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Regulatory uncertainty over 
genome editing
Huw D. Jones

Genome editing opens up opportunities for the precise and rapid alteration of crops to boost yields, protect 
against pests and diseases and enhance nutrient content. The extent to which applied plant research and 
crop breeding benefit will depend on how the EU decides to regulate this fledgling technology.

We are at the dawn of a new 
paradigm in plant breeding. 
Classical approaches to crop 

improvement based on hybridization 
and selection can now be complemented 
by targeted genome editing that exploits 
knowledge of specific gene sequences in 
a systematic way. Unlike conventional 
genetic modification that results from the 
insertion of large pieces of exogenous DNA, 
genome editing exploits newly discovered 
‘molecular scissors’ to cut and alter a pre-
determined gene sequence in the host plant. 
Genetic changes generated through genome 
editing, at least in their simplest form, are 
indistinguishable from those generated 
through natural or induced mutations, 
which escape the heavy regulatory burdens 
placed on genetically modified organisms 
worldwide.

Genome editing has already been 
established as a powerful tool in research. 
The extent to which this technology can 
breathe new life into the world of plant 
breeding will largely depend on how 
genome-edited crops are regulated at an 
international level. The US authorities 
have already indicated that crop varieties 
generated through genome editing do not 
constitute genetically modified organisms, 
and therefore escape the associated 
regulations. The European Union is yet to 
decide. Unless there is a common, logical 
approach to regulation across nations the 
global trade of crop commodities may be 
disrupted, and innovation stifled.

The tools
Traditional genetic modification transfers 
whole genes from, in principle, any 
organism to any other organism. The 
process can generate fundamentally new 
traits in plants that would be impossible 
through conventional breeding. For 
instance, the insertion of genes from the 
bacterium Bacillus thuringiensis into cotton 

or maize renders the plants highly resistant 
to lepidopteron pests; these lepidopteron-
resistant crops are grown around the world. 
However, this technique cannot be used 
to make small edits to existing genes, and 
can lead to the random disruption of native 
genes because the destination of the inserted 
DNA cannot be dictated.

In contrast to traditional genetic 
modification, genome editing makes use of 
site-directed nucleases to create breaks at 
specific, pre-determined points in the host 
genome. In this way, genes can be tweaked 
to function better or can be completely 
switched off. The three most commonly 
used site-directed nucleases are the zinc-
finger nucleases (ZFNs), transcription 
activator-like effector nucleases (TALENs) 
and clustered regularly interspaced short 
palindromic repeats (CRISPR) nucleases 
(Fig. 1). The first two possess protein-based 
DNA recognition domains, whereas the 
latter relies on a short guide RNA to locate 
the target DNA. All three can be engineered 
to target any site in any gene, or indeed any 
piece of DNA, regardless of its function.

Site-directed nucleases are typically 
introduced into the target plant using DNA 
vectors that transiently or stably express the 
gene encoding the nuclease. Even if the gene 
is stably integrated into the genome, it will 
be lost in the next generation due to random 
assortment and chromosome segregation, 
leaving only the intended edit behind. In 
animal systems site-directed nucleases can 
also be delivered to cells as whole proteins1, 
but this method is yet to be fully exploited 
in plants.

Once in the cell, the site-directed 
nuclease seeks-out the target and generates 
a double-stranded cut in the DNA. The 
break is then rejoined by the DNA-repair 
mechanisms of the plant itself. The simplest 
form of DNA repair — non-homologous 
end-joining — is error-prone and often leads 
to the insertion, deletion or substitution of 

one or a few bases at the cut site, resulting in 
a mutation. Mutations generated in this way 
are indistinguishable from those that occur 
naturally and drive evolution, as well as 
from those induced through the application 
of chemical mutagens or radiation, as 
employed in mutation breeding programmes 
since the 1940s.

Here, I focus on the potential applications 
and regulation of this simple ‘cut and repair’ 
form of genome editing in the field of crop 
breeding, because the new crop variety 
does not carry any foreign DNA and could 
therefore be logically excluded from existing 
regulations on genetically modified crops. 
However, there also exists a more advanced 
form of genome editing  that makes use 
of the alternative DNA repair mechanism, 
homologous recombination, to insert short 
stretches of DNA or even whole genes into 
the genome at pre-determined locations2,3.

The applications
The new genome-editing technology 
has powerful applications in the field of 
functional genomics and drug discovery. For 
instance, sequence-specific nucleases have 
been constructed to target and potentially 
disable every protein-coding gene in the 
human genome4. This could facilitate the 
development of a library of cell culture 
knockouts spanning the whole of the human 
genome, which, in turn, could be used to 
ascertain the function of individual genes, to 
identify targets for drug development and to 
develop nucleases that could themselves be 
used for therapeutic purposes. A ZFN that 
targets a gene encoding a receptor for the 
HIV-1 virus in human stem cells is currently 
undergoing clinical trials in the US for the 
treatment of AIDS5.

Genome editing also holds considerable 
promise in the field of crop improvement 
(Fig. 2). The rapid growth in crop DNA 
sequence information and bioinformatic 
capabilities over the last decade has 
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delivered insights into the genetic control 
of key agronomic traits, such as disease 
and drought resistance, allergenicity and 
nutritional quality, which can be exploited 
through genome editing. In cases where 
loss of gene function is predicted to confer 
some kind of advantage, sequence-specific 
nucleases can be engineered to target and 
knockout the gene in question. This can 
be done directly in elite crop varieties, as 
evidenced by the development of mildew-
resistant bread wheat using sequence-
specific nucleases6,7, saving the years of 
back-crossing necessary in traditional and 
mutation breeding programmes.

The first commercial crop generated 
using genome editing was approved for use 
in Canada by the Canadian Food Inspection 
Agency and Health Canada in March 2014. 

The herbicide-tolerant variety of canola was 
developed by Cibus Global, a San Diego-
based company who describe themselves as 
a precision gene editing firm, using genome 
repair oligonucleotide technology8. It is 
expected to enter the Canadian market place 
in 20169.

Is it GM or not?
When the genome-edited plant contains 
no foreign DNA, and the resultant change 
cannot be distinguished from a natural 
mutation, a logical answer to this question is 
no. This seems to be the conclusion reached 
by the US Department of Agriculture. 
They have indicated that plants containing 
targeted deletions generated by the cell’s own 
repair mechanisms do not fall under the 
umbrella of genetically modified organisms 

as they don’t contain any transgenic 
sequences and are not generated using 
Agrobacterium, which is commonly used to 
genetically modify organisms but is defined 
as a plant pest and is a trigger for regulation 
in the US10. To date, the US Department of 
Agriculture have waived the regulations in 
place for genetically modified organisms 
for at least two products generated using 
genome editing: a maize line that contains 
lower levels of the anti-nutritional 
compound phytate, and the herbicide-
resistant variety of canola now approved for 
commercial use in Canada11.

In the European Union, in contrast, 
crop varieties generated through genome 
editing could well be considered genetically 
modified organisms. This is because the 
European Commission, the executive 
body of the European Union, considers 
an organism to be genetically modified if 
it has been altered in a way that does not 
occur naturally by mating and/or natural 
recombination12. Importantly, however, crops 
altered through mutagenesis using chemicals 
and radiation are considered exempt from 
these regulations, because thousands of crop 
varieties have been generated in this way 
since the 1940s with no evidence of risk. 
However, the European Commission is yet to 
provide information on whether mutations 
made using site-directed nucleases also 
fall outside its regulatory criteria. And 
therein lies the uncertainty: genome editing 
would not occur naturally, but generates 
mutations indistinguishable from those 
arising spontaneously or through mutation 
breeding. The European Commission has 
consulted and deliberated on this issue for 
the last few years; some guidance is expected 
to be published in the near future.

Trade, innovation and economics
Discrepancies in the way in which genome 
editing is regulated at the national level 
will have significant implications for the 
international trade of commodity crops. 
The US authorities have clearly articulated 
their view, albeit on a case-by-case basis with 
a limited number of examples, that crops 
bred using these tools do not constitute 
genetically modified organisms. Whether or 
not genome-edited crops are cultivated freely 
or are grown under licence, traces could well 
be present in bulk shipments of produce 
to the EU. If the EU and other importing 
regions maintain a consistent view with 
the US, and decide that these varieties 
are not genetically modified, then clearly 
there is no regulatory conflict. However, 
the EU is generally risk-averse, and has a 
history of regulating products generated 
through traditional genetic modification 
in a precautionary way. If the EU decides 
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Figure 1 | Site-directed nucleases. a–c, DNA nucleases bind to and cut DNA at specific locations. Each 
nuclease comprises a DNA-cutting domain (depicted in blue) and a DNA-targeting domain. Zinc finger 
nucleases (a) and transcription activator-like effector nucleases (TALENs, b) possess protein-based 
DNA recognition domains (depicted by yellow and orange ovals).  Clustered regularly interspaced short 
palindromic repeats (CRISP) nucleases (c) rely on short-guide RNAs (gRNA) to locate the target DNA. 
The DNA recognition domain of all three nucleases can be engineered to target pre-determined sites in 
the genome for the purposes of genome editing. Figure courtesy of Addgene (www.addgene.org).
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that genome-edited crops require the same 
level of regulation as currently applied to 
genetically modified organisms, significant 
import issues could ensue.

The EU has a zero-tolerance policy 
for the import of genetically modified 
food crops that have not received EU 
authorization. However, unlike transgenics 
there is no way to unambiguously identify 
crop varieties generated through genome 
editing, other than through paper trails, with 
all their inherent frailties and temptations 
for misuse. As such, the decision to regulate 
genome-edited crops as genetically modified 
organisms could put the EU on the horns 
of a dilemma: it will either have to turn 
a blind eye to the potential presence of 
unauthorized products from countries 
that cultivate genome-edited crops, but do 
not consider them as genetically modified 
organisms, or it will have to ban the import 
of commodity crops from these countries, 
whether or not the imports contain the 
products of genome editing.

The classification of genome editing as 
a regulated form of genetic modification 
would also stifle innovation in the applied 
research and plant breeding sectors in 
the EU. It costs up to US$10 million to 
get a transgenic product approved for 
commercialization in the EU13,14. In the 
face of such high costs — together with 
unpredictable timescales for approval and 
problems with the public perception of 
genetically modified products — genome 
editing in the EU would either fail to get 
off the ground, or would be confined to 
breeding programmes focused on only the 
most commercially valuable traits and hybrid 
crops. Research on regionally significant 
but relatively low-profit crops such as wheat 
and potato would therefore fall by the 
wayside. And the research and development 
required for commercialization would be 
confined to large biotech multinationals 
that can cover the costs of de-regulation, 
with implications for healthy competition, 
innovation and economic diversity. At the 
same time, breeders in less restrictive regions 
such as the US would be free to incorporate 
genome editing techniques into conventional 
breeding programmes for all crops and 

traits, and therefore to reap the scientific and 
economic gains associated with the adoption 
of this new technology.

The lack of legal clarity regarding the 
regulation of genome editing undermines 
confidence in the technology, and therefore 
stifles investment and innovation, 
particularly in the EU. It is appropriate that 
new crop varieties with significant novelty 
are subject to a proportionate, case-by-
case risk assessment using conventional 
crops and farming practices as a baseline 
comparator. But continuing to use the 
‘process’ of genetic improvement, rather 
than the novelty of the product, as the 
basis for risk assessment and regulation is 
scientifically illogical and short-sighted. 
If the way in which the EU regulates 
biotechnology does not evolve in line with 
our knowledge of plant genomes, Europe 
will continue to fall behind rest of the world 
when it comes to translational plant research 
and modern crop breeding. ❐

Huw Jones is at Rothamsted Research, West 
Common, Harpenden, Hertfordshire, AL5 2JQ, UK. 
e-mail: huw.jones@rothamsted.ac.uk
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Figure 2 | Genome editing in glasshouse-grown wheat.
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