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• Glyphosate and its degradation product
AMPA have accumulated in the environment.
• Chronic low dose effects on animals and
humans have been documented recently.
• Shifts in microbial community composition in soil, plants and animal guts
resulted.
• Glyphosate and antibiotic resistance
have arisen in fungi and bacteria in
parallel.
• Glyphosate may serve as one of the
drivers for antibiotic resistance.
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A B S T R A C T

The herbicide glyphosate, N-(phosphonomethyl) glycine, has been used extensively in the past 40 years, under
the assumption that side effects were minimal. However, in recent years, concerns have increased worldwide
about the potential wide ranging direct and indirect health effects of the large scale use of glyphosate. In 2015,
the World Health Organization reclassiﬁed glyphosate as probably carcinogenic to humans. A detailed overview
is given of the scientiﬁc literature on the movement and residues of glyphosate and its breakdown product
aminomethyl phosphonic acid (AMPA) in soil and water, their toxicity to macro- and microorganisms, their effects on microbial compositions and potential indirect effects on plant, animal and human health. Although
the acute toxic effects of glyphosate and AMPA on mammals are low, there are animal data raising the possibility of health effects associated with chronic, ultra-low doses related to accumulation of these compounds in the environment. Intensive glyphosate use has led to the selection of glyphosate-resistant
weeds and microorganisms. Shifts in microbial compositions due to selective pressure by glyphosate may
have contributed to the proliferation of plant and animal pathogens. Research on a link between glyphosate
and antibiotic resistance is still scarce but we hypothesize that the selection pressure for glyphosateresistance in bacteria could lead to shifts in microbiome composition and increases in antibiotic resistance
to clinically important antimicrobial agents. We recommend interdisciplinary research on the associations
between low level chronic glyphosate exposure, distortions in microbial communities, expansion of
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antibiotic resistance and the emergence of animal, human and plant diseases. Independent research is
needed to revisit the tolerance thresholds for glyphosate residues in water, food and animal feed taking
all possible health risks into account.
© 2017 Elsevier B.V. All rights reserved.

Contents
1.
2.

Introduction . . . . . . . . . . . . . . . . . . . . . . .
Residues in soil, water and plant products . . . . . . . . . .
2.1.
Residues in soil and water . . . . . . . . . . . . . .
2.2.
Residues in plant products. . . . . . . . . . . . . .
3.
Effects of glyphosate on plants, animals and microorganisms .
3.1.
Effects on plants . . . . . . . . . . . . . . . . . .
3.2.
Effects on animals and humans . . . . . . . . . . .
3.2.1.
Terrestrial animals and humans . . . . . . .
3.2.2.
Aquatic animals . . . . . . . . . . . . . .
3.3.
Effects on microorganisms. . . . . . . . . . . . . .
3.3.1.
Microorganisms in soil, rhizosphere and plants
3.3.2.
Microorganisms in water . . . . . . . . . .
3.3.3.
Microorganisms in animals . . . . . . . . .
4.
Resistance to glyphosate and antibiotics . . . . . . . . . . .
5.
Discussion and conclusions. . . . . . . . . . . . . . . . .
Acknowledgement . . . . . . . . . . . . . . . . . . . . . . .
References. . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

1. Introduction
The herbicide glyphosate, N-(phosphonomethyl) glycine, is a biocide with a broad spectrum activity that was introduced for weed control in agricultural production ﬁelds in 1974 (Benbrook, 2016).
Glyphosate is taken up by the foliage of plants and transported throughout the plant resulting in plant death after several days. Glyphosate is
formulated with various adjuvants (Li et al., 2005), in particular surfactants such as polyoxyethylene amine (POEA), to enhance the uptake
and translocation of the active ingredient in plants. The best known
product formulated with POEA is Roundup® (Benbrook, 2016).
Glyphosate products are used primarily before planting of traditional agricultural crops and after planting of genetically modiﬁed
glyphosate-resistant crops (Duke and Powles, 2009). Increasingly,
they have been used for desiccation as a ‘harvest aid’ on traditional
grain crops (Goffnett et al., 2016; Nelson et al., 2011; Zhang et al.,
2017b). In addition, glyphosate has been widely used between trees in
orchards and groves (Maqueda et al., 2017; Schrübbers et al., 2016;
Singh et al., 2011; St. Laurent et al., 2008; Zhang et al., 2015b) and in
urban areas for weed control along streets and in parks (Hanke et al.,
2010; Kristoffersen et al., 2008). Finally, it has also been applied in waterways to eliminate invading aquatic plants (Clements et al., 2017;
Monsanto, 2014).
As a result of the introduction of glyphosate-resistant soybean
(Glycine max) and canola (Brassica napus) in 1996, cotton (Gossypium
hirsutum) in 1997 and corn (Zea mays) in 1998 (Duke, 2015; Myers
et al., 2016), as well as the expanding end of season glyphosate use to
facilitate harvesting (Nelson et al., 2011), the total acreage treated
with glyphosate has increased rapidly (see Graphical abstract). The annual glyphosate application rates per ha have increased too, for example
on soybeans (Coupe and Capel, 2016), especially due to the development of glyphosate-resistant weeds (Benbrook, 2012). In 2012, about
127,000 tons of glyphosate were used in the USA and 700,000 tons
worldwide (Swanson et al., 2014; US Geological Survey, 2012). Glyphosate use for agricultural production is now widespread, both in industrialized and developing countries (Benbrook, 2016).
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The intensive use of glyphosate has resulted in increasing environmental and plant residues. Glyphosate is quite resistant to degradation
due to the inert C-P linkage in the molecule (Chekan et al., 2016). Nevertheless, it is broken down in dead plant material and soil by various
microorganisms (Mamy et al., 2016); the ﬁrst decomposition product
often is aminomethyl phosphonic acid, AMPA (Shushkova et al., 2009;
Singh and Singh, 2016; Zhang et al., 2015b). However, decomposition
of glyphosate takes place in living plants as well as in soils (Arregui
et al., 2004), so that both glyphosate and AMPA residues can be found
in plant products. In second generation glyphosate-resistant crop cultivars a gene that encodes for the enzyme glyphosate oxidase was
inserted into the plant DNA, so that glyphosate is largely converted
into AMPA and glyoxylate in those plants. As a result, glyphosate residues are negligible while AMPA residues may be considerable (Alves
Corrêa et al., 2016; Monsanto, 2013). In some crop cultivars, a
glyphosate-N-acetyl transferase or GAT gene was inserted to convert
glyphosate to N-acetyl-glyphosate, which is broken down to N-acetylAMPA. In those cultivars all four residues (glyphosate, N-acetyl-glyphosate, N-acetyl-AMPA and AMPA) can be found and are often combined
for dietary risk assessment (FAO, 2006). Total residues are mostly
below 5 mg kg− 1 but occasionally up to 20 mg kg−1 in harvested
grain, fodder and oil crops when glyphosate is used as a ‘harvest aid’ before full crop maturity (Cessna et al., 1994, 2000; FAO, 2006;
McNaughton et al., 2015; Zhang et al., 2017b). Total residue contents
have been as high as 93 mg kg−1 in forage (FAO, 2006).
Due to the large scale and intensive use of glyphosate and its accumulation in the environment and edible products, several major concerns
have arisen in recent years about harmful side effects of glyphosate and
AMPA for soil and water quality, and plant, animal and human health.
Based on recent reports on potential chronic side effects of glyphosate
(Battaglin et al., 2014; Séralini et al., 2014), the World Health Organization
reclassiﬁed the herbicide glyphosate as probably carcinogenic to humans
in 2015 (Bai and Ogbourne, 2016; EFSA, 2015; Guyton et al., 2015; IARC,
2015). Since then, many (about 1000) scientiﬁc research papers have
been published on glyphosate, especially its potential side effects, in the
last two years, but a comprehensive review is still missing.
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The objectives of this review are to present a critical overview of the
scientiﬁc literature on (1) glyphosate accumulation in the environment
and plant products, (2) its mode of action and effects on plants and animals, (3) its effects on microbial communities in soil, water, plants, animals and humans and (4) potential effects of shifts in microbial
community composition on plant, animal and human health. An additional objective is to formulate a hypothesis about a possible relationship between resistance to glyphosate and to antibiotics in
microorganisms as a result of the very high glyphosate selection pressure in the environment.
2. Residues in soil, water and plant products
A brief overview of the accumulation of glyphosate and its main degradation product AMPA in the environment is presented to facilitate a
full understanding of their potential side effects on plants, animals and
microbial communities.
2.1. Residues in soil and water
Glyphosate containing herbicides may contaminate soils in and
around treated areas. Glyphosate adsorbs to clay and organic matter,
slowing its degradation by soil microorganisms and leading to accumulation in soils over time (Banks et al., 2014; Cassigneul et al., 2016;
Okada et al., 2016; Sidoli et al., 2016; Simonsen et al., 2008; Sviridov
et al., 2015; Travaglia et al., 2015). As a result, glyphosate and its degradation product AMPA may persist for more than a year in soils with high
clay content but may quickly wash out of sandy soils (Bergström et al.,
2011; Okada et al., 2016; Sidoli et al., 2016). Glyphosate and AMPA degradation is also strongly dependent on soil pH (Zhang et al., 2015b).
In the past, glyphosate was not considered a problem for ground
water and surface water, because it has a relatively low potential to
move through soil and contaminate water sources (Monsanto, 2002,
2014; Sihtmäe et al., 2013). However, despite its attachment to clay
and organic matter, parts of the glyphosate and its metabolite AMPA
end up in the dissolved phase in ground water after heavy rain
(Maqueda et al., 2017; Rendón-von Osten and Dzul-Caamal, 2017).
Rain and erosion can also transport soil particles with glyphosate and
AMPA into surface water (Table 1), where it can remain in the particulate phase or be dissolved (Maqueda et al., 2017; Rendón-von Osten and
Dzul-Caamal, 2017; Wang et al., 2016b; Yang et al., 2015). Dissolved
glyphosate and AMPA in surface water can sorb to the bottom sediment.
Contaminated particles can settle and become incorporated in the bottom sediment as well (Aparicio et al., 2013; Maqueda et al., 2017). Biodegradation of glyphosate is much slower in sediment than in dissolved
in water (Wang et al., 2016b). Glyphosate and AMPA are now
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widespread in a variety of natural waters and sediments (Aparicio
et al., 2013; Maqueda et al., 2017; Grandcoin et al., 2017; Poiger et al.,
2017).
In areas of the USA where genetically modiﬁed glyphosate-resistant
crops are grown, glyphosate and AMPA occur widely in soil, surface
water and ground water (Battaglin et al., 2014). Glyphosate has been
measured in river water and stream water (Table 1) at levels from 2
to 430 μg l−1 (Battaglin et al., 2005, 2009; Coupe et al., 2011; Mahler
et al., 2017). It has also been detected in air and rain during the crop
growing season and in water from spring snow melt (Battaglin et al.,
2009, 2014; Chang et al., 2011). Ultimately glyphosate ends up in seawater, where it is highly persistent (Mercurio et al., 2014).
In Europe, where growing genetically modiﬁed crops is not allowed,
glyphosate has been detected in various water sources (but at lower
levels than in the USA). Very low concentrations of glyphosate (b0.1
to 2.5 μg l−1) were detected in samples of surface water in Germany
(Skark et al., 1998), Switzerland (Poiger et al., 2017), Hungary (Mörtl
et al., 2013) and northeastern Spain (Sanchis et al., 2012). Higher levels
(up to 165 μg l−1) were sometimes found in France (Villeneuve et al.,
2011) and Denmark (Rosenbom et al., 2010).
Very little is known about glyphosate residues in the environment in
other continents (Table 1). In particular, hardly any information is publicly available about environmental residues in China (publications in
Chinese checked by He Miaomiao), while most glyphosate is currently
produced in China (http://www.cnchemicals.com/Newsletter/
NewsletterDetail_14.html; Zhang et al., 2015a) and glyphosate is used
intensively in that country (Zhang et al., 2015a).
Besides runoff from agricultural land, urban runoff is also a source of
glyphosate to streams and rivers (Grandcoin et al., 2017; Hanke et al.,
2010). Because runoff is enhanced from impervious and connected
paved surfaces, glyphosate use on paved surfaces is banned in several
countries in Northern Europe (Kristoffersen et al., 2008; Rosenbom
et al., 2010). Nevertheless, glyphosate and AMPA were found in samples
of sewage and stormwater overﬂows (Birch et al., 2011) as well as the
outlets from wastewater treatments plants (Grandcoin et al., 2017)
and even in bottled water (Rendón-von Osten and Dzul-Caamal,
2017). Glyphosate and AMPA are commonly found in drinking-water
(WHO, 2005), but at very low concentrations below the acceptable
daily intake as determined in 1997 (WHO, 2005).
2.2. Residues in plant products
Until recently, residue measurements in plant products were focused on the active ingredient glyphosate and less on its degradation
product AMPA. However, since it became known that glyphosate is partially broken down to AMPA in living plants (Arregui et al., 2004) and
AMPA is also toxic to various organisms (Gomes et al., 2016;

Table 1
Glyphosate occurrence and concentrations in surface or ground water samples in several countries in North America, South America, and Europe.
Country

Date

Glyphosate occurrence and concentrations

Authors

Canada
US (Midwest)
US (Midwest)
US (Washington, Maryland, Iowa,
Wyoming)
US (Iowa, Indiana, Mississippi)
Mexico

2002
2002
2013
2005–2006

22% of samples positive, up to 6.07 μg l−1
36% of stream samples positive, up to 8.7 μg l−1
44% of stream samples positive, up to 27.8 μg l−1
All streams positive, up to 328 μg l−1

Humphries et al., 2005
Battaglin et al., 2005
Mahler et al., 2017
Battaglin et al., 2009

Argentina

2012

Germany
Switzerland
Spain
Hungary
Denmark

1998
2016
2007–2010
2010–2011
1999–2009

France

2004–2008 Most rivers positive, up to 430 μg l−1 after a storm
2015
All groundwater samples positive, up to 1.42 μg l−1
35% of surface water samples positive, 0.1–7.6 μg l−1

Few positive samples in two tributaries to the Ruhr river, up to 0.59 μg l−1
Most stream water samples, up to 2.1 μg l−1
41% positive groundwater samples, up to 2.5 μg l−1
Most river and ground water samples positive, up to 0.001 μg l−1
25% of surface water samples positive, up to 31 μg l−1; 4% of groundwater samples
positive, up to 0.67 μg l−1
2003–2004 91% of stream samples positive, up to 165 μg l−1

Coupe et al., 2011
Rendón-von Osten and
Dzul-Caamal, 2017
Aparicio et al., 2013
Skark et al., 1998
Poiger et al., 2017
Sanchis et al., 2012
Mörtl et al., 2013
Rosenbom et al., 2010
Villeneuve et al., 2011
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Kwiatkowska et al., 2014a, 2014b), both glyphosate and AMPA are considered in residue analyses and regulations (Codex Alimentarius, 2013;
EPA, 2013). The concentrations of glyphosate plus AMPA vary widely,
ranging from 0.1–100 mg kg−1 in legumes (including soybeans), 0.1–
25 mg kg− 1 in cereals and rice, 0.1–28 mg kg− 1 in oil seeds and 1–
344 mg kg− 1 in various types of fodder (Arregui et al., 2004; Bøhn
et al., 2014; Çetin et al., 2017; Cuhra, 2015; FAO, 2006). The maximum
residue limits of glyphosate plus AMPA in farm products vary widely
too, ranging from 0.05 mg kg−1 in milk, 0.1 mg kg−1 in most plant products, 10–20 mg kg−1 in seeds and up to 500 mg kg−1 in fodder (Codex
Alimentarius, 2013; Cuhra, 2015; EPA, 2013; FAO, 2006). The tolerable
residue levels in seeds and fodder have increased over time to accommodate increasing concentrations detected in some farm products
(Benbrook, 2016). Tolerable residue limits in China are similar to
those elsewhere (Meador and Jie, 2014).
Residues of glyphosate and AMPA in water and plant products are
taken up by animals and humans and excreted in their faeces and
urine (Niemann et al., 2015; von Soosten et al., 2016). Glyphosate was
detected in the urine of a high proportion (30–80%) of farm animals
and humans (Krüger et al., 2014a, 2014b; Niemann et al., 2015). Residues were found not only in the urine of farmers but also in 60–80% of
the general public, including children, in the USA and in 44% of the general public in Europe (Krüger et al., 2014a; Niemann et al., 2015). The
concentrations in human urine samples were low, but higher among
subjects in the USA (mean 2–3 μg l−1 and maximum 233 μg l−1) than
in Europe (mean b 1 μg l−1 and maximum 5 μg l−1) (Niemann et al.,
2015). Yet, exposure calculations have indicated that daily exposures
to glyphosate are generally less than the tolerable reference dose as currently maintained by regulatory agencies (Solomon, 2016; WHO, 2005).
However, these tolerance levels and safety standards are being challenged in view of the expanded human exposures (Vandenberg et al.,
2017).
3. Effects of glyphosate on plants, animals and microorganisms
The biocidal activity of glyphosate is associated with the inhibition of
the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS).
Glyphosate thus stops the sixth step in the shikimate pathway (conversion from shikimate-3-phosphate to EPSP), which is required for the
production of aromatic amino acids and secondary compounds with defense functions in plants and many microorganisms (Funke et al., 2006;
Krüger et al., 2013; Schrödl et al., 2014).
3.1. Effects on plants
Glyphosate is toxic to both monocotyledonous plants (such as
grasses) and dicotyledonous plants (most broad leaf plants). Uptake
and translocation of glyphosate in plants is enhanced by surfactants in
the formulated product. Translocation takes place both acropetally
and basipetally (upwards and downwards), so that glyphosate accumulates throughout the plant including in seeds and plant roots (Li et al.,
2005; Walker and Oliver, 2008). Glyphosate and its breakdown product
AMPA inhibit antioxidant enzyme activities and induce the accumulation of reactive oxygen species (ROS) that induce physiological dysfunction and cell damage (Gomes et al., 2016). Both glyphosate and AMPA
decrease photosynthesis, but through different mechanisms: glyphosate increases chlorophyll degradation, while AMPA disturbs chlorophyll biosynthesis (Gomes et al., 2016). Both enhanced chlorophyll
degradation and reduced biosynthesis result in yellowing and necrosis
of foliage.
Plants treated with glyphosate do not produce secondary aromatic
compounds, including antimicrobial phytoalexins that defend plants
against pathogens. Consequently, glyphosate treated plants frequently
die from infection by root pathogens that are universally present in
soil (Babiker et al., 2011; Johal and Rahe, 1984; Lee et al., 2012;
Meriles et al., 2008; Rashid et al., 2013; Rosenbaum et al., 2014). Even

sublethal glyphosate concentrations in plants, for example from residues in soil or water, diminish plant resistance to pathogens. Infection
by Fusarium species is often more severe in ﬁelds where glyphosate
was applied before planting of a crop compared with untreated control
ﬁelds (Kremer et al., 2005; Kremer and Means, 2009; Sanogo et al.,
2000; St. Laurent et al., 2008; van Bruggen et al., 2015). For example,
soybean sudden death syndrome (caused by Fusarium virguliforme)
was sometimes increased by glyphosate application in both
glyphosate-tolerant and sensitive cultivars that were susceptible to
the disease (Kremer and Means, 2009; Sanogo et al., 2000, 2001), but
not always (Duke et al., 2012; Kandel et al., 2015). Infection of sugar
beet (Beta vulgaris) by weakly pathogenic Fusarium and Rhizoctonia species was also enhanced after glyphosate application before planting
sugar beet seeds (Larson et al., 2006). Yet, spore germination and mycelium growth of these and other pathogens are often reduced in vitro
(Barnett et al., 2012; Larson et al., 2006; Mengistu et al., 2013; Sanogo
et al., 2000; Sanyal and Shrestha, 2008). This supports the notion that
increased root disease in glyphosate treated soil comes about through
reduced plant resistance rather than enhanced pathogen growth or
that glyphosate may suppress beneﬁcial microorganisms more than
plant pathogens like Fusarium species.
In addition to reduced plant resistance, indirect effects of glyphosate
and AMPA on plant health are possible through changes in the endophytic and rhizosphere microbiome (Berg et al., 2014; Finckh et al.,
2015; Kremer et al., 2005; Kuklinsky-Sobral et al., 2005; van Bruggen
and Finckh, 2016; van Bruggen et al., 2016). The importance of the
plant microbiome for plant health has been known for a long time
(Kloepper et al., 1980; Pleban et al., 1995). The plant microbiome composition is largely determined by plant species and the soil where a
plant is growing, including the soil microbiome as affected by pesticide
use (Finckh et al., 2015; see also Section 3.3.1 of this review). Besides a
reduction in plant resistance as a result of changes in microbial composition after glyphosate use, attraction of plant pathogens to the roots of
glyphosate-resistant plants can be enhanced by increased exudation of
carbohydrates and amino acids from roots of glyphosate treated plants
(Kremer et al., 2005; Kremer and Means, 2009).
Another agricultural problem that has arisen in response to intensive
glyphosate use is the widespread appearance of glyphosate-resistant
weed species (Duke and Powles, 2009; Green and Owen, 2011;
Schafer et al., 2014; Shaner et al., 2012). Glyphosate-resistance in plants
can be conferred by several different mechanisms (Table 2) such as
changes in translocation as a result of modiﬁed transporter genes, single
point mutations of the target site making it insensitive, increased target
expression or detoxiﬁcation of the herbicide (Chekan et al., 2016;
Pollegioni et al., 2011; Shaner et al., 2012; Tani et al., 2016; Zhang
et al., 2015a). Recently, alternative glyphosate-resistance genes were
found that could be incorporated into genetically modiﬁed crops in
the near future (Staub et al., 2012; Tao et al., 2017; Tian et al., 2015),
but different resistance mechanisms may evolve again in weeds exposed to glyphosate repeatedly.
In reaction to the glyphosate-resistance problem, farmers have increased the dosage and frequency of glyphosate use even further
(Benbrook, 2012), and companies producing glyphosate-resistant
crops added genes for resistance to other herbicides, 2,4-D and dicamba,
in those crops (Duke and Powles, 2009; Leon et al., 2016; Ruen et al.,
2017). However, weeds with multiple herbicide resistance at multiple
sites of action will likely emerge soon after the widespread use of
these herbicides (Bell et al., 2013). This may then lead to an additional
increase in herbicide use and additional unintended side effects
(Landrigan and Benbrook, 2015).
3.2. Effects on animals and humans
The absence of the shikimate pathway in animals is the basis for the
lack of acute toxicity of glyphosate in animals such as mammals, amphibians and reptiles after a single exposure to relatively high dosages
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Table 2
Mechanisms of resistance to glyphosate in plants and bacteria.
Mechanism

Examples in plants

References

Examples in bacteria

References

Mutation of the gene
coding for the target
site
Increased target
expression

Single point mutation of the target site
(EPSPS) making it insensitive to
glyphosate
Increased target expression resulting in so
many target molecules that glyphosate
cannot block all targets
Modiﬁcation of transporter genes
resulting in reduced intra-plant
translocation and possibly transfer into
vacuoles
Transfer of the aroA CP4 gene or other
resistance genes from bacteria or fungi
into crop plants

Chekan et al., 2016;
Pollegioni et al., 2011;
Shaner et al., 2012
Chekan et al., 2016;
Shaner et al., 2012;
Zhang et al., 2015a
Chekan et al., 2016;
Staub et al., 2012,
Shaner et al., 2012; Tani
et al., 2016
Padgette et al., 1995;
Tao et al., 2017; Tian
et al., 2015

Amino acid substitution in EPSP
synthase as found in Staphylococcus
aureus and Enterobacter sp.

Priestman et al., 2005; Fei et al.,
2013

Increased efﬂux of glyphosate as
found in E. coli and Pseudomonas sp.
with glyphosate-tolerance

Staub et al., 2012

Natarajan et al., 2007; Li et al., 2015

Detoxiﬁcation of glyphosate; cleavage of
the C-P or C-N bond; this mechanism has
not been found yet in naturally resistant
plants
Not found in glyphosate-resistant plants

Pollegioni et al., 2011;
Shaner et al., 2012

Transfer of the aroA CP4 gene from
genetically modiﬁed plants back into
plant-associated bacteria (E. coli) in
the lab
Glyphosate is degraded by various
bacteria like Azotobacter sp.,
Azospirillum sp. and insensitive
Pseudomonas sp.
Scavenging of free radicals by
mycothiolb providing stress
resistance and glyphosate-tolerance
in Actinobacteria

Overexpression of
membrane efﬂux
transporter genes like
ABC transporters
Horizontal gene transfer
of aroAa CP4 resistance
gene or other
resistance genes
Degradation of
glyphosate

Scavenging of free
radicals providing
stress resistance
a
b

Arunakumara et al., 2013; Singh
and Singh, 2016; Sviridov et al.,
2015; Travaglia et al., 2015; Zhao
et al., 2015
Liu et al., 2013

aroA is the gene encoding the enzyme 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase.
Mycothiol is a speciﬁc thiol compound found in Actinobacteria.

(McComb et al., 2008; Weir et al., 2016). However, the median lethal
doses vary considerably for different formulations, especially with respect to surfactants (Diamond and Durkin, 1997; Durkin, 2011). Formulations containing POEA are relatively toxic compared to other
formulations. Lethal doses of the most toxic formulations are species
speciﬁc varying from 175 to 540 mg glyphosate acid equivalent
(a.e.) kg− 1 body weight for terrestrial animal species and from 1 to
52 mg a.e. l−1 of water for aquatic species (Durkin, 2011). However,
the glyphosate sensitivity of these two groups cannot be compared directly because the method of exposure is quite different for these
groups.
3.2.1. Terrestrial animals and humans
Although the acute oral toxicity of technical grade glyphosate to
mammals is low, with the LD50 ranging from 800 to N5000 mg kg− 1
body weight for different animal species (McComb et al., 2008; WHO,
2009), there is increasing interest in potential chronic effects of formulated glyphosate and its degradation products as they accumulate in the
environment (Bai and Ogbourne, 2016; Battaglin et al., 2014; Greim
et al., 2015; Mesnage et al., 2015a; Séralini et al., 2014). Two research
approaches have been taken to investigate chronic effects: correlative
research and experimental studies that address possible causative
relationships.
Correlations have been found between increased glyphosate use and
a wide variety of human diseases, including various forms of cancer, kidney damage and mental conditions such as ADHD, autism, Alzheimer's
and Parkinson's disease (Fluegge and Fluegge, 2016; Fortes et al.,
2016; Jayasumana et al., 2014; Mesnage et al., 2015b; Swanson et al.,
2014). Miscarriages and dermatological and respiratory illnesses were
related to glyphosate exposure during aerial glyphosate spraying campaigns to eliminate coca plants in Colombia (Camacho and Mejía,
2017). Increases in infertility and malformation among pigs were correlated with glyphosate concentrations in the liver and kidneys and with
residues in the feed (Krüger et al., 2014a, 2014b). Various confounding
factors might have contributed to these correlations. Therefore, controlled experiments are essential to determine chronic toxic effects.
Under experimental conditions with cell cultures, glyphosate and its
breakdown product AMPA increased the reactive oxygen species (ROS)
in human erythrocyte cultures at moderately high concentrations
(N42 mg l− 1 of either pure glyphosate or AMPA) for 24 h
(Kwiatkowska et al., 2014a) (Table 3). AMPA is a glutamic acid receptor

in the central nervous system (Catarzi et al., 2006). Both glyphosate and
AMPA decreased acetylcholinesterase activity in erythrocyte cultures
(Kwiatkowska et al., 2014b). Acetylcholinesterase catalyzes the breakdown of acetylcholine that functions as a neurotransmitter. Decreased
acetylcholinesterase activity by organophosphorus compounds hinders
the termination of synaptic transmission. Neural cell development and
axon growth of rats were impaired after exposure to a high dose of
glyphosate (4000 mg l−1) for 24 h (Coullery et al., 2016).
In other laboratory studies, exposure of human peripheral blood
cells to glyphosate resulted in DNA damage in leucocytes at moderate
to high concentrations (85 to 1690 mg l−1) and decreased DNA methylation at 42 mg l−1 glyphosate in vitro (Kwiatkowska et al., 2017).
Changes in DNA methylation can disturb the balance between cancerous cell proliferation and programmed cell death (apoptosis)
(Hervouet et al., 2013). DNA hypomethylation can lead to activation of
oncogenes, while hypermethylation can silence tumor suppressor
genes (Hervouet et al., 2013). Thus, glyphosate and AMPA can disturb
normal neurotransmission and upset the delicate balance between cell
proliferation and programmed cell death.
As predicted from correlation and cellular studies (Table 3),
persistent low exposure to glyphosate (about 70 mg of
glyphosate kg−1 body weight day−1) can affect the activity of the enzyme acetylcholinesterase at the organismal level (Cattani et al., 2017;
Kwiatkowska et al., 2014b; Menéndez-Helman et al., 2012). If acetylcholinesterase is not working properly, nerve impulses are not switched
off, causing serious neurological disorders (Čolović et al., 2013). For example, chronic exposure of pregnant rats (Rattus norvegicus) to glyphosate (Roundup®) in drinking water (0.36% or 3600 mg a.i. l−1) led to
oxidative stress and glutamate excitotoxicity in the rat hippocampus
and decreased hippocampus acetylcholinesterase activity (Cattani
et al., 2017). This resulted in depressive-like behavior in offspring rats
exposed to glyphosate for 60 days (Cattani et al., 2017).
In another chronic exposure study (Table 3), daily treatments of live
rats with a low dose (56 mg kg−1) of Roundup® for 5 or 13 weeks resulted in biochemical and anatomical liver damage (Çağlar and
Kolankaya, 2008). Chronic exposure (2 yr) to Roundup® at ultralow
doses (50 ng l− 1; 4 ng kg−1 bw d− 1) in drinking water caused liver
and kidney damage and various tumors in laboratory rats (Mesnage
et al., 2015a; Séralini et al., 2014), although conclusions regarding possible carcinogenicity have been disputed by researchers associated
with the industry and others (EFSA, 2015; Greim et al., 2015). Recent
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Table 3
Effects of chronic exposure of terrestrial cells and live animals and of aquatic animals to low dosages of Roundup®. See text for actual dosages used.
Terrestrial animals

Aquatic animals

Effects on cell cultures References
Increase in reactive
oxygen species
(ROS)
Decrease in
acetylcholinesterase
activity

Effects on live animals

References

Effects on live animals

References

Kwiatkowska Impaired neural cell development and axon
et al., 2014a
growth of rats

Coullery et al., 2016

Overproduction of ROS and
oxidative stress in ﬁsh

Li et al., 2017

Kwiatkowska Impaired acetyl cholinesterase activity;
et al., 2014b oxidative stress and glutamate excitotoxicity
in the rat hippocampus; depressive-like
behavior in offspring rats

Cattani et al., 2017;
Kwiatkowska et al., 2014b;
Menéndez-Helman et al.,
2012

DNA damage in
leucocytes and
decreased DNA
methylation

Kwiatkowska Biochemical and anatomical liver damage;
et al., 2017
liver and kidney damage and tumors in rats

Deteriorated ovarian
functions in cell
cultures of cattle
ovaries

Perego et al.,
2017

Negative fertility effects in male rats

work by Mesnage et al. (2016) further demonstrated that the chronic
(2 year) exposure of rats to these ultralow dosage levels of Roundup®
resulted in marked alterations of the liver proteome and metabolome,
changes which overlap substantially with non-alcoholic fatty liver disease. In the experiments with Roundup®, no distinction was made between effects of glyphosate and of the adjuvant POEA, although the
estimated acute oral toxicity of POEA is higher (LD50 = 1.2 g kg−1)
than that of glyphosate (LD50 = 4.8 g kg− 1) (Diamond and Durkin,
1997). However, these experiments were not carried out to estimate
acute oral effects of glyphosate, but chronic effects of the formulated
product as encountered in reality.
Finally, repeated application of glyphosate at relatively low doses
(5 mg kg−1) negatively affected fertility in male rats (Abarikwu et al.,
2015), while a single application had a negative fertility effect at a
high dose (500 mg kg−1) only (Dai et al., 2016). Male rats that received
soymilk with 100 mg l−1 glyphosate had a decrease in spermatids and
increase in abnormal sperm morphology compared to the soymilk control (Nardi et al., 2017). Cell cultures of cattle ovaries showed deteriorated ovarian functions after exposure to low glyphosate concentrations
(0.5, 1.7 and 5 mg l− 1) but not at high concentrations (10 and
300 mg l−1), which is typical of endocrine disruptor effects (Perego
et al., 2017). Thus, at low concentrations, glyphosate could have hormonal effects and reduce fertility (Table 3), while at high doses various
other organs may be affected, ultimately resulting in death.
3.2.2. Aquatic animals
Glyphosate and the surfactants POEA and MON 0818 (75% POEA)
can have negative impacts on the health of a variety of animals in the
aquatic food web, including protozoa, mussels, crustaceans, frogs and
ﬁsh, similar to the effects on terrestrial animals (Bringolf et al., 2007;
Durkin, 2011; Li et al., 2017; Moreno et al., 2014; Prosser et al., 2017;
Rissoli et al., 2016; Sihtmäe et al., 2013; Tsui and Chu, 2003; Zhang
et al., 2017a). Glyphosate formulations with POEA are generally more
toxic than those without this surfactant (Bringolf et al., 2007; Prosser
et al., 2017). Aquatic animals seem to be more sensitive to POEA than
terrestrial animals. However, experimentation on health effects of adjuvants by independent entities has been quite limited due to the proprietary nature of these chemicals (Diamond and Durkin, 1997; Durkin,
2011). For example, formulations with POEA were more toxic to the
microcrustacean Artemia salina and young zebraﬁsh Danio rerio than
formulations without POEA both at 360 g glyphosate a.e. l−1 water
(Rodrigues et al., 2017). Various species of freshwater mussels were
more sensitive to glyphosate with MON 0818 (EC50 = 1 mg a.e. l−1)

Suppression of
acetylcholine-sterase activity in
brown mussels and ﬁsh;
damage of motoneurons in ﬁsh;
developmental problems and
brain damage
Çağlar and Kolankaya, 2008; Disturbed metabolism and
Mesnage et al., 2015a;
renal injury in ﬁsh;
Mesnage et al., 2016;
DNA damage in blood, gills and
Séralini et al., 2014
liver of eel;
changes in liver cells and
mitochondria in carp
Abarikwu et al., 2015; Nardi
et al., 2017

Menéndez-Helman et
al., 2012; Sandrini
et al., 2013; Zhang
et al., 2017a;
Roy et al., 2016
Li et al., 2017
Guilherme et al., 2009
Szarek et al., 2000

and Roundup® (EC50 = 4 mg a.e. l−1) than to technical grade glyphosate (EC50 N 200 mg a.e. l−1) (Bringolf et al., 2007). At typical and maximum glyphosate application and runoff rates from soil, resulting in
estimated concentrations of 0.21 to 0.99 mg POEA l−1 surface water,
21–43% of a wide array of aquatic species were estimated to be impaired
by these POEA concentrations (Rodriguez-Gil et al., 2017).
Similar to effects of glyphosate on terrestrial animals (Table 3), pure
glyphosate suppressed the activity of acetylcholinesterase at low concentrations (1–676 mg l−1) in brown mussels (Perna perna) (Sandrini
et al., 2013) and several ﬁsh species (Menéndez-Helman et al., 2012;
Sandrini et al., 2013). At an ultralow concentration of 0.01 mg l−1 glyphosate damaged the primary motoneurons in zebraﬁsh resulting in abnormal movements at a young age (Zhang et al., 2017a). Exposure of
zebraﬁsh embryos to higher concentrations of Roundup® (50 mg l−1)
resulted in developmental problems including forebrain, midbrain and
eye damage (Roy et al., 2016).
Again, similar to glyphosate effects on terrestrial animals, chronic
exposure of gold ﬁsh (Carassius auratus) to moderately low levels of
glyphosate (34 mg l−1) disturbed the metabolism in various tissues,
led to overproduction of ROS and oxidative stress (Li et al., 2017). The
ﬁnal result was severe renal injury (Li et al., 2017). Even lower concentrations of Roundup® (3.6 mg l−1 for 4 h) damaged the DNA in blood,
gills and liver of the European eel (Anguilla anguilla) (Guilherme et al.,
2009). Exposure of freshwater carp (Cyprinus carpio) to higher levels
of Roundup® (205 mg or 410 mg of glyphosate l− 1; still below the
range of commercial applications) induced changes to liver cells and mitochondria (Szarek et al., 2000).
In addition to these direct effects on aquatic animals, glyphosate can
affect the interactions between ﬁsh and their pathogens or parasites. Exposure of silver catﬁsh (Rhamdia quelen) to sublethal concentrations of
glyphosate (0.73 mg l−1, 10% of the LC50 for 96 h) reduced the numbers
of blood erythrocytes, thrombocytes, lymphocytes and total leukocytes,
decreased immune cell phagocytosis and increased susceptibility to the
pathogen Aeromonas hydrophila, resulting in a decrease in the survival
rate (Kreutz et al., 2010, 2011). Similarly, environmentally relevant concentrations (0.36 mg a.i. l−1) of glyphosate enhanced infection of the
freshwater ﬁsh Galaxias anomalus by the trematode ﬂatworm parasite
Telogaster opisthorchis (Kelly et al., 2010). However, horsehair worms
(Chordodes nobilii) parasitic to mosquito larvae (Aedes aegypti) showed
reduced infective ability and increased adult mortality following exposure to low concentrations (0.1–8 mg a.i. l−1) of technical grade glyphosate and Roundup® (Achiorno et al., 2008). Thus, low levels of
glyphosate in surface water could disturb the balance between hosts
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and pathogens or parasites. This can result in unexpected shifts in
aquatic communities.
3.3. Effects on microorganisms
The shikimate pathway is present not only in plants but also in fungi
and bacteria, rendering many taxa of microorganisms sensitive to
glyphosate. However, not all organisms with the shikimate pathway
are sensitive to glyphosate, depending on the class of EPSPS they produce: class I EPSPS is glyphosate sensitive and class II EPSPS is
glyphosate-tolerant (Funke et al., 2007; Priestman et al., 2005). For example, Agrobacterium tumefaciens strain CP4 has a gene coding for the
class II version of EPSPS that is not inhibited by glyphosate (Padgette
et al., 1995). Similar to plants, bacterial and fungal strains with low sensitivity to glyphosate have been selected, largely through the same
mechanisms as the resistance mechanisms identiﬁed in plants (Li
et al., 2015; Liu et al., 2013; Priestman et al., 2005; Staub et al., 2012).
Consequently, differences in sensitivity among microorganisms have affected the microbial composition of various habitats harboring glyphosate, including soil, plant surfaces and animal intestinal tracts.
3.3.1. Microorganisms in soil, rhizosphere and plants
Glyphosate is taken up by the foliage of plants and transported
throughout the plant and into the rhizosphere and soil (Yamada et al.,
2009; Zobiole et al., 2010). Because many microorganisms are sensitive
to glyphosate, its application can affect the microbial composition and
enzymatic activity in the plant endosphere, the rhizosphere and surrounding soil (Arango et al., 2014; Banks et al., 2014; Cherni et al.,
2015; Druille et al., 2015; Schafer et al., 2014). For example, glyphosate
treatments (applied at recommended or lower dosages) negatively affected microorganisms that promote plant growth, such as Burkholderia
spp., Pseudomonas spp., arbuscular mycorrhizal fungi and nitrogen ﬁxing Rhizobium spp. (Arango et al., 2014; Druille et al., 2015; Schafer
et al., 2014; Zobiole et al., 2010). These treatments resulted in reduced
plant growth and/or changes in grassland vegetation cover and composition (Arango et al., 2014; Druille et al., 2015).
However, there is still much controversy about the effects of glyphosate on microbial communities and activities in the soil and rhizosphere (Allegrini et al., 2015; Hungria et al., 2014; Wolmarans and
Swart, 2014). In studies comparing soil treated with glyphosate with
untreated control soil, microbial communities seemed to recover from
short term glyphosate treatment (Arango et al., 2014; Banks et al.,
2014; Wolmarans and Swart, 2014) with only minor or no effect on
global microbial structure, biomass or activity (Allegrini et al., 2015;
Haney et al., 2000; Meriles et al., 2008; Nakatani et al., 2014; Wardle
and Parkinson, 1990; Zabaloy et al., 2016), probably due to the great diversity and compensatory ability of microorganisms in soil. In addition,
direct effects of glyphosate are confounded by increased availability of
dead plant and microbial material, a food source for many microorganisms, including saprotrophic plant pathogenic fungi (Babiker et al.,
2011; Meriles et al., 2008; Sharma-Poudyal et al., 2016).
Speciﬁc methods that can detect rare microorganisms, shifts in microbial composition, and changes in metabolic functions resulting
from glyphosate applications, such as deep sequencing (sequencing of
extracted DNA or RNA multiple times), have been used only by
Schafer et al. (2014) and Newman et al. (2016). Schafer et al. (2014) investigated the taxonomic distribution of the microbial community, diversity and genera abundance within the rhizosphere of glyphosate
susceptible and resistant giant ragweed (Ambrosia triﬁda) biotypes in
response to a glyphosate application. DNA sequences of the pathogens
Verticillium and Xanthomonas increased and of the beneﬁcial bacterium
Burkholderia decreased in glyphosate treated soil, but the differences in
microbial community composition were small. Newman et al. (2016)
showed that the phospholipid fatty acid composition in the rhizospheres of Roundup-ready® corn and soybeans changed as a result of
long term (3 yr) glyphosate treatment at the recommended dose.
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RNA-Seq analysis showed that carbohydrate and amino acid metabolism was downregulated in total extracted rhizosphere RNA (Newman
et al., 2016), in agreement with a possible reduction in photosynthesis
(Gomes et al., 2016). Iron acquisition and metabolism were also downregulated in the rhizosphere (Newman et al., 2016), in agreement with
the reduced availability of iron in glyphosate treated soil (Cakmak et al.,
2009). Protein metabolism and respiration sequences were upregulated
(Newman et al., 2016), possibly due to increased amino acid exudation
(Kremer et al., 2005).
Minor differences in sensitivity of soil and rhizosphere microorganisms to glyphosate may result in important shifts in plant or animal
pathogens. For example, the root pathogen Fusarium sp. is comparatively insensitive to glyphosate. Thus, glyphosate application may shift the
balance of pathogenic Fusarium spp. and antagonistic microorganisms
such as Pseudomonas ﬂuorescens in favor of the root pathogens
(Kremer and Means, 2009; Yamada et al., 2009; Zobiole et al., 2010). Increased root rot caused by pathogenic Fusarium spp. in glyphosate treated soil has been shown repeatedly as mentioned above (Fernandez
et al., 2009; Johal and Huber, 2009; Rosenbaum et al., 2014; Yamada
et al., 2009). Similarly, the human and animal pathogen Staphylococcus
aureus is insensitive to glyphosate and may become more dominant in
glyphosate treated soil (Funke et al., 2007; Priestman et al., 2005).
Thus, the presence of glyphosate in soil could change the community
compositions of bacteria and fungi, in turn altering soil ecosystem functions and plant and animal health (Kuklinsky-Sobral et al., 2005; Zobiole
et al., 2010).
3.3.2. Microorganisms in water
Negative effects of glyphosate and the surfactant POEA have been
demonstrated for various species of microalgae, aquatic bacteria and
protozoa (Rodriguez-Gil et al., 2017; Sihtmäe et al., 2013; Tsui and
Chu, 2003). The modes of action in aquatic microorganisms are similar
to those in terrestrial plants and microorganisms: glyphosate affects
synthesis of aromatic amino acids, the production of chlorophyll, photosynthesis and respiration (Mensink and Janssen, 1994). The marine bacterial species Vibrio ﬁscheri was sensitive to moderately low
concentrations of glyphosate in water (EC50 values ranged from 5.4 to
7.6 mg a.e. l− 1), regardless of the formulation used (Sihtmäe et al.,
2013). Microalgae are generally more sensitive to glyphosate and the
formulated product Roundup® (1.2–7.8 mg l−1) than are heterotrophic
bacteria, although some species of microalgae are more tolerant than
others (Mensink and Janssen, 1994; Tsui and Chu, 2003; Wang et al.,
2016a).
Autotrophic microorganisms are vital to marine and freshwater ecosystems, because they form the base of food chains. Photosynthesis, cell
densities and growth rates of three microalgae were diminished by exposure to a typical application rate of glyphosate (0.89 kg a.e. ha−1,
resulting in about 1.2 mg glyphosate l−1 and 0.21 mg POEA l−1 of surface water) (Rodriguez-Gil et al., 2017). Even a low glyphosate concentration (0.011 mg l− 1) inhibited the growth of the autotrophic
community in river water for three weeks, although it did not cause
chlorophyll reduction (Bricheux et al., 2013). Addition of Roundup®
to pond water (6 and 12 mg a.i.−1, higher than the 3.5 mg a.i.−1 recommended for weed control) decreased the abundance of total micro- and
nanophytoplankton, but increased the abundance of picocyanobacteria
and overall primary production (Pérez et al., 2007). This increase in
picocyanobacteria was attributed to the direct toxicological effect of
glyphosate on other microorganisms, resulting in release of nutrients
from the dead bodies. In later studies, glyphosate formulated as
Glifosato Atanor® at 3.5 mg a.i. l− 1 as well as pure glyphosate and
Glifosato Atanor® at 2.7–2.9 mg a.e. l−1 stimulated the abundance of
bacterioplankton and planktonic picocyanobacteria, and the photosynthetic activity of periphytic algae (Vera et al., 2012, 2014; Wang et al.,
2016a). This was attributed to increased phosphorous contents in
glyphosate treated water (Vera et al., 2012, 2014; Wang et al., 2016a).
Indeed, a single application of technical grade glyphosate (2.4 mg l−1)
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to tap water in mesocosms that were left outside for 6 months increased
the total phosphorous concentration seven fold (to 0.7 mg l− 1) and
doubled the density of picocyanobacteria (to 2 ∗ 10−6 cells ml−1 in turbid water) after 1–8 days (Pizarro et al., 2016).
Similar to the research results obtained for soil, global measures of
microbial activity and diversity were negligibly affected by glyphosate
treatments (0.01–0.37 mg l−1) of surface water collected from various
water bodies (Bricheux et al., 2013; Magbanua et al., 2013; Pesce
et al., 2009). In situ measurements of microbial activity, diversity and
composition in relation to glyphosate concentrations were confounded
by the presence of other pesticides (Daouk et al., 2013). In controlled
laboratory experiments, however, the growth and species composition
of microbial populations (determined by Temporal Temperature Gradient Gel Electrophoresis with DNA from marine waters) were sometimes
disturbed at levels of glyphosate (0.001–0.01 mg l−1) typical of those
caused by run off from land (Stachowski-Haberkorn et al., 2008).
Thus, similar to the situation in soil, deep sequencing and metabolomics
may be needed to detect subtle shifts in microbial communities in water
(Beale et al., 2017; Muturi et al., 2017; Tromas et al., 2017). The results
may be affected by many factors, including the glyphosate formulation
and concentration, pH and sediment contents (Magbanua et al., 2013;
Tsui and Chu, 2003; Wang et al., 2016b).
3.3.3. Microorganisms in animals
Relationships between microbiomes and human or animal health
have received much attention in recent years (Berg et al., 2014;
Hoffman et al., 2015; O'Doherty et al., 2014), but little research has
been done on the potential inﬂuence of glyphosate on these relationships. Nevertheless, intestinal microbial communities can be affected
by glyphosate in contaminated animal feed and water. Subsequently,
the changes in these communities can be detrimental to animal health.
For example, lactic acid producing bacteria generally are negatively affected by glyphosate (Clair et al., 2012; Krüger et al., 2013). These bacteria normally produce antibiotics and can suppress pathogenic
bacteria such as Clostridium botulinum (Krüger et al., 2013; Rodloff and
Krüger, 2012) and botulism has increasingly been found in cows (Bos
taurus) that had high concentrations of glyphosate in their feed and
urine (Gerlach et al., 2014; Krüger et al., 2013, 2014a). During in vitro
fermentation in bovine rumen ﬂuid, several species of bacteria and protozoa were suppressed after exposure to glyphosate at 1, 10 and
100 mg l−1 (Ackermann et al., 2015). However, botulinum neurotoxin
concentration was enhanced at the highest level of glyphosate only
(1000 mg l− 1). In poultry (Gallus gallus domesticus), Biﬁdobacterium
and Enterococcus spp. were negatively affected by glyphosate at 0.08–
0.15 mg g−1, while pathogenic bacteria such as Salmonella and Clostridium spp. were less sensitive (Minimal Inhibitory Concentration, MIC =
1.2–5 mg g−1) to this herbicide (Shehata et al., 2013). The tested concentrations were high, but the glyphosate concentration in the poultry
feed was also high: 0.19–0.4 mg g−1 (Shehata et al., 2014).
Glyphosate in animal feed affects not only intestinal bacteria but also
fungi, such as the Mucorales, fast growing fungi often forming spore
balls on top of fungal threads and therefore sometimes called pin
molds. They are common in soil and often cause food spoilage and
sometimes mycoses in animals and humans (Morace and Borghi,
2012). A positive correlation was found between glyphosate concentrations in urine and the density of Mucorales in the rumen of dairy cows in
Germany (Schrödl et al., 2014). This change in the fungal community
could have come about through a disturbance of the intestinal microbiota in general, because members of the Mucorales were resistant to
glyphosate in vitro (Schrödl et al., 2014). However, the observed reduction in antibodies against the Mucorales may indicate that glyphosate inﬂuenced the immune system of the cows, possibly through the toxic
effects of glyphosate on the liver (Schrödl et al., 2014). Although
Mucorales were resistant to glyphosate in vitro, it is possible that this
change in prevalence was due to a disturbance of other intestinal
microbiota.

4. Resistance to glyphosate and antibiotics
Little attention has been paid to potential indirect negative effects of
glyphosate on human and animal health through a possible relationship
between resistance to glyphosate and to antibiotics in bacteria (Fig. 1).
In this section, we discuss glyphosate-resistance in bacteria and the potential mechanisms underlying this resistance, followed by observed associations between glyphosate-resistance and antibiotic resistance and
a hypothesis about the selection pressure of intensive glyphosate use
driving both forms of resistance.
Although many bacteria and fungi are sensitive to glyphosate, some
are highly resistant (Fei et al., 2013; Kuklinsky-Sobral et al., 2005;
Natarajan et al., 2007; Wolmarans and Swart, 2014). For example, strain
CP4 of Agrobacterium tumefaciens was found in the wastewater of a
glyphosate production plant and was highly resistant to glyphosate.
This resistance is conferred by the gene coding for the enzyme CP4
EPSP synthase (EPSPS), which was inserted into crops to provide
glyphosate-resistance (Padgette et al., 1995). A truncated form of the
same enzyme was transferred experimentally from glyphosateresistant plants to Escherichia coli, providing similar resistance as the
original full length enzyme (Natarajan et al., 2007). Other functional
genes of the glyphosate-resistant E. coli as well as its carbon utilization
proﬁle were only slightly affected by the inserted EPSP synthase gene,
suggesting that this genetically modiﬁed E. coli could survive in the environment (Li et al., 2015). This implies that glyphosate-resistance could
potentially return from plants to bacteria by horizontal gene transfer,
and that the resulting glyphosate-resistant bacteria might successfully
survive in the environment (Li et al., 2015). Although horizontal gene
transfer by natural means has not been demonstrated conclusively,
glyphosate-resistance has been identiﬁed in many genera of bacteria
since the intensiﬁcation of glyphosate use (Liu et al., 2013; Priestman
et al., 2005; Staub et al., 2012). This resistance could have come about
by various mechanisms other than horizontal gene transfer (Table 2).
The mechanisms that provide resistance to glyphosate in bacteria are
similar to those conveying resistance to glyphosate in plants. For example, mutations of the gene coding for the target site EPSP synthase and of
efﬂux transporter genes have been found in plants and bacteria (Fei
et al., 2013; Priestman et al., 2005; Staub et al., 2012). In addition, bacteria could be selected that produce glyphosate degradation enzymes
(Arunakumara et al., 2013; Singh and Singh, 2016; Sviridov et al.,
2015; Travaglia et al., 2015; Zhao et al., 2015). Or bacteria could circumvent some of the harmful effects of glyphosate by increasing the production of molecules that scavenge free radicals (Liu et al., 2013).
Some of the mechanisms conferring resistance to glyphosate in bacteria also confer resistance to clinically important antimicrobial agents
(Kurenbach et al., 2015; Liu et al., 2013). For example, the reduction of

Fig. 1. Relative number of scientiﬁc publications (▲) on antibiotic resistance in soil, waste
water and natural water (70 in 2016), relative total glyphosate use in the USA (●) and
worldwide (■) (127 million and 900 million kg, respectively, in 2016) between 1960
and 2016 (Benbrook, 2016; Cantas et al., 2013; USDA NASS, 2014).
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harmful radicals by mycothiol (a speciﬁc thiol compound found in
Actinobacteria that scavenges free radicals) provides resistance not
only to glyphosate but also to a wide range of antibiotics including the
beta lactam antibiotic penicillin G (Liu et al., 2013). Another example
is the modiﬁcation of the AcrAB efﬂux pump in E. coli that had been exposed to glyphosate (1240 mg l−1), which was associated with an increase in resistance from 0.03 to 0.09 mg l− 1 of the ﬂuoroquinolone
antibiotic Ciproﬂoxacin (Cip) and from 5 to 20 mg l−1 of the aminoglycoside antibiotic Kanamycin (Kan) (Kurenbach et al., 2015). Similarly,
Salmonella enterica serovar Typhimurium was more resistant to Cip at
0.08 mg l−1 and to Kan at 8–40 mg l−1 after exposure to glyphosate,
but potential changes in efﬂux pump were not investigated
(Kurenbach et al., 2015). Cip and Kan are used as alternative antibiotics
to control pathogens that are insensitive to beta lactam antibiotics such
as penicillin, ampicillin and cephalosporin. Resistance to Cip and Kan
would reduce the spectrum of clinically useful antibiotics even further.
Beta lactam resistant bacteria commonly produce Extended Spectrum Beta Lactamase (ESBL), an enzyme that breaks down beta lactam
antibiotics and thus confers resistance to these antibiotics
(Apostolakos et al., 2017; Brolund, 2014). ESBL production has been associated with ﬁeld induced glyphosate-resistance, in particular in various species of Enterobacteriaceae (Krüger and Shehata, 2014). We
isolated unidentiﬁed bacteria (n = 101) from citrus roots and rhizospheres (Shin et al., 2016; Shin and van Bruggen, 2017). In agreement
with the ﬁndings by Krüger and Shehata (2014), the bacteria showed
cross resistance (64% of the colonies) to Roundup® (7000 mg l−1 glyphosate) on penicillin-amended (20 mg l−1) agar (Table 4). Penicillin is
not used in citrus orchards and penicillin resistance is hard to explain,
except via cross resistance with glyphosate, which is applied frequently
in citrus groves (Shin et al., 2016). Of the bacterial isolates that had not
been exposed to penicillin or glyphosate, 39% were able to grow on the
glyphosate amended medium (Table 4). In a related experiment (Shin
and van Bruggen, 2017), 95% of unidentiﬁed bacteria isolated on plates
with glyphosate amended medium (7000 mg l−1) from citrus groves
were resistant to penicillin (20 mg l−1), while only 15–20% of these bacteria were resistant to streptomycin (50 mg l− 1) or tetracycline
(16 mg l−1) (Table 5). A slightly lower proportion (88% compared to
95%) of bacteria that had not been exposed to glyphosate in the isolation
medium grew on the penicillin amended medium, while a much higher
proportion (48–63% compared to 15–20%) grew on media amended
with streptomycin or tetracycline, which can be used in citrus groves
to control citrus canker (caused by Xanthomonas axonopodis pathovar
citri). Altogether, this suggests that cross resistance between glyphosate
and penicillin may be more common in citrus groves than cross resistance between glyphosate and streptomycin or tetracycline. The mechanisms underlying the glyphosate and antibiotic resistance have not
been elucidated.
Similar to the effects of glyphosate on microbial communities, the
herbicides that will increasingly replace glyphosate, dicamba and 2,4D, also have differential effects on microorganisms (Oleszczuk et al.,
2014; Seghers et al., 2003). The mechanisms that convey resistance to
herbicides in plants are largely similar to those conferring resistance
Table 4
Proportions (percentages) of bacteria that were isolated from soil on S medium plates
amended with penicillin (20 mg l−1) or on non-amended control plates and were able
to grow on S medium plates amended with penicillin or glyphosate and on non-amended
control plates.
Plates
amended
with

Concentration
(mg l−1)

Colonies from penicillin
amended S mediuma

Colonies from
non-amended S
mediuma

Penicillin
Glyphosate
Control

20
7000
0

94/101 (93%)
65/101 (64%)
101/101 (100%)

17/84 (20%)
33/84 (39%)
84/84 (100%)

a
Isolations made from soil with citrus trees injected with penicillin in a ﬁeld experiment at Fort Meade or a greenhouse experiment with ﬁeld soil in Gainesville, Florida
(combined data) (Shin et al., 2016).
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Table 5
Proportions (percentages) of bacteria that were isolated from soil on glyphosate amended
(7000 mg l−1) or non-amended S medium plates and were able to grow on plates with
glyphosate, penicillin, streptomycin or tetracycline, and on non-amended control plates.
Plates
amended
with

Concentration
(mg l−1)

Colonies from glyphosate
amended S mediuma

Colonies from
non-amended S
mediuma

Glyphosate
Penicillin
Streptomycin
Tetracycline
Control

7000
20
50
16
0

40/40 (100%)
38/40 (95%)
6/40 (15%)
8/40 (20%)
40/40 (100%)

10/40 (25%)
35/40 (88%)
25/40 (63%)
19/40 (48%)
40/40 (100%)

a
Isolations made from soil from citrus groves at Clermont, Florida (Shin and van
Bruggen, 2017).

to herbicides in microorganisms. Thus, insensitivity to dicamba and
2,4-D will likely increase in microbial communities after intensiﬁcation
of the use of these herbicides. Finally, similar to the association between
glyphosate and antibiotic resistance in microorganisms, insensitivity to
dicamba and 2,4-D is often accompanied by antibiotic resistance
(Kurenbach et al., 2015). Ultimately, antibiotic-resistant bacteria will
likely be transferred from agricultural ﬁelds to farm animals and
human patients in the hospital environment (Smith et al., 2005; Stine
et al., 2007).
5. Discussion and conclusions
Due to the almost exponential increase in glyphosate use and the
slow decomposition of glyphosate and its breakdown product AMPA
in soil, water and sediment, the accumulation of glyphosate in the environment, plant products and animal organs has become quite worrisome (Myers et al., 2016; Shehata et al., 2014). In particular, the high
proportion of people and farm animals with glyphosate in their urine
is concerning, even though the concentrations are still low (Niemann
et al., 2015). Although the acute toxic effects of glyphosate on ﬁsh and
mammals are low, the formulated products often are more toxic than
glyphosate itself, and concerns have emerged about chronic effects of
the formulated products on human and animal diseases, in particular
various forms of cancer and mental disorders (Fortes et al., 2016;
Mesnage et al., 2015a, 2015b; Swanson et al., 2014). Although conclusions regarding possible carcinogenicity and other health effects of
glyphosate remain controversial, we feel that sufﬁcient additional data
has accumulated regarding the chronic toxic effects of the formulated
products on aquatic and terrestrial animals and humans to warrant reconsideration of the tolerable residue levels of glyphosate and AMPA
in plant and animal products and the environment. The recent reclassiﬁcation of glyphosate as probably carcinogenic by the International
Agency for Research on Cancer (IARC) of the World Health Organization
(WHO) was based primarily on research with the main formulated
product Roundup® (IARC, 2015; Séralini et al., 2014). Additional research is needed to come to a deﬁnitive conclusion on the chronic
health effects of the various formulated products containing glyphosate.
In addition to the possible chronic direct health effects of glyphosate
on a variety of aquatic and terrestrial animals and humans, we documented shifts in microbial communities in soil, plants, water and intestinal tracts and the association with speciﬁc plant and animal pathogens
(Ackermann et al., 2015; Priestman et al., 2005; Sanogo et al., 2000,
2001). The shifts in microbiomes resulting from intensive glyphosate
use can affect resistance mechanisms and have severe impacts on
plant, animal and human health (Hoffman et al., 2015). These complex,
indirect effects of glyphosate need to be taken into account by regulatory agencies.
Other indirect health effects can come about through the recently
documented cross resistance to glyphosate and clinically important antibiotics (Kurenbach et al., 2015). The surge in antibiotic resistance has
been attributed primarily to the increased use of antibiotics by human
patients and farm animals (Smith et al., 2005; Stine et al., 2007), but
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antibiotic resistance is also widespread in agricultural soils that were
not exposed to high antibiotic concentrations (Udikovic-Kolic et al.,
2014). Considering that subsets of the microbiomes in soil transfer to
plants, fresh plant products, animal and human intestinal tracts (Berg
et al., 2014), and then to excrements that return to soil and water, we
suggest that there are microbial cycles that are characteristic for particular management systems. Management of weeds with multiple glyphosate applications could result in microbiomes that are relatively
glyphosate and antibiotic resistant. This leads us to the hypothesis that
the selection pressure for glyphosate-resistance and the associated resistance to antibiotics in the soil microbiome result in transfer of antibiotic resistant bacteria from soil to plants, animals and humans through
the food web, even in urban and hospital environments.
The sequence of events outlined here for glyphosate, namely introduction of glyphosate resistant crops, intensiﬁcation of glyphosate use,
emergence of glyphosate-resistant weeds and microorganisms, changes
in microbiomes and disease resistance, deteriorated plant and animal
health, and increased antibiotic resistance, could serve as a harbinger
for events to follow the introduction of genes conferring resistance to
other herbicides. The recent addition of genes for resistance to the herbicides dicamba and 2,4-D to glyphosate resistant crops (Ruen et al.,
2017) will likely result in additional increases in herbicide use and unintended side effects (Leon et al., 2016). Weeds with multiple herbicide
resistance at multiple sites of action have been detected already (Bell
et al., 2013). Similar to glyphosate, dicamba and 2,4-D have differential
effects on microorganisms, and shifts in plant and animal microbiomes
can be expected as a result of intensiﬁcation of the use of dicamba and
2,4-D (Oleszczuk et al., 2014; Seghers et al., 2003). The mechanisms
that convey resistance to herbicides in plants are largely similar to
those conferring resistance to herbicides in microorganisms, and thus,
insensitivity to herbicides other than glyphosate will likely also increase
in microbial communities, possibly followed by increased antibiotic resistance. These wide-ranging consequences of intensive herbicide use
have not been pointed out previously.
In conclusion, we suggest that the problems associated with the
large scale and intensive use of glyphosate (and other herbicides in
the future) are much more encompassing than originally anticipated
by the regulatory agencies (EPA, 2013). We recommend additional interdisciplinary research on the associations between low level chronic
herbicide exposure, distortions in microbial communities, expansion
of antibiotic resistance and the emergence of animal, human and plant
diseases. Independent research is needed to revisit the tolerance thresholds for glyphosate residues in water, food and animal feed taking all
possible health risks into account. A global effort will be needed to collect appropriate high quality residue and health data across the range of
settings in which glyphosate and other herbicides are used; only as such
data become available will we be able to design, develop and implement
strategies to counter further escalation of the problems associated with
the use of glyphosate and other herbicides.
Acknowledgement
We are grateful to Monika Krüger for sharing her powerpoint presentations on the side effects of glyphosate with us. We thank Max
Teplitski for commenting on an earlier version of this manuscript. We
acknowledge the contribution of the Esther B. O'Keeffe Foundation,
the Emerging Pathogens Institute and the Institute of Food and Agricultural Sciences for the salaries of the ﬁrst and third authors during this literature research. He Miaomiao received fellowship No. 201408330529
from the China Scholarship Council for a sabbatical leave at the University of Florida.
References
Abarikwu, S.O., Akiri, O.F., Durojaiye, M.A., 2015. Combined effects of repeated administration of Bretmont Wipeout (glyphosate) and Ultrazin (atrazine) on testosterone,
oxidative stress and sperm quality of Wistar rats. Toxicol. Mech. Meth. 25, 70–80.

Achiorno, C.L., de Villalobos, C., Ferrari, L., 2008. Toxicity of the herbicide glyphosate to
Chordodes nobilii (Gordiida, Nematomorpha). Chemosphere 71, 1816–1822.
Ackermann, W., Coenen, M., Schrödl, W., Shehata, A.A., Krüger, M., 2015. The inﬂuence of
glyphosate on the microbiota and production of botulinum neurotoxin during ruminal fermentation. Curr. Microbiol. 70, 374–382.
Allegrini, M., Zabaloy, M.C., Gómez, E. del V., 2015. Ecotoxicological assessment of soil microbial community tolerance to glyphosate. Sci. Tot. Environ. 533, 60–68.
Alves Corrêa, E., Dayan, F.E., Owens, D.K., Rimando, A.M., Duke, S.O., 2016. Glyphosateresistant and conventional canola (Brassica napus L.) responses to glyphosate and
aminomethylphosphonic acid (AMPA) treatment. J. Agric. Food Chem. 64,
3508–3513.
Aparicio, V.C., De Gerónimo, E., Marino, D., Primost, J., Carriquiriborde, P., Costa, J.L., 2013.
Environmental fate of glyphosate and aminomethylphosphonic acid in surface waters and soil of agricultural basins. Chemosphere 93, 1866–1873.
Apostolakos, I., Franz, E., van Hoek, A.H.A.M., Florijn, A., Veenman, C., Sloet-van
Oldruitenborgh-Oosterbaan, M.M., Dierikx, C., van Duijkeren, E., 2017. Occurrence
and molecular characteristics of ESBL/AmpC-producing Escherichia coli in faecal samples from horses in an equine clinic. J. Antimicrob. Chemother. https://doi.org/
10.1093/jac/dkx072.
Arango, L., Buddrus-Schiemann, K., Opelt, K., Lueders, T., Haesler, F., Schmid, M., Ernst, D.,
Hartmann, A., 2014. Effects of glyphosate on the bacterial community associated with
roots of transgenic Roundup Ready® soybean. Eur. J. Soil Biol. 63, 41–48.
Arregui, M.C., Lenardón, A., Sanchez, D., Maitre, M.I., Enrique, S., 2004. Monitoring glyphosate residues in transgenic glyphosate-resistant soybean. Pest Manag. Sci. 60,
163–166.
Arunakumara, K.K.I.U., Charana Walpola, B., Yoon, M.H., 2013. Metabolism and degradation of glyphosate in aquatic cyanobacteria: a review. Afr. J. Microbiol. Res. 7,
4084–4090.
Babiker, E.M., Hulbert, S.H., Schroeder, K.L., Paulitz, T.C., 2011. Optimum timing of preplant applications of glyphosate to manage Rhizoctonia root rot in barley. Plant Dis.
95, 304–310.
Bai, S.H., Ogbourne, S.M., 2016. Glyphosate: environmental contamination, toxicity and
potential risks to human health via food contamination. Environ. Sci. Pollut. Res. 23,
18988–19001.
Banks, M.L., Kennedy, A.C., Kremer, R.J., Eivazi, F., 2014. Soil microbial community response to surfactants and herbicides in two soils. Appl. Soil Ecol. 74, 12–20.
Barnett, K.A., Sprague, C.L., Kirk, W.W., Hanson, L.E., 2012. Inﬂuence of glyphosate on Rhizoctonia crown and root rot (Rhizoctonia solani) in glyphosate-resistant sugarbeet.
Weed Sci. 60, 113–120.
Battaglin, W.A., Kolpin, D.W., Scribner, E.A., Kuivila, K.M., Sandstrom, M.W., 2005. Glyphosate, other herbicides, and transformation products in Midwestern streams, 2002.
J. Am. Water Resour. Assoc. 41, 323–332.
Battaglin, W.A., Rice, K.C., Focazio, M.J., Salmons, S., Barry, R.X., 2009. The occurrence of
glyphosate, atrazine, and other pesticides in vernal pools and adjacent streams in
Washington, DC, Maryland, Iowa, and Wyoming, 2005–2006. Environ. Monit. Assess.
155, 281–307.
Battaglin, W.A., Meyer, M.T., Kuivila, K.M., Dietze, J.E., 2014. Glyphosate and its degradation product AMPA occur frequently and widely in U.S. soils, surface water, groundwater, and precipitation. J. Am. Water Resour. Assoc. 50, 275–290.
Beale, D.J., Karpe, A.V., Ahmed, W., Cook, S., Morrison, P.D., Staley, C., Sadowsky, M.J.,
Palombo, E.A., 2017. A community multi-omics approach towards the assessment
of surface water quality in an urban river system. Int. J. Environ. Res. Public Health
14:303. https://doi.org/10.3390/ijerph14030303.
Bell, M.S., Hager, A.G., Tranel, P.J., 2013. Multiple resistance to herbicides from four site-ofaction groups in waterhemp (Amaranthus tuberculatus). Weed Sci. 61, 460–468.
Benbrook, C.M., 2012. Impacts of genetically engineered crops on pesticide use in the U.S.
– the ﬁrst sixteen years. Environ. Sci. Eur. 24:24. https://doi.org/10.1186/2190-471524-24.
Benbrook, C.M., 2016. Trends in glyphosate herbicide use in the United States and globally. Environ. Sci. Eur. 28 (3). https://doi.org/10.1186/s12302-016-0070-0.
Berg, G., Gruber, M., Schloter, M., Smalla, K., 2014. The plant microbiome and its importance for plant and human health. Front. Microbiol. 5, 491. https://doi.org/10.3389/
fmicb.2014.00491.
Bergström, L., Börjesson, E., Stenström, J., 2011. Laboratory and lysimeter studies of glyphosate and aminomethyl phosphonic acid in a sand and a clay soil. J. Environ. Qual. 40,
98–108.
Birch, H., Mikkelson, P.S., Jenson, J.K., Lützhøft, H.C., 2011. Micropollutants in stormwater
runoff and combined sewer overﬂow in the Copenhagen area, Denmark. Water Sci.
Technol. 64, 485–493.
Bøhn, T., Cuhra, M., Travail, T., Sanden, M., Fagan, J., Primicerio, R., 2014. Compositional
differences in soybeans on the market: glyphosate accumulates in Roundup Ready
GM soybeans. Food Chem. 153, 207–215.
Bricheux, G., el LeMoal, G., Hennequin, C., Coffe, G., Donnadieu, F., Portelli, C., Bohatier, J.,
Forestier, C., 2013. Characterization and evolution of natural aquatic bioﬁlm communities exposed in vitro to herbicides. Ecotoxicol. Environ. Safety 88, 126–134.
Bringolf, R.B., Cope, W.G., Mosher, S., Barnhart, M.C., Shea, D., 2007. Acute and chronic toxicity of glyphosate compounds to Glochidia and juveniles of Lampsilis siliquoidea
(Unionidae). Environ. Chem. 26, 2094–2100.
Brolund, A., 2014. Overview of ESBL-producing Enterobacteriaceae from a Nordic perspective. Infect. Ecol. Epidemiol. 4, 24555. https://doi.org/10.3402/iee.v4.24555.
van Bruggen, A.H.C., Finckh, M., 2016. Plant diseases and management approaches in organic farming systems. Annu. Rev. Phytopathol. 54, 25–54.
van Bruggen, A.H.C., Sharma, K., Kaku, E., Karfopoulos, S., Zelenev, V.V., Blok, W.J., 2015.
Soil health indicators and Fusarium wilt suppression in organically and conventionally managed greenhouse soils. Appl. Soil Ecol. 86, 192–201.
van Bruggen, A.H.C., Narouei Khandan, H.A., Gravel, V., Blok, W.J., 2016. Corky root severity, root knot nematode galling and microbial communities in soil, rhizosphere and
rhizoplane in organic and conventional greenhouse compartments. Appl. Soil Ecol.
100, 112–123.
Çağlar, S., Kolankaya, D., 2008. The effect of sub-acute and sub-chronic exposure of rats to
the glyphosate-based herbicide Roundup. Environ. Toxic. Pharmacol. 25, 57–62.

A.H.C. Van Bruggen et al. / Science of the Total Environment 616–617 (2018) 255–268
Cakmak, I., Yazici, A., Tutus, Y., Ozturk, L., 2009. Glyphosate reduced seed and leaf concentrations of calcium, manganese, magnesium, and iron in non-glyphosate resistant
soybean. Eur. J. Agron. 31, 114–119.
Camacho, A., Mejía, D., 2017. The health consequences of aerial spraying illicit crops: the
case of Colombia. J. Health Econ. 54, 147–160.
Cantas, L., Shah, S.Q.A., Cavaco, L.M., Manaia, C.M., Walsh, F., Popowska, M., Garelick, H.,
Bürgmann, H., Sørum, H., 2013. A brief multi-disciplinary review on antimicrobial resistance in medicine and its linkage to the global environmental microbiota. Front.
Microbiol. 4, 96. https://doi.org/10.3389/fmicb.2013.00096.
Cassigneul, A., Benoit, P., Bergheaud, V., Dumeny, V., Etiévant, V., Goubard, Y., Maylin, A.,
Justes, E., Alletto, L., 2016. Fate of glyphosate and degradates in cover crop residues
and underlying soil: a laboratory study. Sci. Tot. Environ. 545–546, 582–590.
Catarzi, D., Colotta, V., Varano, F., 2006. Competitive AMPA receptor antagonists. Med. Res.
Rev. 27, 239–278.
Cattani, D., Acordi Cesconetto, P., Kruger Tavares, M., Parisotto, E.B., De Oliveira, P.A., Heinz
Rieg, C.E., Concli Leite, M., Schröder Prediger, R.D., Wendt, N.C., Razzera, G., Wilhelm
Filho, D., Zamoner, A., 2017. Developmental exposure to glyphosate-based herbicide
and depressive-like behavior in adult offspring: implication of glutamate
excitotoxicity and oxidative stress. Toxicology 387, 67–80.
Cessna, A.J., Darwent, A.L., Kirkland, K.J., Townley-Smith, L., Harker, K.N., Lefkovitch, L.P.,
1994. Residues of glyphosate and its metabolite AMPA in wheat seed and foliage following preharvest applications. Can. J. Plant Sci. 74, 653–661.
Cessna, A.J., Darwent, A.L., Townley-Smith, L., Harker, K.N., Kirkland, K.J., 2000. Residues of
glyphosate and its metabolite AMPA in canola seed following preharvest applications.
Can. J. Plant Sci. 80, 425–431.
Çetin, E., Şahan, S., Ülgen, A., Şahin, U., 2017. DLLME-spectrophotometric determination of
glyphosate residue in legumes. Food Chem. 230, 567–571.
Chang, F.C., Simcik, M.F., Capel, P., 2011. Occurrence and fate of the herbicide glyphosate
and its degradate aminomethylphosphonic acid in the atmosphere. Environ. Toxicol.
Chem. 30, 548–555.
Chekan, J.R., Cogan, D.P., Nair, S.K., 2016. Molecular basis for resistance against phosphonate antibiotics and herbicides. Med. Chem. Commun. 7, 28–36.
Cherni, A.E., Trabelsi, D., Chebil, S., Barhoumi, F., Rodríguez-Lorente, I.D., Zribi, K., 2015. Effect of glyphosate on enzymatic activities, Rhizobiaceae and total bacterial communities in an agricultural Tunisian soil. Water Air Soil Pollut. 226:145. https://doi.org/
10.1007/s11270-014-2263-8.
Clair, E., Linn, L., Travert, C., Amiel, C., Séralini, G.E., Panoff, J.M., 2012. Effects of
Roundup(®) and glyphosate on three food microorganisms: Geotrichum candidum,
Lactococcus lactis subsp. cremoris and Lactobacillus delbrueckii subsp. bulgaricus.
Curr. Microbiol. 64, 486–491.
Clements, D., Dugdale, T.M., Butler, K.L., Florentine, S.K., Sillitoe, J., 2017. Herbicide efﬁcacy
for aquatic Alternanthera philoxeroides management in an early stage of invasion: integrating above-ground biomass, below-ground biomass and viable stem fragmentation. Weed Res. 57, 257–266.
CODEX Alimentarius, 2013. Pesticide Residues in Food and Feed: 158 Glyphosate. Food
and Agriculture Organization and World Health Organization http://
www.codexalimentarius.net/pestres/data/pesticides/details.html?id=158, Accessed
date: 29 September 2015.
Čolović, M.B., Krstić, D.Z., Lazarević-Pašti, T.D., Bondžić, A.M., Vasić, V.M., 2013. Acetylcholinesterase inhibitors: pharmacology and toxicology. Curr. Neuropharmacol. 11,
315–335.
Coullery, R.P., Ferrari, M.E., Rosso, S.B., 2016. Neuronal development and axon growth are
altered by glyphosate through a WNT non-canonical signaling pathway.
Neurotoxicology 52, 150–161.
Coupe, R.H., Capel, P.D., 2016. Trends in pesticide use on soybean, corn and cotton since
the introduction of major genetically modiﬁed crops in the United States. Pest
Manag. Sci. 72, 1013–1022.
Coupe, R.H., Kalkhoff, S.K., Capel, P.D., Gregoire, C., 2011. Fate and transport of glyphosate
and aminomethylphosphonic acid in surface waters of agricultural basin. Pest Manag.
Sci. 68, 16–30.
Cuhra, M., 2015. Review of GMO safety assessment studies: glyphosate residues in
Roundup Ready crops is an ignored issue. Environ. Sci. Eur. 27 (20). https://doi.org/
10.1186/s12302-015-0052-7.
Dai, P., Hu, P., Tang, J., Li, Y., Li, C., 2016. Effect of glyphosate on reproductive organs in
male rat. Acta Histochem. 118, 519–526.
Daouk, S., Copin, P.J., Rossi, L., Chèvre, N., Pfeifer, H.R., 2013. Dynamics and environmental risk assessment of the herbicide glyphosate and its metabolite AMPA in a
small vineyard river of the Lake Geneva catchment. Environ. Toxicol. Chem. 32,
2035–2044.
Diamond, G.L., Durkin, P.R., 1997. Effects of Surfactants on the Toxicitiy of Glyphosate,
With Speciﬁc Reference to RODEO. Animal and Plant Health Inspection Service
(APHIS), Biotechnology, Biologics and Environmental Protection, Environmental
Analysis and Documentation, United States Department of Agriculture, Riverdale,
MD 20737, USA 28 pp. https://www.fs.fed.us/foresthealth/pesticide/pdfs/
Surfactants.pdf, Accessed date: 17 September 2019.
Druille, M., Cabello, M.N., García Parisi, P.A., Golluscio, R.A., Omacini, M., 2015. Glyphosate
vulnerability explains changes in root-symbionts propagules viability in pampean
grasslands. Agric. Ecosyst. Environ. 202, 48–55.
Duke, S.O., 2015. Perspectives on transgenic, herbicide-resistant crops in the United States
almost 20 years after introduction. Pest. Manag. Sci. 71, 652–657.
Duke, S.O., Powles, S.B., 2009. Glyphosate-resistant crops and weeds: now and in the future. AgBioforum 12, 346–357.
Duke, S.O., Lydon, J., Koskinen, W.C., Moorman, T.B., Chaney, R.L., Hammerschmidt, R.,
2012. Glyphosate effects on plant mineral nutrition, crop rhizosphere microbiota,
and plant disease in glyphosate-resistant crops. J. Agric. Food Chem. 60,
10375–10397.
Durkin, P.R., 2011. Glyphosate: Human Health and Ecological Risk Assessment. Final Report Submitted to the USDA Forest Service, SERA TR-052-22-03b. Syracuse Environmental Research Associates, Inc., Manlius, New York, USA https://www.fs.fed.us/
foresthealth/pesticide/pdfs/Glyphosate_SERA_TR-052-22-03b.pdf, Accessed date: 22
September 2017.

265

EFSA (European Food Safety Authority), 2015. Conclusion on the peer review of the pesticide risk assessment of the active substance glyphosate. EFSA J. 13 (11):4302 (107
pp.). https://doi.org/10.2903/j.efsa.2015.4302.
EPA (Environmental Protection Agency), 2013. Electronic code of federal regulations, title
40: protection of environment. PART 180-Tolerances and Exemptions for Pesticide
Chemical Residues in Food. Subpart C-Speciﬁc Tolerances. Environmental Protection
Agency, Washington, DC http://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/
Title40/40cfr180_main_02.tpl, Accessed date: 29 September 2015.
FAO, 2006. Pesticide Residues in Food – 2005. Report of the Joint Meeting of the FAO Panel
of Experts on Pesticide Residues in Food and the Environment and the WHO Core Assessment Group on Pesticide Residues Geneva, Switzerland, 20–29 September 2005.
FAO Plant Production and Protection Paper 183. FAO, Rome, Italy (http://
www.fao.org/ﬁleadmin/templates/agphome/documents/Pests_Pesticides/JMPR/Report11/Glyphosate.pdf). http://www.fao.org/ﬁleadmin/templates/agphome/documents/Pests_Pesticides/JMPR/Report13/5.21_GLYPHOSATE__158_.pdf, Accessed
date: 7 October 2017.
Fei, Y.Y., Gai, J.Y., Zhao, T.J., 2013. Identiﬁcation of regulated genes conferring resistance to
higher concentrations of glyphosate in a new strain of Enterobacter. FEMS Microbiol.
Lett. 349, 135–143.
Fernandez, M.R., Zentner, R.P., Basnyat, P., Gehl, D., Selles, F., Huber, D., 2009. Glyphosate
associations with cereal diseases caused by Fusarium spp. in the Canadian Prairies.
Eur. J. Agron. 31, 133–143.
Finckh, M.R., van Bruggen, A.H.C., Tamm, L. (Eds.), 2015. Plant Diseases and Their Management in Organic Agriculture. APS Press, St. Paul, Minnesota, USA (402 pp.).
Fluegge, K., Fluegge, K., 2016. Glyphosate use predicts healthcare utilization for ADHD in
the healthcare cost and utilization project net (HCUPnet): a two-way ﬁxed-effects
analysis. Pol. J. Environ. Stud. 25, 1489–1503.
Fortes, C., Mastroeni, S., Segatto, M.M., Hohmann, C., Miligi, L., Bakos, L., Bonamigo, R.,
2016. Occupational exposure to pesticides with occupational sun exposure increases
the risk for cutaneous melanoma. J. Occup. Environ. Med. 58, 370–375.
Funke, T., Han, H., Healy-Fried, M.L., Fischer, M., Schönbrunn, E., 2006. Molecular basis for
the herbicide resistance of Roundup Ready crops. Proc. Natl. Acad. Sci. 103,
13010–13015.
Funke, T., Healy-Fried, M.L., Han, H., Alberg, D.G., Bartlett, P.A., Schönbrunn, E., 2007. Differential inhibition of class I and class II 5-enolpyruvylshikimate-3-phosphate
synthases by tetrahedral reaction intermediate analogues. Biochemist 46,
13344–13351.
Gerlach, H., Gerlach, A., Schrödl, W., Schottdorf, B., Haufe, S., Helm, H., Shehata, A., Krüger,
M., 2014. Oral application of charcoal and humic acids to dairy cows inﬂuences Clostridium botulinum blood serum antibody level and glyphosate excretion in urine.
J. Clin. Toxicol. 4:186. https://doi.org/10.4172/2161-0495.186.
Goffnett, A.M., Sprague, C.L., Mendoza, F., Cichy, K.A., 2016. Preharvest herbicide treatments affect black bean desiccation, yield, and canned bean color. Crop Sci. 56,
1962–1969.
Gomes, M.P., Gingras Le Manac'h, S., Maccario, S., Labrecque, M., Lucotte, M., Juneau, P.,
2016. Differential effects of glyphosate and aminomethylphosphonic acid (AMPA)
on photosynthesis and chlorophyll metabolism in willow plants. Pestic. Biochem.
Physiol. 130, 65–70.
Grandcoin, A., Piel, S., Baurès, E., 2017. AminoMethylPhosphonic acid (AMPA) in natural
waters: its sources, behavior and environmental fate. Water Res. 117, 187–197.
Green, J.M., Owen, M.D.K., 2011. Herbicide-resistant crops: utilities and limitations for
herbicide-resistant weed management. J. Agric. Food Chem. 59, 5819–5829.
Greim, H., Saltmiras, D., Mostert, V., Strupp, C., 2015. Evaluation of carcinogenic potential
of the herbicide glyphosate, drawing on tumor incidence data from fourteen chronic/
carcinogenicity rodent studies. Crit. Rev. Toxicol. 45, 185–208.
Guilherme, S., Gaivao, I., Santos, M.A., Pacheco, M., 2009. Tissue speciﬁc DNA damage in
the European eel (Anguilla anguilla) following a short-term exposure to a
glyphosate-based herbicide. Toxicol. Lett. 189, S212 (Z15).
Guyton, K.Z., Loomis, D., Grosse, Y., Ghissassi, F.E., Benbrahim-Tallaa, L., Guha, N.,
Scoccianti, C., Matlock, H., Straif, K., 2015. Carcinogenicity of tetrachlorvinphos, parathion, malathion, diazinon, and glyphosate. Lancet Oncol. 16, 490–491.
Haney, R.L., Senseman, S.A., Hons, F.M., Zuberer, D.A., 2000. Effect of glyphosate on soil
microbial activity and biomass. Weed Sci. 49, 89–93.
Hanke, I., Wittmer, I., Bischofberger, S., Stamm, S., Singer, H., 2010. Relevance of urban
glyphosate use for surface water quality. Chemosphere 81, 422–429.
Hervouet, E., Cheray, M., Vellette, F.M., Cartron, P.-F., 2013. DNA methylation and apoptosis resistance in cancer cells. Cell 2, 545–573.
Hoffman, A.R., Proctor, L.M., Surette, M.G., Suchodolski, J.S., 2015. The microbiome: the
trillions of microorganisms that maintain health and cause disease in humans and
companion
animals.
Vet.
Pathol.
53:10–12.
https://doi.org/10.1177/
0300985815595517.
Humphries, D., Brytus, G., Anderson, A.M., 2005. Glyphosate residues in Alberta's Atmospheric Deposition, Soils and Surface Waters. Water Research Users Group Alberta
Environment Pub No. T/806. https://extranet.gov.ab.ca/env/infocentre/info/library/
6444.pdf, Accessed date: 17 August 2002.
Hungria, M., Carvalho Mendes, I., Shigueyoshi Nakatani, A., Bueno dos Reis-Junior, F.,
Zucca Morais, J., Neves de Oliveira, M.C., Ferreira Fernandes, M., 2014. Effects of the
glyphosate-resistance gene and herbicides on soybean: field trials monitoring biological nitrogen ﬁxation and yield. Field Crops Res. 158, 43–54.
IARC (International Agency for Research on Cancer), 2015. Evaluation of ﬁve organophosphate insecticides and herbicides. IARC Monographs. vol. 112. World Health Organization, International Agency for Research on Cancer, Lyon, France . http://
www.iarc.fr/en/media-centre/iarcnews/pdf/MonographVolume112.pdf, Accessed
date: 29 September 2015.
Jayasumana, C., Gunatilake, S., Senanayake, P., 2014. Glyphosate, hard water, and nephrotoxic metals: are they the culprits behind the epidemic of chronic kidney disease of
unknown etiology in Sri Lanka? Int. J. Environ. Res. Public Health 11, 2125–2147.
Johal, G.S., Huber, D.M., 2009. Glyphosate effects on diseases of plants. Eur. J. Agron. 31,
144–152.
Johal, G.S., Rahe, J.E., 1984. Effect of soilborne plant-pathogenic fungi on the herbicidal action of glyphosate on bean seedlings. Phytopathology 74, 950–955.

266

A.H.C. Van Bruggen et al. / Science of the Total Environment 616–617 (2018) 255–268

Kandel, Y.R., Bradley, C.A., Wise, K.A., Chilvers, M.I., Tenuta, A.U., Davis, V.M., Esker, P.D.,
Smith, D.L., Licht, M.A., Mueller, D.S., 2015. Effect of glyphosate application on sudden
death syndrome of glyphosate-resistant soybean under ﬁeld conditions. Plant Dis. 99,
347–354.
Kelly, D.W., Poulin, R., Tompkins, D.M., Townsend, C.R., 2010. Synergistic effects of glyphosate formulation and parasite infection on ﬁsh malformations and survival. J. Appl.
Ecol. 47, 498–504.
Kloepper, J.W., Leong, J., Teintze, M., Schroth, M.N., 1980. Enhancing plant growth by
siderophores produced by plant growth-promoting rhizobacteria. Nature 286,
885–886.
Kremer, R.J., Means, N.E., 2009. Glyphosate and glyphosate-resistant crop interactions
with rhizosphere microorganisms. Eur. J. Agron. 31, 153–161.
Kremer, R., Means, N., Kim, S., 2005. Glyphosate affects soybean root exudation and rhizosphere micro-organisms. Int. J. Environ. Anal. Chem. 85, 1165–1174.
Kreutz, L.C., Gil Barcellos, L.J., Marteninghe, E., Davidos Santos, E., Zanatta, R., 2010. Exposure to sublethal concentration of glyphosate or atrazine-based herbicides alters the
phagocytic function and increases the susceptibility of silver catﬁsh ﬁngerlings
(Rhamdia quelen) to Aeromonas hydrophila challenge. Fish Shellﬁsh Immunol. 29,
694–697.
Kreutz, L.C., Gil Barcellos, L.J., Valle, S.F., Silva, T.O., Anziliero, D., Davidos Santos, E., Pivato,
M., Zanatta, R., 2011. Altered hematological and immunological parameters in silver
catﬁsh (Rhamdia quelen) following short term exposure to sublethal concentration
of glyphosate. Fish Shellﬁsh Immunol. 30, 51–57.
Kristoffersen, P., Rask, A.M., Grundy, A.C., Franzen, I., Kempenaar, C., Raisio, J., Schroeder,
H., Spijker, J., Verschwele, A., Zarina, L., 2008. A review of pesticide policies and regulations for urban amenity areas in seven European countries. Weed Res. 48, 201–214.
Krüger, M., Shehata, A., 2014. Collateral Damages of the Herbicide Glyphosate in Dairy
Cows, Current Possibilities to Neutralize This Contamination. Institute of Bacteriology
and Mycology of Veterinary Faculty, Universitat Leipzig, Germany http://
www.ensser.org/ﬁleadmin/ﬁles/Science_in_the_Eye_of_the_Storm/II_Monika_Kr%
C3%BCger_-_Collateral_damages_of_the_herbicide__glyphosate__in_dairy.pdf,
Accessed date: 17 September 2004.
Krüger, M., Shehata, A.A., Schrödl, W., Rodloff, A., 2013. Glyphosate suppresses the antagonistic effect of Enterococcus spp. on Clostridium botulinum. Anaerobe 20, 74–78.
Krüger, M., Schledorn, P., Schrödl, W., Hoppe, H.W., Lutz, W., Shehata, A.A., 2014a. Detection of glyphosate residues in animals and humans. J. Environ. Anal. Toxicol. 4, 2.
https://doi.org/10.4172/2161-0525.1000210.
Krüger, M., Schrödl, W., Pedersen, I., Schledorn, P., Shehata, A.A., 2014b. Detection of
glyphosate in malformed piglets. J. Environ. Anal. Toxicol. 4, 5. https://doi.org/
10.4172/2161-0525.1000230.
Kuklinsky-Sobral, J., Araújo, W.L., Mendes, R., Pizzirani-Kleiner, A.A., Azevedo, J.L., 2005.
Isolation and characterization of endophytic bacteria from soybean (Glycine max)
grown in soil treated with glyphosate herbicide. Plant Soil 273, 91–99.
Kurenbach, B., Marjoshi, D., Amábile-Cuevas, C.F., Ferguson, G.C., Godsoe, W., Gibson, P.,
Heinemann, J.A., 2015. Sublethal exposure to commercial formulations of the herbicides dicamba, 2,4-dichlorophenoxyacetic acid, and glyphosate cause changes in antibiotic susceptibility in Escherichia coli and Salmonella enterica serovar Typhimurium.
mBio 6 (2), e00009-15. https://doi.org/10.1128/mBio.00009-15.
Kwiatkowska, M., Huras, B., Bukowska, B., 2014a. The effect of metabolites and impurities
of glyphosate on human erythrocytes (in vitro). Pestic. Biochem. Phys. 109, 34–43.
Kwiatkowska, M., Nowacka-Krukowska, H., Bukowska, B., 2014b. The effect of glyphosate,
its metabolites and impurities on erythrocyte acetylcholinesterase activity. Environ.
Toxicol. Pharmacol. 37, 1101–1108.
Kwiatkowska, M., Reszka, E., Woźniak, K., Jabłońska, E., Michałowicz, J., Bukowska, B.,
2017. DNA damage and methylation induced by glyphosate in human peripheral
blood mononuclear cells (in vitro study). Food Toxicol. 105, 93–98.
Landrigan, P.J., Benbrook, C., 2015. GMOs, herbicides, and public health. N. Engl. J. Med.
373, 693–695.
Larson, R.L., Hill, A.L., Fenwick, A., Kniss, A.R., Hanson, L.E., Miller, S.D., 2006. Inﬂuence of
glyphosate on Rhizoctonia and Fusarium root rot in sugar beet. Pest Manag. Sci. 62,
1182–1192.
Lee, H., Ullrich, S.E., Burke, I.C., Yenish, J., Paulitz, T.C., 2012. Interactions between the root
pathogen Rhizoctonia solani AG-8 and acetolactatesynthase-inhibiting herbicides in
barley. Pest Manag. Sci. 68, 845–852.
Leon, R.G., Ferrell, J.A., Sellers, B.A., 2016. Seed production and control of sicklepod (Senna
obtusifolia) and pitted morningglory (Ipomoea lacunosa) with 2,4-D, dicamba, and
glyphosate combinations. Weed Technol. 30, 76–84.
Li, J., Smeda, R.J., Sellers, B.A., Johnson, W.G., 2005. Inﬂuence of formulation and glyphosate salt on absorption and translocation in three annual weeds. Weed Sci. 53,
153–159.
Li, L., Zhou, Z., Jin, W., Wan, Y., Lu, W., 2015. A transcriptomic analysis for identifying the
unintended effects of introducing a heterologous glyphosate-tolerant EPSP synthase
into Escherichia coli. Mol. BioSyst. 11, 852–858.
Li, M.H., Ruan, L.Y., Zhou, J.W., Fu, Y.H., Jiang, L., Zhao, H., Wang, J.S., 2017. Metabolic proﬁling of goldﬁsh (Carassius auratis) after long-term glyphosate based herbicide exposure. Aquat. Toxicol. 188, 159–169.
Liu, Y.B., Long, M.X., Yin, Y.J., Si, M.R., Zhang, L., Lu, Z.Q., Wang, Y., Shen, X.H., 2013. Physiological roles of mycothiol in detoxiﬁcation and tolerance to multiple poisonous
chemicals in Corynebacterium glutamicum. Arch. Microbiol. 195, 419–429.
Magbanua, F.S., Townsend, C.R., Hageman, K.J., Lange, K., Lear, G., Lewis, G.D., Matthaei,
C.D., 2013. Understanding the combined inﬂuence of ﬁne sediment and glyphosate
herbicide on stream periphyton communities. Water Res. 47, 5110–5120.
Mahler, B.J., Van Metre, P.C., Burley, T.E., Loftin, K.A., Meyer, M.T., Nowell, L.H., 2017. Similarities and differences in occurrence and temporal ﬂuctuations in glyphosate and atrazine in small Midwestern streams (USA) during the 2013 growing season. Sci. Total
Environ. 579, 149–158.
Mamy, L., Barriuso, E., Gabrielle, B., 2016. Glyphosate fate in soils when arriving in plant
residues. Chemosphere 154, 425–433.
Maqueda, C., Undabeytia, T., Villaverde, J., Morillo, E., 2017. Behaviour of glyphosate in a
reservoir and the surrounding agricultural soils. Sci. Total Environ. 593–594,
787–795.

McComb, B.C., Curtis, L., Chambers, C.L., Newton, M., Bentson, K., 2008. Acute toxic hazard
evaluations of glyphosate herbicide on terrestrial vertebrates of the Oregon coast
range. Environ. Sci. Pollut. Res. 15, 266–272.
McNaughton, K.E., Blackshaw, R.E., Waddell, K.A., Gulden, R.H., Sikkema, P.H., Gillard, C.L.,
2015. Effect of application timing of glyphosate and saﬂufenacil as desiccants in dry
edible bean (Phaseolus vulgaris L.). Can. J. Plant Sci. 95, 369–375.
Meador, M., Jie, Ma, 2014. China - Peoples Republic of, Maximum Residue Limits for Pesticides in Food, GAIN Report CG 14019. USDA Foreign Agricultural Service,
Washington DC, USA https://gain.fas.usda.gov/Recent%20GAIN%20Publications/Maximum%20Residue%20Limits%20for%20Pesticides%20in%20Food_Beijing_China%20-%
20Peoples%20Republic%20of_4-30-2014.pdf, Accessed date: 27 October 2017.
Menéndez-Helman, R.J., Ferreyroa, G.V., dos Santos Alfonso, M., Salibrán, A., 2012. Glyphosate as an acetylcholinesterase inhibitor in Cnesterodon decemmaculatus. Bull. Environ. Contam. Toxicol. 88, 6–9.
Mengistu, A., Reddy, K.N., Bellaloui, N., Walker, E.R., Kelly, H.M., 2013. Effect of glyphosate
on Macrophomina phaseolina in vitro and its effect on disease severity of soybean in
the ﬁeld. Crop. Prot. 54, 23–28.
Mensink, H., Janssen, P., 1994. Environmental Health Criteria 159 – Glyphosate. National
Institute of Public Health and Environmental Hygiene, Bilthoven, The Netherlands.
Report for the International Programme on Chemical Safety, United Nations Environment Programme, the International Labour Organisation. World Health Organization,
Geneva,
Switzerland
http://www.inchem.org/documents/ehc/ehc/
ehc159.htm#SubSectionNumber:9.1.1, Accessed date: 25 September 2017.
Mercurio, P., Flores, F., Mueller, J.F., Carter, S., Negri, A.P., 2014. Glyphosate persistence in
seawater. Mar. Pollut. Bull. 85, 385–390.
Meriles, J.M., Vargas Gil, S., Haro, R.J., March, G.J., Guzmán, C.A., 2008. Selected soil-borne
fungi under glyphosate application and crop residues from a long-term ﬁeld experiment. Biol. Agric. Hortic. 26, 193–205.
Mesnage, R., Arno, M., Costanzo, M., Malatesta, M., Séralini, G.E., Antoniou, M.N., 2015a.
Transcriptome proﬁle analysis reﬂects rat liver and kidney damage following chronic
ultra-low dose Roundup exposure. Environ. Health 14, 70–84.
Mesnage, R., Defarge, N., Spiroux de Vendômois, J., Séralini, G.E., 2015b. Potential toxic effects of glyphosate and its commercial formulations below regulatory limits. Food
Chem. Toxicol. 84, 133–153.
Mesnage, R., Renney, G., Seralini, G.-E., Ward, M., Antoniou, M.N., 2016. Multiomics reveal
non-alcoholic fatty liver disease in rats following chronic exposure to an ultra-low
dose of Roundup herbicide. Sci Rep 7, 39328. https://doi.org/10.1038/srep39328.
Monsanto, 2002. Risk Assessment and Risk Management Plan Final Version DIR 020/2002,
Commercial Release of Roundup Ready® Canola. http://www.ogtr.gov.au/internet/
ogtr/publishing.nsf/Content/dir020-3/$FILE/dir020ﬁnalrarmpsum.pdf, Accessed
date: 27 July 2017.
Monsanto, 2013. What is Roundup Ready® Canola? http://www.monsanto.com/global/
au/products/documents/tech-topic-what-is-roundup-ready-canola.pdf, Accessed
date: 27 July 2017
Monsanto, 2014. Backgrounder Glyphosate and Water Quality. https://monsanto.com/
app/uploads/2017/06/glyphosate-and-water-quality.pdf, Accessed date: 27 July
2017.
Morace, G., Borghi, E., 2012. Invasive mold infections: virulence and pathogenesis of
Mucorales. Int. J. Microbiol. 2012 (349278). https://doi.org/10.1155/2012/349278.
Moreno, N.C., Soﬁa, S.H., Martinez, C.B.R., 2014. Genotoxic effects of the herbicide Roundup Transorb® and its active ingredient glyphosate on the ﬁsh Prochilodus lineatus.
Eviron. Toxicol. Phar. 37, 448–454.
Mörtl, M., Németh, G., Juracsek, J., Darvas, B., Kamp, L., Rubio, F., Székács, A., 2013. Determination of glyphosate residues in Hungarian water samples by immunoassay.
Microchem. J. 107, 143–151.
Muturi, E.J., Donthu, R.K., Fields, C.J., Moise, I.K., Kim, C.H., 2017. Effect of pesticides on microbial communities in container aquatic habitats. Sci. Rep. 7, 44565. https://doi.org/
10.1038/srep44565.
Myers, J.P., Antoniou, M.N., Blumberg, B., Carroll, L., Colborn, T., Everett, L.G., Hansen, M.,
Landrigan, P.J., Lanphear, B.P., Mesnage, R., Vandenberg, L.N., vom Saal, F.S.,
Welshons, W.V., Benbrook, C.M., 2016. Concerns over use of glyphosate-based herbicides and risks associated with exposures: a consensus statement. Environ. Health
15:19. https://doi.org/10.1186/s12940-016-0117-0.
Nakatani, A.S., Fernandes, M.F., de Souza, A.R., da Silva, P.A., dos Reis-Jr, F.B., Mendes, I.C.,
Hungria, M., 2014. Effects of the glyphosate-resistance gene and of herbicides applied
to the soybean crop on soil microbial biomass and enzymes. Field Crop Res. 162, 20–29.
Nardi, J., Bonamigo Moras, P., Koeppe, C., Dallegrave, E., Bainy Leal, M., Grazziotin RossatoGrando, L., 2017. Prepubertal subchronic exposure to soy milk and glyphosate leads
to endocrine disruption. Food Chem. Toxicol. 100, 247–252.
Natarajan, S., Stuchlík, S., Kukučková, M., Renczésová, V., Vávrová, S., Bargárová, Z., Pálffy,
R., Celec, P., Mačor, M., Turňa, J., 2007. Comparative study of two forms of aro A CP4
gene in Escherichia coli. Biologia, Bratislava 62, 265–269.
Nelson, K.A., Massey, R.E., Burdick, B.A., 2011. Harvest aid application timing affects wheat
and relay intercropped soybean yield. Agron. J. 103, 851–855.
Newman, M.M., Lorenz, N., Hoilett, N., Lee, N.R., Dick, R.P., Liles, M.R., Ramsier, C.,
Kloepper, J.W., 2016. Changes in rhizosphere bacterial gene expression following
glyphosate treatment. Sci. Total Environ. 553, 32–41.
Niemann, L., Sieke, C., Pfeil, R., Solecki, R., 2015. A critical review of glyphosate ﬁndings in
human urine samples and comparison with the exposure of operators and consumers. J. Verbr. Lebensm. 10, 3–12.
O'Doherty, K.C., Neufeld, J.D., Brinkman, F.S.L., Gardner, H., Guttman, D.S., Beiko, R.G.,
2014. Opinion: conservation and stewardship of the human microbiome. Proc. Nat.
Acad. Sci. 111, 14312–14313.
Okada, E., Luis Costa, J., Bedmar, F., 2016. Adsorption and mobility of glyphosate in different soils under no-till and conventional tillage. Geoderma 263, 78–85.
Oleszczuk, P., Jośko, I., Futa, B., Pasieczna-Patkowska, S., Pałys, E., Kraska, P., 2014. Effect of
pesticides on microorganisms, enzymatic activity and plant in biochar-amended soil.
Geoderma 214–215, 10–18.
Padgette, S.R., Kolacz, K.H., Delannay, X., Re, D.B., LaVallee, B.J., Tinius, C.N., Rhodes, W.K.,
Otero, Y.I., Barry, G.F., Eichholtz, D.A., 1995. Development, identiﬁcation, and characterization of a glyphosate-tolerant soybean line. Crop Sci. 35, 1451–1461.

A.H.C. Van Bruggen et al. / Science of the Total Environment 616–617 (2018) 255–268
Perego, C.M., Schutz, L.F., Caloni, F., Cortinovis, C., Albonico, M., Spicer, L.J., 2017. Evidence
for direct effects of glyphosate on ovarian function: glyphosate inﬂuences steroidogenesis and proliferation of bovine granulosa but not theca cells in vitro. Appl.
Toxicol. 37, 692–698.
Pérez, G.L., Torremorell, A., Muqni, H., Rodríguez, P., Solange Vera, M., do Nascimento, M.,
Allende, L., Bustingorry, J., Escaray, R., Ferraro, M., Izaguirre, I., Pizarro, H., Bonetto, C.,
Morris, D.P., Zagarese, H., 2007. Effects of the herbicide Roundup on freshwater microbial communities: a mesocosm study. Ecol. Appl. 17, 2310–2322.
Pesce, S., Batisson, I., Bardot, C., Fajon, C., Portelli, C., Montuelle, B., Bohatier, J., 2009. Response of spring and summer riverine microbial communities following glyphosate
exposure. Ecotoxicol. Environ. Safety 72, 1905–1912.
Pizarro, H., Vera, M.S., Vinocur, A., Pérez, G., Ferraro, M., Menéndez Helman, R.J., dos
Santos Afonso, M., 2016. Glyphosate input modiﬁes microbial community structure
in clear and turbid freshwater systems. Environ. Sci. Pollut. Res. 23, 5143–5153.
Pleban, S., Ingel, F., Chet, I., 1995. Control of Rhizoctonia solani and Sclerotium rolfsii in the
greenhouse using endophytic Bacillus spp. Eur. J. Plant Pathol. 101, 665.672.
Poiger, T., Buerge, I.J., Bächli, A., Müller, M.D., Balmer, M.E., 2017. Occurrence of the herbicide glyphosate and its metabolite AMPA in surface waters in Switzerland determined with on-line solid phase extraction LC-MS/MS. Environ. Sci. Poll. Res. 24,
1588–1596.
Pollegioni, L., Schonbrunn, E., Siehl, D., 2011. Molecular basis of glyphosate-resistance:
different approaches through protein engineering. FEBS J. 278, 2753–2766.
Priestman, M.A., Funke, T., Singh, I.M., Crupper, S.S., Schönbrunn, E., 2005. 5Enolpyruvylshikimate-3-phosphate synthase from Staphylococcus aureus is insensitive to glyphosate. FEBS Lett. 579, 728–732.
Prosser, R.S., Rodriguez-Gil, J.L., Solomon, K.R., Sibley, P.K., Poirier, D.G., 2017. Effects of the
herbicide surfactant MON0818 on oviposition and viability of eggs of the ramshorn
snail (Planorbella pilsbryi). Environ. Toxicol. Chem. 36, 522–531.
Rashid, A., Hwang, S.F., Ahmed, H.U., Turnbull, G.D., Strelkov, S.E., Gossen, B.D., 2013. Effects of soil-borne Rhizoctonia solani on canola seedlings after application of glyphosate herbicide. Can. J. Plant Sci. 93, 97–107.
Rendón-von Osten, J., Dzul-Caamal, R., 2017. Glyphosate residues in groundwater, drinking water and urine of subsistence farmers from intensive agriculture localities: a survey in Hopelchén, Campeche, Mexico. Int. J. Environ. Res. Public Health 14:595.
https://doi.org/10.3390/ijerph14060595.
Rissoli, R.Z., Camargo Abdalla, F., Jones Costa, M., Tadeu Rantin, F., McKenzie, D.J., Kalinin,
A.L., 2016. Effects of glyphosate and the glyphosate based herbicides Roundup
Original® and Roundup Transorb® on respiratory morphophysiology of bullfrog tadpoles. Chemosphere 156, 37–44.
Rodloff, A.C., Krüger, M., 2012. Chronic Clostridium botulinum infections in farmers. Anaerobe 18, 226–228.
Rodrigues, L. de B., de Oliveira, R., Abe, F.R., Barroso Brito, R., Dousa Moura, D., Campos
Valadares, M., Koppe Grisolia, C., Palma de Oliveira, D., Rodrigues de Oliveira, G.A.,
2017. Ecotoxicological assessment of glyphosate-based herbicides: effects on different organisms. Environ. Toxicol. Chem. 36, 1755–1763.
Rodriguez-Gil, J.L., Prosser, R., Poirier, D., Lissemore, L., Thompson, D., hanson, M.,
Solomon, K.R., 2017. Aquatic hazard assessment of mon 0818, a commercial mixture
of alkylamine ethoxylates commonly used in glyphosate-containing herbicide formulations. Part 1: species sensitivity distribution from laboratory acute exposures. Environ. Toxicol. Chem. 36, 501–511.
Rosenbaum, K.K., Miller, G.L., Kremer, R.J., Bradley, K.W., 2014. Interactions between glyphosate, Fusarium infection of common waterhemp (Amaranthus rudis), and soil microbial
abundance and diversity in soil collections from Missouri. Weed Sci. 62, 71–82.
Rosenbom, A.E., Brüsch, W., Juhler, R.K., Ernstsen, V., Gudmundsson, L., Kjær, J., Plauborg,
F., Grant, R., Nyegaard, P., Olsen, P., 2010. The Danish Pesticide Leaching Assessment
Programme Monitoring Results May 1999–June 2009. Geological Survey of Denmark
and GreenlandMinistry of Climate and Energy and Faculty of Agricultural Sciences.
Roy, N.M., Carneiro, B., Och, J., 2016. Glyphosate induces neurotoxicity in zebraﬁsh. Environ. Toxicol. Pharmacol. 42, 45–54.
Ruen, D.C., Scherder, E.F., Ditmarsen, S.C., Prasifka, P.L., Ellis, J.M., Simpson, D.M., Gallup,
C.A., Hopkins, B.W., 2017. Tolerance of corn with glyphosate-resistance and the
aryloxyalkanoate dioxygenase trait (AAD-1) to 2,4-D choline and glyphosate. Weed
Technol. 31, 217–224.
Sanchis, J., Kantiani, L., Llorca, M., Rubio, F., Ginebreda, A., Fraile, J., Garrido, T., Farré, M.,
2012. Determination of glyphosate in groundwater samples using an ultrasensitive
immunoassay and conﬁrmation by on-line solid-phase extraction followed by liquid
chromatography coupled to tandem mass spectrometry. Anal. Bioanal. Chem. 402,
2335–2345.
Sandrini, J.Z., Rola, R.C., Lopes, F.M., Buffon, H.F., Freitas, H.F., Freita, M.M., Martins, C.D., da
Rosa, C.E., 2013. Effects of glyphosate on cholinesterase activity of the mussel Perna
perna and the ﬁsh Danio rerio and Jenynsia multidentata: in vitro studies. Aquat.
Toxicol. 130-131, 171–173.
Sanogo, S., Yang, X.B., Scherm, H., 2000. Effects of herbicides on Fusarium solani f. sp. glycines and development of sudden death syndrome in glyphosate-tolerant soybean.
Phytopathology 90, 57–66.
Sanogo, S., Yang, X.B., Lundeen, P., 2001. Field response of glyphosate-tolerant soybean to
herbicides and sudden death syndrome. Plant Dis. 85, 773–779.
Sanyal, D., Shrestha, A., 2008. Direct effect of herbicides on plant pathogens and disease
development in various cropping systems. Weed Sci. 56, 155–160.
Schafer, J.R., Hallett, S.G., Johnson, W.G., 2014. Rhizosphere microbial community dynamics in glyphosate-treated susceptible and resistant biotypes of giant ragweed
(Ambrosia triﬁda). Weed Sci. 62, 370–381.
Schrödl, W., Krüger, S., Konstantinova-Müller, T., Shehata, A.A., Rulff, R., Krüger, M., 2014.
Possible effects of glyphosate on Mucorales abundance in the rumen of dairy cows in
Germany. Curr. Microbiol. 69, 817–823.
Schrübbers, L.C., Valverde, B.E., Strobel, B.W., Cedergreen, N., 2016. Glyphosate accumulation, translocation, and biological effects in Coffea arabica after single and multiple exposures. Eur. J. Agron. 74, 133–143.
Seghers, D., Verthé, K., Reheul, D., Bulcke, R., Siciliano, S.D., Verstraete, W., Top, E.M., 2003.
Effect of long-term herbicide applications on the bacterial community structure and
function in an agricultural land. FEMS Microbiol. Ecol. 46, 139–146.

267

Séralini, G.E., Clair, E., Mesnage, R., Gress, S., Defarge, N., Malatesta, M., Hennequin, D.,
Spiroux de Vendȏmois, J., 2014. Republished study: long-term toxicity of a roundup herbicide and a Roundup-tolerant genetically modiﬁed maize. Environ. Sci. Eur. 26:14.
http://www.enveurope.com/content/26/1/14, Accessed date: 15 September 2014.
Shaner, D.L., Lindenmeijer, R.B., Ostlie, M.H., 2012. What have mechanisms of resistance
to glyphosate taught us? Pest Manag. Sci. 68, 3–9.
Sharma-Poudyal, D., Paulitz, T.C., du Toit, L.J., 2016. Timing of glyphosate applications to
wheat cover crops to reduce onion stunting caused by Rhizoctonia solani. Plant Dis.
100, 1474–1481.
Shehata, A.A., Schrödl, W., Aldin, A.A., Hafez, H.M., Krüger, M., 2013. The effect of glyphosate on potential pathogens and beneﬁcial members of poultry microbiota in vitro.
Curr. Microbiol. 66, 350–358.
Shehata, A.A., Schrödl, W., Schledorn, P., Krüger, M., 2014. Distribution of glyphosate in
chicken organs and its reduction by humic acid supplementation. J. Poult. Sci. 51,
334–338.
Shin, K., van Bruggen, A.H.C., 2017. Bradyrhizobium isolated from huanglongbing (HLB) affected citrus trees reacts positively with primers for Candidatus Liberibacter asiaticus.
Eur. J. Plant Pathol. online, https://doi.org/10.1007/s10658-017-1372-9.
Shin, K., Ascunce, M.S., Narouei-Khandan, H.A., Sun, X., Jones, D.J., Kolawole, O.O., Goss, E.,
van Bruggen, A.H.C., 2016. Effects and side effects of penicillin injection in
huanglongbing affected grapefruit trees. Crop. Prot. 90, 106–116.
Shushkova, T., Ermakova, I., Leontievsky, A., 2009. Glyphosate bioavailability in the soil.
Biodegradation 21, 403–410.
Sidoli, P., Baran, N., Angulo-Jaramillo, R., 2016. Glyphosate and AMPA adsorption in soils:
laboratory experiments and pedotransfer rules. Environ. Sci. Pollut. Res. 23,
5733–5742.
Sihtmäe, M., Blinova, I., Kunnis-Beres, K., Kanarbik, L., Heinlaan, M., Kahru, A., 2013. Ecotoxicological effects of different glyphosate formulations. Appl. Soil Ecol. 72, 215–224.
Simonsen, L., Fomsgard, I.S., Svensmark, B., Splid, N.H., 2008. Fate and availability of
glyphosate and AMPA in agricultural soil. J. Environ. Sci. Heal. B 43, 365–375.
Singh, B., Singh, K., 2016. Microbial degradation of herbicides. Crit. Rev. Microbiol. 42,
245–261.
Singh, M., Sharma, S.D., Ramirez, A.H.M., Jhala, A.J., 2011. Glyphosate efﬁcacy, absorption,
and translocation in selected four weed species common to Florida citrus.
HortTechnol. 21, 559–605.
Skark, C., Zullei-Seibert, N., Schottler, U., Schlett, C., 1998. The occurrence of glyphosate in
surface water. Int. J. Environ. Anal. Chem. 70, 93–104.
Smith, D.L., Dushoff, J., Morris Jr., J.G., 2005. Agricultural antibiotics and human health.
PLoS Med. 2 (8), e232. https://doi.org/10.1371/journal.pmed.0020232.
Solomon, K.R., 2016. Glyphosate in the general population and in applicators: a critical review of studies on exposures. Crit. Rev. Toxicol. 46 (sup 1):21–27. https://doi.org/
10.1080/10408444.2016.1214678.
von Soosten, D., Meyer, U., Huether, L., Daenicke, S., Lahrssen-Wiederholt, M., Schafft, H.,
Spolders, M., Breves, G., 2016. Excretion pathways and ruminal disappearance of
glyphosate and its degradation product aminomethylphosphonic acid in dairy
cows. J. Dairy Sci. 99, 5318–5324.
St. Laurent, A., Merwin, I.A., Thies, J.E., 2008. Long-term orchard groundcover management systems affect soil microbial communities and apple replant disease severity.
Plant Soil 304, 209–225.
Stachowski-Haberkorn, S., Becker, B., Marie, D., Haberkorn, H., Coroller, L., de la Broise, D.,
2008. Impact of Roundup on the marine microbial community, as shown by an in situ
microcosm experiment. Aquat. Toxicol. 89, 232–241.
Staub, J.M., Brand, L., Tran, M., Kong, Y., Rogers, S.G., 2012. Bacterial glyphosate-resistance
conferred by overexpression of an E. coli membrane efﬂux transporter. J. Ind.
Microbiol. Biotechnol. 39, 641–647.
Stine, O.C., Johnson, J.A., Keefer-Norris, A., Perry, K.L., Tigno, J., Qaiyumi, S., Stine, M.S.,
Morris Jr., J.G., 2007. Widespread distribution of tetracycline resistance genes in a
conﬁned animal feeding facility. Int. J. Antimicrob. Agents 29, 348–352.
Sviridov, A.V., Shushkova, T.V., Ermakova, I.T., Ivanova, E.V., Epiktetov, D.O., Leontievsky,
A.A., 2015. Microbial degradation of glyphosate herbicides (review). Appl. Biochem.
Microbiol. 51, 188–195.
Swanson, N.L., Leu, A., Abrahamson, J., Wallet, B., 2014. Genetically engineered crops,
glyphosate and the deterioration of health in the United States of America. J. Org.
Syst. 9, 6–37.
Szarek, J., Siwicki, A., Andrzejewska, A., Terech-Majewska, E., Banaszkiewicz, T., 2000. Effects of the herbicide Roundup on the ultrastructural pattern of hepatocytes in carp
(Cyprinus carpio). Mar. Environ. Res. 50, 263–266.
Tani, E., Chachalis, D., Travlos, I.S., Bilalis, D., 2016. Environmental conditions inﬂuence induction of key ABC-transporter genes affecting glyphosate-resistance mechanism in
Conyza canadensis. Int. J. Mol. Sci. 17:342. https://doi.org/10.3390/ijms17040342.
Tao, B., Shao, B.H., Qiao, Y.X., Wang, X.Q., Chang, S.J., Qiu, L.J., 2017. Identiﬁcation and functional analysis of a new glyphosate-resistance gene from a fungus cDNA library.
Pestic. Biochem. Physiol. 140, 65–68.
Tian, Y.S., Yao, Q.H., Xing, X.J., Peng, R.H., Xu, J., Xiong, A.S., 2015. Novel glyphosate_resistant aroA gene from Paracoccus denitriﬁcans in transgenic Arabidopsis. Appl. Biochem.
Microbiol. 51, 566–571.
Travaglia, C., Masciarelli, O., Fortuna, J., Marchetti, G., Cardozo, P., Lucero, M., Zorza, E.,
Luna, V., Reinoso, H., 2015. Towards sustainable maize production: glyphosate detoxiﬁcation by Azospirillum sp. and Pseudomonas sp. Crop. Prot. 77, 102–109.
Tromas, N., Fortin, N., Bedrani, L., Terrat, Y., Cardoso, P., Bird, D., Greer, C.W., Shapiro, B.J.,
2017. Characterising and predicting cyanobacterial blooms in an 8-year amplicon sequencing time course. ISME J. 11, 1746–1763.
Tsui, M.T.K., Chu, L.M., 2003. Aquatic toxicity of glyphosate-based formulations: comparison between different organisms and the effects of environmental factors.
Chemosphere 52, 1189–1197.
Udikovic-Kolic, N., Wichmann, F., Broderick, N.A., Handelsman, J., 2014. Bloom of resident
antibiotic-resistant bacteria in soil following manure fertilization. Proc. Natl. Acad. Sci.
111, 15202–15207.
US Geological Survey, 2012. Pesticide Use Maps. https://water.usgs.gov/nawqa/pnsp/
usage/maps/show_map.php?year=2012&map=GLYPHOSATE&hilo=L&disp=
Glyphosate, Accessed date: 22 July 2015.

268

A.H.C. Van Bruggen et al. / Science of the Total Environment 616–617 (2018) 255–268

USDA NASS (United States Department of Agriculture National Agricultural Statistics
Service), 2014. Corn and Soybean Acres Planted Data. National Agricultural Statistics
Service, Washington DC, USA http://www.nass.usda.gov, Accessed date: 29 September 2015.
Vandenberg, L.N., Blumberg, B., Antoniou, M.N., Benbrook, C.M., Carroll, N., Colborn, T.,
Everett, L.G., Hansen, M., Landrigan, P.J., Lanphear, B.P., Mesnage, R., vom Saal, F.S.,
Welshons, W.V., Myers, J.P., 2017. Is it time to reassess current safety standards for
glyphosate-based herbicides? J. Epidemiol. Comm. Health 71, 613–618.
Vera, M.S., Di Fiori, E., Lagomarsino, L., Sinistro, R., Escaray, R., Iummato, M.M., Juárez, A.,
Ríos de Molina Mdel, C., Tell, G., Pizarro, H., 2012. Direct and indirect effects of the
glyphosate formulation Glifosato Atanor® on freshwater microbial communities.
Ecotoxicology 21, 1805–1816.
Vera, M.S., Juárez, Á., Pizarro, H.N., 2014. Comparative effects of technical-grade and a
commercial formulation of glyphosate on the pigment content of periphytic algae.
Bull. Environ. Contam. Toxicol. 93, 399–404.
Villeneuve, A., Larroudé, S., Humbert, J.F., 2011. Herbicide contamination of freshwater
ecosystems: impact on microbial communities. In: Stoytcheva, M. (Ed.), Pesticides Formulations, Effects, Fate :pp. 285–312. https://www.intechopen.com/books/pesticides-formulations-effects-fate/herbicide-contamination-of-freshwater-ecosystemsimpact-on-microbial-communities.
Walker, E.R., Oliver, L.R., 2008. Translocation and absorption of glyphosate in ﬂowering
sicklepod (Senna obtusifolia). Weed Sci. 56, 338–343.
Wang, C., Lin, X., Li, L., Lin, S., 2016a. Differential growth responses of marine phytoplankton to herbicide glyphosate. PLoS One 11 (3), e0151633. https://doi.org/10.1371/
journal.pone.0151633.
Wang, S., Seiwert, B., Kästner, M., Miltner, A., Schäffer, A., Reemtsma, T., Yang, Q., Nowak,
K.M., 2016b. (Bio)degradation of glyphosate in water-sediment microcosms - a stable
isotope co-labeling approach. Water Res. 99, 91–100.
Wardle, D.A., Parkinson, D., 1990. Effects of three herbicides on soil microbial biomass and
activity. Plant Sci. 122, 21–28.
Weir, S.M., Yu, S., Knox, A., Talent, L.G., Monks, J.M., Salice, C.J., 2016. Acute toxicity and
risk to lizards of rodenticides and herbicides commonly used in New Zealand. N. Z.
J. 40, 342–350.
WHO (World Health Organization), 2005. Glyphosate and AMPA in Drinking-Water.
http://www.who.int/water_sanitation_health/dwq/chemicals/
glyphosateampa290605.pdf, Accessed date: 17 September 2018.

WHO (World Health Organization), 2009. The WHO Recommended Classiﬁcation of Pesticides by Hazard and Guidelines to Classiﬁcation: 2009. International Program on
Chemical Safety http://www.who.int/ipcs/publications/pesticides_hazard_2009.pdf?
ua=1, Accessed date: 27 July 2017.
Wolmarans, K., Swart, W.J., 2014. Inﬂuence of glyphosate, other herbicides and genetically modiﬁed herbicide resistant crops on soil microbiota: a review. S. Afr. J. Plant Soil
31, 177–186.
Yamada, T., Kremer, R.J., de Camargo e Castro, P.R., Wood, B.W., 2009. Glyphosate interactions with physiology, nutrition, and diseases of plants: threat to agricultural sustainability? Eur. J. Agron. 31, 111–113.
Yang, X., Wang, F., Bento, C.P.M., Xue, S., Gai, L., van Dam, R., Mol, H., Ritsema, C.J., Geissen,
V., 2015. Short-term transport of glyphosate with erosion in Chinese loess soil-a
ﬂume experiment. Sci. Total Environ. 512–513, 406–414.
Zabaloy, M.C., Carné, I., Viassolo, R., Gómeza, M.A., Gomez, E., 2016. Soil ecotoxicity assessment of glyphosate use under ﬁeld conditions: microbial activity and community
structure of Eubacteria and ammonia-oxidising bacteria. Pest Manag. Sci. 72,
684–691.
Zhang, C., Feng, L., He, T.T., Yang, C.H., Chen, G.Q., Tian, X.S., 2015a. Investigating the mechanisms of glyphosate resistance in goosegrass (Eleusine indica) population from
South China. J. Integr. Agric. 14, 909–918.
Zhang, C., Hu, X., Luo, J., Wu, Z., Wang, L., Li, B., Wang, Y., Sun, G., 2015b. Degradation dynamics of glyphosate in different types of citrus orchard soils in China. Molecules 20,
1161–1175.
Zhang, S., Xu, J., Kuang, X., Li, S., Li, X., Chen, D., Zhao, X., Feng, X., 2017a. Biological impacts
of glyphosate on morphology, embryo biomechanics and larval behavior in zebraﬁsh
(Danio rerio). Chemosphere 181, 270–280.
Zhang, T., Johnson, E.N., Mueller, T.C., Willenborg, C.J., 2017b. Early application of harvest
aid herbicides adversely impacts lentil. Agron. J. 109, 239–248.
Zhao, H., Tao, K., Zhu, J., Liu, S., Gao, H., Zhou, Z., 2015. Bioremediation potential of
glyphosate-degrading Pseudomonas spp. strains isolated from contaminated soil.
J. Gen. Appl. Microbiol. 61, 165–170.
Zobiole, L.H.S., Kremer, R.J., Oliveira Jr., R.S., Constantin, J., 2010. Glyphosate affects microorganisms in rhizospheres of glyphosate-resistant soybeans. J. Appl. Microbiol. 110,
118–127.

