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Abstract

Glyphosate (GLY), the most widely used herbicide in the world, is frequently detected in various environmental matri-
ces, including soil, the foundation of agriculture. In practice, more than 2000 GLY-based herbicide (GBH) products are
used, consisting of one or more active ingredients (Als) and so-called “inert” co-formulants that increase the efficacy
of the Als. However, the focus of ecotoxicological assessments is mainly on Als, while organisms are exposed to com-
plex pesticide formulations under real-world conditions. Overall, the effects on non-target organisms indicate a broad
range of biochemical and physiological modes of action, which contrasts with the general assumption that herbicides
are specific and act only on target plants. Both GLY alone and GBHs have unintended side-effects on many terrestrial
organisms, including non-target plants, microorganisms, insects, spiders, or earthworms, as well as vertebrates such
as amphibians, reptiles, or mammals. One of the triggering mechanisms for these effects is oxidative stress with con-
sequences on biochemical parameters and DNA damage. In addition, disruptions of various physiological, behavioral
and ecological processes have been reported. Most studies have examined the short-term effects of a single appli-
cation of GLY/GBH to a single species. However, the agricultural practice of applying GBHs two to three times dur-

ing a cultivation season over an extended period of time, the interactions with other pesticides and agrochemicals
applied to the same field, and effects on ecological interactions within the field and landscape are rarely considered.
In the vast majority of cases, the toxicity of GBHs exceeds the toxicity of GLY, demonstrating that supposedly inert
co-formulants are either toxic in their own right or interact and add to the toxicity of Als. The chemical diversity

of different GBHs and the non-disclosure of the co-formulants make it difficult to attribute effects to specific chemi-
cal substances within a GBH. Moreover, impurities in GBHs (e.g., heavy metals such as arsenic, chromium, cobalt)

pose additional environment and food safety risks. These impacts are even more critical because GBHs are so widely
distributed worldwide and interact with other pollutants and environmental stressors. Based on the available litera-
ture on terrestrial ecotoxicity, and given the drastic decline in biodiversity, we conclude that the continued high use
of GBHs, resulting in increased exposure and risk, cannot be considered ecologically sustainable.
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Introduction

A significant part of various pesticides used in agri-
culture and other sectors for weed, pest and pathogen
(e.g., viruses, fungi) control exert an increased chemical
burden on the environment. The applied active ingredi-
ents (Als) and also other components (co-formulants)
present in commercial formulations, can reach the soil
surface and waterbodies through infiltration, runoff, pre-
cipitation, leaching and as a result of outdated applica-
tion technology. The ecotoxicity of chemical pollutants
depends largely on various abiotic (e.g., the composition
of different environmental matrices, pH, mineral con-
tent) and biotic (e.g., microbial composition and activity)
factors, as well as the physico-chemical characteristics of
the compounds such as water solubility, sorption capac-
ity, and biodegradability, and the mechanisms of their
biological actions. In addition, the possibility of toxic
metabolite formation must also be taken into account
[1, 2]. Pesticide residues are a significant environmental
risk factor, and since glyphosate (GLY) is the most widely
used Al in herbicides worldwide, its effects on non-target
organisms has become the focus of a large and increased
body of scientific research (5003 entries on PubMed and
14,557 entries on Web of Science as of June 2023).

GLY (N-(phosphonomethyl)-glycine), the phosphono-
methyl derivative of the natural amino acid glycine [3]
has captivated the interests of environmental and health
scientists despite potentially equally or more toxic herbi-
cides being used in large quantities [4]. Due to the large
uptake of GLY-tolerant (GT) genetically modified (GM)
crops, especially in North and South America, GLY-
based herbicides (GBHs) have become globally the most
widely used herbicides over the last two decades [5-8].
The global market of GBHs was estimated at approxi-
mately 4438.5 million USD in 2020 [9]. However, it is
highly problematic to find up-to-date data on GBH use
and sales, whilst details of sales for a given formulation
are often hidden under the pretext of commercial sen-
sitivity. Therefore, it is very difficult to obtain accurate
information on GBH use within the European Union
(EU) [10]. According to a European survey in 2017, GBH
sales were about 44,250 tonnes of Al, while the average
use of GLY in the agriculture was estimated as 0.24 kg Al
ha™! [11].

The mechanism of herbicidal action of GLY stems from
its ability to inhibit the enzyme 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS), which is part of the shiki-
mate pathway [12]. The shikimate pathway is responsible
for the biosynthesis of essential aromatic amino acids
(phenylalanine, tryptophan, tyrosine), and thus its inhi-
bition by GLY in plants results in death [12]. Although
the shikimate pathway is found in all plants giving GBHs
a non-selective broad spectrum herbicidal activity, it is
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also found in most fungi and certain bacterial species and
strains, but never in animals [12]. The lack of the shiki-
mate pathway in animals, including humans, led to the
claim that it is non-toxic to these classes of organisms.
However, GLY and GBHs may still negatively impact soil,
animal and human health by compromising the compo-
sition and function of fungal and bacteria species [13,
14]. In GBHs, the salts of GLY [e.g., GLY-isopropylam-
monium salt (GLY-IPA); -diammonium salt; -trimethyl-
sulfonium salt] are used as Al to increase its solubility
of AI in water while retaining its herbicidal properties
[15, 16]. Commercial pesticide formulations invariably
contain different types of additives, collectively called
co-formulants, in addition to the declared Als. The main
purpose of pesticide co-formulation agents is to increase
the effectiveness and bioavailability of the formulation
by increasing the solubility, adsorption, and absorption
of the Al [17]. For example, presence of surfactants such
as POEA (a mixture of polyethoxylated tallow amines)
promotes the penetration of GLY through plant cell walls
[18].

Commonly, pesticide co-formulants are typically clas-
sified as inactive (inert) ingredients with respect to the
main biological effect of the formulation. Therefore, a
simpler environmental risk assessment (ERA) was con-
sidered sufficient for these substances compared to Als
[19, 20]. In addition, regulatory agencies obtain data on
co-formulants in stand-alone studies rather than as part
of formulations. Therefore, from a regulatory perspec-
tive the differential impacts of pesticides on ecosystems
and peoples’ health are generally not due to the proper-
ties of co-formulants as stand-alone components, but to
the ways in which the co-formulants modify the toxicity
of Als [21]. Recently, numerous studies have confirmed
the high individual toxicity of co-formulants and the
increased combined toxicity of Als and co-formulants
compared to the individual effect of Als. This includes
POEA (a mixture of polyethoxylated tallow amines) used
for the manufacture of formulations of GBHs [22-24]
and its substitutes [25, 26]. The use of POEA as a co-for-
mulant in GBHs has been banned under current EU leg-
islation because of its harmful effects on the environment
[27]. However, an increasing body of evidence is showing
that approved replacements of POEA such as Dodigen
4022, a propoxylated quaternary ammonium compound,
is showing that they can also be toxic [25, 28].

The non-selective GBHs were originally used for
pre-emergence weed control, but with the appearance
of the GM GT crop varieties such as soybeans, maize,
cotton, sugar beet and alfalfa the post-emergence use
of GLY has also became possible. With the possibility
of the post-emergence application of GLY, the amount
of GBHs used for weed control purposes has increased
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dramatically [29]. So far, no GM GT varieties have
been authorized for cultivation in the EU. In addition,
another more recent adoption by farmers, which has
led to a marked increase in GBH use, is its application
as a pre-harvest desiccant on various crops particularly
cereals such as oats and wheat, canola, pulses (beans,
peas, lentils) and even potatoes [6, 30]. This involves
spraying and intentionally killing the crop within
1-2 weeks of harvest to obtain more uniform drying of
grains and an earlier time of harvest. This practice may
make matters more convenient for farmers, but it also
implies that GBH residues will enter the food chain in
larger quantities as insufficient time is allowed for them
to dissipate before harvest. The massive use of GBHs
has led to environmental contamination, and GLY has
become a ubiquitous contaminant [31].

During the regulatory process of pesticides, a detailed
and harmonized two-tier registration system is applied
in the EU [32]. According to Regulation (EC) 1107/20009,
pesticide Als are registered at the EU level by the Euro-
pean Commission, while the formulations containing
pesticide Als and co-formulants are authorized at the
level of member states. This is a unique feature in the
EU authorization of registered products [33]. Legisla-
tive steps towards Regulation (EC) 1107/2009, which is
acknowledged as currently the most stringent pesticide
authorization system in the world, have continued the
program of substantially reducing the number of author-
ized pesticide Als within the EU. As a result, between
1995 and 2009, the authorization of 700 Als was discon-
tinued [34], 22 Als were deregistered between 2011 and
2013, and an additional 94 Als were recommended for
substitution between 2014 and 2021 [35]. In addition,
as part of the European Green Deal [36], which aims to
reduce pesticide use by 50% by 2030 through the replace-
ment of "more hazardous” Als with safer alternatives,
harmonized risk indicators have been developed [37].
Among these, the risk indicator for authorized pesticides
(HRI 1) has decreased by 22% compared to the baseline
from 2011 to 2013. In contrast, the risk indicator for
pesticides marketed under emergency permits (HRI 2)
increased by 38% during the same period, which is an
indirect but clear indication that despite stricter EU per-
mits and bans, member states can still market outdated
pesticide Als under emergency authorization.

Herbicides are particularly affected by the tightening
legislative requirements, yet a herbicide AI with a novel
mode of action has not been placed on the market since
1992, which was the introduction of isoxaflutole, an
inhibitor of the enzyme p-hydroxyphenylpyruvate dioxy-
genase (HPPD) [38, 39]. In 2020, Bayer announced that it
will launch a new herbicide AI with a new mode of action
on the market, but it is not expected until 2030 [39, 40].
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Recently, several studies suggested the required revi-
sion or re-evaluation of the processes of pesticide
authorization [41, 42]. However, despite these find-
ings herbicides are only superficially tested for effects
on non-target arthropods and generally do not include
oral routes exposure ways (e.g., via food or air uptake).
The indicated hazards are significantly relevant for risk
assessment and suggest the need for the re-evaluation
of current testing systems during the authorization pro-
cess of pesticides [41]. Regulation and the ERA related to
pesticides takes into account certain hazards but cannot
centrally intervene in regulation and restriction. A major
problem is that at the EU level, the focus is on the toxicol-
ogy of the Als, while organisms under real-world condi-
tions are exposed to commercial formulations consisting
of Als and co-formulants. Furthermore, at the member
state level, governments or government-related agen-
cies must consider all stakeholders in their assessment,
including manufacturers and patent holders [43].

It is important to point out that significant differences
can be found in the global authorization of the pesticides,
with nations having different requirements, guidelines,
and legal limits for their application. Generally, pesti-
cide legislation is stricter in more industrially developed
countries compared to the developing nations. In sev-
eral developing countries, often the lack of the required
proper authorization and policies can be observed due to
the lack of resources and scientific expertise to run pes-
ticide analyses and evaluate environmental risk analysis
[44, 45]. Another striking difference is that regulation of
pesticides and the conditions of the risk assessment in
the EU is stricter compared to the USA. Although inter-
national organizations have attempted to harmonize
pesticide regulation by providing maximum residue lim-
its (MRLs), these are not harmonized on a global scale.
Thus, large differences can be found in the authorized in
permitted MRL values. A globally harmonized pesticide
regulation system would be required to increase global
productivity and trade, and in addition to also support
the protection of public and environmental health [44].

Generally, GLY is sprayed directly onto crop fields in
both standard and no-tillage farming systems, where
it is largely taken up by plants but with most being
absorbed into the soil. In soil, GLY may be transported
by surface water runoff, adsorbed to soil particles, enter
groundwater by infiltration, or be assimilated by root
transport of other non-target plants [46]. In soil, GLY is
primarily metabolized to aminomethylphosphonic acid
(AMPA), which is much more mobile than GLY [39,
47] and frequently detected in various environmental
matrices [43]. Soil properties (e.g., mineral content, pH,
phosphate concentration) greatly influence the leach-
ability and mobility of GLY [26, 48—-52]. Various GBHs



Klatyik et al. Environmental Sciences Europe (2023) 35:51

with different co-formulants along with GLY have very
different environmental fates (e.g., different half-lives
and movement in soil and water). In most cases, the Al
and the co-formulants almost certainly become sepa-
rated relatively quickly, although very little is known
about the half-lives and the environmental fate of the
co-formulants. However, the presence of the GBH co-
formulant POEA has been found to be widespread in
mid-western US states where the cultivation of GM GT
crops is most concentrated [53]. Furthermore, it has
been shown that POEA can persist in soil along with
GLY and AMPA and enter natural water courses [54].
Worryingly, the environmental impact of persistent
POEA with GLY and AMPA is unexplored. The envi-
ronmental concentration of GLY in the environment
after GBH application and the occurrence of GLY in
different ecological elements are strongly influenced
by environmental and climatic conditions (e.g., soil
composition and structure, intensity and frequency of
rainfalls), as well as the timing and frequency of the
pesticide treatments [50, 55]. Pesticide residue levels in
or on food and feed of plant and animal origin are also
regulated according to Regulation (EC) 396/2005 [56].

A high variability in detected GLY contamina-
tion levels in different environmental elements can be
observed [43]. Focusing on terrestrial ecosystems GLY
and/or AMPA were present in 45% of 317 topsoils col-
lected across Europe originating from six crop systems,
with a maximum concentration of 2 mg kg™ [57] but
reached as much as 8.1 mg kg™' GLY and 38.9 mg kg™
AMPA in no-till soils in Argentina [58]. GLY and
AMPA was also ubiquitous in passive air samplers up to
3.2 pg sample™! in Germany [59] and 116 ng sample ™’
in ambient air in Austria [60]. The environmental con-
centration of GLY in soil highly depends on several
abiotic and biotic factors environmental factors. More-
over, the circumstances and conditions of the selected
analytical and sample preparation methods can highly
affect the measured GLY levels [61]. Various soil char-
acteristics such as mineral content, pH, soil redox con-
ditions, phosphate content, and the level of organic
materials as well as microbial composition and activity
can affect the biodegradation and binding of GLY to
different soil components. The rates of biodegradation
and the adsorption of GLY determine the bioavailability
and thus the effects of GLY on the non-target organ-
isms. The contamination of soils highly depends on the
intensity of agricultural use of GBHs [31, 62]. AMPA
frequently appears in environmental samples via the
degradation of GLY. However, the source of AMPA in
the environment is not exclusively derived from GLY
metabolism as it can also arise from phosphonate
detergents used in washing powder [63].
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Based on the high variability in detected GLY levels,
the choice of environmentally relevant concentrations
in ecotoxicological tests is not straightforward because
habitat-specific contamination, species-specific exposure
pathways, and environmentally relevant transformation
under laboratory conditions are often not fully known
or predictable. Due to the considerable production and
use of co-formulants, these additives can easily enter
the environment [54]. Therefore, the possible negative
impacts of co-formulants on living organisms and eco-
system processes should be evaluated during the authori-
zation and risk assessment of the pesticide formulations
[64, 65].

Here we have summarized relevant up-to-date infor-
mation and data reported since the EU Commission
Directive 2010/77/EU to date on ecotoxicological con-
cerns about GLY, its GBH formulations and co-formu-
lants. Systematic searches were carried out in the Web
of Science, Scopus, Science Direct and other scientific
databases, and when necessary, references in the reports
found were also followed. Results of non-public toxicity
studies commissioned and funded by the industry and
not included in the applications dossiers for re-approval
[66] could obviously not be considered here either. In
total, a reference database of over 500 scientific articles
considering GLY or GBHs and ecotoxicology was com-
piled, and this review refers to those articles relevant to
terrestrial ecosystems.

Ecotoxicity to terrestrial organisms and ecosystems
The effects of GLY and GBHs on terrestrial organisms
have been reported in a large number of studies employ-
ing different species, at different developmental stages,
using a variety of experimental designs (e.g., testing under
laboratory/greenhouse or open field conditions) and end-
point measures (e.g., reproduction, behavior, develop-
mental effects, enzyme activities). Most of the published
studies (75%) were performed under laboratory condi-
tions with the use of in vivo or in vitro test methods, in
addition to the micro- and mesocosms. Other investi-
gations obtained data from greenhouse (10%) and field
experiments (15%). Laboratory tests are useful tools for
the investigation of the different mechanisms of any tox-
icity observed, which is caused by the tested substances.
However, studies under environmental settings such as
field conditions are far more reflective of real-world sce-
narios compared to the laboratory-based experiments.
The effects of GBHs have already been investigated in
several studies on various terrestrial test organisms, such
as springtails (e.g., Folsomia candida) [67], isopods (e.g.,
Porcellio dilatatus) [68], and earthworms (e.g., Eisenia
fetida and Lumbricus terrestris) [69, 70]. Like all herbi-
cides GLY easily enters the soil, where it is regarded as
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almost immobile on the basis of its sorption properties
[71, 72]. However, GLY can leach out of soil due to its
water solubility with other factors (e.g., phosphate con-
centration, pH) can contributing to increased soil mobil-
ity [72]. Thus, non-target soil-borne organisms can be
harmed by GLY, its metabolites, or the co-formulants
contained in GBHs via various direct or indirect expo-
sure pathways [73, 74].

In order to investigate the potentially harmful effects
of chemical compounds on non-target organisms, eco-
toxicological tests always use model organisms, so-
called surrogate species, that represent a specific group
of organisms. In terms of regulation under Registration,
Evaluation, Authorisation and Restriction of Chemi-
cals (REACH), ecotoxicological tests must be conducted
in compliance with the principles of good laboratory
practice (Directive 2004/10/EC) and the international
standards recognized by the EU Commission or the
European Chemical Agency. During the approval of
chemical compounds such as Als in the EU, mandatory
ecotoxicological tests must be performed for substances
manufactured or imported in quantities of 1 tonne or
more. Mandatory test organisms for the approval of
either pesticide formulations or Als in the EU consider
five groups of non-target organisms: terrestrial verte-
brates (birds and mammals), aquatic organisms (fish,
water fleas, algae, and aquatic plants), terrestrial arthro-
pods (including bees), soil organisms (earthworms, soil
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micro- and macroorganisms), and terrestrial plants [32].
The accurate and exact requirements according to the
manufactured or imported quantities are summarized
in Regulation 1907/2006/EC [75]. In the case of medici-
nal products, the prescribed ecotoxicological tests must
always be carried out on the formulated products, while
unfortunately during the authorization of the pesticides
in certain cases they can rely solely on toxicity data of the
Als. In our review, in addition to outlining the ecotoxi-
cological concerns associated with GBHs on terrestrial
ecosystems and non-target organisms, we also summa-
rize the effects of GLY and GBHs on specific indicator
organisms such as bees and birds (Fig. 1), including the
presentation of the combined effects of GLY and GBHs
[76, 77] with other chemical compounds (e.g., pesticide
Als, co-formulants, heavy metals, and microplastics) or
pathogens.

The data on the effects of GLY on different soil organ-
isms are complex, and sometimes the results are con-
tradictory [78]. This is due to numerous factors that can
influence the observed effects. The main factors affect the
environmental fate (e.g., mobility, leaching), bioavailabil-
ity and the effects on non-target organisms are the soil
characteristics such as the water content, composition
of different soils, for example the microbial community.
In addition, mineral content, pH, soil redox conditions,
phosphate content, and the level of organic materials
highly influence the strength of sorption capacity and
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binding GLY and AMPA by soil particles. Furthermore,
the variability in applied experimental design (e.g., tested
concentration, exposure conditions, single or multiple
exposures of the tested soils), and testing methods (e.g.,
testing under laboratory/greenhouse or field conditions,
duration, routes of exposure) can result in contradictions
in the observed effects. Additionally, the exact species
tested and their developmental stage may have been sig-
nificant factors [79, 80].

Effects on soil microbiota

Soil microbiota comprise a group of microscopic life
forms that include bacteria, archaea, viruses, and eukar-
yotes like fungi. They perform many essential soil func-
tions by regulating nutrient cycling, decomposing
organic matter, defining soil structure, suppressing plant
diseases, and supporting plant productivity, and they play
an important role in biogeochemical cycles [81]. Several
studies have shown that microbial communities are neg-
atively affected by GBHs, while others have claimed the
opposite. The results of most short-term and long-term
experiments under field, under laboratory or greenhouse
conditions have shown, that the composition of the soil
microbial community is impacted by the use of GBHs.

In soil, GLY can act as an additional nutrient source and
lead to stimulatory effects on soil biochemical param-
eters, such as dehydrogenase and B-glucosidase activity,
and carbon and nitrogen content of microbial biomass
[73, 74]. Maximum increases in enzymatic activity were
observed between 18 and 37 days after treatment, while
the increased P-glucosidase activity was still observed
after 101 days [82]. After biodegradation of GLY, the uti-
lization of GLY as a source of easily available carbon has
been demonstrated on different bacterial strains by sev-
eral studies [83—85]. GLY can be degraded by two meta-
bolic pathways in bacteria. One metabolic pathway is
oxidase activity that cleaves the carboxymethylene-nitro-
gen bond of GLY and thus converting it into AMPA and
glyoxylate. In addition, C—P lyase can directly cleave the
carbon—phosphorus bond to convert GLY into sarcosine.
Both pathways of biodegradation use C-P lyase to cleave
the C-P bond of AMPA [84]. The composition of soil
microorganisms and fungi is also affected by GBHs [86,
87], with significantly lower numbers of colony-forming
units (CFU) observed following treatment with the GBH
Roundup PowerFlex at an application rate of 4.0 L ha™
corresponding to 0.8 kg GLY Al ha' [87]. When the
effects of Roundup PowerFlex (3.75 L ha™! corresponding
to 0.75 kg GLY AI ha~!—the recommended rate accord-
ing to good farming practice [87]) on the individual fun-
gal taxa was investigated, components present in GBH
seemed to act as nutrients and favored growth of some
fungal taxa (e.g., Colletotrichum sp., Cunninghamella sp.,
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and Mortierella sp.), while other taxa (e.g., the fungus
Mucor) were found to be completely absent [86]. Moreo-
ver, GLY can affect the nutrient composition in grapevine
roots, leaves, grape juice, and xylem sap collected after
11 months of GLY application [87].

Compared to mechanical weeding, reduced root myc-
orrhization has been observed in grapevines treated with
a GBH (Roundup PowerFlex—4.0 L ha™! corresponding
to 0.8 kg GLY AI ha™') [87]. Effects of GLY on soil rhizo-
sphere-associated bacterial communities were investi-
gated in a study in which the rhizosphere of soybean and
corn was sampled after 31, 37, 52, and 58 days [88]. After
the application of the GBH (Roundup PowerMax), the
relative abundance of Acidobacteria in the bacterial com-
munity was slightly decreased with 0.8—2.8% in the rhizo-
sphere of the investigated crops. In contrast, the relative
abundance of y-Proteobacteria in both soybean and corn
rhizosphere samples were slightly increased to 0.7 and
1.5%, respectively, by the increase of Xanthomonadaceae,
suggesting that long-term application of GBH may affect
the nutrient status of the rhizosphere [88]. Tolerance of
the soil microbial community to GLY (in the form of Al
or GBH) is not consistent with the history of the herbi-
cide exposure to the soils at the investigated locations
[89]. Functional diversity of soil microorganisms was
very similar between as GLY (potassium salt) and GBH
(Roundup Full II) treatments as reflected by catabolic
evenness [89]. Furthermore, no difference in the over-
all microbial community composition and the relative
number of microorganisms, such as Fusarium spp. was
observed between GLY-treated plots and plots without
GLY under field condition in well replicated (in time and
space) studies [90]. In addition, other factors (e.g., geog-
raphy, weather, and farming systems) had a much greater
effects on soil microbes than the use of GLY [89]. How-
ever, GLY has been found to increase the colonization
of certain Fusarium species on roots [91], which would
facilitate the production of Fusarium mycotoxins [92].
This increased colonization can strongly influence crop
productivity. In addition, several Fusarium spp. produce
a wide range of mycotoxins which can endanger the
health of animals and also humans. The most common
mycotoxin groups produced by Fusarium species are zea-
ralenones, trichothecenes, and fumonisins [93].

In a short-term greenhouse experiment, a 30% increase
in soil microbial respiration was observed after the foliar
application of a GBH (Roundup), which was concomitant
with reduced bacterial phospholipid fatty acid content
was determined for Gram+and Gram— bacterial strains,
but not for the saprotrophic fungi [94]. The GBH studied
had little effect on the functional diversity of soil micro-
biota and only weak interactions between the GBH and
soil depth, mycorrhiza, and earthworms were detected
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[94]. A single GLY treatment caused no changes in the
microbial community in the silty clay loam soils, while
more microbial biomarkers (e.g., aerobic and anaerobic
bacteria markers) were reduced by the treatment in the
silty loam soils [95]. In combination with the co-formu-
lants (surfactants Activator-90, alkylphenol ethoxylate
plus alcohol ethoxylate), significant differences were also
found only in silt loam soils [95].

Greenhouse experiments were conducted to investigate
the effects of a GBH on the diversity and composition
of rhizosphere bacterial communities of transgenic GM
GT Roundup Ready soybeans after two foliar herbicide
applications. In addition to the decrease in abundance
of Burkholderia sp., the effective resilience of the bacte-
rial community associated with soybean roots after GBH
application indicated stimulated bacterial diversity [96].
Furthermore, the increase in functional diversity of bac-
teria was only transient during a short-term incubation
study of 21 days [97]. Most studies have examined the
short-term effects of GLY on microbial biomass, rhizos-
phere, and terrestrial organisms at higher taxonomic lev-
els, and mostly found only minor effects [98].

GLY can induce specific and widespread disturbance
of the metabolome of Pseudomonas species in soil [99].
The GBH (Roundup R450 containing 450 g L™ GLY) to
filamentous soil fungus Aspergillus nidulans was toxic
at doses 100 times below the recommended agricultural
application rate with the GBH more toxic than techni-
cal GLY alone (LDg;=90-112 mg L' GLY) [100]. Effects
on A. nidulans included alteration of growth, defects in
cellular polarity, delay in endocytosis and mitochondrial
disruptions [100]. Similar effects were not found for
A. section Flavi strains and A. niger [101], but adverse
effects of GLY alone and in combination with N fertili-
zation were observed on arbuscular mycorrhizal fungi
(AMF) and soil enzyme activity [102]. At high doses of
GBH (0.96 kg Al ha™), an early and transitory stimula-
tory effect was observed, and negative effects of for-
mulated GLY on soil fungal biomass were also detected
[103]. In addition, the applied GBH affected the species
richness and molecular profiles of soil fungal commu-
nities after double dosing (2x0.92 kg AI ha™') or long-
term application of the GBH. A temporal shift in species
composition and polymorphism was detected from GLY-
treated plots [103]. The addition of POEA resulted in a
reduction of biomass growth of beneficial Pseudomonas
species in soil by up to 60%, with a mixture of GLY and
POEA also resulting in growth inhibition [104].

As mentioned, GBHs act as herbicides by inhibit-
ing the enzyme EPSPS of the shikimate pathway, which
is responsible for essential aromatic amino acid biosyn-
thesis. The presence of the shikimate pathway in certain
fungi and bacteria suggests that GLY/GBHs can also
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compromise the health and balance of microbiomes
through the same mechanism. The finding that GLY and
a GBH (Roundup MON 52276) does indeed inhibit the
shikimate pathway in the gut microbiome of rats [28],
has provided proof of principle that this may also take
place in microorganisms in other spheres of life including
soil where it could negatively impact beneficial fungal/
bacterial-plant interactions within the rhizosphere. This
possibility needs to be urgently explored as it has major
ramifications for soil and plant health.

Further studies are needed to evaluate the detailed
and potential effects of GLY and GBHs on soil microbial
communities with several studies giving contradictory
results, which appear to be primarily due to the diverse
experimental conditions employed and testing meth-
ods. In summary, the contrasting results on the effects of
GLY or GBHs on soil microorganisms highlights the dif-
ficulties in comparing or pooling data from studies that
used different methods, different GBHs with unknown
co-formulants, and a variety of study designs. Studies
showed that meteorological and environmental param-
eters and soil characteristics modulate GLY/GBH-effects
on microorganisms. The mechanisms by which mycor-
rhizal fungi respond to GLY or GBH exposure are not
well understood, but it seems obvious that systemic her-
bicides such as GBHs immediately impact plant-associ-
ated mycorrhizal fungi. In addition, long-term effects and
influences on soil parameters are hardly studied. Until a
standard procedure for assessing these effects is estab-
lished, a comparison of multiple assessment methods is
advisable to avoid methodological bias.

Effects on terrestrial non-target plants

Non-target plants include monocots such as grasses and
dicots (most others) and are defined as those that grow
outside the cropping area [74]. All plants inside the crop-
ping area other than the crop are recognized as targets
and called weeds. From the soil, GLY can be taken up and
transported by plant roots. In addition, GLY can have
effects on non-target plants near agricultural fields due
to various routes of exposure such as spray drift, rhizo-
sphere contact or runoff [105, 106]. In a greenhouse
study, application of GLY at 25% of the recommended
field application rate negatively impacted 23 native plant
species investigated as might be expected for such non-
selective herbicide AI. Severe phytotoxicity or dieback
was observed in 50% of species and growth reduction
observed in 70% of the studied species. These results
suggest that GLY may promote biodiversity loss of the
natural environment, although some of these native spe-
cies have been found to be resistant to GLY applications
[107].
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A review and meta-analysis of effects from GBH spray
drift to non-target terrestrial plants and plant communi-
ties outside the intended area of application, showed no
systematic differences between the responses of mono-
cotyledons or dicotyledons [108]. However, the author
of the study conjecture that in a certain cases wild plants
may be less sensitive to GLY drift than domesticated
plants [108], which agree with the result of a previous
findings [109]. It is possible to assume that domestica-
tion, where crops are selected for various agricultur-
ally important traits (e.g., faster growth, more effective
resource allocation to seed and fruit), are not as resilient
and thus less resistant to various stress factors [110],
which may include greater susceptibility to the effects of
herbicides (e.g., GLY) although more research is required
to prove this hypothesis [108]. Moreover, it was assumed
that restricting spray drift to a level<5 g GLY ha™! would
protect the majority of higher plant species [108]. In
Arabidopsis thaliana, an altered plant metabolome has
been observed after GLY exposure due to the changes
in the phyllosphere microbiome [111], which may affect
plant resilience [112]. Residues of GBHs in soil can also
potentially have indirect effects also on plant phytohor-
mone homeostasis [113] with unknown consequences for
ecosystems including plant-microbe and plant-insect
dynamics [114].

Co-formulants used as formulating agents in GBHs
such as POEA or APGs (alkyl polyglucosides) may have
adverse effects on non-target plants. POEA, which facili-
tates the entry of GLY into the plant cuticle, was found
to cause a significant reduction in the photochemical
efficiency of the PS II photochemical system in treated
kohlrabi, whereas this was not the case in apple leaves
[115]. In contrast to POEA, the adverse effects of APGs
were not detected based on the measured photochemical
parameters [115]. However, GLY alone (4.05 g L) had
only minor toxic effects on sprayed tomato plants (Sola-
num lycopersicum var. esculentum) compared to GBHs
(Glyphogan, Roundup Grands Travaux plus, Roundup
WeatherMax), which showed increased toxicity com-
pared to GLY alone. These observations in all likelihood
are due to the fact that GLY cannot penetrate plant cell
walls in the absence of co-formulants and exert toxic
effects. In addition, high toxicity of just POEA has also
been demonstrated [18].

Another well-documented aspect of commercial GBH
formulations such as Glyphogan, Roundup Classic and
Medallon is the presence of toxic heavy metal impuri-
ties such as arsenic, chromium, cobalt, nickel, and lead
or petroleum residues, which possibly originate from the
manufacturing process. These inadvertent contaminants
may also contribute to the adverse effects of GBHs as
indicated by measures of endocrine disruption [18, 116,
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117]. Due to the presence of these heavy metal impuri-
ties, the agricultural use of GBHs pose an additional
risk to the environment and food safety by contaminat-
ing soils and crops [18]. So far, heavy metal impurities
have been found in 11 GBHs, among them those regis-
tered for domestic or urban application in gardens. This
could also explain findings that GLY, in contrast with
the general belief, was only slightly toxic on plants at the
recommended rates in agriculture [18]. The presence of
arsenic in natural phosphate ores may represents a sig-
nificant risk in case of the phosphate fertilizers [118] or
even GBHs. During the production of these agrochemi-
cals, the use of natural sources of phosphate can result in
the presence of arsenic impurities in the manufactured
formulations. Based on their potential serious health and
environmental risks and consequences, the determina-
tion and evaluation of different impurities presented in
commercial pesticide formulations should be undertaken
with responsibility falling on manufacturers. Further-
more, a change in legislation should be enacted to make
it mandatory for pesticide manufacturers to disclose the
nature of any heavy metal contaminants and especially
co-formulants and present in a given commercial formu-
lation, which is currently kept hidden.

In conclusion, controlling or eradicating weeds is, of
course, the aim of using GBHs. However, the contribu-
tion of GBHs among all herbicides used to the decline in
the weed flora in Europe is unclear [119]. Also, to what
extent GLY or GBHs also contributed to a decline in the
arable weed seedbanks, with only a few species dominat-
ing and being able to adapt to herbicide use in agricul-
ture is unknown [120]. Furthermore, it is remarkable that
only higher plants are subjected to an ERA from GLY and
GBH exposure with the sensitivity of terrestrial algae,
mosses, ferns, and lichens is lacking [108]. There is an
urgent need for studies investigating long-term effects
of GBH use on native plant species and overall plant
biodiversity. Because plants are important components
of the food web in agricultural landscapes by providing
pollen, nectar, or biomass, pollinators and herbivores are
affected indirectly and therefore biodiversity as a whole
is impacted. For example, the destruction of milkweed in
US agricultural fields where GM GT crops are grown, has
resulted in the almost extinction of the migrating mon-
arch butterfly, whose larvae use these plants as their sole
food source [121, 122].

Effects on terrestrial invertebrates

Nematodes

Nematodes are important components of the soil food
web that cover all trophic stages from bacterial-feeding,
fungal-feeding, root-feeding, omnivorous and predatory
genera [123]. Studies of the effects of GLY on nematode
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populations have shown mixed results with some observ-
ing an alteration in community diversity [98, 124, 125]
whilst another investigation found no change in the total
number of nematodes or nematode trophic groups [126].
The soil-dwelling nematode Caenorhabditis elegans has
emerged as an important experimental model organism
in various scientific fields such as ecotoxicology, neuro-
biology, and developmental biology due to the ease of
its maintenance, fully described development, short life
cycle, and well-characterized genome. C. elegans as a test
organism has a high sensitivity to different pollutants and
represent important functional levels in the soil [127,
128]. Therefore, it is not surprising, that in the last dec-
ade, ecotoxicological studies have mainly used C. elegans
as a test organism in the assessment of the adverse effects
caused by GLY and GBHs.

Potential deleterious effects of a GBH (Touchdown)
on the nervous system of C. elegans have been demon-
strated [129]. The observed effects during the develop-
ment, may cause individuals to be more susceptible to
neurodegenerative diseases in adulthood [129]. The pro-
duction of reactive oxygen species (ROS; reactive mol-
ecules and free radicals derived from molecular oxygen),
and an enhanced oxidative stress response were detected
in C. elegans exposed to the GBH Glifosato Atanor II
(4.8 mM GLY) [130]. The induced oxidative imbalance
in the treated nematodes resulted in DAF-16 activation
leading to the increased expression of genes involved in
antioxidant defense as indicated by biomarkers such as
catalase activity [130]. In addition, ROS production and
the enhancement of an oxidative stress response were
observed in the GBH-treated nematodes [130]. Further-
more, inhibition of locomotion (10 uM GLY resulted
in 87% inhibition) and fertility (23% and 93% inhibition
caused by the levels of 0.01 uM and 10 uM GLY) were
observed after exposure a Roundup GBH, although, the
growth of the nematodes was not affected by the treat-
ments [131]. Both GLY and its formulation Roundup
triggered increased convulsive behavior in C. elegans by
targeting receptors in the central nervous system [132].

Fields in northern latitudes present a special case as
the period over which agents that can decompose GLY
is shorter than in more southerly regions and thus lead
to less degradation of this compound. A study comparing
the effects of a Roundup GBH and hoeing on the abun-
dance of nematodes found that killing plants by hoeing
had drastic effects on soil fauna and functioning, and
apparently, distinguishing these effects from direct GLY
effects is profoundly important when evaluating GLY
risks in soils [126]. In contrast, the effects of Roundup on
nematodes were minor and transient and no GLY resi-
dues were not found in the soil at the end of the experi-
ment [126]. A meta-analysis of nematode responses to
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different herbicides suggests that the abundance of bacte-
rial-feeding, plant-parasitic and omnivorous nematodes
increase in herbicide treated soils, while those of fungi-
vorous and predatory nematodes decrease [124]. How-
ever, only one of the studies evaluated the effects of GLY,
which showed that the total nematode abundance and
the proportions of trophic groups in conventionally tilled
and no-till soybean and corn fields in the USA, did not
differ under GLY application (1.12 kg ha™' applied once
or twice during the growth period) from those observed
under application of other herbicides [126]. A short-term
laboratory experiment studying outcomes from a single
GLY application on the nematodes of Australian banana
plantations, showed no significant effects of GLY appli-
cation on the total number of nematodes or nematode
trophic groups [98].

A field experiment investigating the response of plant-
parasitic nematode communities upon application of
GLY to GM GT soybean and maize found no effect on
Meloidogyne incognita, M. javanica and Pratylenchus
spp. numbers [133]. Furthermore, no significant differ-
ences were observed between the GLY-treated and non-
treated plots for Meloidogyne population densities [133].
In contrast, glasshouse and field studies conducted in
South Africa found higher root-knot and lesion nema-
todes under GM GT soybean cultivars compared to pre-
vious surveys conducted 19 years previously indicating
effects from GBH treatment [134].

Despite an increasing concern of consequences of
using vast amounts of GBHs in agroecosystems and
elsewhere, their effects on nematodes have been little
studied. Given the diverse lifecycles of nematodes from
predatory to parasitic to crop plants and agricultural
pests non-target effects of GBHs on nematodes can have
broad consequences for agroecosystem functions and
deserve a more detailed investigation. Currently, it is not
clear whether GLY/GBHs have direct effects on nema-
todes or rather indirect effects via reduced root carbon
flow and increased dead plant material. Also, it would be
important to examine the whole decomposer food web,
and it is possible that soil microorganisms or soil inver-
tebrates are more sensitive to GLY or GBH and alter food
web interactions.

Collembolans, terrestrial insects and spiders

Collembolans or springtails are a diverse group of small,
omnivorous arthropods that interact with soil microor-
ganisms and affect the decomposition of organic matter
in soil [135]. Terrestrial insects make up the bulk of ter-
restrial diversity, and reports of insect declines suggest
that 40% of insect species in temperate countries may
face extinction over the next few decades due to habitat
losses, invasive species, climate change, and pollution
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with agrochemicals [136—138]. Spiders are a very diverse
order that have a very important role in agroecosystems
as they prey on insects of which some are pests [139].

GLY and GBH residues in soils may have adverse
effects on non-target terrestrial organisms [98]. The
EC;, value for reproduction of the Collembola Fol-
somia candida exposed to GLY in a natural soil over
4 weeks was 4.63 mg GLY kg soil™!. Lower EC;, values
(0.87-1.49 mg kg of soil ') were reported for exposure to
the GBH Montana (containing POEA as co-formulant)
indicating higher toxicity in the presence of POEA [67].
Moreover, the investigated GBH caused abnormal cellu-
lar respiration and lipid metabolism, leading to oxidative
stress and damage to biological life cycle stages such as
molting [67]. At the recommended field dose, GBH Mon-
tana did not affect the avoidance behavior and reproduc-
tion of the E candida and the earthworm Eisenia andrei.
However, collembolans were more sensitive to the GBH
[140].

In a greenhouse experiment, GBHs (Roundup LB Plus,
Touchdown Quattro, Roundup PowerFlex) and their Als
(isopropylammonium, diammonium or potassium salts
of GLY, respectively) increased the surface activity of the
springtail Sminthurinus niger at the recommended dos-
ages [51]. The detected activity of springtails was higher
for the GBHs than for the Als. It was also found that
soil organic matter (SOM) can have an impact on the
effects of GLY AI and GBHs with the stimulating effect
of GLY treatments on springtails generally greater in
soil with a higher SOM content (4.1%) compared to low
(3.0%) SOM content indicating significant interaction
between the treatments and levels of organic matter. A
significant interactive effect between SOM levels and
GBH treatment on soil moisture was also observed, but
no such interactive effect was observed between SOM
levels and Als [51]. Such interactions between effects of
GLYs/GBHs and soil organic matter is important as great
efforts are taken to increase organic matter levels [141].

An investigation of the preference of E candida
between GLY-treated and uncontaminated areas, the
results showed a preference for the uncontaminated
areas [142]. Investigations in vineyards in Romania
showed that collembolan activity density in untreated
soil was positively correlated with tillage and herbicide
application in neighboring rows treated with a combina-
tion of a GBH and flazasulfuron (GLY acid at 360 g L™
and 5% flazasulfuron at 0.07 kg L") applied at 1.6 L ha™*
[143]. Collembolans was interpreted as the result of a
GBH/flazasulfuron-induced decrease in competitors and
predators of collembolans, and a stimulation of microor-
ganisms by nutrients contained in the herbicide.

Investigations of possible adverse effects of GLY and
GBHs on spiders have shown no effects of GLY alone

Page 10 of 29

(GLY-IPA 0.18-2.16 kg ha™') on Lepthyphantes tenuis
spiders [144], but increased mortality and altered behav-
ior were observed in Pardosa milvina and Neoscona the-
isi spiders exposed to GBHs [145, 146]. Synergistic effects
of GBH (Roundup Klasik Pro) and tank-mixing adju-
vants (Wetcit and Agrovital surfactants), which are com-
monly added to formulations prior to application, were
observed in Pardosa wolf spiders. Significantly lower
predator activity was observed in spiders exposed to the
pure surfactants and the mixture of GBH and tank mix
adjuvants. However, no effects from just Roundup Klasik
Pro treatment on predator activity were observed [147].

Increased levels of antioxidant capacity and gene
expression of the antioxidant defense system were
observed in the fruit fly Drosophila melanogaster
exposed to a GBH (Roundup) with the results indicating
an early activation of the antioxidant defense system to
enhance prevention of damage associated with the pres-
ence of ROS [148]. The effects of GBH exposure were
sex-, age-, and temperature-dependent in-field crickets
(Gryllus lineaticeps) [149]. Moreover, the additive effects
of temperature and GBH exposure on adult growth and
feeding rates were demonstrated although no adverse
effects from GLY alone were observed [149]. It has also
been found that GLY and AMPA can inhibit phenoloxi-
dase activity in Galleria mellonella moths, resulting in
inhibition of melanization and a suppressed melanin-
based immune response in the exposed moths [150].

The effects of GLY and GBHs on mosquitos have
also been investigated. GLY exposure resulted in dose-
dependent deleterious effects on the learning ability of
the Aedes aegypti mosquito larvae at field-realistic doses
[151]. It has also been reported that GLY treatment
resulted in altered composition but not in the density of
midgut microbiota (Asaia and Enterobacteriaceae popu-
lations) in Anopheles gambiae [150]. Furthermore, the
survival of adult A. gambiae females was increased at the
tested low GLY doses compared to the control [150].

GLY and GBHs have only cursorily tested for effects
on non-target arthropods. In laboratory experiments,
lacewings (Chrysoperla carnea) larvae were exposed to a
GBH (Roundup WeatherMax, 540 g L™ GLY) via food at
concentrations below the recommended field application
rate [41]. This resulted in developmental arrest, impaired
cocoon formation and high mortality of this species with
a clear dose—response relationship.

In summary, there are comparatively few studies con-
sidering the effects of GLY and GBHs on terrestrial non-
target organisms. Given that collembolans are considered
bioindicators of soil health, comparatively few studies are
available testing their response to GLY or GBHs. Gener-
ally, effects on collembolans appeared to be due to a com-
bination of direct effects and associated changes in plant
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cover and soil parameters. Most investigations of GLY/
GBH effects on invertebrates have focused on insect pol-
linators such as honeybees or wild bees. An exception is
a recent study looking at the effects of chronic oral expo-
sure of lacewings [41]. This study is highly significant
as lacewings are important predators in many agricul-
tural crop fields where they feed on aphids, chinch bugs,
mealybugs, scales, whiteflies, leathoppers, lepidopterous
eggs and larvae, and mites [152]. Clearly, more studies are
needed to investigate to what extent GLY/GBHs affect
food webs and ecological interactions in agroecosystems.

Honeybees and wild bees

Insect pollinators underpin global food production, but
they are suffering significant declines across the world
with pesticides such GLY/GBHs are thought to be impor-
tant drivers in this process [153, 154]. Generally, bees
may come in contact with GLY/GBH by being sprayed
directly, by touching a sprayed plant part, or orally via
foraging for nectar and pollen [155, 156]. GLY and GBH
effects have already been covered in excellent reviews
recently including effects on their behaviors, growth
and development, metabolic processes, and immune
defense, providing a detailed reference for studying the
mechanism of action of pesticides [157, 158]. Most of
a sets of 16 publications show that the treatments with
GLY caused higher mortality of bees and therefore,
GLY and GBHs can be considered toxic to honeybees
as well as wild and solitary bees [157]. GLY concentra-
tions detected a few days after application ranged from
2.8-31.3 mg kg! in nectar and 87.2-629.0 mg kg! in
pollen. The detected GLY levels decreased with time
being strongly affected by environmental conditions and
plant species [159, 160]. The most influential parameters
include various abiotic (e.g., the composition of different
environmental matrices, pH, mineral content, hydrogeo-
logical conditions) and biotic (e.g., microbial composition
and activity, vegetation) environmental factors, the cli-
matic conditions (e.g., weather, rainfalls), and the circum-
stances of farming systems (e.g., timing and frequency of
the GBH applications). In addition, the environmental
fate of GLY also depends on the presence of the various
co-formulants (e.g., anti-formulating agents, surfactants)
as well. The application of GBH as a pre-harvest crop des-
iccant, can result in the contamination of non-target wild
plant pollen and nectar. The presence of GLY was proven
in the samples collected two to seven days after the GBH
application, and thus the flowering of the contaminated
plants serves as a significant exposure route for pollina-
tors. However, after two or more months, GLY was no
longer detected in the collected samples [161]. Forag-
ing bees exposed to contaminated pollen and nectar can
transport the herbicide into hives, thus residues of GLY
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can be appear also in honey [162]. A field study evaluated
GLY contamination of nectar and pollen of oilseed rape
and blackberries grown in hedgerows [161]. Pollen loads
were taken from honeybees and bumblebees foraging on
the crop at the same time and GLY was detected in black-
berry nectar and pollen samples that were taken within
7 days after GBH application on oilseed rape as a desic-
cant. AMPA was not detected in any samples [161].
Studies of GLY/GBH effects on honeybee sensory and
cognitive abilities report negative impacts on associa-
tive learning processes of foragers, cognitive and sensory
abilities of young hive bees and promotes delays in brood
development [159]. Due to the widespread use of GBHs,
exposure to GLY is inevitable for several bee species. The
consequences of GLY exposure on honeybees including
effects on their behavior, growth and development, meta-
bolic processes, and immune defenses, have been demon-
strated in several studies [158]. Direct toxicity of a GBH
was demonstrated in bee species (Apis mellifera and
Hypotrigona ruspolii) under laboratory conditions [163].
The dose-dependent mortality of bees was observed after
the contact with plants freshly sprayed with the GBH
(Sunphosate 360 SL) at the recommended concentra-
tion (10 mL L") [163]. GLY is known to interact with
various bacteria, including gut bacteria. Disruption of gut
bacteria makes bees more vulnerable, leading to various
negative health outcomes including decreased resistance
to pathogens, which in turn results in the weakening or
complete loss of bee colonies [164—166]. When tested
alone, GLY (1.5 mM in sugar syrup) itself, but not
AMPA, significantly altered the gut microbiota of hon-
eybees [167]. Exposure for 5 days to GLY Al and a GBH
at field relevant concentrations (0.01-1 mM), resulted in
reduced relative abundance of a beneficial bee gut bac-
terium (Snodgrassella) by 50% compared to controls.
However, this difference was not significant at days 3 and
7 post-exposure indicating the resilience of the microbi-
ota population. During the 7-day post-exposure period,
reduced survival rates were detected in bees exposed to
GBH at the concentration of 1 mM GLY equivalent con-
centration [168]. The chronic ingestion of GBHs (expo-
sure via food uptake for 10 days) did not cause any effects
on the food consumption in exposed Melipona quadri-
fasciata bees indicating that they do not avoid the con-
taminated food [169]. In addition, after exposure the
height of midgut digestive cells was not affected. How-
ever, in bees fed on food contaminated with GBHs, dif-
ferences were detected in the ultrastructure of digestive
cells and impaired midgut digestive cell cohesion was
observed due to the disorganization of the smooth sep-
tate junctions between cells, which was probably caused
by the presence of the POEA co-formulant [169]. Similar
to many other animals, the honey bee A. mellifera relies
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on a beneficial gut microbiota for regulation of immune
homeostasis. Honey bees exposed to GBHs or antibiot-
ics, usually exhibit dysbiosis and increased susceptibility
to bacterial infection [170]. Considering the relevance
of the microbiota—immunity axis for host health, the
available data suggest that exposure to GLY/GBHs could
potentially negatively affect other components of the bee
physiology, such as the immune system.

A study has also investigated three GBHs (the con-
sumer products Roundup Ready-To-Use and the agri-
cultural products Roundup ProActive and Weedol), and
a herbicide without GLY (Roundup No Glyphosate) for
their effects on bumble bees Bombus terrestris audax
[171]. After spraying the herbicides at label recom-
mended rates, the bees suffered between 30% (Roundup
ProActive) and 94% mortality (Roundup Ready-To-Use)
over 24 h. Weedol did not cause significant mortality,
suggesting that GLY alone is not the cause of the height-
ened dearth rates. The observed 96% mortality caused by
Roundup No Glyphosate supports this conclusion [171].
Roundup products were found to cause comprehensive
matting of bee body hair, suggesting that co-formulants
in the products, may cause death by incapacitating the
animal’s gas exchange system. These results demonstrate
that Roundup products pose a significant hazard to bees,
in both agricultural and urban systems. Moreover, the
toxicity of GBHs was dependent on the different addi-
tives in the commercial herbicide formulations [171].

In a choice test where bumblebees could forage on
plants treated with GLY Al, it was observed that GLY
and AMPA residues were present in collected pollen
with these insects indiscriminately foraging on both
GLY-treated and untreated plants [172]. However, the
time spent on individual flowers was slightly lower on
GLY-treated plants but this did not affect the bumble-
bees’ choice overall. Floral resources remained present
in plants for at least 5 days after lethal treatment with
GLY and that GLY residues were present in pollen for at
least 70 h posttreatment. These results show that bees
could be exposed to herbicide in the environment, both
topically and orally, by foraging on plants in the period
between herbicide treatment and death.

With regard to solitary wild bees (Megachile spp.),
significant negative effects of the GBH Roundup Con-
trolMax were detected on the reproductive success,
with exposure at the recommended field application of
8 g AL L™! or twice this level, halving the probability of
finding brood cells [173]. In addition, a decrease in the
rate of full larval development of 25% was also detected.
Survival at immature stages of development was signifi-
cantly reduced compared to the unexposed controls,
whilst survival in treated nests was lowered by 14% and
4%, respectively, depending on the tested concentration
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[173]. In another study investigating developmental
effects, delayed molting and lower larval weight were
observed in honeybee (A. mellifera) broods that con-
sumed GLY-containing feed (1.25-5.0 mg L' food)
[174]. Furthermore, metabolomic analysis of the effects
of GLY (7.12 mg L™!) on A. mellifera showed significant
downregulation of several essential amino acids (leu-
cine, lysine, valine, and isoleucine) was observed two
days after oral exposure, which indicates a major meta-
bolic perturbation [175].

Sublethal doses of GLY (2.5, 5, and 10 mg L' corre-
sponding to 0.125, 0.250, and 0.500 pg bee™) can dis-
rupt the honeybee navigation, while exposed bees spend
more time flying home compared to controls [176].
Similarly, significantly reduced bee navigation perfor-
mance, decreased motor skills, and abnormal movement
were detected following exposure of A. mellifera to a
non-lethal range of a GBH (Roundup, 5-10 mg L~} GLY
equivalent concentration) in a dose-dependent manner
[177]. At concentrations of GBH below recommended
use for weed control (0-3.7 mg GLY acid equivalent L)
and as measured in environmental elements (1.4-7.6 mg
GLY acid equivalent L), reduced sensitivity to sucrose
and nectar reward was observed with a concomitant
decrease of elemental learning performance and short-
term memory retention [178]. Acute field-realistic
exposure to a GBH (0.1 pL Roundup Gold containing
0.045 mg Al) resulted in impaired fine-color discrimi-
nation and long-term memory in the exposed bumble-
bees (B. terrestris), which may reduce individual and
colony fitness, although the olfaction or general vision
of the exposed bees were not affected due to the expo-
sure [179]. After oral exposure by ingestion to sublethal
GLY concentrations (2.5 and 10 mg L), delayed brood
development and deterioration of associative learning
processes of foragers, as well as altered cognitive and sen-
sory abilities of young bees were observed [159]. After an
11-day exposure to a GBH Roundup formulation at rec-
ommended use concentrations, a significant decrease in
water and sucrose sensitivity of honeybees was observed.
The tested GBH also negatively affected olfactory, mem-
ory, and climbing abilities in honeybees was observed
[180]. Ingestion of 50 ng or more of GLY reduced both
the frequency of sleep periods and the antennal activity
of honeybees, which is probably related to induced meta-
bolic stress [181]. After long-term oral GLY exposure (via
feed consumption: 5 mg L™! GLY in sugar solution), both
individual and collective thermoregulation of bumble-
bees was altered [182]. Although the effect was minimal
at the level of the individual, a significant difference was
observed at the collective level. Moreover, a decrease
of more than 25% was observed in required high brood
temperatures during periods of resource limitation [182].
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Based on the results of ecotoxicological testing on bees,
the use of GBHs would appear to pose a serious health
risk to these pollinators. GLY can be directly and also
indirectly toxic to bees even at concentrations that can
be frequently detected in the environmental samples.
Exposure of bees to very low and environmentally rele-
vant concentrations can affect, among other parameters,
the composition of gut microbiota, reproduction success,
thermoregulation, and foraging abilities, which collec-
tively can weaken the individual’s and colony’s potential
to survive. Studies of GLY/GBH effects on wild bees and
other flower-visiting insects are scarce. GBHs and other
herbicides are the most widely applied type of pesticides
and are broadly considered ‘bee safe’ by regulatory bod-
ies who explicitly allow their application directly onto
foraging bees. As pollen samples contain numerous pes-
ticide residues [183], more focus should be applied on
interactions between GLY/GBH and other agrochemi-
cals. Generally, results of the studies conducted to date
reveal that the manner of GLY/GBH contact (ingestion
or contact), the phase of the biological life cycle (adults
or larvae), and the dose (ecologically relevant dose and
recommended by the manufacturer) are crucial elements
to consider. Overall, publications reporting the toxicity
of GLY/GBHs on bees are still scarce, for both lethal and
sublethal effects, and mainly for stingless and solitary bee
species.

There is strong evidence that pesticide co-formulants,
particularly those in GBHs, may contribute to global bee
declines. Thus, we recommend that government regula-
tors make it mandatory for manufacturers to publicly
fully disclose co-formulant identities to enable a scientific
assessment of their role to insect declines. Another key
knowledge gap is the routes of exposure of bees to GLY/
GBHs in the environment, including whether they may
forage on treated plants before they die. After spraying,
residues have been found in nectar and pollen collected
by bees foraging on treated plants. This dietary exposure
to GLY and GBH with co-formulants could pose a hazard
for flower-visiting animals including bees, and severely
compromise to conduct pollination of crops and other
plants. In order to gain further insight into the potential
extent of translocation within both plants and soil when a
crop is desiccated shortly before harvest with GBHs, and
the potential impact of this practice on bees, systematic
monitoring needs to be undertaken.

Snails and slugs

Snails and slugs serve a variety of functions within an
ecosystem, they are important herbivores, are decom-
posers of organic material, are a food source for arthro-
pods and vertebrate, and can even be pollinators [184,
185]. Under laboratory conditions, long-term exposure
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to the GBH Bypass at the recommended field doses as
well as a tenfold higher dose had no significant effects
on the survival and growth of Helix aspersa, although,
the GBH treatment resulted in reduced development of
the albumen gland during maturation of the snail geni-
tal tract [186]. Importantly, the accumulation of GLY
and its metabolite AMPA in snail tissues is well docu-
mented [186, 187]. In snails (Archachatina marginata), a
concentration-dependent weight loss was observed after
exposure to GBH Grassate [188]. The genotoxic poten-
tial of GBH Roundup Flash (30 mg L ™! of GLY equivalent
concentration) was demonstrated in land snail embryos
(Cantareus aspersus) exposed to throughout embryonic
development [189]. Generally, responses of snails to
GLY/GBHs are poorly investigated whilst effects on slugs
have not been studied at all. As some slug species, such as
Arion spp. are important invasive species in agricultural
crops [190, 191], it would be interesting to see if they are
more resistant to direct and indirect GLY/GBH exposure
than native slug species.

Earthworms and enchytraeids

In many soils, earthworms represent the largest fraction
of soil biomass. Earthworm well-being is a key factor in
soil health, as they are the major decomposers of organic
matter, and have a significant role in soil aeration, infil-
tration, structure, nutrient cycling, and water movement
[192]. Enchytraeids resemble very small earthworms that
can be found in various habitats, including agricultural
land and, like earthworms, they influence soil structure
and organic matter dynamics by affecting microbial com-
munities [193].

Earthworms have also been used as bioindicators for
the effects of agrochemicals [194]. Several independ-
ent studies indicate that both GLY and GBHs pose
direct and indirect effects to earthworms [73, 74]. The
earthworms most commonly used for ecotoxicologi-
cal testing are the Eisenia species, so the discussion of
the effects starts with these organisms. In soil treated
with GLY, the weight of E. fetida was reduced by 50%.
Although, the toxicity of GBHs is highly dependent on
the co-formulants present [195]. The difference in tox-
icity of different GBHs was demonstrated in E. andrei
under laboratory conditions, with a 4.5-fold difference
in LC;, values of GBHs Roundup FG and MON 8750
[196]. DNA and lysosomal damage were detected at
low concentrations of Roundup FG (14.4 mg AI acid
equivalent m~2). At sublethal concentrations, a concen-
tration-dependent weight loss was observed, consist-
ent with the effects of GLY as an uncoupler of oxidative
phosphorylation [196]. These observations agree with
the results of a previous investigation performed on E.
fetida exposed to GLY-treated soil [197]. The exposure
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to 26.3 mg kg~! GLY isopropylammonium salt (IPA)
in soil compost caused a 15-26% reduction in body
mass of E. fetida, and resulted in 22-33% faster death
of earthworms in a stress test compared to the con-
trol [70]. GLY-IPA caused a 15-26% reduction in bio-
mass and survival of exposed earthworms compared to
the control. In contrast, significant changes were not
detected in earthworms exposed to GBHs (Roundup-
Ready-To-Use III and Roundup Super Concentrate)
according to the measured endpoints [70]. Results indi-
cated that nitrates and phosphates in the GBHs offset
the toxic effects of GLY by the stimulating microbial
growth and its consequent biodegradation [70].

Another study using the earthworm Pheretima eguana,
found that GBH exposure caused aneugenic effects
(spindle fiber disfunction, increased micronuclei in coe-
lomocytes), while the risk of gene mutation and its geno-
toxicity via a clastogenic (DNA damage) mechanism was
not observed [198]. Sensitivity of E. fetida to the GBH
Roundup-Ready-To-Use III (26.3 mg GLY kg™! dry soil,
29 days) depended on soil temperature, whilst exposure
to the GBH resulted a temperature-dependent survival
[199]. E. fetida exposed to GBH Rodeo XL (1080 g AI
ha™') incorporated slightly less straw into the soil than
earthworms in soil without GBH treatment [69]. One
week after exposure to GBH Roundup (60.7 mg GLY kg™
soil), E. fetida showed the greatest decrease in survival
in a stress test, while after 2 weeks the greatest decline
was observed in soil microbial biomass, although both
investigated test communities recovered by the third
week [200]. In earthworms sampled from vineyards
treated with GBH (Roundup PowerFlex—4.0 L ha™! cor-
responding to 0.8 kg GLY Al ha '), density, reproduction,
biomass, and surface casting activity were not different
compared to the control samples and furthermore, the
GBH treatment did not alter litter decomposition in soil
[87]. E. fetida tolerated GLY exposure and its presence
improved GLY and AMPA removal in biobed [201].

In E. fetida and E. andrei earthworms exposed to two
GBHs (Touchdown Quattro, Roundup PowerFlex), their
Als (GLY ammonium and potassium salt) and the co-
formulant APG presented in the GBHs, biomass and
reproduction were significantly affected by the tested
substances and temperature (15 °C and 20 °C) also with
significant interaction of the two factors [26]. Generally
in this study, more pronounced effects of GLY Als was
observed compared to the corresponding GBHs. Moreo-
ver, cocoon production was increased and stimulated by
APG alone [26], which may be explained by the horme-
sis effect [202]. However, no effects of GLY/GBHs were
detected on the avoidance behavior of the exposed earth-
worms. It should be borne in mind that most studies
were conducted on Eisenia species, which do not actually
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live in agricultural soils, thus these species do not nor-
mally come into contact with GBHs.

Adverse effects of a GBH (Roundup 360) on survival
rates and the number of cocoons were observed in earth-
worm species as a consequence of the exposure to GBH
Roundup 360 in different concentrations (0, 0.5, 29, 57.9,
116 kg ha™! of GLY equivalent concentration) in vine-
yards in the northeastern Italy [203]. The rates recom-
mended to farmers were between 7.2 to 43.2 kg ha™' of
GLY [203]. A decrease in the survival of the earthworms
was observed. However, differences were detected in the
sensitivity of the tested earthworm species. The signifi-
cant decline of the survival of the most sensitive Octo-
drilus complanatus was detected even at the lowest
concentration (0.59 g m~ of GLY) tested. Furthermore,
a drastic decrease in the number of cocoons was also
observed at the lowest test concentration. In the tested
Lumbricus terrestris collected from a conventionally
managed GLY-treated vineyard for at least three dec-
ades, the number of the cocoons was not affected by the
treatments suggesting buildup of some resistance mecha-
nisms to GBH exposure among anecic earthworms [203].

An improved performance in growth, fruit yield and
quality were detected in tomatoes planted with earth-
worm casts produced by different species (Alma mill-
soni, Eudrilus eugeniae, and Libyodrilus violaceus), while
increased vitamin C and [-carotene contents were meas-
ured in the fruits of tomatoes planted with the casts of
earthworms not exposed to GBH Roundup Alphée
(8.3 kg ha™!) compared to the normal soil control units
[204]. Moreover, the tomatoes planted with the use of
casts produced by the exposed earthworms were not
able to set fruit [204]. Consequently, casts of unexposed
earthworms promoted tomato performance more than
NPK fertilizer.

In a model mesocosm greenhouse experiment, GBH
(Roundup Speed) had adverse effects on belowground
interactions between earthworms (L. terrestris) and sym-
biotic AME. Moreover, significant reductions in root
mycorrhization, soil AMF spore biomass, and earth-
worm activity were also observed [205]. In addition, soil
hyphal biomass was increased and soil water infiltration
was reduced [205]. GBHs (Roundup LB Plus, Roundup
PowerFlex, Touchdown Quattro) and their correspond-
ing Als (GLY-IPA, -potassium, and -diammonium salts)
decreased earthworm (L. terrestris) casting and move-
ment activity at the recommended application rates
[52]. In contrast, no significant differences were found
in the effects of the GBHs and their associated GLY Als
on earthworm activity [52]. According to the results
obtained, toxicity had substance-specific characteristics,
and the amount of leachate in the experimental pots after
simulating heavy rainfall was higher in GBH treatments
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than in AI treatments [52]. Oxidative stress, induction
of acetylcholinesterase (AChE) activity, and increased
concentration of malondialdehyde were observed after
short-term exposure to a GBH (0.3, 3, and 30 pg kg dw
soil ' GLY) in earthworms (Dendrobaena veneta), but
reproduction was not affected [206]. In L. terrestris,
vertical burrowing activity almost ceased 3 weeks after
GBH application, and reproduction was also reduced by
56% within 3 months after herbicide treatment. In con-
trast, no significant differences were observed in the
activity of the soil-dwelling earthworm Aporrectodea
caliginosa [207]. A concentration-dependent growth
inhibition (reduced size and length) was detected in
Aporrectodea longa exposed to the GBH Grassate [188].
Furthermore, in a pilot study, disruptions were observed
in the gut microbiome of earthworms (Alma millsoni,
Eudrilus eugeniae, and Libyodrilus violaceus) exposed
to GBH Roundup Alphée (8.3 kg ha™') [208]. Moreover,
a significant shift in bacterial community composition
was observed, especially by the increased abundance of
Enterobacter, Pantoea, and Pseudomonas genera com-
pared to the control [208]. GBHs (Roundup Original,
Trop, Zapp, Crucial) at the recommended application
rate affected earthworms, collembolans, and isopods,
with non-avoidance behavior observed in earthworms
and impaired feeding activity in collembolans [68]. To the
best of our knowledge, no study has assessed the effects
of GLY/GBH on enchytraeids [209].

Earthworms are commonly distinguished in three
ecological groups according to their feeding habits:
endogeics or horizontal burrowers, anecics or vertical
burrowers, and epigeics or litter dwellers. Most studies
on GLY/GBH effects have been conducted on epigeics.
This is due to the fact that they are also an approved sur-
rogate species in official regulatory environmental risk
assessments such as those required in the EU. Findings
that earthworm species vary in their sensitivity to GLY/
GBH [207, 210, 211] call for more diversity in the earth-
worm species used to study the effects of this and other
herbicides. Overall, the studies carried out to date make
it clear that worms show differing sensitivities to GLY/
GBHs with respect to distinctive response parameters
(survival, growth, activity, reproduction). As with all
other non-target species, shifts in soil faunal communi-
ties are not addressed, although changes in community
structure are known to be the most significant effect of
some pesticides [212].

Terrestrial vertebrates

Terrestrial vertebrates are important herbivores and
predators in agroecosystems. Amphibians and reptiles
are among the most threatened vertebrate species world-
wide. Problems faced by amphibians is particularly acute
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as they have a life cycle that encompasses aquatic and ter-
restrial phases as well as migration to and from spawning
waters and can thus be exposed to pesticides in the water
and on land [213, 214]. To estimate the risk of GLY/GBHs
for terrestrial vertebrate species, only birds and rodent
mammals are obligatory in ERA. Amphibians, reptiles,
and bats are not, at least in the EU [215]. As the focus of
this review is on terrestrial ecosystems, we will only con-
sider studies focusing on GLY/GBH effects on the terres-
trial life stages of amphibians.

Ground dwelling vertebrates

Effects of GLY and its GBHs on rodents in the wild, as
well as reptiles continue to be neglected. However, the
extensive use of GBHs raises great concern about its
impacts on wildlife. In a study of dermal exposure to
two GBHs (0.144 g AI L™! of Agpro Glyphosate 360 and
Yates Roundup Weedkiller) with spraying aimed to sim-
ulate field conditions, no significant effects on the mass
of exposed Oligosoma polychrome skinks were observed
[216]. However, significantly higher skin temperatures
were observed after treatment with Yates Roundup
Weedkiller, suggesting increased metabolism and physi-
ological stress responses [216]. This kind of heat-seeking
behavior could reflect an effort to trigger a fever response
to environmental stress. The increased body tempera-
ture may allow reptiles to better deal with harmful effects
caused by environmental stressors through more effec-
tively functioning physiological and biochemical sys-
tems (e.g., higher biotransformation capacity) [217-219].
However, the heat-seeking behavior can also result in
also side-effects such as increased water loss and preda-
tion risk. In addition, higher biotransformation capacity
can cause not only a reduce level of the contaminant, but
also can generate more toxic metabolites. The tempera-
ture-dependent toxicity of insecticides (e.g., chlorpyrifos)
resulting in altered thermoregulation in exposed lizards
has also been demonstrated [219]. In newborn lizards
(Salvator merianae), a significant increase in DNA dam-
age was observed as a result of embryonic exposure to
GBH Roundup Full II (66.2% GLY) at 50-1600 ug GBH
egg™! (corresponding to 33.1-1059.2 ug Al egg™'), which
translates into an application rate of 1.3—2.0 kg ha™?,
although levels of micronucleus, nuclear abnormali-
ties and size of the newborns at birth and 6 months
after exposure were not significantly altered [220]. After
low dose GLY exposure at low doses (0.05 and 0.5 pg kg
bw™), toxic effects on the liver of Podarcis siculus lizard
were observed regardless of the sex [221]. In addition, the
appearance of fibrotic lesions, reduced physiological liver
function and increased enzyme activities (e.g., super-
oxide dismutase and glutathione peroxidase) and the
upregulation of estrogen receptor a and vitellogenin gene
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expression also noted [221]. In male lizards, decreased
spermatogenesis, altered testicular morphology, and
modified localization of estrogen receptors in germ cells
were observed following 3weeks of GLY exposure (at 0.05
and 0.5 pg/kg body weight), but steroidogenesis was not
affected [222]. Toxic effects from a GBH has not been
demonstrated in the Sceloporus occidentalis lizard [223].

Several studies have demonstrated adverse effects of
GBHs on amphibians even at the environmentally rel-
evant concentrations. The effects on amphibians were
found to be strongly correlated with the composition of
the GBH, as well as the sensitivity and life stages of the
tested species. Toxic effects of GLY were often associ-
ated with the presence of the co-formulants. Generally,
most studies undertake ecotoxicological testing aims
to investigate the effects of GLY and GBHs on the early
developmental stages (e.g., tadpoles) as this is a window
of greater sensitivity.

The toxicity of a GBH and arsenite as individual toxi-
cants and in a 50:50 mixture was determined in Rhinella
arenarum tadpoles during acute (48 h) and chronic
assays (22 days). [224]. In both types of assays, the lev-
els of enzymatic activity (AChE, carboxylesterase, and
glutathione S-transferase (GST)), and the levels of thy-
roid hormones were examined. Additionally, the mitotic
index of red blood cells and DNA damage index were
calculated for the chronic exposure phase of the investi-
gation. LC;, values at 48 h were 46.0 mg L™ GLY equiva-
lent concentration for GBH, 37.3 mg L™ for arsenite, and
30.3 mg L' for the GBH-arsenite mixture. The study
demonstrated strong synergistic toxicity of the GBH-
arsenite mixture, negatively altering antioxidant systems
and thyroid hormone levels, with consequences on red
blood cell production and DNA damage in treated tad-
poles. In addition, skin damages, developmental effects
including morphological changes and genotoxicity were
also observed in the tadpoles [225-228]. Morphologi-
cal alterations in liver and other hepatotoxic effects (e.g.,
increased melanin area) were observed in Leptodactylus
latinasus exposed to GLY (100, 1000, 10,000 ug g~! equiv-
alent concentration) [229]. In the common toad Rhinella
arenarum exposed to GLY (20 mg L), increased oxida-
tive stress, immunological depression and neurotoxic
effects were detected [230]. In a study on North Ameri-
can anuran species investigating GBH co-formulant
toxicity, the determined 96-h LCg, values were in the
range 0.68—1.32 mg L™! following exposure to surfactant
MON 0818 (POEA), which demonstrates the highly toxic
nature of this substance [231].

Laboratory animal studies are mainly conducted with
rats and mice and occasionally with rabbits. Rats are the
preferred model system as these animals are a regulatory
accepted surrogate for human health risk assessment.
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However, such investigations could also provide informa-
tion on the effects of wild rodents. In one study, Sprague—
Dawley rats were exposed via drinking water to either
GLY or GBH Roundup Bioflow at the US GLY acceptable
daily intake (ADI) of 1.75 mg kg™ body weight (bw) day ™
[232]. One cohort was continuously dosed until sexual
maturity (6-week cohort) and another cohort was con-
tinuously dosed until adulthood (13-week cohort). Sur-
vival, body weight, food and water consumption of the
rats were not affected by the treatment with either GLY
or the Roundup Bioflow [232]. Also, the concentrations
of both GLY and AMPA in urine treated with GLY were
similar to that observed in animals treated with GBH.
The majority of GLY was excreted unchanged. Up to 100-
fold higher urinary GLY levels (0.48-2.28 mg kg™') were
detected in the treated animals compared to the detected
AMPA levels (0.011-0.027 mg kg™!). Co-formulants
present in the GBH did not seem to exert a major effect
on the absorption and excretion of GLY [232]. Another
investigation showed that the gut microbiota of mice was
also disturbed, with altered relative abundance and phy-
logenic diversity of key microbes were observed following
exposure of 250 or 500 mg kg~ bw day~! GLY equivalent
of a GBH (Roundup) [233]. In addition, subchronic and
chronic exposure increased anxiety- and depression-
like behaviors. This study reinforces the essential link
between gut microbiota and GBH toxicity in mice and
suggest that intestinal dysbiosis can increase the preva-
lence of neurobehavioral alterations [233]. Fungal and
bacterial diversity of the caecum microbiome of rats
exposed to GLY (0.5, 5, 50 mg kg body weight™ day™),
or to its GBH formulations (Roundup Bioflow and Rang-
erPro) at the same GLY equivalent dose starting at a
prenatal stage of development up until to adulthood
was markedly altered by the GBHs in a dose-dependent
manner with exposure to GLY alone significantly altered
only bacterial diversity [234]. An assessment of the gut
metabolome of adult rats exposed to GLY and Roundup
MON52276 (0.5, 50, 175 mg kg™! bw day ') showed an
oxidative stress response and inhibition of the shiki-
mate pathway in the gut microbiota, a metabolic effect
that was previously thought to be restricted to plants as
part of this compounds mechanism of acting as weed
killer [28]. This observation of shikimate pathway inhi-
bition in gut microbiota can have major implications
for the integrity of microbiome composition and func-
tion in the environment (soil, water courses, animals).
In addition, analysis of the liver from the same animals
showed marked oxidative stress and genotoxicity in
GLY and especially MON52276 treatments suggesting
a carcinogenic capability [25]. Exposure to GLY and a
GBH Roundup formulation resulted in an increased in
homocysteine levels in treated male rats at the US ADI
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valued for GLY (1.75 mg kg bw day™!) [235]. In addi-
tion, significant toxicity of GLY on rabbit biochemical
(e.g., alanine aminotransferase, urea, and creatinine) and
hematological (e.g., white blood cells, hemoglobin, hema-
tocrit) parameters was found in a concentration- and
time-dependent manner [236]. GLY and its formulation
(Roundup 3 Plus) (EU ADI 0.5 mg kg* bw day ™! plus 5
and 50 mg kg~ bw day™! groups) negatively affected the
male reproductive system in mice following perinatal
exposure to GLY via drinking water (tested concentra-
tions: the current EFSA ADI 0.5 mg kg™* day™?, in addi-
tion to 5 and 50 mg kg™! day™) resulting in altered testis
morphology and decreased serum testosterone concen-
trations [237]. Reduced sperm count was detected at 0.5
and 5 mg kg™! day™! of GLY and Roundup 3 Plus with
decreased numbers of spermatozoa also observed [237].
The female reproductive system has also been observed
to be severely impacted by GLY exposure with as evi-
denced by increased ovarian weight and follicle number,
as well as an altered ovarian proteome following chronic
GLY exposure at low-levels [238]. Furthermore, GLY has
been shown to induce the transgenerational inheritance
of disease (e.g., obesity, kidney, and ovarian diseases) and
germline (e.g., sperm) epimutations [239, 240]. In Chae-
tophractus villosus armadillo exposure to GBH Roundup
Full resulted in a significant increase in the chromosome
aberration (e.g., chromatid breaks), altered cellular and
genetic biomarkers (e.g., cell proliferation kinetics and
mitotic index), as well as increased frequency of sister
chromatid exchanges, confirming the possible genotoxic-
ity of the GBHs [241, 242].

As exposure of vertebrates living in agroecosystems to
GLY/GBHs seems inevitable, a high risk to these popu-
lations can be anticipated. However, most studies focus
on single-species scenarios and do not investigate effects
on community composition. Moreover, studies on long-
term effects of GLY/GBH in reproduction of vertebrates
are missing. Reptiles that lay eggs in soil, and amphibians
living in soil caves contaminated with GLY/GBH residues
can have long-term contact with these herbicides, but to
the best of our knowledge, this has not been studied thus
far.

Birds

Birds are among the best-studied wild animals regard-
ing GLY and GBH effects. This is mainly because birds
are an integral part of ERA during the regulatory GLY
registration process. Among the estimated 10,000 bird
species present worldwide, avian toxicity data for risk
assessments are produced in feeding studies using only
a few model bird species: e.g., Japanese quail (Coturnix
japonica), bobwhite quail (Colinus virginianus), or Mal-
lard duck (Anas platyrhynchos).
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Dietary exposure to GBH RoundUp Flex (200 mg kg™?)
resulted in 0.76 mg kg™' GLY residues in Japanese quail
(Coturnix japonica) eggs and caused a decreased embry-
onic development, and in addition a 20% higher lipid
damage was detected in the embryonic brain tissue of
exposed parental quails compared to controls was also
observed [243, 244]. In another study involving Japa-
nese quails, a preference for the GLY-containing feed
(12-20 mg GLY kg™ bw day™') was observed compared
to that without GLY [245]. In addition, delayed plumage
development was observed in the exposed females with
the appearance of GLY in the eggs and liver [245]. Fur-
thermore, after dietary exposure to a GBH (160 mg kg™
RoundUp Flex), decreased activity of antioxidant bio-
markers in the liver and lower testosterone levels in
male quails was observed in exposed C. japonica [245].
In contrast, increased plasma testosterone levels and
growth performance, as well as the fattening of offspring
and reduced sperm motility were demonstrated in roost-
ers after chronic dietary exposure to GBH Roundup
(46.8 mg kg' bw day' GLY) [246]. GBHs have also
been reported to negatively impact the gut microbiome
in quails especially at early stages of development [245]
and in poultry where a reduction in the beneficial bacte-
rial community in the gastrointestinal tract was observed
after exposure to GBH Roundup UltraMax at a sublethal
concentrations (0.075-5 mg mL™!) with the observed
adverse effects possibly leading to disruption of the nor-
mal functions in the gut of exposed birds [247].

Despite evidence of GLY/GBH effects on birds through
ERA procedures, many questions remain as to how well
these tests can describe the toxicological situation for
the majority of bird species. Both standard test species
of quail and the Mallard duck, belong to species whose
nestlings are very mobile, feed themselves very early in
life, and do not rely on their parents feeding them, while
many other bird species depend on parental care (like all
passerine species). Moreover, in these standard tests only
the oral uptake of contaminated food is addressed. How-
ever, dermal uptake by the feet and indirect effects via
changes in the availability and quality of insect and plant
food following GLY/GBH treatment are also important
and need to be considered [73, 74].

Combined effects between GLY and other
environmental pollutants

Most environmental pollutants (e.g., pesticide Als, drug
residues, formulating agents, and other additives) are
present in the environment as a mixture of different con-
taminants where they may come into contact with each
other in various matrices. Thus, GLY and its metabo-
lites, or the other components of GBHs presented in the
environment in all likelihood will interact with other
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pollutants. The determination and evaluation of the com-
bined effects of the various pollutants and chemical com-
pounds is necessary to conduct an appropriate and more
accurate ERA.

Interactions with other Als, co-formulants, and pollutants
Serious concerns have been raised about the ecotoxi-
cological consequences of pesticide residues related to
the combined effects of compounds of agricultural (or
other) origin. It is well established that the toxicity of cer-
tain pesticide residues depends not only on the applied
concentration and environmental conditions, but also
on the co-occurrence of various other compounds. The
effects of seed dressings on winter wheat (Triticum aes-
tivum L. var. Capo) with neonicotinoid insecticides and/
or fungicides (strobilurin and triazolinthione) on earth-
worm activity were enhanced by the presence of GLY
due to the one-time application of a GBH, although soil
basal respiration, litter decomposition, and microbial
biomass were not affected by either seed dressing or
GBH application [248]. The combined application of a
GBH and the insecticides lambda-cyhalothrin or fipronil
reduced the efficiency of weed control on certain plants
compared to GBH alone, while the simultaneous applica-
tion of GBH and the organophosphate insecticide dicro-
tophos enhanced cotton aphid control four days after
treatment compared to insecticide with control of thrips
also improved in the presence of GBH and imidacloprid
together [249]. Additive effects of the GBH (Roundup)
and atrazine-based (Atrazine 50 SC) formulations were
found on lethality, fertility, and locomotion in C. ele-
gans, which were associated with several toxic responses
related to oxidative stress [131].

Chronic toxicity of pesticide Als was evaluated on A.
mellifera in studies targeted on assessing the effects on
mortality of a fungicide AI (difeconazole) applied indi-
vidually or in combination with a herbicide AI (GLY) and
or an insecticide Al (imidacloprid) [250]. Fungicide tox-
icity after a single treatment via spraying at the registered
application rate (75 g ha™!) on the seventh day of the
treatment setup was increased after previous chronic oral
exposition to GLY (0.01-0.1 pg L™! in food for 30 days).
Astonishingly, fungicide toxicity was reduced by a simi-
lar previous exposure to the neonicotinoid type insecti-
cide (the same chronic exposure condition as for GLY),
and this mitigating affect could counteract the toxicity
enhancement effect of GLY [250]. Similar effects were
seen when all three Als were applied orally, alone, or in
binary or ternary mixtures at a broader dose range (0.01-
10 pg L™! in food for 20 days). However, individual toxici-
ties of the three Als appeared to be more similar to each
other, the mitigating effect of imidacloprid decreased, and
the pesticide combinations altering certain physiological
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markers of honey bees (e.g., increased GST activity in the
head, midgut and abdomen) [251].

GLY and 2,4-D are two herbicides commonly mixed
together in many products [77]. A lab experiment tested
single and joint lethal toxicity of the GBH Atanor (43.8%
GLY-IPA) and the 2,4-D-based herbicide Asi Max 50
(602 g L™ of 2,4-D) on amphibian Rhinella arenarum
larvae. The GBH (504 h-LC5,=0.039 g AI L) was sig-
nificantly more toxic than the 2,4-D-based formulation
(504 h-LC5,=0.250 g AT L™!) and their toxicity was time-
dependent. At LC;, and LC,, effect levels, the mixture
interaction resulted synergistic outcomes of toxicity for
all exposure times [77]. This is the first study to report the
synergistic interactions between GBH and a 2,4-D-based
formulation on amphibians, highlighting its negative
impact on aquatic ecosystems.

Synergistic effects were also detected of a tank-mixed
adjuvant (KAO A-134) on the post-emergence activity of
GBH Roundup against crabgrass (Digitaria sanguinalis)
[252]. As expected, the field study showed that the adju-
vant can increase the herbicidal effect of the GBH. The
main purpose of co-formulants is to enhance the effec-
tiveness and bioavailability of the formulation by increas-
ing the adsorption, solubility, distribution, adhesion,
and penetration properties, as well as the environmental
stability of the Als [17, 253]. The exact composition of
pesticide formulations with respect to co-formulants is
generally withheld by manufacturers invoking claiming
commercial confidentiality and thus not listed on prod-
uct packaging labels. However, although listed as “inert’,
an increasing number of demonstrate that co-formulants
can significantly affect the toxicity, including cytotoxicity,
genotoxicity, and endocrine-disrupting effects of GBHs
on non-target organisms [24, 95, 254—256].

Other substances such as heavy metals, which can be
present naturally or as human generated pollutants, are
present in the environment and may also interact with
GLY residues. GLY was originally marketed as a potent
metal chelating agent for heavy metals [257], and can
therefore it can influence the environmental fate of toxic
metals in the soil-water system and pose ecosystem tox-
icity issues [258]. The functional groups of GLY such as
carboxylate, amine, and carboxylate can bind cations and
form metal complexes resulting in reduced bioavailabil-
ity of heavy metals. Exposure of the earthworm E. fetida
to GLY, Cu or a combination of the two, found that GLY
significantly decreased the acute toxicity of Cu, while
the mortality rate and Cu uptake were decreased after
simultaneous exposure to GLY and Cu [259]. In a follow-
up study, a relative weight loss and decreased catalase,
malondialdehyde, and superoxide dismutase activities
were also observed from GLY and Cu exposure [260].
Additive negative effects of heavy metals (Cu, Cd) and
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a GBH (Glialka Star) on the chicken embryos has been
demonstrated with decreased body weight and increased
embryonic mortality, as well as developmental abnor-
malities were detected after injection of the GBH-heavy
metal mixture compared to the individual toxicity effects
from the individual tested compounds [261].

The chelation properties of GLY can also result in
reducing bioavailability of metal micronutrients result-
ing in deficiencies in plants, and thus altered processes
and pathogen resistance of plants can be caused. In addi-
tion, the various plant—-microorganism interactions (e.g.,
nitrogen fixation) can be negatively impacted by GBHs.
In addition, GLY may indirectly contribute to higher tox-
icity by concentrating toxic heavy metal residues. The
exact role and contribution of the chelating property of
GLY in the development of adverse effects in the envi-
ronment and non-target organisms are far from being
fully known [258]. However, the metal chelating proper-
ties of GLY are well known, and this additional poten-
tial environmental effect and risk are never considered
adequately during the regulatory risk assessment of this
herbicide AI [258, 262, 263]. It has also been found that
GLY residues or drift may reduce the uptake and trans-
location of micronutrients (e.g., Mn or Fe), in non-target
plants and suggested GLY—metal complex formation in
plant tissues and/or plant rhizospheres that hinder their
root uptake and translocation by the crops [264]. Several
other studies link the ability of GLY to inhibit the acqui-
sition of micronutrients, such as Mn, Fe, Zn and B, in
plants exposed to GLY [265]. Such interactions of GLY
with plant nutrition may potentially pose consequences
on crop performance and pose a health risk to consum-
ers [46]. The toxic heavy metal chelation properties of
GLY has been suggested as a possible mechanism for the
unexplained high incidence of chronic kidney disease
amongst agricultural workers [266].

Plastic debris in our environment can be degraded into
micro- and nanoplastics by natural processes. In a 30-day
soil incubation experiment, the combination of GLY and
a low content of microplastics (homopolymer polypro-
pylene powder) negatively affected the dynamics of dis-
solved organic matter and carbon in soil [267]. These
adverse effects resulted in a loss of bioavailable carbon
and phosphorus content in soil, while the interaction of
GLY and high microplastics content reduced dissolved
organic nitrogen in soil [267]. The co-occurrence of GLY
and micrometer-sized plastic debris as microplastics
resulted in altered soil microbial respiration with altered
dynamics of soil urease, p-glucosidase, and phosphatase
although no effect on GLY degradation [268]. In a 14-day
mesocosm experiment, simultaneous exposure to GLY
and light-density polyethylene microplastics negatively
affected the weight of the exposed earthworms [269].
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Additionally, GLY and AMPA were concentrated in the
first centimeter of top soil layer and the downward trans-
port of the tested compounds was only detected in the
earthworm burrows (0.04-4.25 pg g!). The rate of GLY
transport (including AMPA) by earthworms was highly
depended on the synergetic effects of combined applica-
tion of GLY and microplastics [269].

Interactions with pathogens and parasites

GLY disrupts the shikimate pathway in different plants
and important groups of microorganisms with the pre-
vention of the production of essential aromatic amino
acids. GLY treatment results in prolonged lethal effects
on plants and reduced resistance to root pathogens [270].
GLY can alter the susceptibility of the moth G. mellonella
and the mosquito A. gambiae to infections. A reduced
survival was observed in GLY-exposed moths infected
with the fungus Cryptococcus neoformans, possibly due
to the weakened melanin-based immune response of G.
mellonella. Additionally, increased susceptibility of A.
gambiae was detected to infection with the Plasmodium
falciparum, the major vector of human malaria in Africa
[150].

GLY is known to affect the functioning of various bac-
teria including those of the gut microbiome. The dis-
ruption of gut bacterial composition and function also
makes bees more vulnerable, leading to various health
effects and decreased resistance to pathogens, which may
even result in the weakening or complete loss of bee colo-
nies. Application of GLY (5-10 mg L) resulted in higher
mortality of worker bees when exposed to the pathogen
Serratia marcescens. Furthermore, GLY exposure (0.1, 1,
or 10 mM for 5 days) decreased the expression of antimi-
crobial peptides (e.g., apidaecin, defensin, and hymenop-
taecin in the exposed bees. In addition, GLY can reduce
the abundance of beneficial gut bacteria leading to
immune dysregulation [164, 165]. Co-exposure to GBH
Roundup and parasitic Nosema microsporidia resulted
in a significantly reduced survival rate and increased
food consumption of honey bees [271]. However, based
on modified acute oral toxicity tests in bumble bees, the
interaction between GLY treatments (200 pg per worker)
and the intensity of the parasite Crithidia bombi in the
bumble bees tested did not result in adverse effects in the
treated groups [272].

Recently, many concerns have been raised regarding
altered susceptibility of bacteria species to a diverse range
of antibiotics (e.g., ampicillin, ciprofloxacin, tetracycline).
There is evidence to suggest that GLY may serve as one
of the drivers for bacterial antibiotic resistance [273—
275]. The co-occurrence of GLY and various co-formu-
lants presented in GBHs at or below the recommended
application concentrations altered the susceptibility of
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the potentially pathogenic bacteria Escherichia coli and
Salmonella enterica to multiple antibiotics [273]. These
results suggest the promotion of antibiotic resistance by
GLY and other herbicide Als [273, 276].

Interactions between GLY/GBH and other environ-
mental pollutants are the most understudied and com-
plex effects. ERA is based predominantly on the results
of laboratory studies where test organisms are exposed
to a range of concentrations of single compounds under
standard conditions. However, in their natural settings,
organisms rarely experience optimal conditions. Addi-
tionally, for most of their lifespan, they are forced to cope
with suboptimal conditions and frequent exposure to
severe environmental stress. The available studies that
address these aspects show that these environmental pol-
lutants may or may not alter the effects of GLY or GBHs.

Conclusions and recommendations
There is a widespread assumption that GLY/GBHs
are specific and only affect target weed plants. In this
review, we have compiled extensive evidence published
since 2010 showing that GLY and GBHs have multiple
effects on various non-target organisms in terrestrial
ecosystems. Regardless of the fact that GLY may be less
acutely toxic than many other herbicidal Als, unintended
side-effects on a range of organisms, including microor-
ganisms, invertebrates, and vertebrates, are evident espe-
cially upon chronic exposure. The major mechanisms of
these effects are oxidative stress, metabolic dysregulation,
metabolome disturbances, endocrine disruptions and
genotoxicity including direct DNA damage. After expo-
sure, the consequences of these effects manifest them-
selves in various physiological and behavioral outcomes.
The extremely high global use of GLY/GBH, exceeding
800 thousand tonnes annually since 2014 [43], increases
the likelihood of exposure and increases risks to the envi-
ronment and health. Although our review includes stud-
ies conducted worldwide, we evaluated them within the
framework of the EU regulations. This is because the
extension for regulatory approval for GLY is currently
under consideration in 2023. Regulations in different
countries vary widely [277, 278], and a discussion of their
differences is beyond the scope of this review. Impacts
result from ecosystem disruptions that are not a part of
any regulatory review anywhere in the world.
Simultaneous exposure to GLY, GBHs, and the co-for-
mulants contained in the GBHs can cause a wide range
of ecotoxicological effects, including lethal/sublethal
effects, and morphological and biochemical changes in
exposed organisms [52, 98, 115]. In general, there is an
urgent and great need for evaluations of the effects of
GLY/GBH at low, realistic levels of exposure and long-
term testing involving multiple generations of organisms.
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Most ecotoxicological studies have been conducted on
only a few surrogate non-target species, ignoring the
different life history characteristics and sensitivities of
most species exposed to GLY/GBHs. Therefore, in order
to be able to estimate the contribution of GLY/GBHs to
biodiversity decline, the inclusion of more sensitive spe-
cies in the risk assessment being conducted by the EFSA
should be considered. In addition, risk assessment and
ecotoxicological testing should be carried out in all cases
for the pesticide formulations and not only for the cor-
responding Als, since exposure is associated with the for-
mulated products under real environmental conditions.
In addition, mandatory full disclosure and strict regula-
tion of co-formulants is needed as they affect the toxic-
ity of commercial pesticide formulations and the fate of
the Als in the environment. However, shockingly Annex
IIT of Regulation (EC) 1107/2009, which is supposed to
contain the list of co-formulants not allowed in pesticide
formulations, is still empty [32]. Given the broad range of
adverse effects on various non-target organisms demon-
strated, changes in official pesticide regulations, includ-
ing strict regulation of co-formulants, and development
of a unified approach to determine the environmental
risks of mixtures of different chemical compounds is
essential. In addition, the development and implementa-
tion of new effective guidelines for the detection of com-
bined effects of pollutants are also needed [43, 44]. The
identified hazards are of great importance for appropri-
ate risk assessment of commercial pesticide formulations
and point to the need for re-evaluation of current pesti-
cide testing schemes and methods [42, 44].

As already highlighted, the result of ecosystem dis-
turbances is not subject to regulatory review. Current
regulation of pesticides is based on limited studies that
evaluate the effects of a typical rate of application on a
given organism in a specified experimental setting. The
results of these studies meet the requirements of the cur-
rent labels and uses, but do not take into account what
happens to ecosystems and the organisms living within
them when a GBH is sprayed two to three times a year,
every year, for many years and now for decades [6]. Fur-
thermore, the current regulation assumes that if one hec-
tare can be treated without observable adverse effects, all
hectares can be treated multiple times or for many years
without problems.

This review includes studies that address terres-
trial ecotoxicity of GLY, GBHs and co-formulants. The
reviewed studies used a wide variety of metrics, end-
points, thresholds, and methods to estimate exposures
and effects [8]. The use of higher doses than would be
encountered in the environment was at times justified
by simulating direct overspraying of species, or wrong
dosage because of misleading label instructions [207].
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It has been shown that even after several decades of
GBH use, we still do not have a clear picture of their
effects on terrestrial organisms and ecosystems. One
of the main problems is that the full list of ingredients
in a GBH is not made public and considered confiden-
tial business information. Given the drastic decline in
biodiversity [279], and especially in Europe, where ERA
is conducted according to the precautionary principle
[280], business interests should not be more important
than public and environmental health.

Our literature review has shown that there is still a
great need for studies investigating the effects of co-
formulants in GBHs. In the registration of GBHs, these
co-formulants are still considered to be inert and chem-
ically inactive. However, many studies have shown the
high individual toxicity of the co-formulants and the
increased combined toxicity of Als and co-formulants
compared to the individual toxicity of Als [21-23].
Therefore, evidently various co-formulants are clearly
chemically active and indeed in the vast majority of
cases up to 1000-fold more toxic than the correspond-
ing Al alone. In general, the results on the toxicity of
GLY and GBH are difficult to extrapolate and compare
because the species tested have different sensitivities,
the study settings are different, and the compositions of
the thousands of GBH is also vary. In addition, in most
cases, the co-formulants in GBHs are not disclosed,
and GBHs differ in composition from country to coun-
try, even if they have the same trade name.

A critical point is that many of the ecological impacts
discussed occur because of the frequency and extent
of GBH use. Current regulation is based on ERA that
evaluates the effects of a typical or maximum rate of
application on a surrogate organism in a given envi-
ronment. The existing ERA is conducted for an Al or
pesticide formulation applied once or a few times in a
given crop. However, in current cropping systems, mul-
tiple pesticide applications are made throughout the
season. The current ERA scheme addresses the effects
of a pesticide on each group of organisms separately
but crucially does not include interactions between
trophic levels of different organism groups [73, 154].
The EU ERA focuses on environmental effects that
may occur in semi-natural structures outside of agri-
cultural fields. Currently, however, ERA does not man-
date in-field risks, even though the prevailing scientific
opinion states that biodiversity must be supported to
some degree in order to provide important ecosystem
services [154]. Therefore, many studies do not examine
what happens to organisms and agroecosystems when a
GBH is sprayed 2-3 times per year, every year, for many
years, and now decades [6].
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There are many knowledge gaps of the effects of GLY/
GBH on terrestrial non-target organisms and ecosystems
that we have identified in this literature review:

+ Multispecies and trophic interactions within agricul-
tural fields and landscapes.

+ Detailed studies on the contribution of all ingredi-
ents of a GBH, including Als, co-formulants, or other
contaminants such as arsenic or lead.

« Effects on soil microbiota composition and function
stemming from the inhibition of the shikimate path-
way and its impact on plant health.

+ Since GBHs have been in use for decades, there is
a great need for long-term effects of high and low
chronic exposure in species with short and long gen-
eration times.

+ Sequences and interactions of GBHs with other pes-
ticides applied during the cropping year.

+ Carry-over effects of GBH applications to the follow-
ing year and influences on GLY-tolerant crops and
resistant weeds, or effects on the disease susceptibil-
ity of crop plants.

+ Interactions with other environmental pollutants
such as agrochemicals, antibiotics, other chemicals,
microplastics, parasites and global change factors.

In the absence of information on the above issues,
which are vital for accurate ERA assessment of GLY/
GBHs, we recommend invoking the precautionary prin-
ciple enshrined in EU law and removal of this class of
herbicides from the market. It is particularly important to
do so since GLY/GBHs are applied on a massive scale and
that impacts of toxicity can take many years to manifest.

Abbreviations

AChE Acetylcholinesterase

ADI Acceptable daily intake

Al Active ingredient

AMF Arbuscular mycorrhizal fungi
AMPA Aminomethylphosphonic acid
APG Alkyl polyglucoside

CFU Colony-forming units

DNA Desoxyribonucleic acid

EC European Commission

ECs, 50% Effective concentration
EFSA European Food Safety Authority
EPSP 5-Enol-pyruvyl-shikimic acid-3-phosphate
ERA Environmental risk assessment
EU European Union

GBH Glyphosate-based herbicide
GLY Glyphosate

GLY-IPA Glyphosate-isopropylammonium salt
GST Glutathione-S-transferase

GT Glyphosate-tolerant

GM Genetically modified

LCs 50% Lethal concentration

LDs, 50% Lethal dose

MRL Maximum residue level
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POEA Polyethoxylated tallow amines
ROS Reactive oxygen species
SOM Soil organic matter

GBHs mentioned in this review

Agpro Glyphosate 360; Atanor; Bypass; Crucial; Glialka Star; Glifosato Atanor

Il; Glyphogan; Grassate; Medallon; MON 8750; Montana; RangerPro; Rodeo
XL; Roundup; Roundup 3 Plus; Roundup 360; Roundup Alphée; Roundup
Bioflow; Roundup Classic; Roundup ControlMax; Roundup FG; Roundup
Flash; RoundUp Flex; Roundup Full; Roundup Full ll; Roundup Gold; Roundup
Grands Travaux plus; Roundup Klasik Pro; Roundup LB Plus; Roundup Original;
Roundup PowerFlex; Roundup PowerMax; Roundup ProActive; Roundup R450;
Roundup Ready-To-Use; RoundupReady-To-Use Ill; Roundup Speed; Roundup
Super Concentrate; Roundup UltraMax; Roundup WeatherMax; Sunphosate
360 SL; Touchdown; Touchdown Quattro; Trop; Weedol; Yates Roundup
Weedkiller; Zapp.
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