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Background: Part 2 - Risks 

Inherent risks associated with CRISPR/Cas applications  
 

The rapid development of new genome editing techniques means there is an increasingly 

urgent need for responsible handling of the associated risks. Currently, the most widely 

used and promising procedure is the CRISPR/Cas system. The possible applications of 

CRISPR/Cas gene scissors are very diverse and involve a multistep process that combines 

different molecular biological techniques, each of which entails specific risks. This 

background paper provides an overview of already known and inherent risks that can 

occur when CRISPR/Cas and old genetic engineering techniques are applied. Introducing 

CRISPR/Cas into cells and the cell nucleus may cause unintended changes to the genome, 

RNAs or proteins.  

 

Genome editing is a multistep process that can lead to unintended changes 

 

CRISPR/Cas applications are multistep processes in which various unintended changes can 

occur that are specific to both old and new genetic engineering. The different steps of gene 

scissors applications are described in detail in the background paper on the technique.  

In the first step, the gene scissors must be introduced into the plant cells. Currently, the 

most common way to do this is by introducing DNA. This DNA carries the information 

needed for the formation of the gene scissors in the plant cells and integrates it into the 

genome. This first step is carried out using old methods of genetic engineering, such as 

particle bombardment with a gene gun or Agrobacterium transformation. In the next step, 

the gene scissors are formed in the cell, the target sequences are recognized and cut. This 

second step is an application of new genetic engineering, i.e. once the gene scissors are in 

the cell, they actively screen the genome for the target sequence and then cut it.  

 

A rice variety modified with CRISPR/Cas9 gene scissors to produce a higher yield is used here 

as an example with which to illustrate the risks associated with the multistep process [1]. A 

subsequent assessment of the genome-edited rice plants showed that various unintended 

changes had occurred in the genome: 

 

1. Unintended changes from the application of old genetic engineering: the genetic 

information of the CRISPR/Cas9 system was introduced into the cells with the help of 

Agrobacterium tumefaciens, thereby integrating the DNA to form the gene scissors 
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into the genome of the rice plants. Parts of the plasmid used to transport the DNA 

into the plant cells were integrated into the genome during this process. The effects 

were subsequently detectable in the second generation after the multistep process 

of genome editing. 

2. Unintended changes caused by the new genetic engineering techniques: so-called 

off-target effects were found in the genome of some of the modified rice plants, 

which was most likely caused by the CRISPR/Cas9 gene scissors. 

3. Other unintended changes caused by the new genetic engineering techniques: in 

some rice plants, major rearrangements (such as deletions or insertions) of the DNA 

sequence occurred near the target sequence, an effect known as an on-target effect. 

 

The following section explains in more detail the abovementioned and other unintended 

changes, which can occur both due to old genetic engineering methods and erroneous and 

imprecise functions of the gene scissors. Scientists have already described these several 

times. 

 

Unintended changes due to the application of old genetic engineering techniques 

 

Many scientific studies have already described unintended changes to the genome of plants 

due to the use of old genetic engineering methods. These older genetic engineering 

methods are currently mainly used to introduce the gene scissors DNA into plant cells. In an 

intermediate step, this creates a transgenic plant that carries the genetic information for the 

formation of the gene scissors in its genome.  

 

Old genetic engineering methods include particle bombardment with a gene gun, 

transformation with the soil bacterium, Agrobacterium tumefaciens and chemical 

transformation with PEG (more information about these processes can be found in the 

background paper on the technique of CRISPR/Cas). When the DNA for the formation of the 

gene scissors is introduced into the plant cells and integrated into the plant genome, this is a 

random process and not targeted. The aim is to integrate the DNA to form the gene scissors 

completely into the plant genome just once. However, this is only a best-case scenario 

because the DNA can be integrated several times and sometimes even incorrectly (i.e. 

partially). This has been investigated in many different studies, e.g. on soybeans [2; 3], rice 

[1] or Arabidopsis [4]. In all these studies, Agrobacterium was used to deliver the genetic 

information into the plant cells. The findings show that the DNA can be inserted once, 

multiple times, fragmentarily and at different locations in the genome. If additional copies of 

the DNA unintendedly remain in the genome, the probability increases that unintended 

changes will occur in subsequent generations. In addition, parts of the plasmid with which 

the DNA is transported into the cells can also be integrated into the plant genome.  
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DNA sequences can also be restructured during the process of Agrobacterium tumefaciens 

transformation [5; 6]. For example, parts of the genome can be deleted (known as 

deletions), DNA sequences can be inserted (known as insertions), DNA sequences can be 

inserted at another location in the genetic material (known as translocations) or DNA 

sequences can be reversed in their orientation (known as inversions) [7; 4; 8-10]. Scientists 

have also been able to show that the composition of epigenetic markers can be changed in 

the genomic region where the gene scissors DNA is inserted [4]. Epigenetic markers are 

small appendages on DNA or proteins that regulate gene activity. These epigenetic markers 

can be compared to little switches that sit on genes and turn them on or off. Ultimately, old 

genetic engineering applications can also have an effect on the regulation of gene activity.  

 

Unintended effects have also been described for the use of the so-called gene gun [11-13; 

7]. In this procedure, DNA-coated small metal particles are shot into the cells with a gene 

gun. The DNA can be inserted multiple times and the delivery is untargeted [7]. This process 

was investigated in more detail in rice and maize with the help of whole genome sequencing 

methods [7]. Whole genome sequencing methods are modern DNA sequencing methods 

with which the exact sequence of the DNA of the entire genome can be decoded. It was 

shown that insertions and rearrangements of the DNA can occur during particle 

bombardment: physical bombardment often causes DNA damage, such as double-strand 

breaks in the genome. DNA fragments present in the plant cell can be inserted into the 

genome at these DNA double-strand breaks. These DNA fragments can be, for example, 

parts of the inserted DNA or even DNA from the chloroplasts of the plants. Chloroplasts are 

responsible for photosynthesis in the plant cell. If the gene scissors DNA is shot into the 

plant cell with a gene gun and the chloroplasts in the cell are hit, genes from the chloroplasts 

can be unintentionally incorporated into the genome in the cell nucleus of the plants. 

 

Similar effects have been described for applications in animals and show how important it is 

to know the exact procedure, including all intermediate steps, when assessing risks 

associated with genome-edited organisms. For example, TALENs were used to modify the 

genome of cattle and insert a gene sequence causing ‘hornlessness’ [14]. During the 

procedure, a DNA template of the gene sequence for ‘hornlessness’ was introduced into the 

cells so that it would be integrated at a target sequence in the genome of the cattle. This is a 

classical SDN-3 gene scissors application, in which additional gene sequences are 

incorporated into the genome. Investigations subsequently found that the genome of the 

gene-edited cattle had not only acquired the desired gene sequence, but also gene 

constructs from the genetically modified bacteria used to deliver the genetic modification 

[15]. Complete DNA sequences conferring resistance to antibiotics were, among other 

things, found in the genome of the cattle. What effects this has on the health of the animals 

and whether the genes are biologically active has not been investigated.  
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Unintended changes due to incorrect or imprecise application of the gene scissors 

 

Unintended changes in the genome of plants can also occur with new genetic engineering 

techniques (i.e. genome-editing methods such as CRISPR/Cas). Since CRISPR/Cas applications 

are so diverse, it is necessary to know exactly how the gene scissors were used in order to 

investigate the specific risks in more detail.  

So-called off-target effects and on-target effects have already been described for established 

gene scissor applications in which one or more target sequences are unintentionally cut. 

Furthermore, unwanted DNA fragments can be additionally incorporated into the genome 

and new gene products can be unintentionally formed. All of the listed unintended changes 

can occur in SDN-1, SDN-2, and SDN-3 gene scissor applications, i.e. when DNA is cut at one 

or more target region(s). In SDN-2 and SDN-3, additional unintended changes can occur. For 

example, DNA templates may be incorporated into the genome or epigenetic markers may 

be rewritten. Process-specific risks may also arise in procedures that do not cut at the target 

sequence but use non-cutting gene scissors. All of the abovementioned unintended changes 

are explained below in more detail. 

 

Off-target-effects (OTEs) 

 

Off-target effects induced by the gene scissors have already been described for many 

organisms, including human, animal and plant cells. Off-target effects can result from the 

gene scissors cutting at unintended regions of the genome. Often these are DNA regions that 

are very similar to the actual target sequence [16-18]. The gene scissors confuse the off-

target regions with the actual target sequence and cut there. The cuts at the off-target 

regions activate the cell's own repair mechanisms and can cause unintended changes, e.g. 

point mutations or small insertions and deletions. Thus, the same processes are set in 

motion that also act at the target sequence.  

The off-target changes can have different effects depending on the particular genomic 

context. For example, the unintended changes can lead to the silencing of genes, to the 

alteration of a gene sequence or also to the alteration of gene activity. 

 

The occurrence of off-target effects depends on many different factors [18]. Above all, the 

development of a properly designed gRNA for a specific target sequence plays a particularly 

important role. It was shown that the more similar two DNA sequences in the genome are, 

the higher the probability that the gene scissors will work imprecisely. If the target area of 

the gene scissors differs from off-target areas by only one or two bases, it is very likely that 

the gene scissors will cut at both sites [18].  
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The complexity of CRISPR/Cas applications also plays an important role in analyzing the risks 

inherent in the technology and should therefore be considered in a risk analysis:  

 

1. CRISPR/Cas can cause changes in areas of the genome where changes are very 

unlikely to occur naturally. This means that unintended changes can be induced in 

areas of the genome that are, for example, protected by the cell's own repair 

mechanisms or that are located in areas of the genome that are difficult to access 

using conventional breeding (e.g. in the area of the centromere and other densely 

packed DNA areas). 

2. If the gene scissors are guided to several different areas of the genome during 

multiplexing, OTEs can be caused at several different off-target areas. Accordingly, 

the genome must be analyzed in more detail. 

3. The ability of CRISPR/Cas to modify all DNA regions with the same sequence should 

also be taken into account in risk assessment. If an off-target region is present 

several times in a plant, e.g. in the DNA sequence of a gene of a gene family, then 

several or all genes of this gene family can be unintentionally modified 

simultaneously. Polyploid plants are another example: CRISPR/Cas can modify an off-

target region in these plants wherever gene variants (i.e., alleles) with this DNA 

sequence are present in the genome. 

 

Genomics methods enable the analysis of the DNA sequence in genome-edited plants as well 

the investigation whether OTEs have been induced in the genome after gene scissors 

applications. To date, however, there have only been a few studies in which the entire 

genome of genome-edited plants has been examined using whole genome sequencing 

(WGS) methods [19-22]. All WGS studies on genome-edited plants emphasize that the 

design of the gRNA is crucial for the occurrence of OTEs. Compared to unintended changes 

that occur working in cell cultures (also called somaclonal variation), OTEs are quite a rare 

occurrence. The risks that may arise vary from case to case, as they are highly dependent on 

the particular context of where in the genome they arise. 

 

Usually, computer programs and reference genomes are used to determine which areas of 

the genome are very similar to the target sequence. OTEs are more likely to occur in these 

areas, which is why PCR methods are mainly used to search for OTEs in these areas [19]. The 

rest of the genome is frequently not checked for possible errors induced by the gene 

scissors. Determining the off-target areas depends strongly on the computer program 

settings, the quality of the reference genome and the experience of the respective scientist.  

Other experimental parameters can also influence the occurrence of OTEs: for optimal 

function, CRISPR/Cas gene scissors must be present in the cell in an amount that is precisely 

matched to the cell type in question. If the concentration of the gene scissors is too high, 

more off-target effects can occur; if it is too low, the desired effects are not achieved. Thus, 
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a suitable ratio must be found between the efficiency to effect a change in the target 

sequence and the occurrence of off-target effects. 

 

Studies investigating the genome of genome-edited plants with WGS methods show that a 

comprehensive reference genome is particularly important to examine all off-target areas. In 

one study, a genome-edited cotton was examined for the presence of OTEs using WGS 

methods [21]. It was shown that the genome of the initial plants should be used as a 

reference genome to identify natural genetic variants and to distinguish them from newly 

occurring OTEs. In addition, the available reference genomes of plants often do not reflect 

the whole range of genetic variants present in different plant lines, so off-target regions, 

which the gene scissors might confuse with the target sequence, may be present in the 

genome. Thus, without a WGS analysis of the genome of the original plant, additional off-

target regions may remain undetected.  

Plants with a very complex genome and frequently repeated DNA sequences still pose a 

major challenge for WGS methods. Such regions often cannot be clearly sequenced. In a 

study on a genome-edited maize, for example, not all off-target regions could be 

investigated [20]. One OTE was detected at a previously calculated off-target area in a rice 

variety [22]. Due to the small number of studies and in part still incomplete data sets, it 

cannot be concluded that the OTEs caused by the gene scissors in off-target areas are 

negligible. For this to be the case, WGS procedures must be systematically carried out and 

evaluated in many different plant species, and the reference genomes and the WGS 

procedures must themselves be further improved. 

 

It is often questioned that CRISPR/Cas-induced OTEs cannot be clearly distinguished from 

naturally occurring mutations or process-induced mutations (i.e. somaclonal variations). As 

already explained above, WGS analyses of the initial plants can identify genetic variants that 

are already present in the genome of the parental line. In addition, an existing PAM 

sequence in the vicinity of OTEs can provide information on whether this new change in DNA 

might be caused by the gene scissors. At off-target regions, the gene scissors need a PAM 

sequence nearby to cut the DNA sequence in front of it. This aspect has already been used to 

identify CRISPR/Cas-induced OTEs [21].  

 

On-target-effects 

 

On-target effects are unintended changes to the genome of target organisms that can occur 

when using the CRISPR/Cas gene scissors (see Figure 1). On-target effects are unintended 

rearrangements of the region at or around the target sequence as well as the unintended 

insertion of additional DNA fragments at the target site. Such unintended effects have 

already been described at target sites of CRISPR/Cas, but can also occur at unintended off-

target areas. 
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Figure 1: Schematic representation of on-target effects. 

On-target effects are unintended rearrangements at or near the target sequence, such as deletions, insertions, 

translocations or inversions as well as the unintended insertion of additional DNA fragments at the target 

region, e.g. if DNA templates are used and incorrectly incorporated. 

 

Unintended rearrangements in the genome are, on the one hand, large or small deletions 

(i.e. pieces of DNA can be deleted). On the other hand, large or small insertions (i.e. 

additional DNA sequences) can be inserted into the genome. Furthermore, the DNA region 

of the target sequence and adjacent regions can also be inserted at another location in the 

genome. This is called a translocation. For translocations to occur, several double-strand 

breaks must occur simultaneously in the cell and be spatially very close to each other, thus 

enabling an exchange of DNA regions. In addition, the orientation of the DNA target region 

can be reversed, this is called inversion. On-target effects have so far been studied and 

described mainly in human cells and mouse cells [23-26]. In plants, there are only a few 

studies that have examined the target sequence explicitly for on-target effects after the 

application of gene scissors [27; 3]. However, the methods that can be used to search for on-

target effects without restrictions [28; 29] are not yet applied in plants as a standard 

procedure [30]. In that regard, it is important to investigate such unintended 

rearrangements of the DNA sequence and their consequences during risk assessment. There 

is already scientific work that specifically triggers such rearrangements through CRISPR/Cas 

in order to achieve their research goals [31-33]. 

 

Analyses of WGS data from human and mouse cells provide an overview of how often and 

which DNA rearrangements occur when CRISPR/Cas is applied [34; 35]: deletions at the 
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target sequence occur most frequently, followed by insertions and, to a lesser extent, 

translocations.  

Large deletions are mainly caused by a repair mechanism called MMEJ (i.e. microhomology-

mediated end joining), which is activated as an alternative to NHEJ repair [36].  

Large insertions can occur both at the target sequence and elsewhere in the genome and are 

often integrations of the transport vector. A vector, also called a plasmid, is used during a 

CRISPR/Cas application to introduce the DNA to form the gene scissors into the cells. 

Translocations occur when several double-strand DNA breaks occur simultaneously in a cell 

and come very close to each other spatially. Multiple double-strand breaks can occur, for 

example, through multiplexing, i.e. during the simultaneous modification of several different 

target sequences, but also when the gene scissors cut at an unintended location in the 

genome or through naturally occurring double-strand breaks. Most translocations are found 

on the same chromosome as the target sequence of the gene scissors. However, 

translocations can also be found on other chromosomes. In addition, translocations also 

occur at off-target regions [35]. 

Complex, unintended changes in the genome have also been reported in human cells [37; 

38]. For example, parts or even whole chromosomes were deleted or massively restructured 

in a process called chromothripsis. These effects are triggered by the induced cut of the gene 

scissors at the target sequence or at off-target regions. In plants, this link between the use of 

CRISPR/Cas and chromothripsis has not yet been investigated.  

 

In SDN-2 and SDN-3 applications, the DNA templates to be incorporated by HDR in the target 

site may either be inserted unintentionally multiple times or incorrectly in the target site. 

SDN-1 applications are mostly used in plants [39], as the efficiency of SDN-2 and SDN-3 

applications is quite low. Therefore, it is mainly study outcomes from human and animal 

cells that report such unintended effects: in mouse studies, it has been shown that when 

CRISPR/Cas9 is applied, DNA templates are incorporated multiple times within target sites 

and cannot be detected by simple PCR methods [40]. In a large proportion of the offspring of 

the genome-edited mice, the DNA template was incorporated multiple times in succession 

within the target sequence. The same effect occurred repeatedly in further experiments and 

seems to be a general phenomenon in the application of CRISPR/Cas9. Surprisingly, it was 

not possible to detect unintended multiple insertions of the DNA template using normal PCR 

methods. Only by using a suitable combination of different methods was it possible to detect 

such additional insertions. 

 

Integration of foreign DNA 

 

In addition to the insertion of the DNA template and the insertion of the transport vector for 

introducing the DNA to form the gene scissors, DNA from other sources can also be inserted 

at the target site. Unintentionally integrated DNA sequences at the target sites were 



 9 

investigated in a study on mouse cells [41]. In some cases, large pieces of DNA were 

incorporated. Most of this came from the vector used to introduce the DNA into the cells. 

Another part of the DNA fragments came from the genome of the mouse itself. A smaller 

proportion came from the genetic material of the bacterium E. coli, with which the gene 

scissors DNA was amplified in the laboratory before it was introduced into the cells. 

Surprisingly, a small proportion of the additional DNA fragments came from the genome of 

cattle. The explanation for this is that when working with cell cultures, some bovine serum 

must be added to the culture medium of the mouse cells so that the cells can divide and 

survive. The bovine DNA is introduced into the mouse cells via small vesicles. This raises 

aspects important for risk assessment in respect to CRISPR/Cas applications:  

Double-strand breaks favor the incorporation of foreign DNA, which is a general problem in 

the basic concept of genetic scissors. Foreign DNA fragments that are introduced into the 

target cells as contaminations during work with cell cultures can, for example, theoretically 

also be incorporated at off-target areas and naturally occurring double-strand breaks in the 

genome. 

 

Unintended formation of new gene products  

 

Various changes can be induced at the target site when gene scissors are used. The target 

site can be altered in such a way that no more mRNAs are formed, thus preventing the 

formation of the corresponding protein. In addition, certain changes to the DNA sequence 

can lead to mRNAs being formed with an altered composition, for example, particular areas 

of the gene being deleted. The resulting truncated proteins can then no longer perform 

certain functions. 

 

However, new mRNAs can also be formed unintentionally, which can be overlooked by the 

user and from which new proteins can be formed [42]. For example, the intended changes at 

the target site can lead to an effect called exon skipping. In exon skipping, mRNAs can be 

assembled differently than planned even if the intended changes at the target site are 

induced. This can result in the formation of shortened mRNAs. The proteins formed from 

such mRNAs are then also shorter but can still carry out functions in the cell. Sometimes the 

original proteins continue to be formed in the cell even though the underlying gene has been 

knocked out [43-45; 42]. 

 

In addition, the intended changes can lead to the development of frameshift mutations. 

Frameshift means that the reading frame of the DNA sequence from a gene shifts and the 

gene can be read in a completely different way. As a result, new mRNAs and proteins can be 

formed, which can also perform new functions in cell metabolism. Such unintended effects 

are often not detectable at the DNA level. Genome-edited plants need to be investigated for 

such effects because changes in protein composition are an important consideration when 
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assessing environmental and food safety. For example, allergens may arise that can trigger 

an immune response. 

 

CRISPR/Cas is used in many cases to induce complex changes in the genome of plants. For 

example, several members of a gene family can be modified simultaneously [46; 47]. Such 

complex SDN-1 applications come with inherent risks: at each individual target sequence 

where the gene scissors induce a change, new gene products can be formed that may have 

an unintended effect. Such risks need to be investigated in genome-edited plants, for 

example, through the use of metabolomics and genomics techniques. 

 

SDN-2 and SDN-3 applications 

 

In SDN-2 and SDN-3 gene scissor applications, DNA templates are introduced into cells to be 

inserted at the respective target sequence in the genome of the target organism. 

Unintended changes can occur in connection with the introduction of DNA templates. As 

already described, the DNA template can be incorrectly incorporated into the genome 

several times or only parts of it might be integrated. This can happen directly at the target 

sequence and/or at completely different areas of the genome (e.g. at off-target areas).  

 

In addition, studies on mouse cells show that the composition of epigenetic markers in the 

region of the target sequences changes when DNA templates are inserted there with 

CRISPR/Cas [48]. It was not investigated whether the gene activity in the genome-edited 

mice is influenced by the altered epigenetic markers, but it is feasible that the gene activity 

of genes in the immediate vicinity of the intended modification may be affected.  

In plants, there has been work published on the distribution of epigenetic markers after 

SDN-1 gene scissor applications [49]. The results show that the distribution of epigenetic 

markers is not altered in these SDN-1 applications. Whether this is also the case with SDN-2 

and SDN-3 applications in plants has not yet been investigated. 

 

Unintended effects of other CRISPR/Cas variants 

 

The background paper on the potential of CRISPR/Cas presents some examples from 

scientific literature on advances in gene scissor technology. The already known unwanted 

changes and still uninvestigated risks of these applications are described in more detail here. 

 

Epigenome editing 

 

The CRISPR/Cas system can be used to change epigenetic markers, i.e. gene activity. This 

does not involve changing the DNA, but does involve changing the composition of epigenetic 
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markers, which can have an influence on gene activity. These changes can lead to the 

activation or silencing of certain genes.  

The gene scissors themselves were modified so that they were no longer able to cut the DNA 

(i.e. dead Cas9/dCas9), but can still bind to the DNA and recognize the target sequence. 

Enzymes are attached to the gene scissors to change the composition of the epigenetic 

markers at the target sequence [50-52]. 

However, it has been shown that these enzymes become non-specifically active across the 

entire genome and can cause epigenetic changes at unwanted sites in the genome [53-55]. 

Gene expression can thus be influenced at completely different genomic sites, which can 

fundamentally change the characteristics of the affected organisms without this being 

recognizable at the DNA level. Scientists are working on advancing epigenome editing to 

reduce off-target effects [56]. So far, epigenome editing applications have been used in 

human and animal cells, with only a few being used in plants.  

 

Base editing 

 

Base editing involves attaching enzymes to the non-cutting CRISPR/dCas9 gene scissors to 

convert certain base types at the target sequence of the DNA into other base types, i.e. 

cytosine into thymine and adenine into guanine. Unintended changes can occur at different 

levels of the cell during this process:  

Firstly, it has been shown in rice that certain base editors can cause unintended changes in 

the genome [57]. The unintended changes in the DNA can occur across the entire genome 

and not only at specific DNA regions. Therefore, the entire genome of genome-edited plants 

should be assessed, using whole genome sequencing methods. The non-specific, unwanted 

changes at random locations in the genome show how imprecise and inaccurate base editors 

are. 

It was also shown that base editors can unintentionally change mRNA molecules [58]. In the 

process, several cytosines were unintentionally converted into uracils, resulting in proteins 

being formed differently. These unintended C-to-U changes at the RNA level occur 

independently of unintended changes at the DNA level. The unintended changes in mRNA 

described here are caused by an additional activity of base editors. This type of unintended 

change at the RNA level is also found with base editors that cause a conversion from adenine 

to guanine [58]. 

 

Prime editing 

 

Prime editing is a complex development of the gene scissors with various associated risks (a 

detailed description of this application can be found in the background paper on the 

possibilities of CRISPR/Cas).  
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Unintended changes can occur at off-target regions, i.e. at genome sites similar to the actual 

target sequence, but also at completely different sites of the genome. Furthermore, the 

translated RNA templates can be incorporated several times in one region of the genome 

and/or at other genomic regions.  

In addition, the reverse transcriptase, the translator in prime editing, can translate other 

RNA molecules, such as mRNAs, which occur naturally in the cell, into DNA and these can 

then be unintentionally incorporated into the genome.  

If the genetic information of the prime editor is introduced into the genome of the plant 

cells, parts of it can also be incorporated into the genome at a later time: the genetic 

information for the prime editor is first incorporated into the plant's genome and then 

expressed (i.e. formed) in the plant cells. The mRNA formed in the process is then translated 

into the actual prime editor (i.e. a protein complex). An intermediate step during that 

process can lead to unintended effects: the formed prime editor mRNA can be translated 

back into DNA by already formed prime editors and this DNA can then be unintentionally 

incorporated into the genome.  

 

In summary, many unintended changes can occur during prime editing. Therefore, such 

organisms should be examined with suitable methods, such as WGS or other next-

generation sequencing (i.e. NGS) methods, to check whether unintended changes have been 

made somewhere in the genome. 

 

So far, only a few studies have investigated the risks of prime editing or looked for 

unintended changes in the genome [59; 60].  

In a study on human cells, off-target effects were investigated in the whole genome after the 

prime editing application. According to the study, few off-target effects occur at other sites 

in the DNA [59]. Another study on rice looked for unintended changes in the genome using 

WGS after various target genes were altered with a prime editor [60]. Few off-target effects 

were found at sites in the genome similar to the target site. No off-target effects were found 

at areas of the genome that did not resemble the target sequence. No other unintended 

changes were found in the genome in this analysis. Further studies still need to be done in 

other crop species, especially those with a more complex genome than rice, to investigate 

the risks of prime editing in more detail.  

 

How should genome-edited plants be examined? 

 

CRISPR/Cas gene scissors applications are very diverse and involve a multi-step process. 

Different molecular biology techniques are combined in this process, each of which is 

associated with specific risks. The occurrence of such risks should be reduced as far as 

possible in applications of genome editing in plants and animals. The genome-edited 
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organisms must be examined in a comprehensive risk analysis to identify unwanted and 

unintended changes to the genome and downstream to the RNA, proteins and metabolic 

products. The procedures in the multi-step process that were used to modify the plants with 

the gene scissors should, in the best-case scenario, be known in order to select the most 

suitable analytical procedures. The following section sets out different analytical methods 

with which unintended changes can be detected. 

 

PCR analyses for the investigation of off-target areas 

 

Classical PCR analyses are the most frequently used applications to look for unintended off-

target effects in some parts of the genome [19]. Computer programs are used to determine 

areas of the genome that are very similar to the actual target sequence and where the gene 

scissors can unintentionally cut and induce changes. These regions of the genome are then 

examined in the genome-edited, regenerated plants after gene scissor applications, using 

PCR analyses to determine the exact sequence of the DNA bases and decode possible off-

target areas. In most studies, however, only a few off-target regions are examined. 

 

Omics methods 

 

There are a number of methods with which the various molecular levels of a cell can be 

analyzed. These methods are known collectively as -omics. Omics can be used to detect 

unintended changes that can result from the use of gene scissors as well as other methods 

used in the multi-step process. In addition, methods for analyzing the epigenome, i.e. the 

totality of all epigenetic markers that control gene activity, as well as methods that decipher 

the composition of an organism's microbiome, are also often counted as omics. These 

methods are not explained further in this background paper. 

 

1. Analytical procedures to examine the DNA sequence of an organism, for example, by 

genome sequencing, are collectively known as genomics. Genomics includes whole 

genome sequencing (WGS) methods, with which the entire genome of an organism 

can be sequenced and the exact sequence of the bases of the DNA can be decoded. 

Comparing a reference genome and the sequenced genome of the genome-edited 

plant makes it is possible to see which changes CRISPR/Cas caused in the genome. 

The intended, the unintended and unknown changes in the DNA sequence can be 

determined by applying WGS. Nevertheless, WGS methods are often not detailed 

enough to investigate plants with a complex genome as, for example, such plants 

have many repetitive DNA sequences in their genome. This means that it is 

sometimes not possible to ensure that the entire genome is actually investigated. In 

addition, complete reference genomes of less well-studied plants, such as orphan 

crops, are often still not available. 
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In recent years, other methods have been developed that are also counted as 

genomics; these methods can be used to examine the genome specifically for off-

target or on-target effects. These methods are also known as NGS or next-generation 

sequencing methods. One of these NGS methods is, for example, Digenome-Seq [61] 

and is used for genome-wide analysis of off-target effects in plants [62].  

 

 

2. The generic term transcriptomics covers analytical methods that can be used to 

determine the composition of all RNA molecules in a cell at a specific point in time. 

On the one hand, RNA is the intermediate product starting from the DNA sequence 

for the formation of proteins. On the other, it can also have regulatory functions (e.g. 

miRNA, long non-coding RNA). Transcriptomics methods can be used to determine 

the totality of all RNAs after a cell is modified by CRISPR/Cas and to compare them 

with unmodified cells to detect unintended effects, such as changes in the gene 

expression of non-target genes or differently composed mRNAs. 

 

3. Proteomics is the analysis of all proteins present in a cell at a certain point in time 

and enables the comparison of modified with unmodified cells. This can identify 

unwanted side effects, such as incorrectly assembled proteins due to exon skipping. 

Proteomics include, among others, mass spectrometry methods.  

 

4. Metabolomics include procedures to analyze the composition of the metabolic 

products of a cell (i.e. the metabolome). Metabolomics methods allow molecules 

involved in metabolic processes to be detected within a cell and enable comparison 

with a corresponding reference. If a change leads to unforeseen effects in 

metabolism, an imbalance can arise and in plants, for example, the formation of 

metabolic products can be disturbed. This can have an influence on the genome-

edited organism itself, but also on other organisms in the ecosystem. A 

metabolomics analysis is extensive and can break down the composition of precursor 

molecules, intermediates, end products and their derivatives in many different 

metabolic pathways. The more information is known about the altered metabolic 

pathway, the easier and more specifically the composition of the metabolites can be 

analyzed and, if necessary, the detection of specific metabolites can be provided. If, 

for example, the gene scissors interfere with the fatty acid metabolism and an 

enzyme for the formation of a certain fatty acid is knocked out, then the composition 

of all cellular fats can be investigated with the help of lipidomics methods. If it is not 

known which target gene and, thus, which metabolic pathway has been altered, an 

untargeted metabolomics analysis must be carried out that is not intended to 

investigate a specific metabolite type (e.g. fats, sugars, amino acids, etc.). The 

analysis is then broader in its scope, but less extensive in the different metabolite 
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species. Metabolomics has been proposed several times for the evaluation of 

genome-edited plants [63; 64]. 

 

Genomics and metabolomics methods, in particular, should be used for the risk assessment 

of genome-edited plants, as they can be used to detect many already known unintended 

changes. 

 

As of June 2021 
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