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Abstract 

Many countries regulate the presence of genetically modified organisms (GMOs) in food 
and feed products. A labelling threshold of 0.9% per ingredient has been implemented in 
the European Union (EU) for authorised GMOs and a zero tolerance is in use for 
unauthorised GMOs (UGMOs). Standard curve based quantitative real-time polymerase 
chain reaction (qPCR) is used as a golden standard for GMO detection and quantification. 
However, the rise in number of authorised GMOs renders qPCR laborious and expensive. 
Additionally, with the increased use of authorised GMOs in the food and feed industries 
the incidence of UGMOs is also rising. Within this doctoral thesis we aim to develop and 
characterise multi-target approaches for quantification of authorised GMOs and 
identification of UGMOs.  

The most abundant GMO ingredients in terms of authorised GM lines in the EU are 
maize and soybean. Thus, we designed multi-target droplet digital PCR (ddPCR) assays 
for quantification of 12 EU-authorised maize and 11 EU-authorised soybean lines. Two 
assays were designed for each ingredient; a 4- and 10-plex for maize and 6-and 7-plex for 
soybean. In all cases the transgenes were labelled with one fluorescent reporter and the 
endogene with another, thus enabling the quantification per ingredient. There are four 
additional GM soybean lines in the process of authorisation, therefore we have extended 
the 7-plex assay into an 11-plex, hence eliminating the need for further method 
characterisation upon an authorisation of one or more of these four GM lines. All 
multi-target ddPCR assays produce specific results, and perform within the international 
recommendations set for GMO testing. Performance of soybean 6- and 7-plex assays was 
tested in an inter-laboratory assessment.  

As accurate and precise nucleic acid quantification is important in GMO testing, an 
assessment of the critical factors for accurate copy number determination is needed. In 
ddPCR this factor is droplet volume variability. The results of an inter-laboratory 
comparison of different droplet generation platforms and different mastermixes 
demonstrated a clear discrepancy between the measured droplet volume and that assigned 
by the manufacturer, showing an underestimation of copy number when relying on 
calculations made by the corresponding software.  

An adapted genome walking approach called amplification of linearly-enriched 
fragments (ALF) was developed for identification of UGMOs. By coupling ALF to 
next-generation sequencing (NGS) and designing a (semi)automated data analysis pipeline 
we aimed at simultaneous identification of all GMOs, including UGMOs. A DNA mixture 
of four reference materials in an uneven distribution was prepared, with one GM line for 
which only element order is known, serving as a model for a UGMO. By submitting the 
sequences gained after NGS to the (semi)automated data analysis pipeline, we successfully 
identified sequences matching element order of this UGMO serving as proof of principle for 
ALF as new UGMO detection strategy.  

The presented methods are not relevant only for GMO community, they may also be 
introduced in fields such as medicine, where several targets can be quantified as a group 
or where only partial DNA sequence is known. Additionally, determination of factors 
influencing ddPCR droplet volume allows for a more accurate copy number determination.
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Povzetek 

V večini držav je prisotnost gensko spremenjenih organizmov (GSO) v hrani in krmi strogo 
regulirana. V Evropski uniji (EU) je prag za označevanje izdelkov, ki vsebujejo odobrene 
GSO, postavljen pri 0,9 % na sestavino. Hrana in krma, ki vsebuje višji odstotek odobrenih 
GSO, mora biti primerno označena, medtem ko je prisotnost neodobrenih GSO 
prepovedana. Verižna reakcija s polimerazo v realnem času (qPCR) je zlati standard za 
določanje in kvantifikacijo GSO, vendar z naraščajočim številom GSO linij postaja časovno 
in finančno prezahtevna. S povečanim številom odobrenih GSO se povečuje tudi prisotnost 
neodobrenih GSO. Cilj pričujoče doktorske disertacije je razvoj in karakterizacija metod za 
kvantifikacijo odobrenih in identifikacijo neodobrenih GSO.  

Sestavini, ki jima pripada največ odobrenih GSO linij, sta v EU koruza in soja. Za 
kvantifikacijo 12 linij GSO koruze in 11 linij GSO soje smo razvili večtarčne teste kapljične 
digitalne verižne reakcije s polimerazo (ddPCR). Za koruzo tako imenovani 4- in 10-plex 
ter za sojo 6- in 7-plex. V vseh primerih so bili transgeni označeni z enim fluorescenčnim 
barvilom, medtem ko je bil endogen označen z drugim barvilom. Na ta način je omogočena 
kvantifikacija vseh GSO linij znotraj ene sestavine naenkrat. V primeru soje so v procesu 
avtorizacije še štiri GSO linije. Da bi se izognili potrebi po ponovni karakterizaciji 
večtarčnega testa vsakokrat, ko bi bila sprejeta še ena linija, smo 7-plex razširili v 11-plex 
in ga okarakterizirali. Vsi večtarčni testi ddPCR so specifični in v skladu z mednarodno 
sprejetimi priporočili za testiranje GSO. Dodatno sta bila 6- in 7-plex testirana v 
medlaboratorijskem testiranju.  

Določitev kritičnih faktorjev, ki vplivajo na točnost in natančnost kvantifikacije 
nukleinskih kislin je izredno pomembna pri testiranju GSO. V primeru ddPCR je kritični 
faktor volumen kapljice oziroma variabilnost volumna. V medlaboratorijskem testiranju 
smo primerjali različne generatorje kapljic in različne osnovne zmesi (ang. mastermix). 
Primerjava je pokazala relevantno razliko med volumnom, ki je predpisan s strani 
proizvajalca, in izmerjenim volumnom, kar povzroči podcenjevanje števila kopij nukleinskih 
kislin v reakciji, kadar se zanesemo na izračun, ki nam ga poda programska oprema.  

Za namen identifikacije neodobrenih GSO smo razvili prilagojen pristop hoje po 
genomu, imenovan pomnoževanje linearno obogatenih fragmentov ali ALF (ang. 
amplification of linearly-enriched fragments). Naš cilj je bil pripraviti delotok, ki omogoča 
(semi)avtomatizirano analizo podatkov, pridobljenih po sklopitvi ALF, z naslednjimi 
generacijami sekvenciranja, kar bi omogočalo hkratno identifikacijo tako odobrenih kot 
neodobrenih GSO. Pristop smo testirali na vzorcu, ki je bil pripravljen kar se da podobno 
vzorcem, ki jih srečamo v praksi. Vseboval je štiri GSO linije v različnih količinah. Za eno 
linijo popolno DNK zaporedje ni bilo poznano, ta linija je služila kot neodobren GSO v tej 
analizi. S pomočjo delotoka smo identificirali zaporedja, ki se ujemajo z zaporedjem 
neodobrenega GSO,in s tem potrdili princip delovanja tako za ALF kot za delotok.  

Razvite metode pa niso relevantne le na področju GSO. Področja, kjer je možno 
zaznavati več tarč naenkrat kot skupino ali kjer je znan le delček tarčnega DNK zaporedja, 
na primer v medicini, lahko s prilagoditvami uvedejo novo razvite metode. Poleg tega smo 
z določitvijo faktorjev, ki odločilno vplivajo na velikost kapljic pri ddPCR, ključno 
pripomogli k bolj natančnemu določanju števila kopij.  
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Chapter 1 

1 Introduction 

1.1 Genetically Modified Organisms 

Genetically modified organisms (GMOs) are by a definition organisms, with the exception 
of humans, in which the genetic material has been altered in a way that does not occur 
naturally by mating and/or natural recombination [1]. The first commercial genetically 
modified organism, the FlavrSavrTM tomato, gained approval from the United States Food 
and Drug Administration (FDA) in 1994 [2], triggering more or less successful placements 
of a variety of crops, ornamental plants, trees, and even fish on the worlds market [3]–[6]. 
The most important traits present in 80% of all genetically modified plants are herbicide 
tolerance and insect resistance with 334 and 291 lines approved worldwide, respectively [3]. 
Less abundant are modified production quality, pollinator control system, disease 
resistance, abiotic stress tolerance, and altered growth or yield [3].  

The increased use of GMOs also influenced the legislation and today the majority of 
countries regulate the cultivation and trade of GM organisms [7], [8]. An authorisation 
system and mandatory labelling is most commonly set for food and feed that include GMOs 
above a certain threshold [8]–[10]. In the European Union (EU), the labelling threshold for 
food and feed products that contain, consist of, or are produced from authorised GMOs is 
set at 0.9% per ingredient by Regulation (EC) 1829/2003 [11]. A zero tolerance level is set 
for unauthorised GMOs (UGMOs). According to the so-called Low Level Presence (LLP) 
regulation, Commission Regulation EC 619/2011 [12], an exception to the zero tolerance 
are feed products where GMOs pending authorisation are allowed up to a level of 0.1%. 
However, strict requirements still need to be met in order for a certain GMO to be given 
such a status; an authorisation needs to be given in another country, a reference material 
and a method for identification of this GMO need to be available, and no adverse effects 
in health or the environment are identified by the European Food Safety Authority 
(EFSA) [12]. Cultivation or release of GMO is set in the Directive 2001/18/EC of the 
European Parliament and of the Council of 12 March 2001 on the deliberate release into 
the environment of genetically modified organisms and repealing Council Directive 
90/220/EC [1]. Food and feed products, as well as seeds and whole organisms, therefore 
have to be rigorously tested to ensure that labelling complies with the legislation. Thus, to 
control the presence and quantity of GMOs in the food and feed supply chains, sensitive 
and specific detection and quantification approaches are needed. In order to sustain the 
increasing amount of samples tested, these methods also need to be time- and cost-effective.  

With the increased number and use of authorised GMOs, we can also observe a gradual 
increase of UGMO incidents [13]. There are two categories of UGMOs, known and unknown 
UGMOs. Known UGMOs have been granted approval in countries other than the EU, and 
therefore the structure of the GM insert is known. Alternatively, unknown UGMOs have 
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not undergone any authorisation process and the insertion sequence and the point of 
insertion are unknown. Unknown UGMOs therefore cannot be identified using traditional 
approaches. According to the RASFF Portal [14], there were nine incidents of UGMOs 
reported in 2015, 15 in 2016 and 15 in the first 10 months of 2017. However, the majority 
of cases were related to known UGMOs.  

So far no GM crops have been identified to have adverse effects on humans, animals or 
the environment [15], [16]. Nevertheless, with the rapid growth of GMO diversity in 
experimental settings, it is imperative to have the methodologies in place to detect and 
identify both known and unknown UGMOs. Thus, apart from the sensitive and specific 
detection and quantification of authorised GMOs, detection and identification of UGMOs 
and a distinction between authorised GMOs and UGMOs is required. 

 
 

1.2 GMO Detection and Quantification – Approaches and 

Issues 

GMOs express at least one additional trait encoded by one or more genes, introduced into 
the organism by means of recombinant DNA technology [10]. This trait differentiates them 
from their wild-type counterparts. GMO testing is based either on detection of recombinant 
DNA (rDNA) or on detection of the recombinant protein encoded by the inserted gene. 
Both approaches have their pros and cons. Protein-based methods are generally quicker 
and easier to execute, especially when immunochromatographic (lateral flow) strip tests 
(LFT) are used, they are also more cost-effective when looking at costs per analysis. 
However, detection relies on the expression of the protein, which can vary greatly, as it 
may happen that the protein is not even produced due to gene silencing mechanisms. 
Additionally, the rDNA containing the gene of interest can be inserted in different plant 
species or in different parts of the genome, which results in the presence of the same protein 
in different GMOs. DNA-based methods on the other hand are, compared to immunological 
methods, more time-consuming and less cost-effective, mostly due to the costs of the 
equipment, but provide us with much more information and are thus the most widely used 
methods.  

The majority of DNA-based methods employ polymerase chain reaction (PCR) 
technology [10], [17]. PCR approaches can be categorised according to the information that 
we gain; screening, identification, and quantification. The rDNA is comprised of different 
GM elements; e.g. promoter, regulator, gene of interest, terminator. Screening approach is 
based on the detection of a pattern given by the presence or absence of a specific GM 
element. This pattern can be compared to a reference table of the corresponding elements 
in known GMOs and a spectrum of possible GMOs can be identified [18], [19]. Identification 
of a single GMO is, on the other hand, based on the determination of the point of insertion 
of the rDNA (GM-event) into the plant genome, and quantification is based on 
determination of the ratio between a species-specific reference gene (endogene) and the 
GM-event [10]. 

For more than a decade GM-event–specific real-time quantitative polymerase chain 
reaction (qPCR) has been the gold standard for GMO analysis. In recent years, more and 
more GMOs have been authorised and event–specific qPCR has become less and less 
time- and cost-effective. Therefore, an alternative approach was needed; and screening 
approaches became used among many laboratories [20]. However, with the increasing 
number of GMOs, the number of GM elements they consist of is also increasing. To further 
optimise the screening approach, qualitative multi-target or multiplex PCR [21]–[24] and 
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qPCR [25]–[29] screening assays [30] have been developed. As multi-target approaches 
enable the characterisation of more than one target in a reaction, a further time and cost 
reduction was obtained. Although, multiplexing has seemed to overcome several issues in 
GMO analysis, it has been, nonetheless, unable to solve the problems in GMO 
quantification. As the EU legislation dictates labelling of products based on the quantity 
of a certain GM ingredient, not only detection, but also quantification of authorised GMOs 
is critical. Despite the efforts towards development of quantitative multi-target qPCR 
approaches, success has been limited. 

PCR-based methods are only suitable if the GMO sequence or at least a part of it is 
known. For UGMOs such is seldom the case. Whereas at least a part of the DNA sequence 
or the GM element order is available for known UGMOs, we have no sequence information 
for unknown UGMOs. For now, we rely on the fact that GM elements that comprise known 
GMOs are also present in unknown UGMOs and thus the presence and identification of a 
UGMO can be detected in the screening process, when the elements screened for do not 
correspond to any of the authorised GMOs. Many efforts are therefore directed into the 
development of screening approaches that could aid in the detection of UGMOs [31]–[35]. 
However, screening alone does not confirm the presence of UGMOs in a sample, to confirm 
the suspicion, further analyses need to be performed. Limited sequence information and 
absence of reference materials renders specific detection approaches for UGMOs practically 
impossible. Thus, in the last decades several genome walking (GW) approaches, aiming at 
identification of the GM insertion site or the construct sequence, have been developed and 
modified for application in the GMO field [36]–[46]. However, none of these GW 
approaches, with one exception [40], have been tested on a complex sample representing 
the real-life situation.  

 
 

1.3 Novel Molecular Approaches in DNA-Based Detection 

and Quantification 

Apart from qPCR screening and multiplexing, several novel approaches have been 
developed that enable DNA-based detection of GMOs. The most notable are digital PCR 
(dPCR) [47]–[52], loop-mediated isothermal amplification (LAMP) [53]–[61], PCR capillary 
gel electrophoresis (PGE) [62]–[65], and microarray [66]–[70] and Luminex [71]–[74] 
technologies. Although, PGE, microarrays and Luminex technology enable high levels of 
multiplexing, only dPCR enables quantification. Moreover, in many cases dPCR enables 
more accurate quantification than qPCR, as quantification does not rely on a calibration 
curve. Therefore, dPCR is the most promising of the novel approaches for detection and 
quantification of GMOs.  

None of these approaches have the ability to identify UGMOs directly. An indication 
of a presence of a UGMO could be given, when GM elements are detected using these 
methods; however as for qPCR screening, the suspicion needs to be confirmed with 
sequencing. GW approaches can be used for confirmation of a UGMO in a sample. With 
the advancement of technology, and consistent drop of prices, next-generation sequencing 
is a good candidate for UGMO identification. 
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1.3.1 Digital Polymerase Chain Reaction 

The concept of digital PCR was first introduced in 1992 [75]. Sykes et al. used a limiting 
dilution principle to quantify a rearranged immunoglobulin heavy chain from a leukemic 
clone. A reaction mixture is divided into many individual reactions called partitions. Each 
partition can contain none, one, or more target copies. At the end-point of PCR these 
partitions are either scored as negative or positive, and the input DNA concentration can 
thus be calculated using Poisson distribution. This principle was later named digital PCR 
by Vogelstein and Kinzler [76].  

As dPCR is an end-point all-or-nothing detection system, it is less vulnerable to partial 
inhibition as qPCR. This principle also enables absolute quantification of nucleic acids 
without the need of a standard curve. Today two dPCR technologies are available; 
microfluidic/chip-based dPCR (cdPCR) and emulsion/droplet-based dPCR (ddPCR). In 
cdPCR the sample is distributed in wells on a chip, while in ddPCR the reaction mixture 
is partitioned in droplets. Both Taq-Man and intercalating dye chemistries can be applied 
in dPCR. Partitioning the reaction mixture in several thousand or in some cases even 
millions of partitions also increases the multiplex potential of dPCR. This technique thus 
represents a good candidate for reference methods for nucleic-acid copy-number 
determination not only in the GMO field, but also in human diagnostics and research [77], 
[78], provided, of course, that a thorough characterisation in terms of specificity, 
accuracy/trueness and source of uncertainty is performed.  

 
 

1.3.2 Next-Generation Sequencing 

With the advance of Next-Generation Sequencing (NGS) and lately third-generation 
sequencing technology, such as PacBio and Oxford Nanopore, sequencing of complex GMO 
samples has become feasible. As a method (e.g. qPCR assay) for quantification needs to be 
submitted by the applicant for authorised GMOs, NGS is predominantly used for 
identification of UGMOs. Here two approaches can be taken, depending on the kind of a 
UGMO.  

At least a part of a sequence or an element order is known, for the majority of known 
UGMOs, thus targeted sequencing can be used to identify the UGMOs/GMOs in a sample. 
For simple samples, GW coupled to Sanger sequencing [36], [39], [41]–[45] yields good 
enough results. However, in complex samples, a common element can have different 
adjacent sequences from different materials present. Thus, GW coupled to NGS is a perfect 
approach for sequencing enriched complex samples. NGS in general outperforms Sanger 
sequencing, in terms of speed, throughput, and potential for multiplexing. For the purpose 
of UGMO detection, two GW approaches [37], [38], [40] have been coupled to NGS so far. 
The drawbacks of these two approaches are a potential sensitivity to contamination and a 
lack of automated or at least (semi)automated data analysis.  

For unknown UGMOs whole genome sequencing (WGS) is needed. In WGS prior 
knowledge is not needed, as the entire DNA library is sequenced and reads assembled. 
Assembled reads can either be aligned to the reference genome or a de novo assembly can 
be performed when a reference genome is not available [38], [79]–[84].  

As the majority of the laboratories use at least one form of screening, the GW-NGS 
approaches are better suited for routine use, as well as more cost-effective, compared to 
WGS. However, NGS provides us with an enormous amount of sequence information. In 
order to identify a UGMO and differentiate it from authorised GMOs, a bioinformatics 
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data analysis pipeline needs to be developed in general, and especially if such an analysis 
is to be used on a daily bases.  

 
 

1.4 Aims of the Research 

 

1.4.1 Multi-target Digital Polymerase Chain Reaction 

In any analytical service, not just GMO testing, one must consider not only precision but 
also cost-effectiveness. New approaches therefore need to be at least as precise as previously 
used ones and, if possible, more cost-effective. A fitness for purpose study, practicability 
and applicability therefore need to be assessed. One of the most promising approaches for 
achieving higher precision and cost-effectiveness in GMO testing is multi-target dPCR.  

Our first aim was to develop multi-target dPCR assays in order to achieve more precise 
time- and cost-effective quantification of the most abundant GM species, maize and 
soybean, authorised in the EU.  

Our second aim was to characterise the novel multi-target assays in terms of compliance 
with minimum performance parameters in use in GMO testing, by testing accuracy, 
repeatability, reproducibility, robustness and trueness of this new approach.  

 
 

1.4.2 Study of Critical Factors for Accuracy of Absolute Quantification 

in Digital Polymerase Chain Reaction 

In dPCR there are two critical factors of absolute quantification accuracy, the partition 
volume and the number of partitions. In ddPCR the number of partitions varies and is 
impossible to predetermine, while the volume of droplets can be measured and used in the 
calculations, to accurately determine the copy number. The opposite is true for the second 
dPCR approach, chamber/microfluidics-based dPCR, where the number of partitions, i.e. 
wells in a chip is known but the volume of each well is nearly impossible to determine [85]. 
Thus to determine the accuracy of the ddPCR assays, the assessment of droplet volume is 
critical. 

Our third aim was to measure and assess the partition volume of two BioRad droplet 
digital PCR droplet generator platforms, manual and automated, and different reaction 
conditions. And moreover, to use these data to assess the impact of droplet volume on the 
accuracy of copy number determination.  

 
 

1.4.3 Detection of Unknown/Unauthorised Genetically Modified 

Organism  

The only strategy of UGMO identification today is sequencing; either WGS or targeted 
sequencing (e.g. GW). Targeted sequencing approaches focus more and more on NGS, since 
NGS enables multiplexing and with that identification of UGMOs in complex samples. 
However, NGS creates a large amount of data, which makes identification of UGMOs, 



6  Chapter 1. Introduction 

without at least some automation of the data analysis, a laborious and lengthy process. 
Thus, in order to successfully introduce a sequencing approach into routine analysis, a 
(semi)automated data analysis pipeline is as important as the sequencing approach.  

Our fourth aim was to design a (semi)automated bioinformatics data analysis pipeline 
for sequence analysis gained after a newly designed GW-NGS approach, with the aim of 
UGMO identification.  

 
 

1.5 Research Hypotheses 

1. dPCR is suitable for the development of a multi-target quantification assay that is 
more precise, time- and cost-effective compared to standard qPCR approaches used 
for the quantification of GMOs authorised in the EU. 

 
2. UGMOs can be detected in a sample mimicking a real-life situation when applying 

a specific post GW-NGS (semi)automated bioinformatics data analysis pipeline. 
 
 

1.6 Publications Included and Candidate’s Contributions 

In the first paper (Multiplex quantification of twelve European Union authorised GM maize 
lines with droplet digital PCR) a new strategy for multi-target quantification of GMOs has 
been shown for the first time. Two multiplex ddPCR assays have been designed and 
characterised, enabling quantification of 12 EU-authorised maize lines in just two reactions. 
The characterisation of the assays proved that this strategy is sensitive and accurate, and 
at least as time- and cost-effective as the most widely used qPCR-based methods. The PhD 
candidate is the co-author of this publication. She has performed ddPCR, analysed the 
data and characterised the assays. She contributed to the preparation of the manuscript 
by preparing the experimental section and drafting corresponding tables and figures. She 
also contributed to the drafting of the supplementary information.  

Where the first paper dealt only with GMOs authorised in the EU, the second paper 
(Development and inter-laboratory assessment of droplet digital PCR assays for multiplex 
quantification of 15 genetically modified soybean lines) additionally tackles the issue of 
GMOs that are in the pipeline for authorisation. Here two multiplex assays have also been 
developed to enable quantification of 11 EU-authorised soybean lines, however one of the 
assays has been extended to incorporate additional four lines that are in the authorisation 
pipeline. With a comparison of the extended assay to the unextended one, we have proven 
that subtracting a target from the multiplex does not change its accuracy and precision for 
the remaining targets. Additionally, a successful inter-laboratory assessment has been 
performed. The PhD candidate drafted the experimental design, performed the ddPCR 
experiments, and data analysis at the National Institute of Biology (NIB). She also 
analysed the data for the inter-laboratory assessment and drafted the manuscript. 

One of the critical factors for absolute quantification of ddPCR, the partition volume, 
is described in the third paper (Droplet volume variability as a critical factor for accuracy 
of absolute quantification using droplet digital PCR). Here we describe and compare two 
droplet measurement protocols. The most efficient protocol was used for the measurement 
of droplets generated by two types of BioRad droplet generators, manual and automated. 
Two manual and one automated droplet generators and two different mastermixes, 
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representing two different chemistries were tested. The droplet volumes for all different 
scenarios were determined and compared. The newly measured droplet volumes were used 
in a set of ddPCR experiments, where results were compared to those gained by using the 
assigned volume. The candidate drafted the experimental design, conducted the 
measurements at NIB and performed the ddPCR including the data analysis. She 
contributed to the statistical analysis and drafted the manuscript including the supplement.  

In our fourth paper (ALF: a strategy for identification of unauthorized GMOs in 
complex mixtures by a GW-NGS method and dedicated bioinformatics analysis) we address 
the issue of UGMOs and their identification. Since GMOs, authorised, unauthorised and 
presumably unknown, contain just a handful of GM elements, a GW approach coupled to 
NGS has been developed to amplify and sequence GMOs including UGMOs that contain 
a known GM element, in complex samples. The bioinformatics analysis was conducted 
within the Galaxy platform, where a Galaxy workflow, a (semi)automated data analysis 
pipeline, was created. The PhD candidate designed the (semi)automated data analysis 
pipeline and drafted the bioinformatics part of the manuscript and the supplement.  
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2 Scientific Publications 

2.1 Multiplex Quantification of Twelve European Union 

Authorized GM Maize Lines with Droplet Digital PCR 

 
David Dobnik, Bjørn Spilsberg, Alexandra Bogožalec Košir, Arne Holst-Jensen, Jana Žel 
 
Analytical Chemistry, 2015, 87: 8218-8226. DOI: 10.1021/acs.analchem.5b01208 
 
In this publication, we describe the design and characterisation of two multiplex ddPCR 
assays for quantification of EU-authorized GM maize lines. We have shown for the first 
time that assays with such a high level of multiplexing can be used for quantification of 
complex samples. Assessment of the multiplex assays showed compliance with the minimal 
performance parameters (MPPs) placed for detection and quantification of GMOs, and 
that these assays can compete with the most widely used qPCR methods. Moreover, in 
case of positive samples the new multiplex methods were more cost-effective. Additionally, 
a proof of principle on extension of one of the multiplex assays was shown, proving that in 
case of new authorization, an extension of the present multiplex system is possible.  

The PhD candidate performed the comparison of simplex and multiplex assays and 
characterisation of both multiplex assays. She performed the ddPCR, analysed the data 
and assessed the assays in terms of compliance with MPPs. She also helped with the 
preparation of the paper by writing the experimental section and contributed to the 
preparation of tables and figures, as well as the supplementary information.  
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2.2 Development and Inter-Laboratory Assessment of 

Droplet Digital PCR Assays for Multiplex Quantification 

of 15 Genetically Modified Soybean Lines 

 
Alexandra Bogožalec Košir, Bjørn Spilsberg, Arne Holst-Jensen, Jana Žel, David Dobnik 
 
Scientific Reports, 2017, article number: 8601. DOI: 10.1038/s41598-017-09377-w 
 
In this publication, we describe the design and inter-laboratory assessment of two multiplex 
ddPCR assays for quantification of EU-authorized GM soybean lines. We also describe and 
assess the expansion of one of the assays to include additional lines that are in the pipeline 
for authorisation, which contributes to the practicability of such assays for future use. An 
inter-laboratory assessment has been performed for the first time, on an assay for GMO 
quantification of such complexity. 

The PhD candidate outlined the experiment design, and performed the ddPCR 
experiments, complete with data analysis at NIB. The candidate also performed the 
comparison of results gained between the two laboratories. Additionally she performed the 
practicability calculations and drafted the manuscript including the supplement.  
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2.3 Droplet Volume Variability as a Critical Factor for 

Accuracy of Absolute Quantification Using Droplet 

Digital PCR 

 
Alexandra Bogožalec Košir, Carla Divieto, Jernej Pavšič, Stefano Pavarelli, David Dobnik, 
Tanja Dreo, Roberto Belloti, Maria Paola Sassi, Jana Žel 
 
Analytical Bioanalytical Chemistry, 2017, 409(28): 6689-6697. DOI: 10.1007/s00216-017-
0625-y 
 
In this publication, we used an optical profilometer and optical microscopy to determine 
one of the critical factors of absolute quantification accuracy in ddPCR, the partition 
volume. Partition volume, in our case droplet volume, was measured for two types of 
BioRad droplet generators, manual and automated, at NIB. Additionally, manual droplet 
generator was tested at the Italian Metrological Institute (INRiM). As different chemistries 
can have an effect on droplet volume, two different mastermixes were tested for manual 
droplet generator. A thorough statistical analysis was conducted to compare and study all 
of the different scenarios and to determine the droplet volume for each one. Two droplet 
volume measurement protocols, traceable to the SI, were compared and evaluated. Lastly, 
a ddPCR experiment was performed and the data analysis conducted using the newly 
gained knowledge of droplet volume. A comparison of results with the new and assigned 
droplet volume was conducted.  

The PhD candidate designed the experiments. She conducted the droplet volume 
measurements, according to the automatic measurement protocol, at NIB and performed 
the ddPCR including the data analysis. The candidate also contributed to the statistical 
analysis of droplet volume and to the preparation of tables and figures. The candidate also 
performed the comparisons between the measurement protocols and operators in the two 
cooperating laboratories. She drafted the manuscript including the supplement.  
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2.4 ALF: A Strategy for Identification of Unauthorized 

GMO in Complex Mixtures by a GW-NGS Method and 

Dedicated Bioinformatics Analysis 

 
Alexandra Bogožalec Košir, Alfred J. Arulandhu, Marleen M. Voorhuijzen, Hongmei Xiao, 
Rico Hagelaar, Martijn Staats, Adalberto Costessi, Jana Žel, Esther J. Kok, Jeroen P. van 
Dijk 

 
Scientific Reports, 2017, article number: 14155. DOI: 10.1038/s41598-017-14469-8 
 
In this paper, we describe a novel approach for identification of UGMOs called ALF. ALF, 
amplification of linearly enriched fragments, is a strategy where a targeted GW coupled to 
NGS provides us with a plethora of sequences containing clues of a presence of UGMOs in 
a complex sample. In order to decipher these clues a (semi)automated data analysis pipeline 
was created using the Galaxy platform. In order to prove the principle of the method we 
prepared a sample containing DNA of four GMOs. As the full insertion sequence is not 
known for one of the GMOs, this GMO acted as a mock UGMO. Submitting the sequences 
gained from NGS to the (semi)automated pipeline, we found sequences related to this mock 
UGMO, thus proving the principle of the method.  

The PhD candidate designed the (semi)automated data analysis pipeline and helped 
with the preparation of figures and tables. She drafted the bioinformatics part of the 
manuscript and the supplement.  
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3 Discussion 

3.1 ddPCR-Based Multi-Target Approach for GMO 

Quantification 

A new strategy for GMO quantification is more and more needed, as the current 
qPCR-based system is becoming cumbersome. Thus, our first focus was to employ novel 
technologies for DNA-based GMO quantification. From all of the new and evolving 
technologies dPCR has shown the greatest potential in this field. In our first two 
publications, we show the design and characterisation of five multi-target droplet digital 
polymerase chain reaction assays that enable quantification of 12 EU-authorised GM maize 
lines and 11 EU-authorised soybean lines, with the addition of four GM soybean lines 
awaiting authorisation. 

The most represented of the GM species authorised in the EU are maize and soybean. 
The four assays, maize 4- and 11-plex and soybean 6- and 7-plex, designed and 
characterised in the first two of our publications thus complement each other. We have 
shown that all the designed assays are in compliance with the MPPs [86], [87] set out for 
GMO testing. Meaning that the newly designed methods show at least as high a level of 
repeatability, sensitivity, specificity, and robustness as do individual qPCR assays in use 
as the golden standard, while reducing the time and costs of the analysis.  

Without the need of standard curve and due to a high resilience to partial inhibition, 
which enables testing of fewer dilutions per sample, a sample confirmed to contain maize 
and soybean can be tested for the presence of 11 and 12 EU-authorised maize and soybean 
lines, respectively, in just 32 reactions (taking in to account 2 DNA extraction parallels, 2 
dilutions and 2 technical repeats of each dilutions). In order to do the same with qPCR at 
least 14 96-well plates would be needed. This is indeed an enormous difference, which 
consequently makes ddPCR much more time- and cost-effective. We must consider the fact 
that a direct quantification of a sample using qPCR is uncommon, thus the difference seen 
above is somewhat overestimated. Although we can decrease the number of needed 
reactions in qPCR, by first screening approaches followed by an individual line 
identification and quantification, the number of reactions needed in ddPCR is still 
significantly lower.  

In the case of maize assays we have focused only on authorised GMOs. A new GM 
maize line was authorised while our first paper was in the process of revision. This meant 
that in routine analysis, either one additional line would need to be analysed separately, 
either by ddPCR or by qPCR, or we could extend one of the assays, in which case the 
newly formed assays would need to be characterised from the start. We decided for the 
former. However we did extend the maize 4-plex in to a 5-plex, but only as a proof of 
principle. We did not characterise the performance of this 5-plex assay. To avoid the same 
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thing from happening with the soybean multi-target assays, four GM soybean lines that 
were in the pipeline for authorisation were added to the 7-plex assay, extending it to the 
11-plex. As the assays give comparable results, it was concluded that subtraction of the 
lines from the assay does not change the results and that additional characterisation is not 
needed in this case.  

We have also shown that direct transfer of already validated qPCR methods from 
EURL database of reference methods for GMO analysis (http://gmo-
crl.jrc.ec.europa.eu/gmomethods/) to ddPCR is not only possible, but also relatively 
straightforward. Individual qPCR assays were directly transferred to ddPCR, and tested 
as simplex as well as duplex assays, on individual DNA and on a DNA mix comprising 
several maize or soybean GM lines. Although simplex assays were simple to transfer 
between platforms, combining PCR modules into multi-target assays needs to be 
approached with caution. In silico analysis can show an interaction between multiple 
primers and probes in a multi-target assay; however, this interaction needs to be confirmed 
experimentally. As was shown in the case of maize assays, even where in silico analysis did 
not show significant interactions (first division of maize targets into two 6-plex assays) 
experiments showed a false negative signal, and a rearrangement of targets was needed.  

The inter-laboratory assessment of soybean 6- and 7-plex assays proved the 
transferability to other laboratories is feasible, giving base for submission of the assays for 
accreditation. Slovene accreditation body accredited both 6- and 7-plex assays, and both 
were placed on the list of ISO 17025 accredited methods at the National Institute of 
Biology. These two studies thus demonstrated that ddPCR is a good approach for time 
and cost reduction in the GMO field. 

 
 

3.2 Determination of Droplet Volume in ddPCR 

In the first two studies, we demonstrated that multi-target ddPCR approaches are a good 
candidate for further method development in the GMO field. We characterised the assays 
in terms of MPPs. However, if on one side we have the accuracy that is a derivative of the 
assay at hand, we have on the other hand limitations set by the platform.  

In ddPCR the critical factor of accuracy is the droplet volume. The most used ddPCR 
platform today is BioRad’s QX100 or QX200 platform. The analysis software has a 
predetermined droplet volume of 0.85 nL (from version 1.6.6 on [88]). This volume is used 
to calculate the copy number that the software gives. The correctness of the volume 
assigned by the company has been challenged before [88]–[90]. Based on previous studies 
conducted in our laboratory, where different dPCR platforms were tested, QX100/200 gave 
consistently a lower copy number [91], [92]. Since this bias is likely to come from incorrect 
droplet volume used in the copy number calculations, we have measured the droplets 
produced by two BioRad’s ddPCR droplet generation platforms, in order to calculate the 
droplet volume.  

Different mastermixes have been shown to have an effect on droplet volume [89], 
therefore we have decided to test two mastermixes that are used in two different PCR 
chemistries; probe-based or TaqMan chemistry and intercalating dye chemistry. As 
QX100/200 platform uses a proprietary mastermix, we tested BioRad’s supermix for probes 
(No dUTP) and EvaGreen supermix. As we have both droplet generator systems, QX100™ 
Droplet Digital™ PCR systems (hereafter indicated as a DG8 manual droplet generator) 
and QX200™ AutoDG™ Droplet Digital™ PCR system (hereafter indicated as DG32 
automated droplet generator) in our laboratory we measured droplets produced by both 

http://gmo-crl.jrc.ec.europa.eu/gmomethods/
http://gmo-crl.jrc.ec.europa.eu/gmomethods/
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systems and additionally another DG8 manual droplet generator was tested at the Italian 
National Metrology Institute - Instituto Nazionale di Ricerca Metrologica (INRiM; Turin, 
Italy).  

There was a statistically significant difference between the volume assessed for the two 
mastermixes, and the two droplet generation systems, and what is even more crucial there 
has been a statistically significant difference between the droplet volume assigned by the 
manufacturer and the droplet volume measured in this study. For intercalating dye 
chemistry (EvaGreen supermix) we showed that the droplet volume is 8.5% lower than the 
assigned value and for probe-based chemistry the droplet volume is 15.9% lower. When we 
used the DG32 automated droplet generator and probe-based chemistry this difference was 
slightly lower than with the DG8 manual droplet generator but at 13.1% still very high. 
Our findings tell us that when relying on the droplet volume assigned by the manufacturer 
we underestimate the copy number in all systems be it probe-based or intercalating dye 
chemistry, manual or automated droplet generation.  

Partition volume variability also has an effect on the accuracy of the copy number 
determination [93]. If droplets are of different sizes then the distribution of the targets is 
uneven, bigger droplets can contain more targets than smaller ones, and since we count 
positive partitions, we get an underestimation of the copy number. We have shown that 
the relative standard deviation of the volume of the measured droplets is around 3% for 
all measurements. Confirming that the source of the underestimation of the copy number 
is the droplet volume.  

Additionally the inter-laboratory comparison showed there is no significant difference 
between the droplet volume of the two DG8 manual droplet generators and that there is 
no significant difference in the two approaches of droplet measurement. There is also no 
significant inter- and intra- cartridge variability.  

Since in GMO testing we use relative quantification in terms of a part of the whole 
species e.g. soybean in the sample, the droplet volume does not have a direct effect on the 
GMO%. However, droplet volume has an effect on the limit of quantification (LOQ) and 
limit of detection (LOD) of the method. Since MPPs set the threshold of LOQ to < 50 
copies per reaction and LOD to < 25 copies per reaction, assays that show LOQ and LOD 
close to the threshold values may exceed it when considering the corrected volume. When 
applying the droplet volume correction to the calculations of the LOQ and LOD for the 
multi-target assays designed and characterised in our first two papers we see that although 
both limits are now higher, they are still below the 50 and 25 copies per reaction threshold.  

 
 

3.3 ALF as a Strategy for UGMO Identification 

The continuation of our studies shifted focus from quantification of authorised GMOs to 
identification of UGMOs. In our fourth paper we have developed a UGMO identification 
pipeline, and demonstrated for the first time that GW coupled to NGS, can be used to 
identify a UGMO in a complex sample.  

Looking at the drawbacks of the already designed GW approaches for UGMO 
identification, a new approach called ALF: amplification of linearly enriched fragments was 
devised. ALF incorporates the reduction of gDNA by biotinylation and the principle of 
tailing and semi-universal PCR found in the RACE/LT-RADE approach. As the 
enrichment in ALF is targeted, this approach also reduces the possibility of false positive 
UGMO identification.  
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In this study we have coupled ALF with NGS, more specifically with PacBio RSII single 
molecule real-time or SMRT sequencing. As SMRT sequencing is one of the two sequencing 
options that produces long reads; the other being nanopore sequencing by Oxford 
NanoPore. The drawback of both of these sequencing approaches is the error rate that is 
much higher than is the error rate of the most used NGS platform, Illumina. Thus the 
circular consensus sequence (CCS) option of PacBio was chosen to ensure a high accuracy 
of the reads. The compromise with this kind of sequencing is the reduction of the number 
of reads. Still, NGS produces an enormous amount of data that cannot be analysed 
manually. Thus a bioinformatics pipeline needed to be designed. The data analysis pipeline 
needs to be as automated and as user friendly as possible, as the final user of this kind of 
an approach would be a GMO testing laboratory. As the personnel of such a laboratory is 
usually not very familiar with the command line environment, the data analysis pipeline 
was constructed in the web-based analysis platform Galaxy [94]. 

The analysis pipeline was constructed in such a way that the end user would get to the 
desired information, the potential presence of UGMOs, as quick as possible, but without 
losing any additional potentially useful information. The idea behind the construction was 
step by step exclusion of the sequences with known information. First we excluded 
sequences that can be with certainty attributed to authorised GMOs, i.e. sequences that 
include the point of insertion. Then sequences that include only known information, 
followed by sequences with gaps of unknown information and finally sequences that contain 
only unknown information. However none of these sequences were discarded, rather they 
were placed into designated bins, enabling the end user to first go through the sequences 
in the bin containing partially known information as the probability that these sequences 
belong to a UGMO is the highest. This bin should, and we showed that it does, contain 
sequences with the element we enriched for followed by an unknown sequence – a potential 
UGMO. Since the initial steps of the pipeline filter for the presence of the primers we used 
for enrichment, and since these primers belong to one of the GM elements we enriched for, 
the last bin, the bin with only unknown information should be empty. However this was 
not the case. We found two sequences that are potentially linked to the sample and one 
that is an artefact of the library preparation, a contamination. These sequences need to be 
checked. When and if these sequences are found not to be a part of a UGMO, they can be 
added to the database so that with the next sample they would be recognised.  

The sample was prepared as a non-even mixture of four GM lines, enabling the 
assessment of the sensitivity of the method. Three GM lines were added at 1% and one at 
97%. We showed that finding back a GM line present in a high percentage is not 
problematic, as the majority of the sequences belonged to MON810, which was present in 
97%. However out of three lines with 1% we could only find the evidence of two. This 
shows that the sensitivity of the method is close to 1%. Here we must point out that 
sequencing gave us only 411 CCS reads, and that the sensitivity could be higher, with 
higher sequencing yield. To truly characterise the method in terms of sensitivity, more 
mixtures with GM lines in different ratios should be tested.  

Not only did we prove that we can identify a UGMO with ALF, we have also 
determined two partial sequences belonging to the GM cotton line MON15985 we used as 
a UGMO mimetic. These two sequences cover a previously unknown part of the insert. 
And additionally we have been able to combine a new reference sequence for MON810 from 
previously known sequences JQ406879 and AY326434. A day to day use of such an 
approach would give us new information, e.g. a new step and a new database could be 
added to the pipeline once the point of insertion would be known for UGMOs and a new 
bin containing confirmed UGMOs would appear, or a new qPCR or dPCR method could 
be developed based on the new sequence information. While the databases would become 
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more and more comprehensive, so would the information of GMO content in a food or feed 
sample. 
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4 Conclusions 

The present thesis offers the insight into the development and study of novel multi-target 
techniques for identification and quantification of GMOs, authorised and unauthorised. 
Acknowledging the need for new approaches in GMO quantification, multi-target ddPCR 
assays have been designed and characterised and even inter-laboratory assessed in our first 
two papers. The approach of GMO quantification per ingredient has been shown for the 
first time. This approach was by no means designed to discredit qPCR, which still remains 
the golden standard in GMO testing, however it does demonstrate that ddPCR gives 
specific, precise and accurate results, and is more time- and cost-effective. 

The critical factor determining the accuracy of droplet digital PCR as a method is 
droplet volume. Our third study showed the importance of correct droplet volume 
determination and highlighted the factors that can influence the volume, which include 
mastermixes and droplet generators. An inter-laboratory study confirmed that the droplet 
volume is smaller than the one stated by the manufacturer, leading to the underestimation 
of the DNA copy number in the reaction. We have also shown that our method for droplet 
volume determination is metrologically sound and traceable to the SI, as it was compared 
to a reference method, a calibrated optical profilometer.  

A genome walking approach, ALF, coupled to NGS was designed and used to enrich 
for sequences containing at least one of the two most common GM elements, 35S promotor 
and NOS terminator, in order to identify a UGMO in a complex sample. By designing a 
(semi)automated bioinformatics data analysis pipeline a proof of principle for finding a 
UGMO was shown, making ALF a potential new UGMO identification strategy. New 
insights into the sequence of the GM lines used in this study will also contribute to the 
GMO testing, either by giving options for designing new qPCR assays targeting these 
sequences or by adding these sequences into the databases behind the bioinformatics 
pipeline, making the analysis more comprehensive and the differentiation between 
authorised GMOs and UGMOs easier. 

The developed approaches can be either directly applicable in the GMO testing field, 
in the case of ddPCR multiplex assays, or present a proof of principle that could become 
a standard testing approach in the case of ALF. Additionally, these approaches may be 
introduced in fields such as medicine or other fields where several targets can be quantified 
as a group or where only partial DNA sequence is known.  
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Additional data is presented in the supplementary table S-15. This table consists of a 
MIQE checklist and is omitted here, since it represents an extensive additional text, not 
needed for the understanding of the study. 
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