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Summary

The European Commission (EC) proposal for New Genomic Techniques (NGTs) of July 2023 specifies
that Category 1 NGT (NGT1) plants, which are considered equivalent to conventional plants, i.e.
those obtainable by conventional plant breeding or mutagenesis, may differ from the recipient or
parental plant by no more than 20 insertions, which cannot be longer than 20 bp; deletions can be
no more than 20 but of any size. Here, we examine the proposed 20/20 NGT1 limit against the
background of the theoretical considerations and older data used to frame it and in light of recent
data from highly contiguous long-read assemblies for reference genomes and pangenomes. We find
that current genomic data indicate that natural variation in germplasm used by breeders is much
greater than earlier understood and that both conventional breeding and mutagenesis can introduce
genomic changes that are both more extensive in size and more frequent than the NGT Category 1
“20 insertions of maximum 20 bp” limit would allow. Furthermore, natural variation also scales with
genome size and complexity, a factor not considered in the EC proposal. We conclude that the
proposed cutoffs under which an NGT plant is considered equivalent to conventional plants do not
align with what is observed in nature, conventional breeding, and mutagenesis. Updating the 20/20
rule to broader limits would facilitate breeding for climate resilience, farming sustainability, and

nutritional security, while ensuring that NGT1 plants are equivalent to conventional ones.
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Introduction

Annex 1 to the European Commission (EC) proposal (2023/0226) on New Genomic Techniques (NGTSs)
specifies the number and types of changes that would be regarded as equivalent to the variation
found in conventional plants, i.e. those that “could have been produced through conventional plant
breeding or classical mutagenesis” (as stated in COM(2023) 411 final). Plants within these bounds are
regarded as NGT Category 1 (NGT1). With the rapid progress in genomic sequencing methods, our
understanding of plant genomic variation is improving quickly in parallel. Here, we consider what is
known about variation between plant genomes and to what extent the proposed NGT1 category
reflects that. The EC also defines a Category 2 (NGT2), which includes all NGT modifications that
exceed the limits specified in NGT1. The traceability and labelling regime currently in place for GMOs
under Directive 2001/18/EC would be adapted to NGT2, likely reducing commercial interest in
introducing NGT2 products into the market. As a counterbalance, the EC proposes regulatory
incentives under Annex Ill for use of NGT2 for various sustainability traits, including disease
resistance, abiotic stress tolerance, and nutrient and water use efficiency; herbicide tolerance is
explicitly excepted. Given that the line between NGT1 and NGT2 will crucially affect the use and
commercialization of NGTs, we will restrict our focus to the EC proposal and to the relevant research

underlying it (Figure 1).

From Annex I:

“An NGT plant is considered equivalent to conventional plants when it differs from the
recipient/parental plant by no more than [20] genetic modifications of the types referred to in
points 1 to 5, in predictable DNA sequences. A predictable DNA sequence is any DNA sequence
that shares sequence similarity with the targeted site.”

(1) Substitution or insertion of no more than (20) nucleotides ;

(2) Deletion of any number of nucleotides;

(3) On the condition that the genetic modification does not result in an intragenic plant:
(a) Targeted insertion of a contiguous DNA sequence existing in the breeder’s
gene pool;

(b) Targeted substitution of an endogenous DNA sequence with a contiguous DNA
sequence existing in the breeder’s gene pool;

(4) Targeted inversion of a sequence of any number of nucleotides;

(5) Any other targeted modification of any size, on the condition that the resulting DNA

sequences already occur (possibly with modifications as accepted under points 1

and/or 2) in a species from the breeders’ gene pool.

Figure 1 Excerpt from Annex I, “Criteria of equivalence of NGT plants to conventional plants,” to “Proposal for a
Regulation of the European Parliament and of the Council on plants obtained by certain new genomic
techniques and their food and feed, and amending Regulation (EU) 2017/625,” of 5 July 2023.

3
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Annex | sets a very specific standard for insertions within the NGT1 category. This can be interpreted
as being consistent with the original 2001/18/EC legislation on the deliberate release into the
environment of genetically modified organisms, where Article 2(2) specifies a GMO as one in which
the genetic material has been altered in a way that “does not occur naturally by mating and/or
natural recombination.” Likewise, the proposed restriction on the number of changes appears to
respond to the 2018 ECJ Curia judgement (ECLI:EU:C:2018:583), which states according to the
referring court that, “the new techniques of mutagenesis allows the production of modifications ... at
a rate out of all proportion to the modifications likely to occur naturally or randomly...”, implying a

resulting safety risk.

Standards of “naturalness” and “conventional” beg the question of what is found in nature. In the
European Commission’s document 14204/23 (Commission Services, 2023), “Regulation on new
genomic technigues (NGT) — Technical paper on the rationale for the equivalence criteria in Annex I”,
the criteria are based on a literature analysis of 90 scientific, peer-reviewed original studies, which
are cited in the annex of that document. The cited EFSA study on site-directed mutagenesis,
however, is from 2012 (EFSA GMO Panel, 2012), which is well before the advent of the current state
of the art. The EFSA risk assessment studies in 2020 (EFSA GMO Panel et al., 2020) and 2022 (EFSA
GMO Panel et al., 2022) did not revisit the state of knowledge of genome structural variation, either
natural or that induced by conventional mutagenesis. Virtually all of the 90 papers that support the
proposed standards were based on research from before long-read sequencing. This recently
available approach has greatly increased the contiguity and completeness of genome assemblies —
akin to reproduction of manuscripts without missing punctuations or words, or misplaced sentences
and paragraphs — and has thereby improved the detection of insertions and deletions (“indels”, when
taken together), chromosomal rearrangements, and both presence-absence and copy-number

variations in gene families.

Critically, the true dynamic nature of the genome could not be resolved by the methods available
before 2012, and in fact not before the advent of the PacBio HiFi long-read sequencing method in
2022, complemented today with e.g. Nanopore technology. Indeed, the 14204/23 document
anticipates its own obsolescence, stating that “...improvement of detection methods (i.e. long-read
sequencing) has started to unveil higher rates than previously estimated” for genomic changes larger
than single-nucleotide polymorphisms. The PacBio HiFi method, for example, produces read lengths
of 10 to 25 kb at accuracies of 99.5% or higher (Hon et al., 2020). Long reads span retrotransposons,
which can be 5 to 15 kb and even 30 kb in length, whose high copy number and conservation
interfere with unique assignment and assembly of reads into genomes (Jayakodi et al., 2023). To aid

in correct orientation and assembly of long reads into chromosome-scale scaffolds that bridge the

4
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remaining sequence gaps, the Chromosome Conformation Capture (Hi-C) sequencing method has
come into use (Himmelbach et al., 2018). The Hi-C method ligates together segments of DNA that are
on proximal DNA strands in chromatin, thereby helping to establish the linear order of long sequence
reads in scaffolds and also enabling phasing of haplotypes (Sun et al., 2025). Hi-C can be
supplemented as well by optical mapping (Paajanen et al., 2019; Jayakodi et al., 2023) to further

improve long-read assemblies.
Insertion and deletion sizes in plant genomes vs the 20 bp limit

A key restriction in 14204/23 is the 20 bp insertion limit for NGT1. A likely rationale for the limit is to
distinguish short, random repair-type insertions from long insertions that can be identified as unique
or specific genomic constituents, i.e., equivalent to cisgenes. There are two components to this
rationale: first, the assumption that natural “random” insertions are short; second, that insertions
longer than 20 bp can be uniquely identified as pre-existing in the genome (i.e., in the “breeders’
gene pool™). As is stated in the report, “Insertions of more random sequences are typically of a length
of less than ten nucleotides but have been observed to extend to approximately fifty nucleotides” and
that “...a threshold of twenty nucleotides in criterion 1 for substitutions and insertions was set since it

fits with the sizes observed in the scientific analysis.”

The first question one can raise is: What is the actual size distribution of spontaneous insertions and
deletions in conventional plants, compared with the 20 bp limit of NGT1? The answer is that recent
advances in genome sequencing show that natural variations extend from 1 to 1 million bp. Although
the proposed regulations distinguish between insertions and deletions, in practice it is seldom
possible to determine the initial state in accessions of cultivars or wild materials, i.e. whether it was a
spontaneous insertion or deletion that occurred to distinguish the versions of a sequence. Hence,
the term “indel” is used collectively for insertions and deletions; very often a particular “complex”
indel will contain a combination of both. While the Commission draft proposal distinguishes between
the legal status of insertions (of fixed number and size for NGT1) and deletions (of any size or
number), the data from the actual natural world does not support this distinction (Figures 1—3). For
indels found in sequenced genomes, even early (2013) data from long genome assemblies showed
no bimodal distribution expected for short, random insertions and longer gene-like (or transposon-

like) insertions within eukaryotes overall (Figure 2).
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Figure 2 For each indel size class (x-axis), the number of simple (total = 901) and complex (total = 3,806) indels
are indicated by the red and blue bars, respectively. 501 indels (10 simple indels and 491 complex indels)
longer than 50 amino acid residues are not shown. Simple indels” occur in only two states, present or absent,
and are potentially the result of a single indel event, while “complex indels” occur in two or more states and
represent multiple compounded indel events. Modified from Ajawatanawong and Baldauf (2013).

“Complex” indels (Figure 2), which are the likely result of multiple, nested events over time, show no
sharp decline and, as compound events, are ipso facto not structurally equivalent to cisgenes. In rice,
indel markers varied from 3 to 39 bp, with 88.2% 6—25 bp, 6.2% < 5 bp, and 5.6% were = 26 bp
(Zeng et al., 2013). Work from 2015 in soybean (Figure 3) with the older short-read technologies
indicated a rapid drop-off in indel length, consistent with the earlier EFSA studies. Nevertheless,
analyses of individual gene families (e.g., RPB2 in barley; Sun et al. (2009)), where alignments were
carefully constructed for the genes), indicated that indels of 20 — 100 bp are quite common; MITE

transposons, which are abundant, are 90 — 100 bp.
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Figure 3 Frequency of length distribution of indels between soybean cultivars JS-335 and UPSM-534. From
Yadav et al. (2015).

Critically, it is has become clear that the apparent indel length distribution can be influenced by the
limits of alignment and assembly of short-read (“lllumina”) sequences; a better picture is now
emerging from long-read (PacBio HiFi and Nanopore) sequencing approaches as anticipated but not
yet documented by research by EFSA in the 14204/23 technical paper. A striking example is the
distribution of indels and presence-absence variations (PAVs) between two well-assembled barley
cultivars (Figure 4). Another example was published in 2024 for lentil, Lens culinaris (Shivaprasad et
al., 2024). These researchers compared the genomes of a lentil parental line with recombinant
inbred bulks, finding almost 735 000 indels, of which almost 16 000 were longer than 20 bp, 3600
greater than 40 bp, and 1200 greater than 50 bp.
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Figure 4 Size distribution of PAVs between Morex and Barke cultivars. Extended Data Fig. 6 in Jayakodi et al.
(2020).
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Distribution of indels generated by break repair following intentional mutagenesis

The question of indel size distribution is relevant because the criteria of naturalness and pre-2001
methodology are used to set the outer limits for GE acceptable as “conventional-like,” i.e. NGTL.
Conventional breeding methods — including mutagenesis methods taken into use pre-2001 — are not
subject to the 2001/18 regulatory regime and hence are worth comparing with the outcomes of NGT
methods, which are subject to 2001/18 and considered in 14204/23. lon-beam mutagenesis is one
frequently used method (Guo et al., 2024). A recent study in Arabidopsis demonstrated that
insertions generated by repair of the double-strand DNA breaks induced by ion-beam irradiation of
seedlings ranged from less than 5 bp to over 100 bp, with an average of ~ 12 bp (Kitamura et al.,
2024). In contrast, data shows that when the early CRISPR/Cas9 method (SDN-1), which causes
double-strand breaks, is used to knock-out gene function, the breaks are precisely repaired 36—41%
of the time, the remainder not (Ben-Tov et al., 2024). In a study of 361 CRISPR/Cas9-mutated plants,
the imprecise break repairs were predominantly short insertions or deletions; 87% of the induced
indels were smaller than 10 bp (Zhang et al., 2020). Insertions comprised 30% of the total; 73% of
the insertions were only 1 bp in length, 2% were 2—50 bp, and 6% > 50 bp.

In many cases, it will be necessary to introduce changes at the mutation site that preserve gene
function rather than knocking it out by a deletion or by the repair process of the cell that can
generate small random insertions. The currently most popular targeted (NGT) mutagenesis method,
CRISPR/Cas9, generates distinctly smaller break-repair insertions (~1—210 bp) when used for
knockouts than does either conventional mutagenesis or natural processes. Hence, while the Curia
judgement of 2018 viewed the genetic changed wrought by new mutagenic techniques as far in
excess of those occurring naturally or by earlier-established methods, the available data shows that
the opposite is the case: NGT methods are therefore considerably gentler in their genomic impact

than traditional breeding approaches, whether crossing or random mutagenesis.
Minimum length needed to specify a unique sequence in the genome

To address the need for practical monitoring under NGT regulatory regimes, an alternative approach
for defining a maximum insertion length acceptable as NGT1 is that it should be below the minimum
identifiable unique sequence in a genome, hence it should be one that could result from a random
process. Report 14204/23 posits that, “...when considering genome diversity, the JRC calculated that
the theoretical probability that a random sequence is unique in the genome of various crops boils

down to a consistent relatively narrow size range between 19 and 21 bases.” As justification for this



204 claim, it cites Broothaerts et al. (2021). However, this publication (section 4.4, p. 20), has no

205  explanation given for the claim; only undescribed and unpublished results from rice are cited.

206  One conceivable explanation is that 20 bp length is based on a mathematical calculation. Assuming
207  that the four nucleotides (A, C, G, T) occur at equal frequency, the likelihood of occurrence of any
208  arbitrary nucleotide sequence of length bp in a genome of random nucleotides is 1/4°. Hence, a
209  19mer would have a frequency of 3.6 x 102 bp; a 20mer, 0.9 x 10*2bp; a 21mer, 2.3 x 103, One of
210  the largest crop genomes known is that of faba bean (Vicia faba), where the basic set of

211 chromosomes (monoploid genome) comprises 13 x10*2bp. An arbitrary 19mer would be expected,
212  based on fully random sequence, to occur by chance three or four times in V. faba monoploid

213  genome (seven times in the diploid, i.e, in all cells except for pollen and the egg cell), whereas a
214 20mer would be found only once in the monoploid and two or three times in the diploid; a 21mer,

215 once or less.

216  Critically, this is an inaccurate estimate of the true frequency of oligomers, and therefore uniqueness,
217  inalikely target crop for NGTL1. First, the four nucleotides do not occur at the same frequency

218  (usually, GC < AT) and plant genome sequences are far from random. This is due both to the

219  functional importance of sequence information in genes (both regulatory and coding regions) and
220  especially to the high percentage, even 80%, of large genomes represented by relatively few

221  abundant retrotransposon families that comprise highly similar sequences. Analyses of the length
222  required for true unique representation have been made (Figure 5); for single-occurrence

223  frequencies, sequences must be ~400 bp even in compact crop genomes such as rice, although 100

224 bp (not 20 bp!) is sufficient for the small genome of Arabidopsis.
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Figure 5 The k-mer uniqueness ratio for some assembled plant genomes as a function of k. The unigqueness
ratio is the ratio of k-mers occurring exactly once relative to all k-mers in the set. It is computed for every k
between 10 and 500. Extrapolating beyond the tested k-mer interval, it appears as though poplar, rice, and
grape approach unity at a much slower rate than Arabidopsis. Source: Kurtz et al. (2008).

Moreover, at least currently, most targets for gene editing are protein-coding sequences, which are
highly non-random. Eukaryotic proteins are encoded by only 64 specific triplets (codons), which form
the genetic code for the amino acids, with some of these being much preferred for particular amino
acids (De Amicis and Marchetti, 2000). Furthermore, some amino acids are over-represented in the
encoded set of cellular proteins, the proteome. Hence the frequencies of 20mers, each representing
~7 amino acids and among the likely gene editing targets, are much higher than expected for random
sequences of that length. Certainly, if we consider the contiguous protein-coding segments of a gene
(exons), random insertions and deletions would equally likely destroy the protein’s function unless,
at least, they were precisely phased with the reading frame of the gene. Hence, 20 bp, the insertion
limit under NGT1 is insufficient to specify a unique, non-random insertion in typical plant genomes;

sequences at least 20-fold longer are still within the range of statistically random variation in plants.
Alternative approaches to uniqueness for insertions under NGT1

From the considerations above, random mutations found in nature provide no obvious limit to
insertion size based on a naturalness criterion. If the uniqueness argument is used, the data (Figure
5) would indicate a limit of at least 400 bp would be needed under the NGT1 standard. An alternative
approach would be to choose as the limit the largest insertion that would not contain the coding
sequence of a full-length protein, in order to maintain a distinction between NGT1 and a gene

insertion, i.e., achievable with transgenesis or cisgenesis.

Of the conventional cellular proteins, one-finger (Dof) proteins are plant-specific zinc finger proteins
and typically contain 200 to 400 amino acids (Waschburger et al., 2024), equivalent to 600—21200 bp.
Plant haemoglobins are still smaller, ~150 amino acids, encoded by 450 bp (Becana et al., 2020).
“Miniproteins,” recently discovered, are the smallest proteins to be found in plants (Gruber et al.,
2008). They are generally only 50 to 60 amino acids long, hence equivalent to 150 bp, but despite
their small size, they can play important regulatory functions (Molesini et al., 2012). For example, the
cyclotides, a special class of miniproteins found in the family Violaceae, have antimicrobial and
antifungal properties (Kim et al., 2023; Lian et al., 2024). Among mammalian proteins, insulin is
exceptionally small, the mature form comprising two chains of 21 and 30 amino acids respectively;
another example, the bioactive thymosin alpha 1 peptide, is 28 amino acids long (Tao et al., 2023).
Given that proteins of less than 50 or 60 amino acids in length are however unlikely to fold into an

active form (Linsky et al., 2022), 150 bp (given 3 bp per amino acid) is a reasonable insertion size for

10
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distinguishing protein-coding sequences. This could serve as the maximum insertion size qualifying

as NGT1.

It is worth noting that a limit of 50 amino acids or 150 bp generally distinguishes functional proteins,
but that short peptides, even less than ten amino acids, if expressed, may have functionality, e.g.
through their binding to enzymes in a cell. Coding sequences for short peptides may be generated
naturally through point mutations or indels, such as those resulting from double-strand break repair
processes, which are discussed above, and of course through proteolytic digestion. However, unless
they are near an active promotor, are contained within an mRNA that will be translated, are
produced in significant quantity, and have biological function, they are of no consequence. Possible

formation of such peptides in GMO events, for example, is routinely checked against toxin databases.
Insertion and deletion numbers in plant genomes vs the 20-insertion limit

The idea in the proposed legislation is that what is achieved by NGT1 should be equivalent to, and no
more than, what can be reached through conventional breeding (which includes radiation and
chemical mutagenesis). The 14204/23 report states that, in the literature, “the total number of
genetic modifications in individual viable plants ranged from thirty to one hundred. The mutation
frequency after using random mutagenesis was higher compared to natural mutation rates. It
remained nevertheless below the total number of accumulated single nucleotide polymorphisms

naturally occurring between different cultivars.”

This concept raises the question of what current data show for the number of indels found between
cultivars, landraces, and wild accessions. First, it is important to note that comparisons are based on
sequence assemblies representing, for a given cultivar, landrace, or wild line, either a single
individual or a consensus from several individuals. Heterozygosity within the accession or cultivar is
filtered from the published sequence. However, very recent intra-varietal long-read sequencing has
been made and phased into the two haplotypes of the clonally propagated “Fuji” apple (Cai et al.,
2024), allowing the discovery of 68,965 somatic SNPs across 74 individuals, or 932 per each. Intra-
individual mutation rates vary greatly by tissue, by propagation method (clonal vs. sexual), and by life
cycle (perennial vs. annual), ranging from 0.08—15.78 x 10°° per bp per year, the highest rate being
seen in wild strawberry (Fragaria vesca) stems (Wang et al., 2019). This rate corresponds to 6
changes per diploid genome in each cell per year in strawberry plants clonally propagated by
runners. In long-lived individuals, these changes accumulate; the same study found up to 19
inherited mutations (mean 11) per individual peach (Prunus persica) on one tree, which would be

close to the limit permitted for NGT1 insertions under the proposed legislation.

11
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Coming back to consensus sequences for plant lines, just as for indel size, current long-read
assemblies provide a perspective on indel number that was generally unavailable before 2022. Taking
barley as an example, the recent barley pan-genome (Jayakodi et al., 2024), comprising long-read
sequence assemblies of 76 wild and domesticated genomes and short-read sequence data of 1,315
genotypes, contains a total of 155 million SNPs and 9 million indels in 315 elite cultivars, or 493,837
SNPs and 28,983 indels per accession. Moreover, the extensive mutation breeding used for barley in
the 1960s has left a legacy of abundant inversion polymorphisms in current germplasm that confer
various selective advantages: among 69 barley genotypes (67 domesticated and 2 wild accessions) a
total of 42 inversions were found that ranged from 4 to 141 Mb in size (mean 23.9 Mb). An
independent, very complete survey of the barley gene pool (Weisweiler et al., 2022) shows ~100,000
indels (lengths of 2—49 bp examined) in genic (exon + intron) regions among 23 inbred lines. Clusters

of structural variants (SV) present per inbred ranged from less than 40,000 to more than 80,000.

The high level of SVs and indels is not unique to barley. Regarding rice, Oryza sativa ssp. javanica is a
large-grain landrace. A recent study (Long et al., 2022) found from 164,018 to 211,135 indels and
3,313 to 4,959 longer SVs in javanica compared to the commonly cultivated japonica or indica
subspecies. In grapevine, Di Genova et al. (2014) identified 623,003 indels of 1 bp to 46 kb, of which
5981 were exon indels and 172,385 intron indels. In wheat, when the Chinese Spring reference
genome was compared to other bread wheat accessions, some 36,904 frameshift indels where found

that may impact protein function (Montenegro et al., 2017).

The high level of variations found by genome sequencing of crop cultivars and landraces has direct
practical implications. Conventional breeding involves crossing of elite cultivars with each other as
well as introgression of genetic material from landraces and wild relatives. Crosses will introduce the
full complement of variations, including SNPs, indels and other SVs, present on one haploid set of
chromosomes, amounting to 40 to 80 thousand in the case of barley. The incorporation of massive
numbers of genic and regulatory variations by crossing necessitates extensive back-crossing to the
elite parental cultivar in most breeding programs, a process slowed by the “linkage drag” of
unwanted variants flanking a desired introduced allele (Chitwood-Brown et al., 2021; Deblieck et al.,
2022).

Not only conventional crossing, but also conventional random mutagenesis (not regulated under
2001/18), introduces large numbers of changes, the type and frequency depending on the
mutagenesis agent and dosage. Mutation frequencies from the commonly used chemical mutagen
ethyl methane sulphonate (EMS) can be 1.5—4.1 x 10, corresponding to 7500 to 20,000 “off-target”
mutations in the haploid barley genome of a mutagenized line (Jiang et al., 2022). It is precisely the

messiness of conventional mutagenesis compared with the clean introduction of edited alleles by

12
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NBT that attracts breeders to gene editing (Yang et al., 2023). Frequencies of off-target mutations
induced by CRISPR-Cas9 are very low, generally less than 5% in likely (i.e., almost identical) off-target
sites (Slaman et al., 2023), which would correspond to frequencies on the order 1 x 10 in the barley
chemical mutagenesis example above. The few off-target mutations would be segregated away

rapidly by onward breeding.

The studies described above, taken together, show that intra-plant, inter-individual, and inter-line
indel numbers, both spontaneously occurring and obtained via conventional mutagenesis, are
generally well in excess, even by a thousand-fold, over permissible insertion numbers under the
proposed standard for NGT1. Even if we assume that half of the indels are insertions (restricted
under NGT1) and the other half are deletions (unrestricted), targeted mutagenesis such as by
CRISPR/Cas9 or similar methods will not plausibly approach the amount of insertion-generated

variations seen in the breeders’ pool.
Practical consequences of the maximum 20 permitted NGT1 insertions

While any number and size of deletions is permitted for NGT1, in cases where insertions are used to
edit multiple members of gene families, the question of gene family size versus natural variation
within becomes relevant. Gene families in plants range from single-copy to hundreds of members.
The many ongoing pan-genome projects in plants, in which high-quality genome assemblies for
multiple accessions can be analysed, have revealed large variations in many gene family sizes both
within and between species (Niu et al., 2024). These together with structural variations, indels and
SNPs and would thereby challenge the proposed 20/20 rule because the number of targets for

editing under NGT1, as well as their initial state, may vary from cultivar to cultivar.
The NLR genes are a good example of an important NGT target limited by the 20-insertion rule.

Plant genomes typically contain hundreds of nucleotide-binding site leucine-rich repeat (NLR) genes,
which are the largest family of plant disease resistance genes. The number of NLR genes per genome
vary from 149 in Arabidopsis to ~3400 in bread wheat (Tong et al., 2022). The NRL genes in
Arabidopsis (Mondragon-Palomino et al., 2017), wheat (Hao et al., 2023), and soybean (Liu et al.,
2024), have been shown to have evolved and diversified through recombination and accumulation of
SNPs and indels, with changes displaying association with disease resistance. Resistance genes are
often “stacked”, as described below, and modified rather than knocked out. Hence, the need to edit
more than 20 by insertion approaches, especially to provide resistance against several pathogens,

can likely easily arise.

The alpha-gliadin genes as an example of the impact of limitations arising from 20-insertion rule
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The genes of alpha-gliadin family of storage proteins in wheat are part of the very dynamic Gli-2 loci.
The alpha gliadins are known for their importance in breadmaking as well as for their role in
triggering celiac disease (CD). A combination of long-read sequencing and optical mapping was used
to assemble the loci (Huo et al., 2018). Three loci are found in each homoeologous set of
chromosomes (A, B, D) of the hexaploidy bread wheat genome, in total nine loci, hence illustrating
the importance of using the monoploid chromosome set as the standard for the number of
permitted changes in plant genomes and increasing it by the ploidy level (see discussion below). Huo
etal. (Huo et al., 2018) identified a total of 47 a-gliadin genes in bread wheat, with only 26 encoding
intact full-length protein products. Altogether 21 of the 47 were pseudogenes, 13 due to SNPs, 4 to
deletions, others to rearrangements. Three contained TE insertions, premature stop codons, and
frameshift indels. However, a 20mer associated with CD epitopes is present in 2161 copies at 93—
100% identity in the alpha gliadin genes within the Chinese Spring genome (Schulman, unpublished).
Others have attempted to analyse the relative abundance of CD types (Marin-Sanz et al., 2023). An
in-depth analysis of transcription and protein accumulation in the bread wheat Chinese cultivar
Xiaoyan 81 (Wang et al., 2017) found that 52 full-length gliadin genes were transcribed, 42 of these
encoded proteins, 38 gliadins accumulated in mature grains, 10 did not carry any CD epitope, eight
had one or two epitopes in their proteins, and 20 contained more than three epitopes in their
proteins; of the 28 gliadins with CD epitopes, a total of 202 epitopes in the proteins were present at
100% match. Making the alpha-gliadins safe for CD patients by using NGT for all 28 CD-epitope-
containing alpha-gliadin genes to alter all 202 CD epitopes would not be acceptable under the 20/20
rule within the current EC proposal. Removal through large deletions of the tandemly organised
genes (Jouanin et al., 2019), while permitted, is possible but not practical for all gliadin families if one

wants to maintain baking quality (Jouanin et al., 2020).

As a further example, receptor-like kinases (RLKS), which are critical for biotic and abiotic stress
response, and therefore likely NGT targets, are found in 100s to 1000s copies depending on the plant
species and have undergone a great degree of recombination and variation (Yan et al., 2023).
Another example of a large gene family in plants is that of cytochrome P450 (CYP450), which
includes 100s of members in most plant genomes (Zhang et al., 2023). A subgroup of CYP450, CYP71,
which is connected to insect resistance, senescence, and yield-related traits, was studied in rice. In
rice, 105 OsCYP71 genes were found, of which 36 pairs were involved in gene duplication (in essence,
large SVs); major indels of 20 bp affecting 20% of the varieties’ promoter structures and thereby
expression patterns and trait QTLs were found. In these sorts of cases, the natural variation would
need to be confirmed in the edited and non-edited versions to confirm that the editing per se did not

generate more than 20 changes for NGT1 status.
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Impact on polyploid crops

Beyond variation in gene family number in the basic set of chromosomes, many plant species are not
diploid (two sets of chromosomes) but rather tetraploid (four sets), hexaploid (six), octoploid (eight),
or even higher. This means that gene family numbers likewise may double, triple, quadruple, or be of
higher multiples, as described above for CD epitopes in wheat, complicating editing within a fixed,
low limit of insertions under NGT1. For example, pasta (durum) wheat is tetraploid, as is potato,
while bread (common) wheat is hexaploid, and cultivated strawberry is octoploid, as is sugar cane.
Without adjustments for ploidy, the current 20/20 limits for NGT1 would therefore be far more
restrictive for bread wheat than for pasta wheat, and both more than for einkorn wheat, which is a
diploid as is barley. Cultivated roses (Rosa hybrida) can be either diploid, triploid, or tetraploid
(Harmon et al., 2023) but would be permitted the same maximum 20 insertions under NGTL1. Clearly

a more rational approach is needed.
Gene stacking versus NGT insertion number

An important goal in plant breeding is to “stack” or combine multiple beneficial traits into the same
plant line, e.g. to improve an already commercially successful variety. This is to meet the widespread
goal and urgent need for several classes of phenotypes: simultaneous resistance to multiple plant
diseases; robust resistance to individual pathogens through combined use of different independently
acting genes; both abiotic (e.g. drought) stress tolerance and disease resistance in a crop plant; both
healthy crop plants and a harvest with human-health-promoting qualities (e.g. CD-safety). In some
cases, even a single trait, for example CD-epitope-free gluten protein in wheat, requires the stepwise
stacking of alleles. This is possible but slow by conventional breeding, requiring support by marker-
assisted selection (MAS) and epitope immuno-assays. At each stage, the properties of the gliadins for
baking gquality would need to be preserved and tested. In fact, even use of GMO approaches to
introduce multiple genes in parallel is technically highly challenging (Halpin, 2005). In practice, also
transgenes therefore have been stacked through conventional crosses (Li et al., 2023), with at most

seven genes currently stacked (https://www.isaaa.org/gmapprovaldatabase/eventslist/), which is a

maize line providing herbicide tolerance, multiple insect resistance, a modified alpha amylase, and
altered mannose metabolism. The practical limitations to gene stacking raise several important
questions: First, should the current technical limits of older conventional approaches serve as the
basis for limiting NGT target numbers? Second, if so, can this limit be justified by some risk specific to
gene stacking and not merely the sum of the individual risks? Conventional gene stacking is a moving
target, as both biochemical phenotyping and marker-assisted selection improves. Moreover, no
restrictions are imposed on stacked-gene conventional cultivars; rather, they command a premium

price and are welcomed in the marketplace.
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Conclusions and Future Prospects

We find that current genomic data indicate that natural variation in the germplasm used by breeders
is much greater that earlier understood and that both conventional breeding and mutagenesis can
introduce genomic changes that are more extensive in size and more frequent than the Category 1
(NGT1) “20 insertions of maximum 20 bp” rule would allow. Regarding genome size and polyploidy,
the 20/20 rule for NGT1 does not take into account varying plant gene family sizes, the dynamic
variation of gene family number and genome size in evolution, the effect of the limitation on
improvement of the many polyploid crops in agriculture. Neither does it address the need for gene
stacking to combine the traits needed for future-ready crops, which may lead to the limit being easily
exceeded for many practical breeding goals. We conclude, moreover, that the criteria of
“naturalness” and “uniqueness” which form the standards for the proposed rule are not met by the

proposed NGT1 limits.

An approach based on the current state of knowledge, which would imply broadening the 20/20
rule, would better support the development of NGT1 plants while still ensuring they are equivalent
to conventional plants. Such an approach would facilitate breeding for climate resilience, farming
sustainability, and nutritional security. In March 2025, proposed amendments to Annex | introduced
by the Polish Presidency of the Council of the EU, which serves through June 2025, appeared to
achieve a qualified majority of the Council (Permanent Representatives Committee) to proceed to
the trialogue (negotiations on the terms of the legislation and Annex | between the Council, the
Commission, and the European Parliament). An important proposed amendment is that NGT1 limits
would apply per monoploid genome. The 20/20 limit for NGT1, however, would remain in place per
monoploid genome. The standards reached will greatly influence both the use of NGTs in Europe for

research and applications and the introduction of NGT products into the marketplace.
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