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A B S T R A C T   

Gene-edited organisms and derived food and feed products commercialized on the European market falls within 
the scope of the Directive, 2001/18/EC. Therefore, the possibility to specifically detect and quantify them has 
become a priority. To this end, PCR-based approaches, such as real-time PCR and digital droplet PCR, targeting a 
single variation point carried by a gene-edited organism are expected to be suitable, even if potentially chal
lenging at the technical level. However, additional issues related to the interpretation of the results can also be 
encountered. Indeed, given its possible spread, natural or through breeding programs, the presence of this single 
variation does not automatically prove the presence of the gene-edited organism. To overcome such critical issue, 
we proposed a general workflow to develop and validate a PCR-based method specific to a gene-edited organism 
in targeting its single variation point. First, based on in silico analyses, the possibility to technically design the 
PCR-based method as well as to discriminate the gene-edited organism using it single variation point are 
assessed. In case such parameters are confirmed, the performance of the developed PCR-based method are then 
tested in agreement with the minimum performance requirements for GMO testing. The use of the proposed 
general workflow was successfully illustrated through the development a 2-plex digital droplet PCR method 
targeting specifically a gene-edited rice carrying a single nucleotide insertion. The proposed workflow was thus 
considered as a key tool to support the competent authorities regarding the food and feed traceability.   

1. Introduction 

As ruled by the Court of Justice of the European Union in 2018, or
ganisms produced by gene editing fall within the scope of the Directive, 
2001/18/EC related to the deliberate release of genetically modified 
organisms (GMO) into the environment (Court of Justice of the Euro
pean Union, 2018; Directive, 2001/18/EC). Consequently, similarly to 
GMO produced by classical genetic engineering, the commercialization 
of gene-edited organisms and derived food and feed products on the 
European market required a prior authorization based on their risk as
sessments. Moreover, an event-specific method should be provided by 
the applicant, allowing a control of the food and feed chain by GMO 
enforcement laboratories (Fraiture et al., 2015; Grohmann et al., 2019; 
Menz et al., 2020; Ribarits et al., 2021). 

Using gene editing techniques (i.e., OMD and CRISPR/Cas9), a 

modification of only few nucleotides, or even one single variation point 
(i.e., substitution, insertion or deletion) is specifically introduced in the 
sequence genome of the organism of interest. Resulting gene-edited 
organism differs thus minimally from its parental organism. Therefore, 
the detection of such gene-edited organism as well as its discrimination 
with its parental organism is considered at the technical level as com
plex. In addition, even with a successful detection of such variations, 
their natural or artificial origins are highly challenging to determine 
(ENGL, 2020a; Grohmann et al., 2019; Menz et al., 2020; Ribarits et al., 
2021). 

No gene-edited organisms are nowadays authorized to be commer
cialized on the European market. However, their short-term presence is 
expected due to the increasingly use of gene editing techniques by 
biotech companies as well as the increasingly commercialization of 
gene-edited plants on non-European markets. For example, two gene- 
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edited crops, a herbicide-tolerant canola and a soybean with a modified 
oil composition, are already commercialized in the United States of 
America (Chhalliyil et al., 2020) In addition, a gene-edited high-GABA 
tomato is commercialized in Japan (ISAAA). As gene-edited organisms 
are falling within the scope of the Directive, 2001/18/EC, the possibility 
to detect, identify and quantify them at the technical level has become a 
priority. To this aim, the different strategies have been theoretically 
investigated (Chhalliyil et al., 2020; ENGL, 2020b; Grohmann et al., 
2019). Among available detection tools, PCR-based methods are mainly 
used by GMO enforcement laboratories and their minimum performance 
requirements for GMO testing are well established (ENGL, 2015; ENGL, 
2021). Although real-time PCR is widely mastered by GMO enforcement 
laboratories, digital droplet PCR (ddPCR) is increasingly used for the 
detection and quantification of classic GMO. The major advantage of 
this technology is the absolute quantification without dependence on 
optimal reference materials and standard curves. This is especially 
interesting in case of no available reference material such as for example 
with unknown GMO. Moreover, this end-point PCR technology is less 
sensitive to inhibitors due to the partitioning of the sample into thou
sands of droplets by a water-oil emulsion. The measurement uncertainty 
is thus reduced, in particular at low target copy number (Cottenet et al., 
2019; Dobnik et al., 2016; Dobnik, Spilsberg, Košir, Holst-Jensen, & Žel, 
2015; Gerdes et al., 2016; Grelewska-Nowotko et al., 2018; Iwobi et al., 
2016; Kosir et al., 2017; Kosir et al., 2019; Li, Li, et al., 2020; Li, Zhang, 
et al., 2020; Morisset et al., 2013; Wan et al., 2016). 

Such PCR-based strategies are expected to be technically suitable to 
detect plants carrying a single variation point induced by gene-editing 
(Fraiture et al., 2015; Grohmann et al., 2019; Stevanato & Biscarini, 
2016). Currently, at our knowledge, such crucial investigation was 
experimentally explored in only few studies. Indeed, real-time PCR and 
ddPCR methods were successfully developed to target a single nucleo
tide variation in an acetolactate synthase gene carried by the commer
cial gene-edited herbicide-tolerant canola (Chhalliyil et al., 2020), a 
single nucleotide variation in the chlorophyllide a oxygenase 1 (CAO1) 
gene harboured by a gene-edited rice (Zhang et al., 2021) and single 
nucleotide variations in the Os06g0623700 gene carried by gene-edited 
rice lines (Peng et al., 2018; Peng et al., 2020). Most of these PCR-based 
methods were developed in line with the current European guidelines 
for method validation (“Minimum Performance Requirements for 
Analytical Methods of GMO Testing” of the European Network of GMO 
Laboratories) (ENGL, 2015). Nonetheless, the successful identification 
of a specific gene-edited organism is not only depending on potential 
technical issues associated to the development of a PCR-based methods 
targeting a single variation point. Indeed, it is crucial to determine if the 
single variation point is naturally spread or exclusively found in a spe
cific gene-edited organism. Nowadays, no investigations related to the 
natural distribution of these single variation points of interest were 
however included. Consequently, the presence of such gene-edited or
ganisms cannot be unambiguously proved by the detection of such single 
variation points (ENGL, 2020a). 

In this study, we proposed a general workflow to determine if a PCR- 
based method, such as real-time PCR and ddPCR, can be developed and 
validated in order to specifically detect and quantify a gene-edited or
ganism carrying a single variation point. The applicability of this 
workflow, composed of two main successive steps, was illustrated using 
a 2-plex ddPCR targeting a gene-edited rice line, carrying a single 
nucleotide (adenosine) insertion in the OsMADS26 gene. First, in silico 
nucleotide sequence analyses are performed using available prior 
knowledge associated to the specific single variation point and its 
flanking regions. On this basis, we assessed the possibility to design at 
the technical level oligonucleotides allowing to specifically target the 
single variation point. In addition, using publicly available data related 
to the natural distribution of the single variation point, we assessed and 
discussed the discrimination power of this single variation in order to 
specifically identify the gene-edited rice line from all other lines, culti
vars, varieties and species. Second, in agreement with the “Minimum 

Performance Requirements for Analytical Methods of GMO Testing” 
(ENGL, 2015; ENGL, 2021; ISO 20395; Pecoraro et al., 2019), the per
formance of the developed PCR-based method are evaluated in terms of 
specificity (inclusivity and exclusivity) and sensitivity. In addition, the 
applicability of the validated PCR-based method was investigated using 
different mixtures. 

Based on the generated experimental results, the possible use of PCR- 
based methods, such as real-time PCR and ddPCR, to guarantee the 
traceability of the food and feed chain was discussed, allowing to sup
port the enforcement laboratories and competent authorities. 

2. Materials and methods 

2.1. Materials 

Rice (Oryza sativa L. Nipponbare) seeds from a gene-edited line and its 
parental line were used. The gene-edited rice line, carrying a single 
nucleotide (adenosine) insertion in OsMADS26 (locus: Os08g02070), 
was generated using CRISPR/Cas9 (Fig. 1, Table 1) (Meunier A.C. et al., 
unpublished). This single nucleotide insertion was introduced in the 
coding region close to the codon start between genomic position 679646 
and 679647 from the chromosome 8. This frameshift mutation is ex
pected to inactivate the gene, thereby putatively increasing the biotic 
resistance and biotic stress tolerance of the gene-edited rice line as 
previously described (Khong et al., 2015). Third generation seeds of the 
gene-edited rice line with homozygous A insertion and devoid of T-DNA 
were used. Using Rice SNP-Seek Database (a core collection of more than 
3000 rice accessions), neither single nucleotide polymorphism (SNP) 
nor indel polymorphism were found in the 679641–679663 region 
(CCGTCGCATCGAGAACCCGGTTC) targeted by the gRNA in the natural 
diversity of rice (Wang et al., 2018). DNA from homogenous powder of 
grinded rice seeds from the gene-edited and parental lines was extracted 
using a CTAB-based procedure (ISO 21571) in combination with the 
Genomic-tip20/G kit (QIAGEN, Hilden, Germany) as previously 
described (EULR, 2006; Fraiture et al., 2014; ISO 21571). 

DNA from Homo sapiens (G3041 Promega), DNA from microbial 
species as well as DNA from several plant materials were obtained as 
previously described (Table 2) (Broeders et al., 2015; Fraiture et al., 
2021). The plant materials included different transgenic and common 
wild-type crop species (Beta vulgaris, Brassica napus, Glycine max, Gos
sypium hirsutum, Oryza sativa, Solanum tuberosum, Zea mays). The 
transgenic crops comprise at least all 44 plant events currently autho
rized on the European market as well as some unauthorized ones (24 
plant events) belonging to Brassica napus, Glycine max, Gossypium hir
sutum, Oryza sativa, Solanum tuberosum and Zea mays species (Table 2). 

DNA concentration was measured by spectrophotometry using the 
Nanodrop® 2000 (ThermoFisher, DE, USA) device and DNA purity was 
evaluated as falling within the acceptance criteria according to the 
A260/A280 (~1.8) and A260/A230 (~2.0–2.2) ratios. 

2.2. ddPCR assays 

According to the manufacturer’s instructions, a standard 20 μl re
action volume, containing 1X ddPCR Supermix for Probes (No dUTP) 
(Bio-Rad), 900 nM of each primer (Eurogentec), 250 nM of the probe 
(Eurogentec) and 5 μl of DNA, as well as 70 μl of Droplet Generation Oil 
for Probes (Bio-Rad) were loaded into a QX200™ droplet generator (Bio- 
Rad). Using 40 μl of generated droplets per reaction, a PCR amplification 
was performed on a T100™ Thermal Cycler (Bio-Rad). The PCR pro
gram consisted of a single cycle at 25 ◦C for 3 min, a single cycle at 95 ◦C 
for 10 min (Taq polymerase activation), 40 cycles at 94 ◦C for 30 s 
(denaturation) and at 60 ◦C for 1 min (annealing-extension), and a single 
cycle at 98 ◦C for 10 min (Taq polymerase inactivation). For each ddPCR 
reaction, results were acquired via the HEX and FAM channel using a 
QX200 reader (Bio-Rad) and were analysed through the QuantaSoft 
software v1.7.4.0917 (Bio-Rad) in manually setting the threshold above 
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the cluster of negative partitions (threshold value of 2300; Supplemen
tary data 3, 5, 7). The rejection criterion was set to exclude PCR re
actions presenting less than 10,000 accepted droplets. For each ddPCR 
assay, a NTC (no template control) was included. 

2.3. Development and validation of the 2-plex ddPCR method 

Using the software Primer3, two primers (OsMADS26 – Forward 
primer and OsMADS26 – Reverse primer) were designed, covering 113 

bp of the gene-edited rice line and 112 bp of the parental rice line (Fig. 1, 
Table 1). In addition, two hybridization probes labelled with a different 
dye (FAM or HEX) were designed to anneal on the single variation point, 
allowing to target either the gene-edited rice line (Mutant rice – Probe) 
or its parental rice line (Wild-type rice – Probe). 

2.3.1. Specificity 

2.3.1.1. In silico assessment. First, to investigate the natural distribution 
of the OsMADS26 gene (locus: Os08g02070), its sequence was blasted 
against the NCBI nucleotide collection (nr/nt) with megablast/nblast 
default parameters (Supplementary data 1A). The NCBI nucleotide 
collection (nr/nt) consists of GenBank + EMBL + DDBJ + PDB + RefSeq 
sequences, but excludes EST, STS, GSS, WGS, TSA, patent sequences as 
well as phase 0, 1 and 2 HTGS sequences and sequences longer than 100 
Mb. The database is non-redundant. Identical sequences have been 
merged into one entry, while preserving the accession, GI, title and 
taxonomy information for each entry. The NCBI nucleotide collection 
(nr/nt) contained 76,336,016 sequences, including 385,132 items 
belonging to Oryza sativa. Second, the natural distribution of the single 
variation point of interest was investigated by blasting the amplicon 
sequences from the gene-edited rice line and its parental line generated 
by the developed 2-plex ddPCR method against the NCBI nucleotide 
collection (nr/nt) with megablast default parameters (Supplementary 

Fig. 1. Description of the developed 2-plex competing ddPCR strategy. (A) Schematic representation. (B) Location of the designed oligonucleotides on the 
targeted sequences. The single nucleotide variation (adenine insertion) is indicated in red. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Table 1 
Oligonucleotides of the developed 2-plex ddPCR method.  

Oligonucleotide Annealing 
temperature 

Expected 
amplicon 
size Name Sequence 

OsMADS26 – 
Forward 
primer 

GACAGGAGGAGAGGAGGAAGA 60 ◦C 113 bp for 
the gene- 
edited rice 
line 
112 bp for 
the parental 
rice line 

OsMADS26 – 
Reverse 
primer 

AAGGTGACCTGACGGTGAAC 

Mutant rice – 
Probe 

FAM-AGCTCCGTCGACATC- 
MGB-Eclipse® 

Wild-type 
rice - Probe 

HEX-AGCTCCGTCGCATC-MGB- 
Eclipse®  
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Table 2 
Specificity assessment of the developed 2-plex ddPCR method. The presence and absence of amplification are respectively symbolized by “+” and “-“. For each 
result, the experiment was carried out in duplicates and the means of the measured copies are indicated in brackets. WT: wild-type.  

Kingdom Species Collection number Estimated haploid genome copy 
number 

2-plex ddPCR targets 

Mutant rice probe Wild-type rice probe 

Animalia Homo sapiens (human) / 6480 – – 
Bacteria Bacillus subtilis E07-505 200,000 – – 
Fungi Aspergillus niger IHEM 25485 260,000 – – 
Plantae Beta vulgaris (sugar beet) WT sugar beeta 12,500 – –  

H7-100%a,b 12,500 – – 
Brassica napus (rapeseed) WT colzaa 8000 – –  

T45-100%a,b 8000 – –  
Ms8-100%a,b 8000 – –  
Rf3-100%a,b 8000 – –  
GT73-100%a,b 8000 – –  
Rf1-100%a 8000 – –  
Rf2-100%a 8000 – –  
Ms1-100%a 8000 – –  
Topas 19/2–100%a 8000 – –  
73496-10%a 4000 – –  
MON88302-100%a,b 8000 – – 

Glycine max (soybean) WT soybeana 8620 – –  
FG72-100%a,b 8620 – –  
GTS40-3-2-10%a,b 4310 – –  
A2704-12-100%a,b 8620 – –  
MON89788-100%a,b 8620 – –  
356043-10%a,b 4310 – –  
305423-10%a,b 4310 – –  
A5547-127 -100%a,b 8620 – –  
MON87701-100%a,b 8620 – –  
BPS-CV-127-9-100%a,b 8620 – –  
MON87769-100%a,b 8620 – –  
MON87705-100%a,b 8620 – –  
DAS68416-4-10%a,b 4310 – –  
MON87708-100%a,b 8620 – –  
44406-1%a,b 2586 – –  
SYHT0H2-100%a,b 8620 – –  
DAS 81419-2-10%a 4310 – –  
MON 87751-100%a 8620 – – 

Gossypium hirsutum 
(cotton) 

WT cottona 4291 – –  

MON1445-100%a,b 4291 – –  
MON15985-100%a,b 4291 – –  
MON531-100%a,b 4291 – –  
LLCotton25-100%a,b 4291 – –  
GHB614-100%a,b 4291 – –  
281-24-236/3006-210-23-100%a,b 4291 – –  
MON88913-100%a,b 4291 – –  
GHB119-1%a,b 2575 – –  
T304-40-1%a,b 2575 – –  
MON88701-100%a 4291 – –  
COT 102-100%a 4291 – –  
DAS 81910-100%a 4291 – – 

Oryza sativa (rice) WT ricea (Japonica cv. Bengal) 20,000 – + (17,790 ± 70.7 
copies)  

WT rice (Japonica cv. Ariete) 20,000 – + (921 ± 55.2 copies)  
Parental rice line (Japonica cv. 
Nipponbare) 

20,000 – + (24,270 ± 325.3 
copies)  

Bt rice-100% (Japonica cv. Ariete) 20,000 – + (3090 ± 14.1 copies)  
LLRICE62-100%a (Japonica cv. Bengal) 20,000 – + (18,120 ± 141.4 

copies)  
Kefeng-6-100%a (Indica cv. Minghui 86) 20,000 – + (21,620 ± 311.1 

copies)  
Gene-edited rice (Japonica cv. 
Nipponbare) 

20,000 + (19,610 ± 353.6 
copies) 

– 

Solanum tuberosum 
(potato) 

WT potatoa 5555 – –  

EH92-527-1-100%a 5555 – –  
AM04-1020-100%a 5555 – –  
AV43-6-G7-1%a 2777 – –  
PH048-100%a 5555 – – 

Zea mays (maize) WT maizea 3846 – –  
MON87427-100%a,b 3846 – –  
DAS59122–9.8%a,b 2261 – –  
GA21–4.29%a,b 2475 – –  
MON810–9.9%a,b 2885 – –  
MON863–9.86%a 2275 – – 

(continued on next page) 
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data 1B). A multiple sequence alignment analysis was then performed 
with these sequences using the Clustal Omega software with default 
parameters (Supplementary data 1C). 

2.3.1.2. In vitro assessment. First, the presence of the sequences targeted 
by the developed 2-plex ddPCR method was experimentally investigated 
in transgenic and wild-type rice materials by conventional PCR followed 
by sequencing (Supplementary data 2). Using the software Primer3, a 
couple of primers (Forward: CCGGAGCTATCGATCATCA; Reverse: 
TGATGATGCCGATGTCGG) was designed to amplify a part of 
OsMADS26 containing the amplicons targeted by the developed 2-plex 
ddPCR method. Each PCR assay was composed of a standard 25 μl re
action volume was applied containing 1X Green DreamTaq PCR Master 
Mix (ThermoFisher Scientific), 400 nM of each primer (Eurogentec) and 
10 ng of DNA. The PCR run was performed on a Swift MaxPro Thermal 
Cycler (Esco) with a PCR program consisting of a single cycle of 1 min at 
95 ◦C (initial denaturation) followed by 35 amplification cycles of 30 s at 
95 ◦C (denaturation), 30 s at 60 ◦C (annealing) and 1 min at 72 ◦C 
(extension) and finishing by a single cycle of 5 min at 72 ◦C (final 
extension). The final PCR products were visualized by electrophoresis 
using the Tapestation 4200 device with the associated D1000 Screen 
Tape and reagents (Agilent). These PCR products were then purified 
using USB ExoSAP-IT PCR Product Cleanup (Affymetrix) and sequenced 
on a Genetic Sequencer 3500 (ThermoFisher) using the Big Dye 
Terminator Kit v3.1 (Applied Biosystems). The generated sequences 
were aligned using the Clustal Omega software with default parameters. 

Second, the 2-plex ddPCR method was experimentally tested in 
duplicate on DNA from the gene-edited rice line and its parental line as 
well as on DNA from animal (Homo sapiens), bacteria (Bacillus subtilis) 
and fungi (Aspergillus niger) and plant (Beta vulgaris, Brassica napus, 
Glycine max, Gossypium hirsutum, Oryza sativa, Solanum tuberosum, Zea 
mays), including wild-type and transgenic crops. The latter comprises at 
least all events currently authorized on the European market as well as 
unauthorized ones (Table 2, Supplementary data 3). A minimum of 
around 2500 estimated haploid genome copies of non-targeted and 
targeted DNA were tested (Arumuganathan & Earle, 1991; Fraiture 
et al., 2021). The generated amplicons from the gene-edited rice line and 
its parental line were purified using USB ExoSAP-IT PCR Product 
Cleanup (Affymetrix) and sequenced on a Genetic Sequencer 3500 
(ThermoFisher) using the Big Dye Terminator Kit v3.1 (Applied Bio
systems). The generated sequences were aligned to the reference se
quences using the Clustal Omega software (Supplementary data 4). 

2.3.2. Sensitivity 
Serial dilutions of DNA from gene-edited rice line and its parental 

line, ranging from 100 to 0 estimated target copies, were prepared and 
each dilution point was tested in 12 replicates (Table 3, Supplementary 
data 5). The calculation of the estimated target copy number was based 
on the size of the rice haploid genome (0.5 pg) (Arumuganathan & Earle, 
1991). The limit of detection LOD95%, defined as the number of copies of 
the target required to ensure a 95% probability of detection (POD), was 
determined by using Quodata web application (Supplementary data 6) 
(Grohmann et al., 2016; ISO 16140-2; Uhlig et al., 2015; https://quod 
ata.de/content/validation-qualitative-pcr-methods-single-laboratory). 

2.3.3. Applicability 
To prepare samples n◦1–11, DNA from the gene-edited rice line and 

Table 2 (continued ) 

Kingdom Species Collection number Estimated haploid genome copy 
number 

2-plex ddPCR targets 

Mutant rice probe Wild-type rice probe  

NK603–4.91%a,b 2833 – –  
T25-100%a,b 3846 – –  
TC1507–9.86%a,b 2275 – –  
MON89034-100%a,b 3846 – –  
MON88017-100%a,b 3846 – –  
MIR604-100%a,b 3846 – –  
Bt11-5%a,b 2885 – –  
3272–9.8%a 2261 – –  
98140-10%a 2308 – –  
MIR162-100%a,b 3846 – –  
Bt176 -5%a 2885 – –  
MON87460-100%a,b 3846 – –  
DAS40278-9-10%a,b 2308 – –  
5307-100%a 3846 – –  
VCO-Ø1981-5-100%a 3846 – –  
4114-100%a 3846 – –  
MON 87411-100%a 3846 – –  
MON87403-100%a 3846 – –  
MZHG0JG-100%a 3846 – –  

a CRM (Certified Reference Materials). 
b Transgenic plant events authorized for use in food and feed on the European market (EC/1829/2003). 

Table 3 
Sensitivity assessments of the developed 2-plex ddPCR method, using DNA 
from gene-edited rice line and its parental rice line. The presence and 
absence of amplification are respectively symbolized by “+” and “-“. For each 
target copy number, 12 replicates were tested. The number of positive replicate 
(s) out of the 12 replicates tested is indicated and the means of the measured 
copies are indicated in brackets.  

Estimated genome copy number 2-plex ddPCR targets 

Mutant rice probe Wild-type rice probe 

100 + +

(12/12) (12/12)  
(99.2 ± 7.4 copies) (134.2 ± 13.9 copies) 

50 + +

(12/12) (12/12)  
(50.8 ± 10.4 copies) (70.3 ± 9.3 copies) 

20 + +

(12/12) (12/12)  
(17.5 ± 4.5 copies) (27.9 ± 5.0 copies) 

10 + +

(12/12) (12/12)  
(8.9 ± 4.1 copies) (11.7 ± 3.2 copies) 

5 + +

(12/12) (11/12)  
(4.4 ± 2.0 copies) (6.0 ± 3.9 copies) 

1 + +

(6/12) (8/12)  
(1.3 ± 2.0 copies) (1.1 ± 0.9 copies) 

0.1 - -  
(0/12) (0/12) 

0 - -  
(0/12) (0/12)  
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its parental line were mixed to obtain samples containing 100%, 99.9%, 
99.1%, 95%, 90%, 50%, 10%, 5%, 0.9%, 0.1% or 0% of the gene-edited 
rice line, ranging from 14,000 to 0 estimated target copies (Table 4). To 
prepare samples n◦12–13, DNA from the gene-edited rice line and its 
parental line, both at 14 estimated target copies, were mixed in DNA 
from wild-type maize or wild-type soybean at 13,972 estimated haploid 
genome copies. The calculation of the estimated haploid genome copy 
number was based on the size of the rice (0.5 pg), maize (2.6 pg) and 
soybean (1.16 pg) haploid genomes (Arumuganathan & Earle, 1991). 
Each sample was tested in triplicate. 

3. Results and discussion 

3.1. ddPCR design 

As a proof-of-concept, a ddPCR method was developed using a gene- 
edited rice line carrying a homozygous single nucleotide (adenosine) 
insertion in OsMADS26 and its parental line (Fig. 1). This single nucle
otide insertion was introduced in the coding region close to the codon 
start and expected to increase the stress resistance of the gene-edited rice 
line. 

With the aim to detect a single variation point in gene-edit plants, the 

possible use of a 2-plex competing ddPCR strategy was investigated. In a 
single PCR assay, this multiplex strategy combines a couple of primers, 
amplifying a sequence of interest, and two hybridization probes, binding 
on the same region (Whale et al., 2016). To this end, a primer pair was 
designed to amplify a part of OsMADS26 containing the single variation 
point of interest. Consequently, two different PCR amplicons can be 
generated, one with a length of 113bp using the gene-edited rice ma
terial and one with a length of 112 bp using the parental rice material 
(Fig. 1, Table 1). In addition, two probes, labelled with a different dye 
(FAM or HEX), were designed on the OsMADS26 region containing the 
single variation point of interest, allowing to discriminate the PCR 
amplicons generated from the gene-edited rice line and its parental line 
(Fig. 1, Table 1). The performance of the developed 2-plex competing 
ddPCR method was then assess for its specificity, sensitivity and 
applicability. 

This ddPCR method was designed to detect and quantify the copy 
number of the gene-edited rice line in a given sample. This is currently 
sufficient because the gene-edited rice used in this study is unauthorized 
for commercialization on the European market. Therefore, its potential 
presence is associated to a “zero tolerance” policy. However, in case of 
authorization, the GM content per ingredient will need to be quantified. 
To this end, the use of a ddPCR method targeting an internal reference, 
such as previously developed for the rice-specific phospholipase D gene, 
will be needed (Corbisier et al., 2022; Mazzara et al., 2006). 

3.2. ddPCR specificity 

3.2.1. In silico assessment 
First, the natural distribution of the OsMADS26 gene (locus: 

Os08g02070) was investigated (Supplementary data 1A). A total of 6 
hits with a sequence coverage and identity ≥97% was observed from the 
megablast analysis. This gene was only found in rice species, including 
both O. sativa japonica and indica cultivars. 

Second, the natural distribution of the single variation point in the 
OsMADS26 gene was investigated using the PCR amplicon sequences 
from the gene-edited rice line (113 bp) and its parental line (112 bp) 
generated by the developed 2-plex ddPCR method (Supplementary data 
1B-C). Among the entire NCBI nucleotide (nr/nt) collection, a total of 11 
hits, all belonging to rice species, was observed and presented sequence 
coverage of 100% (Supplementary data 1B). All these hits showed a 
sequence identity of 100% with the parental rice line PCR amplicon and 
99.12% with the gene-edited rice line PCR amplicon. Such difference 
was always associated to the single nucleotide insertion region (Sup
plementary data 1C). In line with these results, no SNP and indel poly
morphism in the region of interest (CCGTCGCATCGAGAACCCGGTTC) 
were found in the natural diversity of rice, using the Rice SNP-Seek 
Database containing more than 3000 rice accessions, suggesting that 
the region of interest is conserved across rice varieties (Meunier A.C. 
et al., unpublished; Wang et al., 2018). 

To our knowledge, the present study is the first one using sequence 
databases to investigate the frequency of a single variation point intro
duced by gene-editing. Such investigation is a crucial step during the 
development of a detection method targeting a specific gene-edited or
ganism line. In this study, based on the current available information, as 
the single adenosine insertion was not found in any other rice genome 
sequences as well as in any other analysed species, these results indi
cated that this genetic modification carried by the gene-edited rice line 
seems not naturally spread, or at least infrequent in the natural rice 
population. These results indicate the possible discrimination between 
the gene-edited rice line and other rice lines using the developed 2-plex 
ddPCR method targeting the single variation point of interest. However, 
although rice is one of the most sequenced crop genome as well as ac
cessions from more than 3000 rice varieties and species were in this 
study screened, such results cannot be confirmed regarding materials 
from commercial breeding programs. As the frequency of SNP in 
breeding germplasms is not from a random drift, their natural 

Table 4 
Applicability assessments of the developed 2-plex ddPCR method, using 
mixture samples containing different amount of gene-edited rice and its 
parental line as well as wild-type maize or wild-type soybean. The presence 
and absence of amplification are respectively symbolized by “+” and “-“. Each 
different samples were tested in triplicated and the means of the measured 
copies are indicated in brackets.  

Mixture samples 2-plex ddPCR targets 

Mutant rice 
probe 

Wild-type rice 
probe 

1/Gene-edited rice line 100% - Parental 
rice line 0% 

+ – 
(13,733.3 ±
141.9 copies)  

2/Gene-edited rice line 99.9% - Parental 
rice line 0.1% 

+ +

(13,346.7 ±
213.8 copies) 

(10 copies ± 6.1 
copies) 

3/Gene-edited rice line 99.1% - Parental 
rice line 0.9% 

+ +

(13,273.3 ±
253.2 copies) 

(87.3 ± 5 copies) 

4/Gene-edited rice line 95% - Parental 
rice line 5% 

+ +

(12,113.3 ±
375.4 copies) 

(566.67 ± 16.3 
copies) 

5/Gene-edited rice line 90% - Parental 
rice line 10% 

+ +

(10,753.3 ±
75.7 copies) 

(1102.7 ± 27.1 
copies) 

6/Gene-edited rice line 50% - Parental 
rice line 50% 

+ +

(5640 ± 87.2 
copies) 

(6240 ± 20 
copies) 

7/Gene-edited rice line 10% - Parental 
rice line 90% 

- - 
(1153.3 ± 33.2 
copies) 

(12,160 ± 156.2 
copies) 

8/Gene-edited rice line 5% - Parental 
rice line 95% 

- - 
(528 ± 13.1 
copies) 

(13,320 ± 72.1 
copies) 

9/Gene-edited rice line 0.9% - Parental 
rice line 99.1% 

- - 
(85.3 ± 8.3 
copies) 

(13,706.7 ±
150.1 copies) 

10/Gene-edited rice line 0.1% - Parental 
rice line 99.9% 

- - 
(10.8 ± 1.5 
copies) 

(13,933.3 ±
197.3 copies) 

11/Gene-edited rice line 0% - Parental 
rice line 100% 

- -  
(13,960 ± 69.3 
copies) 

12/Gene-edited rice line 0.1% - Parental 
rice line 0.1% - Wild-type maize 
99.8% 

+ – 
(10.6 ± 1.6 
copies) 

(9.7 ± 1.2 
copies) 

13/Gene-edited rice line 0.1% - Parental 
rice line 0.1% - Wild-type soybean 
99.8% 

+ – 
(9.3 ± 2.8 
copies) 

(7.3 ± 2.7 
copies)  
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occurrence is expected to be weak in the natural population without 
specific selection conditions. Nonetheless, there is no guarantee that the 
single point variation does not naturally exist or will appear in the future 
in reason of its advantage to confer a putatively biotic stress resistance. 

3.2.2. In vitro assessment 
First, the region amplified by the developed 2-plex ddPCR method in 

various transgenic and wild-type rice materials were compared (Sup
plementary data 2). The presence of the region of interest was confirmed 
in all these different rice materials and the single adenosine insertion 
was only observed in the gene-edited rice line, supporting the results 
from the in silico analysis (Supplementary data 1–2). 

Second, the specificity of the developed 2-plex ddPCR method was 
experimentally assessed using animal (human) and microbial (Bacillus 
subtilis and Aspergillus niger) materials as well as several plant materials 
including different transgenic and common wild-type crop species (Beta 
vulgaris, Brassica napus, Glycine max, Gossypium hirsutum, Oryza sativa, 
Solanum tuberosum, Zea mays). The transgenic crops comprise at least all 
events currently authorized on the European market as well as some 
unauthorized ones belonging to (Brassica napus, Glycine max, Gossypium 
hirsutum, Oryza sativa, Solanum tuberosum and Zea mays species (Table 2, 
Supplementary data 3). As expected, among all tested materials, positive 
signals were only observed for the rice materials. More precisely, a 
positive signal for the mutant rice probe was only generated with the 
gene-edited rice line while a positive signal for the wild-type rice probe 
was only generated for all other tested rice materials, transgenic or not. 
In addition, the sequences of the generated PCR amplicons from the 
gene-edited rice line and its parental line materials presented a coverage 
and identity of 100% to their reference sequences (Supplementary data 
4). Moreover, the observed percentages of the targeted rice materials 
were similar to the expected ones, except with the two rice materials 
belonging to the Japonica cv. Ariete (Table 2). 

Based on these results, no false positive and false negative were 
observed. The specificity of the developed ddPCR method was thus 
confirmed and complied with the “Minimum Performance Requirements 
for Analytical Methods of GMO Testing” of the European Network of 
GMO Laboratories (ENGL, 2015). This 2-plex ddPCR method was also 
able to distinguish the presence and absence of a single nucleotide 
insertion in the OsMADS26 gene, which is not trivial (Belousov et al., 
2004; ENGL, 2020a). 

3.3. ddPCR sensitivity 

Using different estimated haploid genome copy number of either the 
gene-edited rice line or its parental line (100, 50, 20, 10, 5, 1, 0.1 and 0), 
the sensitivity of the developed 2-plex ddPCR method was investigated 
(Table 3, Supplementary data 5). For all 12 replicates, a positive signal 
as low as 5 estimated haploid genome copies was observed for the 
mutant rice probe while a positive signal as low as 10 estimated haploid 
genome copies was observed for the wilt-type rice probe. For both 
probes of the developed 2-plex ddPCR method, a positive signal for few 
replicates was also observed as low as 1 estimated haploid genome copy. 
As expected, no positive signal was also observed at 0.1 and 0 estimated 
haploid genome copy. In addition, the LOD95% was determined at 4 
estimated haploid genome copies for both probes of the developed 2- 
plex ddPCR method. As such LOD95% were below 25 copies, the sensi
tivity of the developed ddPCR method was confirmed and complied with 
the “Minimum Performance Requirements for Analytical Methods of 
GMO Testing” of the European Network of GMO Laboratories (ENGL, 
2015) (Supplementary data 6). 

3.4. ddPCR applicability 

The applicability of the developed 2-plex ddPCR method was 
assessed using several mixture samples. On the one hand, the mixture 
samples n◦1–11 contained different percentages of the gene-edited rice 

line and its parental line. These mixture samples were prepared to mimic 
a large spectrum of possible contamination levels of a gene-edited plant 
in its wild-type, and vice-versa (Table 4, Supplementary data 7A). On the 
other hand, the mixture samples n◦12–13 were prepared to mimic either 
a maize or a soybean matrix contaminated with a low amount of both 
the gene-edited rice and its parental line (Table 4, Supplementary data 
7B). 

For all these mixtures, the presence, both at high and low percent
ages, of the gene-edited rice line and its parental line was detected by the 
developed 2-plex ddPCR method. For example, this ddPCR method was 
able to detect a low amount of the gene-edited rice line (i.e., ~14 esti
mated haploid genome copies) spiked in a high amount of its parental 
line (i.e., ~14,000 estimated haploid genome copies), and vice-versa. 
Moreover, the presence of the gene-edited rice line and its parental 
line, both at low percentage (~14 estimated haploid genome copies), 
spiked in a high amount of untargeted materials (i.e., 14,000 estimated 
haploid genome copies of maize or soybean) was also successfully 
detected. Based on these results, the specificity and sensitivity of the 
developed 2-plex ddPCR method were confirmed. In addition, in all the 
tested mixtures, the expected and observed percentages of targeted 
materials were similar, suggesting that the developed 2-plex ddPCR 
method was not affected by competitive effects from PCR modules as 
well as by the presence of untargeted materials (Table 4, Supplementary 
data 8). 

4. Conclusion 

In the present study, the possibility to develop and validate a PCR- 
based method, such as real-time PCR and ddPCR, allowing to specif
ically detect and quantify a gene-edited organism carrying a known and 
characterized single variation point was investigated. Therefore, a 
general workflow, composed of two main successive steps, was proposed 
(Fig. 2) and its use was successfully illustrated through the development 
and validation of a 2-plex ddPCR method targeting unambiguously a 
gene-edited rice carrying a single nucleotide insertion. 

The first step of the proposed workflow includes in silico analyses 
using available prior knowledge associated to the single variation point 
of interest and its flanking regions. Such analyses allow to determine the 
possibility to technically design oligonucleotides for the PCR-based 
method in the region of interest. In addition, based on the natural dis
tribution of the single variation point, such analyses allow to determine 
the discriminative power of this single variation in order to unambigu
ously identify the gene-edited organism line from all other lines, culti
vars, varieties and species. This is essential to prove the presence of a 
gene-edited organism in particular. Such key analysis step could be 
facilitated by a future access to a genome database representative of the 
diversity, natural or through breeding programs, of all the cultivars and 
varieties for each species of interest. However, although it is essential for 
any statement on the frequency of a particular single variation point, 
such database is at our knowledge not currently available for crops, even 
for rice being one of the most sequenced crops. This database should 
include at least all the whole-genome sequences from the authorized 
gene-edited organisms and their parental lines, both ideally provided by 
producers. For this reason, it can be difficult to prove the origin, natural 
or not, of a single variation point (ENGL, 2019; http://iric.irri.org/resou 
rces/rice-databases; Ribarits et al., 2021; Rice SNP-Seek Database). 

In case such specificity criteria are met, the second step of the pro
posed workflow is applied. It consists to assess, in agreement with the 
“Minimum Performance Requirements for Analytical Methods of GMO 
Testing” of the European Network of GMO Laboratories (ENGL, 2015; 
ENGL, 2021), the performance of the developed PCR-based method, 
including the specificity (inclusivity and exclusivity), sensitivity and 
applicability. If the gene-edited organism is commercialized on the EU 
market and therefore needs to be control by enforcement laboratories, a 
full validation of the PCR-based method is required. To this end, addi
tional analyses need to be performed in order to assess additional 
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parameters, like robustness and transferability, of the PCR-based 
method allowing its dissemination within European enforcement labo
ratories. Given the gene-edited rice line used in this study is still at the 
research and development stage, the tested performance parameters 
(specificity, sensitivity and applicability) were sufficient. 

However, using this workflow, the development of such PCR-based 
methods is a “case-by-case” process that can encountered difficulties. 
First, technical bottlenecks could be encountered with the design of the 
oligonucleotides due to the restricted region of interest to target. Such 
design, including primers to cover around 120 bp of the region of in
terest as well as probes annealing on the single variation point, is not 
always possible to achieve, especially considering the “Minimum Per
formance Requirements for Analytical Methods of GMO Testing 
methods” of the European Network of GMO Laboratories (ENGL, 2015). 
The design of probes able to unequivocally identify and discriminate a 
single nucleotide variation, which can be challenging, is also crucial in 
the proposed workflow. Second, the detection of a single variation point 
could be insufficient to unambiguously identify the presence of a specific 
gene-edited organism as well as to determine the origin of the variation 
(e.g., natural process or induced by gene-editing). Indeed, if the single 
variation point is naturally present, its detection by PCR-based method 
alone is not sufficient to prove the presence of the gene-edited organism. 
To overcome such issue, additional information on the surrounding se
quences, genome background and off-targeting sites could for example 
be necessary in order to unambiguously prove the presence of the 
gene-edited organism. However, these information cannot be nowadays 
provided using such PCR-based strategy, amplifying only short frag
ments of few hundred base-pairs. Therefore, instead of PCR-based 
methods, the use of sequencing-based strategies supported by an 
appropriated database is needed. The comparison of a given sample to 
reference genome sequences will allow to verify the presence of SNP as 
well as genetic elements unique in the genetic background of a partic
ular modified organism. Although sequencing-based approaches are 

promising, their implementation to control the food and feed chain are 
however currently highly challenging due to their expensiveness and 
technical bottlenecks related to the plant genome size and complexity as 
well as the need of specific reference genome sequences. In case of 
samples containing a single gene-edited plant, a whole-genome 
sequencing strategy is feasible, even if developments and optimisa
tions are still required for an implementation at the level of enforcement 
laboratories. For mixtures composed of different gene-edited plants 
(expected to be frequently encountered), a targeted sequencing strategy 
or even a shotgun metagenomics strategy are more appropriated. 
However, the targeted sequencing strategy, including a prior enrich
ment of the regions of interest, through hybridization or PCR, repre
sents, in a short time-frame, the most realistic option for mixtures. The 
enriched regions of interest should comprise both the introduced single 
variation point as well as the specific genetic background of the modi
fied organism. Therefore, in case no information about the introduced 
single variation point is available, the presence of remaining 
off-targeting sites and genetic elements unique to a particular modified 
organism can for example be investigated (Narushima et al. (2021), 
Belousov et al., 2004; ENGL, 2020a; Fraiture et al., 2020; Grohmann 
et al., 2019; Narushima et al. (2021); Peng et al., 2020; Wang et al., 
2021; Zhang et al., 2021). 

Taking into account the above considerations, the proposed general 
workflow represents a key tool to support the competent authorities in 
their control of GMO produced by gene-editing in order to guarantee the 
traceability of the food and feed chain. 
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