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Molecular characterization lays a foundation for safety assessment and subsequent monitoring of genetically
modified (GM) crops. Due to the target-specific nature, conventional polymerase chain reaction (PCR)-based
methods cannot comprehensively detect unintended gene insertions, let alone unknown GM events. As more
and more new developed GM crops including new plant breeding technology (NPBT) generated crops are in
the pipeline for commercialization, alternative -omics approaches, particularly next generation sequencing,
have been developed formolecular characterization of authorized or unauthorizedGM (UGM) crops. This review
summarizes first thosemethods, addresses their challenges, and discusses possible strategies formolecular char-
acterization of engineered crops generated byNPBT, highlighting needs for a global information-sharing database
and cost-effective, accurate and comprehensive molecular characterization approaches.
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1. Introduction

Molecular characterization of genetically modified (GM) crops pro-
vides structural and expressional information of the insert(s) and stabil-
ity information of the intended trait(s) (EFSA, 2011a, EFSA, 2012a).
Molecular characteristics of GM crops generally include genomic fea-
tures (such as insertion site, flanking sequence and copy number),
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transcriptomic features, proteomic features, and metabolomic features
(Fig. 1), and information of these features is fundamental for the re-
search & development, safety assessment, detection, and monitoring
of GM crops. Based on molecular characteristics, both intended and un-
intended effects of transgene(s) can be readily identified (EFSA, 2012a,
Schnell et al., 2015), facilitating significantly subsequent efforts for risk
assessment of potential effects of GM crops and their derived products
on food/feed quality and safety (Schnell et al., 2015).

The principle of substantial equivalent is one of the key principles of
risk assessment for GM crops. To see if a GM crop is substantially equiv-
alent to its non-GM recipient, various omics-based systems biology ap-
proaches are applied to compare their molecular characteristics
(Heinemann et al., 2011). Most of current molecular characterization
methods for GM crops are based on PCR based approaches (Fraiture et
al., 2015b; Arulandhu et al.; 2016). Although transcriptomic (Coll et
al., 2010; Li et al., 2016), proteomic (Gong andWang, 2013), and meta-
bolomics (Clarke et al., 2013; Simo et al., 2014) characterization have
been applied to some GM crops, comprehensive system biology analy-
ses at all levels (DNA, RNA, protein and metabolite) on a GM crop
event are still very rare (Ricroch et al., 2011). Since more and more
GM crops as well as novel engineered crops derived from new plant
breeding technology (NPBT) are in the pipeline to be commercialized
and released to environment and/or market in the near future (James,
2016; Parisi et al., 2016), it creates great challenges for molecular char-
acterization. To provide detailed molecular characteristics of both au-
thorized and unauthorized GM (UGM) crops to regulators, retailers,
and consumers, development of accurate, comprehensive, and cost-ef-
fective molecular characterization methods are urgently needed. In
the followingwe first address the technical aspects ofmolecular charac-
terization of GM crops, focusing mainly on DNA based technologies;
then we will highlight the main challenges and also discuss potential
coping strategies.

2. Current methods for molecular characterization of GM crops

2.1. PCR-basedmethods for characterization of insertion sites and unknown
flanking regions

Identifying the event-specific insertion sites upstream or down-
stream of an exogenous insertion in a GM crop provides direct evidence
of the unknown flanking regions and conclusive evidence of the identity
of the given GM crop. For this purpose, many PCR-based genome walk-
ing methods, such as thermal asymmetric interlaced PCR (TAIL-PCR)
(Liu and Whittier, 1995), ligation mediated PCR (LM-PCR) (Mueller
and Wold, 1991), and inverse PCR (IPCR) (Ochman et al., 1988), have
been originally adopted. Later on,more andmoremodified or improved
Fig. 1.Molecular characterization of genetically modified crops at
PCR-based methods, high throughput or high efficiency Tail PCR (Liu
and Chen, 2007; Singer and Burke, 2003), and adaptor mediated PCR
(Huang et al., 2007)were developed for routinemolecular characteriza-
tion with high throughput and/or high efficiency. These PCR-based
methods all rely on known sequence information of the exogenous in-
sertion, and no single method can be applied universally. Each method
possesses its own characteristics (Table 1), and combinations of differ-
ent methods are often adopted to increase efficiency (Yang et al.,
2007). Because PCR-based methods cannot detect undocumented mo-
lecular characteristics of GM crops, in many cases, T-DNA insertion in-
formation is often underestimated (Yang et al., 2013a). Taking the
commercialized soybean event GTS40-3-2 as an example, initially
PCR-based methods identified only one inserted copy of the expression
cassette of EPSPS gene (5-enolpyruvylshikimate 3-phosphate synthase)
in the host's genome (Padgette et al., 1995). However, further studies
revealed two additional unintended partial insertions of CP4 EPSPS
(72- and 250-base pair, respectively) (Product Safety Center, 2000)
and unintended DNA rearrangements at the 3′-NOS junction, causing
the molecular characterization of GTS40-3-2 to be amended several
times (Windels et al., 2001). Other examples involveGM insect resistant
rice TT51-1 and T1c-19 that were developed in China. Initial PCR-based
gene walking approaches identified one full insertion cassette each on
the Chromosome 10 of TT51-1 (Cao et al., 2011) and the chromosome
11 of T1C-19 (Tang et al., 2006), respectively. Further whole genome
next generation sequencing (NGS) approach revealed an additional
full insertion cassette each on the chromosome 4 of TT51-1 and on the
chromosome 4 of T1c-19, respectively (Yang et al., 2013a). Therefore,
more attention should be paid to efforts making PCR-based methods
also effective in characterizing unknown GM crops fully taking the ad-
vantage of bioinformatics tools and other related approaches.

2.2. Next generation sequencing based methods for comprehensive charac-
terization of insertion sites and unknown flanking regions

As evidenced in several recent reviews, the combinations of
abovementioned PCR based approacheswithNGS appear to bemore ac-
curate and more comprehensive for molecular characterization of GM
(or UGM) crops (Bodi et al., 2013; Mertes et al., 2011; Arulandhu et
al., 2016). The process involves an initial enrichment of unknown adja-
cent sequences of knownGMelements beforeNGS, using target-specific
primers (not semi-random or random primers). Therefore, not all PCR-
based methods can be effectively coupled with NGS to characterize GM
and particularly UGM crops universally (Arulandhu et al., 2016). So far,
none of the available enrichmentmethods can enrich long enough DNA
fragments down- or up-stream of a known insert in a very sensitive
manner, and none of them has been demonstrated to be effective in
genomic, transcriptomic, proteomic, and metabolomic levels.



Table 1
Different PCR based genome walking methods used for molecular characterization of GM crops.

Methods [ref.] Principle or procedure Applicability Application DNA
treatment

Advantages Disadvantages

Tail-PCR [Liu
and Whittier,
1995]

TAIL-PCR uses nested long specific
primers from known sequence with
a high melting temperature
combined with short arbitrary
primers with a low melting
temperature in three consecutive
reactions under interspersing
stringency PCR cycles

Most widely
used but
hardly work
when
endogenous
promoter is
used.

Rapeseed: RF1, RF2, MS1, T45,
Topas 19/2, GT73 (Wu et al., 2014),
Oxy-235 (Yang et al., 2008); maize:
MON863 (Yang et al., 2005b),
BVLA430101 (Rao et al., 2016b);
rice: KeFeng-6 (Wang, 2011);
wheat: B73–6-1 (Xu et al., 2013);
cotton: BG2–7 (Zhang et al., 2016)

No Quite efficient Insufficient sensitivity and
specificity; a low rate of
positivity; cloned sequence
size b1.0 kb; time
consuming (4 days) and
complex operation

LM-PCR
[Mueller and
Wold, 1991]

LM-PCR first digests DNA with
blunt end restriction enzymes, and
adds a linker cassette of known
DNA sequence to the end of the
unknown DNA fragment, finally
amplifies selective DNA fragment
using one primer binding to the
link and another primer binding to
the known portion of the DNA
sequence

When only
one
exogenous
end is known.

Maize: MON810 (Holck et al.,
2002), MON863 (Zhu et al., 2008).

DNA
digestion
DNA
ligation

Versatility for
genomic typing and
do not require prior
knowledge of the
sequence, long
amplification
product

Relatively expensive and
time-consuming

SiteFinding-PCR
[Tan et al.,
2005]

SiteFinding-PCR starts with
SiteFinder primer at a low
temperature, followed by
exponential amplification of target
molecules with gene-specific and
SiteFinder primers, and screening
with another gene-specific and a
vector primer

Especially for
long flanking
region
amplification.

Rice: KMD1 (Babekova, 2009),
MIR162 (Liang et al., 2014)

PCR
product
cloning
and vector
screening
and
sequencing

Simple, specific,
sensitive, reliable,
inexpensive, long
specific product

Long procedure, time
consuming

I-PCR [Ochman
et al., 1988]

Inverse PCR (I-PCR) digests the
DNA by restriction enzymes and
cyclizes the resulting sticky end
products to form a ring, and amplify
this ring DNA using two primers
that complementary to the known
portion of the sequence and only
differ in orientation

When only
one
exogenous
end is known

Maize: LY038 (Zhang et al., 2011),
Bt11 (Zimmermann et al., 2000);
soybean: DP-356043-5 (356043)
(Xu et al., 2011)

DNA
digestion
DNA
ligation

Relative fast, reliable,
amplified fragment
can be as long as 4 kb

Complexed procedure,
depends largely on chosen
enzymes
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dealing with complex processed food and feed samples. In addition, for
reliable sequencing results, a high and even coverage of enriched se-
quences is required, which actually is quite difficult for some regions
in the genome, particularly those rich in GC contents (Bodi et al.,
2013). To solve these issues, whole genome sequencing approach was
later introduced (Wahler et al., 2013; Yang et al., 2013a; Guttikonda et
al., 2016; Guo et al., 2016; Holst-Jensen et al., 2016). The first reported
approach using NGS to characterize and detect UGM crops is TranSeq
(Yang et al., 2013a). TranSeq successfully characterizes two insect resis-
tant GM rice events (TT51-1 and T1c-19) comprehensively combining
paired-end re-sequencing and three bioinformatics modules. When
using module 3, its identification of insertions and flanking regions
does not depend on prior knowledge of the insert and vector sequences,
demonstrating its high potential for the identification of UGM crops. Be-
side, TranSeq can be applied for the determination of insertion copies
(Yang et al., 2013a). Another pilot study for rapid molecular characteri-
zation of GM crops based on NGS whole genome sequencing method
was done in the same year using an EU un-authorized GM rice event
LLRice62 (Wahler et al., 2013). Both studies prove that NGS-based ap-
proach could figure out single, multiple or complex insertions present
in a DNA sample in one experiment with or without the prior informa-
tion of insertion. In contrast, other whole genome sequencing ap-
proaches including genome shot gun sequencing rely on prior
knowledge on the sequence information of insertions and host refer-
ence genome (Guttikonda et al., 2016, Guo et al., 2016; Holst-Jensen et
al., 2016). Notably, the successful application of NGS formolecular char-
acterization of GM crops depends largely on establishing successful bio-
informatics pipelines and fit-for-purpose libraries, particularly in the
case of UGM detection.

Other key issues for the feasibility of NGS in molecular characteriza-
tion of GM crops include efficient cost, simplified data analysis pipeline,
and high applicability to complex samples with GM or UGM crop ingre-
dients at varying low concentrations. There has been no report regard-
ing the detection limit of NGS for molecular characterization of GM
crops so far, let alone any report about the standardization of NGS
methods in the process. Although tremendous progresses have been
made in the development of NGS technologies, different NGS platforms
have different sequencing mechanisms and outputs (read lengths and
read numbers) (Holst-Jensen et al., 2016), understanding of each NGS
platform's advantages and shortcomings before applying it in the mo-
lecular characterization of GM crops is very important. Before NGS can
fully come into the play, PCR-based methods will still be the dominant
approaches for molecular characterization of GM crops.

2.3. DNA based methods for the determination of insertion copy number

Southern blot is traditionally used to identify the copy number of a
gene or insertion in plant genome. It is also routinely used in molecular
characterization of GM crops, and a successful Southern blot analysis in-
volves proper designing of probe and careful selection of restriction di-
gestion enzymes; both depend on prior sequence information of the
gene or insertion. Southern blot is time consuming and laborious, and
the result may not accurately reflect the presence of rearranged GM
copies that lack the selected restriction enzyme sites (Pérez Urquiza
and Acatzi Silva 2014; Yang et al., 2005a).

Real time quantitative PCR (qPCR) assay can accurately quantify the
level of a GM crop by comparing with an endogenous reference gene,
which provides a simplified, accurate alternative to Southern blot in de-
termining gene copy number (Ingham et al., 2001; Yang et al., 2005a).
Because of its simplicity, accuracy, robustness, and low cost, qPCR
should be established as a standard assay for high-throughput GM
crop number determination. Unfortunately, no validation has been



reported for its routine application in copy number determination al-
though it's been widely tested in many GM events during the past de-
cade. Comparing to its widely application in GM crop identification
and quantification, it is still a long way before qPCR can be routinely
used in GM copy number determination (Ingham et al., 2001; Yang et
al., 2005a). Notably, qPCR is often targeted to only a small region in
the gene sequence and sometimes fails to detect the presence of trun-
cated or mutated copies of a GM insertion (Ingham et al., 2001). Cur-
rently, Southern blot and qPCR approaches are often used to
complement or validate each other's results in GM crops' molecular
characterization.

Digital PCR (dPCR) technology, an end-point DNA measurement,
shows great potential as an alternative to qPCR to determine insert
copy number in GM crops. It overcomes the dependency of qPCR on a
DNA calibrant and identifies the absolute gene copy number in a sam-
ple. Comparing with qPCR, dPCR has enhanced productivity and in-
creased reliability in copy number determination (Pérez Urquiza and
Acatzi Silva 2014). Similarly to the case for qPCR, no dPCR platform
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2008). Depending on what techniques have been utilized, the regulato-
ry requirements for stacked GM crops differ significantly. For F1 gener-
ation or subsequent offspring from hybridization, molecular
characterization focus on the integrity of the transgene site and poten-
tial interactions among stacked events, and they are treated the same
as their parent events. For stacked crops produced through multiple
transformation, re-transformation, multigene introduction, or co-trans-
formation, multiple gene insertion sites may occur in the genome and
they are treated as primary transformants for risk assessment purposes
(EFSA, 2007). For stacked GM crops, PCR-based methods for single trait
GM crops are not able to comprehensively reveal the complete molecu-
lar characteristics. Since generation of stacked GM crops are becoming
an important trend in future GM crop development (James, 2016),
there are currently increased needs for new molecular characterization
approaches to perform unequivocal identification of stacked events in
non-GM or GM seed lots. The complexity of stacked genes/traits has
made it more challenging to develop suitable molecular characteriza-
tion methods for stacked GM crops. It is urgently necessary to explore
methods to characterize stacked GM crops without knowing the nature
of stacked genes/traits.

3.2. UGM crops

UGM crops include GM crops that are approved but misused, ap-
proved in one jurisdiction but not in another (asynchronous authoriza-
tions), unapproved but released (intermingling), or unapproved but
escaped from field trials (particularly in the stage of seed production).
There have been increased reports of UGM incidents that tremendously
affected both international trade and local economies (Holst-Jensen et
al., 2012). The presence of UGM crops in the market highlights the
need for international collaborations on synchronous authorization of
a given GM crop, the need for development of communication channels
to share information on GM crops under field trials, and the need for de-
velopment of high throughout and cost effective screening methods to
characterize and detect UGM crops. Considerable effort has been put
into the development of suitable molecular characterization and detec-
tionmethods for UGM crops, which have been reviewed in this and sev-
eral other literatures (Fraiture et al., 2015a; Arulandhu et al., 2016;
Holst-Jensen et al., 2016). When should we switch from the traceability
strategy for authorized GM crops that relies heavily on claimedmolecu-
lar features and target-specific characterization methods to a compre-
hensive screening strategy that depends largely on more general and
broader characterization matrix assisted methods? Such a strategic
shiftwill necessitate integratedwell-developedbasicmethodswith bio-
informatics instead of developing and validating new characterization
methods, and will focus more on synchronous authorization and devel-
opment of data sharing databases which will not be easily
accomplished.

3.3. GM crops generated by new technologies

Currently, many new plant breeding techniques (NPBT) including
cisgenesis, intragenesis, near intragenesis, and genome editing have
been applied as potential alternatives to transgenesis to generate
engineered crops with various new traits. The applications of these
new techniques have raised considerable concern and debate on their
regulation (Lusser and Davies 2013; Broeders et al., 2012). In
transgenesis the transferred T-DNA cassette including the coding se-
quence and regulatory elements is from other cross-incompatible spe-
cies; in cisgenesis the T-DNA cassette is from crossable relative species
or native species; in intragenesis the T-DNA cassette is in vitro
rearranged with genetic elements from both host and cross-compatible
donors; and in near intragenesis the T-DNA cassette consists mainly of
host derived genetic elements with minimal recombinant elements
(Holme et al., 2013; Singh et al., 2015).
Intragenesis and cisgenesis use the samegenepools available for tra-
ditional breeding, and no foreign genetic elements including selection
markers and vector sequences are present in the end products (Fig.
2A–C). However, because of random integration, potentially
interrupting and silencing the resident genes or other host sequences
occur in intragenesis and cisgenesis. Additionally, it has been reported
that microbial regulatory sequences and/or selectable marker genes
are still found in some cisgenesis and intragenesis products (Holme et
al., 2013, Jo et al., 2014). Therefore, both are currently regulated as
transgenesis in EU (EFSA, 2012b).

Since it is supposed to be no exogenous inserted elements in cisgenic
and intragenic crops, molecular characterization methods for
transgenes cannot be used alone to characterize the genetic modifica-
tion. At the genomic level, characteristics of the inserted elements
(such as the orientation) and insertion sites could still be useful for
DNA based characterization, the characteristics of typical event specific
motifs that are associated with Agrobacterium mediated insertion sites
are also helpful (Holst-Jensen et al., 2012). At transcriptomic, proteomic
andmetabolomic levels, if an engineered gene is involved in a particular
pathway, the expression pattern of the targeted gene, its encoded pro-
tein, and final metabolic product in the pathway, can be characterized
with various -omics technologies. The interpretation of these -omics
data could still be difficult because concomitant changes of correspond-
ing RNAs, proteins andmetabolites do not always happen. The situation
will get worse in the casewhere an engineered gene is not involved in a
particular pathway. Therefore, combination of NGS with bioinformatics
analysis may be the best solution to characterize cisgenic and intragenic
crops as they have been demonstrated in the characterization of UGM
crops (Yang et al., 2013a). In near intragenic crops, the minimal vector
backbone characteristics could be important for PCR based characteriza-
tion as well as for the initial sequence enrichment in NGS approach.
Nevertheless, in the case of cisgenic and intragenic crops,we still lack ef-
fective DNA or NGS based methods to characterize them.

Genome editing is a highly specific and efficient tool with a great po-
tential to generate new improved crops. It is based on site-directedmu-
tagenesis mediated by engineered nucleases. The most commonly used
engineered nucleases include meganuclease, zinc finger nucleases
(ZFN), transcription activator-like effector nuclease (TALEN), and clus-
tered regular interspaced short palindromic repeats/CRISPR-associated
nuclease (CRISPR/Cas) (Araki et al., 2014, Cardi & Varshney, 2016,
Jones, 2015). In principle, an engineered nuclease initially creates a dou-
ble strand break (DSB) in the target sequence, and the DSB can be
repaired inaccurately in vitro through two mechanisms: an error
prone process named non-homologous end joining (NHEJ) that often
generates indels (insertions or deletions), and a homologous recombi-
nation process that results in replacement/insertion or deletion de-
pends on the presence or absence of a donor DNA, respectively
(Pauwels et al., 2014) (Fig. 2D). While an engineered nuclease gene is
stably integrated into the host genome initially, it will be lost eventually
in the next generation because of random assortment and chromosome
segregation (the intended edit remains) (Jones, 2015). Therefore, crops
generated by genome editing are virtually indistinguishable from those
generated by conventional mutagenesis or natural mutation. Genome
editing occurred within a few nucleotides is difficult to be distinguished
from natural mutation. Compared with the random insertion of foreign
genetic materials in transgenesis, targeted NPBT minimizes the proba-
bility of position effects and unintended gene disruption. Therefore,
there are debates aboutwhether or not such crops should be considered
as transgenic crops or if less stringent safety assessment requirements
could be applied to them. When genome editing is applied to insert
DNA fragments or whole genes via homologous recombination into
the host genome at pre-determined locations, off-target mutagenesis
and induced monoallelic modification could still occur (Araki et al.,
2014; Jones, 2015; Pauwels et al., 2014; Wolt et al., 2016). Therefore,
risks induced by NPBT cannot be completely ruled out, and crops gener-
ated by genome editing still need screening and characterization,



focusing on both the confirmation of intended effects and the discovery
of potential off-target modifications (Araki et al., 2014). Due to the eco-
nomic, social, and academic importance of the application of NPBT in
crop breeding, worldwide consensus and actions on regulatory issues
on NPBT-generated crops are urgently needed. While EU treats gene-
edited crops as transgenic, at least two gene-edited crops have been
deregulated in US (EFSA, 2012b, Jones, 2015, EFSA, 2012c).

Genome editing produces crops with indels in a targeted gene, in-
volving changes of deletion or insertion of a few nucleotide bases
only, and making it difficult to distinguish them from natural variation.
Currently, we do not know the exact frequency of genome editing to
produce insertion or replacement in the targeted gene via homologous
recombination. Therefore, in the case of characterizing crops with un-
known genome editing, we are not sure if single nucleotide polymor-
phism information could be helpful. Notably, genome editing acts on
thewhole gene sequence, including promoter sequence. If off-target ge-
nomeediting occurs, it would affect the host both genetically and epige-
netically, which merits further investigation.

4. Concluding remarks

Current regulations on crops safety put great emphasis on the regu-
lation of transgenic crops because of concerns such as co-introduction of
selectable markers (particularly antibiotic resistance genes) andmicro-
organism originated DNA sequences, or unintended effects caused by
random insertion. NPBT offers new opportunities to transfer genetic
materials from closely related species or native genetic pools into a
host by precise site-directed mutagenesis, and thus eliminate the intro-
duction of foreign genetic elements. Because of this, NPBT may acceler-
ate crop breeding processes since it relieves to some extent the worries
from general public and regulators about undesirable effects caused by
random gene insertions and disruptions associated with conventional
transgenic crops. Despite of the apparent advantages of NPBT over con-
ventional transgenesis, we still cannot rule out the likelihood of random
occurrences of unintended effects associated with NBPT, and sufficient
risk assessment of crops generated by NBPT is still necessary at the cur-
rent stage.

Molecular characterizations of GM crops should include different
analyses on DNA, RNA, protein and metabolite levels. Previously, most
efforts have been put into the development of DNA based methods,
among which PCR based methods have played indispensable roles.
Nowadays, evenwhenNGS based technologies have showngreat prom-
ises to be a potential alternative, the conventional PCR based DNA anal-
ysis are still theworkhorse for routinemolecular characterization of GM
crops. NGS can offer accurate and comprehensive view of the structural
information of GM crops, particularly in the cases of UGM and stacked
GM crops (Yang et al., 2013a, Arulandhu et al., 2016). However, NGS as-
sociated higher cost and technical difficulties make it unlikely that NGS
would be applicable in large scale to replace PCR based methods any-
time soon. Currently it is not certain if NGS can be applied tomixed sam-
pleswith stacked traits of varying concentrations andwhat is its limit of
detection (LOD), let alone its quantitative use. Future molecular charac-
terizations of GM crops must combine genomic analysis with other
analyses targeting RNAs, proteins, and metabolites. Additional efforts
should be directed into establishment of information-sharing databases
containingmolecular characterization data for GM crops that have been
approved, under review, or in field trials. Efforts should also be spent to
develop suitable characterization and detection methods for UGM
crops, stacked GM crops and NPBT generated crops.
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