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IV Abstract 

Abstract 

Genome editing techniques such as CRISPR/Cas, TALENs, Zinc-Finger Nucleases, 

Meganucleases, Oligonucleotide-Directed Mutagenesis and Base editing enable a targeted 

modification of DNA sequences in a site-directed manner. Despite their simple, time-saving and 

cost-effective use, there is an ongoing debate about their precise targeting and the extent to which 

off-target effects occur and matter. Off-target effects are unintended cleavage and mutations at 

untargeted genomic sites showing similar but not identical sequences compared to the target one. 

The number of research articles about genome editing in plants is increasing rapidly and evidence 

synthesis of these articles play an important role in controlling the rapidly expanding evidence base 

and contributing to evidence-based decision-making. The overall objective of this study was to 

systematically synthesize and evaluate the evidence on the impact of genome editing in plants. For 

this purpose, a multi stage conceptual approach was chosen. In a first step, a protocol was 

developed in order to make the review process more rigorous, transparent and well-defined as well 

as to minimize reviewer bias. Based on the protocol a systematic map was conducted aiming to 

provide a comprehensive overview on the applications of genome editing and the potential 

occurrence of associated off-target effects. The main findings of this map are that although most 

of the studies are categorized as basic research, nearly 100 market-oriented applications were 

identified in 28 different crops leading to plants with improved food and feed quality, agronomic 

value like growth characteristics or increased yield, tolerance to biotic and abiotic stress, herbicide 

tolerance or industrial benefits. Results further indicate that the large majority of off-target studies 

were conducted using CRISPR/Cas. Biased detection methods are the dominant approach to detect 

off-target effects, meaning that potential off-target sequences are first predicted using 

bioinformatics programs followed by targeted sequencing of these sites to track the occurrence of 

off-target effects. Off-target effects were detected in several studies. However, studies investigating 

potential off-target sequences are very heterogeneous in their structure and design. Based on these 

findings, the objective of the follow up systematic review was to identify and systematically 

analyze factors that may affect the occurrence of off-target effects. Results of the analysis clearly 

indicate that an increased number of mismatches between the on-target and potential off-target 

sequence significantly decreases the occurrence of off-target effects. The observed off-target rate 

decreases from 59% when there was one mismatch between the on-target and potential off-target 

sequence towards 0% when at least four mismatches exist. In addition, mismatch/es located within 

the first eight nucleotides proximal to the PAM significantly decrease the occurrence of off-target 

effects and there is a tendency that adjoined mismatches increase the likelihood of off-target effects. 

There was no clear indication that the occurrence of off-target effects shows an obvious trend in 

relation to the GC-content of the protospacer sequence. Regarding the nuclease variant and the 

delivery method the given data base is considerably poor, as the large majority of studies applied 

the standard nuclease SpCas9 and the CRISPR/Cas system was stably delivered in the genome. 

Only a limited number of studies applied altered nuclease variants and delivery methods. Hence, a 

general significant impact of the nuclease variants and the delivery method on the occurrence of 

off-target effects cannot be proved. Based on the results of this study, in order to minimize off-

target effects, it is recommended to select a target sequence which differs in at least four disjunct 

positions from similar genomic sequences.  



 

 

V Kurzfassung 

Kurzfassung 

Genome Editing ist ein Sammelbegriff für mehrere molekularbiologische Techniken, mit denen 

gezielt Veränderungen in ganz bestimmten Abschnitten der DNA herbeigeführt werden können. 

Der große Vorteil von Genome Editing liegt in der einfachen, zeitsparenden und kostengünstigen 

Anwendung verglichen zu konventionellen Pflanzenzüchtungstechniken. Trotzdem wird in der 

Landwirtschaftsbranche sehr kontrovers über dessen Nutzen diskutiert und auch darüber, inwieweit 

das Auftreten von unbeabsichtigten off-target Effekten relevant ist. Off-target Effekte können 

auftreten, wenn der DNA Strang an unbeabsichtigten Stellen im Genom geschnitten wird, die 

ähnlich, aber nicht identisch zur Zielsequenz sind. Das Ziel dieser Arbeit bestand in einer 

systematischen Literaturrecherche über mögliche Auswirkungen des Genome Editing in Pflanzen. 

Dazu wurde ein mehrstufiger konzeptioneller Ansatz gewählt. In einem ersten Schritt wurde ein 

Protokoll entwickelt, um einen stringenten, transparenten und klar definierten Review Prozess zu 

gewährleisten. Auf dessen Grundlage wurde eine Systematic Map erstellt, um einen umfassenden 

Überblick der zur Verfügung stehenden Literatur über mögliche Anwendungen des Genome 

Editing und das Auftreten von off-target-Effekten zu bekommen. Die Ergebnisse der Map zeigen, 

dass, obwohl die meisten Studien als Grundlagenforschung einzuordnen sind, bereits annährend 

100 marktorientierte Anwendungen in 28 verschiedenen Kulturen publiziert wurden. Diese 

Pflanzen zeigten verbesserte Nahrungs- und Futtermittelqualitäten, verbesserte 

Wachstumseigenschaften oder Ertragssteigerungen, erhöhte Toleranz gegen biotischen und 

abiotischen Stress, Herbizidtoleranzen oder einen erhöhten industriellen Nutzen. Des Weiteren 

zeigen die Ergebnisse, dass die meisten off-target Studien mit der CRISPR/Cas Technik 

durchgeführt wurden. Der vorherrschende Ansatz zur Identifizierung von off-target Effekten war 

die „biased detection method“, bei der lediglich Stellen im Genom, die ähnlich zur Zielsequenz 

sind, gezielt auf ungewollte Mutationen hin untersucht werden. Mehrere Studien wurden 

identifiziert, in denen off-target Effekte nachgewiesen wurden. Darüber hinaus wurde eine große 

Heterogenität der off-target Studien bezüglich der methodischen Durchführung und der Art der 

Analyse der off-target Sequenzen festgestellt. Auf Grundlage dieser Ergebnisse wurde ein 

Systematic Review durchgeführt, mit dem Ziel Faktoren zu identifizieren und zu analysieren, die 

das Auftreten von off-target-Effekten beeinflussen. Die Ergebnisse der Analyse zeigen, dass eine 

höhere Anzahl an Fehlpaarungen („Mismatches“) zwischen der Zielsequenz und ähnlichen 

potentiellen off-target Sequenzen das Auftreten von off-target Effekten signifikant verringern. Die 

beobachtete off-target-Rate sank von 59% bei der Tolerierung eines Mismatches auf nahezu 0% 

bei vier oder mehr Mismatches. Darüber hinaus verringern Mismatches, die sich innerhalb der 

ersten acht Nukleotide zur PAM befinden, das Auftreten von off-target-Effekten signifikant. Auch 

ist eine Tendenz erkennbar, dass nebeneinanderliegende Mismatches die Wahrscheinlichkeit von 

off-target Effekten erhöhen. Dagegen lässt sich basierend auf der Datenlage kein Zusammenhang 

zwischen dem GC-Gehalt des Protospacers und dem Auftreten von off-target Effekten feststellen. 

Bezüglich der verwendeten Nuklease und der Art und Weise, wie das CRISPR/Cas Konstrukt in 

die Zelle integriert wird, ist die Datenlage nicht ausreichend, um belastbare Aussagen über deren 

Einfluss auf das Auftreten von off-target Effekten zu treffen. Um das Risiko von off-target Effekten 

auf ein Minimum zu reduzieren, sollten Zielsequenzen ausgewählt werden, die sich in mindestens 

vier nicht nebeneinanderliegenden Positionen von ähnlichen Sequenzen im Genom unterscheiden. 



 

 

VI Publications included in this thesis 

Publications included in this thesis 

Peer-review publications 

Chapter 4 has been published 

Modrzejewski, Dominik; Hartung, Frank; Sprink, Thorben; Krause, Dörthe; Kohl, Christian; 

Schiemann, Joachim; Wilhelm, Ralf (2018): What is the available evidence for the application of 

genome editing as a new tool for plant trait modification and the potential occurrence of 

associated off-target effects: a systematic map protocol. In: Environ Evid 7 (1), S. 11. DOI: 

10.1186/s13750-018-0130-6. 

Chapter 5 has been published 

Modrzejewski, Dominik; Hartung, Frank; Sprink, Thorben; Krause, Dörthe; Kohl, Christian; 

Wilhelm, Ralf (2019): What is the available evidence for the range of applications of genome-

editing as a new tool for plant trait modification and the potential occurrence of associated off-

target effects: a systematic map. In: Environ Evid 8 (1), S. 11. DOI: 10.1186/s13750-019-0171-5. 

Chapter 6 has been published 

Modrzejewski Dominik, Hartung, Frank; Lehnert, Heike; Sprink, Thorben; Kohl, Christian; 

Keilwagen, Jens, Wilhelm, Ralf (2020): Which Factors Affect the Occurrence of Off-Target 

Effects Caused by the Use of CRISPR/Cas: A Systematic Review in Plants. Front. Plant Sci. 

11:574959. DOI: 10.3389/fpls.2020.574959.



 

 

VII List of Abbreviations 

List of Abbreviations 

ALS Acetolactate synthase 

AUC Area under the curve 

BE Base editing 

BLAST Basic Local Alignment Search Tool 

BMEL Federal Ministry of Food and Agriculture 

bp Base pair 

CABI CAB International 

CAPS Cleaved amplified polymorphic sequence 

Cas CRISPR associated proteins 

CEE Collaboration for Environmental Evidence 

CJEU Court of Justice of the European Union 

Cpf1 CRISPR from Prevotella and Francisella 1 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats  

dCas9 DeadCas9 

DNA Deoxyribonucleic acid 

DOI Digital Object Identifier 

DSB Double-strand break 

e.g. For example 

ELSA-GEA Ethical, Legal and Socioeconomic Aspects of Genome Editing in Agriculture 

EMS Ethyl methane sulfonate 

eSpCas9 Enhanced specificity CRISPR associated proteins 

EU European Union 

FSTA Food Science and Technology Abstracts 

GAP Good Agricultural Practice 

GC-content Guanine-cytosine content 

GMO Genetically modified organism 

HDR Homology-directed repair  

i.e. Id est 

Indel Insertion-deletion  



 

 

VIII List of Abbreviations 

IPCC Intergovernmental Panel on Climate Change 

ISBN International Standard Book Number 

JMP John’s Macintosh Project 

kbp Kilobase pair 

KCI Korea Citation Index 

MN Meganucleases 

NGO Non-governmental organization 

NHEJ Non-homologous end joining  

ODM Oligonucleotide-Directed Mutagenesis 

PAM Protospacer-adjacent motif 

PCR Polymerase-Chain-Reaction 

PICO Population/ Intervention/ Comparator/ Outcome 

RNA Ribonucleic acid 

RNP Ribonucleoproteins 

ROC Receiver operating characteristics 

ROSES Reporting standards for Systematic Evidence Syntheses 

SaCas9 Staphylococcus aureus CRISPR associated proteins  

SAM Scientific Advice Mechanism 

SciELO Scientific Electronic Library Online 

SDN Site-directed nucleases 

sgRNA Single guide RNA 

SpCas9 Streptococcus pyogenes CRISPR associated proteins 

SpCas9-HF Streptococcus pyogenes CRISPR associated proteins - High fidelity 

TALE Transcription Activator-Like Effector 

TALENs Transcription Activator-Like Effector Nucleases 

USA United States of America 

USDA United States Department of Agriculture 

WGS Whole genome sequencing 

WoS Web of Science 

ZFN Zinc-Finger Nucleases 

  



    Introduction 

 

1 

1 Introduction 

Over the last decades, technological progress in agriculture and plant breeding has formed the basis 

for high yields and the production of high-quality agricultural products [1]. This has contributed 

significantly to a stable food supply in most parts of the world. However, in future new challenges 

need to be encountered. It is estimated that the world agricultural production needs to increase by 

50% by 2050 in order to feed an increasing world population and to cope with an increased demand 

meet products [2]. In addition, climate change is associated with increased extreme weather events 

like droughts or floods as well as changing dynamics of pests and diseases [3]. Besides, the 

available area for agricultural production is limited and further agriculture expansion has a 

considerable impact on nature, as naturally diverse landscapes are replaced by arable land [1, 3]. 

The current Special Report of the Intergovernmental Panel on Climate Change (IPCC) "Climate 

Change and Land Systems" has drawn up numerous recommendations to address these challenges, 

including changes in consumer behavior and eating habits, reduced food waste and "technical 

improvements" in agriculture like advances in plant breeding [3]. 

Plant breeding helps to decrease environmental impacts on cultivation systems by providing 

varieties resistant to plant diseases or pests, and tolerant to abiotic stress. This may reduce pesticide 

use and result in less intense management efforts (e.g. irrigation). Further yield improvement can 

reduce the area required for food production and may balance with areas e.g. for nature 

conservation [4]. Plant breeding essentially relies on the utilization of genetic variation within the 

breeding material. For thousands of years, species have been domesticated by selecting the best 

progeny with desirable characteristics. Since the discovery of Mendel´s laws scientific and 

technological progress has led to the continuous development of new plant breeding tools [5]. As 

shown in Figure 1.1, within the last decades the nature of technical intervention has shifted from 

the plant level via cell and tissue level to DNA level.  

 
Figure 1.1 Milestones in plant breeding [6]. 
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Nevertheless, key characteristics of plant breeding remain crossing and selecting desired plants, 

while all the newly developed breeding techniques aim to reach breeding goals in a more efficient 

and specific way. One milestone in plant breeding was the artificial induction of mutations aiming 

to increase the natural occurring mutation rate [7]. The induction of these undirected mutagenesis 

methods lead to several unwanted mutations that have to be eliminated by laborious backcrossing 

and selection steps in order to select a target trait in a desired genetic background [7]. In 1983, a 

further milestone was achieved, as for the first time recombinant DNA was delivered to plant cells 

using Agrobacterium tumefaciens [8, 9]. From this time on, it has been possible to work at a single 

gene level with genetic material from any organism, generating plants that cannot be bred 

conventionally. Nevertheless, induced mutations using chemical and physical mutagens as well as 

the “classical” transgenic approach show limited efficiencies and unintended side effects due to the 

random targeting [10]. In 1996, Zinc-Finger Nucleases (ZFN) was reported as the first genome 

editing technique enabling a targeted modification of a DNA sequence in a site-directed manner 

[11]. Since then, further techniques like Oligonucleotide-directed mutagenesis (ODM), 

Meganucleases (MN), Transcription Activator-Like Effector Nucleases (TALENs), Clustered 

Regularly Interspaced Short Palindromic Repeats/CRISPR associated proteins (CRISPR/Cas) and 

Base editing (BE) have been developed. All these techniques are summarized under the umbrella 

term genome editing and are promising tools to enhance basic research like analyzing gene 

functions and to revolutionize plant breeding. However, there is an ongoing controversial debate 

about the benefits of genome editing for agriculture and the extent and significance of off-target 

effects. 

This thesis aimed to systematically map and evaluate the evidence available on the impact of 

genome editing in plants by focusing on two aspects: the applications of genome editing and the 

occurrence of associated off-target effects. To achieve this, a multi stage conceptual approach was 

adopted. At first, a methodological systematic map protocol was developed that serves as a 

guidance for the evidence synthesis. Based on the protocol, a systematic map was conducted aiming 

to provide a comprehensive overview of the applications of genome editing and the occurrence of 

associated off-target effects. Results of this map determined that most of the off-target studies were 

conducted by applying CRISPR/Cas and that the analyzed potential off-target sequences within 

these studies were very heterogeneous in structure and design. Based on these findings, a 

systematic review was performed in order to identify and systematically analyze factors that may 

affect the occurrence of off-target effects by applying CRISPR/Cas. 

1.1 Genome editing 

Genome editing is a collective term for several new plant breeding techniques that are able to 

induce a targeted modification of DNA sequences in a site-directed manner in humans, animals, 

plants and bacteria. Genome editing comprises three molecular approaches that efficiently induce 

targeted alterations in the DNA: (i) Site-directed nucleases (SDN) (ii) Oligonucleotide-directed 

mutagenesis (ODM) and (iii) Base editing (BE). 

1.1.1 Site-directed nucleases 

There are four similar systems of SDN: Meganucleases, Zinc-Finger Nucleases, Transcription 

Activator-Like Effector Nucleases (TALENs) and Clustered Regularly Interspaced Short 
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Palindromic Repeats/CRISPR associated proteins (CRISPR/Cas). SDN induce double-strand 

breaks (DSBs) in the DNA, which are subsequently repaired by the host cellular repair 

mechanisms. The type of repair can be categorized in three main types as shown in Figure 1.2 [5, 

12–15]: 

SDN1: No additional template is added and the DSB is repaired by non-homologous end joining 

(NHEJ) resulting in indel mutations.  

SDN2: A repair template is added which, except for a few nucleotides, is identical to the sequences 

in which the DSB is introduced. Then, the DSB is repaired via homology-directed repair (HDR), 

causing nucleotide substitution or, depending on the template used, targeted indels of a specific 

size.  

SDN3: The repair template harbors a recombinant DNA sequence additional to the homologous 

sequences in which the DSB is made and the break is repaired via HDR, resulting in more complex 

alterations like the insertion of foreign genes.  

 
Figure 1.2 Overview of the repair mechanism of site-directed nucleases using either Meganucleases, Zinc-finger 

nucleases, Transcription Activator-Like Effector Nucleases (TALENs) or Clustered Regularly Interspaced Short 

Palindromic Repeats/CRISPR associated protein (CRISPR/Cas) [5]. 

Meganucleases 

MN are naturally occurring endonucleases that can be modified to bind to a specific DNA sequence 

and cleave it [16]. The advantage of MN is their small size, making them suitable for use in the 

majority of delivery techniques [17]. However, the DNA-binding domain cannot be separated from 

the catalytic domain challenging the construction of novel MN (Figure 1.3) [18]. 
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Figure 1.3 Inducing a double-strand break by using Meganucleases [19]. 

Zinc-finger nucleases 

ZFN are generated by fusing two independent protein domains. A zinc-finger protein, which 

comprises up to six zinc-finger domains, each able to identify a nucleotide triplet of a specific DNA 

sequence, is fused with a synthetic endonuclease domain (most frequently FokI) (Figure 1.4) [5, 

18]. Since the nuclease is active as a dimer only, two ZFN are necessary in close proximity to target 

and cut a sequence in the genome. 

 
Figure 1.4 Inducing a double-strand break by using Zinc-finger nucleases [19].  

TALENs 

TALENs are composed of two functional parts. The first part consists of the TALE which is 

originally derived from the Xanthomonas species and is crucial for binding to a specific DNA 

sequence. The TALE is composed of a 34-amino acid repeat, each binding specifically to a single 

nucleotide in the target DNA [20]. In order to mediate the introduction of a targeted DSB, the 

TALE is fused to a FokI endonuclease domain (Figure 1.5). 

 
Figure 1.5 Inducing a double-strand break by using TALENs [19].  

CRISPR/Cas 

The most widely used CRISPR/Cas9 system is derived from Streptococcus pyogenes consisting of 

two elements. An artificial single guide RNA (sgRNA) directs the nuclease to a specific DNA 

sequence (Figure 1.6). Afterwards, the Cas9 endonuclease induces a DSB at this targeted DNA 

sequence [21]. To induce a DSB, a protospacer-adjacent motif (PAM), such as 5′-NGG-3′, has to 

be present in the site-specific target [22]. Recently, other CRISPR-based nucleases such as Cas12a 

(also known as Cpf1) from Prevoltella and Francisella have been reported [23]. 
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Figure 1.6 Inducing a Double-strand break by using CRISPR/Cas [19].  

Comparison of site-directed nucleases 

Table 1.1 summarizes and compares the individual characteristics of different SDN. Taking the 

ease of engineering, cost for development, simplicity, success rate and ease of multiplexing into 

account the CRISPR/Cas approach looks more attractive compared to MN, ZFN and TALENs 

(Reviewed by [10, 22, 24–27]). 

Table 1.1 Comparison of site-directed nucleases.  

 Zinc-finger nucleases Meganucleases TALENs CRISPR/Cas 

Module Protein based  Protein based Protein based RNA based 

Ease of 

engineering 

Technically challenging 

as DNA-binding and 

catalytic domains are not 

separated 

Technically 

challenging in 

generation as 

requires protein 

engineering 

Technically 

challenging in 

generation as 

requires protein 

engineering 

Easy to engineer 

compared to other 

SDN 

Recognition 

site 

18-36 nucleotides per 

ZFN pair 

12 – 40 nucleotides 30-40 nucleotides 

per TALEN pair 

20-24 nucleotides 

+ 3-5 bp PAM 

Success rate Low Low High High 

Ease of        

multiplexing 
Low Low Low High 

Ploidy level Not studied Not studied Useful in case of  

polyploidy 

Useful in case of  

polyploidy 

Cost for        

development 
High High Medium Low 

Advantages It I possible to edit 

various types of genome 

modification (gene 

knockout, reporter, 

specific alleles) 

Almost any given 

DNA sequences can 

be designed 

Almost any given 

DNA sequence can 

be designed to 

target. 

Targeting of 

biallelic genes is 

possible 

High efficiency 

Easy and cheap 

Targeting of 

biallelic and 

multiplex genes is 

possible 

Disadvantages Inefficient for genome 

editing because of the 

inadequate knowledge on 

designing a construct 

that recognizes a specific 

DNA sequence 

It is more difficult to 

design ZFN 

compared to 

CRISPR/Cas 

Difficult to design, 

since the iterative 

cloning of TALE 

repeats is mistake 

prone. 

Target sequences 

are limited by the 

requirement for the 

PAM motif 

Higher chance of 

off-target effects 
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 Zinc-finger nucleases Meganucleases TALENs CRISPR/Cas 

Time consuming 

compared to other    

genome editing      

techniques 

Selection of targets 

is limited by the 

availability of a 

thymine at the 5´end 

of the target 

sequence 

1.1.2 Oligonucleotide-Directed Mutagenesis 

In contrast to SDN, the ODM technique requires neither a nuclease nor a DSB [28]. The mechanism 

of ODMs is based on the use of chemically synthesized oligonucleotides for the induction of site-

specific mutations in the genome. The alteration generally affects between one and four adjacent 

nucleotides resulting in point mutations [29]. The oligonucleotide is a modified DNA or 

DNA/RNA molecule of 20-100 nucleotides. It is homologous to a genomic sequence except for 

the nucleotide(s) that is/are supposed to be modified [29, 30]. The introduced oligonucleotide binds 

to the targeted DNA sequences and this sequence is then modified by the host cell´s mechanism of 

mismatch repair (Figure 1.7) [12]. 

 
Figure 1.7 Inducing a Double-strand break by using Oligonucleotide-directed mutagenesis [19]. 

1.1.3 Base editing 

BE is a recently developed approach which enables a targeted conversion of one DNA base into 

another in a programmable manner [31]. It is based on the CRISPR/Cas9 system, in which a 

deadCas9 enzyme (dCas9) is coupled with the enzyme cytidine-deaminase. This fusion protein is 

still able to bind to the sgRNA and is directed to the target sequence. However, the dCas9 enzyme 
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is not able to induce a DSB anymore. Instead, it mediates the direct conversion of cytosine to 

uridine within a window of approximately five nucleotides by the cytidine-deaminase [31]. The 

technique is suitable for the introduction of point mutations but so far, only two conversions are 

possible: The C-G base pair can be converted to T-A and A-T can be converted to G-C [32]. 

1.1.4 Comparison of genome editing and conventional breeding techniques 

Genome editing offers substantial advantages compared to conventional breeding techniques, 

opening up new dimensions for scientists and plant breeders: 

(i) Genome editing provides the opportunity to induce targeted mutations in one or a few genes. 

Previous mutation-initiating methods using chemicals or radiation induce undirected 

mutations in many sequences randomly in the genome. It is not known in which gene 

sequences the changes occur. In a subsequent selection process, those containing the desired 

alterations need to be selected from a large number of plants [33]. 

(ii) Genome editing provides the opportunity to selectively replace entire genes from both closely 

(cisgene) as well as distantly related organisms (transgene) without inserting foreign DNA 

sequences at all [12, 34]. In contrast, using conventional genetic engineering, traces of 

recombinant DNA, from the used gene shuttle (e.g. bacteria, virus or plasmid), persist in the 

modified organism leading to clearly characterized genetically modified organisms [34].  

(iii) Polyploid plant species like hexaploid wheat were to date largely inaccessible for 

simultaneously targeted alterations. Genome editing provides the opportunity to induce 

simultaneous mutations in all six alleles [35]. This was demonstrated in several polyploidy 

plants including maize, cotton, canola, potato, apple, peanuts and citrus [36]. 

(iv) The precision and efficiency of the technique facilitates the elucidation of the function of 

poorly understood genes or gene variants. So far, work in higher plants has usually required 

a very large number of experimental plants to switch-off or modify individual genes. In 

addition, it took months or even years. Due to the efficiency of CRISPR/Cas, several genes 

can now be changed simultaneously in numerous organisms within a few weeks [34]. 

1.2 Off-target effects 

1.2.1 Reasons for the occurrence of off-target effects 

Off-target effects may occur when a genome editing technique induces unintended cleavage and 

mutations in a DNA sequence. It is estimated that off-target effects occur mainly in sequences that 

are similar to the target one but located at another site in the genome. For example, the standard 

CRISPR/Cas technique has a sgRNA of 20 nucleotides. With a certain probability different 

sequences of the DNA are very similar, as illustrated in Figure 1.8. Nucleotide deviations between 

the on-target and potential off-target sequences are called mismatches. Since the sgRNA is able to 

tolerate some mismatches, off-target effects may occur in these similar DNA-sequences [17, 37, 

38]. Therefore, it is recommended to carefully select and modify a target sequence that has no 

further similar sequences in the genome [39–41]. 
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Figure 1.8 Illustration about potential off-target effects in plants using CRISPR/Cas9. 

With regard to CRISPR/Cas, further factors are described in literature as potentially affecting the 

occurrence of off-target effects are: 

(i) The position of mismatches proximal to the PAM [41–43]. 

(ii) The applied nuclease variants of the CRISPR-system (e.g. SpCas9, Cpf1,…) and 

engineered variants of the standard nuclease SpCas9 (e.g. eSpCas9, SpCas9-HF or SpCas9 

(1.1) [44–47].  

(iii) The guanine-cytosine content (further referred to as GC-content) of the target sequence [37, 

48]. 

(iv) The kind of delivery of the CRISPR/Cas system into the plant cell (e.g. using DNA, RNA 

or Ribonucleoproteins (RNPs)) [49]. 

Detailed explanations of the individual factors potentially affecting off-target effects are provided 

in chapter 6. 

1.2.2 Possibilities to detect off-target effects 

Off-target effects can be detected by using either biased or unbiased detection methods. In the 

biased approach, the search for off-target effects is restricted to sequences that are similar to the 

target sequence. In contrast, the unbiased approach examines the whole genome for the occurrence 

of off-target effects.  

The biased approach to detect off-target effects consists of two steps: 

1. Sequence alignment programs like BLAST [50], Cas-OFFinder [51] or CRISPR-P [52] are 

used to identify sequences in the genome with high similarity to the target one.  

2. Detection methods like Sanger sequencing or targeted deep sequencing are used to analyze 

the potential off-target sequences for the occurrence of off-target effects [46]. 

A drawback of this approach is the risk of overlooking off-target mutations in further sequences in 

the genome that are not assessed for off-target activity [40]. 

The unbiased approach is able to identify off-target effects in a completely unrestricted way without 

a priori identification of similar sequences. It requires genome-wide sequencing to detect off-target 

effects anywhere in the genome [40, 53]. Drawbacks of this approach are high costs, which means 

that usually only a few clones are sequenced for each target, and hence low-frequency off-target 

effects might be missed because of low coverage [54]. In addition, mutations do not necessarily 
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originate from a genome editing technique, but may occur spontaneously or by using conventional 

breeding techniques like somaclonal variation [12]. 

1.2.3 Off-target effects in the context of plant breeding 

Since plant breeding is the contextual background, it is worth comparing the occurrence of off-

target effects in the context of naturally occurring mutations and routinely used breeding techniques 

like regular crossing, undirected mutagenesis using chemical mutagens or irradiation or the 

regeneration of plants from cell culture (somaclonal variation) [12]. The natural mutation rate of 

Arabidopsis thaliana is approximately one mutation per 150,000 kilo base pairs (kbp) which means 

that considering the genome size of Arabidopsis around one mutation occurs per generation 

[32, 55]. Using chemicals like EMS or irradiation to induce mutations in plants the mutation rate 

increases dramatically, e.g. Jander et al. (2003) identified at least 700 mutations in EMS-

mutagenized Arabidopsis lines [56]. In addition, experiments show that somaclonal variation 

increases the mutation rate by a factor up to 250 compared to spontaneous mutations [57]. 

Compared to these techniques, genome editing off-target effects occur less frequently and to a 

lower extent. Nevertheless, there is an ongoing debate about the potential occurrence of off-target 

effects and the extent to which it matters in plants breeding [58, 59]. 

1.3 Evidence synthesis 

The number of research articles is rises rapidly. It is estimated that the number of articles published 

is increasing by about 3% and 3.5%per year [60]. In total, the number of published research articles 

passed 50 million in 2009 [61] and in 2018, around 42.000 peer-reviewed journals collectively 

published over three million articles [60]. Evidence synthesis plays an important role in order to 

control the rapidly expanding evidence base and to inform evidence-based decision-making. 

Evidence synthesis tools were first established in the field of healthcare and then expanded to 

several other disciplines, including international development, social welfare, policy, crime and 

justice, education, environmental management and food/ feed safety assessment [62, 63]. Today, 

evidence synthesis, including evidence review and synthesis methodology, is widely used in 

disciplines where science can inform decision-making. Powerful tools including systematic maps 

and systematic reviews were developed to systematically identify, collect, evaluate and summarize 

research results to assess a scientific question. These tools provide a transparent and reproducible 

process aiming at maximizing objectivity and minimizing bias [64]. 

1.3.1 Systematic review 

A systematic review is defined as “an evidence synthesis method that aims to answer a specific 

question as precisely as possible in an unbiased way. The method collates, critically appraises, 

and synthesizes all available evidence relevant to the question” [64]. 

Conducting a systematic review consists of eight steps as indicated in Figure 1.9. The single steps 

are summarized based on the guideline of Collaboration for Environmental Evidence (CEE) [64]. 
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Figure 1.9 Basic steps to follow when conducting a systematic review. 

1. Step: Developing a review question 

Well-framed and focused questions are mandatory for conducting a systematic review. To assure 

this, key elements have to be specified. The most common question type is the PICO-question 

which was developed for medical practice. P describes the Population of interest, I the Intervention 

the population is exposed to, C the Comparator and O all relevant Outcomes from the proposed 

intervention. As the methodology of a systematic review has broadened to other disciplines, several 

further question types have been developed. 

2. Step: Protocol development 

Before conducting a systematic map or a systematic review, a protocol has to be published 

(including a peer-review process). The protocol can then be used to guide the review team through 

the review process. Additionally, the protocol helps to make the review process more rigorous, 

transparent and well-defined as well as minimizing reviewer bias, for example due to ad-hoc 

decisions made when conducting the review. 

3. Step: Literature search 

The search for literature should be well structured to identify as many relevant articles as possible. 

Literature should capture scientific literature databases and catalogues covering relevant subject 

areas as well as grey literature. Grey literature comprises, for example, research that has been 

published in non-commercial form like degree theses or government reports but also searching 

websites of companies and organizations. To test the comprehensiveness of the search strategy a 

scoping search should be carried out to test the identified records against an a priori defined test 

library with articles of known relevance. 
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4. Step: Article screening 

Eligibility criteria need to be precisely defined considering all key elements of the review question 

in order to determine which research studies gained from the literature search are indeed relevant 

for the review. Two reviewers screen all articles for relevance independently. The selection process 

should be precisely reported. To minimize the risk of inconsistent screening a kappa-test is 

conducted to increase inter-reviewer agreement. To ensure transparency, articles included in the 

review, but also articles excluded at full text level should be listed. 

5. Step: Data extraction 

Relevant data should be extracted and collated as described in the protocol. One article can contain 

several studies when different populations, interventions or outcomes are described within this 

article. All data extracted should be listed in a table or spreadsheet and cross-checked by a second 

reviewer to improve transparency, repeatability and objectivity. In the case of relevant data being 

missed, the authors of the respective articles should be contacted and asked to provide the 

information missing. 

6. Step: Critical appraisal 

A critical appraisal of all studies included has to be conducted on study-by-study basis. The critical 

appraisal aims to identify all relevant sources of bias including both internal validity (risk of bias 

within a specific study) and external validity (generalizability). Based on the results of the critical 

appraisal, studies can be categorized as having high, medium, low or unclear validity. A high level 

of transparency is expected by providing detailed information about the critical appraisal. 

7. Step: Evidence synthesis 

A narrative synthesis has to be provided in order to overview the available evidence and to present 

the body of evidence. Depending on the studies included in the review and the data gained therein, 

suitable synthesis methods (e.g. meta-analysis, narrative reporting) have to be chosen for data 

analysis and synthesis. Additionally, effect modifiers that may affect the review results should be 

investigated. 

8. Step: Data presentation, interpretation and conclusion making 

Conducting a systematic review aims to provide reliable evidence relating to a specific review 

question. Therefore, a careful reporting and interpretation of the results is mandatory. Reviewers 

have to avoid reaching conclusions beyond the evidence base or presenting only parts of the results. 

Additionally, limitations of the evidence synthesis as well as implications for policy and research 

should be described.  

1.3.2 Systematic map  

Sometimes the evidence base is unclear and it is not expedient to conduct a systematic review by 

formulating a specific research question directly. In order to get a comprehensive overview by 

collating, describing and mapping findings for a given topic, it can be useful to conduct a systematic 

map a priori. The systematic map is based on a broader and open-framed review question and can 

support the decision as to whether a more specific synthesis of outcomes is suitable to be addressed 

in a systematic review [64]. The systematic mapping process is conducted with the same 

comprehensive method as for a systematic review, except that a critical appraisal is not mandatory. 
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Table 1.2 summarizes the major methodological differences of a systematic map and systematic 

review compared to a traditional review [64, 65]: 

Table 1.2 Major methodological differences between a traditional review, systematic map and systematic review. 

 Traditional Review Systematic Map  Systematic Review 

Study question Often broad in scope Broad in scope or focused and 

explicit 

Focused and explicit 

Protocol Not mandatory Mandatory Mandatory  

Eligibility criteria for 

inclusion or exclusion 

of studies 

Not always explicitly 

stated 

Pre-defined and documented; 

objectively applied 

Pre-defined and documented; 

objectively applied 

Description of the 

review method 

Seldom reported Reported and predefined in 

the protocol 

Reported and predefined in 

the protocol 

Literature search Not always extensive 

 

Structured to identify as 

many relevant studies as 

possible including grey 

literature 

Structured to identify as 

many relevant studies as 

possible including grey 

literature 

Critical appraisal of 

study validity 

Variable Variable Included 

Reporting of studies 

outcomes 

Selective reporting; 

often of study author 

interpretation 

Full reporting of relevant 

outcomes 

 

Full reporting of relevant 

outcomes (numerical results) 

Synthesis Usually narrative, 

sometimes selective 

Usually narrative Quantitative synthesis (meta-

analysis) when possible 

1.3.3 Disadvantages and challenges of systematic reviews 

The key characteristics of systematic reviews including comprehensive methods applied the high 

reporting standard to ensure transparency and repeatability helps to maximize objectivity by 

minimizing bias. Therefore, systematic reviews are seen as the gold standard when synthesizing 

primary research [63]. However, despite these advantages, systematic reviews also have challenges 

which have to be overcome. One weak point of systematic reviews is their resource intensity, 

including time, money and man power due to the peer-review protocol, the rigorous methodologies 

and documentation effort [63]. Dependent on the experience in this field a systematic review takes 

between 12 and 24 months. However, in some situations decision maker have a short timeframe 

for their decision and can´t wait until a systematic review has been conducted [66]. A further 

challenge is that access is needed to several databases and peer-review journals which can be very 

expensive [67].  

1.3.4 CADIMA - an online tool to support the conduct and reporting of 

systematic reviews and systematic maps 

CADIMA is an open access tool aiming to increase the efficiency of the review process and to 

facilitate reporting of all steps when conducting a systematic map or a systematic review [63]. It 

was developed by a collaboration between the Julius Kühn-Institute and the CEE.  
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CADIMA: 

(i) Is suited to be used for further disciplines beside medical science.  

(ii) Was developed to support throughout all steps of the review/ mapping process. 

(iii) Facilitates the coordination of the review team. 

(iv) Ensures documentation of the entire review synthesis process [63]. 
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2 The ELSA-GEA project 

The ELSA-GEA project was funded by the German Federal Ministry of Education and Research 

(01GP1613B). Within this project, a comprehensive and transdisciplinary approach was applied to 

address the broad aspects of genome editing in the agricultural context. Ethical, legal, socio-

economic and communicative aspects as well as risk assessment approaches were addressed in a 

systematic process for crop plants. Based on a broad spectrum of results from the different 

disciplines, structured information were provided to enable a rational societal dialogue on genome 

editing in agriculture. Publications and the project webpage www.dialog-gea.de aimed to inform 

policy makers and professional stakeholders on the one hand and a broader public on the other 

hand. The results of this project aimed to support an informed public debate and provided fact-

based input for decision-makers in politics, economy, science and society (Figure 2.1).  

 

Figure 2.1 Overview on the transdisciplinary approach of the ELSA-GEA project.

http://www.dialog-gea.de/
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3 Objectives of this thesis 

The number of research articles about genome editing in plants is increasing sharply and evidence 

synthesis of these articles play an important role in order to control the rapidly expanding evidence 

base and to inform evidence-based decision-making. The overall objective of this study was to 

systematically identify, collect, evaluate and summarize the available evidence about the 

application of genome editing in plants. To realize this a conceptual multi-stage approach was 

applied. 

The main objectives were to: 

(i) Develop a methodological systematic map protocol as an a priori guide and reference to the 

conduct of the synthesis (Chapter 4). 

(ii) Systematically map the available evidence in order to provide a general overview of the 

application of genome editing in plants (Chapter 5). 

(iii) Provide an overview of the traits modified by genome editing in plants (Chapter 5). 

(iv) Provide an overview of the available evidence about the occurrence of off-target effects due 

to the use of genome editing in plants (Chapter 5). 

(v) Assess whether a specific section of the available evidence base is suitable for an in-depth 

analysis by a systematic review (Chapter 5). 

(vi) Conduct a systematic review in order to collect and synthesize the available evidence about 

factors that may affect the occurrence and detection of off-target effects caused by the 

application of CRISPR/Cas in plants (Chapter 6).
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4 Systematic map protocol 

What is the available evidence for the application of genome editing 

as a new tool for plant trait modification and the potential 

occurrence of associated off target effects: A systematic map 

protocol 

 

Chapter 4 has been published: 

Modrzejewski, Dominik1; Hartung, Frank1; Sprink, Thorben1; Krause, Dörthe1; Kohl, 

Christian1; Schiemann, Joachim1; Wilhelm, Ralf1 (2018): What is the available evidence for the 

application of genome editing as a new tool for plant trait modification and the potential 

occurrence of associated off-target effects: a systematic map protocol. In: Environ Evid 7 (1), S. 

11. DOI: 10.1186/s13750-018-0130-6. 

1Institute for Biosafety in Plant Biotechnology, Federal Research Centre for Cultivated Plants, 

Julius Kühn-Institut, Erwin‑Baur‑Straße 27, 06484 Quedlinburg, Germany 

Authors’ contributions 

DM, FH, TS, CK, DK, JS and RW conceived the review question. DM undertook pilot research. 

DM drafted the protocol text with support from FH, TS, CK, DK and RW. DM will coordinate 

the mapping process, analysis and presentation of the results. DM, FH, TS and DK will screen 

the articles. All authors read and approved the final manuscript 
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4.1 Abstract 

Background 

Plant breeding is a developing process and breeding techniques have continuously evolved over 

time. In recent years, genome editing techniques such as Clustered Regularly Interspaced Short 

Palindromic Repeats/CRISPR associated proteins (CRISPR/Cas), Transcription Activator-Like 

Effector Nucleases (TALENs), Zinc-Finger Nucleases (ZFN), Meganucleases (MN) and 

Oligonucleotide-Directed Mutagenesis (ODM) enabled a precise modification of DNA sequences in 

plants. Genome editing has already been applied in a wide range of plant species due to its 

simplicity, time saving and cost-effective application compared to earlier breeding techniques 

including classical mutagenesis. Although genome editing techniques induce much less unintended 

modifications in the genome (off-target effects) compared to classical mutagenesis techniques, off-

target effects are a prominent point of criticism as they might cause genomic instability, 

cytotoxicity and cell death. 

Methods 

The aim of this systematic map is to address the following primary question: “What is the available 

evidence for the application of genome editing as a new tool for plant trait modification and the 

potential occurrence of associated off-target effects”? The primary question will be considered by 

two secondary questions: One is aimed at the traits being modified by genome editing in plants and 

the other explores the occurrence of off-target effects. The systematic map will focus on model 

plants as well as on plants produced for agricultural production that were subjected to genome 

editing techniques. Academic and grey literature will be searched in English and German language. 

Inclusion/ exclusion criteria were developed for the two secondary questions and will be applied 

on title/ abstract and full text stage. Included studies will be catalogued in a searchable and open 

access database and study results will be summarized using descriptive statistics. Furthermore, the 

extracted data will serve as a preparatory step for further in-depth analysis, e.g. by a systematic 

review. 

4.2 Background 

Technological progress in agriculture and plant breeding has contributed significantly to a stable 

food supply and has formed the basis for high yields and the agricultural production of high quality 

products. However, in an ever changing world new challenges are encountered within the next 

decades. Aside the demands of the growing global population and limited fossil resources, climate 

change is a driver of breeding efforts as it is associated with increased extreme weather events like 

droughts or floods as well as changing dynamics of pests and diseases. Agriculture needs to ensure 

and increase the world agricultural production to serve extended demands with limited 

environmental resources like soil and water [1]. In contrast, intensification of agriculture causes 

considerable impact on nature, as naturally diverse landscapes are replaced by arable land for the 

cultivation of few plant species. Biodiversity is threatened through habitat loss and pesticide use 

which in turn is considered to increase disease and pest pressure [2]. Additionally, environmental 

impacts on agriculture are becoming increasingly important in societal debates. 
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To solve all these challenges a combination of Good Agricultural Practice (GAP) and innovation 

in plant breeding is needed. GAP addresses environmental, economic and social sustainability 

leading to safe and healthy food [3]. Examples for GAP are the preservation of natural soil fertility 

through suitable crop rotations, fertilization and plant protection according to the principles of 

integrated cultivation or a balanced and species-appropriate animal husbandry [3]. Besides, plant 

breeding is of crucial importance to manage environmental impacts on cultivation systems by 

providing varieties resistant to plant diseases or pests, and tolerant to abiotic stress. This may reduce 

pesticide use and result in less intense management efforts (e.g. irrigation). Further yield 

improvement will reduce the area required for food production and may balance with areas e.g. for 

nature conservation [2]. 

Plant breeding essentially relies on the utilization of genetic variation within the breeding material 

that can be used for crossing and selection steps to develop improved varieties. New genetic 

variation can occur naturally by spontaneous mutations that enable populations to adapt to changing 

environmental conditions. However, as the mutation rate is fairly low and at random, plant breeders 

and scientists artificially induce mutations for already several decades. The first generation of 

mutation breeding used chemical and physical mutagens to generate a plurality of nonspecific 

mutations. The increased mutation rate results in plants with a few positive, a lot of neutral and 

several negative characteristics. Thus, laborious backcrossing and selection steps are necessary in 

order to select for a desired trait. 

Nevertheless, today more than 3200 mutant varieties from 214 different plant species have been 

generated through undirected mutagenesis and have been officially registered [4]. 

Glossary: [2, 5] 

Backcrossing 

Backcrossing is a crossing of a hybrid with one of its parents in order to achieve offspring’s 

that are genetically closer to the selected parent. This way desired heterologous traits from the 

hybrid can be transferred into the genetic background of a parental line. Since crossing 

recombines all genes many backcrosses are necessary to achieve considerable dilution of 

unwanted genes from the hybrid. 

Mutagen 

A mutagen is an agent that increases the mutation rate within an organism or cell, e.g. X-rays, 

gamma-rays or chemicals like ethyl methane sulfonate (ESM). 

Mutation breeding 

A plant breeding approach using mutagens to enhance genetic variation. The resulting random 

mutations can generate new gene variations with positive traits that can be selected for further 

breeding. However, several of these mutations are negative and diminish the viability of the 

plant. 

Selection 

A process in breeding by which the breeder chooses only those individuals that show desired 

trait(s).  
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In 1983, the first recombinant DNA was delivered to plant cells using Agrobacterium tumefaciens 

[6, 7]. From this time on, it is possible to work at a single gene level with genetic material from 

any organism generating plants that cannot be bred by conventional breeding techniques [8, 9]. 

Nevertheless, the induced mutations using chemical and physical mutagens as well as the 

“classical” transgenic approach show limited efficiencies due to the random targeting of the 

modified site [10]. 

In recent years, genome editing techniques have been developed enabling a precise modification 

of DNA sequences in a specific and site-directed manner [11]. 

To date, genome editing comprises two molecular approaches that efficiently induce targeted 

alterations in genomes: (1) site-directed nucleases (SDN) and (2) oligonucleotide-directed 

mutagenesis (ODM). 

Site-directed nucleases induce double-strand breaks (DSBs) in the DNA which are subsequently 

repaired by the hosts own cellular mechanisms. The type of repair can be categorized in three main 

types [11–14]: 

(1) No additional template is added and the DSB is repaired by non-homologous end joining 

(NHEJ) resulting in small insertion-deletion (indel) mutations. This approach is defined as 

SDN1. 

(2) A repair template is added which, except for a few nucleotides, is identical to the sequences 

in which the DSB is introduced. Then, the DSB is repaired via homology-directed repair 

(HDR), causing nucleotide substitution or targeted indels. This approach is defined as SDN2.  

(3) The repair template harbors a recombinant DNA sequence additional to the homologous 

sequences in which the DSB is made and the break is repaired via HDR, resulting in more 

complex alterations i.e. the insertion of foreign genes. This approach is defined as SDN3. 

All three types of DSB repair can be induced using one of the following engineered nucleases: 

(i) Meganucleases (MN), (ii) Zinc-Finger Nucleases (ZFN), (iii) Transcription Activator-Like 

Effector Nucleases (TALENs) and (iv) Clustered Regularly Interspaced Short Palindromic 

Repeats/CRISPR associated proteins (CRISPR/Cas). 

Meganucleases 

Meganucleases are naturally occurring endonucleases that can be modified to bind to a specific 

DNA sequence and cleave it [15]. The advantage of Meganucleases is their small size, making 

them appropriate to a majority of delivery methods [16]. However, the DNA-binding domain 

cannot be separated from the catalytic domain challenging the construction of MN [4]. MN have 

been applied successfully for genome editing in plants such as Arabidopsis [17], maize [18] and 

cotton [19].  

Zinc-finger nucleases 

In 1996, zinc-finger nucleases were reported as the first programmable site-specific nucleases [20]. 

ZFN are generated by fusing two independent protein domains. A zinc-finger protein, which 

comprises up to six zinc-finger domains each able to identify a nucleotide triplet of a specific DNA 
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sequence, is fused with a synthetic endonuclease domain (most frequently FokI) [4, 9, 29]. Since 

the nuclease is active as a dimer, two zinc-finger nucleases are necessary in close proximity to 

target and cut a sequence in the genome. 

TALENs 

Similarly to ZFN, TALENs are also composed of two functional parts. The first part consists of the 

TALE which is originally derived from the Xanthomonas species and is crucial for the binding to 

a specific DNA sequence. The TALE is composed of a 34-amino acid repeat, each binding 

specifically to a single nucleotide in the target DNA [21]. In order to mediate the introduction of a 

targeted DSB, the TALE is fused to a FokI endonuclease domain. Compared to ZFN where each 

repeat recognizes a cluster of three nucleotides and interferes with neighboring repeats, the design 

of specific TALE DNA-binding domains is easier and amenable to programming [22]. Similar to 

ZFN, TALENs are most frequently used as pairs to introduce a DSB at a specific target site of the 

DNA [9]. 

CRISPR/Cas9 

The most widely used CRISPR/Cas system is derived from Streptococcus pyogenes consisting of 

two elements. An artificial single guide RNA (sgRNA) is directing the nuclease to a specific DNA 

sequence. Afterwards, the Cas endonuclease induces a DSB at this targeted DNA sequence [23]. 

To induce a DSB, a protospacer-adjacent motif (PAM), such as 5′-NGG-3′, has to be present in the 

site specific target [24]. The difference to TALENs and ZFN is that, instead of a protein, a short 

sgRNA is used for target recognition within the CRISPR/Cas9 system. This sgRNA can be easily 

adapted to match the target sequence. Compared to ZFNs and TALENs the CRISPR/Cas9 system 

is easier, faster and more flexible since only the sgRNA has to be adapted to a new sequence instead 

of the whole binding proteins as it is the case for MN, ZFN or TALENs [25]. 

Oligonucleotide-directed mutagenesis 

In contrast to MN, ZFN, TALENs and CRISPR/Cas9 the ODM technique does not require a 

nuclease and a DSB [26]. The mechanism of ODMs is based on the use of chemically synthesized 

oligonucleotides for the induction of site-specific mutations in the genome. The alteration generally 

affects one to four adjacent nucleotides resulting in point mutations [27]. The oligonucleotide is a 

modified DNA or DNA/RNA molecule of 20 - 100 nucleotides. It is homologous to a genomic 

sequence except for the nucleotide(s) that is/are supposed to be modified [8, 27]. The introduced 

oligonucleotide binds to the targeted DNA sequences and this sequence is then modified by the 

host cell´s mechanism of mismatch repair [11]. 

Genome editing offers substantial advantages compared to previous mutation breeding techniques 

and conventional genetic engineering in terms of speed and precision. Genome editing provides 

the opportunity to selectively mutate or modify one or a few genes (SDN1, SDN2). In addition, it 

is now possible to precisely modify or selectively replace (SDN3) entire genes from both closely 

as well as distantly related organisms [11]. By the use of conventional genetic engineering traces 

of recombinant DNA, from the viruses or bacteria that were used as gene shuttle persist in the 

modified organism leading to clearly characterized genetically modified organisms. In contrast, by 

applying genome editing it is possible to modify crops without inserting foreign DNA sequences 

at all [28]. This may reduce the regulatory burden for plant breeders and increase the acceptance 

of genome editing within society. Based on the simplicity, time saving and cost effective 
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application of genome editing, it has already been applied in a wide range of cultivars. Genome 

editing has been used for: 

(i) Analyzing gene functions (e.g. effect of the RAV2 gene for salt stress in rice [29]). 

(ii) Improvement of product quality (e.g. decreased linolic acid in soybean [30]). 

(iii) Development of disease resistant varieties (e.g. virus resistant cucumber [31]). 

(iv) Developing of herbicide tolerant varieties (e.g. resistance to the herbicide chlorsulfuron in 

oil seed rape [32]). 

(v) Improved adaption to abiotic stress, (e.g. drought tolerance in maize [33]). 

Even in plants like hexaploid wheat that were so far largely inaccessible for targeted genetic 

alterations the simultaneous mutation of all six alleles was successfully performed [34]. All these 

open new dimensions for the scientific, plant breeding and agricultural community. 

Compared to randomly induced mutations by chemicals or irradiation, the number of unintended 

mutations (off-target effects) is greatly reduced by genome editing techniques [11]. Nevertheless, 

their application does not completely or per se exclude the occurrence of off-targets. Off-targets 

are changes in a certain DNA sequence being similar to the targeted one but located at another site 

in the genome. Mainly, they occur due to the lack of exclusiveness and/ or length of the recognition 

site [11, 35, 36]. Several methods have been developed to predict and identify off-target sites linked 

to the use of genome editing. One can differentiate between the prediction of off-target effects 

using in silico methods and the detection of off-targets using either biased detection methods to 

analyze individual DNA sequences or unbiased detection methods where genome-wide off-target 

analysis are conducted [37]. Depending on the detection method being used the results of 

identifying off-target mutations vary widely. Although genome editing techniques induce much 

less off-target effects compared to classical mutagenesis techniques, off-targets are an important 

point of criticism as they may possibly cause genomic instability, cytotoxicity and cell death [38, 

39, 40].  

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. Thus, the provided overview on the available evidence on the occurrence of off-target 

effects will be of crucial importance. Furthermore, this systematic map facilitates an objective 

debate by informing interested stakeholder communities in a transparent and retraceable manner 

about the status of research, the progress in genome editing in plants and the available evidence 

about the potential occurrence of associated off-target effects. The results of the systematic map 

will be discussed on a stakeholder conference as well as within an expert group established as part 

of the ELSA-GEA project. These meetings will be an important part to identify relevant key aspects 

that should further be analyzed within a systematic review. 

4.3 Objectives of the map 

Due to its strong implications of plant breeding, genome editing is of particular relevance to 

scientists, regulators and policy-makers in the EU and worldwide. Therefore, we want to survey 

the available evidence about applications of genome editing in plants. The main objectives are: 
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(i) Overview of the traits modified by genome editing in model plants as well as in crops 

produced for agricultural production.  

(ii) Overview of the available evidence about the occurrence of off-target effects due to the use 

of genome editing techniques in model plants as well as in crops produced for agricultural 

production.  

(iii) Identification of the volume of the available literature, evidence clusters and key 

characteristics of the evidence base to inform interested stakeholder communities. 

(iv) Identification of knowledge gaps concerning the occurrence of off-target effects in order to 

inform decision makers which future research might be needed for a risk assessment. 

(v) Assessment whether the available evidence base is suitable for in-depth analysis such as by 

a systematic review. 

The primary question of the systematic map is: “What is the available evidence for the application 

of genome editing as a new tool for plant trait modification and the potential occurrence of 

associated off-target effects”? 

To answer this primary question, it is reconsidered by two secondary questions related to (1) the 

traits modified by genome editing and (2) the occurrence of off-target effects due to the use of 

genome editing. 

Secondary question one 

“What are the traits modified by genome editing in model plants as well as in crops produced for 

agricultural production?” 

Population: Any model plant or crop produced for agricultural production. 

Intervention: One of the following genome editing techniques was used to induce an alteration in 

the plant genome: Clustered Regularly Interspaced Short Palindromic 

Repeats/CRISPR associated proteins (CRISPR/Cas), Transcription Activator-Like 

Effector Nucleases (TALENs), Meganucleases (MN), Zinc-Finger Nucleases 

(ZFN), Oligonucleotide-Directed Mutagenesis (ODM). 

Outcome: The alteration of the genome (i.e. insertion, deletion or replacement of nucleotides) 

induced by the use of one of the genome editing techniques. 

Secondary question two 

“What is the available evidence for the potential occurrence of associated off-target effects due to 

the use of genome editing in model plants as well as in crops produced for agricultural 

production?” 

Population: Any model plant or crop produced for agricultural production. 

Intervention: One of the following genome editing techniques was used to induce an alteration in 

the plant genome: Clustered Regularly Interspaced Short Palindromic 

Repeats/CRISPR associated proteins (CRISPR/Cas), Transcription Activator-Like 
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Effector Nucleases (TALENs), Meganucleases (MN), Zinc-Finger Nucleases 

(ZFN), Oligonucleotide-Directed Mutagenesis (ODM). 

Outcome: The occurrence of potential off-target events was assessed. 

4.4 Methods 

4.4.1 Search strategy 

To test the comprehensiveness of the search strategy a scoping search was carried out to validate 

the search string and to test it against a priori selected articles of relevance (Additional file 1). To 

revise the adequacy of the search string an iterative process was applied by testing search strings 

in Web of Science (WoS), recording numbers of hits and testing them against the test library. The 

development of the search string is shown in additional file 2. 

The search string will be composed of two parts: The first part defines the population of interest 

and comprises less specific terms like crop, plant or seed and in addition model plants and crops 

produced for agricultural production including their English and Latin names to ensure broad 

coverage. The second part defines the intervention, i.e. the genome editing technique applied to 

induce an alteration in the plant genome (CRISPR, TALENs, ZFN, MN or ODM). 

The search terms describing each key element will be combined by the Boolean operator “OR” and 

the different key elements will be combined with the “AND” operator. Wildcards (‘*’) will be used 

to search for variant word endings. The final search terms shown in additional file 3 will be adapted 

to the specific needs of each database to which it will be applied to. Database searches will be 

conducted in English and German language. Articles published after 1996, when the first study 

about a genome editing technique was published, will be considered. 

The following online publication databases will be searched to identify academic literature. Access 

to these databases is ensured by institutional subscriptions: 

(i) Scopus 

(ii) PubMed 

(iii) Science direct 

(iv) Agris 

(v) Web of Science (WoS) 

(vi) Biological Abstracts 

(vii) BIOSIS Previews 

(viii) CAB Abstracts 

(ix) FSTA 

(x) SciELO Citation Index 

Furthermore, Google Scholar (https://scholar.google.com) will be searched using 30 different 

combinations of the most relevant (model) plants and genome editing terms. The first 20 search 

https://scholar.google.com/
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results, organized by relevance, of each combined search term will be assessed at the title/ abstract 

stage. Additionally, the search engine Google will be used to identify companies working with 

genome editing and to search on websites of government agencies for clues on the application of 

genome editing for market approval. 

Furthermore, the references of each review article will be scanned for further relevant papers. All 

hits from each database will be imported into an EndNote X8.0.1 library file. Duplicates will be 

removed using the appropriate function within the EndNote software. After removing duplicates 

the remaining records will be imported into the open-access and non-profit database CADIMA [41] 

to increase transparency and traceability during the review process. 

4.4.2 Study inclusion criteria 

In order to be included in the systematic map each article has to meet all the following inclusion 

criteria: 

Relevant population: Any model plant or crop produced for agricultural production as well as 

higher fungi was used. Ornamental and medicinal plants as well as yeast will be excluded. 

Relevant intervention: At least one of the following genome editing techniques was used to induce 

an alteration in the plant genome: Clustered Regularly Interspaced Short Palindromic 

Repeats/CRISPR associated proteins (CRISPR/Cas), Transcription Activator-like Effector Nuclease 

(TALENs), Zinc-Zinger Nuclease (ZFN), Meganuclease (MN), Oligonucleotide-Directed 

Mutagenesis (ODM)  

Relevant outcome: Due to the use of a genome editing technique an alteration in the plant genome 

was reported (insertion, deletion or replacement). Other techniques which do not induce a DSB and 

therewith do not employ the DNA repair mechanism of the cell will be excluded; among which are 

TALE (without a nuclease) and variations of a non-functional dCas9 (deadCas9) fused to a 

methylase, demethylase or transcription factor. 

Primary data: Only those references will be included which comprise primary data referring to the 

use of a genome editing technique to induce a sequence alteration in the plant genome. If there is 

any doubt about the availability of primary data of an article on title/abstract stage, it will be kept 

for full text assessment. 

4.4.3 Article screening 

When applying the selection criteria at title/abstract stage, a consistency check will be conducted 

by all participating reviewers aiming to determine the inter-reviewer agreement. A minimum of 50 

references or 10% of the total number up to a maximum of 200 references retrieved by the research 

will be checked until a kappa value with a score of at least 0.6 indicates a good reviewer agreement. 

If the kappa value is below 0.6, the reviewer will analyze the reasons for the insufficient kappa 

value within the whole review team and reassess the inclusion criteria. In a first step, all identified 

records will be assessed at title/abstract stage. In case that insufficient information is provided, the 

records will be passed on to the full text stage. Afterwards, the eligibility of records being retained 

after title/abstract screening will be checked at full text stage. A list of articles excluded at full text 

stage with the reason for exclusion will be provided. 
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At title/abstract and at full text stage, two reviewers working independently from each other will 

apply the inclusion criteria to all articles. Inconsistencies in rating decisions will be documented 

and the reasons will be discussed in the review team. 

4.4.4 Study quality assessment 

The aim of this systematic map is to provide a broad overview of the current progress in modifying 

the plant genome as well as the occurrence of off-target effects observed due to the use of genome 

editing techniques. Therefore, a full critical appraisal of included studies will not be performed. In 

order to facilitate the decision whether a systematic review would be worthwhile for being 

performed on a specific section of the map, data being indicative for the validity of an included 

study will be extracted (e.g. search for off-targets, off-target detection method). 

4.4.5 Data coding strategy 

For each study, one reviewer will extract data and the extracted data will be cross-checked by a 

second reviewer to minimize human error. 

The following superordinate categories will be considered: 

1. Bibliographic information (Reference type, authors, year of publication, title, abstract, 

keywords, periodical, issue number, page range, volume, DOI/ISBN, corresponding author 

and the name of the country the corresponding author is located). 

2. Information answering secondary question one about traits modified by genome editing 

(genome editing technique, plant species, sequence identifier, trait, kind of modification, 

progress in research towards application, key topic). 

3. Information answering secondary question two about the occurrence of off-target effects 

due to the use of genome editing (search for off-targets, prediction of potential off-targets 

(in silico), the prediction method used, identification of potential off-targets, detection of 

off-targets (biased/ unbiased), detection method, number of identified off-targets (biased/ 

unbiased). 

More detailed information about the data extraction strategy and the data extraction mode are 

shown in additional file 4. In a pilot scheme 5% of the studies retained for data extraction (at least 

20) will be checked a priori by all reviewers aiming to assess repeatability of the extraction process.  

4.4.6 Study mapping and presentation 

Included studies will be catalogued in a searchable database as well as in an Excel file. The database 

will be freely accessible on the project webpage www.dialog-gea.de. In addition, eligible studies 

will be characterized using descriptive statistics on key trends, including: 

(i) Frequency distribution of countries which are working on genome editing. 

(ii) Frequency of different plants used for the application of genome editing. 

(iii) Frequency distribution of the use of each genome editing technique. 

(iv) Frequency for the additional analysis of off-target effects when using a genome editing 

technique. 

http://www.dialog-gea.de/
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(v) Frequency distribution of the method used to predict/ detect off-target effects. 

(vi) How often off-targets were detected dependent on the used detection method. 

Knowledge gaps (un- or underrepresented subtopics that warrant further primary research) and 

knowledge clusters (well-represented subtopics that are amenable to full synthesis by a systematic 

review) will be identified e.g. by cross-tabulating key meta-data variables in heat maps. 

Furthermore, all results gained within this systematic map will be summarized in a narrative report. 

Moreover, additional files will include: 

(i) An EndNote database of all studies included in the systematic map. 

(ii) An overview of all studies excluded at full text stage with the reason for exclusion. 

Additional files 

https://environmentalevidencejournal.biomedcentral.com/articles/10.1186/s13750-018-0130-

6#Sec19 
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5.1 Abstract 

Background 

Within the last decades, genome editing techniques such as CRISPR/Cas, TALENs, Zinc-Finger 

Nucleases, Meganucleases, Oligonucleotide-Directed Mutagenesis and base editing have been 

developed enabling a precise modification of DNA sequences. Such techniques provide options for 

simple, time-saving and cost-effective applications compared to other breeding techniques and 

hence genome editing has already been promoted for a wide range of plant species. Although the 

application of genome editing induces less unintended modifications (off-targets) in the genome 

compared to classical mutagenesis techniques, off-target effects are a prominent point of criticism 

as they are supposed to cause unintended effects, e.g. genomic instability or cell death. To address 

these aspects, this map aims to answer the following question: What is the available evidence for 

the range of applications of genome editing as a new tool for plant trait modification and the 

potential occurrence of associated off-target effects? This primary question will be considered by 

two secondary questions: One aims to overview the market-oriented traits being modified by 

genome editing in plants and the other explores the occurrence of off-target effects. 

Methods 

A literature search in nine bibliographic databases, Google Scholar, and 47 web pages of companies 

and governmental agencies was conducted using predefined and tested search strings in English 

language. Articles were screened on title/abstract and full text level for relevance based on pre-

defined inclusion criteria. The relevant information of included studies were mapped using a pre-

defined data extraction strategy. Besides a descriptive summary of the relevant literature, a 

spreadsheet containing all extracted data is provided. 

Results 

Altogether, 555 relevant articles from journals, company web pages and web pages of 

governmental agencies were identified containing 1328 studies/applications of genome editing in 

model plants and agricultural crops in the period January 1996 to May 2018. Most of the studies 

were conducted in China followed by the USA. Genome editing was already applied in 68 different 

plants. Although most of the studies were basic research, 99 different market-oriented applications 

were identified in 28 different crops leading to plants with improved food and feed quality, 

agronomic value like growth characteristics or increased yield, tolerance to biotic and abiotic stress, 

herbicide tolerance or industrial benefits. 252 studies explored off-target effects. Most of the studies 

were conducted using CRISPR/Cas. Several studies firstly investigated whether sites in the genome 

show similarity to the target sequence and secondly analyzed these potential off-target sites by 

sequencing. In around 3% of the analyzed potential off-target sites, unintended mutations were 

detected. Only a few studies conducted off-target analysis using unbiased detection methods (e.g. 

whole genome sequencing). No off-target effects that could be correlated to the genome editing 

process were identified in these studies. 

Conclusions 

The rapid adoption in plant breeding was demonstrated by a considerable number of market 

oriented applications (crops and traits) described in publications worldwide. Studies investigating 
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off-target effects are very heterogeneous in their structure and design. Therefore, an in-depth 

assessment regarding their weight of evidence is mandatory.  

5.2 Background 

Technological progress in agriculture and plant breeding has contributed significantly to a stable 

food supply and formed the basis for high yields as well as the production of high-quality 

agricultural products [1]. However, in an ever-changing world, new challenges will be encountered 

within the next decades. Aside the demands of the growing global population and limited fossil 

resources, climate change is a driver of breeding efforts as it is associated with increased extreme 

weather events like droughts or floods as well as changing dynamics of pests and diseases. 

Agriculture needs to ensure and increase the world agricultural production to serve extended 

demands with limited environmental resources like soil and water [2]. In contrast, intensification 

of agriculture causes considerable impact on nature, as naturally diverse landscapes are replaced 

by arable land for the cultivation of few plant species. Biodiversity is threatened through habitat 

loss and pesticide use, which in turn is considered to increase disease and pest pressure [1]. 

Additionally, these impacts of agriculture on the environment are becoming increasingly important 

in societal debates. 

To meet all these challenges, improved crop varieties may be developed and integrated into a 

sustainable farming system considering their economic, environmental and social impacts [2]. 

Examples for a sustainable farming system are the preservation of natural soil fertility through 

suitable crop rotations, fertilization and plant protection according to the principles of integrated 

cultivation or a balanced and species-appropriate animal husbandry [3]. Additionally, plant 

breeding is of crucial importance to manage environmental impacts on cultivation systems by 

providing varieties resistant to plant diseases or pests, tolerant to abiotic stress and more broadly 

support a “greener production” – in time. This may reduce pesticide use and result in less intense 

management efforts (e.g. irrigation) [4]. Further yield improvement can increase the yield per 

hectare and may open land management options e.g. balance with areas for nature conservation [1]. 

Nevertheless, there is evidence that increased yields may lead to a rebound-effect meaning that 

yield improvement conserves the rate of land clearance, but the effect is smaller than it could be 

[5]. One example for the rebound-effect in agriculture is the Green Revolution [6]. As a result of 

this revolution, yields increased, saving ecosystems from conversion to agricultural land. However, 

the effect was much smaller than expected. One explanation for this effect may be that increased 

productivity due to new technologies also increases the profitability of agriculture compared with 

alternative land use [6]. 

Plant breeding essentially relies on the utilization of genetic variation within the breeding material 

that can be used for crossing and selection to develop improved varieties. New genetic variation 

occurs naturally by spontaneous mutations that enable some individual plants in a population to 

adapt to changing environmental conditions. However, as the mutation rate is fairly low and 

random, plant breeders and scientists have artificially induced mutations for several decades [7]. 

The first generation of mutation breeding used chemical and physical mutagens to generate a 

plurality of nonspecific mutations. The increased mutation rate results in plants with a few positive, 

a lot of neutral and several negative characteristics. Thus, laborious backcrossing and selection 

steps are necessary in order to select for a target trait in a desired genetic background (maternal 
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variety). Nevertheless, to date 3282 mutant varieties from 225 different plant species have been 

generated through undirected mutagenesis and officially but voluntarily registered [8]. 

Glossary: [1, 9, 10] 

Backcrossing: 

Backcrossing is a crossing of a hybrid with one of its parents in order to achieve offspring that 

are genetically closer to the selected parent. This way, desired heterologous traits from the 

hybrid can be transferred into the genetic background of a parental line. Since crossing 

recombines all genes, many backcrosses are necessary to achieve considerable dilution of 

unwanted genes from the hybrid. 

Mutagen: 

A mutagen is an agent that increases the mutation rate within an organism or cell, e.g. X-rays, 

gamma-rays or chemicals like ethyl methane sulfonate (EMS). 

Mutation breeding: 

A plant breeding approach using mutagens to enhance genetic variation. The resulting random 

mutations can generate new gene variations with positive traits that can be selected for further 

breeding. However, several of these mutations are negative and diminish the viability of the 

plant. 

Off-target effect due to genome editing: 

Unintended cleavage and mutations at untargeted genomic sites with similar but not identical 

sequences compared to the target site. 

Selection:  

A process in breeding by which the breeder chooses only those individuals that show desired 

trait(s).  

In 1983, the first recombinant DNA was delivered to plant cells using Agrobacterium tumefaciens 

[11, 12]. From this time on, it is possible to work at a single gene level with genetic material from 

any organism, generating plants that cannot be bred conventionally. Nevertheless, the induced 

mutations using chemical and physical mutagens as well as the “classical” transgenic approach 

show limited efficiencies and unintended side effects due to the random targeting [13]. 

In recent years, genome editing techniques have been developed enabling a more precise 

modification of DNA sequences in a site-directed manner [10]. To date, genome editing comprises 

three molecular approaches that efficiently induce targeted alterations in genomes: (i) Site-directed 

nucleases (SDN), including Meganucleases (MN), Zinc-Finger Nucleases (ZFN), Transcription 

Activator-Like Effector Nucleases (TALENs) and Clustered Regularly Interspaced Short 

Palindromic Repeats/CRISPR associated protein (CRISPR/Cas), (ii) Oligonucleotide-directed 

mutagenesis (ODM) and (iii) base editing (BE). A detailed description of the single techniques is 

summarized in Additional file 1. Site-directed nucleases induce double-strand breaks (DSBs) in 

the DNA which are subsequently repaired by the autochthonous cellular mechanisms. The type of 

repair can be categorized in three main types [10, 14–16]: 
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(i) No template is added and the DSB is repaired by autochthonous cellular mechanisms (in most 

cases non-homologous end joining (NHEJ)) resulting in small insertion-deletion (indel) 

mutations. This approach is defined as SDN1. 

(ii) A repair template is added which, except for a few nucleotides, is identical to the sequences 

in which the DSB is introduced. Then, the DSB is repaired via homology-directed repair 

(HDR), causing nucleotide substitution or, depending on the template used, targeted indels 

of a specific size. This approach is defined as SDN2.  

(iii) The repair template harbors a recombinant DNA sequence additional to the homologous 

sequences in which the DSB is made and the break is repaired via HDR, resulting in more 

complex alterations, i.e. the insertion of foreign genes. This approach is defined as SDN3. 

The Oligonucleotide-Directed Mutagenesis technique does not induce a DSB. Instead the 

introduced oligonucleotide binds to the targeted DNA sequences and this sequence is then modified 

by the cellular mechanism of mismatch repair [10]. Base editing is a recently developed approach 

enabling a targeted switch of DNA bases in a given frame into another without any DSB [17]. 

Genome editing offers substantial advantages compared to previous mutation breeding techniques 

and conventional genetic engineering in terms of speed and precision. It provides the opportunity 

to selectively mutate or modify one or a few genes (SDN1, SDN2). In addition, it is now possible 

to precisely modify or selectively replace (SDN3) entire genes from both closely as well as distantly 

related organisms [10]. By the use of conventional genetic engineering, traces of recombinant 

DNA, from the used gene shuttle (e.g. bacteria, virus or plasmid), persist in the modified organism 

leading to clearly characterized genetically modified organisms. In contrast, by applying genome 

editing, it is possible to modify crops without inserting foreign DNA sequences at all [18]. 

Therefore, some countries like USA, Canada, Brasilia, Argentina and others reduced the regulatory 

burden for plant breeders [19]. Due to the simplicity, time-saving and cost-effective application of 

genome editing, it has already been applied in a wide range of cultivars. Genome editing has been 

used for: 

(i) Analyzing gene functions (e.g. effect of the RAV2 gene for salt stress in rice [20]). 

(ii) Improvement of product quality (e.g. improved oil quality in soybean [21]). 

(iii) Development of disease resistant varieties (e.g. virus resistant cucumber [22]). 

(iv) Developing of herbicide tolerant varieties (e.g. resistance to the herbicide chlorsulfuron in 

canola [23]). 

(v) Improved adaption to abiotic stress, (e.g. drought tolerance in maize [24]). 

Even in plants like hexaploid wheat, that were so far largely inaccessible for targeted genetic 

alterations, the simultaneous mutation of all six alleles was successfully performed [25]. These 

successful applications are opening up new dimensions for the scientific plant breeding and 

agricultural community. 

Compared to randomly induced mutations by chemicals or irradiation, the number of unintended 

mutations (off-target effects) is broadly reduced by genome editing techniques [10]. Nevertheless, 

their application does not completely or per se exclude the occurrence of off-target effects. Off-
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target effects caused by genome editing most likely occur in DNA sequences that are similar (not 

identical) to the targeted one but are located at another site in the genome. Mainly, they occur due 

to the lack of exclusiveness and/or length of the recognition site [10]. When analyzing off-target 

effects, one distinguishes between biased and unbiased detection methods [26]. To date, the 

predominant approach for identifying off-target effects is the biased approach consisting of two 

steps: (i). Using sequence alignment programs, sites in the genome with high similarity to the target 

sequence are identified, which are designated as potential off-target sites. Several different tools 

like BLAST [27], Cas-OFFinder [28] or CRISPR-P [29, 30] are used to identify these potential off-

target sites. (ii). The identified individual DNA sequences (potential off-target sites) are then 

analyzed for undesired mutations (off-target effects) using various detection methods like 

mismatch-sensitivity endonuclease assays, Sanger sequencing or targeted deep sequencing [31]. 

All detection methods have their specific advantages and disadvantages which are addressed in 

several reviews (e.g. [26, 32]). In contrast to the biased detection methods, unbiased ones are used 

to identify off-target effects in a completely unrestricted way. Therefore, it requires genome-wide 

sequencing to identify off-target mutations anywhere in the genome and de novo define off-target 

sites [26, 32]. Depending on the detection method being used, the results of identifying off-target 

mutations vary widely. Although genome editing techniques induce much less off-target effects 

compared to classical mutagenesis techniques, these are an important point of criticism as they may 

possibly cause genomic instability, cytotoxicity and cell death [33–35]. 

This systematic map facilitates an objective debate by informing interested stakeholder 

communities in a transparent and retraceable manner about the status of research, the progress of 

genome editing in plants and the available evidence for the potential occurrence of associated off-

target effects. Furthermore, 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. Thus, an overview of the available evidence on the occurrence of 

off-target effects could be of crucial importance.  

Stakeholder engagement 

The systematic map question, the secondary questions and the scope was designed by the review 

team reflecting discussions with policy makers, authorities, regulators and academia requesting a 

broad overview on the available evidence about the application of genome editing in plants and the 

potential occurrence of off-target effects. Throughout the review process there was no stakeholder 

engagement. As indicated in the systematic map protocol the results of the map were discussed on 

a conference with different stakeholders from this field, including besides others plant breeders, 

federal authorities, academia, farmer organizations and processing industry. Stakeholder remarks 

are taken into account when preparing a systematic review based on the results of this map. 

5.3 Objectives of the map 

As genome editing techniques are a promising tool to revolutionize plant breeding, they are of 

particular relevance to scientists, breeders, farmers but also to decision and policy makers with 

regards to the broader agricultural management and future challenges. Therefore, we wanted to 

provide a comprehensive and transparent overview of the available evidence base concerning the 

effects of genome editing in plants. The main objectives were: 
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(i) Overview of the traits modified by genome editing in model plants as well as in crops 

produced for agricultural production.  

(ii) Overview of the available evidence about the occurrence of off-target effects due to the use 

of genome editing techniques in model plants as well as in crops produced for agricultural 

production.  

(iii) Identification of the geographical distribution of genome editing activities in plants 

worldwide. 

(iv) Identification of the volume of the available literature, evidence clusters and key 

characteristics of the evidence base to inform interested stakeholder communities. 

(v) Identification of knowledge gaps concerning the occurrence of off-target effects in order to 

inform decision makers which future research might be needed for a risk assessment. 

(vi) Assessment whether a specific section of the available evidence base is suitable for an in-

depth analysis by a systematic review. 

The primary question of the systematic map was: “What is the available evidence for the range of 

applications of genome editing as a new tool for plant trait modification and the potential 

occurrence of associated off-target effects”? 

To answer this primary question, it was subdivided into two secondary questions related to (1) the 

traits modified by genome editing and (2) the occurrence of off-target effects due to the use of 

genome editing.  

Secondary question one 

“What are the traits modified by genome editing in model plants as well as in crops produced for 

agricultural production?” 

Population: Any model plant or crop produced for agricultural production. 

Intervention: One of the following genome editing techniques was used to induce an alteration in 

the plant genome: Clustered Regularly Interspaced Short Palindromic 

Repeats/CRISPR associated protein (CRISPR/Cas), Transcription Activator-Like 

Effector Nucleases (TALENs), Meganucleases (MN), Zinc-Finger Nucleases 

(ZFN), Oligonucleotide-Directed Mutagenesis (ODM), base editing (BE) 

Outcome: The alteration of the genome (i.e. insertion, deletion or substitution of nucleotides) 

induced by the use of a genome editing technique. 

Secondary question two 

“What is the available evidence for the potential occurrence of associated off-target effects due to 

the use of genome editing in model plants as well as in crops produced for agricultural 

production?” 

Population: Any model plant or crop produced for agricultural production. 

Intervention: One of the following genome editing techniques was used to induce an alteration in 

the plant genome: Clustered Regularly Interspaced Short Palindromic 
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Repeats/CRISPR associated protein (CRISPR/Cas), Transcription Activator-Like 

Effector Nucleases (TALENs), Meganucleases (MN), Zinc-Finger Nucleases 

(ZFN), Oligonucleotide-Directed Mutagenesis (ODM), base editing (BE). 

Outcome: The alteration of the genome (i.e. insertion, deletion or substitution of nucleotides) 

induced by the use of a genome editing technique. Additionally, the occurrence of 

off-target effects was assessed. 

5.4 Methods 

The methods used to conduct this systematic map were based on the Collaboration for 

Environmental Evidence (CEE) systematic review guidelines [36]. Detailed information about the 

methods used to perform this systematic map are presented in the published protocol [37]. A brief 

summary of these methods is provided here.  

Search for articles 

The search string was composed of 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, i.e. the genome 

editing technique applied to induce an alteration in the plant genome (CRISPR, TALENs, ZFN, 

MN, ODM or BE). To test the comprehensiveness of the search strategy a scoping search was 

carried out and the identified records where tested against an a priori defined test library with 

articles of known relevance. Details on search settings and subscriptions can be found in Additional 

file 2. The following bibliographic databases were searched whereby the search string was adapted 

to the specific needs of each database to which it was applied to: 

(i) Scopus 

(ii) PubMed 

(iii) Science direct 

(iv) Agris 

(v) Web of Science (WoS) 

(vi) Biological Abstracts 

(vii) BIOSIS Previews 

(viii) CAB Abstracts 

(ix) SciELO Citation Index 

In addition, Google Scholar (https://scholar.google.com) was searched using 30 different 

combinations of different (model) plants and genome editing terms. The first 20 hits organized by 

relevance, of each search term were examined for relevance. Furthermore, a total amount of 47 

web pages of companies working with genome editing and the USDA database “Am I regulated?” 

(https://www.aphis.usda.gov/aphis/ourfocus/biotechnology/am-i-regulated) were searched to 

identify grey literature. Finally, the bibliographies of 107 review articles identified by the literature 

search were screened to identify further relevant papers. In May 2018, the search string was applied 
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in order to identify articles published after 1996, when the first study about a genome editing 

technique was published.  

Article screening and study eligibility criteria 

Screening process 

Before applying the selection criteria at title/abstract and then at full text level, a consistency check 

was conducted by all four participating reviewers aiming to determine the inter-reviewer 

agreement. The level of agreement was tested formally using a kappa test [38]. 100 references 

retrieved by the search were randomly explored at title/abstract level leading to a kappa value of 

0.48. After discussing all disagreements, a second consistency check was carried out using another 

randomly allocated 100 references resulting in a kappa value of 0.71. After title/abstract screening, 

potentially relevant articles were checked at full text level. A list of unobtainable articles 

(Additional file 3) and articles excluded at full text level with the reason for exclusion (Additional 

file 4) are provided. For conducting the consistency check as well as for the screening process at 

title/abstract and full text level the open-access and non-profit database CADIMA was used [39]. 

Two members of the review team are authors of a few articles retrieved by the review process. 

However, as none of these papers comprise primary data, their articles were excluded at 

title/abstract level. Nevertheless, the two coauthors routinely screened literature covering the issues 

addressed in this map. 

Eligibility criteria 

An article had to meet all the following inclusion criteria in order to enter into the systematic map: 

Eligible populations: Any model plant or crop produced for agricultural production as well as 

higher fungi was used.  

Eligible interventions: At least one of the following genome editing techniques was used to induce 

an alteration in the plant genome: Clustered Regularly Interspaced Short Palindromic 

Repeats/CRISPR associated protein (CRISPR/Cas), Transcription Activator-like Effector Nuclease 

(TALENs), Zinc-Finger Nuclease (ZFN), Meganuclease (MN), Oligonucleotide-Directed 

Mutagenesis (ODM), base editing (BE). 

Eligible outcome for secondary question one: An alteration in the plant genome was reported 

(insertion, deletion or substitution) due to the use of a genome editing technique.  

Eligible outcome for secondary question two: The occurrence of off-target effects was assessed. 

Eligible type of data: Only those references were included which comprise primary data referring 

to the use of a genome editing technique to induce a sequence alteration in the plant genome.  

Eligible languages: References in German and English languages 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 the provided information allowed for a definite judgment of 

their relevance. 
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Study validity assessment 

The aim of this systematic map was to provide a broad overview of the progress on genome editing 

in plants as well as the examination of associated off-target effects. The validity of the included 

studies (critical appraisal) was not assessed. However, in order to facilitate the decision on the 

potential of a subsequent systematic review, data being indicative for the validity of an included 

study were extracted. 

Data coding strategy 

Articles in which several genome editing techniques were applied, different plants were used or 

different genes were addressed have been subdivided in distinct studies. While articles were 

screened for relevance at title/abstract and full text level, the relevant data were finally extracted at 

study level. 

The data of each included study was extracted in one row in the excel file for the following 

superordinate categories: 

1. Bibliographic information (reference type, authors, year of publication, title, abstract, 

keywords, periodical, issue number, page range, volume, DOI/ISBN, corresponding author 

and the name of the country the corresponding author is located). 

2. Information answering secondary question one about traits modified by genome editing 

(genome editing technique, plant species, sequence identifier, trait, type of alteration, 

progress in research, key topic). 

3. Information answering secondary question two about the occurrence of off-target effects 

due to the use of genome editing (search for off-target effects, prediction of potential off-

target effects (in silico), the prediction method used, identification of potential off-target 

sites, detection of off-target effects (biased/ unbiased), detection method, amount of 

identified off-target effects (biased/ unbiased). 

Data were extracted according to the systematic map protocol [37]. Data from a subset of 20 studies 

were extracted by two reviewers independently to assess the consistency of the extraction process 

across the reviewers. Discrepancies were discussed and clarified within the whole review team. 

Then, the data of the other studies were extracted by one reviewer and cross-checked by a second 

one to minimize the introduction of human error. In case of missing data, “no information” has 

been noted under the respective category. If data were in another language than English or German, 

it is stated as “language”. 

Data mapping method 

The overview of research activities is provided in a narrative report and visualized in tables and 

figures. In addition, relevant studies and the extracted data are catalogued in Additional file 5 (to 

answer secondary question one) and Additional file 6 (to answer secondary question two) as well 

as provided in a searchable database that is freely accessible on the web page https://www.dialog-

gea.de/de/service/repositorium. 

Deviations from the systematic map protocol 

The methods used in this map deviate from the protocol in the following aspects: 
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(i) Contrary to what was stated in the protocol, the recently developed base editing method was 

not excluded. To identify all base editing studies the second part of the search string 

(intervention) was extended by the terms “base editing” and “base editing”. 

(ii) Articles in other languages than English or German were included if further parts than title 

and abstract of the article like figures or tables were in English or German and the provided 

information allowed for a definite judgment of their relevance. 

(iii) In the course of data extraction we noticed that it was not possible to properly categorize the 

progress in research to the three classes indicated in the systematic map protocol [37]. 

Therefore, we decided to classify the studies as either basic research or market-oriented 

application. To be flagged as market-oriented, a study had to meet three criteria: 

(1) Genome editing was applied in an agricultural crop. 

(2) A trait was addressed that may be of interest for commercialization (market-oriented 

trait). 

(3) The targeted trait is expressed in the edited plant grown. 

All studies that did not meet all three criteria were classified as basic research. 

(iv) Contrary to what was stated in the protocol, no EndNote database of all studies included in 

the systematic map was attached to this systematic map. Instead, one excel file for each 

secondary question was provided as additional file containing all included studies and the 

extracted data. 

5.5 Results 

Review descriptive statistics 

Figure 5.1 presents the systematic mapping process of articles and studies in a flow diagram. From 

January 1996 until May 2018, in total 15703 records were identified from ten bibliographic 

databases, Google Scholar, the targeted search on 47 company web pages, the USDA-database 

“Am I regulated?” and the screening of 107 review articles. After removing duplicates (n=9521), 

6182 articles remained and were screened on title/abstract level. Main reasons for exclusion at this 

stage were the application of genome editing in animals and the absence of primary data. 941 

articles passed the inclusion criteria on title/abstract level or were rated as “unclear” and remained 

included for full text screening. The application of the inclusion criteria at full text level resulted 

in 524 relevant articles. Searching for grey literature on company websites and websites from 

governmental authorities identified another 31 further relevant documents and web pages that were 

considered during data extraction. Out of these 555 records, a total amount of 1328 studies were 

extracted and formed the basis for this systematic map. A list of all studies and the extracted data 

to answer secondary question one is provided in Additional file 5. Additional file 6 provides a list 

of all studies and the extracted data to answer secondary question two. A ROSES reporting form is 

included in Additional file 7. 
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Figure 5.1 Flow diagram of the systematic mapping process explaining the selection of relevant articles and studies. 

This diagram follows ROSES guidance [40]. 

5.5.1 General overview of the application of genome editing in model plants 

and crops  

Studies per year 

In the mapping period between January 1996 and May 2018, a total amount of 1328 studies were 

identified. As shown in Figure 5.2, the number of studies using TALENs, ZFN, ODM, MN and BE 

has remained on a relatively low level. In contrast, the number of studies on CRISPR/Cas has risen 

sharply soon after the system was applied for the first time in plants in 2013. Nearly 85% of the 

studies were published since 2015 indicating the rapid dissemination and development of these 

techniques within the last few years.  
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Figure 5.210 The number of genome editing applications published per year. 

*Only January – May 2018; CRISPR/Cas: Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR 

associated protein; TALENs: Transcription activator-like effector nucleases; ZFN: Zinc-Finger Nucleases; ODM: 

Oligo-Directed Mutagenesis; MN: Meganucleases; BE: Base editing. 

As shown in Table 5.1, 26 studies used MN, 27 studies used ODM, 42 studies used BE, 73 studies 

used ZFN, 128 studies used TALENs and 1032 studies used CRISPR/Cas. When using 

CRISPR/Cas, the most frequently used nuclease was Cas9 (n=986) followed with a large distance 

by Cas12a (also known as Cpf1) (n=46).  
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Table 5.1 Heat map showing number of studies performed with the different genome editing techniques (rows) and 

the year the studies were published (columns) (1996 - May 2018). 

 
*only January – May 2018; CRISPR/Cas: Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR 

associated protein; TALENs: Transcription activator-like effector nucleases; ZFN: Zinc-Finger Nucleases; ODM: 

Oligo-Directed Mutagenesis; MN: Meganucleases; BE: Base editing. 

Geographical distribution of genome editing studies 

The number of studies per country was calculated based on the country the corresponding author 

is located at. In case of grey literature, the study was accounted based on the country the company 

is located at. Multiple assignments are possible if the corresponding author is affiliated with 

institutions in different countries or if more than one author was indicated being corresponding 

author. Therefore, the sum of studies accounted for different countries is higher (n=1494) than the 

total amount of studies identified (n=1328). Asia is the leading continent when applying and 

publicizing genome editing in plants (n=784 studies, 53%) followed by North America (n=508 

studies, 34%), Europe (n=189 studies, 13%), Australia (n=6 studies, <1%), South America (n=4 

studies, <1%) and Africa (n=3 studies, <1%) (Figure 5.3). In total, publications from 33 countries 

were identified. As shown in Figure 5.3, China has a substantial lead in the number of studies 

(n=599 studies, 40%) followed by the USA (n=487 studies, 33%), Japan (94 studies, 6%) and 

Germany (n=88 studies, 6%).  
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Figure 5.3 Number of studies per country* in the systematic map database (Grouped by continent; January 1996 - 

May 2018). 

* Identified by the corresponding author(s); South America: Grey; Australia: Black; North America: Orange; Europe: 

Blue; Asia: Green; Africa: Red 

Genome editing applications in model plants and crops 

Around two third of the studies (n= 907; 68%) were conducted on agricultural crops and one third 

(n=421; 32%) on model organisms. However, it is worth noting that rice is an important crop plant 

but it is also used as model species because of its genome size and because embryogenic rice 

cultures can be easily prepared, transformed and rapidly regenerated into fertile plants. In total, 51 

species and subspecies of different agricultural crops and 17 species/subspecies of model plants 

1

2

1

4

5

5

9

18

24

25

94

599

1

1

1

1

2

3

3

4

4

4

5

11

15

21

25

88

21

487

6

1

3

0 100 200 300 400 500 600 700

Uganda

Kenya

Pakistan

Republic of Singapore

Phillipines

India

Taiwan

Saudi Arabia

Israel

South Korea

Japan

China

Turkey

Poland

Greece

Austria

Hungary

Norway

Denmark

Sweden

Spain

Italy

Ireland

Belgium

Netherlands

United Kingdom

France

Germany

Canada

USA

Australia

Argentinia

Columbia



Systematic map 

 

45 

were under investigation, with the majority of studies focusing on rice (n=465) followed by the 

model organisms Arabidopsis (n=218) and tobacco (n=107). Besides to these, tomato (n=84) is 

most commonly studied followed by maize (n=77), wheat (n=63) and soybean (n=53) (Figure 5.4). 

  

Figure 5.4 Total amount of genome editing applications in crops and model plants (1996 - May 2018) *Several species 

or subspecies were used when applying genome editing. 

Type of alteration in the plant genome 

As shown in Figure 5.5, the majority of studies (n=1223; 92%) describe the induction of point 

mutations or indels comparable to spontaneous mutations or undirected mutagenesis. This was 

mainly achieved with SDN1 (n=1154) where no repair template was added and the DSB was 
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repaired by NHEJ. Additionally, the induction of point mutations (PM) using the ODM technique 

(n=27) or BE (n=42) leads to point mutations comparable to SDN1. Only 36 studies (3%) added a 

repair template that, except for a few nucleotides, was identical to the targeted sequence in which 

the DSB was introduced leading to a DSB repair via homology-directed repair (SDN2). In 68 

studies (5%), a repair template was added that harbors a recombinant DNA sequence additional to 

the homologous sequences and the DSB was repaired via homology-directed repair (SDN3). 

 
Figure 5.5 Distribution of the type of alteration introduced by the application of genome editing (January 1996 - May 

2018). SDN: Site-directed nucleases; PM: Point mutation; BE: Base editing 

5.5.2 Secondary question 1: “What are the traits modified by genome editing 

in model plants as well as in crops produced for agricultural 

production?” 

In total, 193 studies were allocated as market-oriented applications. However, different scientists 

studied the same crop species and trait. Considering this, a total amount of 99 different applications 

in 28 different plant species remained. These market-oriented applications build the basis to answer 

secondary question 1. Figure 5.6 categorizes the market-oriented applications to different groups 

of traits. Most of the market-oriented applications (n=36) are related to an improved agronomic 

value (Table 5.2), followed by 28 applications with an improved food and feed quality (Table 5.3). 

For biotic stress tolerance, 16 different applications were identified (Table 5.4), for herbicide 

tolerance eight applications (Table 5.5), for industrial utilization six applications (Table 5.6) and 

for abiotic stress tolerance five applications (Table 5.7). For more detailed information about the 

analyzed traits, see the respective tables. 
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Figure 5.6 Distribution of market-oriented applications of crops with nutritionally, agriculturally or industrially 

relevant traits (January 1996 - May 2018). 

As shown in Figure 5.7, most of the market-oriented applications were applied in rice (n=29), 

followed by tomato (n=16), maize (n=10), potato (n=6), wheat (n=6), soybean (n=4) and canola 

(n=4). In 21 other agricultural relevant crops, one or two market-oriented applications were 

identified. 

 
Figure 5.7 Total amount of genome editing applications in crops with market-oriented traits (January 1996 - May 

2018). 
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Table 5.2 Total amount of genome editing applications in crops with market-oriented traits (1996 - May 2018). 

Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Canola Christian-Albrechts-

University of Kiel, 

Germany 

Increased 

yield 

Increased shatter 

resistance to avoid seed 

loss during mechanical 

harvest  

CRISPR/Cas9 

SDN1 

[41] 

Canola Huazhong Agricultural 

University, China 

Increased 

yield 

Increased seeds number 

per husk, higher seed 

weight 

CRISPR/Cas9 

SDN1 

[42] 

Cotton Anhui Agricultural 

University, China; Chinese 

Academy of Agricultural 

Sciences, China 

Growth 

characteristics 

 

Improved root growth 

under high and low 

nitrogen conditions 

CRISPR/Cas9 

SDN1 

[43] 

Cucumber Chinese Academy of 

Agricultural Sciences, 

China 

Growth 

characteristics 

Only female flowers CRISPR/Cas9 

SDN1 

[44] 

Lettuce University of California, 

USA 

Increased 

yield 

Germination at high 

temperature 

CRISPR/Cas9 

SDN1 

[45] 

Maize Benson Hill Biosystems, 

USA 

Increased 

yield 

Increased photosynthesis 

efficiency 

Meganuclease 

SDN3 

[46] 

Maize University of Wisconsin, 

USA 

Growth 

characteristics 

Early flowering under 

long day conditions 

CRISPR/Cas9 

SDN1 

[47] 

Maize DuPont Pioneer, USA; 

 

Growth 

characteristics 

 

Male sterility CRISPR/Cas9 

SDN1 

[48, 49]  

University of Science and 

Technology Beijing, China; 

Beijing Solidwill Sci-Tech 

Co. Ltd, China 

CRISPR/Cas9 

SDN1 

[4]  

Chinese Academy of 

Sciences, China 

CRISPR/Cas9 

SDN1 

[50] 

Maize Syngenta Seeds, USA 

 

Growth 

characteristics 

Haploid induction TALENs 

SDN1 

[51] 

Potato Cellectis Plant Science, 

USA 

Storage 

characteristics 

Improved cold storage 

and processing traits 

(reduced sugars/ reduced 

levels of acrylamide) 

TALENs 

SDN1 

[52] 

Rice Chinese Academy of 

Sciences, China 

Increased 

yield 

Altered grain number per 

panicle 

CRISPR/Cas9 

SDN1 

[53] 

National Rice Research 

Institute, China 

CRISPR/Cas9 

SDN1 

[54] 

Rice Chinese Academy of 

Sciences, China 

Increased 

yield 

Seed size/ increased seed 

weight 

CRISPR/Cas9 

SDN1 

[53] 

Anhui Academy of 

Agricultural Sciences, 

China 

CRISPR/Cas9 

SDN1 

[55] 
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Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Fudan University, China CRISPR/Cas9 

SDN1 

[56] 

Yangzhou University, 

China 

CRISPR/Cas9 

SDN1 

[57] 

Agronomy College of 

Henan Agricultural 

University, China 

CRISPR/Cas9 

SDN1 

[58] 

Chinese Academy of 

Agricultural Sciences, 

China; Yangzhou 

University, China 

CRISPR/Cas9 

SDN1 

[59] 

Rice Chinese Academy of 

Sciences, China  

Growth 

characteristics 

Increased plant height, 

improved tiller-

production, erect panicle, 

increased biomass 

CRISPR/Cas9;  

SDN1 

[53, 60] 

Wuhan Institute of 

Bioengineering; Huazhong 

Agricultural University, 

China  

CRISPR/Cas9 

SDN1 

[60] 

Sichuan Agricultural 

University 

CRISPR/Cas9 

SDN1 

[61] 

Chinese Academy of 

Agricultural Sciences, 

China; Yangzhou 

University, China 

CRISPR/Cas9 

SDN1 

[59] 

Rice Chinese Academy of 

Agricultural Sciences, 

China; Jangsu Academy of 

Agricultural Sciences, 

China 

Growth 

characteristics 

Early maturing CRISPR/Cas9 

SDN1 

[62]  

Rice Kyung Hee University, 

South Korea 

Growth 

characteristics 

Male sterility CRISPR/Cas9 

SDN1 

[63] 

Shanghai Jiao Tong 

University, China 

CRISPR/Cas9 

SDN1 

[64] 

South China Agricultural 

University, China 

CRISPR/Cas9 

SDN1 

[65, 66] 

Sichuan Agricultural 

University, China 

CRISPR/Cas9 

SDN1 

[67, 68] 

Rice Chinese Academy of 

Sciences, China; University 

of Chinese Academy of 

Sciences, China 

Increased 

yield 

Regulation of pollen tube 

growth 

CRISPR/Cas9 

SDN1 

[69] 

Rice China Agricultural 

University, China 

Storage 

characteristics 

Increased seed storage TALENs 

SDN1 

[70] 
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Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Rice China National Rice 

Research Institute, China; 

China Three Gorges 

University, China 

Increased 

yield 

Increased seed setting 

rate 

CRISPR/Cas9 

SDN1 

[71] 

Rice Anhui Academy of 

Agricultural Sciences, 

China 

Increased 

yield 

Longer panicle CRISPR/Cas9 

SDN1 

[55] 

Rice Nanjing Agricultural 

University, China 

Increased 

yield 

Grain yield, Regulation 

of seed development 

CRISPR/Cas9 

SDN1 

[72] 

Rice Chinese Academy of 

Sciences, China  

Growth 

characteristics 

Decreased plant height CRISPR/Cas9 

SDN1 

[73] 

Syngenta Biotechnology, 

China 

CRISPR/Cas9 

SDN1 

[74] 

Rice Wuhan Institute of 

Bioengineering, China; 

Huazhong Agricultural 

University, China 

Increased 

yield 

Increased nitrogen 

utilization efficiency 

 

CRISPR/Cas9 

SDN1 

[60] 

Rice Hunan Normal University, 

China 

Growth 

characteristics 

Regulation of seed 

dormancy, stomatal 

opening, plant 

developmental, abiotic 

stress tolerance and leaf 

senescence 

CRISPR/Cas9 

SDN1 

[75] 

Soybean Chinese Academy of 

Agricultural Sciences, 

China 

Growth 

characteristics 

Late flowering CRISPR/Cas9 

SDN1 

[76] 

Switchgrass Iowa State University, USA Growth 

characteristics 

Bushy phenotype CRISPR/Cas9 

SDN1 

[77] 

Tomato National Food Research 

Institute, Japan 

Increased 

yield 

Regulating fruit ripening CRISPR/Cas9 

SDN1 

[78] 

Tomato University of Minnesota, 

USA 

Growth 

characteristics 

Bigger seedlings TALENs 

SDN1 

[79] 

Tomato Cold Spring Harbor 

Laboratory, USA; Max 

Planck Institute for Plant 

Breeding Research, 

Germany; Université Paris-

Scalay, France 

Growth 

characteristics 

Early flowering CRISPR/Cas9 

SDN1 

[80] 

Tomato University of Florida, USA Growth 

characteristics 

Easy separation of fruit 

and stem 

CRISPR/Cas9 

SDN1 

[81] 

Tomato Cold Spring Harbor 

Laboratory, USA 

Increased 

yield 

Fruit size CRISPR/Cas9 

SDN1 

[82] 

Tomato Cold Spring Harbor 

Laboratory, USA 

Increased 

yield 

Highly branched 

inflorescence and 

formation of multiple 

flowers 

CRISPR/Cas9 

SDN1 

[82] 
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Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Tomato Weizmann Institute of 

Science, Israel 

Growth 

characteristics  

Yellow fruit color CRISPR/Cas9  

SDN1 

[83] 

Weizmann Institute of 

Science, Israel 

CRISPR/Cas9  

SDN 3 

[84] 

Tomato Weizmann Institute of 

Science, Israel 

Growth 

characteristics 

Orange fruit color CRISPR/Cas9  

SDN3 

[84] 

Tomato Academy of Agriculture 

and Forestry Sciences; 

Chinese Academy of 

Sciences, China 

Growth 

characteristics 

Pink fruit color CRISPR/Cas9 

SDN1 

[85] 

Wheat Kansas State University, 

USA 

Increased 

yield 

Bigger grains, increased 

grain weight 

CRISPR/Cas9 

SDN1 

[86] 

Chinese Academy of 

Sciences, China 

CRISPR/Cas9 

SDN1 

[87] 

Wild 

strawberry 

University of Maryland, 

USA 

Growth 

characteristics 

Faster seedling growth CRISPR/Cas9 

SDN1 

[88] 

Explanations: 

TALENs: Transcription Activator-Like Effector Nucleases 

CRISPR/Cas9: Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein 9 

SDN: Site-Directed Nucleases 

Table 5.3 Genome editing in plants for improved food and feed quality (1996 - May 2018). 

Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Alfalfa Calyxt, Inc., USA Product 

quality 

Reduced lignin content TALENs 

SDN1 

[89] 

Camelina 

sativa 

Montana State University, 

USA 

Product 

quality 

Increased levels of oleic 

acid and α-linolenic acid 

CRISPR/Cas9 

SDN1 

[90] 

University Nebraska, USA Increased levels of oleic 

acid, decreased levels of 

fatty acids 

CRISPR/Cas9 

SDN1 

[91] 

Université Paris-Saclay, 

France 

Increased levels of oleic 

acid, decreased levels of 

fatty acids 

CRISPR/Cas9 

SDN1 

[92] 

Kansas State University, 

USA 

Lower oil content CRISPR/Cas9 

SDN1 

[93] 

Canola Tamagawa University, Japan Product 

quality 

Altered fatty acid 

composition 

CRISPR/Cas9 

SDN1 

[94] 

Maize Du Pont Pioneer, USA;  Product 

quality  

Waxy corn, improved 

starch production 

CRISPR/Cas9 

SDN1 

[95] 

 Chinese Academy of 

Agricultural Sciences, China 

 Waxy phenotype,  

abolition of amylose 

CRISPR/Cas9 

SDN1 

[96] 

Maize Agrivida, USA Product 

quality 

Higher levels of starch in 

their leaves and stalks 

Meganucleases 

SDN1 

[97] 
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Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Maize 

 

Dow AgroScience, USA Product 

quality 

Reduced phytate 

production 

+ herbicide tolerance 

ZFN 

SDN3 

[98, 99] 

Mushroom Penn State University, USA Product 

quality 

Non-browning mushroom CRISPR/Cas9 

SDN1 

[100] 

Opium 

poppy  

Cankiri Karatekin 

University, Turkey; Dokuz 

Eylul University, Turkey 

Product 

quality 

Reduced morphine and 

thebaine content 

CRISPR/Cas9 

SDN1 

[101] 

Peanut Guangdong Academy of 

Agricultural Sciences, China 

Product 

quality 

Increased oleic acid 

content, decreased linoleic 

acid content 

TALENs 

SDN1 

[102] 

Potato Calyxt, USA Product 

quality 

Non-browning potato TALENs 

SDN1 

[103] 

Potato Simplot Plant Science, USA Product 

quality  

Reduced black spottiness TALENs 

SDN1 

[104] 

Potato RIKEN Center for 

Sustainable Resource 

Science, Japan; Chiba 

University, Japan 

Product 

quality  

Reduction of harmful 

ingredients 

(Glycoalkaloids) 

TALENs  

SDN1 

[105] 

Kobe University, Japan; Complete abolition of 

Glycoalkaloids (bitter 

taste) 

CRISPR/Cas9 

SDN1 

[106] 

Rice Chinese Academy of 

Sciences, China 

Product 

quality 

Fragrant rice TALENs 

SDN1 

[107] 

Chinese Academy of 

Agricultural Sciences, China; 

Yangzhou University, China 

CRISPR/Cas9 

SDN1 

[59] 

Rice Chinese Academy of 

Agricultural Sciences, China; 

University of California, 

USA 

Product 

quality 

Increased contents 

benefitting human health 

(increased amylose 

content) 

CRISPR/Cas9 

SDN1 

[108] 

Rice Huazhong Agricultural 

University, China 

Product 

quality 

Reduced contents harming 

human health (arsenic 

content) 

CRISPR/Cas9 

SDN1 

[109] 

Sun Yat-sen University, 

China 

CRISPR/Cas9 

SDN1 

[110] 

Rice National Agriculture and 

Food Research Organization, 

Japan 

Product 

quality 

Altered fatty acid 

composition  

CRISPR/Cas9 

SDN1 

[111] 

Rice Université Montpellier, 

France 

Product 

quality 

Reduced contents harming 

human health (cesium 

content) 

CRISPR/Cas9 

SDN1 

[112] 

Rice Hunan Agricultural 

University, Hunan Hybrid 

Rice Research Center, 

Normal University, China 

Product 

quality 

Reduced contents harming 

human health (Cadmium 

content in plants) 

CRISPR/Cas9 

SDN1 

[113] 
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Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Rice Chinese Academy of 

Sciences, Shanghai, China; 

Purdue University, West 

Lafayette, USA 

Product 

quality 

Waxy rice 

 

CRISPR/Cas9 

SDN1 

[114] 

Sage Second Military Medical 

University, China 

Product 

quality 

Reduced phenolic acid 

content 

CRISPR/Cas9 

SDN1 

[115] 

Soybean Cellectis plant science Inc., 

USA/Calyxt, USA 

Product 

quality 

High oleic content, low 

linoleic content 

TALENs 

SDN1 

[21, 116–

118] 

Tomato Agricultural Research 

Organization, Israel;  

Product 

quality 

Seedless tomato CRISPR/Cas9 

SDN1 

[119] 

Tokushima University, Japan CRISPR/Cas9 

SDN1 

[120] 

Tomato University of Tsukuba, 

Japan;  

Product 

quality 

Increased contents 

benefitting human health 

(increased GABA content) 

CRISPR/Cas9 

SDN1 

[121] 

 China Agricultural 

University, China 

 CRISPR/Cas9 

SDN1 

[122] 

Tomato China Agricultural 

University, China 

 

Product 

quality 

Increased contents 

benefitting human health 

(increased lycopene 

content) 

CRISPR/Cas9 

SDN1 

[123] 

Tomato Xinjiang Academy of 

Agricultural Science, China 

Product 

quality 

Improved shelf life CRISPR/Cas9 

SDN1 

[124] 

Wheat Calyxt, Inc., USA Product 

quality 

Increased nutritional value TALENs 

SDN1 

[125] 

Wheat Instituto de Agricultura 

Sostenible (IAS-CSIC), 

Spain; University of 

Minnesota, USA 

Product 

quality 

Reduced gluten content CRISPR/Cas9 

SDN1 

[126] 

Wheat 

(durum) 

Instituto de Agricultura 

Sostenible (IAS-CSIC), 

Spain; University of 

Minnesota, USA 

Product 

quality 

Reduced gluten content CRISPR/Cas9 

SDN1 

[126] 

Explanations: 

TALENs: Transcription Activator-Like Effector Nucleases 

CRISPR/Cas9: Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein 9 

ZFN: Zinc-Finger Nucleases 

SDN: Site-Directed Nucleases 

Table 5.4 Genome editing in plants for increased resistance to biotic stress (1996 - May 2018). 

Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Cacao Pennsylvania State 

University, USA 

Fungal 

resistance 

Resistance to Phytophthora 

tropicalis  

CRISPR/Cas9 

SDN1 

[127] 
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Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Cucumber Volcani Center, Israel Virus 

resistance 

Immunity to Cucumber vein 

yellowing virus (Ipomovirus) 

infection and resistance to the 

potyviruses Zucchini yellow 

mosaic virus and Papaya ring 

spot mosaic virus-W. 

CRISPR/Cas9 

SDN1 

[22] 

Grapefruit University of Florida, 

USA 

Bacterial 

resistance 

Resistance to citrus canker CRISPR/Cas9 

SDN1 

[128, 129] 

Grapevine Northwest A&F 

University and Ministry of 

Agriculture, China 

Fungal 

resistance 

Resistance to Botrytis cinerea  CRISPR/Cas9 

SDN1 

[130] 

Maize Du Pont Pioneer, USA Fungal 

resistance 

Resistance to Northern Leaf 

Blight (NLB) 

CRISPR/Cas9 

(Cisgenesis) 

SDN3 

[131] 

Orange Chinese Academy of 

Agricultural Sciences and 

National Center for Citrus 

Variety Improvement; 

Southwest University, 

China 

Bacterial 

resistance 

Resistance to citrus canker CRISPR/Cas9 

SDN1 

[132] 

Rice Chinese Academy of 

Agriculture, China 

Fungal 

resistance 

Resistance to rice blast CRISPR/Cas9; 

SDN1 

[133] 

Rice Iowa State University, 

USA 

Bacterial 

resistance 

Resistance to bacterial blight CRISPR/Cas9;  

SDN1 

[134] 

IRD-CIRAD- Université, 

France 

TALENs 

SDN1 

[135] 

Iowa State University, 

USA 

TALENs 

SDN1 

[136] 

National University of 

Singapore, Singapore 

TALENs 

SDN1 

[137] 

Chinese Academy of 

Sciences, China 

TALENs 

SDN1 

[138] 

National Center for Plant 

Gene Research, China; 

Sichuan Agricultural 

University, China 

CRISPR/Cas9;  

SDN1 

[139] 

Rice Iowa State University, 

USA 

Fungal 

resistance 

Resistance to powdery 

mildew 

TALENs 

SDN1 

[140] 

Rice Shanghai Jiao Tong 

University, China; Yunnan 

Academy of Agricultural 

Sciences, China 

Bacterial 

resistance 

Resistance to the pathogen 

Xoc RS105 

 

TALENs 

SDN1 

[141] 
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Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Rice Sichuan Agricultural 

University, China 

Bacterial 

resistance/ 

Fungal 

resistance 

Resistance to bacterial blight 

and rice blight 

CRISPR/Cas9 

SDN1 

[61] 

Rice International Rice 

Research Institute (IRRI), 

Philippines 

Virus 

resistance 

Resistance to rice tungro 

disease (RTD) 

CRISPR/Cas9 

SDN1 

[142] 

Tomato Max Planck Institute for 

Developmental Biology, 

Germany; Norwich 

Research Park, UK 

Fungal 

resistance 

Resistance to powdery 

mildew 

CRISPR/Cas9 

SDN1 

[143] 

Tomato King Abdullah University 

of Science and 

Technology, Saudi Arabia 

Virus 

resistance 

Resistance to tomato yellow 

leaf virus 

CRISPR/Cas9 

SDN1 

[144] 

Tomato University of California, 

USA 

Bacterial 

resistance 

Resistance to different 

pathogens including P. 

syringae, P. capsici and 

Xanthomonas spp. 

CRISPR/Cas9 

SDN1 

[145] 

Wheat Chinese Academy of 

Sciences, China 

Fungal 

resistance 

Resistance to powdery 

mildew 

TALENs 

SDN1 

[25] 

Chinese Academy of 

Sciences, China 

CRISPR/Cas9 

SDN1 

[146] 

Calyxt, Inc., USA TALENs 

SDN1 

[147] 

Explanations: 

TALENs: Transcription Activator-Like Effector Nucleases 

CRISPR/Cas9: Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein 9 

SDN: Site-Directed Nucleases 

Table 5.5 Genome editing for generating herbicide tolerant plants (1996 - May 2018). 

Plants Developer, Producer, Country Trait* Specification Technological 

specification 

Reference 

Canola 
Cibus, Canada; Cibus, USA; Herbicide 

tolerance 
- ODM 

[23] 

Bayer BioScience N.V., Belgium [148] 

Cassava 
Donald Danforth Plant Science 

Center, St. Louis, USA 

Herbicide 

tolerance 
- 

CRISPR/Cas9 

SDN3 
[149] 

Cotton Bayer CropScience N.V., Belgium 
Herbicide 

tolerance 
- 

Mega-nucleases 

SDN3 
[150] 

Flax Cibus, USA 
Herbicide 

tolerance 
- CRISPR/Cas9 SDN1 [151] 

Maize 

DuPont Pioneer, USA 
Herbicide 

tolerance 
- 

CRISPR/Cas9 

SDN1, SDN2, SDN3 
[48, 49] 

Dow AgroScience, USA  ZFN SDN3 [99, 152]  

Pioneer Hi-Bred International, USA ODM [153, 154] 
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Plants Developer, Producer, Country Trait* Specification Technological 

specification 

Reference 

Potato Michigan State University, USA 
Herbicide 

tolerance 
- 

CRISPR/Cas9,TALENs 

SDN2 
[155] 

Rice 

Chinese Academy of Sciences, 

China 

Herbicide 

tolerance 
- 

CRISPR/Cas9 SDN2 [156]  

Chinese Academy of Sciences, 

China; Huazhong Agricultural 

University, China; University of 

California San Diego, USA; 

CRISPR/Cas9 SDN2 [157] 

Zhejiang University, China  TALENs SDN2 [158] 

Tohoku University, Japan ODM [189]  

Kobe University, Japan; University 

of Tsukuba, Japan 
BE [160, 161] 

King Abdullah University of 

Science and Technology, Saudi 

Arabia 

CRISPR/Cas9 SDN2 [162] 

Soybean DuPont Pioneer, USA 
Herbicide 

tolerance 
- 

CRISPR/Cas9 SDN2 [163] 

CRISPR/Cas9 SDN3 [164] 

Explanations:  

* No detailed breakdown regarding chemical agents 

TALENs: Transcription Activator-Like Effector Nucleases 

CRISPR/Cas9: Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein 9 

ZFN: Zinc-Finger Nuclease 

ODM: Oligo-Directed Mutagenesis 

SDN: Site-Directed Nucleases 

BE: Base editing 

Table 5.6 Genome editing in plants for industrial utilization (1996 - May 2018). 

Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Pennycress 
Illinois State University, 

USA 

Product 

quality 
Altered oil composition 

CRISPR/Cas9 

SDN1 
[165] 

Poplar 
University of Georgia, 

USA 

Product 

quality 

Stem wood discoloration 

due to lignin reduction 

CRISPR/Cas9 

SDN1 
[166] 

Potato 

Swedish University of 

Agricultural Sciences, 

Sweden 

Product 

quality 
Improved starch quality 

CRISPR/Cas9 

SDN1 
[167] 

Sugarcane University of Florida, USA 
Product 

quality 
Reduced lignin content 

TALENs 

SDN1 
[168, 169] 

Switchgrass 
Noble Research Institute, 

USA 

Product 

quality 
Reduced lignin content CRISPR/Cas9 [170] 

Tobacco 
North Carolina State 

University, USA 

Product 

quality 
Reduced nicotine content 

Meganucleases 

SDN1 
[171] 

Explanations: 

CRISPR/Cas9: Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein 9 

TALENs: Transcription Activator-Like Effector Nucleases 

SDN: Site-Directed Nucleases 
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Table 5.7 Genome editing in plants to improve tolerance to abiotic stress (1996 - May 2018). 

Plant Developer, Producer, 

Country 

Trait Specification Technological 

specification 

Reference 

Maize Ghent University, Belgium; 

Center for Plant Systems 

Biology, Belgium; Jomo 

Kenyatta University of 

Agriculture and 

Technology, Kenia  

Drought tolerance - CRISPR/Cas9 

SDN1 

[172]  

DuPont Pioneer, USA CRISPR/Cas9 

SDN3 

[24, 164] 

Rice Anhui Academy of 

Agricultural Sciences, China 

Salt tolerance - CRISPR/Cas9 

SDN1 

[20] 

Rice Huazhong Agricultural 

University, China 

Arsenic tolerance - CRISPR/Cas9 

SDN1 

[109]  

Sun Yat-sen University, 

China 

CRISPR/Cas9 

SDN1 

[110] 

Soybean USDA-ARS, USA Drought and salt 

tolerance 

- CRISPR/Cas9 

SDN1 

[173] 

Wheat Montana State University, 

USA 

Drought tolerance - CRISPR/Cas9 

SDN1 

[174] 

Explanations: 

CRISPR/Cas9: Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein 9 

SDN: Site-Directed Nucleases 

5.5.3 Secondary question 2: “What is the available evidence for the potential 

occurrence of associated off-target effects due to the use of genome 

editing in model plants as well as in crops produced for agricultural 

production?” 

In total, 252 studies from 161 articles were identified in which the occurrence of off-target effects 

was assessed. Table 5.8 maps the number of analyzed off-target effects for different genome editing 

techniques and different plant species. Most of the off-target analysis were conducted in 

CRISPR/Cas studies (n=228) followed by TALENs studies (n=9), BE studies (n=9) and ZFN 

studies (n=4). Solely in one ODM and in one MN study off-target effects were investigated. Most 

off-target effects were analyzed in rice (n=93), followed by tomato (n=28), Arabidopsis (n=23) and 

soybean (n=15) (Table 5.8). 
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Table 5.8 Overview of off-target studies in relation to different genome editing techniques and plant species 

(January 1996 - May 2018). 

 
Explanation: CRISPR/Cas: Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein; 

TALENs: Transcription Activator-Like Effector Nucleases; ZFN: Zinc-Finger Nuclease; ODM: Oligo-Directed 

Mutagenesis; MN: Meganucleases; BE: Base editing. 

Off-target effects considered for CRISPR/Cas-systems 

More than 90% of the studies, in which off-target effects were assessed, were conducted with 

CRISPR/Cas. Figure 5.8 provides an overview of the applied approaches to identify off-target 

effects. In total, 228 CRISPR/Cas studies dealt with the analysis of off-target effects. 205 studies 

predicted potential off-target sites and 195 of these identified potential off-target sites. Solely in 

188 studies, these potential off-target sites were further analyzed for the occurrence of off-target 

effects using biased detection methods. In addition, 23 studies with already known potential off-

target sites were assessed using biased detection methods. So, in total, 211 studies analyzed 

potential off-target sites using biased detection methods. Solely, nine studies searched for off-target 

mutations in a completely unrestricted way using unbiased detection methods. An overview of all 

identified CRISPR/Cas studies, in which off-target effects were addressed, is provided in 

Additional file 6 including all extracted data.  
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Figure 5.8 Overview of the used approaches to assess off-target effects in CRISPR/Cas studies. All numbers represent 

the amount of studies conducted for different approaches. In some studies, several approaches were used to analyze 

off-targets. 

Prediction of potential off-target sites by CRISPR/Cas 

Different prediction tools can be used to identify potential off-target sites. All of them have in 

common that based on sequence alignment programs DNA-sequences are identified in which 

unintended mutations could occur due to high similarity between the targeted sequence and the 

potential off-target site. However, the prediction of a potential off-target site is not equated with a 

real off-target mutation. It has to be shown in a follow up step by verifying the potential off-target 

site using biased detection methods. 205 CRISPR/Cas studies searched for potential off-target sites. 

As shown in Figure 5.9, many different prediction tools were used to identify these sites. Mainly, 

three tools were used to predict potential off-target sites. BLAST was used 54 times, CRISPR-P 51 

times and CasOFF-Finder 31 times. 12 other prediction tools were used in 31 studies (for detailed 

information see Additional file 6). 41 studies did not provide any details about the used tool(s). 

Three studies used two different prediction tools to identify potential off-target sites. 
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Figure 5.9 Tools used to predict potential off-target sites in 205 CRISPR/Cas-studies. (1996- May 2018). Three studies 

employed two tools. 

The number of predicted off-target sites varies widely between studies from zero to 4265. Several 

reasons for this broad heterogeneity exist, which were not extracted in detail within this map but 

will be elucidated in the discussion. 

Detection of off-target effects – biased 

Targeted sequencing to pre-selected sites was applied in 211 CRISPR/Cas studies to detect off-

target effects. As shown in Figure 5.8, the predicted off-target sites were frequently analyzed for 

the occurrence of off-target effects using biased detection methods. In a few studies, potential off-

target sites were already known and analyzed without using sequence alignment programs a priori. 

Figure 5.10 displays the different detection methods applied to identify off-target mutations. In the 

large majority of studies, off-target effects were detected using a PCR followed by sequencing 

(n=137). Only a few studies used the detection methods RE-PCR assay (n=16), Targeted deep 

sequencing (n=15), Enzyme mismatch cleavage assay (n=13) and CAPS analysis (n=13). In 11 

studies, no information about the used detection method was provided. 
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Figure 5.10 Biased detection methods used to identify off-target effects in CRISPR/Cas studies. Three studies 

employed two tools. PCR: Polymerase chain reaction; RE-PCR: Restriction enzyme- Polymerase chain reaction; 

CAPS: Cleaved Amplified Polymorphic Sequences. 

Taking all CRISPR/Cas studies together, 1738 different potential off-target sites were analyzed 

using targeted sequencing. Off-target effects were identified in 55 of these sites, indicating that in 

around 3% of the analyzed sequences off-target mutations were detected. In another six studies, no 

information was provided about the amount of analyzed off-target sites but off-target mutations 

were not identified either.  

Considering the different plant species, most of the CRISPR/Cas studies using biased detection 

methods were conducted in rice (n=77), followed by tomato (n=23), Arabidopsis (n=21), different 

moss species (n=13) and soybean (n=12) (Table 5.9). In rice, a total amount of 291 potential off-

target sites were analyzed and in 25 of these sites, off-target mutations were detected. In contrast, 

studies conducted in tomatoes solely reported the identification of one off-target mutation when 

analyzing 222 potential off-target sites. 

Table 5.9 Overview of the amount of studies analyzing potential off-target sites, the amount of analyzed potential off-

target sites and the amount of identified off-target effects using biased detection methods in different plant species. 

Plant species Number of studies 

analyzing preselected 

potential off-target sites 

Number of analyzed 

potential off-target sites    

- biased 

Number of identified   

off-target effects                     

- biased 

Rice 77 296 25 

Tomato 23 213 1 

Arabidopsis 21 229 4 

Moss 13 58 0 

Soybean 12 106 6 

Tobacco 9 50 1 

Wheat 8 85 6 

Maize 7 23 2 

Algae 4 357 0 

Canola 4 73 0 

Cotton 4 58 0 
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Plant species Number of studies 

analyzing preselected 

potential off-target sites 

Number of analyzed 

potential off-target sites    

- biased 

Number of identified   

off-target effects                     

- biased 

Orange 3 21 0 

Grapevine 3 13 0 

Poplar 3 6 0 

Grapefruit 2 15 0 

Cucumber 2 9 0 

Clover 2 3 0 

Lettuce 1 91 0 

Cacao 1 9 0 

Flax 1 8 0 

Barley 1 4 1 

Kiwifruit 1 4 0 

Camelina 1 3 0 

Citrange 1 3 0 

Watermelon 1 3 0 

Cabbage 1 2 1 

Carrot 1 1 1 

Potato 1 1 0 

Sage 1 1 0 

Wild strawberry 1 1 0 

Alfalfa 1 No information 1 

In one study, a different approach was chosen to assess the occurrence of off-target effects [175]. 

In this study, a series of mismatches were introduced at the sgRNA followed by analyzing whether 

the targeted sequence was successfully mutated despite the mismatch(es) between the sgRNA and 

the targeted sequence. Additionally, in this study, the off-target patterns between two PAMs (NGG 

and NAG) were compared. 22 times the sgRNA was designed in a way that it contained one 

mismatch to the targeted sequence. 15 of these altered sgRNA induced a DSB at the targeted 

sequence. 14 times the sgRNA contained two mismatches to the targeted sequence and four of 

these sgRNA induced a DSB in the targeted sequence. Moreover, eight times the sgRNA contained 

three mismatches. In these cases, no mutation was identified in the targeted sequence [175]. 

According to the prediction of off-target effects, the summary provided here does not allow any 

conclusions to be drawn due to broad heterogeneity. 

Heterogeneity in CRISPR/Cas-studies regarding the evidence how to predict and detect 

potential off-target effects  

The number of potential off-target sites called “identified” by the respective authors varies widely 

between zero and 4265. Several reasons were identified that could explain this broad heterogeneity: 

(i) In total, potential off-target sites were investigated in over 30 different plant species and 

subspecies. The different genome sizes and the different number of chromosome sets of the 

individual plants vary widely which influence the number of potential off-target sites.  
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(ii) To identify potential off-target sites in CRISPR/Cas-studies 15 different prediction tools were 

applied.  

(iii) For the detection of off-target effects, various methods have been used, but all of them show 

their specific advantages and disadvantages and could affect the occurrence of off-target 

effects [26, 32]. 

(iv) The number of hypothetically tolerated mismatches between the target sequence and the 

potential off-target sites which is an exercise in combinatorics. Ali et al. (2015) [176] 

identified a total amount of 4265 potential off-target sites in the model organism Nicotiana 

benthamiana for a CRISPR/Cas9 sgRNA. To identify candidate off-target sites, the genome 

was screened allowing one to seven mismatches to the target sequence. Hence, the more 

mismatches are tolerated in prediction the higher is the number of potential off-target sites 

(in the paper: one, two or three mismatches tolerated: No potential off-target sites, four 

mismatches tolerated: One potential off-target site, five mismatches tolerated: 60 potential 

off-target sites, six mismatches tolerated: 515 potential off-target sites, seven mismatches 

tolerated: 3689 potential off-target sites). This indicates that the number of potential off-

target sites strongly depends on the number of hypothetically tolerated mismatches. 

Throughout the available literature, the number of tolerated mismatches predetermined by 

the researchers was very heterogeneous ranging up to 13 mismatches [177]. 

(v) Individual studies also deviate between different structural assumptions when determining 

potential off-target sites. In most studies, a potential off-target was only counted as such if a 

PAM followed the potential off-target site. However, in some studies, potential off-target 

sites were assigned as such without being followed by a PAM (e.g. [44, 178]), although at 

these sites no DSB can be induced with the specific CRISPR-nucleases used. 

(vi) In some studies, the sgRNA was selected taking into account that no potential off-target effect 

should occur. Care was taken that, apart from the target sequence, no other sites in the genome 

possess a similar sequence that could result in an off-target mutation. Thus, the predicted 

number of potential off-target sites is lower or zero in these studies compared to studies, in 

which potential off-target sites were not considered a priori in the sequence selection. 

Detection of off-target effects – unbiased 

Nine CRISPR/Cas studies were identified using whole genome sequencing (WGS) as an unbiased 

detection method to identify genome-wide off-target effects (see Additional file 6). No off-target 

mutations were detected in any of these studies. One study compared both biased and unbiased 

detection methods. While using unbiased detection methods, no off-target effects were detected, 

but biased methods detected one off-target [179]. An explanation for this could be that WGS is 

able to detect higher frequency off-target effects only, but lacks the sensibility required to detect 

off-target mutations in bulk population [26]. 

Off-target effects considered for TALENs systems 

In the period until May 2018, nine TALENs studies were identified addressing off-target effects. 

Additional file 6 provides an overview of these studies including all extracted data according to the 

systematic map protocol. Figure 5.11 maps the different approaches used to analyze off-target 

effects. Five studies predicted potential off-target sites. Two times, the TAL Effector Nucleotide 

Targeter 2.0 was used and one time each of the tools PROGNONS, kmasker and Arabidopsis 
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Information Resource PatMatch. The number of identified potential off-target sites varies widely 

between zero and 18. In one study, no precise information was given and it was just indicated that 

many potential off-target sites were identified. The four studies that identified potential off-target 

sites investigated these for the occurrence of off-target effects using biased detection methods. In 

addition, three studies with already known potential off-target sites assessed these sites. Different 

tools were used to examine whether off-target effects occurred. Two studies used enzyme mismatch 

cleavage assay and one study each PCR + Sequencing, PCR + CAPS and RE-PCR assay. In two 

studies, no detailed information about the applied detection method was provided. In total, 31 

potential off-target sites were analyzed for the occurrence of off-target effects and one of these sites 

contained an off-target mutation. In one study, an unbiased search for off-target effects was 

conducted [180]. Using Whole Genome Sequencing (WGS), three off-target mutations were 

identified which were not present in the wild-type sample. However, the off-target sequences 

showed no similarity to the TALENs binding sites. Therefore, the occurrence of these mutations 

cannot be ruled out to be spontaneous ones or sequencing errors [180]. 

 
Figure 5.11 Overview of the used approaches to assess off-target effects in TALENs studies. All numbers represent 

the amount of studies conducted for different approaches. 

Off-target effects considered for Zinc-finger nucleases systems 

Four studies dealt with the analysis of off-target effects when applying ZFN in plants. Detailed 

information is provided in additional file 6. All studies identified putative off-target sites that are 

most closely related to the target sequences. Two times, the database PLantGDB was used to 

identify potential off-target sites and two times no detailed information was provided. In total, 10 

potential off-target sites were detected which were then screened for the occurrence of off-target 

effects. No off-target mutations were detected in any of these analyzed, potential off-target sites. 
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Off-target effects considered for Meganuclease systems 

Solely one MN study was identified that analyzed off-target effects (Additional file 6). In this study, 

a homologous sequence to the target one was identified that differs solely in two nucleotides. 

However, when screening this potential off-target site no modification was identified. 

Off-target effects considered for Oligonucleotide-directed mutagenesis systems 

One study addressed the occurrence of off-target effects in rice using the ODM technique 

(Additional file 6). Beside the targeted Acetolactate synthase (ALS) sequence, the whole coding 

region of ALS gene was sequenced but no further mutation was detected. 

Off-target effects considered for base editing systems 

In total, nine BE studies analyzed the occurrence of off-target effects (Additional file 6). However, 

one study could only rarely be evaluated due to language barriers [181]. The approach used to 

identify off-target effects was similar in all studies. In a first step, potential off-target sites were 

predicted using different tools (2x CRISPR-GE tool, 2x CRISPR-P, 1x CasOff-Finder, 3 x no 

information). According to the other genome editing techniques, the number of potential off-target 

sites varies widely between one and nine. In a second step, all predicted potential off-target sites 

were sequenced for the occurrence of off-target effects using PCR + Sequencing method (n=6), 

Targeted Deep Sequencing (n=2) or Enzyme mismatch cleavage assay (n=1) (Figure 5.12). One 

off-target mutation was identified. 

 
Figure 5.12 Overview of the used approaches to assess off-target effects in BE studies. All numbers represent the 

amount of studies conducted for different approaches. 

5.6 Discussion 

5.6.1 Market-oriented applications of genome editing 

This map documents the state of evidence for the application of genome editing as a new tool for 

the modification of plant traits and the associated potential occurrence of off-target effects. The 

publication rate of primary research has risen sharply since the CRISPR/Cas technique was first 
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applied in plants in 2013. It is worth mentioning that in total primary studies from 33 countries 

were identified but nearly three quarter of these studies originate from either China (40%) or the 

USA (33%). For comparison, Japan and Germany published around 6% of the studies each and no 

other country contributed more than 2% of the total. Summarizing the number of published studies 

by continent, more than 50% of the studies were conducted in an Asian country (53%), around one 

third in North American countries (34%) and only 13% in European countries. As the genome 

editing techniques, especially CRISPR/Cas, were just recently developed, the large majority of the 

existing applications represent basic research. Nevertheless, almost 100 different applications 

aimed to produce beneficial agricultural traits in 28 different agricultural crops. We determined 

that the majority of such “market-oriented” applications have been carried out in economically 

important crops such as maize, rice, wheat and soybeans, but less economically important crops 

such as cucumber, lettuce, peanut or grapefruit have been worked on as well. The market-oriented 

applications address several breeding objectives including yield improvement, improved growth 

characteristics, improved food and feed quality, tolerances to biotic and abiotic stress, herbicide 

tolerance and industrial utilization. This indicates that genome editing is able to address beneficial 

traits for the agricultural value chain and could contribute to food security and the environmental 

management. To confirm this hypothesis a systematic review would be required to quantify such 

effects. 

5.6.2 Off-target effects of genome editing 

252 studies investigated the occurrence of off-target effects following a genome editing application 

in plants. Most of these studies were performed with the genome editing technique CRISPR/Cas 

(n=228), whereas only a few studies used TALENs (n=9), BE (n=9), ZFN (n=4), MN (n=1) or 

ODM (n=1). Reasons for these findings are that the total number of studies in which CRISPR/Cas 

was applied is much larger compared to the other genome editing techniques. Additionally, 

CRISPR/Cas is more susceptible to off-target effects compared to other nuclease techniques such 

as ZFN and TALENs, as it works as a monomer, whereas ZFN and TALENs work as dimers [182]. 

In addition, the sgRNA used in CRISPR/Cas-applications is able to tolerate several mismatches 

leading to the induction of a DSB at a site in the DNA that is similar but not identical to the targeted 

sequence [32]. In most CRISPR/Cas studies biased detection methods were used, meaning that 

potential off-target sites were first predicted using bioinformatics programs followed by targeted 

sequencing of these sites for the occurrence of off-target effects. The biased method suggests a 

very broad data basis, but as shown in the result section, individual studies are very heterogeneous 

in their structure and design. Heterogeneity was identified regarding the plant species, the CRISPR-

variant, the prediction tools and detection methods used, the amount of tolerated mismatches and 

the chosen sgRNA. In order to allow any conclusions to be drawn about the occurrence of off-

target effects a more in-depth analysis e.g. by a systematic review is mandatory. 

5.6.3  Knowledge gaps 

Regarding secondary question 2, several topics have been identified representing knowledge gaps 

where no studies or only a small number of studies exist. A knowledge gap exists for the analysis 

of off-target effects in TALENs, ZFN, MN, ODM and BE. Only nine studies have been identified 

analyzing the occurrence of off-target effects in TALENs and BE studies. The amount of off-target 

studies for ZFN (n=4), ODM (n=1) and MN (n=1) were even lower. For a more in-depth off-target 
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analysis regarding these techniques, further research and more primary studies are needed. 

However, the CRISPR/Cas technique is applied much more frequently because of efficiency, time 

saving and cost-effectiveness compared to TALENs, ZFN, ODM and MN [182]. Therefore, it is 

questionable what additional research effort is justified. BE differs as it has great potential to 

support plant breeding, though it is not broadly established yet. It is based on the CRISPR/Cas9 

system but enables exchanging individual base pairs at specific sites without inducing a DSB. Our 

map shows that only a few BE studies addressed the occurrence of off-target effects so far. The 

likely reason is that BE is a “young” method in plants, and its first publication was in 2017. Further 

research about BE including the analysis of off-target effects is highly recommended. Another 

knowledge gap affecting all genome editing techniques is the genome-wide analysis of off-target 

effects in a completely unrestricted way. Only nine studies addressed this aspect using the 

CRISPR/Cas technique and one using the TALENs technique. No study analyzed off-target effects 

using unbiased detection methods in ZFN, ODM, MN and BE studies.  

5.6.4 Knowledge clusters 

The analysis of off-target effects in CRISPR/Cas studies using biased detection methods represents 

a knowledge cluster. This cluster is amenable for a critical appraisal serving the interest of 

researchers and decision-makers. The following parameters could affect the occurrence of off-

targets and are worth to be analyzed in-depth: 

(i) Genome composition, size and ploidy level of different plant species.  

(ii) Amount of tolerated mismatches at the potential off-target sites.  

(iii) Quality of available biased detection methods. 

(iv) CRISPR variants (e.g. Nickase). 

(v) Chosen sgRNA. 

(vi) Methodology of SDN delivery. 

5.6.5 Limitations of the systematic map 

References were only searched in German and English language. Publications in an Asian 

language, in which only the abstract was available in English, were also identified but could not be 

included in this map for the extraction of detailed data. Since most of the studies were found in 

scientific journals, a bias in the pool of articles found is that publications from countries that 

probably use genome editing but do not publish in either English or German language are not 

represented. For example, it can be assumed that in South American countries, considerably more 

research is done than the identified literature suggests. Identifying grey literature as well as 

manually identifying scientific journals publishing in the local language(s) was also not possible 

due to language barriers. 

Additionally, the full text of 104 articles, that have been rated as relevant on title/abstract level, 

were un-retrievable and were therefore not included in the systematic map (see Additional file 3).  

It has been demonstrated that the individual studies addressing off-target effects differ widely in 

design and implementation. Therefore, no reliable conclusions about the occurrence of off-target 
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effects can be drawn based on the results of this map. A critical appraisal of the individual studies 

in form of a systematic review is recommended. 

5.7 Conclusions 

5.7.1 Implications for policy/management 

This systematic map identified substantial bodies of evidence regarding the applications of 

different genome editing techniques in plants as well as the occurrence of off-target effects. Until 

May 2018, almost 100 market-oriented applications were identified including improved food and 

feed quality, yield improvement, altered growth characteristics, resistance against biotic and abiotic 

stress, herbicide tolerance and industrial utilization. The wide range of different applications 

addressing all parts in the agricultural value chain and the application in many different plant 

species indicates that genome editing became a promising tool to breed varieties that are better 

adapted to the needs of agriculture and to enable a valuable contribution to food security and the 

environment.  

A decisive factor that impacts the use of genome editing is the acceptance by consumers and 

retailers for products derived from innovative plant breeding techniques. A prominent point of 

criticism in this context is the occurrence of off-target effects. Since plant breeding is the contextual 

background, it is worth to compare the occurrence of off-target effects in the context of naturally 

occurring mutations and routinely used breeding techniques like regular crossing or undirected 

mutagenesis using chemical mutagens or irradiation [10].  

5.7.2 Implication for research 

Results of this systematic map determined that different approaches were used to analyze off-target 

effects depending on the plant species and with regard to the CRISPR-variant, the prediction tools 

and detection methods used, the amount of tolerated mismatches and the chosen sgRNA. A critical 

appraisal in the course of a systematic review could help to identify parameters in order to further 

reduce the occurrence of off-target effects. The identified knowledge cluster for the detection of 

off-target effects in CRISPR-studies using biased detection methods would be suitable to address 

this. 

The results of this map further identified a knowledge gap regarding the analysis of off-target 

effects using unbiased detection tools. To increase this data basis and to evaluate whether an 

unbiased off-target analysis has an added value compared to biased of target analysis, more studies 

should assess this aspect, in future. 

Additional files 

https://environmentalevidencejournal.biomedcentral.com/articles/10.1186/s13750-019-0171-

5#Sec49 
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6.1 Abstract 

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. 79% of these studies were rated as 

having high or medium/high validity. Within these studies, 6416 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 towards 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. 

6.2 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 (Dönmez 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 
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(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, 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 et al., 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 towards an inactive state (Chen et al., 2017, Dagdas et al., 2017, Mitchell 

et al., 2020, Ricci et al., 2019). 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 
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culture (somaclonal variation) (Scientific Advice Mechanism, 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, 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 off-target effects. 

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, 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 off-target effects (Endo et al., 2015, Hahn, Nekrasov, 

2018, Hsu et al., 2013). 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) , ten (Jiang et al., 2017), eleven (Jacobs et al., 2015) or up to 

twelve (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 

(Fu et al., 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 

Cpf1 nuclease (also known as Cas12a) has been applied for targeted genome modification in plants. 

Compared to Cas9, the Cpf1 (from Prevoltella spec. and Francisella spec.) 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, Nekrasov, 2018). In 

addition, protein-engineering approaches resulted in altered SpCas9 variants with potentially 

reduced off-target activity. Several SpCas9-variants like SpCas9-HF, eSpCas9 (1.0) or eSpCas9 
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(1.1) have been engineered and were already applied in plants (Raitskin et al., 2019, Zhang et al., 

2017). 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, Fauser, 2014, Zhao, Wolt, 2017). This may 

reduce off-target effects as the recognition site is doubled from 20 to 40 nucleotides (Puchta, 

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 (Jansing et 

al., 2019, Metje-Sprink et al., 2018, Zischewski et al., 2017). 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 (Jansing et 

al., 2019, Metje-Sprink et al., 2018, Woo et al., 2015). 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, Cpf1(Cas12a)), the number of 

mismatches and the chosen sgRNA were mapped (Modrzejewski et al., 2019). Based on these data, 
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this systematic review identifies and systematically analyzes factors that may affect the occurrence 

of off-target effects caused by CRISPR/Cas in plants. 

6.3 Objectives of the review 

The primary objective of this systematic review is to collect and synthesize the available evidence 

about factors that do affect the occurrence of off-target effects caused by the application of 

CRISPR/Cas in plants. 

Primary question: “Which factors affect the occurrence of off-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. 

6.4 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 6.1). 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 

materials- 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: 
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(i) Web of Science (WoS), including Web of Science Core Collection, BIOSIS Citation Index, 

BIOSIS Preview, CABI: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 grey 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 materials- 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 
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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 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 6.1. 

The following data of each included study were extracted into one row in an excel sheet (each in a 

cell): 

Table 6.1 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,  

- Authors, 

- DOI/ISBN  

- Issue number,  

- Keywords,  

- Page range,  

- Periodical,  

- Title,  

- Volume,  

- Year,  

None 

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) 

- Different sgRNAs targeting one gene were extracted 

separately (each sgRNA in one row) 

Off-target prediction - Number of identified potential 

off-target sequences  

- Prediction tool 

 

None 

Off-target detection - Detection method None 

- Number of analyzed off-target 

sequences 

- Number of mismatches  

- Position of mismatches in relation to the PAM 
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 Data extracted within the 

systematic map 

Further data additionally extracted for the 

systematic review 

Identified off-target 

effects 

Off-targets identified (Yes/ No) - Number of identified off-targets,  

- Number of mismatches  

- Position of mismatches in relation to the PAM  

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 two weeks. The extracted data are 

available in supplementary materials- table 3 (summary) and supplementary materials- 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 6.2. 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 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 6.3). 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 Table 6.2 and Table 6.3. 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 materials- table 5. 

Table 6.2 Study validity assessment criteria. 

Question/ criterion Yes Partly No Unclear 

Study design/ methods 

used 

    

Did the CRISPR/Cas 

technique induce any on-

target mutation?  

 

Any on-target 

mutation was 

induced 

- No on-target mutation 

was induced 

Lacking 

sufficient 

information to 

judge 

Is a reference genome of 

the edited plant available? 

 

Reference 

genome is 

available 

- Reference genome has 

not been fully 

sequenced/ Sequencing 

error when analyzing 

Lacking 

sufficient 

information to 

judge 
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potential off-target 

sequences 

Potential off-target 

sequences 

    

Did a PAM follow the 

potential off-target 

sequences?* 

 

All potential off-

target sequences 

were followed by 

a PAM 

Some potential 

off-target 

sequences were 

followed by a 

PAM 

No potential off-target 

sequences were 

followed by a PAM 

Lacking 

sufficient 

information to 

judge 

Has the potential off-target 

sequence at least one 

mismatch to the on-target 

site 

All potential off-

target sequences 

have at least one 

mismatch 

Some potential 

off-target 

sequences have at 

least one 

mismatch 

All potential off-target 

sequences have no 

mismatch 

Lacking 

sufficient 

information to 

judge 

Are information about the 

potential off-target 

sequences provided? 

(number of mismatches, the 

position of mismatches to 

the PAM)  

All information 

are provided 

Information are 

partly provided 

No information are 

provided 

- 

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; 

Table 6.3 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) 
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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) 

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: 

• 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 off-

target effects. 

• 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. 

• 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 (Fu et al., 2013). Therefore, a low GC-content may result in decreased off-

target activity. 

• 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-HF, Cpf1, Nickase).  

• 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: 

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

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

•        Detection method used to identify off-target effects 

Data synthesis and presentation 
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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 

363 out of 370 studies rated as high or medium/high validity were used for quantitative synthesis. 

Seven studies analyzing 5021 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 materials- 

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 6.4, 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 
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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 6.4 (“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. 

Table 6.4: Description of independent Variables. 

# Variable Variable description Level Number of analyzed 

potential off-target 

sequences 

 Total 

(%) 

x1 Number of 

mismatches 

One mismatch 1 154 11 

Two mismatches 2 218 16 

Three mismatches 3 352 25 

Four or more mismatches ≥4 671 48 

x2 Position mismatch/es 

proximal to the PAM 

(Any) mismatch within the seed 

sequence (Position 1-8 proximal to 

the PAM) 

Yes 862 62 

Any mismatch/es within the seed 

sequence 

No 533 38 

x3 GC-content < 50% Low 505 36 

≥ 50% High 890 64 

x4 Delivery method DNA-stable DNA-

stable 

1229 88 

Others (DNA-transient, RNP, RNA) Others 166 12 

x5 Nuclease variant CRISPR/SpCas9 SpCas9 1218 87 

Further Nucleases Others 177 13 

6.5 Results 

6.5.1 Review descriptive statistics 

The evidence base 

Our systematic review included in total 468 studies from 180 articles. Figure 6.1 presents a flow 

diagram of the systematic review process with the number of articles and studies included and 

excluded at each stage. 133 articles (306 studies) were derived from the systematic map (secondary 

question 2) that preceded this review (Modrzejewski et al., 2019). 28 articles from the systematic 

map were not rated eligible for inclusion in this review because of ineligible intervention (n=19) 
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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 materials- table 3 and includes the extracted data. 

Figure 6.1 Flow diagram of the systematic mapping process explaining the selection of relevant articles and studies. 

This diagram follows ROSES guidance (Haddaway et al., 2018). 

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 
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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). 

(ii) Potential off-target sequences that are similar to the target sequence were identified using 

bioinformatics approaches. All potential off-targets sites with up to a certain number of 

mismatches were analyzed for the occurrence of off-target effects. 

(iii) 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. 

(iv) 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. 

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

Results critical appraisal 

326 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 6.5 and supplementary materials- table 5. Within the studies 

rated as high validity, 2267 potential off-target sequences were assessed for the occurrence of off-

target effects. In addition, 4149 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 6416 potential off-target sequences were analyzed 

to identify off-target effects. 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. 170 potential off-target sequences lack 

sufficient information and were rated as unclear validity. 
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Table 6.5 Overview on the validity assessment of all studies and the reason for validation. 

Validity 

assessment 

Number of 

studies 

Reason for validity assessment outcomes Number of analyzed 

potential off-target 

sites  

High validity  326 All study validity assessment criteria were rated as “Yes” High validity: 2267 

Medium 

validity  

44 Some potential off-target sequences were followed by a 

PAM (n=28) 

Information are considerably incomplete (n=15) 

Only some potential off-target sequences show at least 

one mismatch (n=7) 

Medium/ High 

validity: 4149 

 

 

Medium/ Low validity: 

154 

Low validity 72 No on-target mutation was induced (n=27) 

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) 

Low validity: 197 

Unclear 

validity 

26 Lacking sufficient information to judge (n=26) Unclear validity: 170 

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 6416 potential off-target sequences for the occurrence of off-target effects. Table 

6.6 summarizes key characteristics of these analyzed sequences, including the applied nuclease 

variant, delivery method and the number of analyzed potential off-target sequences. 13 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 Cpf1 (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). 39 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). 

Table 6.6 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 

medium/high validity 

370 SpCas9 311 DNA-stable 283 5999 

DNA-transient 18 78 

RNPs 8 133 

RNA 2 9 
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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 5 

DNA-transient 4 4 

Others 17 DNA-stable 9 47 

DNA-transient 8 14 

RNP=Ribonucleoproteins; RNA= Ribonucleic acid. 

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. 

6.5.2 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 6.4. 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 6.2). 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 6.2). 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 6.2). 
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Figure 6.2 Effect summary of the binary regression analysis for the full model, the reduced model and the final model. 

The LogWorth transformation adjusts PValue to provide an appropriate scale for graphing. A value that exceeds 2 is 

significant. 

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 materials- 

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 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 materials- 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 6.7a). 

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. 
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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 the PAM is 4.9 times higher than if the mismatches are within the 

first eight nucleotides proximal to the PAM, (Table 6.7b). Therefore, based on the odds ratios 

calculated for the final model hypothesis 2 can be confirmed. 

Hypothesis 3: A lower GC-content of the target sequence decrease the occurrence of off-target 

effects. 

The variable GC-content did not significantly contribute to the fitted model and were not included 

as independent variable in the binary logistic regression analysis. Therefore, it is not possible to 

confirm this hypothesis. 

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

The variable nuclease variant did not significantly contribute to the fitted model and were not 

included as independent variable in the binary logistic regression analysis. Therefore, it is not 

possible to confirm this hypothesis. 

Hypothesis 5: The period in which the CRISP/Cas construct is 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. 

Table 6.7 Odds ratios for number of mismatches and mismatch/es within seed sequence.. 

a) Number of mismatches. 

Level 1 Level 2 Odds Ratio Prob>Chisq Lower 95% Upper 95% 

2 1 0.2661273 <.0001 0.1661508 0.4262619 

3 1 0.0272239 <.0001 0.0135418 0.05473 

3 2 0.1022967 <.0001 0.0515393 0.2030414 

≥ 4 1 0.0062283 <.0001 0.0024145 0.016066 

≥ 4 2 0.0234035 <.0001 0.009159 0.0598016 

≥ 4 3 0.2287805 0.0069 0.0784442 0.6672328 

1 2 3.7576002 <.0001 2.3459754 6.0186306 

1 3 36.732378 <.0001 18.271515 73.845412 

2 3 9.7754885 <.0001 4.9251049 19.402668 

1 ≥ 4 160.55728 <.0001 62.243085 414.16069 

2 ≥ 4 42.728674 <.0001 16.72197 109.18209 

3 ≥ 4 4.3710014 0.0069 1.4987273 12.747919 
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b) Mismatch/es within seed sequence. 

Level 1 Level 2 Odds Ratio Prob>Chisq Lower 95% Upper 95% 

No Yes 0.48958322 <.0001 3.1263158 7.6669071 

Yes No 0.2042554 <.0001 0.1304307 0.3198653 

6.5.3 Descriptive synthesis of high and medium/high validity studies  

The 370 studies rated as high or medium/high validity assessed a total amount of 6416 potential 

off-target sequences. 154 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 5688 sequences (88,7%) referred to four or more mismatches. 

6.5.3.1 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 6.3, 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 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 off-target rate to 0.09% (five off-target effects out 

of 5688 analyzed potential off-target sequences). The five identified off-target effects had two 

times four and five mismatches each and once six mismatches. 
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Figure 6.3 Percentage of detected off-target effects for one (n=154), two (n=218), three (n=356) and four or more 

(n=5688) mismatches. Calculation: Number of detected off-target effects/number of analyzed potential off-target 

sequences. 

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.  

6.5.3.2 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 (Endo et al., 2015, Hahn, Nekrasov, 2018, Hsu et al., 2013). 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 
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the whole guide sequence (Figure 6.4). 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 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. 

 

Figure 6.4 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. 

Two mismatches between the on-target and the potential off-target sequences 

218 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 (Figure 6.5). 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 6.5 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 6028) 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 6.3). 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.  

6.5.3.3 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). 
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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 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 6.6a 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 to 49% (n=54 analyzed potential off-target 

sequences), 60% of the analyzed off-target sequences showed off-target effects. A similar off-target 

rate was detected when the GC-content was between 50 to 69%, as 65% of the analyzed sequences 

showed off-target effects (n=71). If the GC-content was between 70 to 89% (n=29), off-target 

effects were detected at 48% of the analyzed sequences. 
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Figure 6.6 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. 

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 6.6b 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 



Systematic review 

 

107 

with the number and location of mismatches, though it cannot be resolved from the given data set. 

In Figure 6.6c, 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 to 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 to 69% (details are provided in supplementary materials- 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.  

6.5.3.4 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. Cpf1) 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 6.8 provides an overview about the analyzed potential off-target sequences for different 

nuclease variants. In total, 13 different nucleases were investigated. 6219 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 Cpf1 (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 Cpf1 

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 
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SpCas9, no reliable conclusions can be made about differences in the specificity of different 

nuclease variants. 

Table 6.8 Overview about the characteristics of analyzed potential off-target sequences using different nuclease 

variants. 

Nuclease 

variant 

Number 

of 

studies 

Analyzed potential 

off-target 

sequences 

Number of 

mismatches 

Analyzed potential 

off-target 

sequences 

Off-target 

effects 

identified 

SpCas9 311 6219 1 mismatch 95 54 

   2 mismatches 147 35 

   3 mismatches 344 10 

   ≥ 4 mismatches 5628 5 

Cpf1 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 0 

Others 17 61 1 mismatch 32 18 

   2 mismatches 25 5 

   3 mismatches 4 0 

   ≥ 4 mismatches 0 - 

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) 
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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, 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-NGv1 in rice (Endo et al., 2019). 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-NGv1 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. 

6.5.3.5 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 as an increased off-
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target impact (Jansing et al., 2019, Metje-Sprink et al., 2018, Zischewski et al., 2017). 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 (Metje-Sprink et al., 2018, Woo et al., 2015). 

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 6.9 provides an overview about the number of analyzed potential off-target sequences for 

different delivery methods. 321 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, 6163 potential off-target sequences were analyzed (96% of the total). 39 

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. 

Table 6.9 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 

mismatches 

Analyzed potential 

off-target 

sequences 

Off-target 

effects 

identified 

DNA-stable 321 6163 1 mismatch 101 52 

   2 mismatches 207 55 

   3 mismatches 323 9 

   ≥ 4 mismatches 5532 4 

DNA-transient 39 111 1 mismatch 51 39 

   2 mismatches 7 1 

   3 mismatches 18 2 

   ≥ 4 mismatches 35 1 

RNP 8 133 1 mismatch 1 1 

   2 mismatches 4 1 

   3 mismatches 13 0 

   ≥ 4 mismatches 115 0 

RNA 2 9 1 mismatch 1 1 

   2 mismatches 0 - 

   3 mismatches 2 0 

   ≥ 4 mismatches 6 0 

RNP: Ribonucleoproteins; DNA: deoxyribonucleic acid; RNA: ribonucleic acid 

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 
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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 (Liang et al., 2017, Zhang et al., 2016). 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 (off-target): 

5.7%; DNA-transient: Mutagenesis frequencies for TaGW2-B1 and –D1 (on-target): 42.2% and 

35.6%, for TaGW2-A1 (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-A1 (off-target): 0.4%; DNA-stable: 

Mutagenesis frequencies for TaGW2-B1 and –D1 (on-target): 2.9% and 2.6%, for TaGW2-A1 (off-

target): 2.0%; DNA-transient: Mutagenesis frequencies for TaGW2-B1 and –D1 (on-target): 2.9% 

and 3.0%, for TaGW2-A1 (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 (off-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 



Systematic review 

 

112 

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.  

6.5.4 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 6.5. Detailed information 

about the validity assessment of all studies including the reason for the classification is provided in 

supplementary materials- table 5. 27 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 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 off-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. 23 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, ten 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. 15 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 off-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 twenty proximal to the PAM. Eight studies were rated as unclear 

validity as the provided information about potential off-target sequences were convoluted. In five 
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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 materials- table 

5. 

6.6 Discussion 

6.6.1 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 6416 

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 6044 

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, Martín-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. (Doll et al., 2019, Fu et al., 2013, Hahn, Nekrasov, 2018)). 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 off-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 
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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. (Endo et al., 2015, Jiang et al., 

2015, Mali et al., 2013)). 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 off-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. 

6.6.2 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. 
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(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.  

(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 (Liang et al., 2017, Wang et al., 2014). 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. 

6.6.3 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 

materials- table 2). 

Limitations of the evidence base 

Altogether the evidence base is comprehensive with over 6400 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 
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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. (Raitskin et al., 2019, Zhang et al., 2017)). 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. 

6.7 Conclusions 

6.7.1 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, 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 (Bartsch et al., 2018, Ossowski et al., 2010). 

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.  

6.7.2 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: 
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(i) The reference on-target sequence. 

(ii)  The prediction tools and detection methods used. 

(iii) and for the potential off-target sequences: 

a. The number of identified potential off-target sequences. 

b. 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 off-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 reduce further crossing or selection efforts to support thorough 

investigations of e.g. gene functions or variety development. 

Additional files 

https://www.frontiersin.org/articles/10.3389/fpls.2020.574959/full#supplementary-material 
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7 Summary and outlook 

Genome editing techniques enable a targeted modification of a DNA sequence in a site-directed 

manner. They are a promising tool to speed up the breeding process and to develop new plant 

varieties with beneficial traits for the agricultural value chain. Nevertheless, there is still an ongoing 

and controversial debate about the benefits of genome editing for agriculture and the extent to 

which off-target effects occur and matter. The overall objective of this study was to systematically 

collect and evaluate the available evidence on the application and impact of genome editing in 

plants regarding the traits modified and the potential occurrence of associated off-target effects. To 

achieve this, a multi-stage approach including a systematic map protocol - that developed a research 

strategy for the exploration of literature data, a systematic map with two secondary review 

questions - that provided an systematic overview on the existing evidence on genome editing 

applications in plants and a systematic review that build up on the results of the map was applied - 

and that provides an in depth analysis of the state of knowledge about factors governing off-target 

effects caused by CRISPR/Cas applications in plants. 

7.1 Evidence synthesis tools for evidence-based decision-making 

This thesis aimed to explore the rapidly expanding evidence base of genome editing in plants by 

applying a multi-stage approach. As a first step, a systematic map protocol was published as an a 

priori guide to reduce reviewer bias in further steps of data acquisition and exploration. In addition, 

it aimed to make the review process more rigorous, well-defined and transparent in order to inform 

interested stakeholders and future users. Based on the systematic map protocol, the systematic map 

summarized the available evidence base of applications of genome editing in plants. It surveyed 

the status of research, the progress in genome editing in plants and the occurrence of associated 

off-target effects. This systematic map encourages an informed public debate and provides fact-

based input for policy makers, interested stakeholders and a broader public: 

 The systematic map protocol and the systematic map published have already been 

downloaded more than 9000 times and were cited as a reference in 22 peer-review articles. 

 The results of the systematic map regarding market-oriented traits are of great interest for 

decision-makers, including the Federal Ministry for Food and Agriculture (BMEL). In 

addition to the peer-review published map, a summary of the results regarding market-

oriented applications for the period until March 2017 was provided on the webpage of the 

BMEL. Furthermore, on behalf of the BMEL two updates for the period until May 2018 

and June 2019 were performed based on the systematic map protocol to identify market-

oriented applications published after the original publication [68–70].  

 A repository was established  on the project webpage (www.dialog-gea.de) aiming to 

provide a searchable database on relevant articles from journals, company web pages and 

web pages of governmental agencies about applications of genome editing in plants [71] 
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 The results of the systematic map were used in several statements of prestigious national 

and international institutions, including the German National Academy of Sciences 

Leopoldina and the European Scientific Advice Mechanism (SAM), which supports the 

European Commission with high quality and independent scientific advice for its policy-

making activities [72, 73]. 

 The impartial data analysis regarding applications of genome editing and risk assessment is 

acknowledged as both proponents of genome editing but also institutions with critical 

attitudes towards genome editing already used the published protocol and the systematic 

map as reference in their publications [74, 75]. 

 To inform interested stakeholder communities the results of the systematic map were 

presented on several events and conferences, including a side event of the World Trade 

Organization and an ELSA-GEA stakeholder workshop.  

 Besides supporting decision makers and scientists, the systematic map aimed to support an 

informed public debate within society. To achieve this the results of the map were used to 

develop a CRISPR advent calendar and a genome editing library [76, 77]. In this calendar 

and library several market-oriented applications of genome editing were described by 

outlining challenges facing agriculture and the contributions of genome editing toward 

tackling them. The advent calendar was published in ten languages including German, 

English, French, Italian, Dutch, Greek, Spanish, Portuguese, Czech and Hungarian. So far, 

the calendar and the library have been called up more than 15.000 times all over the world.  

Furthermore, this work demonstrates that a systematic map is a suitable tool to identify relevant 

topics for a more detailed analysis in the form of a systematic review. A Result of the systematic 

map was the identification of a dedicated knowledge cluster of publications considering the 

analysis of off-target effects caused by CRISPR/Cas applications in plants, while other genome 

editing tools were less well represented. In addition, it was shown that the data basis within pool 

of CRISPR/Cas studies varies broadly, as studies are very heterogeneous in their structure and 

design with regard to factors that potentially affect the occurrence of off-target effects. This 

essentially includes factors like the number of mismatches between the on-target and potential off-

target sequence, the position of the mismatch/es proximal to the PAM, the applied nuclease variant, 

the delivery methods of the CRISPR/Cas-System to the plant cell and the GC-content of the target 

sequence. All these parameters have been described to potentially affect the occurrence of off-

target effects. However, so far it was not systematically analyzed what is the external validity of 

such studies and reviews and which factors do evidently dominate the occurrence of off-target 

effects in general. Therefore, based on the findings of the systematic map the systematic review 

aimed to identify and systematically analyze these factors. A systematic review has advantages 

regarding transparence, impact, validity and causality compared to a traditional literature review: 

 Detailed information about the methods used to perform this systematic review are 

presented in the methods section of the published systematic review. The high reporting 

standards ensure transparency and traceability in order to maximize objectivity and to 

minimize bias. 



Summary and outlook 

 

125 

 The literature search was conducted based on the systematic map protocol, including a 

scoping search that was carried out in order to test the search strategy and to identify as 

many relevant articles as possible.  

 In order to be included in the systematic review, each article had to meet pre-defined and 

documented eligibility criteria regarding the population, intervention and outcome. 

Excluded articles were documented with the reason for exclusion. 

 A critical appraisal was performed to assess internal validity (risk of bias within a specific 

study) and external validity (generalizability) and hence to reflect critical variables that 

affect the reliability of study outcomes. Within this review, almost 20% of the studies were 

assessed as of low or unclear validity and were handled separately from studies rated as of 

high validity. In a traditional literature review, these studies could have been considered 

together with all others and would have distorted the results. 

 Results of the systematic review were fully reported and care was taken to avoid reaching 

conclusions beyond the evidence base. 

The results demonstrate the advantages of these evidence synthesis tools compared to traditional 

reviews. However, conducting this kind of synthesis is very time consuming and resource intensive. 

In addition, the number of publications about genome editing in plants has risen significantly in 

recent years. Therefore, the systematic review of this thesis slightly differs from the high level 

guidelines of the CEE [64] and has methodological restrictions: 

 The systematic review protocol and the finalized systematic review were published in one 

publication. No peer-review process took place for the methodological part of the review 

before starting the systematic review.  

 In general, the implementation of a Systematic Review is based on the 4-eyes principle to 

reduce human error bias. However, due to time and cost reasons, parts of the review such 

as data extraction and critical appraisal were performed by one reviewer only.  

 Stakeholder involvement is of crucial importance when conducting a systematic review. In 

this thesis, the results of the systematic map were presented and discussed at several 

meetings and stakeholder conferences. Feedback gained within these events was taken into 

account when planning and conducting the Systematic Review. However, no further 

stakeholder exchange took place during the implementation of the Review.  

7.2 Summary and outlook of the results of the systematic map and 

the systematic review 

One objective of this thesis was to provide a general overview of the application of genome editing 

in plants. Systematic mapping of the available evidence indicates that the publication rate of 

primary research was quite low between 1996 and 2012 and the number of studies using Zinc-

finger nucleases, Meganucleases, Oligonucleotide-directed mutagenesis, TALENs and Base 

editing has remained on a low level until today. Since 2013, when the CRISPR/Cas technique was 

first used in plants, the number of studies has risen significantly. Today, it is the dominant genome 

editing technique and much effort is invested in examining other CRISPR nuclease variants and in 
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developing improved and modified ones. The map further demonstrates that the majority of recent 

studies describe the induction of point mutations, mainly achieved with SDN1, meaning that no 

template is added and the DSB was repaired by NHEJ. This sequence alteration is comparable to 

spontaneous mutations or undirected mutagenesis using chemicals or irradiation. Only in a subset 

of studies was a repair template added. This template was either similar to the target sequence 

except for one or a few nucleotides (SDN2) or harbored a recombinant DNA sequence (SDN3) and 

the DSB was repaired via HDR. The latter approach results in more complex alterations like the 

insertion of entire genes from both closely as well as distantly related organisms. This is 

comparable to traditional genetic engineering but the insertion is site-specifically targeted. In total, 

studies from 33 different countries were identified. About three quarter of these studies originate 

from either China (40%) or the USA (33%), while only 13% of the studies originate from all 

European countries. This indicates that Europe already lags behind the leading countries with 

regard to research and development efforts in genome editing in plants. Regarding the specific 

regulatory provisions throughout the world, it can be assumed that this gap will widen in future as 

there is no global harmonization of regulatory oversight [78]. Several countries, including 

Argentina, Brazil, Colombia, Chile, USA, Japan, Russia and Australia, have adapted legislations 

to the genome editing techniques or have released guidelines to enable the use of genome editing. 

Compared to this, the Court of Justice of the European Union (CJEU) decided in 2018 that 

organisms obtained by mutagenesis including genome editing are genetically modified organisms 

(GMO) within the meaning of the Directive 2001/18/EC. The consequence of this ruling is that 

genome edited plants have to pass through a comprehensive and time consuming approval process 

associated with cost- and labor-intensive pre-market evaluation regardless whether only point 

mutations were introduced (SDN1) or foreign genes were transferred (SDN3). It is feared that the 

current EU regulation will negatively affect investment, research and innovation efforts and make 

it much more difficult to commercialize genome edited products in Europe. Therefore, plant 

breeders, business associations from the agri food value chain and scientists are calling the EU 

Commission to alter the regulation of genome editing in a way that it is scientifically based and 

more differentiated [72, 73, 79]. 

7.2.1 Market-oriented applications of genome editing 

Another objective of this thesis was to provide an overview of the traits modified by genome editing 

in plants in order to inform policy makers and interested stakeholder communities. The large 

majority of studies were classified as proof of concept studies and basic research. Nevertheless, in 

the period until May 2018, almost 100 different applications aimed to produce beneficial traits in 

28 different agricultural crops and were defined as “market-oriented”. Most of these applications 

were carried out in cash crops such as maize, rice, wheat and soybean, but economically less 

important crops such as cucumber, lettuce, peanut or grapefruit were also worked on. In June 2019, 

an update was performed based on the systematic map protocol on behalf of the BMEL. Results 

show that within 14 months the number of market-oriented applications had increased by around 

50% and further plant species like barley, banana or kiwifruit had been genome edited. The wide 

range of market-oriented applications address broad demands in the agricultural value chain. 

Breeding objectives include yield improvement, improved growth characteristics, improved food 

and feed quality, tolerances to biotic and abiotic stress, herbicide tolerance and industrial 

utilization. 



Summary and outlook 

 

127 

So far, most of the recent marked-oriented applications have addressed one specific DNA sequence 

in the genome resulting in a single point mutation. However, CRISPR/Cas is able to induce several 

specific mutations in polyploidic plant species that have highly similar homoeoalleles. For 

example, the simultaneous editing of three homoeoalleles in hexaploid wheat lines was successfully 

performed [35]. More recently, genome editing strategies have been developed aiming to combine 

several agronomically interesting traits for de novo domestication of wild varieties by applying 

multiplexing. For example, Zsögen et al. (2018) edited six loci in the genome of wild tomato 

Solanum pimpinellifolium resulting in compact plants with an increased fruit size, an increased fruit 

number and an improved lycopene accumulation [80]. It can be assumed that multiplexing and de 

novo domestication will be the next milestone in plant breeding. 

7.2.2 Occurrence of off-target effects 

Regarding the occurrence of off-target effects, the objectives of this thesis were to provide an 

overview of the available evidence about the occurrence of off-target effects in plants and to assess 

whether the available evidence base is suitable for an in-depth analysis by a systematic review. 

Based on the results of the systematic map, the systematic review aimed to identify factors that 

affect the occurrence of off-target effects caused by the application of CRISPR/Cas in plants. 

Systematic mapping of the available evidence identified a total of 252 relevant studies from 161 

articles. The large majority of studies (90%) were performed using the CRISPR/Cas technique, 

whereas only a few studies used TALENs, BE, ZFN, MN or ODM. In most CRISPR/Cas studies, 

biased detection methods were used, meaning that potential off-target sequences were first 

predicted using bioinformatics programs followed by targeted sequencing of the off-target 

sequence to track the occurrence of off-target effects. Off-target effects were detected in several 

studies and it was shown that individual studies are very heterogeneous in their structure and 

design. Heterogeneity was identified regarding the plant species, the nuclease variant, the 

prediction tools and detection methods used, the amount of tolerated mismatches and the chosen 

sgRNA. Based on these results another objective of this thesis was to identify and systematically 

analyze factors that may affect the occurrence of off-target effects caused by the application of 

CRISPR/Cas in plants. The systematic review team focused on five factors which are described in 

literature as probably affecting the occurrence of off-target effects: (i) The number of mismatches 

between the on-target and potential off-target sequence (ii) The position of mismatches proximal 

to the PAM (iii) The GC-content of the targeting sequence (iv) Altered nuclease variants (v) The 

time of incubation of the CRISPR construct. The literature available clearly shows that an increase 

number of mismatches between the on-target and potential off-target sequence significantly 

decreases the likelihood that off-target effects occur. The observed off-target rate decreases from 

59% when there is one mismatch between the on-target and potential off-target sequences towards 

0% when four or more mismatches exist. This indicates that in future research projects one may 

use this flexibility as benefit to mutate several similar alleles in a single experiment (e.g. in 

polyploidic plant species) or to design a very specific sgRNA which possesses at least four 

mismatched positions to further sequences in order to significantly decrease the likelihood for the 

occurrence of off-target effects. In addition, the evidence base indicates that off-target effects can 

be reduced significantly when the mismatch/es are located within the first eight nucleotides 

proximal to the PAM and there is also a tendency that adjoined mismatches increase the likelihood 

of off-target effects. There is no evidence that the occurrence of off-target effects shows an obvious 
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trend in relation to the GC-content of the chosen protospacer sequence. The data base 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 the nuclease variants and the delivery method on 

the occurrence of off-target effects cannot be proved. However, the evidence base is too limited to 

allow any quantitative conclusions. If various factors affect the occurrence of off-target effects, it 

is likely that factors overlap and thus less dominant factors may not show a significant impact. The 

results further demonstrate that there is a great heterogeneity between studies. Only a small number 

of studies applied an identical study design by just varying one factor step by step, in order to 

examine the influence of a single factor on off-target effects. Future research should focus on this 

aspect when exploring off-target effects. Finally, from a risk assessment point of view off-target 

effects occurring due to the use of CRISPR/Cas should be assessed in the context of naturally 

occurring mutations and breeding techniques routinely used including undirected mutagenesis 

techniques or somaclonal variation, in which the number of off-target mutations is far higher 

compared to CRISPR/Cas applications. Nevertheless, for safety reasons as well as to minimize 

additional selection efforts in breeding programs it is recommended to minimize the likelihood of 

off-target effects when planning by considering the major impact factors. Bioinformatics tools 

provide needed information cost efficiently. 
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