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Abstract

The introduction of herbicide-tolerant (HT) genetically engineered (GE) soybeans has raised new challenges for the
European risk assessment of imported food and feed. Food and feed products derived from these plants may show
specific patterns of chemical residues and altered nutritional composition. Furthermore, there has been a substantial
increase in the usage of herbicides in soybean production due to the emergence of resistant weeds. This concerns
particular glyphosate-based herbicides and also other herbicides. In this review, we give an overview of available data
regarding glyphosate application on HT GE soybeans in North and South America. We have further compared this
data with herbicide applications in experimental field trials conducted by the industry. We conclude that field trials
carried out for risk assessment purposes do not generally represent the real agronomic conditions in commercial HT
GE plant cultivation. In most cases, neither the applied dose nor the number of applications match real conditions.
This finding is especially relevant for risk assessment since a review of relevant publications shows that the amount
and timing of spraying glyphosate as a complementary herbicide onto HT GE plants can impact their composition;
this is relevant to EFSA comparative risk assessment of GMOs. Further, closely related issues were identified that over-
lap with EU GMO and pesticide regulation, but are not currently considered. These issues concern indirect, cumulative
and combinatorial effects as well as the assessment of mixed toxicity. Consequently, current risk assessment practice
for HT GE plants cannot be considered to fulfil EU regulatory standards which require the safety of food and feed to
be demonstrated. It is much more likely that concerns about the health risks of HT GE plant material used for food and
feed have been underestimated. We therefore conclude that the EU risk assessment of food and feed derived from HT

GE plants needs substantial improvement.
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Background

HT GE soybeans were introduced in the 1990s to agricul-
tural systems in the USA and several countries in South
America, such as Argentina, Brazil, Paraguay and Uru-
guay. Herbicide tolerance, in particular to glyphosate, is
still a dominant trait in GE plants, including glyphosate-
tolerant “Roundup Ready” soybeans. According to the

*Correspondence: christoph.then@testbiotech.org

! Testbiotech e.V, Institute for Independent Impact Assessment
of Biotechnology, Frohschammerstr. 14, 80807 Munich, Germany
Full list of author information is available at the end of the article

@ Springer Open

and indicate if changes were made.

EU Commission [1], the percentage of GE glyphosate-
tolerant soybeans cultivated in 2014 in Brazil, the USA
and Paraguay made up around 90% of production, and
in Argentina and Uruguay even reached 100%. The EU
imports around 33 million tons of soybeans and soymeal
per year [2]. By mid-2019, the EU had authorised 20 GE
soybean events for import, most of them resistant to
glyphosate and some of them resistant to other active
ingredients as well (see Table 1).

Herbicide resistance in GE technology was adopted
rapidly in soybean growing regions, because it simpli-
fied weed control and promised cost reductions [4, 5].
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Table 1 List of glyphosate-tolerant soybeans approved in the EU for food and feed (Testbiotech, 2019 [3])

Event GE plants resistant to... Other traits Applicant
DP356043 Glyphosate, ALS inhibitors Pioneer/DuPont
40-3-2 Glyphosate Monsanto
MON87701 x MON89788 Glyphosate Producing insecticidal proteins Monsanto
MON87705 Glyphosate Changed oil composition Monsanto
MON89788 Glyphosate Monsanto

FG72 Glyphosate, isoxaflutole Bayer CropScience
MON87708 x MON89788 Glyphosate, dicamba Monsanto
MON87705 x MON89788 Glyphosate Changed oil composition Monsanto

DP305423 x 40-3-2
FG72 x A5547-127
DAS-44406-6

Glyphosate, ALS inhibitors
Glyphosate, glufosinate, isoxaflutole
Glyphosate, 2,4-p, glufosinate

Changed oil composition Pioneer/DuPont
Bayer CropScience

Dow AgroSciences

Ploughing to control weeds was replaced by applying the
broad-spectrum herbicide glyphosate, thereby support-
ing the widespread application of no-till farming for the
cultivation of GE soybean and other such crops.

This change in agricultural practice led to massive pres-
sure on weeds to evolve resistance to glyphosate. Her-
bicide resistance in weeds was an issue in many regions
before HT GE soybeans were introduced, but no glypho-
sate-resistant weed species were known in the soybean
growing areas. At that time, about 25% of the soybean
acreage in the USA was sprayed with four or more her-
bicide-active ingredients, while only around 10% was
treated with just one single active ingredient per year
[6]. After the introduction of HT GE soybeans, the use
of glyphosate increased strongly, while the use of other
active ingredients was reduced as was the number of
sprayings [6]. Interestingly, during this development, the
overall amount of herbicides applied in soybean fields
in the USA was not reduced. There was instead a slight
increase from an average treatment rate of 1.04 lbs in
1995 to 1.08 lbs per acre in 1998 [6]. The amount of active
ingredients (a.i.) increased from 0.61 to 0.92 lbs per acre
[6], which equals 0.68 kg (a.i.) to 1.03 kg (ai.)/ha.

Scientists working for Monsanto in 1997 [7] and 2000
[8] claimed that the development of weed resistance to
glyphosate should be expected to be a very rare event. As
Croon et al. [8] explain:

“Although it cannot be stated that evolution of resist-
ance to glyphosate will not occur, the development of
weed resistance to glyphosate is expected to be a very
rare event because:

1 Weeds and crops are inherently not tolerant
to glyphosate, and the long history of extensive use of
glyphosate has resulted in few instances of resistant
weeds.

2. Glyphosate has many unique properties, such
as its mode of action, chemical structure, limited
metabolism in plants, and lack of residual activ-
ity in soil, which make the development of resistance
unlikely.

3. Selection for glyphosate resistance using whole
plant and cell/tissue culture techniques was unsuc-
cessful, and would, therefore, be expected to occur
rarely in nature under normal field conditions.”
(page 52/53).

It is noteworthy that at that time, the first cases of
glyphosate resistance were already being reported;
starting in 1996 with a case of herbicide-resistant rigid
ryegrass in Australia [9]. Nevertheless, regulators did
not take regulatory action regarding weed resistance
management. As a result, in November 2019, according
to an international register [9], there were already 47
different glyphosate-resistant weed species known to
occur. Well-known examples are rigid ryegrass (Lolium
rigidum), Johnsongrass (Sorghum halepense), Palmer
amaranth (Amaranthus palmeri), Italian ryegrass
(Lolium perenne ssp. multiflorum) or horseweed
(Conyza canadensis). There are 17 species known to
occur in the USA, 9 in Brazil and 15 in Argentina. Since
these weeds are known to affect a large proportion of
the acreage where soybeans are grown [10], there are
good reasons to expect that in these areas more glypho-
sate was sprayed to control the weeds, using higher
dosages, alone or in combination with other herbicides.
This review focuses on the health risks of HT GE soy-
beans at the stage of consumption. We give an overview
of available data on the amount of herbicides, in par-
ticular glyphosate, used in HT GE soybean cultivation
in North and South America. We include a discussion
of how recent pattern of herbicide usage affects EU
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GMO risk assessment for food and feed safety when
applications are filed for market approval and import.

The interface between pesticide and GMO
regulation in the EU

Current European Food Safety Authority (EFSA) risk
assessment of HT GE plants is divided into two parts:
assessment of the GE organism by the GMO Panel, and
assessment of the pesticide by the Pesticide Panel. Both
assessments have different legal frameworks, which are—
in regard to the risk assessment of food safety—both
linked to the Regulation (EC) No 178/2002.

GMO regulation in the EU

Regulation (EC) No 1829/2003 in combination with
Directive 2001/18/EC and Implementing Regulation
(EU) No 503/2013 is the most relevant for the risk assess-
ment of GE plants: the provisions in Regulation (EC)
No 1829/2003 aim to protect human and animal health,
food and feed that consist of, contain, or are produced
from GE organisms (which are called genetically modi-
fied organisms, GMO), which should undergo a risk and
safety assessment before being placed on the market in
the European Union. Its recitals 2, 3 and 9 clarify that:
(a) “A high level of protection of human life and health
should be ensured in the pursuit of [Union] policies”; (b)
“In order to protect human and animal health, food and
feed consisting of, containing or produced from genetically
modified organisms...should undergo a safety assessment
through a [Union] procedure before being placed on the
market within the [Union]”; and (c) “(...) genetically modi-
fied food and feed should only be authorised for placing
on the Community market after a scientific evaluation of
the highest possible standard, to be undertaken under the
responsibility of [EFSAJ, of any risks which they present
for human and animal health and, as the case may be, for
the environment (...)"

Food and feed that consists of, contains or is pro-
duced from GE organisms must not “have adverse effects
on human health, animal health or the environment”
(Articles 4(1)(a) and 16(1)(a) of Regulation (EC) No
1829/2003) or “differ from the food which it is intended
to replace to such an extent that its normal consumption
would be nutritionally disadvantageous for the consumer”
and/or “differ from feed which it is intended to replace
to such an extent that its normal consumption would be
nutritionally disadvantageous for animals or humans”
(Articles 4(1)(c) and 16(1)(d) of the Regulation (EC) No
1829/2003).

In addition, Implementing Regulation (EU) No
503/2013 requests that “the comparative analysis of
composition and agronomic as well as phenotypic char-
acteristics shall constitute, together with the molecular
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characterisation, the starting point to structure and con-
duct the risk assessment of a new genetically modified
food and feed”

There are some difficulties inherent in this approach to
the risk assessment of GE organisms:

Current EFSA risk assessment of HT GE is divided into
the assessment of the organism performed by the GMO
Panel, and assessment of the pesticide performed by the
Panel on Plant Protection Products and their Residues
(PPR). This separation raises the question about gaps in
the risk assessment of food safety of the GMOs sprayed
with the pesticide. The risk assessment needs to ensure
that the safety of the organism as a whole (as well as food
and feed derived thereof) is shown and is not reduced to
the assessment of some single parts or pieces.

Moreover, risk assessment of GE organisms cannot
always be narrowed down to well-defined potential haz-
ards or be reduced to very specific potential adverse
effects but includes uncertainties. The EU risk assess-
ment tries to overcome this problem with a so-called
‘comparative approach’ where GE plants are grown side
by side with their conventional counterparts in experi-
mental field trials and then both are compared regarding
some phenotypic characteristics (such as height, yield
and flowering) and selected compounds.

Implementing Regulation (EU) No 503/2013 is provid-
ing detailed requirements about which practices must
be taken into account and which standards have to be
applied in providing and assessing the relevant data. The
following provisions of its Annex II are of specific rel-
evance for the risk assessment of HT GE plants: “In the
case of herbicide tolerant genetically modified plants and
in order to assess whether the expected agricultural prac-
tices influence the expression of the studied endpoints,
three test materials shall be compared: the genetically
modified plant exposed to the intended herbicide; the
conventional counterpart treated with conventional her-
bicide management regimes; and the genetically modi-
fied plant treated with the same conventional herbicide
management regimes.” (Annex I1, 1.3.1) “The different sites
selected for the field trials shall reflect the different mete-
orological and agronomic conditions under which the crop
is to be grown; the choice shall be explicitly justified. The
choice of non-genetically modified reference varieties shall
be appropriate for the chosen sites and shall be justified
explicitly” (Annex 11, 1.3.1.2.1 (b)).

Pesticide regulation in the EU

Regulation (EC) No 1107/2009 is the one most pertinent
for placing plant protection products on the market, and
Regulation (EC) No 396/2005 for setting maximum res-
idue levels (MRLs) of pesticides in food and feed. Both
regulations require a high level of protection for health
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and the environment (see, for example, Recitals 8 and
24 and Article 1.4 of Regulation (EC) No 1107/2009 as
well as Recital 5 and Article 1 of Regulation (EC) No
396/2005). Consequently, safety needs to be established
and substances or products produced or placed on
the EU market should not have any harmful effects on
human or animal health.

More specifically, Article 29 of Regulation (EC) No
1107/2009 requests that active substances as well as syn-
ergists have to be approved, and the maximum residue
levels of pesticides for specific agricultural products have
to be determined. Article 4 states that pesticides must
not have any harmful effects on human or animal health,
taking into account known cumulative and synergistic
effects. Further provisions can be found in Regulation
(EC) No 396/2005: (i) Recital 5 states that residues should
not be present at levels presenting an unacceptable risk
to humans and, where relevant, to animals; (ii) Recital
10 requests that specific MRLs for each pesticide in food
and feed products have to be established; (iii) Recital 26
is highly relevant for imported products derived from
HT GE plants, since it requests that MRLs have to be
set for food and feed produced outside the community
if produced by different agricultural practices (use of
plant protection products); (iv) Article 14 adds that the
presence of pesticide residues originating from sources
other than current plant protection uses and their known
cumulative and synergistic effects have to be determined,
as well as “the results of any evaluations and decisions to
modify the uses of plant protection products” (Article 14.2
(d)).

Consequently, further investigation of the residues
from spraying with the complementary herbicide may be
required even if a particular pesticide is authorised for
use on plants grown in the EU, or imported from a third
country. In the case of the cultivation of HT GE plants,
several aspects linked to herbicides require special atten-
tion, e.g. the patterns of application and exposure, the
occurrence of specific metabolites and combinatorial
effects. As Kleter et al. [11] point out, HT GE crops can
change the way herbicides can be used on these crops,
e.g. (a) post-emergent over-the-top applications (i.e. on
the crop itself) instead of directed sprays, avoiding herbi-
cide contact with the crop; or (b) pre-emergent and pre-
harvest applications made to the conventional crop and
not, or in different quantities, to the GM crop. Further,
and depending on the specific trait, residue profiles may
be very specific, i.e. when the herbicide is metabolised
by the introduced protein. As a result, consumption of
food and feed products derived from HT GE plants can
be associated with an exposure to herbicide residues that
is different in quantity and quality compared to products
derived from other crop plants.
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The interface between pesticide and GMO regulation
Under EU regulation, applications for authorisation of
GE organisms in the EU must contain a comprehensive
safety and environmental risk assessment which must
address any potentially adverse effect on human health
and the environment. This requirement includes long-
term potential and cumulative effects and also other
harmful effects on human or animal health. Residues
from the use of complementary herbicides are crucial in
this context. Consequently, authorisation for import and
use of food and feed cannot be granted if GE plants con-
taining residues from complementary herbicides pose
unacceptable risks, or are suspected of causing harm to
human as well as animal health.

As shown above, there are several provisions for the
assessment of health risks in both EU GMO and pesti-
cide regulation: (i) both require a high level of protection
for health and the environment, and (ii) both request that
the conditions of agricultural production are considered.
(iii) Moreover, both request that combinatorial effects are
taken into account. (iv) Finally, Implementing Regulation
(EU) No 503/2013 explicitly addresses these two areas of
risk assessment by requesting field trials with and with-
out the application of the complementary herbicide.
However, this conceptual split addressing issues related
to the use of complementary herbicides in two regula-
tions disregards that HT GE plants plus complementary
herbicide(s) are a system designed to be routinely used in
combination.

Comparing data on the amount of complementary
herbicides applied for cultivation and applied

for risk assessment studies

Using increased amounts of complementary herbicides
for HT GE soybeans raises two crucial questions:

(1) What are the current practices in the cultivation of
HT GE soybeans in terms of use of complementary
herbicides?

(2) Are these practices reflected in the studies submit-
ted in requests for authorisation of GE soybeans for
import, food and feed use in the EU?

Current practice in the cultivation of HT GE soybeans

in terms of use of complementary herbicides

Starting from spraying 1.03 kg active ingredient (a.i.)/
ha (0.92 lbs (a.i.)/acre) in 1998 [6], there has been a sub-
stantial increase in the usage of glyphosate in soybean
production per hectare. This is evident from numbers
of different sources. For example, Bindraban et al. [12]
report 3.84 kg (a.i.)/ha in 2007, Benbrook [10] reports
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around 4 kg (a.i.)/ha to be sprayed in Argentina and Bra-
zil in 2014, while Monsanto, in its product label, recom-
mends about 7 kg (a.i.)/ha to be sprayed [13]. Official
figures from the USDA database [14] show that up to
6-7 kg (a.i.)/ha of glyphosate can be expected in soybean
cultivation, including pre- and post-emergence applica-
tions. Further, Monsanto, in a patent application which
deals with “cropping systems for managing weeds” [15],
recommends spraying up to 8 kg (a.i.)/ha in HT soy-
beans. This amount corresponds to product label rec-
ommendations for the maximum overall application per
year [13]. After having investigated representative figures
for farmer use, we assume that even 10 kg (a.i.)/ha of
glyphosate per year is not unrealistic nowadays for some
regions, such as Argentina, where HT GE soybeans are
grown (see, for example, [16]).

Table 2 gives an overview of some data on glyphosate
spraying in regions of North and South America where
soybeans are grown. Although this overview is far from
complete, it allows some overall conclusions to be drawn
since it includes data on the amount of active ingredient,
the number (frequency) and the timing of the spraying
(pre- or post-emergence). The data in Table 2 need some
interpretation since they refer to different situations.
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Regional weed pressure and applications of other active
ingredients that might partially replace glyphosate vary,
especially in case of ‘stacked’ plants resistant to several
active ingredients (glufosinate, 2,4-D, dicamba or isox-
aflutole). Also, there are several strategies to control
weeds such as applying high amounts of different herbi-
cides before cultivation (pre-emergence) and in parallel
reducing the amounts of herbicides during cultivation
(post-emergence).

From the data available it is clear that repeated spray-
ings during cultivation (on-plant or post-emergence)
have increased significantly, and also that the overall dos-
age, i.e. the total amount, applied to glyphosate-resistant
GE soybeans is much higher compared to figures from
1998, e.g. 1.03 kg (a.i.)/ha [6]. It can be assumed for post-
emergence applications that 3—4 kg (a.i.)/ha of glyphosate
from two to three sprayings is a reasonable rate, at least
in South America. For the overall dosage (pre- and post-
emergence), 6-7 kg (a.i.)/ha seems to be relatively com-
mon and even 8-10 kg (a.i.)/ha can be expected under
current farming conditions in some regions (such as
Argentina and Paraguay; see also [25]).

The amount and frequency of herbicide spraying
can vary substantially on a local or regional scale. For

Table 2 Some data on the amount of glyphosate application in regions where GE soybeans are grown. Unless otherwise

indicated, the amount of glyphosate is given in kg (a.i.)/ha

Author Total amount Country Frequency Timing Data source
of glyphosate

Avila-Vazquez et al. [16] 10 Argentina Approx. 12 60% pre-emergence Survey

Benbrook [10] 445 Argentina  3.17 n.. Database analysis

Bindraban et al. [12] 384 Argentina n.i. n.. Literature research

Primost et al. [17] 1910 9.1 average: 3.9 Argentina 2-6 (average 3.3) n.i. Survey

Papa and Tuesca [18] Approx. 5 Argentina n.i. n.i. Calculation based on publicly
accessible data

Benbrook [10] 445 Brazil 317 n.. Database analysis

Bombardi [19] 84 Brazil n.i. n.i. Calculation based on publicly
accessible data

Pignati et al. [20] 4.9-6.11/ha Brazil n.i. 1-21/ha pre-emergence Database analysis

and
3-41/ha post-emergence
Pignati et al. [21] 551/ha Brazil n.i. n.i. Database analysis
OMAFRA [22] 1.8-2.7 Canada 1-2 0.9 pre-emergence Guide to weed control
0.9-1.8 post-emergence

Franceschell [23] 4.15 Paraguay n.i. n.i. Calculation based on publicly
accessible data

Benbrook [10] 1.6-2.08 USA 1.7 n.. Database analysis

Monsanto patent applica- 8 USA 3-5 Pre- and post-emergence Patent application

tion [15]

Monsanto [13] Max. approx. 8 USA n.i. Pre- and post-emergence  Roundup product label

Perry et al. [24] 1.5 USA n.i. n.i. Database analysis

USDA [14] 7 USA 1.1-15 n.i. Database entry

n.i. not indicated in the studies
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example, lower dosages of glyphosate may be the result
of replacing glyphosate with other complementary herbi-
cides such as dicamba and 2,4-p (Fig. 1). However, this
does not alter the overall trend of sharply increased use
of herbicides on HT GE soybeans in North and South
America. Almeida et al. [26] analysed pesticide use in
Brazil between 2000 and 2012 and reported an increase
of more than 120% per hectare for soybeans. A similar
trend can also be observed in the USDA data [14] which
is illustrated in Fig. 1.

Amount of glyphosate applied in field trials for EU
approval process

To investigate to what extent agricultural practices were
taken into account within the EU approval process and
for health risk assessment, we requested field trial stud-
ies from EFSA filed by applicants for the approval of HT
soybeans in the EU. These studies provide data about
the amount of glyphosate that was sprayed in pre- and
post-emergence. Table 3 gives an overview of studies
filed by Monsanto and Bayer and the amount of glypho-
sate sprayed. Referring to post-emergence applications,
the data show that both companies applied dosages of
glyphosate (mostly about 1-2 kg (a.i.)/ha) in experimen-
tal field trials which is much lower compared to dosages
used by farmers or what is recommended as maximum
dosage by both companies (see Table 2).

To investigate the herbicide applications during the
field trials in more detail, we compared Bayer’s data for
its soybeans ‘Balance Bean’ FG72 and FG72 x A5547-
127 with data from DowDuPont’s soybean ‘Enlist” DAS-
44406-6. The last two confer triple HT: the stacked event
FG72 x Ab547-127 is resistant to glyphosate, glufosi-
nate and isoxaflutole (see [27]); the single event ‘Enlist’ is
resistant to glyphosate, glufosinate and 2,4-D (see [28]).
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Fig. 1 Herbicide applications (kg (a.i.)/ha) on soybean fields in the
USA between 1990 and 2017 (pre- and post-emergence). (Source:
USDA [14])
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The data show huge differences between the compa-
nies in the overall amount sprayed and the number of
sprayings (Table 4): Bayer generally applied much lower
dosages (amount per ha) of glyphosate and glufosinate
compared to DowDuPont. Further, also within the data
from one company (DowDuPont), the dosages and
the number of herbicides (three for the compositional
study and two for the feeding study) varied between
the two listed studies. However, EFSA [27, 28] does not
take these differences into account.

For the interpretation of the data and comparison
with the ones in Table 2, it should be noted that under
practical conditions, each of the GE soybeans in Table 4
can be sprayed with glyphosate alone or in combina-
tion with one or two of the other active ingredients.
Each farmer makes individual decisions and is likely
to be influenced by the prevalent weed species, costs
and regional agronomic practices. When herbicides are
sprayed in combination, their dosage (as active ingredi-
ent) might be lower than spraying them singly (cf. Fig-
ure 1). However, this issue was not taken into account
in the field trials. For example, plants sprayed with
glyphosate only were not compared to plants sprayed
with several active ingredients. This is in contrast to
what has to be expected in practice: for example, until
2018, isoxaflutole was not authorised for application on
soybeans in the USA. Therefore, it is likely that before
2018 US farmers applied higher amounts of glypho-
sate than what can be expected when combined with
isoxaflutole.

Further, plants and resulting varieties, such as those
marketed as ‘Balance Bean’ or ‘Enlist’ with resistance to
2,4-D and isoxaflutole, were not made resistant to a single
active ingredient, but to a whole group of them: isoxaflu-
tole belongs to the group of HPPD inhibitors and 2,4-D
to the group of phenoxy herbicides. According to a pat-
ent for mutated HPPD enzymes conferring resistance
against HPPD inhibitors [29], most commercially avail-
able HPPD inhibitor herbicides belong to one of four
chemical families. According to available publications,
FG72 soybean is resistant to HPPD inhibitors belonging
to two different families, i.e. isoxaflutole and mesotrione
[30]. However, members of the mesotrione family were
not considered in field trials.

In addition, as patent application W0O2007053482
filed by Dow AgroSciences [31] shows, GE plants, such
as DAS-44406-6, which produces the enzyme AADI12,
are not only resistant to 2,4-D, but also to further her-
bicides classified as pyridyloxyacetates. Substances such
as triclopyr, fluroxypyr and MCPA are members of this
group. Thus, under practical conditions, the farmers have
a choice to add other active herbicide ingredients to their
weed management. These additional active ingredients
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Table 3 Data on the application of glyphosate in field trials with various HT GE soybeans. Field trials were submitted
by Monsanto and Bayer for requesting authorisation of various HT GE soybeans in the EU for import and food and feed
use

Event Applicant GE plants made Field trials Amount Stage Total amount
resistant to... conducted of glyphosate of glyphosate
in... applied applied
FG72 x A5547-127 Bayer CropScience  Glyphosate, glufosi- USA <1 Before flowering (V5) <1
nate, isoxaflutole
FG72 Bayer CropScience  Glyphosate, isoxaflu-  USA <1 Before flowering (V5) <1
tole
MON87701 x MON89788  Monsanto Glyphosate Argentina ~15 V6 to V8 ~15
MON87705 Monsanto Glyphosate USA <1 Pre-emergence <1
MON87705 x MON89788  Monsanto Glyphosate USA ~1-1.5 V2-R1 ~1-15
MON87708 x MON89788 Monsanto Glyphosate, dicamba ~ USA <1 Around flowering <1
(V4-R1)
MON89788 Monsanto Glyphosate USA, Argentina ,label use rate” ?
USA ~2 Pre-emergence ~4
~2 V3 and R1/R2
USA ~3 V3 and R1/R2 ~3
USA ~4 V2 and ~V3/4 ~4
USA ~3 Pre-emergence ~6
~2 V3and R1/R2
~1 Pre-harvest
USA ~1 ? ~1
RR 40-3-2 Monsanto Glyphosate USA ~6 Pre-emergence ~7
<1 Before flowering (V5)
USA ~6 Pre-emergence ~8
<1 Early post-emergence
<1 Flowering
France, Italy <1 Early post-emergence ~ 2
(V5)

The data were accessed via EFSA. The amount of glyphosate is given in kg (a.i.)/ha. When glyphosate was applied more than once, the total amount of glyphosate
differs from the application rate

Table 4 Amount of herbicides applied in kg (a.i.) and number of sprayings in field trials with multiple resistant GE
soybeans as conducted by Bayer and DowDuPont for risk assessment of FG72, FG72 x A5547-127 and DAS-44406-6
forimport and use as food and feed in the EU

GE soybean event  Field trial with FG72  Field trial with FG72 x A5547-127 Field trial with DAS-44406-6 Field trial with DAS-44406-6

Purpose Compositional Compositional analysis Compositional analysis Feeding study
of the study analysis
Glyphosate Approx. 1 kg/ha 0.863 kg/ha 3.780 kg/ha (total) 1.68 kg/ha (total)

1x spraying 1x spraying 3x sprayings 2X sprayings
Glufosinate 0448 kg/ha 0.8 kg/ha (total) None

1x spraying 2% sprayings

Isoxaflutole 70 mg/ha 70 mg/ha

1x spraying 1x spraying
2,4-D 3.360 kg/ha (total) 1 kg/ha

3% sprayings 1x spraying

were not considered in field trials and thus not by EFSA In conclusion, Bayer’s and Monsanto’s herbicide appli-
in their risk assessment. cations are not representative of the agronomic condi-

tions under which these plants are grown. DowDuPont’s
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field trials with repeated spraying and higher total
amount of herbicides applied are closer to the practical
conditions than Bayer’s field trials. However, the ques-
tion remains why DAS-44406-6 soybean materials for
the 90-day feeding study and for compositional analysis
were produced under different conditions. Soybeans for
the feeding study were sprayed with much less glyphosate
and 2,4-p and no glufosinate at all. Therefore, the feeding
study, which could have shown adverse effects of herbi-
cide residues or other parameters, tested non-represent-
ative soybean material. All three companies performed
field trials with only one herbicide regime, i.e. a combina-
tion of complementary herbicides at low dosages, but not
single herbicides at higher dosages. Finally, considering
that the transgenic enzymes HPPD and AADI12 confer
resistance to more than one active ingredient, none of the
companies included the full range of herbicides the crops
are resistant to.

Impact on food and feed risk assessment

This chapter investigates the impact of different herbicide
regimes on the risk assessment of food and feed prod-
ucts derived from HT GE plants. Since GMO and pesti-
cide regulation are involved, both regulatory areas will be
taken into account here.

Pesticide risk assessment

In general, it can be expected that HT GE crops and their
harvested products, respectively, contain residues of the
applied complementary herbicides. Which residues and
degradation products are actually present depend on the
plant species, the inserted genetic constructs as well as
the herbicide regime. The latter comprises the kind of
herbicide, the amount and frequency of application and
the pre-harvest interval (PHI), which is the waiting time
to harvest a crop after a pesticide application. It is note-
worthy that a short PHI for glyphosate in some countries
and some crop species is allowed for use as desiccant,
which is especially relevant for cultivation of conven-
tional crops.

Since HT GE crops and complementary herbicides
form a technological package, specific agricultural prac-
tices can be applied. There are several issues that should
be considered when assessing residues from complemen-
tary herbicides in GE crops, for example, specific patterns
of application, exposure, occurrence of specific metabo-
lites and emergence of combinatorial effects require spe-
cial attention (see, for example, [11]).

It is obvious that, if agricultural practice raises the
amounts that are sprayed, the amounts of residues in
the harvest will increase as well [32]. Furthermore,
crops with multiple herbicide resistance can be treated

Page 8 of 21

with herbicide combinations, and if so new residue pat-
terns and new exposure patterns of the feed and food
chain can be expected. Thus, for crops with multiple
herbicide resistance, herbicide residues should be con-
sidered and assessed in combination before any author-
isation for GE plants can be granted.

There are at least three relevant issues in the pesti-
cide legislation (EU Regulation (EC) No 396/2005 and
(EC) No 1107/2009): (i) the active ingredients and their
metabolites have to be assessed to set maximum resi-
due levels (MRL); (ii) the additives and synergists that
are part of commercially produced herbicide formu-
lations have to be taken into account insofar as these
can leave residues in the harvest; (iii) the combinato-
rial effects should be taken into account if the crops are
resistant to several active ingredients.

Each of these issues poses challenges for the food and
feed safety of HT GE plants. Their risk assessment, per-
formed according to the GMO regulation, is dependent
on data from the pesticide risk assessment process to
conclude on the overall safety of the final products. As
yet there is no clear strategy for establishing the inter-
face between pesticide and GMO regulation. However,
this is necessary to systematically address the overlap-
ping issues in the approval process. Under the current
practice, these two areas of risk assessment are kept
widely separated which causes well-documented major
gaps in the overall safety assessment of these crops. We
provide three examples.

Missing data to set specific MRLs
Even though active ingredients and their metabolites
have to be assessed in accordance with Regulation (EC)
No 396/2005 to set maximum residue levels (MRL), no
such MRLs were set for isoxaflutole, because Bayer did
not provide sufficient data [33]. This is worrying for the
safety of sprayed soybeans because isoxaflutole is clas-
sified as a “suspected human carcinogen” by EFSA [33].
Further, metabolites of isoxaflutole were found in HT
GE soybeans that had not previously been found in con-
ventional soybeans because the plants cannot survive
isoxaflutole. In regard to these metabolites, EFSA [33]
stated that they were unable to evaluate risks to health
from these new substances due to a lack of necessary
data and therefore they could not set maximum limits
for the amounts of these new residues in the harvest.
Also, there are knowledge gaps in the risk assessment
of HT GE soybeans resistant to 2,4-p and glufosinate.
When these crops are sprayed with 2,4-D, metabolites
such as 2,4-dichlorophenol (2,4-DCP) can occur. These
are regarded as more toxic than 2,4-D itself [34, 35], but
were not assessed by EFSA. In addition, glufosinate is
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classified in the EU as showing reproductive toxicity and
is no longer approved for agricultural use in the EU [36].

Missing data to assess additives and synergists in imports
from third countries

Commercial herbicide formulations applied onto plants
in the EU are normally assessed in accordance with EU
Regulation (EC) No 1107/2009. However, formulations
sprayed in North and South America can escape this
requirement (see below). This is relevant for the overall
safety of products derived from HT plants, since there is
a common understanding that commercially traded for-
mulations of glyphosate, such as Roundup, can be more
toxic than glyphosate itself [37-41].

The EU has already taken measures to remove prob-
lematic additives known as polyethoxylated tallow amine
(POEA) from the market [41, 42]. However, these addi-
tives can still be used in third countries for the cultivation
of GE plants. It can be assumed from existing data that
commercial mixtures used in fields in Argentina consist
of about 50% glyphosate and about 15% additives known
as POEA, which are much more toxic than glyphosate
(38, 43].

The exact mixtures sprayed onto the plants are kept
secret and treated as confidential business information.
The EU Commission [44] has confirmed the respective
gaps in risk assessment: “A significant amount of food and
feed is imported into the EU from third countries. This
includes food and feed produced from glyphosate-tolerant
crops. Uses of glyphosate-based plant protection prod-
ucts in third countries are evaluated by the competent
authorities in those countries against the locally prevail-
ing regulatory framework, but not against the criteria of
Regulation (EC) No 1107/2009 (...)” EFSA agrees that fur-
ther investigations and data are needed [41, 45].

No assessment of combinatorial effects

Cumulative effects should be investigated if a plant con-
tains or produces other compounds of potential toxic-
ity. Regulation (EC) No 396/2005 on maximum residue
levels of pesticides in food and feed of plant and ani-
mal origin also requests risk assessment of combinato-
rial effects. It is widely accepted that the combinatorial
effects of herbicide residues can far exceed the toxicity of
the single substances (see, for example, [46]). In addition,
the EU Commission [47] confirmed that combinatorial
effects should be investigated, while also indicating that
adequate methods are not available: “It is true that the
legislation requires cumulative and synergistic effects of
pesticide residues to be considered in the MRL setting, but
only when the methods will be available” This problem
might only be solved in future: in 2019, EFSA published
a new Guidance [48]; it compared the ‘whole mixture

Page 9 of 21

approach’ with a ‘component-based approach’ for the risk
assessment of mixed toxicity that could also be applied in
risk assessment of genetically engineered plants.

In conclusion, there is evidence of several gaps in the
risk assessment of HT GE plants which can substan-
tially reduce the reliability of food and feed risk assess-
ment of products derived from these plants. The EFSA
is the authority responsible for carrying out food and
feed risk assessment in the EU; it appears to be aware of
this problem. For example, in its assessment of residues
from spraying various GM crops with glyphosate, EFSA
[45] explicitly states that existing data are not sufficient
to conclude on the health risks of consuming products
derived from HT GE crops: “For gemetically modified
crops, data were sufficient to derive MRL for sweet corn
(EPSPS modification) and cotton seed (EPSPS modifica-
tion), noting that MRLs should be tentative pending on
the submission of confirmatory methods for enforcement
of AMPA and N-acetyl-glyphosate. For sugar beet roots,
maize and soybeans (EPSPS modification), soybeans
(GAT modification) and rapeseeds (GOX modification),
the available data were insufficient to derive MRLs and
risk assessment values” Similarly, already in 2015, EFSA
pointed to insufficient data regarding additives such as
POEA to assess food safety of HT GE crops [41]. How-
ever, so far, no regulatory conclusions or consequences
have been drawn from these findings by the responsible
risk managers, i.e. the EU Commission or the EU Mem-
ber States.

GMO risk assessment

Crops and especially soybeans contain many biologically
active substances, e.g. estrogens, allergens and anti-nutri-
tional compounds, which may interact with trait-related
characteristics and act as stressors [49, 50]. Each of them
can be characterised and quantified in isolation, but not
all relevant substances of a given crop are known or taken
into account when assessing food safety. Internation-
ally agreed lists of nutritional compositional parameters
to be analysed in soybean matrices for food or feed use
only cover a limited number of the known biological sub-
stances: in the list suggested by the OECD [51], testing
of the concentration of allergens is not required, phar-
maceutically active ingredients, such as saponins, are not
mentioned and not all known plant estrogens and known
toxic substances are included.

Changes in plant composition cannot only be trig-
gered by genetic interventions, but also by interactions
with complementary herbicides. The latter is particu-
larly relevant for soybeans: firstly, HT is the dominant
transgenic trait in GE soybeans, and secondly, soybeans
contain naturally high concentrations of phytoestrogens
and allergens. The concentration of these substances can
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increase or decrease and may thereby impact the safety
and nutritional composition of GE soybeans derived for
food and feed. Table 5 gives an overview of publications
reporting changes in the composition of glyphosate-
resistant GE soybeans and other parameters at differ-
ent glyphosate dosages. It is evident that the respective
changes can depend on the kind and concentration of the
herbicide used. The applied dosages varied mostly in the
range between approximately 1-3 kg (a.i.)/ha, only Cor-
reia [66] applying more than 6 kg (a.i.)/ha. The results
show complex effects, both increasing and decreasing
trends, evidencing both constitutional changes (e.g. con-
tent of protein, macro- and micronutrients, oil or sugar)
and plant physiological and phenotypical changes (e.g.
rate of photosynthesis, nitrogen fixation, plant biomass),
depending on the applied doses of glyphosate. For exam-
ple, Zobiole et al. [52] and also Bghn et al. [53] found that
glyphosate application can cause significant changes in
soybean plant constituents. More specifically, Zobiole
et al. [52] applied glyphosate at three different dosages
(800 g, 1200 g and 2400 g/ha) which resulted in dose-cor-
related changes in plant compositions.

As recent research shows, there are previously unde-
tected mechanisms which can cause compositional
changes in glyphosate-resistant GE plants: Fang et al.
[93] found that Arabidopsis engineered to be glyphosate
resistant via an inserted mutated epsps gene exhibited a
fecundity advantage in glyphosate-free environments.
Apparently, the overproduced EPSPS protein inter-
acted with plant metabolism. Since the plant hormone
auxin plays a key role in growth, fecundity and adapta-
tion to environmental stressors, the authors assumed
that the overproduced EPSPS increased the auxin con-
tent. Consequently, the plant may produce more seeds
and be more resistant to environmental stressors such as
drought and heat. Also, the dosage and number of spray-
ings with the complementary herbicides could have an
impact on these effects, since genome x environment
interactions often play an important role. Moreover, Fang
et al. [93] observed that the effects were enhanced under
stressful conditions.

Thus, if plants in field trials receive non-representa-
tive amounts of herbicides, this will not only impact the
amount of herbicide residues, but could also conceal
changes in plant composition and the interactions of
biologically active compounds in a dose—response man-
ner. Such changes can cause health risks, for instance by
increasing the effects of allergens or phytoestrogens.

Some further overlapping issues

There are some further relevant issues in the risk assess-
ments of HT GE plants and pesticides that require the
establishment of a step-by-step interface process during
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the approval procedure [94]: for example, it should be
taken into account that there may be specific interactions
between residues of herbicides and plant constituents.
This is particularly relevant for natural allergens and phy-
toestrogens in plants, since there are several indications
that their risks to health can increase by interactions with
compounds derived from glyphosate-based herbicides.
Studies have shown that the endocrine system of young
rats is disturbed when fed with soy milk in combination
with glyphosate [95]. Several publications indicate that
glyphosate formulations can act as so-called endocrine
disruptors (see, for example, [96—102]). There may be
synergistic or additive interactions of plant components
in soybeans, such as isoflavones (see, for example, [103]),
with residues from glyphosate formulations.

Furthermore, the potential impact of glyphosate resi-
dues on the intestinal microbiome needs to be consid-
ered. Some negative effects have already been shown for
cattle [104], poultry [105] and rats [106]. As glyphosate
has an antibiotic effect on certain widespread bacteria
such as E. coli [107, 108], permanent exposure to glypho-
sate may also change the gut flora of humans. This issue
is also relevant for sub-chronic low-dose exposure to
2,4-p [109]. Changes in the gut flora are suspected of
being involved in many diseases (see, for example, [110,
111]). Adverse health effects via the microbiome might
also be triggered by residues from spraying with the
complementary herbicide (see also [112]). In general,
antibiotic effects and other adverse impacts on the intes-
tinal flora might occur from exposure to a diet contain-
ing HT plants, which is not assessed under the pesticide
regulation.

Of significance, but not discussed here are the harmful
health effects of glyphosate under occupational exposure
(see, for example, [16, 113]). In addition, it is noteworthy
to remember that tank mixing herbicides with further
adjuvants (most often surfactants) may have more severe
or modified effects on non-target organisms than the
herbicide formulations alone [114].

Discussion

To assess whether the expected agricultural practices
under which GE plants are grown influence the stud-
ied end points, field trials with HT GE plants need to
produce comparative data from plants treated, and
not being treated, with the complementary herbicides
under real agronomic conditions. As shown above, the
application of herbicides will not only influence the
presence, amount and composition of their residues,
but can also impact gene expression, agronomic per-
formance and plant composition. Since these issues are
highly relevant for the assessment of health risks, it is
important that the material chosen for testing the end
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points and the applied herbicide regime are representa-
tive of the products that are actually imported into the
EU.

Significant differences in plant composition can be
expected even when conventionally bred varieties are
compared to each other [115]. However, GE plants, espe-
cially those that produce additional EPSPS enzymes, can
be expected to show differences which are caused by spe-
cific mechanisms (see, for example, [93]). Such specific
molecular mechanisms can result in a plant composition
that is changed in terms of quality and quantity. Field tri-
als with the HT GE plants should be required to explore
this issue ideally using the highest known dosage of the
complementary herbicide applied by farmers or the high-
est dosage that can be tolerated by the plants. We empha-
sise that in most field trials, the dosage falls well below
the maximum dosage recommended by the applicant
(see sections “Current practice in the cultivation of HT
GE soybeans in terms of use of complementary herbi-
cides” and “Amount of glyphosate applied in field trials
for EU approval process”). If information about real agro-
nomic conditions is missing in the dossier requested for
authorisation, this issue must be investigated and moni-
tored. If the applied dosages in practice exceed the ones
used in field trials, additional data has to be submitted
to exclude unwanted changes in the GMO that may lead
to adverse effects on human, animal and environmen-
tal health. Otherwise, the transgenic trait would not be
described sufficiently and no conclusive risk assessment
could be performed.

HT GE plants should also be tested under defined
stress conditions (see for example [116]). This would
allow defining the range of possible changes in the plant
composition, agronomic performance, gene expression
of introduced gene constructs and the level of residues
(and metabolites) that can be expected. Such data would
be useful to develop further hypotheses on the range of
effects that should be considered as well as their potential
impacts on health.

Clearly, the material used for comparative assessment
must be produced under real agronomic practices, as
requested under Regulation (EU) No 503/2013. Only
then will the data from field trials be trustworthy and can
represent the material entering the food and feed chain.

Based on our findings above, specific issues of major
relevance for risk assessment of GE plants can be identi-
fied to improve the design of field trials and the assess-
ment of the respective data:

(1) The herbicide dosage and the number of sprayings
applied in the field trials: this aspect is highly rel-
evant for the amount of residues found in harvested
products, but also for the overall plant composition
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and combinatorial effects. Changes in agricultural
practices need to be taken into account for new
applications as well as for renewals.

(2) The specific herbicides used in field trials as single
or combined applications: the known or otherwise
expected agricultural practices for weed manage-
ment during cultivation of GE with resistance to
multiple active ingredients have to be taken into
account. It is important to investigate whether the
expected and approved varying practices for weed
control influence plant composition and safety.

(3) The herbicide formulations used in the countries of
cultivation: not only the active ingredients, but all
relevant additives and synergists need to be taken
into account in the overall risk assessment of the
HT GE products for which authorisation for import
is being sought.

(4) Toxicity of residues from spraying: GE plants
should not be approved if the toxicity of the resi-
dues from the complementary herbicide is not fully
determined.

(5) Potential combinatorial effects: the residues from
the complementary herbicides and their mixed
toxicity need also to be considered when assess-
ing potential combinatorial effects and the overall
safety of the relevant products; this includes also
herbicide—plant (constituent) interactions.

(6) Direct and indirect effects in feeding studies: the
immune system and the reproductive system should
also be taken into account when testing the whole
food and feed to assess possible health effects. Fur-
thermore, indirect effects have to be considered
that can be triggered via the intestinal microbiome
as well as by cumulative or combinatorial effects
caused, e.g. by specific dietary mixtures.

Conclusion

A large number of weeds (47 individual species glob-
ally [9]) have adapted to the massive use of glyphosate in
agriculture and have become resistant. These HT weeds
are an increasing problem in countries where HT GE
crops are grown. Their widespread adoption has led to
an accelerating amount of herbicides being used and has
consequently led to an “arms race” in genetic engineer-
ing technology and usage of complementary herbicides.
The increasing amount of herbicides sprayed onto these
plants not only causes substantial problems in the envi-
ronment [112, 117-123], but also creates new challenges
for the risk assessment of health effects since products
derived from these plants can introduce new herbicide
residues into the food chain.
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The GMO and pesticide regulation provisions of the
EU display a substantial overlap in terms of the require-
ments for the assessment of health risks: both regulatory
areas require a high level of protection for health and the
environment. Both request that the conditions of agri-
cultural production are taken into account. Addition-
ally, both request the evaluation of combinatorial effects.
Finally, Implementing Regulation (EU) No 503/2013
explicitly combines the two areas of risk assessment by
requesting field trials with and without the application of
the complementary herbicide.

As shown, the dossiers currently submitted for market
approval are seriously flawed: (i) herbicide applications in
studies for risk assessment do not correspond with real-
life farming practice; (ii) material prepared for feeding
studies is different from the material entering the food
chain; (iii) crucial data are missing for the safety testing
of the residues from spraying and (iv) cumulative and
combinatorial effects related to the application of the
complementary herbicides as well as (v) herbicide—plant
(constituent) interactions and long-term effects. There-
fore, current dossiers cannot be considered to meet regu-
latory standards in the EU which require that safety for
health and the environment is demonstrated.

Although our analyses focus on HT GE soybean, it can
be anticipated that most of the outcomes also apply in
principle to other HT GE crops, which are already or in
the foreseeable future on the market, such as the MON
87429 corn which is resistant to four active ingredients
[124].

We recommend the following requirements for the risk
assessment of HT GE plants:

+ All residues of active substances must be assessed,
including taking various practical conditions into
consideration (e.g. dosage and frequency of herbicide
application, PHIs).

« All applied additives/adjuvants and their residues
must be assessed.

+ Combinatorial effects of the applied herbicides must
be investigated, i.e. both herbicide—herbicide interac-
tions, but also herbicide—plant (constituent) interac-
tions.

« DPotential changes in plant composition due to vari-
ous herbicide applications must be investigated.

+ Long-term effects of consumption of HT GE soy-
beans must be investigated, also including potential
effects on the endocrine system, reproduction and
the intestinal microbiome.
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