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One of the most controversial societal issues today, regarding pesticide registration in
the European Union (EU) may be the case surrounding re-registration of the active
herbicide ingredient glyphosate. Shortly before the announcement of the conflicting views
regarding the carcinogenicity status of this regulated agrochemical by EU Agencies, the
European Food Safety Authority (EFSA) and the European Chemicals Agency (ECHA)
on the one hand, and the International Agency for Research on Cancer (IARC) on
the other hand, the Cancer Assessment Review Committee of the US Environmental
Protection Agency (US EPA) also published re-evaluations. The US EPA assessment
classified glyphosate into Group E, “not likely to be carcinogenic to humans.” Similar
positions were reached by EFSA and ECHA, assessing glyphosate as “unlikely to pose
a carcinogenic hazard to humans” and “not classified as a carcinogen,” respectively.
A strongly opposing evaluation has previously been reached by IARC by classifying
glyphosate into Group 2A, “probably carcinogenic to humans.” IARC identified potential
cancer hazards in this case, but did not estimate the level of risk it may present, which was
taken into consideration by opposing agencies. Multiple effects of glyphosate have been
reported, of which carcinogenic effects are only one component. Formulated glyphosate
products—especially with polyethoxylated tallowamine and related compounds—have
been shown to cause stronger cytotoxic or endocrine disrupting effects than the active
ingredient glyphosate alone. Questions related to hazards and corresponding risks
identified in relation to this active ingredient and its formulated herbicide preparations
divide scientific circles and official health and environmental authorities and organizations,
and touch upon fundamental aspects of risk assessment and product regulation. The
decision has to consider both hazard-based (IARC) and risk-based analysis (EFSA);
the former may not be suitable to calculate practical significances, and the latter being
challenged if exposure estimations are uncertain in light of new data on residue levels.
The results of current analytical surveys on surface water are particularly worrisome. In
turn, the precautionary principle appears to be the optimal approach in this case for
regulation in the EU.
Keywords: glyphosate, plant protection products, formulating agents, polyethoxylated tallowamine, hazard
identification, risk assessment

Frontiers in Environmental Science | www.frontiersin.org

1

July 2018 | Volume 6 | Article 78

Székács and Darvas

Re-registration of Glyphosate in the European Union

INTRODUCTION

which also has to be considered in risk assessment and policymaking.
This survey attempts to summarize relevant data and
information regarding decision-making in the re-registration
process of glyphosate and its formulated herbicides, as well as
main statements and events in evidence-based risk assessment
that impacted it. It does not aim to justify or deny legislatory
steps, but intends to reveal scientific data that had to be or should
be considered in the corresponding decisions, with particular
emphasis on results that have come to light since 2013, the
preparation of the main risk assessment document on glyphosate,
and with special attention to hazards identified in (eco)toxicity
studies and to increased potential exposure levels corroborated
by environmental monitoring of glyphosate residues.

Since its introduction as an herbicide active ingredient in 1971
(Baird et al., 1971), glyphosate [N-(phosphonomethyl)glycine]
became and remains the market leading herbicide active
ingredient worldwide (Dill et al., 2010; Székács and Darvas, 2012;
Benbrook, 2016). Its initial patent protection commenced in 1971
(Franz, 1974), and was renewed in the eighties on the basis of
novel composition—through a process that involved property
acquisitions among major pesticide companies. However,
even this extended patent protection eventually expired, and
glyphosate became a generic compound in 1991 in many parts of
the world outside the United States (US), and even the US patent
expired in 2000. The introduction of glyphosate-tolerant (GT),
genetically modified (GM) crops, began in the US in 1996 and
gave a further protected status and market boost to glyphosate,
securing its market leading position ever since.
Nonetheless, not only the intellectual property rights, but also
the legal authorization of any given pesticide active ingredient
has to be periodically renewed by national or international
authorities in different parts of the world, when the substance
is intended to be applied in agriculture. In the European Union
(EU), the re-registration of glyphosate was scheduled for 2013,
and Germany was chosen as Rapporteur country, with Slovakia
as co-Rapporteur. Re-registration of the compound received
prominent attention, due to significant commercial interests and
also environmental and health concerns.
The applied formulations may contain various additives (e.g.,
surfactants), besides the active ingredients, and these additives
have long been classified as being inert or inactive components
in relation to the main biological effects of the formulation.
Such “inertness” is consequent by definition, as any component
exerting the main biological effect would be considered an active
ingredient, not an additive. However, these inert ingredients may
be biologically or chemically active in their side-effect profile,

THE WORLDWIDE MARKET OF
GLYPHOSATE
Due to its patent protection, the market for glyphosate has been
very favorable for the patent holder Monsanto Corporation
for almost three decades. The leading glyphosate-based
herbicide of Monsanto has been the Roundup group (Roundup
Original R , Roundup Classic R Roundup UltraMAX R , Roundup
WeatherMAX R ), containing mostly isopropylammonium
(IPA) or potassium salts of glyphosate having excellent water
solubility. Other salts are also used, of which ammonium and
sodium salts have less water solubility, while the trimesium
(trimethylsulfonium) or IPA salts are almost twice as water
soluble as the already highly soluble potassium salt—in fact
this physicochemical feature has been used in formulations and
claimed as an innovative novelty during patenting. Expiration
of the patent protection outside the US in 1991 caused a 30, 40,
and 50% drop in the market sales of Roundup within 1, 2, and 5
years, respectively. However, the introduction of GT GM crops
has more than compensated Monsanto for initial market losses,
as Roundup could then continue to be exclusively marketed as a
product linked to Roundup Ready R (RR) crops, the first GT crop
being RR soybean in 1996, followed by GT cotton, GT maize, GT
canola, GT alfalfa, and GT sugar beet (Dill et al., 2010).
Regardless of the position of Monsanto in patenting and
marketing glyphosate, the worldwide market for the active
ingredient is continuously increasing as depicted in Figure 1
on the basis of data reported (Bonny, 2011; Swanson et al.,
2014; Benbrook, 2016). After average annual increases of 8%
between 1982 and 1990, sales rose 16-fold in the 14 years between
1974 and 1990 (31% annual growth) and 26-fold in the 15
years between 1990 and 2005 (44% annual growth), and then
maintained 8% annual growth between 2005 and 2014. The
increasing boost after 1990 was clearly due to the worldwide
introduction of GT crops, and this growth in consumption was
further intensified with the expansion of the use of multiple
trait (stacked genetic events) GM crops. Nonetheless, the use
of glyphosate increased in regions without GM crop cultivation
(due to pre-harvest or post-harvest chemical desiccation) as well:
the overall consumption of glyphosate in Germany was boosted
5.7-fold between 1992 and 2012 (Berger et al., 2018). Thus, since

Abbreviations: AChE, acetylcholinesterase; ACS, American Chemical Society;
ADI, acceptable daily intake; AMPA, aminomethyl phosphonic acid; ARfD, acute
reference dose; BfR, German Federal Risk Assessment Institute, BVL, German
Federal Office for Consumer Protection and Food Safety; CRP, Co-operative
Research Programmes; DNA, desoxyribonucleic acid; EC, European Commission;
ECHA, European Chemicals Agency; EEC, European Economic Community;
EFSA, European Food Safety Authority; ELISA, enzyme-linked immunosorbent
assay; ERD, enforcement residue definition; EU, European Union; FAO, Food
and Agriculture Organization; GAT, glyphosate acetyltransferase; GM, genetically
modified; GM38, human fibroblast cell line; GOX, glyphosate oxidoreductase; GT,
glyphosate-tolerant; HEK293, human embryonic kidney cell line; HeLa, human
cervical cancer cell line; HepG2, human hepatoma cell line; HT, herbicidetolerant; HT1080, human fibrosarcoma cell line; HUVEC, primary neonate human
umbilical vein endothelial cell line; IARC, International Agency for Research on
Cancer; IPA salt, isopropylamine salt; IPA, isopropylamine, isopropylammonium;
JEG3, human choriocarcinoma cell line; JAr, human chorioplacental cell line;
JMPR, Joint Meeting on Pesticide Residues; LC-MS/MS, liquid chromatography
coupled to tandem mass spectrometry; MS, Member State; NE-4C, murine
neuroectodermal stem cell-like cell line; NOAEL, no observable adverse effect
level; OECD, Organisation for Economic Co-operation and Development; PAN,
Pesticide Action Network; POEA, polyethoxylated tallowamine; PPP, plant
protection product; RR, Roundup Ready R ; T47D-KBluc, human transfected
estrogen-dependent breast adenocarcinoma cell line; UF, uncertainty factor; US
EPA, US Environmental Protection Agency; US, United States (of America);
WHO, World Health Organization.
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the patent protection of glyphosate in different regions of the
world (except for the US). The share of the US consumption may
continue to decrease more rapidly as US consumption appeared
to have leveled out after 2010 (reflected in a continuing decrease
in the US share on the global consumption), while worldwide
glyphosate consumption appeared to grow at an unchanged rate,
partially due to GT crops gaining acreage in regions other than
the US, and partially due to expanding glyphosate use in preor post-harvest crop desiccation. Globally, usage in GT crop
cultivation and non-GT crop desiccation boosted the commercial
success of glyphosate, while its manufacturing has shifted to Asia,
resulting in a leading production role currently played by China.

2012 glyphosate alone represented globally a stable 12% of the
overall pesticide market and 13% of the market for synthetic
pesticides (BCC Research, 2012; Transparency Market Research,
2014, 2016).
In 2014–2015, glyphosate accounted for 26% of maize, 43% of
soybean and 45% of cotton herbicide applications. Considering
oral rat LD50 or 24-month oral rat no observable adverse
effect level (NOAEL) values for acute or chronic toxicity for
all herbicide active ingredients used, glyphosate was estimated
in a study (Kniss, 2017) to contribute only 0.1, 0.3, and 3.5%
of the chronic toxicity hazard in those crops, respectively, on
the basis of the hazard quotient approach weighting the hazard
(toxicity) with the areas and dosages applied. Nonetheless,
this estimation considered a factor termed “area-treatment”
(instead of the absolute amounts applied), solely the average
exposure (vs. exposure dynamics), and only of the active
ingredients. Therefore, it did not take environmental fate,
leaching toward drinking water supplies, ubiquitous exposures,
side-effects by specific modes of action (genotoxic, hormonal,
immunomodulant), as well as effects of the co-formulants into
consideration. The study claims that increases in herbicide
usage increased more rapidly on non-GM crops than on GM
crops, and concludes that the replacement of glyphosate with
other herbicides would be likely to result in increased chronic
health risks to pesticide applicators. This strongly contradicts
to earlier surveys (Heinemann et al., 2014; Benbrook, 2016;
Perry et al., 2016), and is likely to be related to the fact
that Kniss’ study considered 159 herbicide formulations of
118 herbicide active ingredients, while herbicide-tolerant (HT)
crops are designed against 8 herbicide active ingredients or
active ingredient types (2,4-D, dicamba, glufosinate, glyphosate,
oxynil type, sulfonylureas, imidazolinones, isoxaflutole), of which
glyphosate by far is used most substantially in cultivation.
Therefore, such an “overall” trend of all active ingredients
considered, the vast majority of which not being related to
HT crops is biased particularly for glyphosate, concealing the
immense increases in glyphosate use in the grand average.
Overall production capacities have also risen over the decades.
In 2012, the overall production capacity was 1.1 million tons/year
which far exceeded the actual worldwide demand. Of the overall
production, the Republic of China represents a substantial
portion, and has increased its production capacity. Chinese
production capacity was 323 thousand tons/year in 2007, but
increased by 2.6-fold to 826 thousand tons/year in 2010,
corresponding to a 37% annual increase rate. Statistics indicate
that China alone is capable to meet the entire global glyphosate
demand to date.
The success of glyphosate started with a predominant use of
the active ingredient in the US in the seventies. Subsequently,
the share of the US in the global annual turnover of glyphosate
gradually decreased from 47% in 1974 to 15% in 2014, as seen
in Figure 2 on the basis of literature data (Benbrook, 2016).
The decline of the US share has taken place more or less at
a constant rate of −0.6%/year, except for the period of 1990–
1995, when a steep decline of ∼-2.0%/year occurred, attributed
to large increases in cultivation of GT crops in South America.
The steep drop in 1991 also correlates with the expiration of
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REGISTRATION OF GLYPHOSATE IN THE
EUROPEAN UNION
At the time of its introduction and following its approval in
1974, registration in 1983 and subsequent re-registration for use
in cropland, forests, residential, and aquatic areas in 1993 by
the US EPA (United States Environmental Protection Agency,
2016a), glyphosate had to be registered in Europe in each country,
where it was intended to be marketed, and registration conditions
and requirements varied by country. According to current patent
laws, it was subjected to full product patent protection in
Germany and other Common Market countries, while in the
Soviet Bloc countries, where so-called “process patents” were in
power, anyone could patent and register the active ingredient,
who demonstrated by patent protection the invention of a novel
chemical means for its synthesis.
A detailed and harmonized two-level registration system
for plant protection products (PPPs) was introduced in the
EU in 1991 with Council Directive 91/414/EEC (European
Commission, 1991), specifying that pesticide active ingredients
are regulated at EU level, managed by the European Commission
(EC), while formulated pesticides are registered at Member
State (MS) level. In addition, the new legal framework also
requested re-registration of “old” active ingredients (already
in use in the EU before 1991) (Klátyik et al., 2017a). Active
ingredients subject to re-registration were specified in Annex I
of the Directive, and the re-registration process was carried out
in a four-stage work program completed by the end of 2010
(Anton et al., 2014). The first evaluation of glyphosate under
Council Directive 91/414/EEC took place in 1995 within the
first stage of the work program for existing active substances
referred to in Article 8 (Dill et al., 2010). The basis of the
evaluation was a joint dossier submitted by three industrial
task forces, and Germany was designated as Rapporteur MS.
Upon peer review of the documentation submitted, glyphosate
was included in Annex I of Council Directive 91/414/EEC
with Commission Directive 2001/99/EC (European Commission,
2001) coming into force in 2002. This authorization expired in
2012, when PPPs were already subject to Regulation 1107/2009
(European Commission, 2009) which came into force in 2011,
and renewal of authorization of glyphosate under Regulation
540/2011 (European Commission, 2011b) was ordered.
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FIGURE 1 | The global annual turnover of glyphosate and the intensity of the cultivation of glyphosate-tolerant (GT) genetically modified (GM) crops: agricultural
(slashed line), non-agricultural (dotted line) and overall (solid line) use of glyphosate, along with cultivation of single trait (light columns) and multiple traits (dark
columns) GT GM crops. On the basis of Székács and Darvas (2012), Benbrook (2016), Cuhra et al. (2016), Myers et al. (2016) and the updated dataset of the
International Service for the Acquisition of Agri-biotech Applications (James, 2015).

FIGURE 2 | The share of glyphosate uses in the United States from the global annual turnover. On the basis of Benbrook (2016).

1978–1987 to 152 in 1996–2005 and to 875 in 2006–2015 (Zyoud
et al., 2017). Although reviews of genotoxicity studies deemed
DNA damage by glyphosate and glyphosate-based formulations
secondary to cytotoxic effects (Kier and Kirkland, 2013; Kier,
2015), DNA-damaging effects and genotoxicity of glyphosate
and particularly of its formulations (Roundup R , Glyfos R ,
Glyphogan R , Glyphosate-Biocarb R , etc.) on vertebrates (murine
and human cells) (Bolognesi et al., 1997; Koller et al., 2012;
Young et al., 2015; Townsend et al., 2017), cytotoxic effects of
glyphosate-based herbicides on human embryonic and placental
cells (Benachour et al., 2007; Benachour and Séralini, 2009;
Gasnier et al., 2009, 2010; Mesnage et al., 2013a,b), indication

The re-registration process took an unexpected turn that
triggered wide public responses, when the renewal of the
authorization of glyphosate, along with 38 other pesticide active
ingredients, was postponed until 2015 (European Commission,
2010) and to be completed only in 2016. The reasoning for
the postponement was related to delays in the overburdening
task of pesticide authorization renewals. However, then more
recent studies have indicated a range of potential harmful
effects, including hepatotoxicity or hepatorenal effects on rats
(Benedetti et al., 2004; Larsen et al., 2012), and the number
of published studies increased by orders of magnitude e.g.,
publications related to glyphosate intoxication rose from 44 in
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nuclei in vitro and in vivo (Alvarez-Moya et al., 2014). Glyphosate
has also been shown to be able to disrupt regenerative diploid
(DIMF) and triploid fin cell lines from the Oriental weather
loach (Misgurnus anguillicaudatus) with cytotoxicity of LC50
= 0.315 and 0.372 mg/ml, respectively. It also was found to
induce DNA damage (micronucleus formation), cell damages
(chromatin condensation, nucleus distortion, broken, and
reduced endoplasmic reticulum, mitochondria and ribosomes)
and apoptosis (Qin et al., 2017), intracellular oxidative cascade,
morphological modifications, and apoptosis (Elie-Caille et al.,
2010) caused by oxidative stress due to mitochondrial membrane
potential disruption (Heu et al., 2012b) and cell morphological
changes (Heu et al., 2012a). In addition to detection of decreased
cell viability (tested in the above examples), cytotoxicity has
been tested on other end points as well, including mutagenicity
within the same range of toxicity (EC50 = 0.6–0.9 mg/ml) for
human epithelial type 2 cells (Hep-2) as occurs for human
cervical cancer cell (HeLa) contaminant (Mañas et al., 2009),
human fibroblast cells (GM38) (Monroy et al., 2005), and
human fibrosarcoma cells (HT1080) (Monroy et al., 2005).
Exposure of hippocampal pyramidal cells from rats to glyphosate
at 2–6 mg/ml caused impaired neuronal differentiation and
development and axon growth (Coullery et al., 2016), and
a glyphosate absorption study across epithelial tissues e.g.,
across Caco-2 cells revealed saturable glyphosate uptake through
epithelial transporter enzyme activity in an ATP- and Na+ independent manner, not competed by specific amino acids or
transporter inhibitors. Enhanced uptake into the epithelial cells
at barrier mucosae has been pointed out to potentially result
in more significant local and systemic effects than predicted
from the passive permeability of glyphosate, and may lead to
neural disposition and risk for brain-related toxicities (Xu et al.,
2016). It has been indicated that glyphosate at concentrations
of 0.09–1.69 mg/ml may induce DNA damage in leucocytes
such as human peripheral blood mononuclear cells, cause DNA
damage (single and double strand-breaks by the comet assay) and
DNA methylation (global DNA methylation and methylation of
p16 (CDKN2A) and p53 (TP53) promoter regions), and trigger
DNA methylation in human cells (Kwiatkowska et al., 2017).
Correlations were less apparent for other biochemical end points
e.g., endocrine disrupting effects. Glyphosate was found to inhibit
aromatases in JEG3 cells with EC50 values of 7 mg/ml (Richard
et al., 2005), but causing ∼10% inhibition only at 0.024 mg/ml
(Defarge et al., 2016). It has not been reported to exert estrogen
agonist effects in the estrogen receptor activation-reporter assay
on JEG3 cells, but was proven to be anti-androgenic at subagricultural and non-cytotoxic dilutions (Gasnier et al., 2009).
In contrast, it has been indicated to exert estrogen receptor
activation on human transfected estrogen-dependent breast
adenocarcinoma cells (T47D-KBluc) with an EC50 value of
0.005 ng/ml (Thongprakaisang et al., 2013) or in a later study
0.002 mg/ml (Mesnage et al., 2017a), i.e., two orders of magnitude
below concentrations causing cell mortality. Glyphosate-based
herbicide preparations, containing polyethoxylated tallowamine
(POEA) as formulating surfactant, showed a somewhat similar
pattern at dilutions corresponding to two orders of magnitude
lower glyphosate concentrations, (between 0.001 and 0.1 mg/ml,

of endocrine disrupting effects by showing activity on estrogen
receptors in human hormone-dependent breast cancer cells
(Thongprakaisang et al., 2013; Mesnage et al., 2017a), inhibition
of the biosynthesis of testosterone and estradiol (Romano et al.,
2010) and progesterone (Young et al., 2015) or inhibitory effects
on aromatase, a key enzyme in steroid hormone biosynthesis
(Cassault-Meyer et al., 2014; Defarge et al., 2016), teratogenic
effects on vertebrates by inhibiting the retinoic acid signaling
pathway (Lajmanovich et al., 2003; Paganelli et al., 2010;
Carrasco, 2013), birth defects in rats (Guerrero Schimpf et al.,
2017), and nephrotoxic and hepatotoxic effects of Roundup R
have been demonstrated in rats in connection to RR GM
maize (originally published in the journal Food and Chemical
Toxicology in September 2012, but retracted by the journal
in November 2013 following an alleged intervention from
the industry stakeholder (Foucart, 2016), and subsequently
republished in another journal a year later) (Séralini et al.,
2014). The analysis of kidney and liver tissues from the
same rats by molecular profiling (transcriptomics, proteomics,
metabolomics) confirmed pathology of these organs in the lowest
dose Roundup R treatment group culminating in non-alcoholic
fatty liver disease (Mesnage et al., 2015a,b, 2017a,b).
The in vitro data on the cytotoxicity of glyphosate on
various cell lines, as determined in the corresponding effective
concentration values causing 50% mortality (EC50 ), are shown
in Figure 3, and range over two orders of magnitude (between
0.1 and 10 mg/ml, corresponding to ∼0.5–50% of the dilution
used in agricultural applications ∼2%), with a very broad range
in sensitivity among various cell lines tested. In general, the
most sensitive cell lines appeared to be the human hematopoietic
Epstein-Barr virus transformed lymphocyte Raji cells (Townsend
et al., 2017), regenerative fin cell lines of fish origin (Qin
et al., 2017), human epithelial HaCaT keratinocyte cells (ElieCaille et al., 2010; Heu et al., 2012a,b; Qin et al., 2017) and
a murine neuroectodermal stem cell-like line, NE-4C (Székács
et al., 2014). In contrast, cell types with the lowest apparent
sensitivity were human choriocarcinoma cells (JEG3) (Benachour
et al., 2007; Benachour and Séralini, 2009; Gasnier et al.,
2009; Romano et al., 2010; Mesnage et al., 2013a), human
chorioplacental cells (JAr) (Young et al., 2015), human hepatoma
cells (HepG2) (Benachour et al., 2007; Benachour and Séralini,
2009; Gasnier et al., 2009, 2010), murine osteoblast precursor
cells (MC3T3-E1) (Farkas et al., 2018), human embryonic
kidney cells (HEK293) (Benachour et al., 2007; Benachour and
Séralini, 2009; Gasnier et al., 2009; Mesnage et al., 2013a),
and human primary neonate umbilical vein endothelial cells
(HUVEC) (Benachour et al., 2007; Benachour and Séralini, 2009;
Gasnier et al., 2009). Cytotoxicity has also been detected by
other biochemical markers e.g., mitochondrial functions, release
of lactate dehydrogenase, cell proliferation determined by the
use of sulforhodamine B, or membrane integrity and lysosomal
activities indicated by the uptake of neutral red dye (Koller et al.,
2012; Defarge et al., 2016). The interaction of between glyphosate
and mitochondrial succinate dehydrogenase has been verified by
molecular modeling (Ugarte, 2014). The IPA salt of glyphosate
was indicated to be genotoxic at concentrations of 0.16–1.6 µg/ml
on human lymphocytes, fish erythrocytes and plant staminal
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indicated cytotoxicity due to oxidative damage by increased
levels of reactive oxygen species with an IC50 value of 0.38
mg/ml (corresponding to glyphosate concentration of 0.14
mg/ml) (Coalova et al., 2014), while glyphosate or its primary
metabolite did not exert observable cytotoxicity in the test at
concentrations up to 1 mg/ml (Chaufan et al., 2014). Addition
of the spray adjuvant further reduced the IC50 value to 0.18
mg/ml (corresponding to glyphosate concentration of 0.064
mg/ml). Vice versa, the glyphosate formulation also increased
the toxicity of the spray formulant; i.e., the two substances
showed synergistic cytotoxicity. The same formulation was
shown to inhibit proliferation and differentiation of adipocyte
3T3-L1 fibroblasts (Martini et al., 2012) and to increase lipid
peroxidation and antioxidant enzyme activity by oxidative stress,
and to inhibit the expression of genes normally up-regulated
during adipogenesis, e.g., master gene PPAR gamma (Martini
et al., 2016a). Three glyphosate-based formulations showed
cytotoxicity on adipocyte 3T3-L1 fibroblasts in the order of
Roundup FG R > Glifosato Atanor R > Glifogran R in the
range of IC50 values corresponding to glyphosate concentrations
of 2.5–63 µg/ml, while glyphosate itself exerted an IC50 value
of 3.5 mg/ml (Martini et al., 2016b). In addition, Glifosato
Atanor R was found genotoxic, correlated with lipid peroxidation
and DNA fragmentation effects, at concentrations of 9–26%
(corresponding to glyphosate concentrations of 0.038–0.113
mg/ml) on human peripheral blood leukocyte cells (Barbosa
et al., 2017). Roundup Original R was found cytotoxic to
human adipose-derived mesenchymal stem cells with an IC50
value corresponding to glyphosate concentration of 43.0 ±
1.7 µg/ml, induced death by apoptosis and necrosis upon 24 h
of exposure, and caused reduced alkaline phosphatase activity
in cells induced to osteogenic differentiation (de Melo et al.,
2018). Formulations containing glyphosate IPA salt, Roundup
3 Plus R , Roundup Biovert R , Amega R , Cargly R and Cosmic R ,
unlike glyphosate alone, were shown to affect cell proliferation
in embryonic cells 360 min upon fertilization of the sea urchin
Sphaerechinus granularis inducing a delay in entry into the Mphase in the cell cycle (Marc et al., 2002, 2004). A Roundup R
formulation, but again not glyphosate, was shown to affect cell
proliferation and steroid production, as dramatically decreased
cell numbers, as well as estradiol and progesterone production
were recorded in granulosa cells from beef heifer ovaries upon
exposure to Roundup R at 0.01–0.30 mg/ml (corresponding
to glyphosate concentrations of 0.0018–0.054 mg/ml) (Perego
et al., 2017). Roundup R inhibited the survival of human L-02
hepatocytes (IC50 = 0.15 mg/ml, corresponding to glyphosate
concentration of 0.062 mg/ml) by inducing mitochondrial and
DNA damage, changes in membrane integrity and permeability,
inhibition of the antioxidant system, and thus, apoptosis
(Luo et al., 2017). Roundup Transorb R exerted cytotoxicity
on a zebrafish (Danio rerio) hepatocyte cell line ZF-L at
concentrations as low as 0.068–0.27 µg/ml (corresponding to
glyphosate concentrations of 0.033–0.13 µg/ml), due mostly to
lysosomal instability and inhibition of mitochondrial function,
and slightly to impaired cell membrane integrity. Synergistic
detrimental effects were observed when Roundup Transorb R
was applied with an insecticide formulation (Furadan 350

corresponding to ∼0.005–5% of the dilution used in agricultural
applications), with notable outstanding sensitivities for cell
lines NE-4C and JAr. A study of exposure to glyphosate on
human HepG2 cells using biomarkers of oxidative stress found
prompt (upon 4 h) elevated levels of permanent DNA damage
(micronucleus formation) in cytokinesis-block micronucleus
cytome assay and in alkaline comet assay (indicating a possible
aneugenic effect), as well as decreases in lipid peroxidation,
glutathione peroxidase activity and total antioxidant capacity at
occupational exposure level (0.0035 mg/ml) revealing oxidative
damage. In contrast, no significant effects remained upon 24 h of
exposure in the levels of reactive oxygen species, glutathione and
lipid peroxidation, indicating a certain ability of the cells to cope
with prolonged exposure (Kašuba et al., 2017). Supported by an
optical biosensor method and holographic microscopy, Roundup
Classic R and glyphosate have recently been shown to inhibit
normal cell adhesion of MC3T3-E1cells with IC50 values upon
1 h of exposure of 0.086 and 0.59 mg/ml in serum-containing
medium and 0.10 and 1.97 mg/ml in serum-free conditions,
respectively; and the approximately one order of magnitude
higher inhibitory potency of Roundup Classic R was proven to
be attributed to POEA (Farkas et al., 2018).
Substantially higher cytotoxicities recorded for glyphosatebased herbicide preparations at given dilutions than those seen
for the corresponding glyphosate concentrations indicate that
the excessive toxicity is clearly due either to component(s)
in the formulation, or to their interaction with the active
ingredient (see below). A problem occurring frequently in the
scientific literature is, however, that reports do not always
accurately specify the actual glyphosate formulation used, and
often attribute the observed effect to the active ingredient,
glyphosate. This is, in several cases, a wrong assumption, which
can be verified only with the use of pure glyphosate. For this
reason, comparative studies with glyphosate, co-formulants and
formulations involved are of increasing significance (Klátyik
et al., 2017a; Székács, 2017; Defarge et al., 2018; Mesnage and
Antoniou, 2018).
Three glyphosate-based formulations, Roundup Express R ,
Roundup Bioforce R , Roundup GT R and Roundup GT Plus R
at 5% dilutions corresponding to 0.04–2.3 mg/ml concentrations
of glyphosate showed 22–97% inhibition of the mitochondial
activity and activation of caspase 3/7 enzymes of HepG2
cells, while such levels of inhibition with glyphosate alone
could be achieved only at or above 20 mg/ml concentration
(Benachour et al., 2007; Benachour and Séralini, 2009; Gasnier
et al., 2009; Mesnage et al., 2013a). Effects were similar, but
even somewhat stronger on the more sensitive human Hep3G
hepatic cell line (Gasnier et al., 2010). Roundup Bioforce R ,
but not glyphosate, caused cytotoxicity through caspase 3/7
inhibition on testicular Leydig, Sertoli, and germ cells from rat
and through adenylate cyclase activation on Leydig cells (IC50
= 0.36–0.9 mg/ml; 0.1–0.25%) (Clair et al., 2012). Roundup
Original R similarly induced calcium-mediated cell death in
rat testis and Sertoli cells (de Liz Oliveira Cavalli et al.,
2013). A study using a glyphosate-based herbicide formulation
Glifosato Atanor R and spray adjuvant alkylphenol ethoxylate
(Impacto R ) on the human Hep-2 cell line after 24 h of exposure
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FIGURE 3 | In vitro cytotoxicity of glyphosate (light columns) and its formulated preparation Roundup® (dark columns) on various cell lines Raji: human hematopoietic
Raji (Epstein-Barr virus transformed human lymphocyte) cells (Townsend et al., 2017), DIMF, diploid fin cell line from the Oriental weather loach Misgurnus
anguillicaudatus (Qin et al., 2017); HaCaT, human epithelial keratinocyte cells (Elie-Caille et al., 2010); NE-4C, murine stem cell-like neuroectodermal cells (Székács
et al., 2014); Hep-2, human epithelial type 2 (HeLa contaminant) cells (Mañas et al., 2009); GM38, human fibroblast cells (Monroy et al., 2005); HT1080, human
fibrosarcoma cells (Monroy et al., 2005); HUVEC, primary neonate human umbilical vein endothelial cells (Benachour et al., 2007; Benachour and Séralini, 2009;
Gasnier et al., 2009); HEK293, embryonic kidney cells (Benachour et al., 2007; Benachour and Séralini, 2009; Gasnier et al., 2009; Mesnage et al., 2013a);
MC3T3-E1, murine osteoblast precursor cells (Farkas et al., 2018); HepG2, human hepatoma cells (Benachour et al., 2007; Benachour and Séralini, 2009; Gasnier
et al., 2009); JAr, human chorioplacental cells (Young et al., 2015); JEG3, human choriocarcinoma cells (Benachour et al., 2007; Benachour and Séralini, 2009;
Gasnier et al., 2009; Mesnage et al., 2013a, 2017a). Plain and grid column patterns indicate cytotoxicity detected by MTT test and mutagenicity tests, respectively.

SC R ) of no known interaction between the active ingredients,
indicating that toxicity was likely to be due to the surfactants
in the commercial formulations (Goulart et al., 2015). Moreover,
Roundup Full II R exerted acute toxicity (LC50 = 0.009 mg/ml
upon 96 h of exposure) and genotoxic effects in blood, gill,
and liver cells of the pacu fish (Piaractus mesopotamicus)
determined in comet micronucleus and nuclear abnormalities
assays (Leveroni et al., 2017). Roundup Transorb R was found
mutagenic and genotoxic on gill erythrocyte cells of the
guppy Poecilia reticulata (De Souza Filho et al., 2013), and
a glyphosate-based herbicide at dilutions corresponding to
glyphosate concentrations above 1.7 ng/ml caused significant
decreases in the numbers of differentiated neuronal clusters and
myotubes on primary embryonic stem cells from Drosophila
melanogaster, being indicative of potential teratogenic effects
(Argueta and Torres, 2017).
Upon clinical observations that surfactants used in
glyphosate-based formulations substantially contributed
to development of symptoms e.g., hypotension, mental
deterioration, respiratory failure, acute kidney injury, and
arrhythmia in intoxication cases by those formulations (Seok
et al., 2011), targeted studies on surfactant-induced cellular
effects found that cytotoxicity via apoptosis and necrosis caused
by mitochondrial damage by surfactant POEA (TN-20) on
mouse alveolar epithelial, fibroblast-like, and heart cell lines
was reduced in the presence of glyphosate, while that of a
corresponding polyoxyethylene lauryl amine ether (LN-10)
surfactant was unaffected on alveolar cells, but increased on
fibroblast-like and heart cell lines in the presence of glyphosate.
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Glyphosate alone did not exert cytotoxicity at up to 0.17 mg/ml
(100 µM) (Song et al., 2012; Kim et al., 2013).
Moreover, the primary metabolite of glyphosate, aminomethyl
phosphonic acid (AMPA) was found to be genotoxic on
human and murine cell lines using the comet assay, the
chromosome aberration test and the micronucleus test (Mañas
et al., 2009). Assessing cytotoxicity of glyphosate, its metabolite
AMPA and impurities (N-(phosphonomethyl) iminodiacetic
acid, N-methylglyphosate, hydroxymethylphosphonic acid and
bis-(phosphonomethyl)amine) on human peripheral blood
mononuclear cells, found statistically significant decreases in
their viability and ATP levels. Thus, N-methylglyphosate and
bis-(phosphonomethyl)amine exerted cytotoxicity upon 24 h
of exposure with IC50 values of 1.8 mg/ml, AMPA showed
significant but minor inhibitory effects at concentrations of
0.06–1.1 mg/ml, while the others affected viability only slightly
at concentrations of 0.48–1.7 mg/ml, glyphosate itself being
the least cytotoxic (Kwiatkowska et al., 2014, 2016). AMPA as
photodegradation product of glyphosate was shown to cause high
genotoxicity on Chinese hamster ovary cells (CHO-K1) (Roustan
et al., 2014). In addition, the side-product of AMPA formation,
glyoxylate was shown by activity-based protein profiling to be
capable to react with cysteines across many proteins in mouse
liver, inhibiting fatty acid oxidation and thus, increasing liver fat
(Ford et al., 2017).
Consequently, reported in vivo effects of glyphosate and
its formulated herbicide preparations are far more scattered
than data from in vitro assays (Mesnage et al., 2015b). In vivo
toxicity has been reported for a wide range of organisms of
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concentrations (Ferreira-Junior et al., 2017), and it reduced the
growth rate, the escape swimming speed and the fat storage
also on the endangered damselfly Coenagrion pulchellum at a
level corresponding to a glyphosate concentration of 2 mg/l,
which is likely to lead to negatively influence fitness, mortality by
predation and population dynamics (Janssens and Stoks, 2017).
As in the latter test Roundup systematically resulted in 25–100%
higher effects than glyphosate at equivalent concentrations, the
enhanced effect was attributed to POEA. Toxicity to the water
flea (Daphnia magna) is of special importance, and not only
formulated glyphosate-based herbicides (Cuhra et al., 2013;
Ørsted and Roslev, 2015), but also glyphosate residues in GT
soybean (Cuhra et al., 2015) were shown to exert toxicity on this
standard ecotoxicity indicator organism. Effects of glyphosate
on somatic and ovarian growth, as well as of glyphosatebased formulations on ovarian growth and immune status of
freshwater and estuarine crab species were reported (Hong et al.,
2017; Avigliano et al., 2018; Canosa et al., 2018). Toxicities have
extensively been reported for fish, including the zebrafish D. rerio,
on which both glyphosate (Armiliato et al., 2014; Lopes et al.,
2014; Uren Webster et al., 2014) and its formulated products
(Bridi et al., 2017; Sulukan et al., 2017) were found to exert acute
toxicity through inhibited carbonic anhydrase activity due to
oxidative stress (production of reactive oxygen species), cellular
apoptosis, effects on locomotor activity and aversive behavior,
as well as reproduction disorders, deteriorating sperm quality,
embryotoxicity malformations, and other endocrine disruption
symptoms. Another study found carp (Cyprinus carpio) more
sensitive to embryotoxicity of glyphosate at high concentrations
(50 mg/l) than zebrafish (Fiorino et al., 2018). Glyphosate
and AMPA were found toxic to guppies Poecilia reticulata
(Antunes et al., 2017) with median lethal concentrations (LC50 )
for 96-h exposure of 0.07 and 0.16–0.18 mg/ml, respectively,
with tissue- and gender-specific histopathological responses at
sublethal concentrations. Formulated glyphosate preparations
(Roundup R , Roundup Transorb R ) exerted even stronger
toxicity to this and related guppy species (De Souza Filho et al.,
2013; Harayashiki et al., 2013; Rocha et al., 2015; dos Santos et al.,
2017) with exposure-time dependent hepatic histopathological
damage (dos Santos et al., 2017) or genotoxicity (De Souza Filho
et al., 2013). Roundup R was shown to affect hematological
response and tissue AChE activity in carp (C. carpio) (GholamiSeyedkolaei et al., 2013; Kondera et al., 2018), increased
glycogen and triacylglycerol consumption and lipid deposition
in the liver, as well as changes in muscle glycogen in catfish
(Rhamdia quelen) (Persch et al., 2018), DNA strand breaks in the
goldfish (Carassius auratus) (Çavas and Könen, 2007; Lushchak
et al., 2009; Li et al., 2017). Cytotoxicity by oxidative stress
by Roundup R has been shown by transcriptomic profiling in
carp and zebrafish (Uren Webster and Santos, 2015; Sulukan
et al., 2017). Acute toxicity, harmful physiological effects
including hepatotoxicity, neurotoxicity, deteriorated sperm
counts, early life stage development and DNA-damaging effects
have been reported for numerous other fish species as well
for sublethal exposures to Roundup R products including
Roundup Original R , Roundup Transorb R and Roundup WG R ,
Garlon R , and other glyphosate-based herbicides (Soso et al.,
2007; Cavalcante et al., 2008; Guilherme et al., 2010, 2014a,b;

various phylogeny and with diverse symptoms (Gill et al., 2018).
Glyphosate and even more its commercial formulations were
indicated to induce DNA damage (micronucleus formation) in
a wide range of animal species by numerous studies and a
meta-analysis (Ghisi et al., 2016), moreover, the active ingredient
was found to be genotoxic also in plants (Nardemir et al.,
2015) and to induce oxidative stress and catalase activity in
submerged macrophytes (Zhong et al., 2018). It has also been
shown to serve as a source of phosphorous for algae at low
concentrations (Klátyik et al., 2017b; Wang et al., 2017), and
therefore, to potentially induce algal bloom (Drzyzga and Lipok,
2017). Formulated glyphosate-based herbicides, Touchdown R
and Roundup R caused neurotoxicity (McVey et al., 2016) as
well as locomotion and fertility inhibition (García-Espiñeira
et al., 2018) on the nematode Caenorhabditis elegans. Following
the results of the late Andrés Carrasco and his research
group (Paganelli et al., 2010; Carrasco, 2013), recent findings
in environmental toxicology of glyphosate and its formulated
products include its revealed toxicity on amphibian species
(Mann et al., 2009; Relyea and Jones, 2009; Meza-Joya et al.,
2013; Wagner et al., 2013; Henao Muñoz et al., 2015; Baier
et al., 2016a,b), on mollusks (Conners and Black, 2004) and
on earthworms (Zaller et al., 2014; Gaupp-Berghausen et al.,
2015). It affected hemocyte parameters and acetylcholinesterase
(AChE) activity, but not antioxidant enzyme activities in mussel
Mytilus galloprovincialis (Matozzo et al., 2018) with disruption
of key biological processes including energy metabolism, Ca2+
homeostasis and endoplasmic reticulum stress response, as
well as cell signaling identified by transcriptome analysis
(Milan et al., 2018). Glyphosate exerted acute toxicity on the
invasive snail Pomacea canaliculata with a 96-h LC50 value
of 175 mg/l, overly high for control purposes, but indicating
oxidative stress, enhanced overall metabolic rate and altered
catabolism from protein to carbohydrate/lipid mode (Xu et al.,
2017).
Among organisms with life cycle related to water bodies,
a glyphosate-based herbicide Factor 540 R at exposures
corresponding to glyphosate concentrations of 1–1000 µg/l
modified structural and functional properties of freshwater
phytoplankton communities (6 algal and 3 cyanobacterial
species/strains) living in streams located in agricultural areas,
causing a concentration-dependent reduction in chlorophyll-a
and carotenoid levels, changes in the algal community structure,
reduced diversity, as well as biochemical, and physiological
parameters (shikimate content, lipid peroxidation, antioxidant
activity of superoxide dismutase, catalase, and ascorbate
peroxidase) (Smedbol et al., 2017, 2018). Roundup R was shown
to be toxic to the food-borne trematode Echinostoma paraensei
developing in given life stages in aquatic hosts (Monte et al.,
2016). Roundup Express R and POEA were detected to exert
toxicity on juveniles of the Pacific oyster Crassostrea gigas
upon sub-chronic (35-day) exposure at concentrations of 0.1, 1
and 100 ng/ml (Mottier et al., 2013, 2014; Séguin et al., 2017).
Roundup Original R exerted lethal and sub-lethal effects on
the widely distributed in dipteran freshwater nematoceran
fly Chironomus xanthus with a 48 h LC50 corresponding to
glyphosate concentration of 251.5 mg/l, as well as reduced
larval growth of and disturbed emergence of adults at lower
Frontiers in Environmental Science | www.frontiersin.org
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vulgaris) in response to exposure to Glyphogan Classic R at levels
corresponding to 2 and 6.5 mg/l glyphosate concentration (Mikó
Z. et al., 2017b), even though the same research group previously
reported no observable effects on L. vulgaris with Glyphogan
Classic R at a final glyphosate concentration of 6.5 mg/l (Ujszegi
et al., 2015, 2016). In artificial pond mesocosm experiments
exposure to the generic glyphosate-based herbicide GLY-4
Plus affected mortality, body size, cellular immune response
and tail morphology of the larvae of the spotted salamander
Ambystoma maculatum in an UV-B radiation dependent manner
(Levis and Johnson, 2015), and similar effects were observed
on the blue ridge two-lined salamander Eurycea wilderae as
well (Gandhi and Cecala, 2016). The exposure of wild-living
amphibians present in agricultural fields was assessed to be
increased in parallel to the 5.7-fold increase of the overall
consumption of glyphosate in German agriculture between 1992
and 2012 (Transparency Market Research, 2016). The formulated
glyphosate-based herbicide Clinic R at a level corresponding to
a glyphosate concentration of 30 mg/l at 96-h exposure caused
significant increases in the gene expression and activities of
catalase, superoxide dismutase, and AChE in the freshwater
turtle, the red-eared slider Trachemys scripta elegans and the
Mediterranean pond turtle Mauremys leprosa, on the basis of
which the herbicide is considered a threat to these turtle species
(Héritier et al., 2017).
Among mammals, the highest toxicity has been reported on
rats during a near life-long exposure (Séralini et al., 2014). A
feeding experiment was carried out with Sprague-Dawley rats
(55-day old at the beginning of the experiment) and substance
(Roundup GT Plus R containing 450 g/l glyphosate IPA salt)
administration ad libitum in drinking water through 2 years.
The final three groups were fed with the control diet and
had access to water supplemented with, respectively, 1.1 ×
10−8 % of Roundup GT Plus R (100 ng/l, corresponding to
∼50 ng/l of glyphosate—a common contamination level of
regular tap waters), 0.09% of Roundup GT Plus R [corresponding
to ∼400 mg/kg of glyphosate—the US maximal residue limit
(MRL) of glyphosate in GM feed], and 0.5% of Roundup GT
Plus R (corresponding to 2.25 g/l of glyphosate—half of the
minimal agricultural working dilution). The highest tumorogenic
activity was noted on day 600 in female rats treated at
the lowest dose, i.e., the effect did not appear to increase
with dose. As the numbers of rats used in the experiment
were too few to constitute a definitive carcinogenicity study,
it is only suggestive of a trend and possible outcome that
needs to be repeated with a greater cohort of animals. In a
study on Wistar rats treatment with glyphosate at 0.7 or 7
mg/l ad libitum in the drinking water for 30 and 90 days,
respectively, resulted in reduced glutathione and enhanced
glutathione peroxidase levels in the liver, kidney and gut
of the treated animals (Larsen et al., 2012), and similarly,
when Wistar rats treated with 4.87, 48.7, or 487 mg/kg
of Roundup (commercialized under the name GlyphosateBiocarb R in Brazil), reduced alanine aminotransferase and
aspartate aminotransferase levels were recorded in their liver
(Benedetti et al., 2004). Roundup Transorb R administered to
Wistar rats at 50 mg/kg body weight (b.w.) ad libitum in

Modesto and Martinez, 2010; Shiogiri et al., 2012; Ghisi and
Cestari, 2013; Nwani et al., 2013; Marques et al., 2014; Moreno
et al., 2014; Navarro and Martinez, 2014; Richard et al., 2014;
Sinhorin et al., 2014; Braz-Mota et al., 2015; Menéndez-Helman
et al., 2015; Li et al., 2016; de Moura et al., 2017; Sánchez et al.,
2017; Gonçalves et al., 2018; Zebral et al., 2018) or POEA (Yusof
et al., 2014). Roundup R was found to disrupt 17β-estradiol and
reduce glutathione concentration in the liver of the endangered
fish species delta smelt (Hypomesus transpacificus) upon 6 h
of exposure at levels corresponding to 78 µg/l glyphosate
concentrations and above (Jin et al., 2018). As described earlier,
effects of glyphosate and its formulated products on amphibians
and mollusks (Conners and Black, 2004; Mann et al., 2009; Relyea
and Jones, 2009; Paganelli et al., 2010; Carrasco, 2013; Meza-Joya
et al., 2013; Wagner et al., 2013; Henao Muñoz et al., 2015;
Baier et al., 2016a,b) received particular attention due to their
known hormonal sensitivity. Differential toxicity of glyphosate
and its formulated PPPs have been also considered in the official
scientific opinion by EFSA on pesticide risk assessment for
amphibians and reptiles (Ockleford et al., 2018). Identification
of acute lethal, physiological and genotoxic effects of glyphosatebased herbicides, including Roundup Original R and Roundup
Transorb R , have continued on amphibians (Lajmanovich et al.,
2011, 2013, 2014; Yadav et al., 2013; Bellantuono et al., 2014;
Levis and Johnson, 2015; Gandhi and Cecala, 2016; Rissoli
et al., 2016; Soloneski et al., 2016) and reptiles (Latorre et al.,
2013; Siroski et al., 2016). Teratogenic effects were reported
in a treefrog (Scinax nasicus) (Lajmanovich et al., 2003) and
in the embryo of the African clawed frog (Xenopus laevis)
(Paganelli et al., 2010) in response to exposure to Glyfos R or
Roundup Classic R at levels corresponding to 3–7.5 and 96–160
mg/l glyphosate concentrations, respectively. Hepatotoxicity of
glyphosate and Roundup Ultramax R was observed in tadpoles
of the neotropical frog Leptodactylus latrans (Bach et al., 2018),
but the formulated herbicide product was found 10-fold more
toxic than glyphosate, leading to histopathologic lesions at a
level corresponding to a glyphosate concentration of 0.37 mg/l.
Teratogenicity is not exclusively related to POEA, as a POEAfree micro-emulsion formulation containing polyethoxylated
isotridecyletherpropylamine as a surfactant, Roundup R Power
2.0 has been found to exert embryotoxicty on X. laevis in
the frog embryo teratogenesis assay–Xenopus (FETAX) with
a 96-h EC50 value of 7.8 mg/l, while glyphosate was not
found to be embryolethal, only causing edemas at the highest
concentration tested, 50 mg/l (Bonfanti et al., 2018). Toxic effects
were correlated with the inhibition of degradative enzymes
(esterases and glutathione S-transferase) (Lajmanovich et al.,
2011, 2013, 2014), while teratogenic effects and malformations
have been linked to inhibition of the retinoic acid signaling
pathway (Paganelli et al., 2010; Carrasco, 2013). Other studies
on amphibians indicated increased excretion of defensive
chemicals in the common toads (Bufo bufo) upon exposure
throughout larval development to Glyphogan Classic R (360 g/l
glyphosate—the same composition as Roundup Classic R , 41.5
w/w% glyphosate and 15.5 w/w% POEA) at a level corresponding
to 4 mg/l glyphosate concentration (Bókony et al., 2017; Miko Z.
S et al., 2017a) and behavioral changes of adult newts (Lissotriton
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chromosome aberrations and sister chromatid exchanges (Luaces
et al., 2017; Rossi et al., 2018).
Exposure to glyphosate during pregnancy has been indicated
to significantly correlate with shortened pregnancy lengths in
a cohort study in the US (Parvez et al., 2018). In addition,
glyphosate has been potentially correlated with disruption of
glycine homeostasis (Pérez-Torres et al., 2017) and pathological
conditions e.g., autism (Nevison, 2014), fatal chronic kidney
disease (in regions with heavy metal contamination in water)
(Jayasumana et al., 2014, 2015), bronchial inflammation (Kumar
et al., 2014), cardiovascular diseases (Gress et al., 2015), and
cancer (Paumgartten, 2017). Dermatology problems upon skin
contact with glyphosate-based herbicides have also been reported
(Amerio et al., 2004; Heras-Mendaza et al., 2008; de Ávila et al.,
2017; Elsner et al., 2018). A recent clinical study on the severity
of cardiovascular effects due to poisoning with glyphosatebased herbicides attributed differential cardiovascular toxicity to
the salt form (ammonium or IPA) of glyphosate used in the
formulation (Moon et al., 2018), which in light of the toxicity
data of the formulants used, may not be fully justified, as
could easily be caused by differences in the formulant. Among
environmental factors, glyphosate or its formulated products
have been indicated to be linked with increased incidence of
and mortality by multiple diseases (including cataract related
to subsequent breast carcinoma) and cancer (Swanson et al.,
2014; Singh et al., 2017). In the latter category, associations
were found with non-Hodgkin lymphoma or multiple myeloma
incidence (Hardell and Eriksson, 1999; McDuffie et al., 2001;
Hardell et al., 2002; De Roos et al., 2003, 2005; Eriksson et al.,
2008; Schinasi and Leon, 2014; Mesnage et al., 2015b), although
other reviews claimed no causal relationship between exposure to
glyphosate and lymphohematopoietic cancers (Acquavella et al.,
2016; Chang and Delzell, 2016; Williams et al., 2016a). Some of
these findings have been questioned by Monsanto (Acquavella
et al., 1999) and a recent cohort prospective epidemiology study
carried out in the US on 57310 licensed pesticide applicators
and 32347 spouses in Iowa or North Carolina States found no
apparent correlation between glyphosate use and solid tumor
or lymphoid malignancies, including non-Hodgkin lymphoma,
except for increased risk of acute myeloid leukemia in case of high
exposure (Andreotti et al., 2018). Alleged attribution of certain
chronic diseases (e.g., diabetes, neuropathies, obesity, asthma,
infections, osteoporosis, infertility) to long-term exposure to
glyphosate were judged unreasonable (Mesnage and Antoniou,
2017), but extremely low levels of a glyphosate-based herbicide
(Roundup R ) have been shown in a multiomics study to possibly
correlate to the development of metabolic syndrome, causing
marked alterations of the liver proteome and metabolome
revealing the presence of non-alcoholic fatty liver disease and
its progression to non-alcoholic steatohepatosis (Mesnage et al.,
2017b).
As glyphosate-based herbicides have been indicated to
be associated with birth defects in the exposed population
(Antoniou et al., 2011, 2012), the Pesticides Action Network
(PAN) Europe and Greenpeace brought forward a lawsuit against
the EC in connection to the postponement of authorization
of glyphosate until 2015, based on the claim that they failed

their drinking water given at 0.25 ml/100 g of b.w. caused a
testosterone-disruptor effect (Romano et al., 2012). In addition,
nephrotoxicity (Hamdaoui et al., 2016), hepatotoxicity (ElShenawy, 2009; Haskovic et al., 2016; Tang et al., 2017;
Lozano et al., 2018), neurotoxicity on dopaminergic markers
(Hernández-Plata et al., 2015; Martínez et al., 2018), and on
the immature rat hippocampus (Cattani et al., 2014), effects on
intestine peristalsis (Chłopecka et al., 2014, 2017), sperm quality
(Abarikwu et al., 2015; Dai et al., 2016) and reproductive toxicity
(Owagboriaye et al., 2017), estrogenic effects (Vandenberg
et al., 2012; Varayoud et al., 2017) and the effect of neonatal
exposure to female adult reproductive performance (Ingaramo
et al., 2016, 2017) have been demonstrated. Liver dysfunction
observed in rats correlated with gut microbiome disturbances
identified in a recent study (Lozano et al., 2018): longterm effects of Roundup Grand Travaux Plus R at 3 doses
(corresponding to glyphosate concentrations of 50 ng/l, 100 µg/l,
and 2.25 g/l) on the gut microbiota in Sprague-Dawley rats
were observed by determining 141 bacteria families by highthroughput sequencing, of which alteration of the Firmicutes to
Bacteroidetes ratio was recorded at different levels in females
(but not in males). In contrast, another recent study using
Glyfonova R 450 Plus at doses corresponding to glyphosate
concentrations of the established European Acceptable Daily
Intake (ADI), 0.5 mg/kg body weight, found only limited shortterm effects on the gut bacterial community in Sprague Dawley
rats (Nielsen et al., 2018), but warned that the effects can be more
pronounced under malnutrition, when aromatic amino acids
are less available. Repeated 4-week intranasal administration of
Glifoglex R in male CF-1 mice (∼2 mg/nostrils/day) affected the
central nervous system (probably by altering neurotransmission
pathways), caused neurobehavioral effects (by decreasing the
ambulatory activity and increase in thigmotaxis, indicating
higher anxiety levels), and impaired recognition memory as early
as after 6 h (Baier et al., 2017). Results on hormonal effects
of glyphosate-based herbicides on rats indicate modulation
of the expression of estrogen-sensitive genes in the exposed
animals with non-monotonic dose-response curves (Varayoud
et al., 2017), indicating the need for hazard-based considerations
in risk assessment (Vandenberg et al., 2012; Varayoud et al.,
2017). A recent meta-analysis of eight previous studies on
reproductive toxicity on males, carried out between 1992 and
2016, on sperm counts in rodents (Kunming and B6C3F
mice and Sprague Dawley, Wistar and Fischer F344 rats)
upon glyphosate administration at 40–50,000 mg/kg resulted
in decreased sperm concentrations showing that glyphosatebased herbicides exerts reprotoxicity to male rodents. The effect,
however, has erroneously attributed to glyphosate (Cai et al.,
2017). Among mammals, significant increases in chromosome
aberration (including chromatid breaks) frequencies and sister
chromatid exchanges per cell were seen in large hairy armadillo
Chaetophractus villosus peripheral blood lymphocytes upon
treatment with Roundup Full II R at doses corresponding to
glyphosate concentrations of 0.065–0.26 mg/ml, confirming
genotoxicity of the formulated glyphosate-based herbicide,
evaluated by cellular and genetic biomarkers e.g., the mitotic
index, cell proliferation kinetics, as well as frequencies of
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the expert body Joint Meeting on Pesticide Residues (JMPR) of
the Food and Agriculture Organization (FAO) and the WHO
of the United Nations, including the FAO Panel of Experts on
Pesticide Residues in Food and the Environment and the WHO
Core Assessment Group on Pesticide Residues, discussed reevaluation of diazinon, glyphosate and malathion in the light
of new studies that had become available since their last full
assessments. The meeting concluded that glyphosate is “unlikely
to pose a carcinogenic risk to humans from exposure through the
diet” (Joint FAO/WHO Meeting on Pesticide Residues, 2016)—
a conclusion quite similar to the opinion of EFSA. To provide
openness and transparency in the risk assessment process and to
facilitate the public debate, as a part of its “Open EFSA” policy,
EFSA has shared the raw data used in the EU safety evaluation of
glyphosate (European Food Safety Authority, 2016). Moreover, in
its additional position regarding risk assessment on the potential
endocrine activity of glyphosate as a follow-up assessment to
its previous conclusion in 2015, EFSA stated that glyphosate
does not have endocrine disrupting properties through estrogen,
androgen, thyroid, or steroidogenesis mode of action, based on
a comprehensive toxicology database (European Food Safety
Authority, 2017a). In connection to hazard identification, an
IARC expert has stressed that causal relationships need to be
empirically tested; prior assumptions may affect conclusions; and
conflicts of interest have to be avoided (Saracci, 2016), another
statement claimed that the IARC classification of glyphosate
as a probable human carcinogen was the result of a flawed
and incomplete summary of the experimental evidence (Tarone,
2018), while others voice the opinion that such accusations
against IARC and its Monographs Program evaluation process
are driven by economic interests, and are intimidating to IARC
(Infante et al., 2018). The debate over glyphosate even caused
the Netherlands to ban non-agricultural uses of glyphosate as
of November, 2015, as well as a conflict between the EC and
the European Parliament. The scientific background behind the
risk assessment by EFSA and BfR was published in a research
paper in 2017 (Tarazona et al., 2017a), and was immediately
challenged and discussed in the same periodical (Portier et al.,
2017; Tarazona et al., 2017b).
In June 2016, the EC extended the registration of glyphosate
for 18 months. For this decision, an important factor, besides
the ones discussed above, has been that the draft assessment
by the European Chemicals Agency (ECHA) published in the
meantime also concluded that there was no sufficient evidence
to support a carcinogenicity hazard classification of glyphosate
(European Chemicals Agency, 2017b). Public consultations were
held over the summer of 2016, and ECHA, on the basis of the
Harmonized Classification and Labeling Report (BAuA Federal
Institute for Occupational Safety and Health, 2016) submitted by
the German competent authority and other comments received
during the public consultation, according to its statement in
March 2017, endorsed that glyphosate was capable of causing
serious eye damage and exerted toxicity to aquatic life with
long-lasting effects, but concluded that it cannot be classified
as a carcinogen, a mutagen or a reprotoxic compound on
the basis of currently available scientific evidence (European
Chemicals Agency, 2017a). Just as before regarding the opinions

to properly consider the teratogenicity and cytotoxicity data
in the risk assessment provided by the German Federal Office
for Consumer Protection and Food Safety (BVL). Although
the legal case has not been finalized to date, it has led to a
decision by the Court of Justice of the EU that the EC has to
make information on the release of PPPs into the environment
accessible to any applicant requesting it, including the “identity”
and the quantity of all of the impurities contained in the active
substance, as well as the composition of the PPPs (InfoCuria,
2017). This is of particular importance, as in the previous policy
the manufacturer had only to account for the technical purity of
the active ingredient (i.e., unidentified technical impurities could
be present in the product up to 5%), and the exact chemical
identity of the formulating agents could be handled as proprietary
information.
The German Federal Risk Assessment Institute (BfR)
compiled its Renewal Assessment Report on glyphosate at the end
of 2013 (German Federal Institute for Risk Assessment, 2013),
and expanded it in its voluminous (4,322 pages!) addendum
(German Federal Institute for Risk Assessment, 2015) by 2015, on
the basis of which the European Food Safety Authority published
its peer review report (European Food Safety Authority,
2015b) and statement (European Food Safety Authority, 2015a).
This report concluded that glyphosate is “unlikely to pose a
carcinogenic hazard to humans.” If accepted by the EU MSs,
this verdict would allow immediate renewal of the authorization.
However, in the meantime, after the BfR report, but prior to
the EFSA statement, the International Agency for Research on
Cancer (IARC), an expert organization of the World Health
Organization (WHO), announced its evaluation on glyphosate
(along with four other organophosphate active ingredients,
diazinon, malathion, parathion and tetrachlorvinphos) in its
periodical IARC Monographs (International Agency for Research
on Cancer, 2015), and classified glyphosate in its Group 2A
carcinogenicity category, “probably carcinogenic to humans.”
This classification has also been published in a leading medical
periodical on this subject, Lancet Oncology (Guyton et al., 2015),
and the full monograph was published recently (International
Agency for Research on Cancer, 2017). The IARC classification is
of particular importance for policy-making, because Regulation
1107/2009 on PPPs (European Commission, 2009) specifies strict
conditions and restrictions for known or presumed human
carcinogens and partly for suspected human carcinogens.
The diverging opinions among international risk assessment
agencies EFSA and IARC has triggered a fierce debate in the
scientific literature. A large team of researchers including 96
research professors from 22 countries worldwide (Portier et al.,
2016) analyzed the data. Taking a contrary position were a
set of six studies published in the journal Critical Reviews
in Toxicology (Acquavella et al., 2016; Brusick et al., 2016;
McClellan, 2016; Solomon, 2016; Williams et al., 2016a,b),
sponsored by Monsanto and other members of the pesticide
industry, as declared in the papers themselves. These reviews
focused on the carcinogenicity, genotoxicity of glyphosate and
exposures to it, but considered partly the same data and followed
the same concept published in a previous risk assessment by the
same lead author (Williams et al., 2000). Subsequently in 2016,
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ethoxylated POEA products are used for emulsifying mineral
oils, and as dispersants, stabilizers, sanitizers, and defoaming
agents, industrial detergents, metal cleaners, textile dye-leveling
agents, paper de-inking reagents, and drilling lubricants. Among
a number of surfactants used in the formulation of PPPs
(Table 1), POEA appears to be associated with highest toxicity
concerns, particularly in of formulated glyphosate-based PPPs
(Romano et al., 2010; Mesnage et al., 2013a; Székács et al.,
2014; Farkas et al., 2018). Considering this unfavorable toxicity
profile, particularly as related to aquatic toxicity (Prosser et al.,
2017; Rodriguez-Gil et al., 2017a,b), cytotoxicity and also the
assessment by EFSA (European Food Safety Authority, 2015c),
the EC has recommended EU MSs in September, 2016 to exclude
POEA as a co-formulant from the use in PPPs containing
glyphosate (European Commission, 2016a,b). As a result, a
number of glyphosate-based herbicides containing POEA as
a formulant have been banned for use in Hungary (Table 2)
(National Food Chain Safety Office, 2016) and in other EU
MSs. A yet unrefined issue regarding the EC recommendation
is, however, why the use of POEA is proposed to be restricted
only in conjunction with glyphosate. If the toxicity parameters
of a substance justify restrictions, those should apply to all
uses of the given substance in formulations of any pesticide
active ingredient (e.g., diquat, nicosulfuron, or others) or
should be considered for other industrial applications as
well.
As seen in Table 2, glyphosate-based PPPs containing POEA
as a formulant can be found in all three approval categories,
original, derived, or parallel trade authorization. As specified
by EU Regulation 1107/2009 (European Commission, 2009) at
an EU level and in a Ministerial Decree 89/2004 (Ministry of
Agriculture Rural Development Hungary, 2009) in Hungary,
original authorization is based on full documentation of the PPP,
derived authorization applied to PPPs distributed under names
other than trade names on the original authorization, and parallel
trade permits to be obtained to PPPs authorized in other MSs.
As seen, 11, 7, and 6 PPPs with original authorization, derived
authorization, and parallel trade permits have been banned
due to their POEA content. (Note that one product, Roundup
Classic R , has been authorized both under original authorization
and parallel trade permit).

by EFSA or JMPR (AgroNews Scientists challenge EFSA claim
of glyphosate safety, 2015; Nelsen, 2016), members of the Risk
Assessment Committee of ECHA have also been accused of
having competing financial interests leading them to a biased
decision in favor of the re-registration of glyphosate (Johnston,
2017). In July 2017, the EC restarted negotiations with the MSs on
the renewal of the approval of glyphosate with specific provisions
regarding (a) protection of groundwater, as well as terrestrial
animals and non-target plants; and (b) a ban of POEA as a
formulating agent for glyphosate (see below). The aggregated
economic impacts of a possible ban on glyphosate were assessed
to be relatively small by a highly detailed, spatially explicit
bio-economic model of silage maize production in Germany
(Böcker et al., 2018). The debate remained unsuccessful until
November 2017, when, upon the fourth revision of the EC
proposal and Germany unexpectedly changing its position, the
EC Appeal Committee reached a qualified majority in favor of
the renewal the approval of glyphosate for 5 years (European
Commission, 2011a) adopted by the EC in December 2017
(Erickson, 2017; European Commission, 2017). In retrospect,
the Executive Director of EFSA warns not to entangle broader
societal issues e.g., the role of modern agricultural practices and
multinational biotech firms in our food supply with evidencebased risk assessment of regulated products (Url, 2018). Others
express concern regarding the expertise used by the regulatory
agencies to evaluate the safety of glyphosate and point out that
toxicologists at Monsanto Corp. anticipated the carcinogenicity
classification of glyphosate by IARC (Foucart and Horel, 2018;
Infante et al., 2018).
In the meantime, focus has been gradually put on the issue
of differential toxicity of glyphosate and its formulated herbicide
preparations. It has been previously shown that pesticide
formulations exert higher toxicity than their active ingredients
alone. In a study on formulated herbicide, insecticide, and
fungicide preparations (three PPPs in each group), French
researchers (Mesnage et al., 2014) demonstrated an increased
cytotoxicity of the formulations of herbicides Roundup
GT Plus R (glyphosate), Matin EL R (isoproturon), and Starane
200 R (fluroxypyr-meptyl), insecticides Pirimor G R (pirimicarb),
Confidor R (imidacloprid), and Polysect Ultra R (acetamiprid),
as well as fungicides Maronee R (tebuconazole), Opus R
(epoxiconazole), and Eyetak R (prochloraz). These formulations
were shown to be 2–2,000 times more toxic on human cell
lines (HepG2, HEK293, and JEG3), than their active ingredients
(indicated in parentheses). The effects of elevated cytotoxicity
were attributed to formulating surfactants POEA, alkyl-aryl
sulfonates, docusate sodium, N,N-dimethyldecanamide, 1,2benzisothiazoline-3-one, and benzenesulfonic acid, as well as
solvents naphtha, 1-methyl-2-pyrrolidinone, xylene, isobutanol,
and ethanol. POEA derivatives refer to non-ionic surfactants
as mixtures differing in their ethoxylation rate, originating
from animal fats. These substances are principally used as
formulation agents (Castro et al., 2014; Klátyik et al., 2017a)
both as built-in and tank-mix adjuvants, for herbicides,
especially for glyphosate, and previously for diquat. POEA is
added to glyphosate to allow uptake of the water-soluble active
ingredient across plant cells, affecting membrane transport
and to reduce the wash-off effect after spray application. Less
Frontiers in Environmental Science | www.frontiersin.org

EFSA VS. IARC
Shortly before the announcement of the conflicting views
by EFSA and IARC (WHO) about glyphosate, the Cancer
Assessment Review Committee of the US EPA also published a
re-evaluation in 2015 (United States Environmental Protection
Agency, 2015), followed by a more detailed assessment topic
a year later (United States Environmental Protection Agency,
2016b). Their assessment classified glyphosate into Group E, not
likely to be carcinogenic to humans. The Agrochemical Division
of the American Chemical Society (ACS) dedicated an entire
symposium to glyphosate during the 252nd Annual ACS Meeting
in 2016, the presentations of which having been published
recently (Duke, 2018). The 23 papers presented covered the
history of glyphosate, plant glyphosate resistance management,
its plant biology and societal issues, but not the toxicology
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TABLE 1 | Various types of surfactants used in pesticide formulations.
Surfactant product

Manufacturer

Chemical class

CAS Noa

Conc. (%)b

Usec

ANIONIC
Agrosurf WP85

Lankem Ltd

Sodium dodecyl benzene sulfonate

25155-30-0

75–90

Eucarol Age SS

Lamberti SpA

Sodium alkyl polyglucoside sulfosuccinate

151911-53-5

45

SL, EW
SL, EW, ME

Eucarol Age 91/S K

Lamberti SpA

Sodium alkyl polyglucoside sulfosuccinate

151911-53-5

45

SL, EW, ME

Eucarol Age EC

Lamberti SpA

Sodium alkyl polyglucoside citrate

151911-51-2

30

SL, EW, ME

Imbriol OT/NA/70

Lamberti SpA

Dioctyl sulfosuccinate sodium salt

577-11-7

70

SL

Kemgluco CLM

Kemcare Ltd

Lauryl glucoside

110615-47-9

45–60

SL

Plantapon LGC

BASF

Lauryl glucose carboxylate, lauryl glucoside

383178-66-3
and
110615-47-9

28.5–34

SL

Rolfen Bio

Lamberti SpA

Polyethoxylated alkyl phosphate ester

68130-47-2
and
50769-39-6

70

SL, EW, ME

Lamberti SpA

Quaternary ammonium compound

66455-29-6

30

SL

Emulson AG GPE 3SS

Lamberti SpA

POEAd

61791-26-2

100

SL

Emulson AG GPE 3/SSM

Lamberti SpA

POEAd

61791-26-2

70

SL

CATIONIC
Emulson AG CB 30
NON-IONIC

Tergitol 15-S-9

Dow Chemicals

Secondary alcohol ethoxylate

68131-40-8

100

SL, EW

Triton N-57

Dow Chemicals

Nonylphenol polyethylene glycol ether

127087-87-0

100

SL, EW

a Chemical

Abstracts Registry Number.
concentration (w/w).
c SL: soluble liquid, EW: emulsion (oil in water), ME: microemulsion.
d POEA: polyethoxylated tallowamine.
b Percentage

limited evidence on humans and sufficient evidence on animals?
Factors that resulted in these substantial differences between
the opinions as stated by EFSA and IARC include: (a) The
IARC evaluation is hazard-based, while EFSA is committed,
by its legal mandate (European Parliament Council, 2002) to
risk-based assessment. Risk-based assessment does not disclaim
possible hazards, but assesses the likelihood of their actual
occurrence under realistic scenarios. (b) The EFSA statement is
restricted to the assessment of the active ingredient glyphosate,
while IARC also considered reported effects of formulated
herbicide preparations of practical importance. Within the latter
approach, toxicity of tallowamine substances (e.g., POEA) used
as formulants in PPPs has been well demonstrated and cannot
be disregarded from the toxicology evaluation. (c) IARC based
its assessment on peer reviewed publications in the scientific
literature, while EFSA based its assessment also on non-public
data from industry documentations submitted for the product
approval into consideration. An analysis by PAN found that
peer reviewed studies were dismissed by BfR and thus were
not included in the EFSA assessment (Pesticide Action Network
and Use of science in EU risk assessment, 2018). Indeed,
the EFSA opinion does not cite any peer reviewed studies
(European Food Safety Authority, 2015a). As a follow-up, a
recent evaluation publication condemns the BfR, EFSA, and
ECHA of violating current risk assessment guidelines, when
dismissing 11 statistically significant cases of increased tumor
incidences in two rat and five mouse studies, and claims that
glyphosate should have been classified in the EU category 1B,

of the compound, reflecting the favorable evaluation by the
US EPA. In contrast, agreeing with the IARC classification,
California listed glyphosate as a known carcinogen on July 7,
2017, under Proposition 65 law, which would require indicating
this carcinogenicity hazard on the product label of glyphosatebased herbicide products. However, in response to a legal claim
by an agricultural coalition including the National Association
of Wheat Growers, Monsanto Corporation and farmer groups
the U.S. District Court issued a preliminary injunction against
this evaluation on the basis that the classification by IARC
claims glyphosate only probably carcinogenic, while apparently
all other regulatory and governmental bodies found the opposite,
including the US EPA (Erickson, 2018). The positions of
BfR, EFSA, JMPR, and ECHA were in accordance with the
US EPA opinion, but the IARC evaluation (that followed
the BfR statement, but preceded both EU Agency and
FAO/WHO Agency statements, in chronology) was strongly
opposed to it. It is worth noting that this has not been
the only dramatic difference between classifications by IARC
and the US EPA (see classification of lindane, 2,4-D and
chlorothalonil).
Why is there a striking difference between statements by
the US EPA, EFSA, ECHA, and JMPR on the one hand
and IARC on the other hand? Why is it that while the
formers concluded that glyphosate is unlikely to cause cancer,
and suggested to increase its ADI value from 0.3 to 0.5
mg/kg b.w./day within the EU, the latter have classified it
as probably being carcinogenic to humans on the basis of
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TABLE 2 | Glyphosate-based herbicide formulations banned n Hungary, as of November 30, 2016, due to their content of polyethoxylated tallowamine (POEA).
PPPa

Manufacturer

a.i.b

CAS No.c

Conc. of a.i.d

Conc. of POEAd,e

HUN/EPA Reg. No.f

ORIGINAL AUTHORIZATION
Clinic 480 SL®

Nufarm GmbH and Co KG

g IPA

38641-94-0

41.5% (486 g/l)

8.1%

02.5/10717-2/2010

Dominator®

Dow AgroSciences

p IPA

38641-94-0

41.5% (480 g/l)

10-20% (150 g/l)

02.5/10718-2/2010

Glialka 480 Plus®

Monsanto Europe

g IPA

38641-94-0

41.5% (485.8 g/l)

15.5%

02.5/968/1/2010

Glyfos®

Cheminova A/S

g IPA

38641-94-0

42% (480 g/l)

9% (150 g/l)

02.5/12019-2/2010;
EPA 67760-49

Glyphogan 480 SL®

Agan Chemical Manufacturers Ltd.

g IPA

38641-94-0

41.5% (485.8 g/l)

15.5%

04.2/829-1/2011;
EPA 66222-105

Roundup Classic®

Monsanto Europe

g IPA

38641-94-0

41.5%

15.5%

02.5/915/2/2010

Roundup Classic Plus®

Monsanto Europe

gK

70901-12-1

35.5%

7% (surfactant)

02.5/118/1/2009

Roundup Forte®

Monsanto Europe

gK

70901-12-1

49% (540 g/l)

5-6%

02.5/10505-1/2010

NASA®

Agria S.A.

g IPA

38641-94-0

41%

12%

02.5/2575/2/2009;
EPA 87845-2

Nufozát®

Nufarm GmbH and Co KG

g IPA

38641-94-0

41.5% (480 g/l)

8.1%

02.5/422/1/2010

Taifun 360®

Adama Deutschland GmbH

g IPA

38641-94-0

480 g/l

10-25%

02.5/1625/1/2009
04.2/1285-1/2011

DERIVED AUTHORIZATION
Amega®

Nufarm GmbH and Co KG

g IPA

38641-94-0

41.5%

8.1%

Figaro®

Monsanto Europe

g IPA

38641-94-0

41.5%

15.5%

04.2/254-3/2011

Gladiator 480 SL®

Agan Chemical Manufacturers Ltd.

g IPA

38641-94-0

39-43% (480 g/l)

13-18%

04.2/4501/1/2011

Glyphogan Classic®

Monsanto Europe

g IPA

38641-94-0

41.5%

15.5%

04.2/176-3/2011

Hardflex 480 SL®

Adama Agan Ltd

g IPA

38641-94-0

41.5% (485.8 g/l)

15.5%

04.2/4468/1/2011

Rodeo®

Monsanto Europe

gK

70901-12-1

35.5%

6%

04.2/93-1/2016

Vesuvius®

Ventura Agroscience Ltd.

g IPA

38641-94-0

41.1% (480 g/l)

15.5%

04.2/4184-2015

PARALLEL TRADE PERMIT
Agria Glypho®

Monsanto Europe

g IPA

38641-94-0

41.5% (485.8 g/l)

15.5%

02.5/1393/2/2010

Glifostar 480 SL®

Monsanto Europe

g IPA

38641-94-0

41.5%

15.5%

04.2/4185-4/2015

Glyfogan®

Agan Chemical Manufacturers Ltd.

g IPA

38641-94-0

41.5% (485.8 g/l)

15.5%

04.2/3069-1/2016

Roundup Classic® g

Monsanto Europe

g IPA

38641-94-0

41.5%

15.5%

02.5/10576-1/2010

Sherif 480 SL®

Monsanto Europe

g IPA

38641-94-0

41.5%

15.5%

04.2/64-2/2011

Uyuni®

Monsanto Europe

g IPA

38641-94-0

41.5%

15.5%

04.2/1207-1/2012

a PPP:

plant protection product.
active ingredient; g IPA: glyphosate isopropylammonium salt; g K: glyphosate potassium salt.
c Chemical Abstracts Registry Number.
d Percentage concentration (w/w), in some cases specified as g/l as well.
e POEA: polyethoxylated tallowamine.
f Hungarian Registration Number; US Environmental protection Agency (EPA) Registration Number.
g Identical to Roundup Classic® approved under original authorization, also permitted for parallel trade.

b a.i.:

“presumed human carcinogen” (Clausing et al., 2018). EFSA, in
the meantime, published its guidance document on uncertainty
analysis (Benford et al., 2018) that considers possible omission of
carcinogenicity data on the basis of genotoxicity/carcinogenicity
margins of exposure, differences in the benchmark dose level
due to unquantified uncertainties, the relevance and adverseness
of the effects seen animals to humans, or misinterpretation of
the probability of a given chemical having a carcinogenic mode
of action as the probability cancer caused in an individual.
It has to be noted that not only the German authority study
(BAuA Federal Institute for Occupational Safety and Health,
2016), but also the evaluation by US EPA (United States
Environmental Protection Agency, 2016b) covered these studies,
and although admitting the occurrence of statistically significant
differences, also disregarded them due to various considered
reasons, including non-monotonic of flat dose response, effects
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deemed due to unusually low negative controls, no statistical
significance in pairwise analyses or in multiple comparisons,
effects concluded to be not compound-related, not always
clearly apparent adenoma/carcinoma effects or no evidence of
progression from adenomas to carcinomas, overly high dosages,
or the presence of a viral infection within the colony tested.
Risks related to glyphosate may originate from increasing
residue levels and incidence due to increased usage; and from
modified residue composition due to the use of GT crops.
Increasing use of glyphosate on GT crops and also as a crop
desiccant on non-GT crops, and its subsequent release into the
environment is seen both in increased residue levels found in
environmental matrices, first of all drinking water (see below,
Environmental and food analysis of glyphosate) and in more
frequent occurrence reported, on the basis of which glyphosate
and AMPA have been considered as ubiquitous surface water
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females in seven rabbit developmental toxicity studies, as well
as post-implantation losses observed in two of those studies. It
is noted that JMPR established an ADI of 1.0 mg/kg b.w./day
for the sum of glyphosate, N-acetylglyphosate, AMPA and
N-acetyl-AMPA, and considered as unnecessary to set an ARfD
(Food and Agriculture Organization of the United Nations,
2011).
It should also be noted that glyphosate and AMPA were
proposed as lead compounds in the design of possible new
anticancer drugs as well, due to their reported inhibitory effect
on the proliferation and induction of apoptosis of cancer cells
(while not affecting non-cancerous cells) (Li et al., 2013). The
public debate is evidenced by a degree of outrage on both sides
claiming short-sitedness, ignorance on one side (Zaruk, 2016) or
conflicting interests or corruption of the evaluators on the other
side (Burtscher-Schaden et al., 2017).
A recent GM technology development has been that
Monsanto is extending the range of its Roundup Ready R
crops toward older, potentially more toxic active ingredients
e.g., dicamba (Roundup Ready 2 Xtend R crops) (Monsanto
Corp, 2016). The prime driver of the technology is the wide
scale presence of glyphosate-resistant weed species infesting
agricultural fields in the US, and glyphosate by itself has failed
as a stand-alone weed control agent. The Xtend R crops are
not only glyphosate-tolerant, but also tolerant to dicamba. Thus
glyphosate is not being replaced but being added to by systems
such as Xtend R .

contaminants (Villeneuve et al., 2011; Székács and Darvas, 2012).
These trends both increase risk through exposure. Thus, large
increases in use in the EU, and even larger increase in exposures
for citizens due to uses of GT crops have been evidenced
(Myers et al., 2016). In addition, expanding applications of
GT crops have modified residue composition: while a type of
GT crops modified with a cp4-epsps gene achieves tolerance
to glyphosate by expressing enolpyruvylshikimate-3-phosphate
synthase (EPSPS) enzyme derived from Agrobacterium sp. strain
CP4 not inhibited by glyphosate, other types of these GT
plants modified with gox or gat genes provide tolerance to the
compound by its enhanced degradation by transgenic metabolic
enzymes, glyphosate oxidoreductase (GOX), or glyphosate
acetyltransferase (GAT) expressed in the plant, leading to
increased levels of the main metabolite AMPA (Székács and
Darvas, 2012; Myers et al., 2016). Therefore, risk assessment has
to consider such modified exposures to glyphosate and AMPA
(Vandenberg et al., 2017) and other metabolites. Moreover,
increasing occurrence of new metabolites has to be taken into
account in the enforcement residue definiton (ERD) used for
setting MRLs in various commodities and food products.
As risk assessments undertaken by government or
government-related agencies concluded rather favorably for
the re-registration of glyphosate, the ADI of glyphosate has
been recommended by the BfR and endorsed by EFSA to be
raised from 0.3 to 0.5 mg/kg b.w./day in the EU (European Food
Safety Authority, 2015a). The new proposed ADI value was
established on the basis of maternal and developmental NOAEL
values of 50 mg/kg b.w./day from a developmental toxicity study
in rabbits, considering the standard uncertainty factor (UF)
of 100. If approved, the recommendation has several serious
implications. On the one hand, it represents a significant (66%)
rise, which raises questions. Have our previous estimations
on human exposure been improper to such extent, that the
ADI can now be raised in spite of the increasing occurrence
of glyphosate and AMPA in food, feed, drinking water, and
the environment? Or is this rise simply a consequence of a
technological issue: the increase of glyphosate residues due to
excessive use on GM crops or as a pre-harvest desiccant? On the
other hand, and probably even more importantly, the increase
in ADI has consequences on future regulatory assessment. ADI
is a crucial value in policy-making being a threshold level, below
which no adverse effects are anticipated, and which already
contains a 100-fold UF relative to the NOAEL. In consequence,
doses below the ADI level are considered safe, and are not
considered in regulatory assessments. However, several studies
have indicated a range of toxic effects (hepatorenal and chronic
toxicity below the ADI), which in this way skip the attention
of the regulatory decision-maker. It is worth noting that while
proposing an alleviation of the ADI as a part of the update of
the toxicological profile of glyphosate, EFSA also proposed new,
modified MRLs and ERD (see see below, Exposure to glyphosate
– environmental and food analysis, human biomonitoring),
and increased severity of the toxicity indices by setting, for the
first time, an acute reference dose (ARfD) for the compound
(European Food Safety Authority, 2015a). The reason for the
ARfD has been severe toxicity and mortality seen in pregnant
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EXPOSURE TO
GLYPHOSATE—ENVIRONMENTAL AND
FOOD ANALYSIS, HUMAN
BIOMONITORING
Glyphosate is a globally occurring pollutant in surface water
due to its widespread use, good solubility (11.6 g/l at 25◦ C)
and degradation (half-life time (DT50 ) = 28–91 days, if
photodegradation is excluded) in water (MacBean, 2012).
Numerous surveys indicated residue levels between the limit
of detection (LOD) of the analytical method used (e.g., 0.01
µg/l) and substantial concentrations (Table 3), with a striking
difference between the Americas and Europe.
As pointed out earlier (Székács and Darvas, 2012), glyphosate
and AMPA used to be detected in environmental studies
previously less frequently due to the limited sensitivity of the
traditional analytical methods based on gas chromatography.
This has created an advantageous reputation for glyphosate of
being environmentally benign. With the development of novel
methods of increased sensitivity e.g., hyphenated techniques,
such as liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) or immunoanalytical methods, such
as enzyme-linked immunosorbent assays (ELISAs), and their
subsequent wide availability for routine analysis, glyphosate
residues have been detected at lower concentrations more
frequently during the last two decades, than before, as also
seen in the data listed in Table 3. Nonetheless, increasing
research needs demand the development of advanced chemical
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TABLE 3 | Glyphosate residues found in surface and ground water in selected environmental monitoring studies.
Location

Residue level found (µg/l)

Comment

Year

References

USA (North Appalache)

up to 5200

Leaching from agricultural areas to
watersheds, influenced by application
rates and time of run-off event after
application

1973–1975

Edwards et al., 1980

Canada (British Columbia)

3.2–162

Leaching from agricultural areas, primarily
associated with bottom sediments

1987

Feng et al., 1990

Canada (British Columbia)

0.15–1.8

25–75 m Leaching after silvicultural
applications

1987

Payne et al., 1990;
Payne, 1992

USA (Washington DC, Maryland,
Missouri, Wyoming)

Glyphosate: up to 8.7 (in 35–40% of
samples)
AMPA: up to 3.6 (in 53–83% of samples)

Residue level in surface water depended
on pre- and post-emergence applications

2002

Battaglin et al., 2005

2002

Kolpin et al., 2006

NORTH AMERICA

Glyphosate: 0.1–2.2 (in 17.5% of samples) US Geological Survey, stream samples
USA (Arizona, Colorado, Georgia,
collected upstream and downstream of
Iowa, Kansas, Minnesota, Nevada,
waste water treatment plants
New Jersey, New York, South Dakota) AMPA: 0.1–3.9 (in 67.5% of samples)
USA

up to 887

Run-off events in 7 small watersheds
2002–2004
sampled for run-off from agricultural fields
of maize or soybean with different tillage
practices; increased glyphosate run-off
associated with conservation tillage (no-till)

Shipitalo and Owens,
2011

Canada (Southern Ontario)

Glyphosate: 1.2–40.8 (in 21% of samples)
AMPA: 0–48.4

Through binding to soil particles,
glyphosate is likely to enter surface waters
sorbed onto water-borne particles during
run-off events

2004–2005

Struger et al., 2008

Canada (Pacific, Prairie, Ontario,
Quebec, Atlantic)

Glyphosate: up to 11.8
AMPA: up to 2

glyphosate and AMPA occurred as
frequent contaminants in urban rivers
across Canada, mainly in Prairie Province,
with concentrations greater after rainfall
events

2004, 2007

Glozier et al., 2012

USA (Washington, DC, Maryland,
Iowa, Wyoming)

Glyphosate: 0.1–328
AMPA: 3.0–15

Leaching into vernal pools and adjacent
flowing waters in protected areas from
agricultural areas or from control of
nonindigenous plants

2005–2006

Battaglin et al., 2009

USA (Mississippi, Iowa, Indiana)

Glyphosate: 0.02–430
AMPA: 0–400

Common contaminants in basin rivers,
levels dependent on application (source
strength), rainfall run-off and flow route

2007–2008

Coupe et al., 2012

USA (34 States and the District of
Columbia)

Glyphosate: 0–476 (in 39.4% of samples)
AMPA: 0–397 (in 55% of samples)

US Geological Survey, found as common
contaminants in streams, groundwater,
ditches and drains, large rivers, ground
water, lakes, ponds wetlands,
precipitation, soil and sediment and waste
water treatment plant effluents

2001–2010

Battaglin et al., 2014

Canada (Ontario)

Glyphosate: up to 0.66 (in 10.5% of
samples)
AMPA: up to 0.70 (in 5.0% of samples)

Residues found persistent enough to allow 2010–2011,
groundwater to store and transmit
2013
glyphosate residues to surface waters,
also supported by atmospheric transport
occurrence in precipitation

Van Stempvoort et al.,
2016

USA (South Dakota, Nebraska,
Kansas, Minnesota, Iowa, Missouri,
Wisconsin, Illinois, Michigan, Indiana,
Ohio, Kentucky

up to 27.8 (median 1.68)

US Geological Survey, 100 streams in the 2013
Midwestern US, median AMPA/glyphosate
ratio at agricultural sites 3.31, residue
occurrence differing by land use

Mahler et al., 2017

USA (New York State)

up to 90

Rainfall-triggered occurrence in the
outflow of agricultural fields (run-off and
shallow drainage) right after controlled
spray applications of glyphosate

Richards et al., 2018

Mexico

up to 36.7

Rain facilitates the mobility and leaching of 2014
glyphosate from agricultural fields to water
bodies, but also reduces the final
environmental concentration by dilution

2015–2017

Ruiz-Toledo et al., 2014

(Continued)
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TABLE 3 | Continued
Location

Residue level found (µg/l)

Comment

Year

References

Mexico (Yucatan Peninsula)

up to 1.4

Glyphosate found in 90% of groundwater
samples evaluated

2016

Rendón-von Osten and
Dzul-Caamal, 2017

Belize

0.22–1.7

2006–2007
Residues found in phytotelmic water at
seven sites near Maya Mountain Protected
Areas

Kaiser, 2011

Argentina (Buenos Aires Province)

100–700

Flow increased by rain caused the
transport of the herbicide from the direct
area of influence to downstream sites

2004

Peruzzo et al., 2008

Argentina (Buenos Aires Province)

Glyphosate: up to 298
AMPA: up to 235

Glyphosate and AMPA are present in the
soil of the agricultural basin (35–1502 and
299–2256 µg/kg, respectively), and reach
surface water via surface run-off of soil
particles

2012

Aparicio et al., 2013

Argentina (Buenos Aires Province)

Glyphosate: up to 258 (in 69% of samples) Surface stream, ground water sampled;
the sampling site under urban-industrial
AMPA: up to 5865 (in 69% of samples)
land use had high concentrations in the
spring (attributed to point pollution),

2010–2013

Caprile et al., 2017

Argentina (Formosa, Chaco, Santa
Fé, Buenos Aires, Entre Rios
Provinces)

Glyphosate: 0.2–1.8 (Galeguay River)
up to 0.7 (in 15% of samples) (Paraná
River)
AMPA: 0.1–1.9 (Galeguay River)
<0.3 (Paraná River)

Higher levels in the middle- and
lower-course tributaries of Paraná River in
accordance with the intensive agriculture
in those regions; pollutant adsorption on
suspended matter

2011–2012

Ronco et al., 2016

Argentina (Buenos Aires Province)

Glyphosate and AMPA: up to 0.5 (in 33
and 20% of samples, respectively)
(Quequén Grande River)

Glyphosate and AMPA were registered in
almost all matrices at different sampling
times (pre- and post-application events).

2012–2013

Lupi et al., 2015

Argentina (Buenos Aires Province)

Glyphosate: up to 18.5 (in 78.9% of
samples)
AMPA: up to 47.5 (in 96.5% of samples)

Glyphosate and AMPA predominated in
surface water and sediment samples in
the El Crespo stream

2014–2015

Pérez et al., 2017

Argentina (Buenos Aires Province)

Glyphosate: up to 4.5 (in >40% of
samples)
AMPA: up to 0.9

In shallow lakes in the Pampa region

2015

Castro Berman et al.,
2018

Brazil (Rio de Janeiro region)

Glyphosate: 2.6–10.1, AMPA < 0.1 (LOD)
in surface water
glyphosate < 0.35 (LOD), AMPA < 0.1
(LOD) in ground water

Surface and ground water used for
irrigation from the region of Rio de Janeiro
tested

2017

Pinto et al., 2018

Glyphosate: 0–6.23
AMPA: 0.34–3.76

Higher glyphosate and AMPA
concentrations detected in surface water
near oil palm plantation area

2011–2012

Mardiana-Jansar and
Ismail, 2014

Australia (Western Australia)

380

Glyphosate is by far the most widely used
pesticide in Australia; it is considered as a
pesticide active ingredient with
intermediate persistence; the use of
Roundup Ready® crops may result in
substitution of low volumes of sulfonyl
urea and other herbicides with high
volumes of Glyphosate

1995

Australian Academy of
Technological
Sciences, and
Engineering, 2002

Australia (Queensland)

up to 54

Substantial off-site herbicide movement
from irrigated sugarcane farms

2005–2010

Davis et al., 2013

Glyphosate: 0–0.59
AMPA: 0–0.07

Glyphosate occurred in surface water due 1995–1996
to weed control application in rail tracks as
one of the main sources

Skark et al., 1998

SOUTH AMERICA

ASIA
Malaysia

AUSTRALIA

EUROPE
Germany (Northern Rhine-Vestphalia,
Ruhr)

(Continued)
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TABLE 3 | Continued
Location

Residue level found (µg/l)

Comment

Year

References

Mediterranean region

–

Not commonly detected

1997

Barceló and Hennion,
1997

UK (East Midlands)

50–650

Rainfall intensity after herbicide application 1997
may increase total herbicide
concentrations discharging from the
treated area

Norway

Glyphosate: 0.01–0.93
AMPA: 0.01-0.2

12 stream and river locations sampled,
86% of 49 samples analyzed found
contaminated

1995–1999

Ludvigsen and Lode,
2001

Norway

–

6 small catchment areas sampled, 91% of
57 samples analyzed contaminated

1996–2000

Ludvigsen and Lode,
2002

Denmark

Glyphosate: 0.54–4.7 or 0.01–0.03
AMPA: 0.17–0.73 or 0.05–0.15

Glyphosate and AMPA can leach from
agricultural fields through structured soils
posing a potential risk to the aquatic
environment

2000–2002

Kjaer et al., 2005

France (Burgundy)

Glyphosate: up to 17
AMPA: 0.2–9.4

Glyphosate, and to a greater extent,
AMPA, leach through the soils; thus, both
may be potential contaminants of
groundwater

2001–2002

Landry et al., 2005

France

Glyphosate: up to 90
AMPA: up to 3.6

Glyphosate detected in 99.7% of 303
surface water samples

2003–2006

Coupe et al., 2012

Switzerland

Glyphosate: up to 28 (93% occurrence in
river water)
AMPA: up to 8.8 (95% occurrence in river
water)

Monitored in groundwater, in rivers and
streams, and in waste water treatment
plants effluents

2006–2013

Poiger et al., 2017

France

Glyphosate: 0.2–1.0
AMPA: 0.2–0.6

Peak glyphosate contamination due to
urban run-off

2007–2008

Botta et al., 2009

Spain (Valencian Mediterranean
region)

0.10–0.85

92% of 13 surface and ground water
samples were found contaminated with
glyphosate

2005

Ibánez et al., 2006

Austria

Glyphosate: up to 0.67 (0.5–2.0 in waste
water treatment plant effluents)
AMPA: up to 2.8 (4–14 in waste water
treatment plant effluents)

Elimination of glyphosate and AMPA from
waste water at the present concentration
levels is not straightforward

2008

Popp et al., 2008

Spain

0.1–2.6

47% of 139 ground water samples were
found contaminated with glyphosate

2007–2010

Sanchís et al., 2012

UK (York)

Glyphosate: up to 9.0
AMPA: up to 1.2

Mitigation against glyphosate inputs to
surface waters are targeted at the
appropriate source of emission

2009

Ramwell et al., 2014

France (Maine-et-Loire)

Glyphosate: up to 386.9
AMPA: up to 47

Maximum concentrations in 20
rainfall-run-off events in this vineyard
catchment area were over one order of
magnitude higher than those reported in
French vineyards

2009–2012

Lefrancq et al., 2017

Switzerland

Glyphosate: 0.05–4.2
AMPA: 0.04-1.1

2010
The occurrence of glyphosate in surface
waters could not be explained by
agricultural use only; more than half of the
load during selected rain events originated
from urban areas via drainage and
effluents from waste water treatment
plants

Hanke et al., 2010

Switzerland

Glyphosate: up to 12
AMPA: up to 6.5

Moisture increases downhill transport of
glyphosate and AMPA by surface run-off,
in a dissolved state or bound to small
colloids

Daouk et al., 2013

Ramwell et al., 2002

2010–2011

(Continued)

Frontiers in Environmental Science | www.frontiersin.org

18

July 2018 | Volume 6 | Article 78

Székács and Darvas

Re-registration of Glyphosate in the European Union

TABLE 3 | Continued
Location

Residue level found (µg/l)

Comment

Year

References

Hungary

0.04–0.98

50% of 42 surface water samples were found
contaminated with glyphosate at significant
concentrations after a rainy period

2010–2011

Mörtl et al., 2013

Hungary

0.13–0.46

Varying leaching or run-off of glyphosate to
surface water

2012

Székács et al., 2015

France (AuvergneRhône-Alpes,
Provence-Alpes-Côte
d’Azur))

Glyphosate: 0.05–0.81 AMPA: 0–05–0.09

Quantified in the low µg/l range in Rhône River
and its tributaries

2013

Slomberg et al., 2017

Switzerland

Glyphosate: 0.15 (up to 1.43 in tributaries,
0.018–0.35 in waste water treatment plant
effluents)
AMPA: 0.13 (0.024–0.42 in tributaries, up to
1.7 in waste water treatment plant effluents)

Seasonal occurrence in Lake Greifensee in July
(below concentrations in the two main
tributaries) and rapid dissipation of glyphosate,
but not AMPA

2013

Huntscha et al., 2018

Hungary

–

Slowreed dissipation of glyphosate in
formulation and in the presence of algal biofilms

2017

Zhong et al., 2018

Italy (Lombardy Region)

up to 96

Sampling intensity increased due to more
concern about glyphosate residues during
2012–2014 than previously, 2008–2011

2008–2014

Di Guardo and Finizio,
2018

analysis methods of better sensitivity and accuracy (Huhn, 2018).
Glyphosate and AMPA were found to emerge in surface water
by leaching from agricultural areas in the US and Canada
(Edwards et al., 1980; Feng et al., 1990; Payne et al., 1990;
Payne, 1992; Battaglin et al., 2005, 2009; Kolpin et al., 2006;
Struger et al., 2008; Shipitalo and Owens, 2011; Coupe et al.,
2012; Glozier et al., 2012) among others by the US Geological
Survey (Kolpin et al., 2006), at concentrations up to 5,200
and 400 ng/l, respectively in the US North Appalache and the
Midwest (Battaglin et al., 2005, 2009) in regions, where the use
of glyphosate-based pesticide formulations is substantial e.g., due
to the cultivation of GT (RR) crops (Cuhra, 2015). Glyphosate
has also been indicated as a significant water pollutant from
intensive agriculture in Mexico (Ruiz-Toledo et al., 2014). The
concentrations of glyphosate in surface waters in the EU appears
to be lower, but consistently occurring e.g., Germany (Skark
et al., 1998), the Mediterranean (Barceló and Hennion, 1997),
the Northern region (Ludvigsen and Lode, 2001, 2002; Kjaer
et al., 2005), in France (Botta et al., 2009; Van Stempvoort et al.,
2016; Clausing et al., 2018) and elsewhere, and its dissipation
has been found to be slowed down in formulation and in the
presence of algal biofilms (Klátyik et al., 2017b). Thus, glyphosate
residues have been deemed to be worldwide the most common
pesticide contaminant in freshwater ecosystems, AMPA being
the most frequent, glyphosate being the third most frequent
contaminant in France (Villeneuve et al., 2011). The geographical
distribution of peak glyphosate residue concentrations in surface
and drinking water, reported worldwide, are depicted in Figure 4.
As reference values, maximal permitted concentrations of
glyphosate residues in drinking water in given regions are also
indicated, revealing that maximum allowed pesticide residue
levels in drinking water are 7,000-fold higher in the US than
in the EU, and Australia is even more permissive (Note, that
concentrations depicted worldwide, being peak values, do not
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reflect real life, everyday situations, rather correspond to worst
cases).
It has been concluded that glyphosate and AMPA often
occur as run-off from fields originating from glyphosate-based
herbicide application. These residues not only became ubiquitous
or “pseudo-persistent” contaminants in surface water, in periods
with increasing concentrations over the years (McKnight et al.,
2015; Carvalho, 2017; Primost et al., 2017), but through surface
waters they were shown to be able to reach the seas as well,
as documented in Germany in the estuaries of the Baltic Sea
(Skeff et al., 2015). Glyphosate and AMPA were also found
at up to 2.5 and 0.48 µg/l in rain and up to 9.1 and 0.97
ng/m3 in air, respectively in the USA in Mississippi, Iowa
and Indiana States in 2004 and 2007–2008 (Chang et al.,
2011), where both have been identified in the same period as
common surface water contaminants near agricultural fields
(Majewski et al., 2014). Glyphosate and AMPA were detected
both in rain and air near agricultural fields in the estuarine
region of the Mississippi River in 2007, while such residues
were not detected (possibly due to less sensitive analytical
methods available at the time) in 1995 (Maqueda et al.,
2017).
Glyphosate residue contamination has been demonstrated
to correlate with sources of agricultural applications (Payne,
1992; Coupe et al., 2012) corresponding to GM crop cultivation
(Barceló and Hennion, 1997; Skark et al., 1998; Australian
Academy of Technological Sciences, and Engineering, 2002;
Ramwell et al., 2002; Peruzzo et al., 2008; Aparicio et al., 2013;
Davis et al., 2013; Mardiana-Jansar and Ismail, 2014; Lupi et al.,
2015; Ronco et al., 2016; Caprile et al., 2017; Pérez et al., 2017),
post-harvest chemical desiccation (Shipitalo and Owens, 2011;
Soracco et al., 2018) or other technologies in intensive agriculture
e.g., biomass production of industrial crops (Mardiana-Jansar
and Ismail, 2014). Moreover, non-agricultural or urban uses of
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FIGURE 4 | Maximal residue levels (µg/l) of glyphosate (black) and AMPA (gray in parentheses) in surface and ground water reported worldwide. Corresponding
permitted levels in drinking water are indicated in red e.g., maximum admissible concentration (MAC) in the European Union, maximum contaminant level (MCL) in the
US and health-based guideline value (HBGV) in Australia.

be translocated by plant roots; and it can affect non-target
plants near agricultural ditches (Saunders and Pezeshki, 2015),
and affect soil rhizosphere-associated bacterial communities
(Newman et al., 2016) and soil Pseudomonas species (Aristilde
et al., 2017). Toxicity of Roundup R to the soil filamentous
fungus Aspergillus nidulans was reported with a median lethal
dose (LD50 ) corresponding to glyphosate concentrations of
90–112 mg/l, ∼100-fold below agricultural application levels
(Nicolas et al., 2016). A proteomic analysis indicated protein
expression modulation and possible metabolic disturbances
(Poirier et al., 2017). Similar effects were not observed for
Aspergillus section Flavi strains and A. niger (Carranza et al.,
2017). Negative effects of glyphosate and/or N fertilization on
soil enzymes and arbuscular mycorrhizal fungi were reported
(Nivelle et al., 2018). A recent concern is that glyphosate (along
with other herbicide active ingredients dicamba and 2,4-D),
as well as common surfactants (Tween80, carboxymethyl
cellulose) at or below recommended application concentrations
can change the susceptibility of bacteria to a diverse range
of antibiotics (ampicillin, chloramphenicol, ciprofloxacin,
kanamycin, tetracycline) upon concurrent exposure, and thus,
glyphosate may serve as one of the drivers for antibiotic
resistance (Kurenbach et al., 2017; Van Bruggen et al., 2018).
As indicated, through water pollution its formulations can
disturb aquatic ecosystems (Vera et al., 2010; Perez et al., 2011)
including fish (Jofré et al., 2013). Removal or degradation of
glyphosate residues from raw drinking water by bank filtration
may not be efficient, but oxidants used in water treatment
(e.g., Cl2 or O3 ) were shown to be effective in degrading their

glyphosate have also been indicated (Kolpin et al., 2006; Botta
et al., 2009; Hanke et al., 2010; Glozier et al., 2012) to contribute
to environmental contamination. Soil contamination appears to
show a closer correlation with agricultural usage intensity, while
water contamination results from run-off events by precipitation
(Landry et al., 2005; Maqueda et al., 2017; Poiger et al., 2017).
Thus, glyphosate and AMPA were detected at concentrations
4–17 and 4–9 times greater than the sources of emission,
respectively from agricultural soil and emitted respirable dust, 12
months after glyphosate application, in a central semiarid region
of Argentina, indicating that these compounds are accumulated
in the respirable dust and can potentially be a source of air
contamination (Mendez et al., 2017). Moreover, glyphosate
residues have often been detected in soil and sediments (Peruzzo
et al., 2008; Aparicio et al., 2013; Battaglin et al., 2014; MardianaJansar and Ismail, 2014), and it has been shown by numerous
studies that glyphosate reaches surface waters via dispersed small
soil particles or colloids (Struger et al., 2008; Slomberg et al.,
2017). A recent study provides a Europe-wide assessment of the
dispersal of glyphosate and AMPA in EU agricultural topsoils,
being present in 45% of the topsoils collected, originating
from 11 countries and six crop systems, with a maximum
concentration of 2 mg/kg, as well as their potential spreading
by wind and water erosion (Silva et al., 2018), further affected
by small-scale sediment transport in water erosion (Bento
et al., 2018), persisting under low bacterial activity in limited
aerobic conditions or non-neutral pH (la Cecilia and Maggi,
2018), and adversely affecting soil microbial and nematodal
diversity (Dennis et al., 2018). From the soil glyphosate can
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concentration below the EU drinking water threshold level of
0.1 µg/l (Jönsson et al., 2013). Nonetheless, glyphosate residues
were reported in bottled drinking water (Rendón-von Osten
and Dzul-Caamal, 2017). Glyphosate residues were detected
in honey and soy sauce (Rubio et al., 2014), in produce (Bøhn
et al., 2014), processed food products, even in human specimens
(blood, urine, mother’s milk) (Knudsen et al., 2017; Rendón-von
Osten and Dzul-Caamal, 2017). It should be noted, however, that
measurements of glyphosate in complex biological matrices e.g.,
blood and breast milk, that led to positive scores used ELISA
methods of questionable accuracy, and instrumental analysis by
LC-MS/MS did not find glyphosate above its limit of detection
in human breast milk (McGuire et al., 2016; Steinborn et al.,
2016). As a result of its expanding release into the environment,
increased residue levels have been detected in crops, 0.3–5.2
mg/kg glyphosate, 0.3–5.7 mg/kg AMPA (Arregui et al., 2004).
In the US, the accepted MRL for glyphosate residues
in drinking water is 700 µg/l (United States Environmental
Protection Agency, 2003), while 0.1 µg/l in the EU under the
Drinking Water Directive (European Parliament Council, 1998).
The MRL of glyphosate (among all pesticide residues) in the
aquatic environment used to be 1.0 µg/l in the EU (European
Parliament Council, 1976). Currently, there are no MRLs defined
for surface water according to the Water Framework Directive
(European Commission, 2000), as glyphosate or AMPA are not
listed among priority substances for which environmental quality
standards have been set. However, both compounds are likely
to be re-considered as priority substances (European Parliament
Council, 2006; European Parliament, 2008).
Most recent results in residue analysis in food in the EU
indicated a more favorable picture. Analyzed in 22 countries
in EU MSs (predominantly in Germany) in raw and processed
food products (mainly fruits, nuts, vegetables and cereals, yet in
limited numbers in oilseeds and soybeans, and none reported in
animal products) in 2014, detectable levels of glyphosate residues
were found in 4% of the samples, but at levels all below the
MRL with the exception of a dry bean sample, where the residue
level, 2.3 mg/kg was 15% above the MRL. The highest incidence
of glyphosate residue levels was detected in sunflower seeds,
dry lentils and peas, mustard and linseeds, soybeans, as well as
barley, wheat, oats and rye among cereals (European Food Safety
Authority, 2017b). Characterizing and quantifying glyphosate
residues in food and feed of plant and animal origin, considering
their stability in those matrices, estimating dietary exposure of
consumers and comparing it to EFSA reference toxicity values for
glyphosate and AMPA published in 2015 (European Food Safety
Authority, 2015a) and for N-acetyl-glyphosate and N-acetylAMPA published in 2018 (European Food Safety Authority,
2018a), without their any further assessment, EFSA proposed
207 new MRLs with proposed ERD (glyphosate plus AMPA and
N-acetyl-glyphosate) to replace the existing ERD (glyphosate)
(European Food Safety Authority, 2018b), and considered them
to pose no apparent risk to consumers (European Food Safety
Authority, 2018a,b). These proposed MRLs are in 153 cases more
restricting (lower than before) than the existing ones, being set
at an improved LOD (0.05 mg/kg) made possible by advanced
analytical methods, but are more permissive (higher than before)
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for main commodity crops e.g., potatoes, dried commodities
(beans, lentils, peas, lupine beans and linseeds), olives for oil
production, grains (barley, buckwheat and other pseudo-cereals,
millet, oat, rye, sorghum, wheat), seeds (borage, rape/canola,
cotton, maize), soybeans and sugarcanes, as well as food of animal
origin (swine, bovine, sheep, bovine, equine and poultry muscle
and tissues, milk and bird eggs). The stricter MRLs represent
2- to 10-fold (in the case of wild fungi 1,000-fold) lower values,
than the existing ones, while proposed alleviations correspond to
1.5- to 300-fold increase in other MRLs. However, while lowered
MRLs apply mostly to non-problematic commodities, higher
values are proposed for commodities, where common glyphosate
contamination has been reported, or where high glyphosate
metabolite levels are endogenous (GT crops with transgenic
GOX or GAT enzymes). Such mitigation in the requirements is
consonant with the increase proposed also in the ADI value for
glyphosate, on the one hand, yet appears to reflect as if regulatory
rigor yielded to technology, as limits previously considered
necessary and accepted by industry are proposed to be replaced
with more permissive ones, on the other hand. As for compliance
of MRL, it is worth mentioning that negative health outcomes
have been observed in laboratory animal studies showing toxicity
at levels of exposure below regulatory set safety limits (Mesnage
et al., 2015b, 2017b; Defarge et al., 2016).
Although the number of results available in the scientific
literature on glyphosate residue levels in human tissues is
limited, human biomonitoring is of prominent importance as
its results serve as primary end-point indicators of exposure.
Biomonitoring of glyphosate residues in human urine have been
carried out in the USA (Acquavella et al., 2003; Curwin et al.,
2007; Mills et al., 2017), Europe (Mesnage et al., 2012; Krüger
et al., 2014; Connolly et al., 2017; Conrad et al., 2017) and
Sri Lanka (Jayasumana et al., 2015), and indicated maximal
concentrations of 0.45–233 ng/ml. Within these studies, one
report compared glyphosate levels in the urine of humans and
livestock, and found over one order of magnitude higher levels
in the latter (Krüger et al., 2014). A survey of the human
biomonitoring studies argued that the results posed no health
concerns as corresponding exposures were estimated to be
magnitudes below the ADI or Acceptable Operator Exposure
Level values, but conceded characteristic differences between
exposure levels in Europe and North America with substantially
higher maximum levels in the latter region (Niemann et al.,
2015), levels being 0.65–5 ng/ml in Europe and 18–233 in the US.
A systematic study carried out in Southern California found that
the mean glyphosate and AMPA levels in human urine increased
between 1993 and 2016, and reached 0.449 and 0.401 ng/ml,
respectively (Mills et al., 2017). It has to be noted that levels of
3.3–73.5 ng/ml have been reported in a non-peer reviewed report
in Germany (Connolly et al., 2017).
A wide range of ecotoxicological and human health problems
related to glyphosate and its formulated PPPs have been indicated
(Székács and Darvas, 2012; Mensah et al., 2015; Kurenbach
et al., 2017), partially related to the chelating properties of
glyphosate (Mertens et al., 2018). Moreover, ecotoxicological
and resistance-related consequences of the extended use of
glyphosate (Schütte et al., 2017) or of the use of GT GM
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situations subjects are exposed to the formulated, complex
products, reflected in the IARC evaluation, as that agency
is not legally bound to EU authorization policies. Moreover,
government or government-related agencies have to consider
all stakeholders, including patent holders and industry, in their
assessment. An international expert agency in public health,
however, may focus on hazards in its assessment, particularly
if novel hazards have been identified in relation to the target
substance, and also if concentration- or dose-dependence of
the health effects are questionable or do not exist, as often seen
for endocrine disruption effects (Vandenberg et al., 2012). A
particular issue in the EU is that active ingredients used in PPPs
are regulated at the EU level, while formulated pesticide products
are governed at MS level. In other words, the responsibility of
sound toxicological evaluation of the formulated products lies
in the EU at MS level. Therefore, re-assessment of glyphosate
can indeed focus on the parent compound itself, as possible
biological and health effects of other formulants (e.g., surfactant
and other additives) will be considered during the registration
of the formulated products at MS level. The withdrawal of
glyphosate-based herbicides containing formulating agent POEA
and the ban of the use of glyphosate as a post-harvest chemical
desiccant at MS level are effective means to reduce environmental
contamination and to mitigate environmental and human health
consequences. Nonetheless, the wide occurrence of glyphosate
and its residues as a ubiquitous contaminant in environmental
matrices, feed and food, and even in livestock and human
samples indicates that our exposure to this substance, boosted
in use by expansion of GM crops worldwide and the use of
pre- or post-harvest chemical desiccation in agriculture, may
be substantially higher than predicted from dietary exposure
models, which may therefore cause our current position in risk
assessment to be re-assessed.
Data on occupational or community exposure to glyphosate
residues have been shown to be limited (International Agency
for Research on Cancer, 2017), and thus, expected exposure
levels need to be updated, based not only on earlier estimations
on the total food basket, but also on recent environmental
and biological monitoring data indicating increased levels or
more wide-spread occurrence of glyphosate residues. Critical
gaps in the re-registration of glyphosate, including the EU
re-registration process itself, have been addressed (European
Parliament Council, 2002; Myers et al., 2016), particularly those
considered more pressing by recent scientific findings. These
include: (a) increasing exposures of EU citizens to glyphosate
residues, supported by human and environmental biomonitoring
data in limited number (Curwin et al., 2007; Mesnage et al.,
2012; Krüger et al., 2014; Niemann et al., 2015; Connolly et al.,
2017; Conrad et al., 2017; Mills et al., 2017; Vandenberg et al.,
2017), but identifying a clearly rising trend; (b) carcinogenicity
classification by IARC, evidence of linkages of glyphosate or
its formulated products to non-Hodgkin’s lymphoma (Hardell
et al., 2002; De Roos et al., 2003, 2005; Eriksson et al., 2008;
Schinasi and Leon, 2014; Mesnage et al., 2015b), and effective
dose levels indicated in rodent oncogenicity studies being 1–2
orders of magnitude lower when formulated glyphosate-based
herbicides were used compared to those obtained with the pure

crops (Pandolfo et al., 2018) have been emphasized, along with
effects non-target terrestrial plants as well (Cederlund, 2017).
As for emerging plant resistance against glyphosate, glyphosate
itself and glyphosate-based herbicides have been shown to affect
the disease resistance and health of plants by undermining
their innate physiological defenses in mechanisms related to
the mode of action of glyphosate, even in crops engineered
for glyphosate-tolerance, and by interferences with the local
microbial ecology in the rhizosphere (Martinez et al., 2018).
The evolution of resistance was shown to occur due to gene
amplification (Chen et al., 2017; Dolatabadian et al., 2017;
Fernandez-Escalada et al., 2017; Han et al., 2017; Jugulam and
Gill, 2018). Epigenetic alterations through increased levels of
DNA and histone methylation were identified in response to
exposure to glyphosate (Nardemir et al., 2015; Kim et al.,
2017; Margaritopoulou et al., 2018; Markus et al., 2018).
The results suggest that epigenetic pathways may influence
the regulation of genes important for herbicide detoxification
(Markus et al., 2018). As for ecotoxicity, more research on
the effects of exposure, particularly at sub-lethal levels, using
appropriate target biomonitor species (Kissane and Shephard,
2017) and a corresponding new concept in agriculture are
urged (Nicolopoulou-Stamati et al., 2016; Torretta et al., 2018).
Taking these indications into consideration, and also considering
the wide occurrence of glyphosate residues in environmental
matrices, foodstuff and biological matrices, including the urine
of livestock and humans, our current estimations of dietary
exposure (Stephenson et al., 2018) may need to be reconsidered,
which could substantially modify risk assessment. It has to be
noted that the ecotoxicological profile of replacement herbicide
active ingredients proposed as alternatives to glyphosate appear
to be similar or worse than that of glyphosate itself, both in the
area of conventional treatment and desiccant technology (e.g.,
bromoxynil, diquat or other total herbicides) or on HT GM crops
(e.g., 2,4–D, oxynil, dicamba, glufosinate). Nonetheless, this does
not constitute a part of risk assessment of glyphosate, but is to be
considered by risk managers in their decision-making. Moreover,
practically any xenobiotic substance is prone to lead to adverse
effects when used in such excessive quantities as glyphosate.

CONCLUSION
The issue of re-registration of glyphosate in the EU and
corresponding evaluation reports clearly show a fundamental
difference between risk- and hazard-based assessments of
regulated products. Considering acute toxicity, legislatory
decision-makers focus on risks as a product of hazard and
exposure, and weigh the subsequently identified hazards based
on their likelihood of occurrence through real exposures. In
contrast to acute toxicity, however, EU pesticide regulation
is hazard-based (and not risk-based) for carcinogenicity,
reproductive/developmental toxicity, neurotoxicity and
endocrine effects. The main problem, where the re-registration
routine of pesticides may become seriously perplexed, is that at
EU level, the authorities, following their legal mandate, focus
on the toxicology of the active ingredient(s), while in real life
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out. POEA has been banned in glyphosate-based preparations in
various MSs in hope to solve the „glyphosate case.” Nevertheless,
inhibition of aromatases has been demonstrated at very low
concentrations, implying hormonal disrupting effects, and the
estrogenic potential of glyphosate (and its formulated products)
have been indicated by their estrogen receptor activation.

active ingredient; (c) evidence of contributions to fatal chronic
kidney disease by glyphosate in areas with heavy metals in
water (Jayasumana et al., 2014, 2015) and the finding of nonalcoholic fatty liver disease upon exposure to a glyphosatebased herbicide (Roundup R ) (Mesnage et al., 2017b), coupled
with the powerful animal metabolism data embedded within
the re-registration document appendices (showing glyphosate
and AMPA levels higher in kidney than in liver, and much
higher than in muscle tissue); as well as (d) problems (e.g., risk
assessment studies for regulatory purposes of re-registration of
glyphosate being carried out with pure glyphosate) arising from
the dual character of pesticide registration in the EU with active
ingredients authorized at EU and formulated products at MS
level (Klátyik et al., 2017a). In light of these findings, earlier risk
assessment statements (Williams et al., 2000) are untenable for
both hazard and exposure levels.
In summary, the “glyphosate debate” among agencies is
mostly confined to carcinogenicity, while a variety of other effects
(e.g., non-alcoholic fatty liver disease, endocrine disruption)
have also been found. The in vitro sensitivity assays on a
variety of cell lines indicate that glyphosate is less toxic than
its common co-formulants e.g., POEA. Moreover, synergistic
effects between glyphosate and its co-formulants cannot be ruled
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