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A new scientific article (june 2017) tells about hundreds of unexpected mutations in mice
genetically modified with Crispr-Cas9. A result that do confirm the two articles Inf’OGM published
during the summer 2016 and republished here as an updated version.
In a previous article [1], Inf’OGM pointed out the issues of mutations and epigenetic mutations
(epimutations) occurring at each step prior to any technique of genetic modification. We will now
look at the unintended effects or limits of the subsequent steps: selection of cells permanently or
temporarily modified, full plant regeneration from modified cells and crossing of this genetically
modified plant with an Elite variety (a step usually called backcrossing).

Modifying the genome of a plant means working in vitro on plant cells which need to have been
prepared and cultivated before receiving the material which will produce the desired genetic
modification(s).

Selecting and regenerating modified cells is not harmless

Due to the low, if not very low, efficiency of cells’ transformation [2], the use of genetic modification
techniques requires to select the few cells which have been successfully transformed. This
selection is done by using selection markers: usually antibiotic or herbicide resistance genes.
Genetically modified cells are placed in a solution containing antibiotics or herbicide and only the
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modified cells resistant to the antibiotics or herbicide survive. Genes which allow growth in the
presence of a molecule usually toxic or genes allowing cells to use a source of carbon usually not
metabolised… or any other selection marker which could remain or are suppressed by the end of
the modification processes [3]. But suppressing a selection marker is done through imprecise and
unreliable techniques which can therefore potentially induce cell toxicity and other chromosomal
rearrangements [4], leave genetic footprints [5] and lead to recombination sites (where genetic
sequences can be exchanged between two strands of DNA) with unpredictable effects [6]. These
suppression techniques are moreover not available in all plant species.

GM plants must then be regenerated from the selected transformed cells. This needs another
round of cells’ cultures which require synthetic hormones and might induce once again mutations
and epimutations with possible chromosomal rearrangements [7].

Whether it is the genetic modification tool in itself, the upstream or downstream steps, all these
manipulations induce mutations and/or epimutations. But, we are often told that mutations and
epigenetic mutations will not be present in commercialised plants. Why? The next step, called
backcrossing, allow supposedly to get rid of all those unintended effects…

Backcrossing theory

Here’s the general principle: a company wishing to market a genetically modified plant (be it legally
considered as a GMO or not) doesn’t modify one of its “Elite” variety’s genome, part of its
germplasm collection but one more common variety. Once the modification is obtained, the
company crosses this common genetically modified variety with the “Elite” variety. It will then cross
the progeny with the initial Elite variety until off-springs are considered (on a statistical basis) nearly
similar (named “near-isogenic varieties” and now “negative segregants” for its applications to
GMOs) to the Elite variety. The difference between the Elite variety and the near-isogenic variety is
supposedly almost only the modified sequence. GNIS, the French organism in charge of seeds
certification, explains that, at the last crossing (which could be the 14th), “the part [of the genome
coming from] the Elite line is 96,88%, it is therefore estimated that the obtained line is close enough
to the Elite line. We’re close to obtaining an isogenic variety, being different from the Elite line only
by one gene [the one containing the modification]” [8]. It has to be noted that 96.88% similarity
leaves a lot of space for mutations, epimutations and possible chromosomal rearrangements. For
plants with a large genome such as bread wheat, with a 17 billion base pairs genome, 3.12%
represents more than 500 million base pairs difference…

The limits of the theory

The underlying theory of this unintended effects “cleaning” thanks to backcrossing lies on the
following hypothesis: that the unintended effects that appeared during the previous steps are far
enough from the region where the required targeted genetic modification occurred. However, the
closer to the targeted trait, the bigger the probability they will be transmitted, along with the genetic
modification, during each backcrossing step. From a minimum of seven, the number of
backcrossings needed could rise to fourteen in order to try to get rid of the unintended effects.
But, beside this issue of the unintended effects’ proximity with the genetically modified sequence,
this theoretical cleaning is undermined by two other biological phenomenons. First, genetic
sequences can exist and evolve as a block which may be important. In this “linkage disequilibrium”
situation, as these blocks are transmitted unaltered to their off-spring, the unintended effects
contained in the block will be inherited with the genetically modified sequence at each backcross.
Second, some genetic sequences are able to insert themselves when gametes are generated.
Called “selfish DNA”, those sequences may be present in a bigger number of gametes than



expected and, from generation to generation, they will always be in the progeny. In cases where
unintended effects are located in or near those sequences, it will not be easy to get rid of them [9].

These considerations imply that rigorous testing is needed on a case by case basis. It is to be
reminded here that the legislation covering transgenic plants is the only one requiring such testings
on a case by case basis with the most exhaustive combination of analysis (even though it does
have some deficiencies). It has also to be reminded that genome sequencing, and more particularly
‘next generation of sequencing’ (NGS), cannot fully answer the question of the presence of
unintended effects due to the current limits of this kind of analyses (see box below).

Through those two articles, we discussed the mutations and epimutations as part of the unintended
effects that biotechnologies trigger. It therefore appears that the claims about the ability to detect
and remove all the unintended effects due to new techniques are more about beliefs than “sound
science”. Considering the observation of potential effects, the limits of backcrossing and
sequencing, sincere doubts can be expressed about the ability of breeders to effectively remove all
the unintended effects and to efficiently, cost-effectively and rapidly detect the remaining mutations
and epimutations through sequencing. We therefore wonder why the HCB’s Scientific Committee
ignored those points of risks sources in its interim report, published in February 2016, on the
impacts of the new techniques of genetic modification?

This consideration has just been reinforced by a recent article published in june 2017 and telling
about hundreds of unexpected mutations in mice genetically modified by Crispr-Cas9 [10]. Those
hundreds of mutations were unnoticed as, according to the scientists, the algorithm used are
focusing only on the “likely off-target sites for a given gRNA, but these algorithms may miss
mutations”. The scientists therefore consider that only whole-genome sequencing would allow the
detection of all the off-target mutations, despite the fact that this technique is neither perfect (see
box below)...

Sequencing and the related software tools? Anything but certainty!

On April 0216 the 7th, during the hearing organized by the French Parliamentary Office for Science
and Technology Assessment, André Choulika, head of Cellectis, talking about off-target effects
claimed “to resequence entirely [the plant genome] is very important […] because you are required
to provide the entire sequence in the application dossier”. Except that as it has been shown, results
of sequencing are not thoroughly reliable.
“Next generation of sequencing” (NGS) is now rather cheap and fast. But “several problems” are
inherent to sequencing as well as reading and using the results. First of all, several steps of
sequencing call into question the reliability of the final result. DNA must be properly extracted, cut
into pieces which are latter sequenced thanks to different platforms and methods. However,
platforms and methods are quite different from one another in terms of limits and reliability of the
results, which mean “deep sequencing” have to be performed [11].
The sequences must then be read to stick the sequences in order to achieve a complete genome.
The obtained sequence is then compared to other ones considered as “reference” which are kept
in databases already containing several mistakes [12]. All these steps give rise to an important lack
of precision in the final results regarding the detection of unintended effects and therefore, on the
risk assessment. The uncertainties concerning the sequences, as well as their assembly and
comparisons, increase with polyploid genomes and the repeated sequences [13]. Finally, mutations
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can greatly differ in their biological importance…. [14]. And In most of the cases epimutations are
not monitored in the case of gene editing.

Many articles sum up the difficulties found at each step, compare the methods, platforms [15] and
associated software [16], discuss the gold standards and other standards to be implemented in
order to improve the reliability of the entire process [17]. As outlined by numerous authors, all those
techniques and steps are in progress but not yet mature, they are evolving and need many checks
for case-by-case assessment by very well trained people.
As also pointed out by several scientists, one of the present challenges for molecular biology is to
determine how to face the accumulation of so many results (one those famous “big data”), some of
which contain mistakes. Besides, facing scepticism towards any sequencing result, the minimum
requests from reviewers are so high that more and more researchers must now provide “deep”
sequencing results to support the credibility of their raw results [18].
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