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The herbicide glyphosate interferes with the shikimate pathway in plants and in major
groups of microorganisms impeding the production of aromatic amino acids. Glyphosate
application on plants results in a slow death, accelerated by reduced resistance to root
pathogens. Extensive glyphosate use has resulted in increasing residues in soil and
waterways. Although direct glyphosate effects on animals are limited, major concerns
have arisen about indirect harmful side effects. In this paper, we focus on indirect effects of
sublethal concentrations of glyphosate on plant, animal and human health due to shifts in
microbial community compositions in successive habitats. Research results of glyphosate
effects on microbial communities in soil, rhizosphere and animal guts have been
contradictory due to the different integration levels studied. Most glyphosate studies
have tested short-term treatment effects on microbial biomass or general community
composition at higher taxonomic levels in soil, rhizosphere or animal intestinal tracts, and
found little effect. More detailed studies showed reductions in specific genera or species as
well as biological processes after glyphosate application. Plant growth promoting
rhizobacteria and beneficial intestinal bacteria often are negatively affected, while
pathogenic bacteria and fungi are enhanced. Such shifts in microbial community
composition have been implicated in enhanced susceptibility of plants to Fusarium and
Rhizoctonia, of birds and mammals to toxic Clostridium and Salmonella species, and of
bees to Serratia and Deformed Wing Virus. In animals and humans, glyphosate exposure
and concentrations in urine have been associated with intestinal diseases and neurological
as well as endocrine problems, but cause-effect relationships need to be determined in
more detail. Nevertheless, outbreaks of several animal and plant diseases have been
related to glyphosate accumulation in the environment. Long-term glyphosate effects have
been underreported, and new standards will be needed for residues in plant and animal
products and the environment.
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INTRODUCTION

The herbicide glyphosate, N-(phosphonomethyl) glycine, is a
biocide with a broad-spectrum activity. It interferes with the
enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)
in the shikimate pathway in plants and major groups of fungi,
bacteria, archaea and protozoa, impeding the production of
aromatic amino acids (Rueda-Ruzafa et al., 2019; van Bruggen
etal., 2018; Vazquez et al.,, 2021). These amino acids contribute to
the production of lignin and antimicrobial phytoalexins that
defend plants against pathogens (Duke, 2018). Consequently,
death of glyphosate-treated non-genetically-modified plants is
hastened by root pathogens (Defarge et al, 2018;
Hammerschmidt, 2018; Rosenbaum et al., 2014).

Glyphosate is formulated as a salt with various adjuvants
(Defarge et al, 2018), primarily surfactants such as
polyoxyethylene amine (POEA, for example in Roundup®) to
enhance uptake and translocation of the active ingredient in
plants. The formulated product is transported throughout plants,
including roots, resulting in plant death accelerated by reduced
resistance to root pathogens (Defarge et al., 2018). Surfactants
such as POEA have broad toxicity themselves (Defarge et al.,
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FIGURE 1 | Increase in agricultural area treated with glyphosate (in
comparison with total herbicides and insecticides) and in application rate on
GR soybeans in the USA between 1990 and 2014 extracted from the
United States Agricultural Statistics Service (NASS) website. http://
www.nass.usda.gov/Surveys/Guide_to_NASS_Surveys.
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2018; Hammerschmidt, 2018; Straw et al., 2021; Wozniak et al.,
2018), including negative effects on key biosynthetic pathways
and on overall growth rates, for example of plant-beneficial
Pseudomonas sp (Mendonca et al., 2019) and Lactobacillus sp
(Clair E. et al, 2012). Because of its wide-ranging toxicity,
formulations with POEA have been restricted or banned in
the EU since 2016 (EC, 2016; EC, 2017; Székacs and Darvas,
2018). Nevertheless, similar formulations have still been in use,
and proved to be detrimental to bumble bees, even without
glyphosate (Straw et al., 2021).

Glyphosate-based herbicides (GBHs) are used primarily
before planting of traditional agricultural crops, after planting
of glyphosate-resistant (GR) crops, and as a desiccator to facilitate
harvesting of crops (van Bruggen et al., 2018). Glyphosate has
been also widely used between trees in groves (Qiao et al., 2020;
Zhang et al.,, 2015), in vineyards (Daouk et al.,, 2013; La Cecilia,
2018; Mandl et al., 2018; Zaller et al., 2018), and in urban areas
(Poiger et al., 2017; Tauchnitz et al., 2020).

The total area treated with glyphosate has increased
dramatically (Figure 1), especially since the introduction of
GR crops (Myers et al, 2016) and end-of-season use to
facilitate harvesting (van Bruggen et al., 2018). In addition, the
annual glyphosate application rates per ha have often increased
due to the emergence of glyphosate resistant weeds (Miyazaki
et al, 2019; van Bruggen et al, 2018). Glyphosate use for
agricultural production is now widespread, both in
industrialized and developing countries (Benbrook, 2016;
Maggi et al., 2020). Globally, about 700 thousand tonnes of
glyphosate were applied on 36 million km (Acosta-Cortés
et al,, 2019) in 2015 (Maggi et al., 2019).

Glyphosate is resistant to complete degradation due to the
inert C-P linkage in the molecule (van Bruggen et al., 2018). It is
broken down slowly in dead plant material, soil and water by
various microorganisms (Carles et al., 2019; Grube et al., 2019;
Helander et al,, 2018; La Cecilia et al., 2018; Masotti et al., 2021;
Xuetal,, 2019; Zhao et al., 2015). The first decomposition product
often is aminomethyl phosphonic acid, AMPA (Brock et al., 2019;
Romano-Armada et al., 2019; Tang et al., 2019; Xu et al., 2019). In
second generation GR crops that contain a gene coding for the
enzyme glyphosate oxidase the first decomposition step is
initiated in living plants (Arregui et al., 2004). Thus, residues
of both glyphosate and AMPA can be found in plant products,
plant debris and soil. AMPA has a similar toxicity spectrum as
glyphosate (Daouk et al., 2013; Gomes et al., 2016; Katholm, 2016;
Kwiatkowska et al., 2014; Wozniak et al., 2018). Current soil
residues of glyphosate and AMPA (with maxima ranging from
2.1 to 1.9 mg/kg in Europe to 39.1 and 14.6 mg/kg in Brazil),
enhanced by applying contaminated manure, may delay
germination, root growth and yield of subsequent crops
(Bento et al., 2019; da Silva et al., 2021; Fernandes et al., 2020;
Helander et al., 2019; Muola et al., 2021; Silva et al., 2018; Weng
et al,, 2019; Zhang et al., 2015).

In recent years, major concerns have arisen about harmful side
effects of glyphosate and AMPA on plant, animal and human
health due to the large-scale and intensive use of glyphosate and
its accumulation in the environment and edible products
worldwide (van Bruggen et al., 2018; van Bruggen et al., 2019).
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Based on several publications on potential chronic side effects of
GBHs on human health the World Health Organization
reclassified the herbicide glyphosate as probably carcinogenic
to humans in 2015 (International Agenc, 2015). Nevertheless, the
US Environmental Protection Agency (EPA) and the European
Food Safety Authority (EFSA) judged that carcinogenic hazards
to humans were unlikely at the recommended application rate
and expected residue levels in most plant products, based partially
on non-peer-reviewed reports (Benbrook, 2019; EFSA, 2015;
EPA, 2017). Despite various potential negative side effects of
GBHs for human beings and the environment (van Bruggen et al.,
2018), the European Union authorized glyphosate use for five
more years in 2017, but POEA-containing herbicides were
prohibited (European Commission, 2017; Rueda-Ruzafa et al.,
2019). Since that time, many additional scientific papers have
been published on potential side effects of glyphosate and GBHs
on plants and animals. Several of those papers have indicated that
indirect effects on plant and animal health through changes in the
associated microbiomes may be more important than direct
effects on plant and animal physiology (Kiefer et al., 2021;
Miyazaki et al., 2019; Motta et al., 2020). Since the review on
glyphosate side effects by the first three authors (van Bruggen
et al., 2018) many more papers have been published on effects of
glyphosate on microbiomes and on plant and animal diseases, but
not on both types of effects in plants and animals.

In this paper, we focus on indirect effects of sublethal
concentrations of glyphosate and GBH on the health of
terrestrial plants, animals and humans due to shifts in
microbial community composition in various habitats, ranging
from soil to plant and animal surfaces and animal and human
intestinal tracts (Figure 2). The objectives are to present an
overview of the scientific literature on 1) glyphosate
accumulation in the environment, and in plant and animal
products 2) its effects on microbial communities in soil,
plants, animals and humans, and 3) potential effects of shifts
in microbial community composition on plant, animal and
human health.

GLYPHOSATE FATE IN THE
ENVIRONMENT

Glyphosate in Soil and Water

Glyphosate applied on soil undergoes a decay in 2 phases. In the
soil solute phase the initial decay is quite fast—showing a half-life
of several days. In this phase AMPA, the main metabolite, is
formed. Glyphosate and AMPA are then both adsorbed to clay
and organic matter particles (Banks et al., 2014; Okada et al,,
2016; Tang et al., 2019). Once adsorbed their degradation is very
slow and both compounds are characterized by EFSA as
persistent in soils (EFSA, 2015). The period required for 90
percent dissipation of glyphosate and AMPA (DT90) is
estimated to be more than 1,000 days (EFSA, 2015), depending
on the soil type, environmental conditions and prior exposure of
soil microorganisms to the herbicide (Bento et al., 2016; Bento
et al.,, 2019; Fei et al,, 2013; Guijarro et al., 2018; Pérez Rodriguez
etal, 2019; Weng et al., 2019; Zhao et al., 2015). Thus, glyphosate
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may decay partially in a few months, but its degradation product
AMPA mostly persists for more than a year in soils with high clay
content (Brock et al., 2019; Guijarro et al., 2018; Okada et al,,
2016).

Despite its adsorption to clay and organic matter particles,
parts of glyphosate and AMPA end up in the dissolved phase in
ground water after heavy rain fall due to colloid transport
processes in macropores (La Cecilia et al, 2018; Maqueda
et al,, 2017; Yang et al,, 2015; Weng et al., 2019). Glyphosate
residues have been documented up to 4.8 m depth in Germany
(Tauchnitz et al., 2018). Soil particles with glyphosate and AMPA
can also be transported by runoff or wind erosion to surface
waters (Geng et al., 2021; Hofman, 2020; Silva et al,, 2018; Yang
et al., 2015), where they can remain in the particulate phase, be
dissolved in water or adsorbed onto the bottom sediment
(Maqueda et al, 2017). Glyphosate and AMPA are now
widespread in soil and a variety of natural waters and
sediments (Battaglin et al., 2014; Bento et al, 2019; Carles
et al,, 2019; Daouk et al, 2013; da Silva et al, 2021; Geng
et al, 2021; Maqueda et al.,, 2017; Peruzzo et al., 2008; Poiger
et al., 2017; Silva et al., 2018; Tauchnitz et al., 2020). It has also
been detected in air and falling rain (Battaglin et al., 2014; Chang
et al,, 2011), irrigation water (Gomes et al., 2020), and in outlets
from wastewater treatment plants (Poiger et al., 2017). The
highest concentrations in surface waters occur in North and
South America (Battaglin et al., 2014; Marques et al., 2021; van
Bruggen et al., 2018), with values up to 700 ug/L in Argentina
(Peruzzo et al.,, 2008). Although genetically modified crops are
not grown in most European countries, glyphosate has been
detected in various water sources there (van Bruggen et al,
2018). The glyphosate concentrations in ground- and surface
waters were generally low (<2.5 pg/L) in several European and
Asian countries, but higher in France (Geng et al., 2021; Poiger
etal., 2017; van Bruggen et al., 2018). Glyphosate and AMPA are
commonly detected in drinking-water (Mas et al., 2020; Parvez
et al, 2018 O (World Health Organiz, 2005), but at
concentrations below the acceptable daily intake (ADI) as
determined in 1997 (O (World Health Organiz, 2005).

Glyphosate residues in Plant and Animal
Products

Maximum residue limits (MRLs) in feed and food were
established for glyphosate at the time of registration of the
herbicide for use in agriculture in 1974 (CODEX Alimentarius,
2013). At that time, AMPA was not included in the MRLs. Since it
was realized that glyphosate is partially broken down to AMPA in
living plants (Arregui et al., 2004) and that AMPA is also toxic to
various organisms (Gomes et al., 2016; Kwiatkowska et al., 2014;
Wozniak et al., 2018), both glyphosate and AMPA have been
included in residue analyses (Supplementary Table S1) and
regulations by many agencies in recent years (CODEX
Alimentarius, 2013; EPA, 2020; (European Commission), 2020;
FAO, 2005). Under the auspices of the Food and Agriculture
Organization of the United Nations (FAO), residues of
glyphosate and AMPA in plant products were determined in
standard experiments taking good agricultural practices (GAP)
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FIGURE 2 | Depiction of glyphosate flows in the agricultural production chain. Microbiomes consist of a wide range of commensals, beneficials, and pathogens.
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into account (FAO, 2005). These practices are focused on strict
recommendations about GBH use (FAO, 2005). Updated MRL
values were suggested from the highest residues obtained in trials
that were carried out according to GAP requirements. When trial
practices did not match GAP requirements the obtained results
were omitted. No trials were conducted in Argentina where
application rates and residues are exceptionally high (Cuhra,
2015).

The MRLs of glyphosate plus AMPA in farm products vary
widely (Supplementary Table S1), depending on commodity and
regulatory agency, ranging from 0.05mg/kg for most animal
products (except for meat byproducts), 0.1—40 mg/kg in many
plant products for human consumption, and up to 530 mg/kg in
grass and fodder (CODEX Alimentarius, 2013; Cuhra, 2015;
(European Commission), 2020; EPA, 2020). The MRLs in
animal feeds have been adjusted upwards over time when the
original levels were exceeded too frequently and lower levels did
not seem practical (Benbrook, 2016). The MRLs for most food
and feed categories have been further increased (European
Commission, 2020; EPA, 2020) since our previous glyphosate
review published in 2018 (van Bruggen et al., 2018).

The observed concentrations of glyphosate plus AMPA in
farm products vary widely too, ranging from 0.1-100 mg/kg in
legumes (including soybeans), 0.1—85 mg/kg in grains and oil
seeds, and 1—1,099mg/kg in grassland and fodder
(Supplementary Table S1). Extensive sampling of corn,
soybeans, milk and eggs by the US Food and Drug
Administration, using a specific analysis method, resulted in
residues in a substantial percentage of the plant samples but
not above the then current MRLs (FDA, 2017). However, very
high concentrations of glyphosate were sometimes found in feed
given to farm animals in Denmark that subsequently suffered
from diseases such as infertility and malformation of pigs (Kriiger
etal., 2014b), botulism in cows (Gerlach et al., 2014; Kriiger et al.,
2013), and pathogenic Salmonella species in chickens (Kriiger
et al., 2013; Shehata et al., 2014).

Residues of glyphosate and AMPA in plant products and water
are taken up by animals and humans and largely (60-70%)
excreted in their feces and urine (Bus, 2015; Faniband et al.,
2021; Heymann et al., 2021; Niemann et al., 2015; von Soosten
et al,, 2016; FAO and WHO, 2016). Glyphosate was detected in
the urine of up to 96% of farm animals, with a maximum of
164 pg/L (Kriiger et al., 2014a; Kriiger et al., 2014b; Schrodl et al.,
2014). Glyphosate and AMPA were also found frequently in the
urine of dogs and cats, at relatively high concentrations
(34-111pg/L)  (Karthikraj and Kannan, 2019). These
concentrations are reflecting the high glyphosate residue levels
in various pet food brands (Zhao et al., 2018).

The percentage of farmers with glyphosate in their urine was
also high (up to 90%) with a maximum concentration of 233 ug/L
in South Carolina (Acquavella et al, 2006). Glyphosate and
AMPA were found in 60-95% of urine samples of the general
public, including children, in the USA and in 40-50% of people in
Europe (Gillezeau et al., 2019; Kriiger et al., 2014a; Lemke et al.,
2021; Niemann et al., 2015; Parvez et al., 2018; Soukup et al,,
2020). The mean concentrations in human urine samples were
low, 2-3 pg/L in the USA and <1 pg/L in Europe (Gillezeau et al.,
2019; Lemke et al., 2021; Niemann et al., 2015; Parvez et al., 2018).
In children, the highest average glyphosate concentration found
was 4.04 pg/L with a peak of 18 ug/L in the USA (Gillezeau et al,
2020).

Recently, the herbicide was detected in urine samples of 30%
of neonate babies (<30 days old; from Washington State) at very
low concentrations (<1.06 ng/ml) in a small study (N, = 108;
Npconates = 10) in New York State (Trasande et al., 2020). This
finding suggests that glyphosate could have been transmitted
through the placenta (Aris and Leblanc, 2011), Alternatively, it
could have occurred in human breast milk or in baby formula
possibly containing soy milk (Ehling and Reddy, 2015) or diluted
with contaminated drinking water (O World Health Organiz,
2005). Glyphosate residues in breast milk have been reported
unofficially (Honeycutt and Rowlands, 2014), but not in refereed
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journals (Bus, 2015; Ehling and Reddy, 2015; Steinborn et al,,
2016). Glyphosate has rarely been detected in cow milk, including
formula milk, but not above the MRL of 0.05mg/L milk
(Schnabel et al.,, 2017; van Eenennaam and Young, 2017; von
Soosten et al., 2016).

Van Eenennaam and Young (2017) found little evidence of
accumulation of glyphosate in animal tissues except in kidneys
and liver. Indeed, kidneys are highly sensitive to glyphosate
exposure (Gao et al,, 2019). Summarizing WHO data, Bus
(2015) indicated that most glyphosate administered to rats
ended up in the bones, followed by the liver. Overall, up to
1.35% of glyphosate administered to rats was recovered in
various tissues, amounting to 0.04 mg glyphosate per kg rat
(Bus, 2015). Relatively high concentrations (5-20 mg/kg) of
glyphosate were found in several other organs of malformed
pigs, dairy cows and fattening rabbits (Kriiger et al., 2014a;
Kriiger et al., 2014b). On average, 2 mg/kg were detected in the
livers of malformed pigs in Denmark (Kriiger et al., 2014b).
However, 5-16 mg/kg were registered in the livers of
experimental pigs that had received glyphosate amended
feed (10-40 mg/kg, the maximum tolerable concentration)
in China, while glyphosate was not found in the livers of
the control group (Fu et al., 2020).

GLYPHOSATE EFFECTS ON MICROBIAL
COMMUNITIES IN SOIL, PLANTS, ANIMALS
AND HUMANS

The shikimate pathway is present not only in plants but also in
fungi, bacteria, archaea, and protozoa, rendering many taxa of
microorganisms sensitive to glyphosate (Duke, 2018). The
sensitivity of microorganisms having the shikimate pathway
depends on the class of EPSPS they have. Traditionally, two
classes were distinguished: the glyphosate sensitive class I EPSPS
and the glyphosate tolerant class II EPSPS (Funke et al., 2007;
Mesnage and Antoniou, 2020; Priestman et al., 2005). Recently,
four groupings were distinguished based on variation in DNA
sequences coding for the EPSPS enzyme (Leino et al, 2021;
Rainio et al., 2021). The original two classes occurred most
frequently. Classes III and IV were associated with glyphosate
resistance, mainly in some bacterial and archaeal species (Leino
et al.,, 2021).

Intensive and long-term glyphosate use has led to the selection
of bacterial and fungal strains with low sensitivity to glyphosate
through various resistance mechanisms, ranging from low
permeability of the cell wall, active removal from the cell, to
changes in the EPSPS binding site (Liu et al., 2013; Massot et al,,
2019; Priestman et al., 2005; Rainio et al., 2021; Staub et al., 2012;
van Bruggen et al., 2018). Some glyphosate-resistant E. coli and
Pseudomonas strains contain a gene coding for an ABC
transporter that enhances the efflux of glyphosate from the
cell (Staub et al., 2012). Such resistance mechanisms may have
led to the cross-resistance against antibiotics observed for E. coli,
Salmonella sp. and other environmental bacteria (Kurenbach
et al.,, 2015; Kurenbach et al,, 2018; van Bruggen et al.,, 2018;
Wicaksono et al., 2021). Other glyphosate resistance mechanisms
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have not been associated with antibiotic resistance (Poppe et al.,
2020).

In the past 50years of glyphosate use, strains of various
bacterial species have emerged that can break down the
herbicide; these include potential animal/human pathogens
(Acosta-Cortés et al., 2019; Fei et al., 2013; Funke et al., 2007;
Grube et al., 2019; Liu et al., 2013; Pérez Rodriguez et al., 2019;
Priestman et al., 2005; Xu et al., 2019). For instance, glyphosate
can be detoxified through N-acetylation by several bacterial
species, including Bacillus species like B. cereus and B.
anthracis (Acosta-Cortés et al, 2019). Thus, long-term
glyphosate use may lead to increased levels of B. anthracis
(causal agent of anthrax) in the environment. Differences in
sensitivity among microorganisms have affected the microbial
composition of various habitats harboring glyphosate, including
soil, plant surfaces and animal intestinal tracts (van Bruggen et al.,
2018).

Effects on Microorganisms in Bulk Soil,

Rhizosphere and Plants

Glyphosate is taken up by the foliage of plants and transported
throughout the plant and into the rhizosphere and bulk soil
(Walker and Oliver, 2008; Zobiole et al., 2010). Because many
microorganisms are sensitive to glyphosate, its application likely
affects the microbial composition and enzymatic activity in the
rhizosphere and surrounding bulk soil (Arango et al., 2014; Banks
et al., 2014; Schafer et al., 2014; Zobiole et al., 2010). There is still
controversy about the ultimate effects of glyphosate on microbial
communities in soil (Allegrini et al., 2015; Kepler et al., 20205
Mandl et al., 2018; Tang et al., 2019; Wolmarans and Swart,
2014). Most researchers have compared a single or double
application of glyphosate or GBH with untreated control soil
and evaluated short-term treatment effects on global microbial
community composition or diversity (Arango et al., 2014; Banks
et al,, 2014; Tang et al., 2019; Vazquez et al., 2021; Wolmarans
and Swart, 2014; Zhou et al., 2020). The communities seemed to
recover from such short-term treatments (Arango et al., 2014).
Even after long-term glyphosate use in no-till systems, only
minor changes were detected in microbial communities of the
wheat rhizosphere (Lupwayi et al., 2020), even though significant
negative effects recently were observed for fungi (Vazquez et al.,
2021). However, the methods used to study microbial
communities in soil were mostly restricted to those measuring
general microbial community structure, diversity, biomass or
activity so that only minor or no effects were found (Allegrini
et al,, 2015; Banks et al., 2014; Bottrill et al., 2020; Lupwayi et al.,
2020; Zabaloy et al., 2016), probably due to the great diversity and
compensatory ability of microorganisms within such large
groupings.

Deep sequencing of extracted DNA or RNA can detect rare
microorganisms, shifts in microbial composition, and changes in
metabolic functions resulting from glyphosate applications of
glyphosate isopropylamine or potassium salt plus a formulation
blank (Newman et al., 2016; Schafer et al., 2014; Schlatter et al.,
2018). However, large sequence data sets are mostly analyzed at
higher taxonomic units such as orders, classes or families of
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microorganisms (Kepler et al., 2020; Lupwayi et al., 2020; Mandl
et al., 2018; Schlatter et al., 2018; Tang et al., 2019; Zhou et al,,
2020), often masking differences in glyphosate sensitivity at lower
taxonomic levels. The lack of observed glyphosate effects on
higher taxonomic units was sometimes attributed to the
overwhelming differences due to farming systems, seasons and
locations (Kepler et al., 2020; Lupwayi et al., 2020; Schlatter et al.,
2018). The limited discriminatory power of sequence analysis at
higher taxonomic units was not discussed. Even when the relative
frequencies of higher taxonomic units were not affected by
glyphosate, interdependence bacterial networks showed distinct
effects of glyphosate application on microbial communities in soil
that had not been exposed to the herbicide previously, while
bacterial networks did not change when glyphosate was applied to
soils that had had prior glyphosate treatments for five or 10 years
(Guijarro et al,, 2018). Thus, the difficulties finding glyphosate-
free control soil (Silva et al., 2018) may contribute to the
difficulties detecting effects of glyphosate at higher integration
levels.

When deep sequencing data were analyzed at lower taxonomic
levels or for specific processes, glyphosate application did have
significant effects on microbial composition and specific
processes in soil. For example, in various no-till systems
glyphosate application (formulation not mentioned) to kill
cover crops resulted in changes in the nitrogen cycle
compared to crop-killing by frost: nitrification and
denitrification genes were reduced while the ammonia-
oxidation genes were unaffected by glyphosate compared to
frost (Romdhane et al, 2019). The changes in the nitrogen
cycle were related to differences in bacterial composition at
the genus level (Romdglane et al,, 2019). Similarly, glyphosate
application (Yates Zero at the recommended rate) decreased the
nitrification and denitrification rates in sugar cane soil (Zhang
et al., 2018). In addition, new analysis techniques like artificial
neural network and Random Forest analyses were able to
distinguish microbial communities and identify specific
bacterial genera associated with changes in the communities
exposed to glyphosate (Janflen et al., 2019).

Changes in functional genes were also detected in the
rhizosphere after glyphosate application at the recommended
dose (3L/ha) of a liquid glyphosate formulation onto EPSPS-
transgenic soybean plants (Lu et al., 2018). Although microbial
diversity in the rhizosphere of these plants was not affected,
functional genes involved in plant growth promotion such as
nitrogen fixation genes were affected negatively by glyphosate
application (Figure 3).

Microorganisms inside plants (the endosphere) originate
partially from the microbiome in the rhizosphere or
phyllosphere (Frank et al, 2017). Thus, effects of glyphosate
on the rhizosphere microbiome, as described above, also impact
the endosphere microbiome (Kuklinsky-Sobral et al., 2005). Very
little is known about the effects of glyphosate on the composition
of bacteria and fungi in the phyllosphere and endosphere (Lu
et al., 2018), but distinctly different genera were detected in the
endosphere of soybeans in glyphosate-treated compared to
untreated soil (Kuklinsky-Sobral et al., 2005). Some species
were resistant to glyphosate. For example, a glyphosate
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Differential abundance of genes from soybean Z31
rhizosphere with and without glyphosate application

Log10(Gene abundance of soybean Z31 with glyphosate)

Log10(Gene abundance of soybean Z31 w/o glyphosate)

FIGURE 3 | Effects of glyphosate on prokaryote communities on roots of
EPSPS-transgenic soybeans cultivar Z31 sprayed with dilute glyphosate
(v-axis) or water (x-axis), as determined by shotgun metagenome sequencing
analysis of 16S rDNA, modified from Lu et al. (2018). Yellow and blue

data points indicate genes with significantly higher and lower relative
abundance, respectively, in Z31 plants sprayed with glyphosate than in those
sprayed with water. Brown points represent genes without significant
difference between the two treatments.

degrading bacterium, Achromobacter  xylosoxidans was
abundant in the endosphere of grapevine canes in vineyards
that had been exposed frequently to glyphosate sprays (Deyett
et al, 2017).

Effects on Microorganisms in Animals and

Humans

Glyphosate-contaminated animal feed and water affects
intestinal microbial communities, including archaea,
bacteria, protozoa and fungi (van Bruggen et al., 2019). The
effects depend on the form and concentration of glyphosate
that is present in the different compartments of the intestinal
tract. For calculation of possible concentrations encountered
by the intestinal microbiome several assumptions need to be
made, for example about potential concentrations in animal
feed and reductions in the intestinal tract by degradation and
absorption through intestinal walls (Katholm, 2016). The thus
calculated concentrations were in the range of 2—20 mg L ™",
although potentially higher concentrations were documented
(Katholm, 2016; Kriiger et al, 2014b). The minimum
inhibitory concentrations (MIC) for bacteria are generally
higher than the estimated concentrations in the intestinal
tract but sensitive commensals like Bifidobacterium sp. or
Bacterioides sp. can be exposed to concentrations that
inhibit their growth (Nielsen et al., 2018; Shehata et al,
2013). The differences in sensitivity hold for both aerobic
(Shehata et al., 2013) and anaerobic conditions (Nielsen et al.,
2018), although the MIC values are generally higher under
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anaerobic conditions (Nielsen et al., 2018). Data on effects of
actual glyphosate concentrations in animal feed and the
intestinal tract on microbial communities and animal
health are generally scarce (Katholm, 2016).

In the intestinal tract of mammals, the bacterial community is
dominated by Firmicutes (mostly Gram-positive) and
Bacteroidetes  (mostly =~ Gram-negative), as well as
Actinobacteria and Proteobacteria phyla (Nielsen et al., 2018;
Rueda-Ruzafa et al., 2019). Intestinal prokaryotes and eukaryotes
vary considerably in sensitivity to glyphosate depending on the
type of EPSPS they have. Based on knowledge of the DNA
sequences coding for the different EPSPS types, it was
estimated that 12-26% of bacteria in the human intestinal
tract would be sensitive to glyphosate (Leino et al, 2021).
Analysis of DNA sequences available from the Human
Microbiome Project showed that almost all bacteria in the
human intestinal tract possess the shikimate pathway
(Mesnage and Antoniou, 2020). Contrary to the percentages
glyphosate-sensitive bacteria estimated by Leino et al. (2021),
Mesnage and Antoniou (2020) found that most of the gut bacteria
in the Human Microbiome Project were sensitive to glyphosate.
Comparison of paired metagenomes and metatranscriptomes
obtained from the Inflammatory Bowel Disease Multi’'omics
Database indicated that there would be limited transcription of
DNA coding for enzymes in the shikimate pathway, suggesting
that biosynthesis of aromatic aminoacids via the shikimate
pathway may not be essential for the gut microbiota residing
in an amino acid-rich environment (Mesnage and Antoniou,
2020). However, the gut microbiomes of patients with irritable
bowel syndrome are likely different from those of healthy people
(Rueda-Ruzafa et al., 2019; Scotti et al., 2017). Thus, the potential
effects of glyphosate residues on the in vivo gut microbiome still
needs to be investigated in more detail.

In vitro, many potentially pathogenic bacteria are more
tolerant to glyphosate and GBH than commensals (Bote et al.,
2019a; Rueda-Ruzafa et al, 2019; van Bruggen et al., 2018).
Technical grade glyphosate was used in few studies only; most
researchers tested sensitivity to GBH (various Roundup or
Glyfonova formulations) (Supplementary Table S2). The
differences in sensitivity hold for both aerobic (Shehata et al.,
2013) and anaerobic conditions (Nielsen et al., 2018). For
instance, strains of Bifidobacterium sp. or Bacterioides sp were
more sensitive to commercially formulated glyphosate than
pathogenic Escherichia coli and Salmonella enterica under
aerobic conditions (Shehata et al., 2013). The same beneficial
bacteria were more sensitive to GBH than pathogenic
Enterococcus faecalis and Salmonella enterica under anaerobic
conditions (Supplementary Table S2) (Nielsen et al., 2018). The
MIC values of Lactobacillus species varied considerably (Clair E.
et al., 2012; Shehata et al., 2013; Nielsen et al., 2018), and those of
Clostridium species were relatively high under aerobic (Shehata
et al., 2013) but not under anaerobic conditions (Nielsen et al.,
2018). Apparently, MIC values depend on the culturing and
measuring methods used (Nielsen et al., 2018; Vicini et al., 2019).

Considering all papers with MIC values found for this review
(Supplementary Table S2), more than ten-fold differences in
MIC values were due to the method used to measure growth (with
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a turbidity meter versus visual observations), and much less by
aerobic or anaerobic incubation conditions used (Table 1).
Overall, pathogenic bacteria are less sensitive than non-
pathogenic bacteria irrespective of the method used to assess
growth. MIC values also depend on the year of isolation of the
cultures studied relative to the time since glyphosate introduction
into the environment (Bote et al., 2019a; Grube et al., 2019;
Massot et al., 2019). Recent isolates are less sensitive to glyphosate
and GBH than older isolates.

In a study on dairy cows, lactic acid producing bacteria
were more sensitive to glyphosate than toxin-producing
Clostridium species (Krliger et al, 2013; Shehata et al,
2013). Also in mono-gastric animals, glyphosate ingestion
led to serious Clostridium bacteremia (You et al., 2015).
However, Riede et al, 2016 did not find effects of
glyphosate on ruminal microbial communities in an in vitro
study using single strand conformation polymorphism (SSCP)
analysis on amplified extracted DNA. This is not surprising as
Riede et al. (2016) looked for global metabolic changes and
similarities of microbial communities at higher integration
levels like in the studies of glyphosate effects on soil microbial
communities (Allegrini et al, 2015; Kepler et al., 2020).
Nevertheless, based on the study by Riede et al. (2016),
EFSA decided that there was no significant effect of
glyphosate on the ruminal microbial community
((European Food Safet, 2018). In a more recent in vitro
bovine ruminal study, there were no effects of formulated
glyphosate (10 mgL™") on the decline curves of pathogenic
isolates of E. coli and Salmonella Typhimurium (Bote et al.,
2019b) as these genera are generally relatively resistant to
glyphosate (Shehata et al., 2013; Poppe et al.,, 2019).

Glyphosate in animal feed and water can affect intestinal fungi
as well. A positive correlation was found between glyphosate
concentrations in urine and the density of Mucorales in the
rumen of dairy cows in Germany (Schrodl et al, 2014).
Particularly, populations of Lichtheimia corymbifera and L.
ramosa, members of the Mucorales, were significantly more
abundant in animals with high glyphosate concentrations
(>40ng/ml) in their urine. These changes in the fungal
community could have come about through a disturbance of
the intestinal microbiota in general because members of the
Mucorales were relatively resistant to glyphosate in vitro
(Schrodl et al., 2014).

Experiments on effects of glyphosate on the gut microbiome of
pigs were somewhat contradictory. No effects on bacterial
families were detected by 16S rRNA sequencing after
Roundup” LB plus (2.85 mg/kg body weight per day) had been
added to bacterial cultivation fluid from pig colons in chemostats
(Krause et al., 2020). However, small effects were observed at the
functional level by metaproteomics (Krause et al., 2020). Potential
effects on lower taxonomic units were not tested.

In mice, glyphosate-based herbicide (Roundup®) administered
orally at high concentrations (250 or 500 mg a.i./kg bw/day for 6
or 12 weeks) reduced the abundance of Firmicutes, including
Lactobacillus, and Bacteroidetes, but also potentially harmful
Corynebacterium sp (Ait Bali et al, 2018). In a study with
male rats that received 2.5 or 25mg/kgbw/day orally for
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TABLE 1 | Means and standard errors of minimal inhibitory concentrations (MIC, mg/ml) of glyphosate-based herbicides for N bacterial strains, as determined in 9 different
studies. The means were calculated from the original published data (Supplementary Table S2). The test wells (micro titre plates) were incubated under aerobic or
anaerobic conditions, and bacterial growth was assessed either by turbidometer or visually. Plates that were assessed with a turbidometer had not been incubated under

anaerobic conditions.

Measuring method Conditions Pathogen Mean MIC Standard error N References

Turbidometer Aerobic no 0.38 0.07 15 Clair et al. (2012b), Shehata et al. (2013), Shehata et al. (2014)
Turbidometer Aerobic yes 2.48 0.65 16 Kurenbach et al. (2015), Shehata et al. (2013)

Visual Aerobic no 36.89 1.22 90 Bote et al. (2019a)

Visual Aerobic yes 51.86 112 411 Bote et al. (2019a), Péppe et al. (2019), Poppe et al. (2020)
Visual Anaerobic no 24.12 3.34 17 Nielsen et al. (2018)

Visual Anagerobic yes 40.71 10.08 7 Bote et al. (2019b), Nielsen et al. (2018)

2 weeks, the relative abundances of bacterial classes and phyla,
estimated from 16rDNA sequencing, hardly changed (Nielsen
et al., 2018). The absence of major effects was attributed to the
availability of sufficient aromatic amino acids in the diet. Yet, at
the genus level some significant treatment effects were obtained,
for example increased Clostridium sensu stricto levels at
2.5 mg/kg bw/day (Nielsen et al., 2018). Conversely, Tang et al.
(2020) demonstrated significant changes in composition and
diversity of the gut microbiome of rats gavaged with diluted
technical grade glyphosate for 35 days (for a total of 5-500 mg/kg
body weight), using the same DNA sequencing techniques. The
relative abundances of Firmicutes and Lactobacillus decreased,
while potential bacterial pathogens increased. Firmicutes produce
butyrate, which plays a role in maintaining the integrity of the
intestinal wall and mucosal immunity (Canani et al,, 2011; Fu
et al., 2019).

When technical grade glyphosate or commercially available
Roundup was administered in drinking water to maternal rats
at a more realistic dose (at the US ADI of 1.75 mg/kg bw/day)
for 6 or 13 weeks in the so-called Ramazzini study, significant
changes were detected in bacterial composition (16S rRNA
sequences) in the pups of the mother rats exposed to either
treatment (Mao et al., 2018). Relative abundances of
Bacteriodetes (especially the potential oral pathogen
Prevotella) were increased while the Firmicutes (in
particular the commensal Lactobacillus) were reduced by
the glyphosate treatments. In a similar long-term study
with female rats exposed to technical grade glyphosate or
commercial Roundup MON 52276 (0.5, 50, or 175mg
glyphosate equivalent/kg BW/day in drinking water) the
microbial metabolome in the cecum (upper part of the
colon) was more affected by the formulated product than
by glyphosate (Mesnage et al., 2021). No differences were
found in alpha diversity and the most common bacteria in
major taxonomic units, but four unrelated species
(Acinetobacter, Akkermansia, Shinella, and the potential
pathogen Eggerthella) were more abundant in both or
either of the glyphosate treatments (Mesnage et al., 2021).
In another long-term study with male rats exposed to pure
glyphosate (1% aqueous solution) with or without two
common food additives (1% solution each) in drinking
water for 42 days, potentially pathogenic enterobacteria
(Klebsiella, Citrobacter, and Enterobacter spp-)»
Pseudomonas sp. and Candida sp. were isolated more

frequently from their feces than from control rats, while
populations of commensal bacteria like Bifidobacterium and
Lactobacillus were unaffected (Bilan et al., 2019).

In a long-term poultry study, Japanese quaj@ls were exposed to
glyphosate-based herbicide (Roundup Flex ) at a common
concentration in feed (160 mg/kg of glyphosate), and their
fecal microbiomes were subjected to DNA extraction and
sequencing (Ruuskanen et al, 2020a). The occurrence of
Firmicutes, specifically Lactobacillus, decreased, especially in
young female birds, while Actinobacteria increased during
exposure to glyphosate (Ruuskanen et al., 2020a). In another
poultry study, pathogenic bacteria like Salmonella and
Clostridium spp. isolated from chickens were less sensitive to
glyphosate in vitro (MIC = 1.2-5 mg/g) than the commensals
Enterococcus and Bifidobacterium spp (MIC = 0.08-0.15 mg/g)
(Shehata et al., 2013). Recently isolated Salmonella strains were
more resistant to glyphosate than isolates collected between 1981
and 1990, suggesting adaptation and selection after repeated
exposure to the herbicide (Péppe et al., 2019). Similarly, there
was a broad range of MIC values (1-80 mg/ml of the glyphosate
salt) for isolates of E. coli from a variety of animals, including
humans (Bote et al., 2019a). Recently isolated cultures of E. coli
had higher MIC values than the standard historic isolates of
E. coli. Pathogenic E. coli had slightly but significantly higher MIC
values than commensal E. coli and isolates from poultry were
more tolerant of glyphosate than isolates from pigs or cattle (Bote
et al.,, 2019a).

Glyphosate can spread throughout the plant, including the
flowers and pollen (Walker and Oliver, 2008). Thus, bees could
take up glyphosate with the nectar exuded by flowers or on pollen
(El Agrebi et al., 2020; Graystock et al., 2017). Pollen have their
own characteristic microbiome (Dharampal et al., 2019; Frank
et al., 2017) that could be altered by low concentrations of
glyphosate. Part of the pollen microbiomes are transmitted to
pollinators such as bees (Manirajan et al, 2018). Indeed,
associations have been found between core microbes of
domesticated and wild bees and pollen provisions (Graystock
et al.,, 2017; Manirajan et al., 2018). Both glyphosate and affected
bacterial communities associated with the pollen are transferred
into the hive and change the microbiome of the brood as part of
the microbial cycle (van Bruggen et al., 2019). When young bee
workers were fed with a glucose solution or glucose with technical
grate glyphosate solution (5 or 10 mg/L) and then returned to the
hive, after 3 days the total intestinal bacterial populations (16 S
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rDNA copies) were reduced by the glyphosate treatment and the
bacteria composition was altered (Motta et al., 2018). The core
bee gut species, Snodgrassella alvi, with the sensitive class I EPSPS
gene, was significantly reduced in the microbiome with
potentially disastrous effects on survival in the presence of a
bee pathogen (see paragraph on disease effects below). When
honey bee larvae were reared in vitro with 0, 0.8, 4 or 20 mg
technical grade glyphosate/L, changes in the midgut bacterial
composition, species diversity and richness were detected at the
highest concentration, while brood survival and larval weight
were slightly negatively affected at 4 and 20 mg/L (Dai et al.,
2018). Thus, glyphosate can have sublethal effects on the
honeybee microbiota and possibly its health (see paragraph on
disease effects below).

POTENTIAL EFFECTS OF SHIFTS IN
MICROBIAL COMMUNITY COMPOSITION
ON PLANT, ANIMAL AND HUMAN HEALTH

In the course of the last decade, it has become increasingly clear
that the health of individual macro-organisms and their
populations is related to the diversity and relative stability of
the microbial communities associated with these organisms
(Lloyd-Price et al., 2016; Rosenberg and Zilber-Rosenberg,
2016; Scotti et al,, 2017; van Bruggen et al., 2015; van Bruggen
et al, 2019). As microorganisms are transferred among
organisms, mostly through food webs, it has been suggested
that the health conditions of all organisms in an ecosystem are
interconnected through the cycling of subsets of microbial
communities, primarily through food chains (van Bruggen
et al, 2019). Thus, glyphosate can have a multitude of indirect
effects on plant, animal and human health (van Bruggen et al,
2018).

Indirect effects of Glyphosate on Plant

Health

Indirect effects of glyphosate and AMPA on plant health are
possible through changes in the endophytic and rhizosphere
microbiome (Berg et al., 2014; Kremer et al., 2005; Kuklinsky-
Sobral et al., 2005). The importance of the plant microbiome for
plant health and growth promotion has been known for a long
time. Disruption of the microbiome in the rhizosphere,
phyllosphere and endosphere of plants by glyphosate can
result in reduced competition for attachment sites and reduced
antimicrobial production against pathogens (van Bruggen et al.,
2015). In addition, increased exudation of carbohydrates and
amino acids from roots of glyphosate-exposed plants can attract
plant pathogens more efficiently (Kremer et al., 2005; Kremer and
Means, 2009), and reduced mechanical and chemical defenses
resulting from disruptions in the aromatic amino acid production
can facilitate entry of pathogens into plants (Duke, 2018; Fuchs
et al.,, 2021; Hammerschmidt, 2018). Here, we focus on indirect
health effects through changes in the plant microbiome.
Infection by Fusarium species was more severe in fields where
glyphosate was applied at recommended rates (0.84-1.2 kg ae/ha)
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before planting of a soybean or wheat crop compared with
untreated control fields (Johal and Huber, 2009; Kremer et al.,
2005; Kremer and Means, 2009; Sanogo et al., 2000). Similarly,
infection of sugar beet by weakly pathogenic Fusarium and
Rhizoctonia species was enhanced after glyphosate application
before planting sugar beet seeds (Larson et al., 2006). Soybean
sudden death syndrome (caused by Fusarium virguliforme) was
often increased by application of glyphosate-based herbicides in
both glyphosate-tolerant and sensitive cultivars (Kremer and
Means, 2009; Sanogo et al., 2000), but not always (Duke et al.,
2012; Kandel et al., 2015). Hammerschmidt (2018) argued against
increased disease severity by glyphosate applications on GR
soybean plants and attributed increased disease risk to
pathogen growth in dying and dead plant materials. More
recently however, glyphosate (Roundup ControlMax® at 30,
100, and 300 mmol L-1 or 5.1, 16.9, and 50.7 mgml™" of
glyphosate) also increased disease severity on seedlings of
transgenic maize inoculated with Fusarium graminearum, F.
verticillioides, and F. oxysporum under controlled conditions,
when no plant debris was present (Figure 4) (Carranza et al.,
2019).

Despite the observed increases in root disease severity, spore
germination and mycelium growth of these and other pathogens
are mostly delayed and reduced by glyphosate in vitro (Figure 5)
(Barnett et al., 2012; Benito et al., 2020; Carranza et al., 2019;
Duke, 2018; Larson et al., 2006; Mengistu et al., 2013; Sanogo
et al., 2000). This supports the notion that increased root disease
in glyphosate treated soil comes about through reduced plant
resistance or suppression of beneficial microorganisms rather
than enhanced growth of plant pathogens like Fusarium and
Rhizoctonia species (Duke, 2018). At the same time, mycotoxin
production is sometimes enhanced at low (but realistic)
glyphosate concentrations, for example aflatoxin production by
Aspergillus flavus at 50 mM glyphosate formulated as Roundup-
Controlmax® added to maize grains (Benito et al., 2020).

Unlike soil-borne root pathogens, foliar plant pathogens may
be less influenced by the surrounding microbial community. Very
few reports describe effects of glyphosate on foliar pathogens.
Goss’s bacterial wilt and leaf blight, a systemic maize disease
caused by Clavibacter michiganensis ssp. Nebraskensis. became an
increasingly severe problem since the introduction and expansion
of GR maize (Langemeier, 2012). A significant, positive
correlation was observed between glyphosate application and
the detection of C. michiganensis ssp. nebraskensis in corn leaf
samples (Langemeier, 2012). However, in field experiments with
glyphosate-resistant and -sensitive maize with and without
glyphosate application (Roundup at 1.68kgae/ha) and
pathogen inoculation, no differences in disease severity were
observed (Williams et al, 2015). Recently, only a weak
correlation was detected between Goss’s wilt and leaf blight
incidence and glyphosate application in farmers’ fields
(Langemeier et al., 2017). Relations between Goss’s wilt and
the endospheric microbial community were not investigated.
Strawberry anthracnose, caused by the fungus Colletotrichum
gloeosporioides, also became an increasingly severe problem after
widespread use of glyphosate (Kao et al., 2019). Hyphal growth,
conidial production and germination of C. gloeosporioides were

Frontiers in Environmental Science | www.frontiersin.org

October 2021 | Volume 9 | Article 763917


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

van Bruggen et al.

Glyphosate, Microbiomes, Plant-Animal Health

Fusarium graminearum

v

»

Disease severity
N w

-

o

-

Fusarium oxysporum

30 100 300

wv

H

Disease severity
N w

[y

-

0 30 100
Glyphosate (mMol/L)

o

300

FIGURE 4 | Effect of glyphosate (mmol/L) on Fusarium disease severity
caused by F. verticillioides and F. oxysporum on glyphosate-resistant maize
seedlings, modified from Carranza et al. (2019).

promoted by glyphosate, and survival of this pathogen was
enhanced in glyphosate treated soil. Anthracnose was more
severe on strawberry leaves inoculated with the pathogen
immediately after a foliar spray or soil drench with glyphosate
(2.5g/L, formulation not mentioned) than on control plants
without the herbicide (Kao et al, 2019), suggesting a
weakening of plant defenses. A reduction in phytoalexin
production (enhancing plant defense) after glyphosate
application had been shown convincingly previously (Johal
and Rahe, 1990). This resulted in increased lesion expansion
by Colletotrichum lindemuthianum on beans (Johal and Rahe,
1990). Conversely, alfalfa anthracnose by Colletotrichum trifolii, a
hemibiotrophic pathogen, was reduced after glyphosate
application on GR alfalfa plants (Samac and Foster-Hartnett,
2012). Similarly, the severity of several foliar rust diseases was
reduced by glyphosate (Dos Santos et al, 2018; Duke, 2018;
Hammerschmidt, 2018; Samac and Foster-Hartnett, 2012).
This may be due to the damage to chlorophyll by glyphosate
(Gomes et al,, 2016; van Bruggen et al., 2018), resulting in a
negative effect on biotrophic fungi like the rust fungi.

In their review of glyphosate effects on plant diseases and health,
Martinez ef al. (2018) considered health not only in terms of absence
of disease, but also with respect to a balanced microbiome and
availability and uptake of plant nutrients. Nutrient uptake can be
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FIGURE 5 | Effect of glyphosate (mmol/L) on the growth lag phase, h (A)
and growth rate, mm/day (B) of Fusarium graminearum and F. oxysporum at
three different water activities (WA) in vitro, prepared from data in Carranza
et al. (2019).

impacted by glyphosate through its negative effects on
microorganisms that make plant nutrients available (particularly
N and P) as well as through its metal chelating properties, limiting
the availability of nutrients such as copper, iron, manganese and zinc
(Bott et al, 2011; Martinez et al, 2018). They attributed the
documented increase in root diseases to disruptions to
rhizosphere microbial ecology resulting in suppression of
pathogen antagonists, nutritional stimulation of pathogen growth
(from dying or dead plants and microorganisms, increased
exudation, and the extra phosphorus contained in glyphosate),
and reduced physiological plant defenses (Fuchs et al, 2021;
Martinez et al, 2018). Although ultimate effects of glyphosate-
based herbicides on plant disease development depend on
environmental conditions and farming practices, Martinez et al.
(2018) caution against over-reliance on these herbicides in
agricultural production.

Indirect effects of Glyphosate on Animal and

Human Health
Relationships between microbiomes and human or animal health
have received much attention in recent years (Berg et al., 2014;
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Scotti et al., 2017). Despite the proliferation of literature in this
area, many of the studies are primarily descriptive, with small
sample sizes, and do not include deep sequencing data at the
genus or species level; for these reasons, care needs to be taken in
interpretation of these data. However, recent controlled studies
with bees have addressed effects of glyphosate on microbiomes,
immune indicators, infection by added pathogens, disease
symptoms and survival in the same experiments (Castelli
et al., 2021; Motta et al., 2020). This type of research has not
been done with mammals as far as we know.

The initial animal microbiome is formed at birth, largely from
the mother’s microbiome, but changes over time, as affected by
microorganisms on food or feed, medicines, contaminants, and
environmental factors (Lloyd-Price et al., 2016). The dynamic
balance can be disturbed by extreme events, such as pesticide
poisoning, and may or may not return to its original healthy state
depending on the resilience of the original community (Lloyd-
Price et al., 2016).

Intestinal microbiomes assist in the bioconversion of nutrients
and detoxification, determine host immunity, protect against
pathogenic microorganisms, and promote health (Raymann
and Moran, 2018; Rinninella et al., 2019; Scotti et al., 2017).
Changes in the intestinal composition can lead to dysbiosis,
characterized by an imbalance between beneficial and
pathogenic microorganisms (Rinninella et al., 2019; Rueda-
Ruzafa et al., 2019; Scotti et al., 2017; Wicaksono et al., 2021).
A balanced gut microbiome does not only affect the functioning
and health of the gastrointestinal tract by defending against
pathogen invasion, but also interacts with the endocrine and
nervous systems affecting the functioning and health of the whole
host system (Clair E. et al., 2012; Ingaramo et al., 2020; Maddalon
et al.,, 2021; Rinninella et al., 2019; Scotti et al., 2017).

Intestinal microbial communities can be affected directly by
glyphosate in contaminated animal feed and the environment.
Indirectly, the intestinal microbiome is also changed by the
microbial communities that enter the intestinal tract on/in
glyphosate-exposed plant products (Lloyd-Price et al., 2016;
van Bruggen et al, 2019). Subsequently, changes in these
communities affect the immune system (Maddalon et al,
2021; Mendler et al., 2020; Peillex and Pelletier, 2020) and can
be detrimental to animal and human health (Ait Bali et al., 2018;
Tsiaoussis et al., 2019). For example, an increase in the ratio of
Firmicutes to Bacteroidetes in the intestinal tract of humans has
been associated with irritable bowel syndrome and obesity
(Crovesy et al, 2020; Rueda-Ruzafa et al, 2019). Pathogens
that are less sensitive or even insensitive to glyphosate, like
Staphylococcus aureus or Clostridium perfringens, can emerge
in the environment and cause serious disease symptoms (Funke
et al., 2007; Priestman et al., 2005).

In the poultry studies mentioned above (Ruuskanen et al.,
2020a; Ruuskanen et al., 2020b; Ruuskanen et al., 2020c; Shehata
et al, 2013; Shehata et al, 2014), long-term exposure to
glyphosate-based herbicide administered in the feed resulted in
increased oxidative stress, lower testosterone levels and delayed
development of female birds, which could have been affected by
changes in the microbiome in the exposed birds (Ruuskanen
et al., 2020c). Ultimate reproductive capacity was not affected in

Glyphosate, Microbiomes, Plant-Animal Health

this bird study. However, chickens that were exposed to
glyphosate in commercial feed (370 + 92pug/kg) showed
typical disease symptoms associated with elevated intestinal
Clostridium levels (Shehata et al., 2014). These symptoms were
suppressed by humic acids that bind to glyphosate molecules in
the intestinal tract (Shehata et al., 2014).

In pig studies, high concentrations of glyphosate (1.8 mg/ml)
added to a liquid feed medium as Roundup® LB plus (equivalent
to 2.85 mg glyphosate/kg body weight per day) were associated
with only minor changes in bacterial families isolated from pig
guts, but with significant changes in their metabolism (Krause
et al., 2020). Yet, Roundup administered to pigs in their feed at
moderate to high concentrations (10-40 mg glyphosate/kg body
weight) resulted in increased permeability of the intestinal wall
(Qiu et al,, 2020), increased oxidative stress, liver damage and
high glyphosate concentrations (6-16 mg/kg) in the liver (Fu
et al., 2020). Serious stomach inflammation and enlarged uteri
was observed more frequently in pigs that received a diet with
glyphosate-resistant ingredients than a diet without genetically
modified ingredients for 23 weeks (Carman et al., 2013). Also,
high concentrations of glyphosate were found in various organs
(up to 80 mg/kg) of piglets that showed major malformations
(Krtiger et al., 2013). Finally, sperm motility and viability were
negatively affected by pure glyphosate at the highest
concentration tested (360 mg/L), while Roundup was
detrimental at much lower glyphosate concentrations (motility
at > 5 mg/L, mitochondrial activity at >25 mg/L, and viability at
>100 mg/L (Nerozzi et al., 2020). Despite the intestinal and
potential endocrine and reproduction problems (Jarrell et al.,
2020), pig growth was not affected by glyphosate (Carman et al,,
2013; Fu et al., 2020), and relationships of health problems to the
pig microbiome are not clear.

In a feeding study with dairy cows, where glyphosate-
contaminated feedstuffs (122.7 ug GL/kg BW for 16 weeks)
were compared with control feed, no direct effects of
glyphosate were detected on various blood and liver
parameters (Heymann et al,, 2021; Schnabel et al., 2020), as
well as the general health condition of the cows (Schnabel
et al,, 2017). Nevertheless, long-term indirect health effects via
changes in the microbiome have been documented (Gerlach et al.,
2014; Kriiger et al., 2013). Lactic acid producing bacteria generally
were negatively affected by Roundup® (Clair E. et al,, 2012;
Kriiger et al, 2013). These bacteria normally produce
antibiotics and can suppress pathogenic bacteria such as
Clostridium botulinum (Kriiger et al., 2013; Rodloff and
Kriiger, 2012) and botulism has increasingly been found in
cows that had high concentrations of glyphosate in their feed
and urine (Gerlach et al., 2014; Kriiger et al., 2013; Kriiger et al.,
2014a). During in vitro fermentation in bovine rumen fluid,
several species of bacteria and protozoa were suppressed after
exposure to glyphosate (Ackermann et al, 2015). Botulinum
neurotoxin concentration was enhanced at the highest level of
glyphosate (1,000 mg/L). High concentrations (>40 ng/ml) of
glyphosate in the urine of dairy cows were also associated with
relatively large, detrimental populations of Lichtheimia
corymbifera and L. ramosa (Mucorales) and lower IgA
antibodies against these fungi than in control cows (Schrodl
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et al, 2014). IgM antibodies and lipopolysaccharide-binding
protein (LPB) were negatively correlated with glyphosate
concentration in the wurine, suggesting that glyphosate
influenced the innate immune system of the cows, possibly
through its toxic effects on the liver (Schrodl et al., 2014).

In the Ramazzini study with rats mentioned above (Mao et al.,
2018), significant changes were found in the bacterial
composition in feces of young pups from mothers that had
been exposed to glyphosate or Roundup at the US Acceptable
Daily Intake dose (1.75 mg/kg bw/day). Relative abundances of
Bacteroidetes were increased while the Firmicutes were reduced
by the glyphosate treatments (Mao et al., 2018). The glyphosate
concentrations in the urine increased with age, suggesting
accumulation, and were similar for pure glyphosate and
Roundup (Panzacchi et al, 2018). There were significant
endocrine effects in female rats, which had higher testosterone
levels and delayed first estrous (Manservisi et al., 2019). In male
rats, there were also significant endocrine effects of glyphosate
exposure at low concentrations (1 mg/L), but in this case,
testosterone levels were decreased by 35% (Clair E. et al.,
2012). In a human birth cohort study in the midwestern USA,
more than 90% of pregnant women had detectable glyphosate
levels in their wurine (0.5-7.20 ng/ml), which correlated
significantly with shortened pregnancy lengths but not with
fetal growth indicators (Parvez et al, 2018). Similarly,
glyphosate and AMPA concentrations in the urine of pregnant
women were significantly correlated with pre-term births in
Puerto Rico (Silver et al, 2021). Associations between
pregnancy outcomes and changes in the microbiome were not
explored in these studies.

Potential relationships between glyphosate exposure and
immune-endocrine changes have not been studied in detail for
humans (Maddalon et al., 2021). In a systematic review of ten
associative epidemiological studies in Latin America, no direct
relationships were found between occupational exposure of
women to glyphosate and birth defects, except for an excess of
Attention Deficit Hyperactivity Disorder or ADHD among
children born to glyphosate-applying parents (de Araujo et al,
2016). Similarly, the increased use of glyphosate over time was
significantly correlated with the increased occurrence of various
neurological disorders such as Alzheimer’s, senile dementia,
Parkinson’s, ADHD and autism in the USA (Swanson et al.,
2014). Rueda-Ruzafa et al. (2019) reviewed the literature on gut
microbiota and neurological effects of glyphosate. They
concluded that there was a possible link between glyphosate-
induced dysbiosis and neurodegenerative and
neurodevelopmental pathologies. Indeed, positive correlations
were found between toxic metabolites of pathogenic
microorganisms, specifically Clostridium spp. and symptoms of
autism spectrum disorders (Argou-Cardozo and Zeidan-Chulia,
2018; Roman et al., 2018). Metabolites from Clostridium spp. may
result in an excess of dopamine quinones, generating reactive
oxygen species, leading to oxidative stress and mitochondrial
dysfunction (Rueda-Ruzafa et al., 2019; Shaw, 2017). Contrary to
pathogenic microorganisms, beneficial bacteria such as
Bifidobacterium sp., were decreased in the guts of autistic
children compared to that of healthy children (De Angelis
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et al, 2013), and administration of probiotic bacteria may be
beneficial (Rueda-Ruzafa et al., 2019). Similarly, administration
of probiotics containing Lactobacillus sp. and Bifidobacterium sp.
ameliorated depression and anxiety disorders (Messaoudi et al.,
2011).

Neuro-pathological effects of glyphosate were also found in
controlled experiments with rodents. Anxiogenic and depressive
behavior was related to a reduction in Firmicutes, including
Lactobacillus, in the intestinal tract of mice exposed orally to
high  concentrations  of  glyphosate-based  herbicide
(250-500 mg/kg/day (Ait Bali et al, 2018) Although the
official “no observed adverse effect level” is 1,000 mg/kg/day
(Ait Bali et al., 2018), Lactobacillus delbrueckii is clearly
suppressed by 1,000 mg/kg for 28 h (Figure 6) (Clair E. et al,
2012).

Various neurochemical alterations and neurodevelopmental
disorders were observed in pregnant rats treated with lower levels
of glyphosate (50-70 mg/kg/day) and in their offspring (Cattani
etal, 2017; Yu et al,, 2018). Pregnant rats that received very low
doses of glyphosate or Roundup (5 mgkg—1 d—1) reacted with a
reduction in licking behavior towards their pups (Dechartres
et al, 2019). Roundup exposure affected the maturation of
doublecortin-immunoreactive neurons in  the
hippocampus of the mother (Dechartres et al., 2019). These
neurological changes were associated with significant
alterations of Bacteroidetes and Firmicutes in the mother’s gut.
As with autism and depression mentioned above, administration
of Lactobacillus and Bifidobacterium improved memory, learning
behavior and oxidative stress in rats (Athari Nik Azm et al., 2018).

In ecological epidemiological studies the increased use of
glyphosate has been followed by an increase in a wide variety
of human diseases, including various forms of cancer, sometimes
atalag of several years (Swanson at al. 2014; Uyemura et al., 2017;
Zhang et al., 2019). It should be emphasized that this does not
imply a causal relationship (Mesnage and Antoniou, 2017).
However, direct carcinogenic effects of chronic exposure to
low doses of Roundup have been shown in experiments with
laboratory rats (Mesnage et al., 2015b; Séralini et al., 2014). These
results have been disputed, especially by researchers associated
with the industry and regulatory agencies (Greim et al., 2015;
Mesnage and Antoniou, 2017). The main argument was that no
distinction was made between effects of the active ingredient and
of the adjuvants (Davoren and Schiestl, 2018) and that the
statistical analysis methods were deemed inappropriate (van
Bruggen et al., 2018).

Nevertheless, a link has been suggested between pesticide use
(with glyphosate as major component) and colon- and colorectal
cancer (Uyemura et al, 2017). Intestinal inflammation and
colorectal cancer are correlated with an overrepresentation of
Proteobacteria including E. coli in the intestinal microbiome
(Yang and Jobin, 2014). The risk of colon cancer is enhanced
by strains of E. coli and Bacterioides fragilis that carry a gene
coding for a cancer-promoting toxin (Herndndez-Luna et al,
2019). E. coli strains that have the pathogenicity island pks (pks +
E. coli), produce a toxin (colibactin) that induces distinct
mutations in the host’s DNA in the colon epithelial cells.
These mutations have been implicated in the development of
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Control

for 48 h, modified from Clair E. et al. (2012).

FIGURE 6 | Effect of 1,000 mg/kg of glyphosate on macroscopic and microscopic growth of Lactobacillus delbrueckii subsp. bulgaricus in a solid growth medium
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cancer cells (Hernandez-Luna et al., 2019; Pleguezuelos-Manzano
et al., 2020). It is currently not known if colibactin-producing
bacteria are more tolerant to glyphosate than regular
commensals, but enhanced resistance to glyphosate of
pathogenic E. coli (causing enteritis) compared to commensal
E. coli has been documented (Bote et al., 2019a).

An alternative indirect effect of glyphosate on cancer
development could be the inhibition of EPSPS of the gut
microbiome resulting in accumulation of shikimate (Mesnage
et al., 2021). Shikimate has been associated with the induction of
various forms of cancer (Ma and Ning, 2019; Mesnage et al,,
2021). Consequently, indirect carcinogenic effects of glyphosate
through changes in the gut microbiome and/or its metabolism
were suggested (Mesnage et al.,, 2021; Uyemura et al., 2017).

Concerns regarding the possible effect of glyphosate on
microbiome and health have also been expressed for insects
(Gomez-Gallego et al., 2020; Kiefer et al., 2021; Smith et al,
2021). For example, bee colony decline has been a well-known
phenomenon in the past decade (Motta et al., 2018). The decline
has been attributed to various factors, among others to bacterial
and fungal pathogens. Honeybees (Apis mellifera) are dependent
on bacterial symbionts such as Snodgrassella alvi, which has the
class I ESPSP gene and is sensitive to glyphosate. After young
honeybees were exposed to glyphosate at different doses (up to
169 mgL™") affecting their microbiome as described above,
challenge inoculation with the opportunistic pathogen Serratia
marcescens resulted in up to 100% death, compared to 50% death
by S. marcescens without glyphosate (Motta et al., 2018; Motta
and Moran, 2020). The normal microbiome largely prevented
infection by S. marcescens, while the microbiome altered by
glyphosate could not prevent infection. Similar results were
obtained in field experiments using 1 mM glyphosate or 0.1%
Roundup in sucrose syrup combined with mark-and-recapture
techniques (Motta et al., 2020). Fewer glyphosate-exposed bees
were recaptured than control bees, and challenge inoculation with
S. marcescens of the exposed bees resulted in increased death
(Motta et al., 2020).

Glyphosate did not only enhance the susceptibility of bees to a
bacterial pathogen, but also to a viral pathogen (Deformed Wing

Virus) at 10mg/L in sucrose syrup, despite an increase in
immune activation indicators by glyphosate and the intestinal
parasite Nosema ceranae (Castelli et al., 2021). The increased
virus infection was associated with reduced bee survival (Castelli
et al., 2021). When honeybees were artificially infected by N.
ceranae, supplementation with Bifidobacteria and Lactobacilli in
a sucrose solution partially controlled the infection (Baffoni et al.,
2016). Although glyphosate changed the gut microbiome
composition, sugar consumption, infection by N. ceranae and
honeybee mortality were not affected in another study (Blot et al.,
2019). Nevertheless, a recent meta-analysis of effects of different
glyphosate formulations on bee mortality showed that glyphosate
is indeed toxic to bees at realistic doses (Battisti et al., 2021).
Additional effects of exposure of honeybees to glyphosate levels
commonly found in agricultural settings are impaired cognitive
abilities needed for a successful return to the hive. Thus,
honeybees that had been fed with a solution containing
10mgL™" glyphosate (0.50 ug per individual bee) spent more
time on homeward flights than control bees (Balbuena et al.,
2015).

Solitary wild bees (such as Ceratina and Megalopta species)
had a core microbiome that was partially shared with that of the
pollen provision (Graystock et al., 2017). Lactobacillus was
identified as core bacteria in all bee species and pollen sources
investigated and was considered essential for a healthy
microbiome (Graystock et al., 2017). Lactobacillus species are
particularly sensitive to glyphosate (Baffoni et al, 2016),
suggesting that sublethal glyphosate concentrations may have
negative health effects on solitary bees too.

DISCUSSION AND CONCLUSION

Glyphosate use has increased worldwide more than ten-fold in
the past 25 years (Székacs and Darvas, 2018). As dissipation and
degradation are much slower than anticipated originally,
glyphosate residues have accumulated in soil and water bodies,
and consequently have increased in plant and animal products
(Battaglin, 2014; Carles, 2019; Silva et al., 2018). Tolerance levels
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were set originally based on acute oral toxicities and have been
raised as the measured residues in food and feed products rose
over time (Benbrook, 2016; Myers et al., 2016; Zhang et al., 2019).
Although the toxicity to mammals was initially considered to be
low (Greim et al., 2015; O World Health Organiz, 2009), there is
increasing emphasis on potential chronic effects of glyphosate as
it accumulates in the environment and the food chain (Jarrell
et al., 2020; Greim et al,, 2015; Mesnage et al., 2015a; Mesnage
et al., 2015b; Myers et al., 2016; Zhang et al., 2019).

Correlations have been found between the increase in
glyphosate use and several plant, animal and human diseases
(Rueda-Ruzafa et al., 2019; Sanogo et al., 2000; Swanson et al.,
2014; van Bruggen et al., 2018; Uyemura et al., 2017; Zhang et al,,
2019). In 2015, the World Health Organization warned about the
potential negative health effects of glyphosate, including the risk
of cancer development based on experimental research results,
and reclassified glyphosate as probably carcinogenic to humans
((International Agenc, 2015). Subsequently, several governments
have partially restricted the use of glyphosate (https://www.
baumhedlundlaw.com/toxic-tort-law/monsanto-roundup-
lawsuit/where-is-glyphosate-banned/). Conversely, the
Environmental Protection Agency (EPA) of the USA and the
European Commission (EC), based on recommendations by
EFSA and the German government, reviewed selected papers
on the carcinogenic potential of glyphosate and decided to
reregister the herbicide without additional restrictions (EPA,
2017; EC, 2017). Glyphosate and AMPA were not expected to
have an impact on the health of various agricultural animals (and
rumen microbial communities) at a maximal residue level of
292 mgkg-1 dry weight in fodder and 342-530 mgkg-1 in grass
forage ((European Food Safet, 2018). These residue levels are
approached frequently but rarely exceeded (Supplementary
Table S1).

Despite the reregistration by international regulatory agencies,
the potential negative side effects of glyphosate have remained
controversial. The debate focused initially on toxic effects of
additives in the formulations (Benbrook, 2016; Defarge et al.,
2018; Hammerschmidt, 2018) and formulations with POEA were
banned in some countries (EC, 2016; EC, 2017). Nevertheless,
negative side effects continue to be reported by independent
scientists, also for other formulations (Myers et al., 2016), and
some countries are considering a complete ban of glyphosate
(Peng et al., 2020).

In recent years, the emphasis in the debate has shifted to
indirect side effects on plant, animal and human health via effects
of glyphosate on the microbiomes associated with their hosts
(Davoren and Schiestl, 2018). Direct effects of glyphosate on soil
microbiota and plant- and animal microbiomes have been
disputed by some researchers associated with government
agencies (Duke, 2018; European Food Safet, 2018; EPA, 2017;
Kepler et al., 2020; Schlatter et al., 2018) and private companies
(Bus, 2015; Vicini et al., 2019). We noticed, however, that the
detection of glyphosate effects on microbial community
composition depends on the level of integration chosen for the
analysis of microbiome DNA sequences: treatment effects on
Phyla, Orders or Classes were generally not found. These levels of
integration are not always relevant for finding shifts in
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microbiomes affecting health, because selection for resistance
and pathogenicity commonly occurs at lower taxonomic levels
(Bote et al, 2019a). The complex effects of glyphosate on
microbiomes associated with the main macro-organism hosts
discussed in this review are summarized in Supplementary
Figure S1.

Glyphosate effects on microbial composition have been
documented convincingly at the genus and species levels
(Helander et al., 2018; Nielsen et al., 2018; Romdhane et al,,
2019). For example, on Bacillus species, including B. anthracis
(Acosta-Cortés et al., 2019; Yu et al,, 2015) and Clostridium
species, including C. botulinum (Argou-Cardozo and Zeidan-
Chulia, 2018; Gerlach et al.,, 2014; Kriiger et al., 2013; Rodloff and
Kriiger, 2012) are often less sensitive or insensitive to glyphosate
and may accumulate in the environment. Both genera produce
survival spores under stress and can survive food and feed
processing like pasteurization and fermentation (Drichuis
et al, 2018). Additional research is needed to determine if
glyphosate application to crops could lead to increased disease
risk by these animal pathogens from contaminated and processed
food or feed. In addition to effects of glyphosate on the
microbiome at genus and species levels, subtle effects at the
sub-species level may also be important (Bote et al., 2019a). It
remains to be seen if pks + E. coli strains that enhance the risk of
colon cancer are more tolerant to glyphosate than commensal
E. coli strains.

The reasons for greater glyphosate resistance among animal
pathogens such as Bacillus, Clostridium, Streptococcus, and
Staphylococcus  compared to non-pathogens such as
Bacterioides and Bifidobacterium are not known. Cell wall
thickness may be one reason (Ravishankar et al, 2020) as
these animal pathogens are Firmicutes (Gram-positive) and
thus have thicker cell walls. Lactobacillus is a Gram-positive
commensal, and its MIC value is variable (Clair E. et al., 2012;
Shehata et al., 2013; Nielsen et al., 2018). However, the main
reasons for differential sensitivity to glyphosate likely are
differences in EPSPS types (Leino et al,, 2021; Rainio et al,
2021). Firmicutes have a resistant EPSPS type (Rainio et al,
2021). Nevertheless, also at the molecular interaction level there
are exceptions, with Proteobacteria (Gram-negative) being either
sensitive or resistant, the pathogens Legionella and
Campylobacter being resistant and Yersinia and Neisseria
sensitive (Rainio et al, 2021). This difference in sensitivity
may be related to the extent of exposure to glyphosate in the
environment (Rainio et al., 2021).

Deep-sequencing data at genus and species levels of the
microbiomes of rhizosphere soil, plants and animals are still
rare. However, significant effects of glyphosate on microbiomes
have been demonstrated by deep sequencing recently (Lu et al.,
2018; Mao et al., 2018; Motta et al., 2018; Romdhane et al., 2019).
Again, the probability of demonstrating glyphosate effects
depends on the depth of the analysis in terms of taxonomic
and functional integration levels. Future improvements in deep
sequencing and analysis techniques may be helpful in this respect.

Detecting glyphosate effects on microbiomes and their macro-
organism hosts is also hampered because of increasing difficulties
in finding:
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1) Truly negative controls due to increasing residues in soil,
water, food and feed (Séralini, 2020; Silva et al., 2018; de
Araujo et al., 2016),

Differences in sensitivity of microorganisms as more and
more species are becoming resistant to glyphosate (Grube
et al., 2019; Poppe et al,, 2019), and

Actual residue levels above the maximum residue limits if the
MRLs are raised over time (Benbrook, 2016; (European
Commission), 2020).

2

~

3

~

Thus, documentation of negative side effects of glyphosate will
become more and more difficult (Séralini, 2020). This does not
mean that there are no negative side effects now compared to
truly negative controls available 25 years ago.

In conclusion, we suggest that assessment and characterization
of problems associated with the large scale and intensive use of
glyphosate and other pesticides is much more daunting than
originally anticipated by regulatory agencies, in particular due to
the accumulation in soil and waterways (Geissen et al., 2021).
Residual concentrations in manure and soil are getting so high
that plant growth is affected negatively, and prospects for a
circular agriculture are endangered (Fernandes et al, 2020;
Gomes et al., 2020; Helander et al, 2018; Helander et al,
2019; Muola et al., 2021).

Glyphosate residues are increasing throughout the agri-
foodsystem (Bohn and Millstone, 2019; Benbrook, 2016).
Taking chronic indirect effects of glyphosate into account, we
agree with Myers ef al. (2016) and Li and Jennings (2017), who
recommend that regulatory agencies should reconsider legally
binding tolerance levels of glyphosate plus AMPA in plant
products and drinking water for animal and human
consumption. Residues of glyphosate and AMPA are common
in most plant products, especially from second generation GR
crops with a gene encoding for the enzyme glyphosate oxidase
that converts glyphosate into AMPA, so that animal and human
diets contain residues of both compounds from many different
sources. The decision about maximum residue levels should be
risk-based (the combination of hazard and exposure), taking all
possible exposure routes into account, including direct exposure
through the skin, nasal exposure from aerosols, oral exposure
with the consumption of plant- and animal products, and
drinking water (Székdcs and Darvas, 2018). Maximal residues
as observed in farm products (not only in experimental settings)
should be used in the calculations (Behn and Millstone, 2019;
Cuhra, 2015; Miyazaki et al., 2019), and exposures should be
calculated over a lifetime, in recognition of the risk of chronic
long-term effects (Greim et al.,, 2015; Mesnage et al., 2015b;
Séralini et al., 2014). Hazard calculations need to include not
only direct oral toxicity of the active ingredient resulting in liver
and kidney disease and death (Gao et al.,, 2019; Trasande et al,,
2020), but also long-term, sub-lethal exposures resulting in
microbial dysbiosis, chronic kidney problems, carcinogenicity,
reproductive and developmental toxicity, neurotoxicity and
endocrine effects of the various formulations (Defarge et al,
2018; Ingaramo et al., 2020; Jarrell et al., 2020; Maddalon et al.,
2021; Mesnage et al., 2015a; Székacs and Darvas, 2018). In view
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of our recent understanding of the importance of the
microbiome, not only for intestinal health but through the
gut-brain also for immune, endocrine,
neurodevelopmental and whole organism health, effects of
glyphosate on pathogenic and beneficial bacterial and fungal
species need to be taken into account (Davoren and Schiestl,
2018; Miyazaki et al., 2019).

We recommend additional interdisciplinary research on the
associations between low level chronic glyphosate exposure,
distortions in microbial communities at the species level and
the emergence of animal, human and plant diseases. A
potential  connection between glyphosate exposure,
populations of pks + bacterial species such as E. coli and
intestinal cancer development needs to be investigated
(Davoren and Schiestle, 2018). Connections between
glyphosate resistance in bacteria and antibiotic resistance
also deserve more attention (Kurenbach et al, 2015;
Kurenbach et al., 2018; Péppe et al.,, 2020). As suggested by
us earlier (van Bruggen et al, 2018), independent and
trustworthy research is needed to revisit the tolerance
thresholds for glyphosate residues in water, food and
animal feed taking all possible health risks into account.
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