Equivalence of grain and forage composition in corn hybrid
(Zea mays L.) from genetically modified off-patent
(event TC1507) and non-genetically modified conventional corn

Equivalencia de la composicion del grano y del forraje en el hibrido de maiz
(Zea mays L.) modificado genéticamente off-patent (evento TC1507)
y en el maiz convencional no modificado genéticamente
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Off-patent corn (event TC1507) contains genes coding for
CRYIF and PAT proteins, which confer resistance to lepi-
dopteran insects and tolerance to the herbicide glufosinate-am-
monium. We employed the substantial equivalence approach to
investigate the compositional safety of the corn off-patent event
(TC1507). The levels of the nutritional contents of proximate
analytes in grain and forage tissues of off-patent genotypes
of transgenic maize plants and conventional corn genotypes
were compared. The levels of the analytes evaluated in the
transgenic plants were found to be within the ranges published
in the literature for non-transgenic corn and were statistically
indistinguishable from the conventional corn from which they
are derived (elite corn lines), indicating substantial equivalence
between the off-patent (event TC1507) and its conventional
counterpart. These results constitute key evidence of the safety
evaluation of the world’s first transgenic corn developed from
technologies that are in the public domain.

Key words: transgenic corn, genetically modified off-patent
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analysis.

El maiz off-patent (evento TC1507) contiene los genes que
codifican para las proteinas CRY1F y PAT que le confieren
resistencia a insectos lepiddpteros y tolerancia al herbicida
glufosinato de amonio. Empleamos el enfoque de equivalencia
sustancial para investigar la seguridad composicional del maiz
off-patent (evento TC1507). Se realizaron comparaciones de
los contenidos nutricionales de los analitos proximales en los
tejidos de grano y forraje de los genotipos off-patent de plantas
de maiz transgénicas y de los genotipos de maiz convencional.
Los niveles de los analitos evaluados en las plantas transgénicas
se encontraron dentro de los rangos publicados en la literatura
para el maiz no transgénico y fueron estadisticamente indistin-
guibles del maiz convencional del cual derivan (lineas elite de
maiz), lo que indicala equivalencia sustancial entre el off-patent
(evento TC1507) y suhomdlogo convencional. Estos resultados
constituyen una evidencia clave de la evaluacién de seguridad
del primer maiz transgénico en el mundo desarrollado con base
en tecnologias que estan en dominio publico.

Palabras clave: maiz transgénico, cultivos transgénicos off-
patent, equivalencia sustancial, inocuidad de los alimentos,
analisis composicional.

Introduction

The genetic modification of plants originated in the early
1980s when new genes of interest were introduced into a
plant (i.e., Nicotiana tabacum) using Agrobacterium tu-
mefaciens as a vector (Bevan et al., 1983; Herrera-Estrella
et al., 1983; Basso et al., 2020). Since the mid-1990s, the
first genetically modified (GM) crops from numerous
public and private laboratories have been commercially
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introduced. In 2019, the area cultivated with GM crops
was estimated to be 190.4 million ha in the world, suc-
cessfully adopted in 29 countries (ISAAA, 2019), with
more than 50% of the world’s population. The majority of
the cultivated area is represented by the most important
domesticated species including corn, soybeans, cotton, and
canola (Duke & Cerdeira, 2010; Brookes & Barfoot, 2020).
According to Brookes (2020), a total of 1.07 million ha have
been planted with cotton and corn containing transgenic
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traits in Colombia since 2003, and farmers benefited from
an increase in income of US $301.7 million.

The first patents granted to GM crops have started to ex-
pire as these patents are valid for 20 years. These crops are
considered off-patent events. These off-patent events com-
pare to generics in the pharmaceutical and agrochemical
industry. However, in contrast to the development of the
generic industry in the pharmaceutical and agrochemical
fields, the lack of harmonization of the current regulatory
frameworks of the countries on the sowing, commercial
release and use as human and animal food of off-patent
crops presents challenges (Riidelsheim et al., 2018).

A GM event has been defined as the insertion of DNA into
the plant genome resulting from a single transformation
process (Pilacinski et al., 2011; Basso et al., 2020). However,
individual GM events may contain one or more transgenes.
In other words, a GM event refers to the precise location
of an expression cassette in the host genome that encodes
a trait of interest (Bell et al., 2018). GM events that confer
tolerance to herbicides and/or resistance to insects are
the most widely applied engineered traits. These genetic
modifications have benefited adopting farmers through
higher yields, reduced input costs and less environmental
pollution (Carpenter, 2010; Cerdeira et al., 2011; Brookes
& Barfoot, 2018).

The timeline for the commercialization of an event is
relatively long (the first commercial launch took around
14 years) (Fraley, 2015) and a large investment is needed
to comply with all regulatory requirements (McDougall,
2011). In addition, Proprietary Regulatory Property (PRP)
holders must obtain regulatory approvals in the countries
where they intend to commercially release or export events
(Rudelsheim et al., 2018).

Substantial equivalence of a GM crop has been defined
as a new product that must be the same as the non-GM
crop except for the traits that were enhanced, added, or
removed through genetic engineering (OECD, 2002; Par-
rott et al., 2010; ISAA A, 2018). The concept of substantial
equivalence has been used to investigate the compositional
safety of transgenic crops (Codex Alimentarius Commis-
sion, 2009; Privalle et al., 2013). This approach recognizes
that, although no crop or food can be shown to be 100%
safe, GM crops can be compared to crops that have a his-
tory of safe use (Cheng et al., 2008; Harrigan, Glenn et al.,
2010). The most common approach has been to compare the
transgenic line with its isogenic version without the trans-
gene, using compositional analysis to identify potential
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differences in the levels of each of the nutritional compo-
nents. If no significant differences are found, or are within
the expected natural variation, or within ranges previously
reported in the literature for each component, the results of
this evaluation are presented as a fundamental part of the
requirements of the regulatory authorities (OECD, 2003;
Harrigan et al., 2010).

Fall armyworm (Spodoptera frugiperda) is one of the most
common pests of corn and it has been responsible for
large economic losses in Colombia (Gémez et al., 2013;
Jaramillo-Barrios et al., 2019). The introduction of insect
resistance genes in Colombian maize genotypes is a poten-
tial alternative for the control of this harmful pest. For this
purpose, the Corn Genetic Improvement Program of the
National Cereal and Legume Research Center (CENICEL)
of the National Federation of Cereal and Legume Growers
(FENALCE), with the support of the research group of Ge-
netic Engineering of Plants of the Universidad Nacional de
Colombia (IGP-UN), obtained an off-patent maize hybrid
from the TC1507 event. This hybrid was obtained through
the backcrossing method using elite Colombian corn lines
crossed with Herculex® I corn (GM corn event TC1507),
followed by complementary field tests and immunostrip
assays (Jiménez et al., 2016). In this way, elite maize lines of
the Colombian genotypes with the TC1507 event (crylf and
pat) were obtained. Subsequently, these elite lines with the
introgressed event were hybridized to obtain an off-patent
maize hybrid with the TC1507 event resulting from the best
hybrid combinations of the breeding program (Jiménez et
al., 2016). The purpose of the present study was to evaluate
the substantial equivalence of this hybrid. The levels of the
nutritional components of the proximal analytes in the
grain and forage tissues involving the off-patent genotypes
(event TC1507) of GM corn plants were compared with
the conventional corn genotypes from which they were
derived; this hybrid has the same genetic background as
off-patent hybrid TC1507 but does not contain the genetic
modification.

Materials and methods

Field trial samples

A field trial to obtain grain and forage samples for com-
positional analysis was carried out. The corn was grown
in the CENICEL Paraguaicito experiment station, in the
municipality of Buenavista (Quindio), located in the natu-
ral subregion of the Colombian coffee zone. This crop had
normal pest control and maintenance practices (irrigation,
fertilization, herbicide and pesticide applications, etc.),
consistent with maize production and applied uniformly
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to each entire trial area. The planting design consisted of
a random block design, with three replicates per block,
where six genotypes were distributed: two elite off-patent
lines, two conventional elite isolines, one off-patent hybrid
(conventional elite line X elite line off-patent), and a con-
ventional hybrid grown locally. From each of the genotypes,
three samples of two types of tissues were collected: 1) the
samples of the corn grain in its state of maturity (phase
R6) and 2) the leaf samples at the same stage. The lines
worked were Hybrid Transgenic line (HT), Transgenic
line I (T1) and Transgenic line II (T2) of off-patent maize
TC1507 event; the non-transgenic control samples lines
were Hybrid Conventional (HC), Conventional line I (C1)
and Conventional line II (C2).

Compositional analysis

The samples were kept on dry ice until they were transpor-
ted to the Nutrianalisis laboratory in Bogota (Colombia)
where each of the analytes was quantified. Humidity was
determined gravimetrically by placing the samples in a
hot-air drying oven at approximately 135°C for 2 h (AOAC
method 925.09). Total protein content was determined
as total nitrogen using digestion with H,SO, followed by
distillation and titration (Kjeldahl method - AOAC method
979.09). Fat from the corn kernel samples was determined
gravimetrically using a Soxhlet extraction with pentane as
solvent (AOAC method 922.06). The crude fat of the forage
samples was determined gravimetrically by means of an
acid hydrolysis procedure (AOAC method 945.02). Crude
fiber was estimated using a neutral detergent solution and a
thermostable amylase to dissolve easily digestible proteins,
lipids, sugars, starches, and pectins. A fibrous residue was
obtained which consisted mainly of cell wall components
including both nitrogen and indigestible nitrogenous
matter (NTC method 5122). Ashes were determined by
placing the samples in an electric oven at 550°C until they
were incinerated. The residual ash was quantified gravi-
metrically (AOAC method 923.03). Carbohydrate content
was estimated using the calculation previously described
by Herman et al. (2004) and Cong et al. (2015).

Statistical analysis

Statistical analysis of nutrient composition data was per-
formed using R software (R Core Team, 2021). To perform
the statistical analysis, four functions were written. The
first function, which was the basis for the other functions,
allowed the generation of a database for graphic analysis
and statistical tests of differences between groups. The
second function performed an exploratory data analysis
and obtained a box-and-whisker plot resulting from each
analyte per genotype. The third function established the

confidence intervals of each analyte according to the
Composition Database of the International Institute of
Life Sciences (Ridley et al., 2004; AFSI-CCDB, 2020). Fi-
nally, the fourth function performed the difference tests
between the genotypes according to each analyte analyzed.
The database includes data from the evaluation of conven-
tional crop samples using validated analytical methods,
providing a robust collection of high-quality non-gene
compositional data for various crops (Suit ef al., 2016). The
statistical tests performed included the Shapiro-Wilk test
for normality, the Levene test for homoscedasticity and
the Kruskal-Wallis test for differences between groups and
their respective Wilcoxson post hoc test (Bonferroni test).
Two separate statistical analyzes of the compositional data
were performed. The quantification of the analytes made
it possible to evaluate the data of the replicas of each of the
corn grain and forage analytes using the Kruskal-Wallis
test to identify statistically significant differences (a=0.05)
between the genotypes and their respective Wilcoxon post
hoc test. This evaluation allowed corrections on the level
of significance to avoid increasing the type 1 error and to
identify the significant differences between each of the
genotypes (a=0.05).

Results and discussion

Grain analytes

The results of the proximate analysis from the grain sam-
ples collected during the field trial did not show statistically
significant differences between the transgenic genotypes
[Hybrid Transgenic (HT), Transgenic line I (T1) and
Transgenic line II (T2)] of off-patent maize TC1507 event
and the non-transgenic control samples [Hybrid Conven-
tional (HC), Conventional line I (C1) and Conventional
line IT (C2)] (Fig. 1). For instance, the Kruskal-Wallis test
showed differences for grain components such as mois-
ture (P-value=0.0323), protein (P-value=0.0093), fat (P-
value=0.0237), and carbohydrates (P-value=0.0085) in at
least two of the genotypes in comparison. However, after
performing a post-hoc test, the Mann-Whitney test (Wil-
coxon rank sum test) did not show significant differences
between the genotypes for all analytes that initially seemed
to differ. The Wilcoxon rank sum test corrects the level of
significance to avoid increasing the type I error and shows
in which groups there are differences.

Figure 1 shows that, for each of the analytes correspond-
ing to each genotype, there are no differences with the
maximum and minimum ranges reported by the literature
(Ridley et al., 2004; AFSI-CCDB, 2020).
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FIGURE 1. Variability of percentage values for proximate analytes from corn grains. A) Moisture; B) Protein; C) Total fat; D) Crude fiber; E) Ash; and
F) Carbohydrates. [Hybrid Transgenic (HT), line Transgenic line | (T1) and line Transgenic line Il (T2)] of off-patent maize (TC1507 event) and the
non-transgenic control samples [Hybrid Conventional (HC), Conventional line I (C1) and Conventional line Il (C2)]. Values are expressed as medians
(x1QR, n=3) from three independent experiments. * indicated the P-value < 0.05 for Kruskal-Wallis test.

For each of the different analytes studied (Fig. 1A, D), the
variation for moisture and fiber is very similar for each
of the compared genotypes, although there are slight dif-
ferences for other analytes (Fig. 1B, C, E, F). For total fat,
the conventional hybrid tends to have higher levels than
the transgenic hybrid. The comparison of the lines shows
unexpected data: the transgenic line presents a variation
similar to that of the comparable non-transgenic line. For
protein, the transgenic hybrid presented the lowest values
together with the conventional hybrid, while the C1 had
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the highest values in contrast to its transgenic isoline and
the T2 and C2. For ash, only the C1 presented a great varia-
tion unlike the other genotypes analyzed that maintained a
similar variation. For carbohydrates, the transgenic hybrid
had higher levels, while the C1 showed lower values. The
remaining genotypes maintained similar variations. All
these apparent differences are within natural variations.
All the values for analytes examined were found within the
values reported in the literature (Watson, 1982; Lundry et
al., 2013; Cong et al., 2015; AFSI, 2020) (Tab. 1).
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TABLE 1. Medians, minimum and maximum values reported from the proximate grain analysis of off-patent maize hybrid TC1507 (transgenic),
off-patent maize lines TC1507 | and Il (transgenic), their respective conventional isolines | and I (non-transgenic) and a commercial maize hybrid
(non-transgenic) from the samples collected from the field trials in Colombia.

Hybrid Transgenic Transgenic Transgenic

Conventional Conventional Hybrid

Variable (TC1507) line | line I line | line Il Conventional Literature
(% dry weight) range*
(HT) (M) (T2) (C1) (C2) (HC)
3540355  256+015 3094018  276+012  340+0045 397 =015
Totalfat (3.41-384) (252-282)  (299-335)  (270-294)  (335-344)  (3.88-404) 5037188
ot 10342024 12072017 1210003 12840015 12062005 152021 o oo
(1005-1053)  (1199-1233)  (1207-1213)  (1283-1286)  (1206-1207)  (1105-1147)  >727 1"
Fiver 2.56 = 0185 2024013 248+ 0125  242+0165 225013 24120355 0
(2.25-2.62) (228-254)  (235-260)  (224-257)  (202-2.28)  (2.05-2.76) 495
105 + 007 1244005  138+0095  192+096  119=012  1.22=001
Ash (0.9 - 1.13) (123-133)  (124-143)  (134-326)  (117-141)  (121-123  0616-6282
Voisiue 113340105  1143+003 1144013 11870255 1192014 1168012 s
(1129-1150)  (140-1174)  (H25-1151)  (1158-1200)  (1179-1207)  (11.62-11.86)
Carboydres 8526043 8391026 8340026  8246+0835  8333x000 8365015 .. oo

(84.50 - 85.36) (83.68-84.20)  (83.15-83.67)

(81.21 - 82.88) (83.17 - 83.35) (83.44 - 83.69)

* Watson (1982), Lundry et al. (2013), Cong et al. (2015), Anderson et al. (2019), AFSI (2020).

Forage

The results of the proximate analysis for the forage samples
collected during the field trial did not show statistically
significant differences between the transgenic genotypes
(HT, line T1, and line T2) of off-patent maize event TC1507
and the non-transgenic control samples (HC, line C1, and
line C2). The Kruskal-Wallis test showed differences only
for the fat component (P-value=0.03), finding that at least
two of the genotypes in comparison exhibited differences.
However, after performing a post-hoc test, the Mann-Whit-
ney test (Wilcoxon rank sum test) showed no significant
differences between the genotypes (Tab. 2).

There were no cases in which the analyzed analytes showed
differences in their maximum and minimum ranges with
those reported in the literature (Fig. 2). For moisture,
protein, fiber, fat, ash, and carbohydrates, the observed
variations were very similar between each of the compared
genotypes, although at first glance there are slight differ-
ences. For moisture, only the HT presented lower values
than the other genotypes, which presented values slightly
above the maximum limit reported in the literature (Fig.
2A). For fat, the HT presented lower values and T1 higher
values compared to the other genotypes (Fig. 2C). For crude
fiber, only the hybrids showed slight differences, while the

TABLE 2. Medians, minimum and maximum values reported from forage proximate analysis of off-patent maize hybrid 1507 (transgenic), off-patent
maize lines 1507 | and Il (transgenic), their respective conventional isolines | and Il (non-transgenic) and a commercial maize hybrid (non-transge-

nic) from samples collected in field trials in Colombia.

. Hybrid transgenic Conventional Conventional Conventional Conventional Hybrid .
Variable (TC1507) transgenic line | transgenic line Il line | line Il Conventional Literature
(% dry weight) range
(HT) () (T2) (C1) (C2) (HC
1.28 + 0135 2.46 + 0.43 2.07 = 0.095 1.65 + 1.41 1.57 +0.19 1.81 = 0.225
Totalfat (111-1.38) (169 - 2.55) (190-209)  (149-197) (1.29-1567) (152-197)  104-6799
Protein 14.21 = 0.57 16.04 + 0.285 16.03 = 0.33 16.09 + 0.645 16.06 + 0.435 16.07 = 0.36 314-16.32
(13.88 - 15.02) (15.72 - 16.29) (15.42 - 16.08) (14.93-16.22) (15.23 - 16.10) (15.62 - 16.34) : ‘
Fiber 24.74 + 0.97 22.29 = 2.1 21.31 = 1.005 2012 +1.92 2237 09 19.54 + 1.985 125_42
(24.49 - 26.43) (19.79 - 24.01) (2113 -23.14) (19.52 - 23.36) (22.30 - 24.28) (18.15-22.12) :
Ash 12.06 = 0.41 10.85 = 0.305 10.87 = 1.295 10.50 = 2.045 11.28 + 1.375 12.32 + 0.47 0.66 132
(11.60 - 12.42) (10.78 - 11.39) (9.66 - 12.25) (9.99 - 14.08) (8.62 -11.37) (12.04 - 13.10) : ’
Moisture 73.81 = 4.93 7414 = 5725 71.79 = 0.295 72.66 = 1.405 72.33 £ 0.47 74.69 = 3.125 553 871
(68.93 - 78.79) (67.91 - 79.36) (71.29 - 71.88) (71.62 - 74.43) (72.31-73.25) (70.26 - 76.51) ’ ’
. 71.45 + 0.945 69.97 +1.25 69.98 + 0.895 69.31 + 3.545 71.75 = 1.67 67.54 = 0.685
Carbohydrates (1135-7324)  (68.38-70.88)  (69.43-71.22)  (66.34-7343)  (68.86-72.20)  (66.65-68.02) 000929
* Watson (1982), Lundry et al. (2013), Cong et al. (2015), Anderson et al. (2019), AFSI (2020).
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FIGURE 2. Variability of percentage values for proximate analytes from corn forage. The methods used for estimating the percentage values for each
genotype are described in the Material and methods section. A) Moisture; B) Protein; C) Total fat; D) Crude fiber; E) Ash; and F) Carbohydrates. [Hy-
brid Transgenic (HT), line Transgenic line | (T1) and line Transgenic line Il (T2)] of off-patent maize (TC1507) event and the non-transgenic control
samples [Hybrid Conventional (HC), Conventional line | (C1) and Conventional line Il (C2)]. Values are expressed as medians (= SD, n=IQR, n=3)
from three independent experiments. * indicated the P-value < 0.05 for Kruskal-Wallis -test.

conventional and the transgenic lines showed lower and
higher values, respectively (Fig. 2D). For moisture, dif-
ferences were not observed, although greater variations
were observed for both the HT and the T1. For ash, the
HC showed slightly higher values compared to the other
genotypes (Fig. 2A and E, respectively). For carbohydrates,
the conventional hybrid showed slightly lower values than
the other genotypes (Fig 2F). The conventional hybrid
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had a carbohydrate value lower than that reported in the
literature, while its other values (highlighting the median)
were found within the ranges reported. All these apparent
differences were found within natural variation. All the
values for the analytes examined were found within the
values reported in the literature (Watson, 1982; OECD,
2002; Lundry et al., 2013; Cong et al., 2015; Anderson et
al., 2019; AFSI, 2020) (Tab. 2).
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Analysis strategy of the substantial

equivalence of off-patent corn

The developers of different transgenic events, both simple
and stacked, have obtained authorizations in Colombia
for human and animal consumption using data porta-
bility, since the trials in most cases were not carried out
in Colombia but in northern agroecosystems (ICA, 2011,
2013; MPSP, 2012a, 2012b, 2012c¢, 2014; INVIMA, 2018).
These developers have performed substantial equivalency
assessments based on the compositional analysis of pro-
ximate analytes.

Based on the principle of equality, the strategy for off-patent
crops with transgenic events that have been previously
authorized in Colombia could be incorporated into con-
ventional breeding since it is in the public domain (its use
does not violate the rights of third parties). In addition, the
analysis of freedom of operation (Jiménez et al., 2016; Rojas
et al., 2017) makes it possible to carry out field trials with
a minimal design, where a limited number of proximate
analytes equal to the number examined by developers of
the specific event that allowed to support the substantial
equivalence of stacked events that contain the same event.

The case of stacked events (stacked traits or crop stacking)
originating from conventional plant breeding, where two
or more parents with a single transgenic event are crossed
to produce a progeny containing two or more transgenic
events that provide a useful grouping of traits would be the
closest issue to off-patent events. The discussion that has
arisen today could help resolve the regulatory gap and al-
low the authorization for human and animal consumption
of these derived crops, where substantial equivalence and
other safety assessments play a fundamental role (Kok et
al., 2014). From a regulatory point of view, stacked trait and
off-patent crops differ from single trait crops, since they
contain events that are not new to regulatory authorities
considering that they have been fully evaluated in the single
events that make them up. This distinction is crucial since
the concern for the safety of transgenic crops is centered
around the safety of the introduced trait and the possibility
of unintended adverse effects from its introduction (Acosta
& Chaparro, 2008; Codex Alimentarius, 2009; Herman &
Price, 2013).

Safety assessment approaches for stacked trait crops vary
globally. There are regulatory bodies that address a crop
of stacked traits as if it were a crop with a new event that
requires a de novo assessment, despite the existence of
evidence and safety evaluations demonstrating the safety
and substantial equivalence for each one of the individual

transgenic events that make up the crop with stacked
events. This approach is based on the concern about the
possible interactions between events that could give rise
to characteristics of the plant different from the expected
sum of the stacked events. Steiner et al. (2013) extensively
analyzed the overall potential for event interactions in
stacked event crops. The authors highlighted that since
the functional characteristics of the introduced expression
cassettes are known, it is possible to develop hypotheses as
to whether a specific combination of traits would interact to
affect plant metabolism in a novel way. It was also pointed
out that if a hypothetical interaction posed any risk, for
example as in the case of stacking of tolerance traits to
glyphosate and dicamba through conventional plant breed-
ing, the molecular mechanisms of the enzymes that medi-
ate these stacked tolerances would exclude any plausible
interactions. In fact, the substantial equivalence of a crop
with stacked traits that confers tolerance to glyphosate and
dicamba has been empirically demonstrated (Taylor et al.,
2017). Specifically, for corn containing traits of resistance to
insects and tolerance to glufosinate-ammonium, there is no
plausible hypothesis that their combined presence affects
the metabolism of the plant and leads to compositional
differences. Likewise, it is even less plausible that undesir-
able interactions occur in an off-patent obtained from the
crossing between a transgenic hybrid and a conventional
maize line.

In the global landscape of regulations on genetically
engineered crops, there are currently two general ap-
proaches to assess food and feed safety for stacked event
crops that could be applied for off-patent crops. In the first
approach, no additional data or evaluations are required
for a stacked trait crop generated by conventional plant
breeding whose constituent events have previously been
evaluated and approved. Regulatory agencies may require
written notification for the stacked event product to be
marketed. Examples of agencies that follow this approach
include the FDA and APHIS-USDA of United States, the
Canadian Food Inspection Agency, the Canadian Ministry
of Health, the Australian and New Zealand Food Standards
Agency, and the Food Safety Commission and the Ministry
of Agriculture, Forestry and Fisheries of Japan (Pilacinski
et al., 2011; Steiner et al., 2013; FSCJ, 2016; Goodwin et
al., 2021). In the second approach, a safety assessment is
required for any stacked trait crop, regardless of whether its
constituent events were previously assessed and approved.
Some examples of regulatory agencies that follow this ap-
proach are the European EFSA, the Ministry of Food and
Pharmaceutical Safety of the Republic of Korea, the Food
and Drug Administration of Taiwan, and the Federal
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Commission for the Protection against Sanitary Risks of
Mexico (Pilacinski et al., 2011; Steiner et al., 2013; FSCJ,
2016; Goodwin et al., 2021).

In rational and scientifically sustainable risk assessment
(Pilacinski et al., 2011; Steiner et al., 2013; FSC]J, 2016;
Goodwin et al., 2021), it is important to follow the case
of stacked trait crops that could contribute to solving the
regulatory challenge of off-patent crops. In this context, the
formulation and evaluation of a risk hypothesis for a crop in
question is central in determining whether further evalua-
tion of the safety of a product with stacked traits is needed.

Today there is a growing body of empirical data in reports
and/or in scientific articles evidencing the safety of ge-
netically modified crops of relevant single events as well
as the safe historical use of conventional plant breeding.
Therefore, there is valid scientific justification to eliminate
or make more flexible the mandatory requirements aimed
at presenting and evaluating characterization, safety, and
substantial equivalence data for each new crop of stacked
events (Goodwin et al., 2021) and, therefore, for off-patent
crops. Pragmatically, as proposed by Bell et al. (2018) and
Goodwin et al. (2021), a gradual approach could start with
flexibility and end with the elimination of the require-
ments for safety assessments for the crops of stacked events
(and therefore off-patent crops). Along these lines, the
first step could be to refine the approach towards a single
specific analysis of stacked events. This approach would
provide an empirical bridge to the previous evaluations
performed for the approved transgenic events that make
up the stacked events. In this way, a simplified evaluation
of the stacked event or of the off-patent crop would focus
on the composition, evaluating the substantial equivalence
from the proximate analytes of the grain (and from the
forage, in the case of resistance to insects) in the context
of known natural variability. Such an assessment could be
used to complement previously reached safety conclusions
for constitutive individual trait products (Bell et al., 2018;
Goodwin et al., 2021).

The comparative analysis of corn during field trials car-
ried out in Colombia showed no significant differences
between off-patent hybrids of lines 1507 I and II obtained
by conventional crossing with their non-genetically modi-
fied counterparts. Small exceptional variations were not
indicative of a general pattern of changes derived from
crossing with a genetically modified hybrid; these are
explained by the well-known natural variation (genotype-
environment interaction). These variations in composition
arise due to a wide range of factors specific to the biology
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of the species and, particularly, to the growing conditions
(location, irrigation, type of soil, etc.) that influence the
growth and biochemistry of plants. In the present study,
no significant biological differences were found between
off-patent TC1507 event corn and non-transgenic conven-
tional corn. Therefore, the off-patent hybrid is substantially
equivalent from a compositional point of view to its con-
ventional counterpart, except for the genetically engineered
characteristics. The composition of the off-patent TC1507
corn hybrid was found within the normal ranges of varia-
tion observed in non-genetically modified varieties with
recent biotechnological tools.

Acknowledgments

We would like to thank the Federacién Nacional de Cul-
tivadores de Cereales y Leguminosas (FENALCE) for
financial support.

Conflict of interest statement

The authors declare that there is no conflict of interest
regarding the publication of this article.

Author’s contributions

HS and ACG formulated the research objectives. ACG
supervised and directed the planning and execution of
the research activities. HS, DB, and ACG performed the
experimental design. HS carried out the research and in-
vestigation process, particularly conducting field trials and
data collection. HS and DB applied statistical techniques
and wrote the code to synthesize and analyze compositional
data. OA discussed the results, performed a critical review
of the methodological and regulatory aspects, revised the
initial version of the manuscript, and wrote the English
version. All authors, except ACP (R.I.P.), reviewed the
manuscript.

Literature cited

Acosta, O., & Chaparro, A. (2008). Genetically modified food crops
and public health. Acta Biolégica Colombiana, 13(3), 3-26.

Agriculture and Food Systems Institute — AFSI. (2020, December
30). Crop Composition Database Version 9.0. www.cropcom-
position.org

Anderson, J. A., Hong, B., Moellring, E., TeRonde, S., Walker, C.,
Wang, Y., & Maxwell, C. (2019). Composition of forage and
grain from genetically modified DP202216 maize is equiva-
lent to non-modified conventional maize (Zea mays L.). GM
Crops & Food, 10(2), 77-89. https://doi.org/10.1080/21645698
.2019.1609849

Basso, M. F.,, Arraes, F. B. M., Grossi-de-Sa, M., Moreira, V. J. V,,
Alves-Ferreira, M., & Grossi-de-Sa, M. F. (2020). Insights
into genetic and molecular elements for transgenic crop

Agron. Colomb. 40(2) 2022


www.cropcomposition.org
www.cropcomposition.org
https://doi.org/10.1080/21645698.2019.1609849
https://doi.org/10.1080/21645698.2019.1609849

development. Frontiers in Plant Science, 11, Article 509. https://
doi.org/10.3389/fpls.2020.00509

Bell, E., Nakai, S., & Burzio, L. A. (2018). Stacked genetically en-
gineered trait products produced by conventional breeding
reflect the compositional profiles of their component single
trait products. Journal of Agricultural and Food Chemistry, 66,
7794-7804. https://doi.org/10.1021/acs.jafc.8b02317

Bevan, M. W,, Flavell, R. B., & Chilton, M. D. (1983). A chimae-
ric antibiotic resistance gene as a selectable marker for
plant cell transformation. Nature, 304, 184-187. https://doi.
org/10.1038/304184a0

Brookes, G., & Barfoot, P. (2018). Farm income and production
impacts of using GM crop technology 1996-2016. GM Crops
& Food, 9(2), 59-89. https://doi.org/10.1080/21645698.2018.
1464866

Brookes, G., & Barfoot, P. (2020). GM Crops: Global socio-economic
and environmental impacts 1996-2018. PG Economics Ltd.
https://pgeconomics.co.uk/pdf/globalimpactfinalreportju-
1y2020.pdf

Brookes, G. (2020). Genetically modified (GM) crop use in Colom-
bia: farm level economic and environmental contributions.
GM Crops & Food, 11(3), 140-153. https://doi.org/10.1080/21
645698.2020.1715156

Carpenter, J. E. (2010). Peer-reviewed surveys indicate positive
impact of commercialized GM crops. Nature Biotechnology,
28(4), 319-321. https://doi.org/10.1038/nbt0410-319

Cerdeira, A. L., Gazziero, D. L. P, Duke, S. O., & Matallo, M. B.
(2011). Agricultural impacts of glyphosate-resistant soybean
cultivation in South America. Journal of Agricultural and Food
Chemistry, 59(11), 5799-5807. https://doi.org/10.1021/jf102652y

Cheng, K. C., Beaulieu, J., Iquira, E., Belzile, F. J., Fortin, M. G., &
Stromvik, M. V. (2008). Effect of transgenes on global gene
expression in soybean is within the natural range of variation
of conventional cultivars. Journal of Agricultural and Food
Chemistry, 56(9), 3057-3067. https://doi.org/10.1021/jf073505i

Codex Alimentarius Commission. (2009). Foods derived from
modern biotechnology (2nd ed.). Food and Agriculture Orga-
nization of the United Nations, World Health Organization.
http://www.fao.org/3/a-al554e.pdf

Cong, B., Maxwell, C., Luck, S., Vespestad, D., Richard, K., Mick-
elson, J., & Zhong, C. (2015). Genotypic and environmental
impact on natural variation of nutrient composition in 50
non genetically modified commercial maize hybrids in North
America. Journal of Agricultural and Food Chemistry, 63(22),
5321-5334. https://doi.org/10.1021/acs.jafc.5b01764

Duke, S. O., & Cerdeira, A. L. (2010). Transgenic crops for herbi-
cide resistance. In C. Kole, C. H. Michler, A. G. Abbott, & T.
C. Hall (Eds.), Transgenic crop plants. Springer. https://doi.
0rg/10.1007/978-3-642-04812-8_3

Fraley, R. (2015). GE Crops, Impact on Production Agriculture.
Presentation to the National Academy of Sciences. https://
vimeo.com/album/3192610/video/115717420

Food Safety Commission of Japan-FSCJ. (2016). Soybean lines
generated through cross-breeding of MON 87705, MON
87708, and MON 89788. Food Safety, 4(4), 169-172. https://
doi.org/10.14252/foodsafetyfscj.2016025s

Goémez, J., Guevara, J., Cuartas, P., Espinel, C., & Villamizar, L.
(2013). Microencapsulated Spodoptera frugiperda nucleo-
polyhedrovirus: insecticidal activity and effect on arthropod
populations in maize. Biocontrol Science and Technology, 23(7),
829-846. https://doi.org/10.1080/09583157.2013.802288

Goodwin, L., Hunst, P., Burzio, L., Rowe, L., Money, S., & Chakra-
varthy, S. (2021). Stacked trait products are as safe as non-
genetically modified (GM) products developed by conventional
breeding practices. Journal of Regulatory Science, 9(1), 22-25.
https://doi.org/10.21423/jrs-v09I1goodwin

Harrigan, G. G., Glenn, K. C., & Ridley, W. P. (2010). Assessing the
natural variability in crop composition. Regulatory Toxicology
and Pharmacology, 58(3, Supplement), S13-S20. https://doi.
org/10.1016/j.yrtph.2010.08.023

Harrigan, G. G., Lundry, D., Drury, S., Berman, K., Riordan, S. G.,
Nemeth, M. A,, Ridley, W. P., & Glenn, K. C. (2010). Natural
variation in crop composition and the impact of transgenesis.
Nature Biotechnology, 28(5), 402-404. https://doi.org/10.1038/
nbt0510-402

Herman, R. A,, Phillips, A. M., Collins, R. A., Tagliani, L. A,,
Claussen, F. A., Graham, C. D., Bickers, B. L., Harris, T. A., &
Prochaska, L. M. (2004). Compositional equivalency of CrylF
corn event TC6275 and conventional corn (Zea mays L.).
Journal of Agricultural and Food Chemistry, 52(9), 2726-2734.
https://doi.org/10.1021/jf049969n

Herman, R. A., & Price, W. D. (2013). Unintended compositional
changes in genetically modified (GM) crops: 20 years of re-
search. Journal of Agricultural and Food Chemistry, 61(48),
11695-11701. https://doi.org/lO.1021/jf400135r

Herrera-Estrella, L., Depicker, A., Van Montagu, M., & Schell, J.
(1983). Expression of chimeric genes transferred into plant
cells using a Ti-plasmid-derived vector. Nature, 303, 209-213.
https://doi.org/10.1038/303209a0

Instituto Colombiano Agropecuario-ICA. (2011). Resolucién
003662. Por la cual se autoriza el empleo del maiz SmartStax
TM (MON-89034-3 x DAS- @1507-1 x MON- 88017-3 x
DAS-59122-7), para consumo directo y/o como materia prima
para la produccién de alimentos para animales domésticos.
https://www.ica.gov.co/getattachment/3bcf82f7-262¢-4760-
9218-71a08261e92b/2011R3662.aspx

Instituto Colombiano Agropecuario-ICA. (2013). Resolucion
003050. Por la cual se autoriza el uso del maiz MON89034
x 1507 x NK603 (MON-89034-3 x DAS- O1507-1 x
MONQ@@6@D3-6) para consumo directo y/o como materia
prima parala produccion de alimentos para animales domésti-
cos. https://www.ica.gov.co/getattachment/3b3al2fe-8289-
4c02-88e4-a8998cb7bec4/2013R3050.aspx

Instituto Nacional de Vigilancia de Medicamentos y Alimen-
tos—-INVIMA. (2018). Resolucion No. 2018027808. Por la
cual se autoriza el uso de Maiz TC1507 x MIR604 x NK603
(DAS-01507-1 x SYN-IR604-5 x MON-00603-6) como ma-
teria prima para la produccién de alimentos para consumo
humano. http://www.fao.org/fileadmin/user_upload/gmfp/
docs/Resoluci%C3%B3n%202018027808%20de%202018.pdf

ISAAA. (2018). Pocket K No. 56: Substantial equivalence of GM
and Non-GM crops. International Service for the Acquisition
of Agri-biotech Applications (ISAAA). http://www.isaaa.org/
resources/publications/pocketk/56/default.asp

Suarez Rodriguez, Benitez Duarte, Chaparro-Giraldo', and Acosta: Equivalence of grain and forage composition in corn hybrid (Zea mays L.) from genetically 163

modified off-patent (event TC1507) and non-genetically modified conventional corn


https://doi.org/10.3389/fpls.2020.00509
https://doi.org/10.3389/fpls.2020.00509
https://doi.org/10.1021/acs.jafc.8b02317
https://doi.org/10.1038/304184a0
https://doi.org/10.1038/304184a0
https://doi.org/10.1080/21645698.2018.1464866
https://doi.org/10.1080/21645698.2018.1464866
https://pgeconomics.co.uk/pdf/globalimpactfinalreportJuly2020.pdf
https://pgeconomics.co.uk/pdf/globalimpactfinalreportJuly2020.pdf
https://doi.org/10.1080/21645698.2020.1715156
https://doi.org/10.1080/21645698.2020.1715156
https://doi.org/10.1038/nbt0410-319
https://doi.org/10.1021/jf102652y

https://doi.org/10.1021/jf073505i
http://www.fao.org/3/a-a1554e.pdf
https://doi.org/10.1021/acs.jafc.5b01764
https://doi.org/10.1007/978-3-642-04812-8_3
https://doi.org/10.1007/978-3-642-04812-8_3
https://vimeo.com/album/3192610/video/115717420
https://vimeo.com/album/3192610/video/115717420
https://doi.org/10.14252/foodsafetyfscj.2016025s
https://doi.org/10.14252/foodsafetyfscj.2016025s
https://doi.org/10.1080/09583157.2013.802288
https://doi.org/10.21423/jrs-v09I1goodwin
https://doi.org/10.1016/j.yrtph.2010.08.023
https://doi.org/10.1016/j.yrtph.2010.08.023
https://doi.org/10.1038/nbt0510-402
https://doi.org/10.1038/nbt0510-402
https://doi.org/10.1021/jf049969n
https://doi.org/10.1021/jf400135r
https://doi.org/10.1038/303209a0
https://www.ica.gov.co/getattachment/3bcf82f7-262e-4760-9218-71a08261e92b/2011R3662.aspx
https://www.ica.gov.co/getattachment/3bcf82f7-262e-4760-9218-71a08261e92b/2011R3662.aspx
https://www.ica.gov.co/getattachment/3b3a12fe-8289-4c02-88e4-a8998cb7bec4/2013R3050.aspx
https://www.ica.gov.co/getattachment/3b3a12fe-8289-4c02-88e4-a8998cb7bec4/2013R3050.aspx
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resoluci%C3%B3n%202018027808%20de%202018.pdf
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resoluci%C3%B3n%202018027808%20de%202018.pdf
http://www.isaaa.org/resources/publications/pocketk/56/default.asp
http://www.isaaa.org/resources/publications/pocketk/56/default.asp

ISAAA. (2019). Global status of commercialized biotech/GM crops
in 2019: Biotech crops drive socio-economic development and
sustainable environment in the new frontier. ISAA A (Brief No.
55). International Service for the Acquisition of Agri-biotech
Applications (ISAAA). https://www.isaaa.org/resources/
publications/briefs/55/

Jaramillo-Barrios, C. I, Quijano, E. B., Andrade, B. M., Jaramillo-
Barrios, C.I., Quijano, E. B., & Andrade, B. M. (2019). Popula-
tions of Spodoptera frugiperda (Lepidoptera: Noctuidae) cause
significant damage to genetically modified corn crops. Revista
Facultad Nacional de Agronomia Medellin, 72(3), 8953-8962.
https://doi.org/10.15446/rfnam.v72n3.75730

Jiménez-Barreto, J., Chaparro-Giraldo, A., Mora-Oberlaender,
J., & Vargas-Sanchez, J. E. (2016). Molecular characteriza-
tion and freedom to operate analysis of maize hybrids from
genetically modified and Colombian varieties. Agronomia
Colombiana, 34(3), 309-316. https://doi.org/10.15446/agron.
colomb.v34n3.60350

Kok, E.J., Pedersen, J., Onori, R., Sowa, S., Schauzu, M., De Schrijver,
A., & Teeri, T. H. (2014). Plants with stacked genetically modi-
fied events: To assess or not to assess? Trends in Biotechnology,
32(2), 70-73. https://doi.org/10.1016/j.tibtech.2013.12.001

Lundry, D. R, Burns, J. A, Nemeth, M. A., & Riordan, S. G. (2013).
Composition of grain and forage from insect-protected and
herbicide-tolerant corn, MON 89034 x TC1507 x MON 88017 x
DAS-59122-7 (SmartStax), is equivalent to that of conventional
corn (Zea mays L.). Journal of Agricultural and Food Chemistry,
61(8), 1991-1998. https://doi.org/10.1021/jf304005n

McDougall, P. (2011). The cost and time involved in the discovery,
development and authorisation of a new plant biotechnology
derived trait. Consultancy Study for Crop Life International.

Ministerio de Salud y Proteccion Social-MSPS. (2012a). Resolucion
1486. Por la cual se autoriza el uso de granos de maiz, prove-
nientes de hibridos de maiz genéticamente modificado, conla
tecnologia HX1 x HRW x NK603 (DAS-1507-1 x DAS-59122-7
x MON-0@603-6) como alimento o materia prima para la
produccién de alimentos de consumo humano. http://www.
fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%20
1486%20de%202012.pdf

Ministerio de Salud y Protecciéon Social-MSPS. (2012b). Resolu-
cién 1487. Por la cual se autoriza el uso de granos de maiz,
provenientes de hibridos de maiz genéticamente modificado,
con la tecnologia HX1 x MONB810 (DAS-@1507-1 x MON-
OD81Q-6) como alimento o materia prima para la produccion
de alimentos para consumo humano. http://www.fao.org/
fileadmin/user_upload/gmfp/docs/Resolucion%201487%20
de%202012.pdf

Ministerio de Salud y Proteccién Social-MSPS. (2012c). Resolu-
ci6én 1488. Por la cual se autoriza el uso de granos de maiz,
provenientes de hibridos de maiz genéticamente modificado,
con la tecnologia HX1 x MONS810 x NK603 (DAS-@1507-1 x
MON-Q@810-6 x MON-OD6(D3-6) como alimento o materia
prima parala produccion de alimentos para consumo humano.
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Reso-
lucion%201488%20de%202012.pdf

Ministerio de Salud y Proteccién Social-MSPS. (2014). Resolucion
1861. Por la cual se autoriza el uso de Maiz MON89034 x

164

TC1507 x NK603 (MON-89034-3 x DAS-01507-1 x MON-
00603-6) como alimento o materia prima para la elaboracién
de alimentos de consumo humano. http://www.fao.org/
fileadmin/user_upload/gmfp/docs/Resolucion%201861%20
de%202014.pdf

OECD. (2002). Consensus document on the biology of Zea mays
subsp. mays (Maize). Series on Harmonisation of Regulatory
Oversight in Biotechnology, Organization for Economic Co-
operation and Development. https://www.oecd.org/env/ehs/
biotrack/46815758.pdf

Parrott, W., Chassy, B., Ligon, J., Meyer, L., Petrick, J., Zhou, J., Her-
man, R., Delaney, B., & Levine, M. (2010). Application of food
and feed safety assessment principles to evaluate transgenic
approaches to gene modulation in crops. Food and Chemi-
cal Toxicology, 48(7), 1773-1790. https://doi.org/10.1016/j.
£ct.2010.04.017

Pilacinski, W., Crawford, A., Downey, R., Harvey, B., Huber, S.,
Hunst, P., Lahman, L. K., MaclIntosh, S., Pohl, M., Rickard, C.,
Tagliani, L., & Weber, N. (2011). Plants with genetically modi-
fied events combined by conventional breeding: An assessment
of the need for additional regulatory data. Food and Chemical
Toxicology, 49(1), 1-7. https://doi.org/10.1016/j.fct.2010.11.004

Privalle, L. S., Gillikin, N., & Wandelt, C. (2013). Bringing a trans-
genic crop to market: Where compositional analysis fits.
Journal of Agricultural and Food Chemistry, 61(35), 8260-8266.
https://doi.org/10.1021/jf400185q

R Core Team. (2021). The R project for statistical computing. R Foun-
dation for Statistical Computing. https://www.R-project.org

Ridley, W. P,, Shillito, R. D., Coats, 1., Steiner, H.-Y., Shawgo, M.,
Phillips, A., Dussold, P., & Kurtyka, L. (2004). Development
of the international life sciences institute crop composition
database. Journal of Food Composition and Analysis, 17(3-4),
423-438. https://doi.org/10.1016/j.jfca.2004.03.006

Rojas, A. C. A., Palacio, J. L., Chaparro-Giraldo, A., & Lépez-Pazos,
S. A. (2017). Patents and genetically modified soybean for
glyphosate resistance. World Patent Information, 48, 47-51.
https://doi.org/10.1016/j.wpi.2017.01.002

Riidelsheim, P., Dumont, P., Freyssinet, G., Pertry, I., & Heijde, M.
(2018). Off-Patent transgenic events: Challenges and oppor-
tunities for new actors and markets in agriculture. Frontiers
in Bioengineering and Biotechnology, 6, Article 71. https://doi.
org/10.3389/fbioe.2018.00071

Steiner, H.-Y., Halpin, C., Jez, J. M., Kough, J., Parrott, W., Underhill,
L., Weber, N., & Hannah, L. C. (2013). Editor’s choice: evaluat-
ing the potential for adverse interactions within genetically en-
gineered breeding stacks. Plant Physiology, 161(4), 1587-1594.
https://doi.org/10.1104/pp.112.209817

Taylor, M., Bickel, A., Mannion, R., Bell, E., & Harrigan, G. G. (2017).
Dicamba-tolerant soybeans (Glycine maxL.) MON 87708 and
MON 87708 x MON 89788 are compositionally equivalent
to conventional soybean. Journal of Agricultural and Food
Chemistry, 65(36), 8037-8045. https://doi.org/10.1021/acs.
jafc.7b03844

Watson, S. A. (1982). Corn: amazing maize. General properties. In
I. A. Wolff (Ed.), CRC handbook of processing and utilization
in agriculture (pp. 3-29). CRC Press.

Agron. Colomb. 40(2) 2022


https://www.isaaa.org/resources/publications/briefs/55/
https://www.isaaa.org/resources/publications/briefs/55/
https://doi.org/10.15446/rfnam.v72n3.75730
https://doi.org/10.15446/agron.colomb.v34n3.60350
https://doi.org/10.15446/agron.colomb.v34n3.60350
https://doi.org/10.1016/j.tibtech.2013.12.001
https://doi.org/10.1021/jf304005n
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%201486%20de%202012.pdf
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%201486%20de%202012.pdf
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%201486%20de%202012.pdf
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%201487%20de%202012.pdf
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%201487%20de%202012.pdf
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%201487%20de%202012.pdf
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%201488%20de%202012.pdf
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%201488%20de%202012.pdf
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%201861%20de%202014.pdf
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%201861%20de%202014.pdf
http://www.fao.org/fileadmin/user_upload/gmfp/docs/Resolucion%201861%20de%202014.pdf
https://www.oecd.org/env/ehs/biotrack/46815758.pdf
https://www.oecd.org/env/ehs/biotrack/46815758.pdf
https://doi.org/10.1016/j.fct.2010.04.017
https://doi.org/10.1016/j.fct.2010.04.017
https://doi.org/10.1016/j.fct.2010.11.004
https://doi.org/10.1021/jf400185q
https://www.R-project.org
https://doi.org/10.1016/j.jfca.2004.03.006
https://doi.org/10.1016/j.wpi.2017.01.002
https://doi.org/10.3389/fbioe.2018.00071
https://doi.org/10.3389/fbioe.2018.00071
https://doi.org/10.1104/pp.112.209817
https://doi.org/10.1021/acs.jafc.7b03844
https://doi.org/10.1021/acs.jafc.7b03844

