dependent
variable, a ROC curve was additionally used to evaluate the model
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TABLE 6 | Overview about the characteristic items and frequency of studies rated as high and medium/high validity.

Study validity assessment n= Nuclease variant n= Delivery method n= Analyzed potential
off-target sequences
High validity and 370 SpCas9 311 DNA-stable 283 5,999
medium/high validity
DNA-transient 18 78
RNPs 8 133
RNA 2 9
Cpf1 20 DNA-stable 20 62
eSpCas9 (1.1) 8 DNA-stable 4 26
DNA-transient 4 7
eSpCas9 (1.0) 8 DNA-stable 3 24
DNA-transient 5 8
SaCas9 6 DNA-stable 2
DNA-transient 4
Others 17 DNA-stable 9 47
DNA-transient 8 14
RNR, Ribonucleoproteins; RNA, Ribonucleic acid.
Effect Summary Full Model
Source LogWorth PValue
Number of mismatches 55.281 0.00000
Mismatch/es within seed sequence 11.242 0.00000
GC-content 2.353 []] 0.00443
Delivery method 1.969 | | 0.01075
Nuclease variant 0.290 | " 0.51291
Effect Summary Reduced Model
Source LogWorth PValue
Number of mismatches 70.408 0.00000
Mismatch/es within seed sequence 12.326 | 0.00000
GC-content 1.813 1 P i 0.01540
Effect Summary Final Model
Source LogWorth PValue
Number of mismatches 71.397 [ ] 0.00000
Mismatch/es within seed sequence 12.484 ﬁ;l 4@ om o om o ow J 0.00000
FIGURE 2 | Effect summary of the binary regression analysis for the full model, the reduced model, and the final model. The LogWorth transformation adjusts P-value
to provide an appropriate scale for graphing. A value that exceeds 2 is significant.

fit. The ROC curve exceeded the diagonal and the corresponding
AUC value (0.92) indicates a model with good accuracy and a
high predictive ability (Supplementary Table 6). To verify the
five hypotheses odds ratios were calculated for the variables with
the final model.

Hypothesis 1: An increasing number of mismatches between
the on-target and the potential off-target sequence deceases the
probability that off-target effects occur.

The probability of the occurrence of an off-target effect if the
number of mismatches is one is 3.8, 36.7, or 160.6 times higher

than if the number of mismatches is 2, 3, or >4, respectively
(Table 7A). Therefore, the probability of the occurrence of an
off-target effect is highest for number of mismatches = 1 and is
lowest for the number of mismatches = >4. To conclude based
on the odds ratios calculated for the final model hypothesis 1 can
be confirmed.

Hypothesis 2: Mismatches within the first eight nucleotides
proximal to the PAM decrease the occurrence of the off-target effect.

The probability of the occurrence of an off-target effect if the
mismatches are not within the first eight nucleotides proximal to

Frontiers in Plant Science | www.frontiersin.org

11

November 2020 | Volume 11 | Article 574959


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Modrzejewski et al.

Off-Target Effects Caused by CRISPR/Cas

TABLE 7 | Odds ratios for number of mismatches and mismatch/es within seed sequence.

Level 1 Level 2 Odds Ratio Prob>Chisq Lower 95% Upper 95%
A) Number of mismatches
2 1 0.2661273 <0.0001 0.1661508 0.4262619
3 1 0.0272239 <0.0001 0.0135418 0.05473
3 2 0.1022967 <0.0001 0.0515393 0.2030414
>4 1 0.0062283 <0.0001 0.0024145 0.016066
>4 2 0.0234035 <0.0001 0.009159 0.0598016
>4 3 0.2287805 0.0069 0.0784442 0.6672328
1 2 3.7576002 <0.0001 2.3459754 6.0186306
1 3 36.732378 <0.0001 18.271515 73.845412
2 3 9.7754885 <0.0001 4.9251049 19.402668
1 >4 160.55728 <0.0001 62.243085 414.16069
2 >4 42.728674 <0.0001 16.72197 109.18209
3 >4 4.3710014 0.0069 1.4987273 12.747919
B) Mismatch/es within seed sequence
No Yes 0.48958322 <0.0001 3.1263158 7.6669071
Yes No 0.2042554 <0.0001 0.1304307 0.3198653
the PAM is 4.9 times higher than if the mismatches are within o
the first eight nucleotides proximal to the PAM (Table 7B). 5 60%
Therefore, based on the odds ratios calculated for the final model %f 60%
hypothesis 2 can be confirmed. S o

Hypothesis 3: A lower GC-content of the target sequence g
decrease the occurrence of off-target effects. ?; 0%

The variable GC-content did not significantly contribute to £ 30% 6%
the fitted model and were not included as independent variable in 3
the binary logistic regression analysis. Therefore, it is not possible g 20%
to confirm this hypothesis. é 10% -

Hypothesis 4: Improved nuclease variants decrease the & 0%
occurrence of off-target effects. o " 5 5 1

The variable nuclease variant did not significantly contribute Mistiatohes barweenionstifgeeand ofbtarget sequents
to the fitted model and were not included as independent variable
in the binary logistic regression analysis. Therefore, it is not FIGURE 3 | Percentage of detected off-target effects for one (1 = 154), two (n
possible to confirm this hypothesis. = 218), three (n = 356), and four or more (n = 5,688) mismatches.

Hypothesis 5: The period in which the CRISP/Cas construct is Caloulgtion: Number of detected off-target effects/number of analyzed

L potential off-target sequences.
active in the plant cell affects the occurrence of off-target effects.

The delivery method did not significantly contribute to the
fitted model and were not included as dependent variable in the
binary logistic regression analysis. Therefore, it is not possible to
confirm this hypothesis.

Descriptive Synthesis of High and

Medium/High Validity Studies

The 370 studies rated as high or medium/high validity assessed
a total amount of 6,416 potential off-target sequences. One
hundred and fifty four analyzed potential off-target sequences
showed one mismatch (2.4% of the total analyzed sequences), 218
had two mismatches (3.4%), 356 had three mismatches (5,6%),
while the remaining 5,688 sequences (88,7%) referred to four or
more mismatches.

Hypothesis 1: Number of Mismatches
Hypothesis 1: An increasing number of mismatches between the
on-target site and the potential off-target sequence decreases the
likelihood that off-target effects occur.

It is purported that the main factor to control off-target
effects is a careful selection of the target sequence (Hsu et al.,
2013; Zhu et al., 2017; Zischewski et al., 2017). This hypothesis
aims to assess the occurrence of off-target effects depending on
the number of mismatches between the on-target and potential
off-target sequences.

As shown in Figure 3, the number of identified off-target
effects steeply decreases the more mismatches occur between
the on-target and potential off-target sequences. One mismatch
in respect to the on-target sequence lead to the detection of
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off-target effects in 93 out of 154 analyzed potential off-target
sequences (59%). Two mismatches decreased the occurrence
of off-target effects to 26% (57 identified off-target effects
out of 218 analyzed potential off-target sequences). Three
mismatches between the on-target and potential off-target
sequence decreased the off-target rate to 3% (11 identified
off-target sequences out of 356 analyzed potential off-target
sequences). Four or more mismatches further decreased the oft-
target rate to 0.09% (five off-target effects out of 5,688 analyzed
potential off-target sequences). The five identified off-target
effects had two times four and five mismatches each and once
six mismatches.

Conclusions for Hypothesis 1

The data clearly indicate that the likelihood of off-target effects
can be minimized drastically by selecting a target sequence that
shows more than three mismatches to any similar sequences in
the genome.

Consequences of Hypothesis 1 for the Evaluation of
the Hypotheses 2-5

The results for the first hypothesis show that the number
of mismatches to the target sequence has a very strong
influence on the occurrence of off-target effects. In addition,
it was shown that off-target effects occur at considerable
low likelihood when the potential off-target sequences bear
at least four mismatches. Therefore, the hypotheses 2-5 will
be examined separately for one and two mismatches to
elucidate a consideration independently from the interfering
number of mismatches. In addition, detected off-target effects
containing three or more mismatches to the target sequence
will be reviewed though the likelihood of an effect is
generally low.

Hypothesis 2: Position of Mismatches
Hypothesis 2: Mismatches within the first eight nucleotides
proximal to the PAM sequence decrease the occurrence of off-
target effects.

It was considered that mismatches occurring within the first
nucleotides proximal to the PAM determine the occurrence
of off-target effects, leading to a decreased or even complete
abolition of off-target effects (Hsu et al., 2013; Endo et al., 2015;
Hahn and Nekrasov, 2018). This hypothesis aims to assess the
occurrence of off-target effects considering the position of the
mismatch/es in potential off-target sequences.

One Mismatch Between the On-Target and the
Potential Off-Target Sequence

In total, 154 potential off-target sequences with one mismatch
were assessed for off-target effects. Because of the limited set
of data, we analyzed the incidences of off-target effects based
on the position of the mismatch proximal to the PAM in five
intervals of four nucleotides each covering the whole guide
sequence (Figure 4). If the mismatch occurred at position one
to four proximal to the PAM, off-target effects were detected
in 33% of the analyzed sites [nine off-target effects identified
out of 27 potential off-target sequences (9/27)]. A mismatch at
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FIGURE 4 | Percentage of detected off-target effects for one mismatch based
on the position the mismatch is located proximal to the PAM. The guide
sequence is divided in five intervals of four nucleotides each (Position 1-4
proximal to the PAM, position 5-8, 9-12, 13-16, 17-21. Yellow: Number of
studies with detected off-target effects; blue: Number of studies without
detected off-target effects; Red: Percentage of detected off-target effects for
each interval.

position five to eight proximal to the PAM showed a similar
off-target rate of 35% (8/23). The off-target rate considerably
increased to 50% when the mismatch was located at position 9-
12 (11/22) and up to 87% in case the mismatch was located at
position 13-16 (20/23). A high off-target rate of 76% (45/59) was
also observed when the mismatch was located at position 17-21
to the PAM.

Two Mismatches Between the On-Target and the
Potential Off-Target Sequences

Two hundred and eighteen potential off-target sequences with
two mismatches were assessed for off-target effects. We draw a
cross table to display the off-target rate based on the position of
the two mismatches proximal to the PAM within the intervals
as before (Figure5). The results indicate that the further the
mismatches are distant from the PAM the higher the off-target
rate. The results also indicate that the off-target rate increases
when the two mismatches are located close to each other.
When both mismatches are located within the seed sequence
at positions five to eight, off-target effects occurred in 35% of
the analyzed potential off-target sequences (six off-target effects
were detected out of 17 potential off-target sequences). This rate
is in the same range as if the potential off-target sequence has
only one mismatch located at the position five to eight (35%).
In case both mismatches are located at position 9-12, 13-16,
or 17-21, off-target effects were detected in in a range up to
52% of the analyzed potential off-target sequences. In case the
two mismatches were more distant from each other, off-target
effects occurred less frequent. Independently of the position of
the mismatches to the PAM, in case the two mismatches were
directly next to each other, the off target rate was 38%. In case
the mismatches were not located next to each other, the off-target
rate was only 15%.
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FIGURE 5 | Incidence of off-target effects when two mismatches occur
proximal to the PAM. (x/y): (“x” off-target effects identified/“y” potential
off-target sequences analyzed).

Three and More Mismatches Between the Target
Sequence and the Potential Off-Target Sequence
Only 0.27% off-target effects (16 out of the 6,028) were detected
when there were three or more mismatches. Seven of these
sequences had one mismatch between position one to eight
proximal to the PAM and the remaining ones beyond position
eight. In nine potential off-target sequences, all mismatches were
located beyond position eight.

Conclusion for Hypothesis 2

The data base (i.e., number of cases per class) for one
and two mismatches is relatively limited, but based on the
available evidence, there is a tendency that off-target effects
are reduced when the mismatch/es are located within the first
eight nucleotides proximal to the PAM. If the mismatch/es
are located within this region, off-target effects appear reduced
compared to the case when the mismatch/es are located
outside the seed sequence. Nevertheless, the database regarding
one mismatch indicates, that even when the mismatch is
located inside this region off-target effects still occurred in
around one third of the analyzed potential off-target sequences
(compared to 59% observed for the whole guide sequence
in Figure 3). It is further indicated that adjoined mismatches
increase the likelihood of off-target effects. Hence, care should
be taken when selecting a target sequence that the mismatches
of potential off-target sequences are not located next to
each other.

Hypothesis 3: GC-Content
Hypothesis 3: A lower guanine-cytosine (GC)-content of the target
sequence decreases the occurrence of off-target effects.

Some scientists suggested that the GC-content of a chosen
target sequence may influence off-target effects, as a high GC-
content stabilize the sRNA/genomic DNA hybridization (Fu
et al., 2013). Therefore, it is estimated that a low GC-content
decreases the occurrence of off-target effects (Yu et al., 2017).
This hypothesis aims to assess whether the GC-content affects the
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FIGURE 6 | Rate of identified off-target effects assessing potential off-target
sequences with (A) one mismatch (B) two mismatches (C) one and two
mismatches to the target sequence considering the GC-content of the
protospacer.

occurrence of off-target effects. The GC-content was calculated as
follows: GC = #{G or C in guide}/guide_length.

One Mismatch Between the Target Sequence and the
Potential Off-Target Sequence

Figure 6A considers the number of analyzed potential off-target
sequences having one mismatch to the target sequence in relation
to the GC-contents of the target sequence. The target sequences
had a GC-content in a range of 30 and 90%. Due to the limited
database, we subdivided the potential off-target sequences in
three groups based on the GC-content: 30-49, 50-69, and 70-
89%. In case the GC-content was between 30 and 49% (n = 54
analyzed potential off-target sequences), 60% of the analyzed oft-
target sequences showed off-target effects. A similar off-target
rate was detected when the GC-content was between 50 and 69%,
as 65% of the analyzed sequences showed oft-target effects (n
= 71). If the GC-content was between 70 and 89% (n = 29),
off-target effects were detected at 48% of the analyzed sequences.
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Two Mismatches Between the Target Sequence and
the Potential Off-Target Sequences

Regarding two mismatches, the GC-content of the target
sequences varied in a range of 25 to 95%, but only two sequences
had a GC-content below 30% and two higher than 90%. Based on
these findings we subdivided the potential off-target sequences in
three groups based on the GC-content: <49, 50-69, and >70%.
As shown in Figure 6B the number of identified off-target effects
increased from 4% identified off-target effects for a GC-content
lower than 49% (n = 45 analyzed sequences), over 17% when the
GC-content was between 50 and 69% (n = 53), to 40% in case the
GC-content was higher than 70% (n = 110).

Regarding one mismatch, the results indicate that the
occurrence of off-target effects is decreased when the GC-content
is >70%, whereas when considering two mismatches, it seems
that the off-target rate is increasing when the GC-content is
>70%. These results may indicate an interaction with the number
and location of mismatches, though it cannot be resolved from
the given data set. In Figure 6C, we assessed off-target effects
for different GC-contents of the target sequence for one and two
mismatches combined.

Three and More Mismatches Between the Target
Sequence and the Potential Off-Target Sequence
Regarding three mismatches, in total 11 off-target effects were
identified. In four cases the targeted sequence had a GC-content
lower than 50%. Four off-target effects were detected when the
target sequence had a GC-content between 50 and 69% and in
three cases the target sequence had a GC-content higher than
70%. Regarding at least four mismatches five off-target effects
were identified and three of these sequences had a GC-content
lower than 50%, while two ones had a GC-content between 50
and 69% (details are provided in Supplementary Table 4).

Conclusion for Hypothesis 3

Based on the available evidence the results do not indicate that
the occurrence of off-target effects shows an obvious trend in
relation to the GC-content of the protospacer sequence. Due to
the limited database it was not possible to analyze in detail the
GC-content independently of further factors potentially affecting
off-target effects.

Hypothesis 4: Nuclease Variant
Hypothesis 4: Improved nuclease variants decrease the occurrence
of off-target effects.

Much effort is spend into the research of new nucleases
and the further development of existing ones. Off-target effects
may be reduced due to longer recognition sequences (e.g.,
SaCas9), different PAMs (e.g., Cpfl) or protein-engineered
approaches resulting in altered SpCas9 variants (e.g., SpCas9-
HF). Hypothesis 4 aims to investigate off-target effects in different
nuclease variants.

Table 8 provides an overview about the analyzed potential
off-target sequences for different nuclease variants. In total, 13
different nucleases were investigated. Six thousand two hundred
and nineteen potential off-target sequences were analyzed using
the standard SpCas9 nuclease (97% of the total). Further 197

potential off-target sequences were analyzed with regards to
the nuclease variants Cpfl (1%), eSpCas9 (1.1) (0.5%), eSpCas9
(1.0) (0.5%), and SaCas9 (0.1%). Another 61 potential off-
target sequences (1% of the total) were analyzed for nucleases
like eSaCas9, Cas9-HF1, VQR variants, xCas9 3.7, SpCas9-DE,
SpCas9-KA, or truncated SpCas9. Since none of these nuclease
variants were analyzed in more than three studies their data
were summarized among “others.” As the data pool is quite
limited except for SpCas9, the direct comparison of the general
off-target activity for different nucleases is only rarely possible.
The investigated potential off-target sequences of the different
nuclease variants differ strongly in the number of mismatches.
Regarding the Cpfl nuclease, only seven potential off-target
sequences were examined with one or two mismatches to
the target sequences (11%), while the remaining 55 sequences
had three or more mismatches. In contrast, the potential off-
target sequences of the mutated SpCas9 variants eSpCas9 (1.1)
and eSpCas9 (1.0) had one or two mismatches in 91-97%
of the investigated sequences, while no sequence had four or
more mismatches. Nevertheless, in all nuclease variants off-
target effects have been identified if the potential off-target
sequence differs from the target one in just one mismatch.
Since the data basis is limited for all nucleases with except
for the standard nuclease SpCas9, no reliable conclusions
can be made about differences in the specificity of different
nuclease variants.

However, in three articles, targeted experiments were
conducted by applying the same study design differing just
by the nuclease variant to directly compare their off-target
effects. In the first article four different nuclease variants
(CRISPR/SpCas9, CRISPR/eSpCas9 (1.0), CRISPR/eSpCas9
(1.1), and CRISPR/SpCas9-HF1) were compared for off-target
effects (Zhang et al, 2017). The off-target analysis showed
that the three altered SpCas9 variants CRISPR/eSpCas9
(1.0), CRISPR/eSpCas9 (1.1), and CRISPR/SpCas9-HF1 had
substantially less off-target effects compared to the wild type
SpCas9 variant and SpCas9-HF1 consistently exhibited the
lowest off-target activity at the five examined potential off-target
sequences. In addition, the on-target: off-target indel frequency
ratios of the three altered SpCas9 variants were, on average,
273-fold higher compared to wild type SpCas9. However,
no nuclease variant was completely free of off-target effects
when there was just one mismatch between the on-target and
potential off-target sequence. Raitskin et al. (2019) conducted
three experiments. In the first one they directly compared five
variants of SpCas9 [CRISPR/SpCas9, CRISPR/SpCas9-DE,
CRISPR/SpCas9-KA, CRISPR/eSpCas9 (1.0), CRISPR/eSpCas9
(1.1.)] by designing a set of five sgRNAs each with a mutation
in a different base of the spacer. Results indicate that while
the number of mutations induced by standard SpCas9 was
significantly reduced when the spacer contained a mutation
in the region close to the PAM, the presence of a mismatch
between the spacer and target in the distal region had minimal
effects. In contrast, the frequency of mutations induced by
the variants eCas9 1.0 and 1.1 was significantly reduced by a
mismatch in any region of the sgRNA (Raitskin et al., 2019). In
the second experiment, four nuclease variants [CRISPR/SpCas9,
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TABLE 8 | Overview about the characteristics of analyzed potential off-target sequences using different nuclease variants.

Nuclease variant Number of studies Analyzed potential

Number of mismatches Analyzed potential Off-target effects

off-target sequences off-target sequences identified

SpCas9 311 6,219 1 mismatch 95 54
2 mismatches 147 35
3 mismatches 344 10
>4 mismatches 5,628 5

Cpft 20 62 1 mismatch 4 3
2 mismatches 3 0
3 mismatches 4 0
>4 mismatches 51 0

eSpCas9 (1.1) 8 33 1 mismatch 9 6
2 mismatches 21 9
3 mismatches 3 1
>4 mismatches 0 -

eSpCas9 (1.0) 8 32 1 mismatch 10 8
2 mismatches 21 8
3 mismatches 1 0
>4 mismatches 0 -

SaCas9 6 9 1 mismatch 4 4
2 mismatches 1 0
3 mismatches 0 -
>4 mismatches 4

Others 17 61 1 mismatch 32 18
2 mismatches 25
3 mismatches
>4 mismatches 0 -

CRISPR/eSpCas9 (1.0), CRISPR/eSpCas9 (1.1), CRISPR/xCas9
3.7] were compared and eight targets were addressed, all having
one mismatch to a potential off-target sequence. Wild type
SpCas9 induced eight on-target mutations and mutations were
detected in all corresponding off-target sequences. Compared
to this the SpCas9 variants were only able to induce mutations
at three [CRISPR/eSpCas9 (1.0), CRISPR/xCas9 3.7] or four
[CRISPR/eSpCas9 (1.1)] on-targets and these variants did not
always reduce mutagenesis at the off-target sequences. In the
third experiment the efficiency and specificity of SaCas9 was
compared with eSaCas9 by addressing four sequences that
have a potential off-target sequence with one mismatch. Sa
Cas9 induced mutations at all four on-targets as well as the
corresponding potential off-target sequences, while eSaCas9
were only able to induced three on-target mutations and
only one potential off-target sequence was mutated (Raitskin
et al,, 2019). In the third study, Endo et al. (2019) compared
off-target mutations induced by SpCas9 and SpCas9-NGvl in
rice. The results showed that off-target effects were detected
for wild type SpCas9 when there was one mismatch at
position 19 proximal to the PAM, while no mutations were
detected when the mismatch was located at the 6th nucleotide
from the PAM. Compared to this, no off-target effects were
detected for SpCas9-NGvl independently on the position of
the mismatch.

Conclusion for Hypothesis 4

The data pool for the occurrence of off-target effects when
employing the standard nuclease SpCas9 is large. For all
other nuclease variants, we identified only a very limited
number of analyzed potential off-target sequences. Therefore, no
conclusions can be made regarding this hypothesis providing
a general tendency. However, a few investigations directly
compared different nuclease variants. In these experiments the
likelihood of off-target effects was reduced by using alternative
nucleases, but off-target effects were not completely excluded
when sequences were similar to the target sequence.

Hypothesis 5: Delivery Method
Hypothesis 5: The period in which the CRISPR/Cas system is active
in the plant cell affects the occurrence of off-target effects.

A further aspect that may have an impact on the occurrence
of off-target effects is the delivery of the CRISPR/Cas system
into the plant cell. It can be delivered to the (plant) cell either
as DNA (transiently or stably expressed), RNA or directly as
Ribonucleoproteins (RNP). Stable transformation leads to a
permanent expression of the CRISPR/Cas system compared
to the other approaches in which the CRISPR/Cas system is
available only for a limited time. Therefore, it is assumed that
a permanent expression leads to an increased on-target as well
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as an increased off-target impact (Zischewski et al., 2017; Metje-
Sprink et al.,, 2018; Jansing et al., 2019). Additionally, DNA-
free approaches using RNP or RNA may further reduce off-
target effects, as the CRISPR/Cas system is degraded rapidly
within the range of few days and the mode of action is only
present in the edited cells but not in the regenerated plants
(Woo et al, 2015; Metje-Sprink et al., 2018). Hypothesis 5
aims to investigate off-target effects considering the period of
time in which CRISPR/Cas9 is active provoked by different
delivery methods.

Table 9 provides an overview about the number of analyzed
potential off-target sequences for different delivery methods.
Three hundred and twenty one studies delivered the CRISPR/Cas
system as DNA with stable integration into the genome and
subsequent expression (referred as DNA-stable in the table).
Within these studies, 6,163 potential off-target sequences were
analyzed (96% of the total). Thirty nine studies supplied the
CRISPR/Cas system as DNA but the system was not integrated
into the genome and hence only transiently expressed; in total
111 potential off-target sequences were analyzed (referred as
DNA-transient in the table). In eight studies, RNP were used to
deliver directly the nuclease and the RNA and 133 potential off-
target sequences were analyzed. In two studies, RNA was used
to deliver the CRISPR/Cas system into the plant cell and nine
potential off-target sequences were analyzed.

The off-target rate for the DNA-stable approach and RNP
appear around 2%, which is much lower than for the DNA-
transient approach with 39%. But, examining the data in detail
also demonstrate that the data for the different delivery methods
represent considerable systematic differences in the likelihood
that off-target effects can be observed: following from the results
derived for hypothesis 1 the uneven distribution of low and high
number of mismatches between the delivery methods counteract
a balanced evaluation. Applying the DNA-stable approach, only
5% of the investigated potential off-target sequences represent
one or two mismatches to the target sequence (with higher
likelihood of off target effects) while for the DNA-transient
approach 52% of the off-target sequences investigated referred to
one or two mismatches. This unequal distribution of the numbers
of mismatches per sequence in the analyzed samples is as well-
pronounced for the investigation conducted with RNP. Only 4%
off-target sequences differed from the target sequence in one or
two mismatches, while 96% had at least three mismatches. Due to
the low comparability of included studies, no sound conclusions
can be drawn based on the general overview of all studies.

Three targeted experiments were conducted by applying
the same study design, differing just by the delivery method
to directly compare off-target effects. Two of these articles
were published by one institution and delivery methods (DNA-
stable, DNA-transient, RNP, RNA) were applied and compared
in hexaploid bread wheat (Zhang et al, 2016; Liang et al.,
2017). The authors edited a target sequence of the TaGW2
gene, which shows identical sequences on the chromosomes
B and D, whereas on chromosome A it has one mismatch at
position nine proximal to the PAM. Independently of the applied
delivery methods, an off-target effect occurred at this potential
off-target sequence. However, Liang et al. reported that RNP

showed a decreased on-target and off-target mutation frequency
compared to the DNA-transient approach [RNP: Mutagenesis
frequencies for TaGW2-B1 and -D1 (on-target): 33.4 and 21.8%,
for TaGW2-A1 (oft-target): 5.7%; DNA-transient: Mutagenesis
frequencies for TaGW2-B1 and -D1 (on-target): 42.2 and 35.6%,
for TaGW2-Al (off-target): 30.8%] (Liang et al., 2017). Zhang
et al. reported that delivering the system as RNA, the on- and
off-target mutation frequency decreased compared to DNA-
stable and DNA-transient delivery approach (RNA: Mutagenesis
frequencies for TAGW2-B1 and -D1 (on-target): 1.1 and 1.1%,
for TaGW2-A1l (off-target): 0.4%; DNA-stable: Mutagenesis
frequencies for TaGW2-B1 and -D1 (on-target): 2.9 and 2.6%,
for TaGW2-A1 (oft-target): 2.0%; DNA-transient: Mutagenesis
frequencies for TaGW2-B1 and -D1 (on-target): 2.9 and 3.0%, for
TaGW2-Al (off-target): 2.3%) (Zhang et al., 2016). In addition, in
this study, further potential off-target sequences were predicted
and analyzed. Eight potential off-target sequences with three to
four mismatches to the target sequence were analyzed for the
DNA-stable, DNA-transient and RNA approach but none of these
showed the occurrence of off-target effects (Zhang et al., 2016).
In another article, Svitashev et al. (2016)) conducted a DNA-
stable and RNP delivery experiment by addressing the MS45
gene in rice (Svitashev et al., 2016). This site had one potential
off-target sequence with two mismatches at position 12 and 20
proximal to the PAM. In both experiments off-target effects were
detected, but the RNP off-target mutation rate was decreased
compared to the DNA-stable delivery approach [DNA-stable:
Mutagenesis frequency for MS45 (on-target): 0.34%, MS45 (oft-
target sequence): 0.18%; RNP: Mutagenesis frequency for MS45
(on-target): 0.69%, MS45 (off-target sequence): 0.01%].

Conclusion for Hypothesis 5

The data pool to assess this hypothesis for the occurrence of off-
target effects when applying the DNA-stable approach is large,
while for DNA-transient, RNP and RNA only a limited number
of analyzed potential off-target sequences exist. Therefore, based
on the available evidence it is not possible to conclude on this
hypothesis. However, direct comparison of different delivery
methods indicate that the off-target rate can be reduced (but not
totally avoided) by delivering the CRISPR/Cas system to the plant
cell either as DNA-transient, RNA or RNP.

Descriptive Synthesis of Low and
Medium/Low as Well as Unclear Validity

Studies

Studies of Low and Medium/Low Validity

In total, 72 studies were rated as having low validity and
44 as having medium/low validity. The reason for rating
as low or medium/low validity is summarized in Table 5.
Detailed information about the validity assessment of all
studies including the reason for the classification is provided
in Supplementary Table 5. Twenty seven studies were rated
as low validity as the CRISPR/Cas technique did not induce
an on-target mutation. Within these studies, three off-target
effects were detected in three different studies. Two of these
studies had additional differences between the genotype and
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TABLE 9 | Overview about the characteristics of analyzed potential off-target sequences using delivery methods to deliver the CRISPR system into the plant cells.

Nuclease variant Number of studies Analyzed potential

off-target sequences

Number of Analyzed potential Off-target

mismatches off-target sequences effects identified

DNA-stable 321 6,163
DNA-transient 39 111
RNP 8 133
RNA P} 9

1 mismatch 101 52
2 mismatches 207 55
3 mismatches 323 9
>4 mismatches 5,632 4
1 mismatch 51 39
2 mismatches 7 1
3 mismatches 18 2
>4 mismatches 35 1
1 mismatch 1 1
2 mismatches 4 1
3 mismatches 13 0
>4 mismatches 115 0
1 mismatch 1 1
2 mismatches 0 -
3 mismatches 2 0
>4 mismatches 6 0

RNF, Ribonucleoproteins; DNA, deoxyribonucleic acid; RNA, ribonucleic acid.

the reference genome that may explain off-target effects. In one
study no on-target mutation was detected but a potential off-
target sequence with one mismatch at position 20 proximal
to the PAM showed an oft-target effect. In seven studies, no
reference genome has been fully sequenced or the authors remark
that sequencing errors may be responsible for off-target effects.
Within these studies, four off-target effects were detected in three
different studies. In 15 studies, no PAM followed the analyzed
potential off-target sequences. No mutations were detected when
assessing potential off-target effects in these studies. In four
studies, the identified so called “off-target sequences” were
actually identical to the on-target sequence. In three of these
studies, mutations were detected. Twenty three studies didn’t
provide any information about the analyzed potential off-target
sequences, and in none of these studies off-target effects were
reported. In one study, the sgRNA/Cas9 complex was extremely
overexpressed but no information were provided how this was
achieved. Within this study, 10 potential off-target sequences
were analyzed and eight off-target effects have been identified.
All of these sequences had three or four mismatches to the
target sequence.

Regarding studies rated as having medium/low validity, in
28 studies potential off-target sequences were assessed, but not
all of the analyzed potential off-target sequences were followed
by a PAM. Potential off-target sequences without a PAM were
selected as medium/low validity and no off-target effects had
been detected in any of these sequences. Fifteen studies used
Whole Genome Sequencing but information about potential off-
target sequences were incomplete. None of these potential off-
target sequences with incomplete information were documented
showing off-target effects. In seven studies, some named oft-
target sequences were actually identical to the on-target sequence
and one off-target mutation was detected.

Studies of Unclear Validity

Corresponding authors of studies that lack sufficient information
on study conduct were asked to provide missing information
but for 26 studies we did not get any response. In 18 studies,
potential off-target sequences were analyzed but no information
was provided whether a PAM followed the potential off-target
sequences. Within these studies, two off-target effects were
detected. One off-target effect had one mismatch at position nine
proximal to the PAM and the other one had two mismatches
at position eight and 20 proximal to the PAM. Eight studies
were rated as unclear validity as the provided information about
potential off-target sequences were convoluted. In five studies,
the potential off-target sequence could not be assigned to any
target sequence. Another three studies focused on the first 12
nucleotides proximal to the PAM only, while no information
about the nucleotides 13 to 20 have been provided. For details
see Supplementary Table 5.

DISCUSSION

Factors Affecting Off-Target Effects
Caused by the Use of CRISPR/Cas in

Plants

This systematic review aimed to collect and synthesize the
available evidence about factors that may affect the occurrence of
off-target effects caused by the application of CRISPR/Cas-system
in plants. The 370 studies rated as high or medium/high validity
assessed a total amount of 6,416 potential off-target sequences
indicating a robust evidence base. However, only 154 analyzed
potential off-target sequences showed one mismatch (2.4% of the
total analyzed sequences) and 218 had two mismatches (3.4%
of the total analyzed sequences), while the remaining 6,044
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sequences (94.2%) referred to three or more mismatches. The
reason for this may be that it is frequently recommended to select
target sequences with at least three mismatches to other similar
sequences and in many articles this criterion has been taken into
account when choosing a target sequence (e.g., Collonnier et al.,
2017; Martin-Pizarro et al., 2019). The fact that there are several
studies in which potential off-target sequences with one or two
mismatches have been investigated may have two reasons:

i. A target sequence was deliberately chosen with other very
similar sequences in the genome in order to further investigate
the occurrence of off-target effects.

ii. Polyploidic plant species were edited that have highly similar
homoeoalleles with only one nucleotide mismatch. In these
cases off-target effects can be a benefit by increasing the
multiplexing capacity (Jacobs et al., 2017).

The evidence base was well-suited to confirm hypothesis 1
that an increase number of mismatches between the on-target
sequence and the potential off-target sequence steeply decreases
the likelihood that off-target effects occur. Descriptive and
quantitative analysis clearly indicate that there is a significant
difference in the occurrence of off-target effects for one, two,
three, and at least four mismatches. Within this pool of data,
the off-target rate (Number of detected off-target effects/number
of analyzed potential off-target sequences) for one mismatch
appeared to be nearly 60% of the analyzed sequences, while
nearly no off-target effect occurs for a sequence with at least four
mismatches to further similar sequences in the genome. These
findings are in line with several articles published so far (e.g., Fu
et al.,, 2013; Hahn and Nekrasov, 2018; Doll et al., 2019). The
observation that a single mismatch between on- and off-target
sequences often leads to off-target effects while designing a highly
specific sgRNA reduces oft-target effects to a minimum allows
a flexible choice of sgRNA design depending on the research
question. This flexibility can be used as benefit either to mutate
several similar alleles in a single experiment or to design a
highly specific sgRNA which possesses four or more mismatched
positions to all other sequences in the genome.

Potential off-target sequences with three or more mismatches
were not suitable to investigate hypotheses 2-5 in detail, as
independently on the position of mismatches proximal to the
PAM, the GC-content of the protospacer, the used nuclease
variants and the applied delivery methods, nearly no off-target
effects occurred. Therefore, hypotheses 2-5 were descriptively
investigated for one and two mismatches separately comprising
a total evidence base of only 352 analyzed potential off-target
sequences. Although, the data base for one and two mismatches
is limited, based on the available evidence there is a tendency
that off-target effects are reduced when the mismatch/es are
located within the first eight nucleotides proximal to the PAM.
Statistical meta-analysis also indicates that the position of the
mismatch/es significantly affects the occurrence of off-target
effects but less intense compared to the number of mismatches
of the on-target and off-target sequences. These results are
consistent with previous findings (e.g., Mali et al., 2013; Endo
et al,, 2015; Jiang et al,, 2015). However, the data base is fairly
limited to define properly the number of nucleotides that form

the “seed sequence”; but based on the reviewed data we suggest
to define it to be eight nucleotides proximal to the PAM. If
the mismatch/es are located within this region off-target effects
are reduced compared to when the mismatch/es are located
outside the seed sequence. The data pool for one mismatch
indicates that even if the mismatch is located inside the defined
seed sequence, off-target effects may still occur in about one
third of the potential off-target sequences which, nevertheless,
is half the rate of cases compared with a mismatch at any
position of the target sequence. The data pool for two mismatches
further indicates that care should be taken when selecting a
target sequence for genome editing with at least two potential
mismatches that these are not located next to each other; but
further research is needed to address this aspect more thoroughly.
There was no clear indication found that the GC-content of the
target sequence significantly affects the occurrence of off-target
effects. In one article it was argued that the low GC-content
of the target sequence (45%) is the reason that no off-target
effects occurred (Yu et al,, 2017), but actually the potential oft-
target sequences showed four and seven mismatch to the target
sequence which could be sufficient to reduce the likelihood
to zero according to the conclusion drawn for hypothesis 1.
Regarding the nuclease variants and the delivery methods the
given data base is considerably poor as the large majority of
studies applied the standard nuclease SpCas9 and a cassette for
the CRISPR/Cas system were stably integrated to the genome.
The available evidence does not allow to conclude that altered
nuclease variants or delivery methods significantly reduce the
occurrence of off-target effects in general. However, a limited
number of articles directly compare different delivery methods
or nuclease variants indicate that such different approaches
might decrease the occurrence of off-target effects but cannot
completely preclude it.

In the given set of data it is likely that various factors
have overlapping impacts. Either different intensities and/or
insufficient data may have limited their quantitative assessment.
This review highlighted the number of mismatches and
the occurrence of mismatches in the seed sequence as
significant impact factors determining off-target effects of the
CRISPR/Cas-System in plants in a general overview of published
scientific studies.

Reasons for Heterogeneity

Besides the limited evidence base to answer hypotheses 2-5 in
more detail, the individual studies differ widely in design and
conduct. Considering all analyzed potential off-target sequences
with one or two mismatches, we identified heterogeneity between
studies regarding:

(i) The position of mismatches proximal to the PAM:
Nucleotide mismatches occurred in 21 different positions
proximal to the PAM.

(ii) The GC-content of the protospacer: GC-content varied
widely between 25 and 95%.

(iii) The used nuclease variants: In total, 13 different nuclease
variants were used.
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(iv) The applied delivery method: The CRISPR/Cas system was
supplied to the plant cell either as DNA (stably or transiently
expressed), RNA or directly as RNP, consequently leading to
different amounts of protein and varying exposure times of
the protein to the target DNA.

Beside to these factors that were assessed within this systematic
review, additional characteristics further increased heterogeneity:
In total, 43 different plant species were used for the application of
CRISPR/Cas. In principle, plants with bigger genomes and higher
ploidy levels have statistically more similar sequences to the target
sequence in the genome than those with small genomes and a
diploid set of chromosomes. In most studies a biased detection
method approach was applied to identify potential off-target
sequences, meaning that only one or a few similar sequences
were identified a priori and only these sequences were assessed
for the detection of off-target effects. However, this approach is
not suitable for assessing the influence of the genome size of
different plant species on off-target effects. The ploidy level may
have a stronger influence on the occurrence of off-target effects
as polyploidic plants may have very similar homoeoalleles with
only a single nucleotide mismatch. Editing one of such sequences
may increase the finding of off-target effects. However, as it is
often intended to edit all homoeoalleles scientists may look for
desired off-target cutting (Wang et al., 2014; Liang et al., 2017).
In addition, many different bioinformatics tools and detection
methods have been used to predict potential off-target sequences
and to investigate them for off-target effects.

Review Limitations

Limitations of the Review Methodology

The search for relevant literature was limited to German and
English language, whereby all identified relevant literature was
in English. Therefore, we might have missed studies published
in other languages. More than half of the relevant studies were
conducted in an Asian country and literature was also identified
in Asian languages but excluded on title/abstract level due to
language barriers. It can be assumed that a literature search
in these languages would identify further relevant studies. In
addition, no studies have been identified with corresponding
authors from South America, although it is known that genome
editing is already broadly used there. A search in Spanish
or Portuguese would possibly also identify additional relevant
literature. Nevertheless, a detailed evaluation of each author’s
role and locations which would provide more details about any
international cooperation was not in the scope of this review.
The full text of 49 articles that have been rated as relevant
on title/abstract level were not accessible within the course of
the review project and therefore they were not included in this
systematic review (see Supplementary Table 2).

Limitations of the Evidence Base

Altogether the evidence base is comprehensive with over 6,400
analyzed potential off-target sequences. This was sufficient to
evaluate and identify some general key factors which determine
the occurrence of off-target effects. However, more than 94%
of the analyzed sequences represented cases with three or more

mismatches to the target sequence. Since off-target effects rarely
occurred in these sequences, the evidence base was not adequate
to allow clear conclusions about all but two factors potentially
affecting the occurrence of off-target effects. In addition, the
available studies were very heterogeneously designed. Therefore,
the assessment of the hypotheses regarding the roles of the
GC-content, the nuclease variant and the delivery method were
restricted and no concluding evaluation can be made for those
factors. This identified evidence gap needs to be filled by
systematic studies that apply the same study design varying just
the specific form of one impact factor to be tested (e.g., the
delivery method or the nuclease variant). For these experiments,
one should use an almost identical reference sequence in several
different plant species to allow a more generalizing evaluation
of their potential to affect the occurrence of off-target effects. In
addition, more experiments should be done designing a set of
sgRNAs for a specific target each with a mutation in a different
base of the whole sgRNA (similar ones have been done in (e.g.,
Zhang et al., 2017; Raitskin et al., 2019). Doing so, it is for
example possible to address the weight of each sgRNA position
for on- and off-target activity and in parallel to evaluate the
importance of proper folding of the HNH domain as well. It
might came out that for a given target a less perfect sgRNA can
achieve even higher on-target rates due to better HNH folding or
tighter DNA:RNA binding.

CONCLUSIONS

Implication for Policy/Management

The risk of off-target effects in plants caused by genome editing
approaches as by the broadly employed CRISPR/Cas system is
not as critical as in clinical research. As for the latter side effects
have to be excluded to protect future patients, for plants the
identified off-target mutations can be segregated by outcrossing
or mutants without off-target effects can be selected for further
variety development (Zhang et al., 2016). Since plant breeding
is the immediate context in this review, it is worth to recall
the occurrence of off-target effects in natural mutations and
routinely used breeding techniques such as regular crossing or
undirected mutagenesis using tissue cultures, chemical mutagens
or irradiation (Scientific Advice Mechanism (SAM), 2017). The
natural mutation rate of Arabidopsis thaliana is approximately
one mutation per 150,000 kilobase pairs (kbp) which means
that around one mutation occurs per generation (Ossowski
et al., 2010; Bartsch et al,, 2018). Using chemicals like EMS
or irradiation to induce mutations in plants the mutation rate
increases dramatically, e.g., Jander et al. identified at least 700
mutations in EMS-mutagenized Arabidopsis lines (Jander et al.,
2003). Another example is the regeneration of plants from
cell culture (somaclonal variation). Experiments showed that
somaclonal variation increases the mutation rate by a factor
up to 250 compared to spontaneous mutations (Miyao et al.,
2012). Compared to these techniques, off-target effects through
genome-editing occur by orders of magnitude less frequently.
Risk assessors and decision makers should take this aspect into
account when drawing conclusions about general risks being
associated with the application of genome editing in plants.
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Implication for Research

Around 10% of the initially identified potentially relevant studies
could not be considered in this review due to lacking information
about the study design and/or the off-target sequences. To enable
broader analysis and evaluation the following information should
be provided when analyzing off-target effects:

(i) The reference on-target sequence.
(ii) The prediction tools and detection methods used.
(iii) and for the potential off-target sequences:

a.

b.

The number of identified potential off-target sequences.
The sequences of the potential off-target sites plus the
PAM (and therewith the number and the position of the
mismatches proximal to the PAM).

The results of the review show that the occurrence of
oft-target effects prominently depends on the number of
mismatches to other similar sequences and the position of
the mismatch/es proximal to the PAM. So far, only a few
studies applied an identical study design by systematically
varying the modifications of one impact factor, in order to
examine the impacts on the occurrence of off-target effects.
More comparative studies are necessary to provide oversight of
a general impact pattern to guide further application in research
and development.

In order to minimize off-target effects a priori, it is
recommended from the analysis of hypothesis 1 and 2 that
a target sequence is chosen which differs in at least four
disjunct positions from similar genomic sequences. This can
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