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BACKGROUND: There is intense debate on whether glyphosate can inhibit the shikimate pathway of gastrointestinal microorganisms, with potential
health implications.

OBJECTIVES: We tested whether glyphosate or its representative EU herbicide formulation Roundup MON 52276 affects the rat gut
microbiome.

METHODS: We combined cecal microbiome shotgun metagenomics with serum and cecum metabolomics to assess the effects of glyphosate [0.5, 50,
175 mg=kg bodyweight ðBWÞ per day] or MON 52276 at the same glyphosate-equivalent doses, in a 90-d toxicity test in rats.

RESULTS: Glyphosate and MON 52276 treatment resulted in ceca accumulation of shikimic acid and 3-dehydroshikimic acid, suggesting inhibition of
5-enolpyruvylshikimate-3-phosphate synthase of the shikimate pathway in the gut microbiome. Cysteinylglycine, c-glutamylglutamine, and valylgly-
cine levels were elevated in the cecal microbiome following glyphosate and MON 52276 treatments. Altered cecum metabolites were not differen-
tially expressed in serum, suggesting that the glyphosate and MON 52276 impact on gut microbial metabolism had limited consequences on
physiological biochemistry. Serum metabolites differentially expressed with glyphosate treatment were associated with nicotinamide, branched-chain
amino acid, methionine, cysteine, and taurine metabolism, indicative of a response to oxidative stress. MON 52276 had similar, but more pronounced,
effects than glyphosate on the serum metabolome. Shotgun metagenomics of the cecum showed that treatment with glyphosate and MON 52276
resulted in higher levels of Eggerthella spp., Shinella zoogleoides, Acinetobacter johnsonii, and Akkermansia muciniphila. Shinella zoogleoides was
higher only with MON 52276 exposure. In vitro culture assays with Lacticaseibacillus rhamnosus strains showed that Roundup GT plus inhibited
growth at concentrations at which MON 52276 and glyphosate had no effect.

DISCUSSION:Our study highlights the power of multi-omics approaches to investigate the toxic effects of pesticides. Multi-omics revealed that glypho-
sate and MON 52276 inhibited the shikimate pathway in the rat gut microbiome. Our findings could be used to develop biomarkers for epidemiologi-
cal studies aimed at evaluating the effects of glyphosate herbicides on humans. https://doi.org/10.1289/EHP6990

Introduction
The gastrointestinal (GI) tract is colonized by a large collection
of microorganisms, including bacteria, archaea, fungi, viruses,
and small eukaryotes. Bacteria are physically separated from the
gut epithelial lining by the inner mucus layer, which prevents epi-
thelial colonization and, potentially, enteric infection (Ducarmon
et al. 2019). The gut microbiome metabolism of dietary compo-
nents, environmental chemicals, and pharmaceuticals has a major
influence on health (Koppel et al. 2017). Given that the effects of
toxic chemicals on the gut microbiome are not systematically
tested in the battery of premarket tests, concerns have been raised

about the potential impacts of environmental contaminants, such
as glyphosate (Tsiaoussis et al. 2019).

Glyphosate is the world’s most used herbicide ingredient
(Benbrook 2016) and is one of the most frequently detected pesti-
cide residues in foodstuffs (EFSA 2017). This is due to the fact
that it is frequently sprayed on crops (especially cereals such as
oats and wheat) to accelerate ripening and facilitate harvest or to
clear weeds in the cultivation of glyphosate-tolerant genetically
modified crops (Benbrook 2016; EFSA 2017).

The primary mechanism by which glyphosate acts as a herbi-
cide is by inhibiting the enzyme 5-enolpyruvylshikimate-3-phos-
phate synthase (EPSPS) of the shikimate pathway, which is
responsible for aromatic amino acid biosynthesis (Schönbrunn
et al. 2001). The mode of action of glyphosate on EPSPS is to
compete with phosphoenolpyruvate, which is condensed with
shikimate-3-phosphate to form EPSP. The action of EPSPS is the
penultimate step in the seven-step shikimate pathway (Figure 1)
leading to the biosynthesis of chorismate (Knaggs 2001).
Although it is generally considered that the inhibition of aromatic
amino acid synthesis is the main outcome of glyphosate’s effects
on the shikimate pathway, chorismate is also a precursor for the
biosynthesis of secondary metabolites, including ubiquinone,
menaquinone, lignans, tannins, and flavonoids (Knaggs 2001).

Given that the shikimate pathway is absent in animal cells,
including humans, glyphosate has been asserted to have a high
safety profile. However, the shikimate pathway also exists in
some microorganisms (Knaggs 2001). Because this pathway is
essential for the viability of some pathogenic microorganisms,
such as Mycobacterium tuberculosis (Parish and Stoker 2002), or
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unicellular parasites, such as the malaria parasite Plasmodium
falciparum (McConkey et al. 1994; Roberts et al. 1998),
shikimate-pathway enzymes are targets for the creation of antibi-
otics, as well as antifungal and antiparasitic drugs (Coggins et al.
2003). It has been found that glyphosate in combination with
dicarboxylic acids (for example, oxalate) acts as an antiparasitic
agent and can potentially be used to treat infections caused by
protozoan parasites, such as Toxoplasma gondii, Plasmodium fal-
ciparum, and Cryptosporidium parvum (Abraham 2010).

Glyphosate is primarily excreted in the feces, which makes the
GI tract the biological compartment exposed to the highest concen-
trations of this compound (Brewster et al. 1991). It is still unclear
whether glyphosate is metabolized by the gut microbiome (Zhan
et al. 2018). The main metabolite of glyphosate is aminomethyl-
phosphonic acid, which can be generated by some soil microorgan-
isms through the glycine oxidase pathway or by oxidation of the
glyphosate carbon–phosphorus (C-P) bond (Barrett and McBride
2005). Another biochemical pathway found in some soil microor-
ganisms is the C-P lyase pathway, also called the sarcosine path-
way, which cleaves the glyphosate C-P bond to phosphate and
sarcosine (Hove-Jensen et al. 2014). A study of publicly available
gut metagenomes also suggests that glyphosate might be degraded
by some Proteobacteria in the human gut microbiome using the C-
P lyase pathway (Mesnage andAntoniou 2020).

It has been hypothesized that glyphosate may contribute to
the development and progression of various human diseases by
generating a selection pressure on some microbial communities
in the human gut microbiome (Mesnage and Antoniou 2017).
Some authors have proposed that the action of glyphosate on the
gut microbiome can be linked with the rise in nonceliac gluten
sensitivity and the large rise in the incidence of autism spectrum
disorders in children within the United States (Samsel and Seneff

2013). However, this remains unsubstantiated by experimental
evidence (Mesnage and Antoniou 2017). Although some studies
have investigated the effects of glyphosate on the gut microbiome
in rats (Lozano et al. 2018; Mao et al. 2018; Nielsen et al. 2018),
cows (Riede et al. 2016), pigs (Krause et al. 2020), honey bees
(Motta et al. 2018), and turtles (Kittle et al. 2018), there is still
intense debate as to whether glyphosate’s interference with the
shikimate pathway in microorganisms inhabiting the human GI
tract can be a source of negative health outcomes.

To address this knowledge gap in glyphosate toxicology, we
used a multi-omics strategy combining cecal microbiome shotgun
metagenomics with serum and cecummetabolomics to test whether
the impact of glyphosate, or its representative EU commercial herbi-
cide formulation Roundup MON 52276, on gut microbial metabo-
lism has an effect on the microbiome–host interface. We took
advantage of recent progress in high-throughput omics technolo-
gies, which have been used to evaluate molecular composition
(Taylor et al. 2018) and to predict chemical mode of action in
bacteria (Zampieri et al. 2018). Metabolomics is increasingly
used to understand the function of the gut microbiome (e.g.,
Zierer et al. 2018). Combined with shotgun metagenomics
sequencing techniques to identify and quantify the whole
genomes from a larger range of microorganisms (bacteria, fungi,
viruses and protists), we captured the modifications of the meta-
bolic activity of the gut microbiome after exposure to glyphosate
orMON 52276.

Material and Methods

Experimental Animals

The experiment was conducted on young adult female Sprague-
Dawley rats (8 wk of age at the start of treatment), in accordance
with Italian law regulating the use and humane treatment of ani-
mals for scientific purposes (Government of Italy 2014). Before
commencing the experiment, the protocol was examined by the
animal welfare body for approval. The protocol of the experiment
was authorized by the ad hoc commission of the Italian Ministry
of Health (authorization no. 447/2018-PR).

Female Sprague-Dawley rats were generated in-house at the
Cesare Maltoni Cancer Research Center, Ramazzini Institute, fol-
lowing an outbreeding program, and were subjected to ear-punch
marking using the Jackson Laboratory system for the purposes of
identification. Female animals were chosen to make our results
comparable to our previous studies, in which we showed that the
long-term exposure to Roundup GT plus (GT+) was associated
with the development of fatty liver disease (Mesnage et al. 2015,
2017). Animals were randomized after weaning in order to have
at most one sister per litter in each group. Homogeneous body
weight (BW) within the different groups was also ensured.
Animals of 6 wk of age were acclimatized for 2 wk before the
start of the experiment. Rats were housed in polycarbonate cages
(41× 25× 18 cm) with stainless steel wire tops and a shallow
layer of white wood shavings as bedding. The animals were
housed in the same room, three per cage, maintained at a temper-
ature of 22�C±3�C and relative humidity of 50%±20%.
Artificial lighting was provided on a 12-h light/dark cycle. The
cages were periodically rotated on their racks to minimize effects
due to cage position on animals.

Treatments

Seven groups of 12 female Sprague-Dawley rats of 8 wk of age
were treated for 90 d (Excel Table S1). They received ad libitum a
rodent diet supplied by SAFE. The feed was analyzed to identify
possible contaminants or impurities by Eurofins and the Institut

Figure 1. The shikimate pathway and its associated biosynthesis pathways.
Information about the biosynthetic pathway associated with the shikimate
pathways metabolites were retrieved from the KEGG Orthology database.
Note: EPSPS, enolpyruvylshikimate-3-phosphate synthase; KEGG, Kyoto
Encyclopedia of Genes and Genomes.
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Scientifique d’Hygiène et d’Analyze (see the file “File Contaminant
Screening”). Nutrients, pesticides, dioxins, mycotoxins, isofla-
vones, heavy metals, and polychlorinated biphenyls, as well as
somemicroorganisms,weremeasured.Glyphosatewas not detected
(limit of quantification: 0:01 mg=kg). The only pesticide residue
detected was piperonyl butoxide, which was found at a concentra-
tion of 0:034±0:017 mg=kg. Glyphosate and MON 52276 (at the
same glyphosate-equivalent dose) were administered via drinking
water to give a daily intake of 0.5, 50, and 175 mg=kg BW per day,
which respectively represent the EU acceptable daily intake (ADI),
the EU no observed adverse effect level (NOAEL) and the U.S.
NOAEL (EFSA 2015; U.S. EPA 2002). Glyphosate was purchased
from Merck KGaA (Sigma Aldrich) with purity ≥95%. MON
52276 was sourced from the Italian market as Roundup Bioflow
(commercial name). MON 52276 is the formulated glyphosate-
based herbicide used for the EU’s review for market registration,
and it is sold under different trade names in Europe (Roundup Pro
Biactive in Ireland, Roundup Extra 360 or Roundup Star 360 in
France, Roundup BioFlow in Italy, Roundup Ultra in Belgium and
Austria, or Roundup Bio in Finland) (Mesnage et al. 2019). Tap
water from the local water supplier was administered in glass bottles
ad libitum. Drinking water was discarded and the bottles were
cleaned and refilled daily. The doses ofMON 52276 and glyphosate
for experimental groups were calculated every week based on
weekly mean BWs and weekly mean water consumption in order to
achieve the desired dosage, considering that MON 52276 contains
360 g=L of glyphosate.

Clinical Observations

Animals were checked for general status three times a day from
Monday to Saturday and twice on Sundays. Status, behavior, and
clinical parameters of experimental animals were checked
weekly, starting from 2 wk before the start of the treatments until
the end of the experiment (13 wk of treatment). The daily water
(Excel Table S2) and food consumption (Excel Table S3) per
cage were measured before the start of the experiment and then
weekly for the entire 13-wk duration of the treatment. The day
before sacrifice, the animals were allocated into metabolic cages
(model 3701M081; Tecniplast spa Italy). After approximately
16 h in a metabolic cage, total water consumption was registered
for each animal. Animals remained in metabolic cages until sacri-
fice. The BW of the experimental animals was measured before
the start of the treatment and then weekly for 13 wk (Excel Table
S4). Before sacrifice, the animals were anesthetized by inhalation
using a mixture of carbon dioxide and oxygen (70% and 30%,
respectively), and about 7:5 mL of blood was collected from the
vena cava. The blood in its collection tube was stored at room tem-
perature for 20 min and then centrifuged at 3,000 rpm for 10 min
to obtain serum, which was aliquoted into labeled cryovials and
stored at −70�C. At the time of sacrifice, two vials of 100-mg
cecal content were collected to perform the gut microbiome evalu-
ation (one for the shotgun metagenomics and one for the metabo-
lomics). The sampling schedule is detailed in Table S1.

Metabolomics Analysis

Metabolon Inc. (Durham, NC) was contracted to conduct the
metabolomics analysis. Serum and fecal samples were prepared
using the automated MicroLab STAR system from the Hamilton
Company. The samples were first lyophilized and then weighed.
Between 20 and 30 mg of dried samplewas then used for the analy-
sis. The samples were prepared by adding water at a 50:1 vol:wt ra-
tio and homogenized via agitation in the presence of steel beads in
a Genogrinder (GenoGrinder 2000; Gen Mills). In order to ensure
that a consistent amount of sample was analyzed, an equal aliquot

of the resulting homogenized material was used for metabolite
extraction from each of the samples. Proteins were precipitated
with methanol (500 lL of methanol added to 100 lL of sample)
under vigorous shaking for 2 min (using the GenoGrinder 2000).
Following the precipitation step, the samples were centrifuged for
10 min at 680× g to pellet the precipitated material, and the super-
natant was transferred to analytical plates as previously described
(Ford et al. 2020). Samples were placed briefly in a TurboVap
(Zymark) to remove the organic solvent. The sample extracts were
stored overnight under nitrogen before preparation for analysis.
The resulting extract was analyzed on four independent instrument
platforms: two different separate reverse phase ultra-high perform-
ance liquid chromatography–tandem mass spectroscopy analysis
(RP/UPLC-MS/MS) with positive ion mode electrospray ioniza-
tion (ESI), a RP/UPLC-MS/MS with negative ion mode ESI, as
well as a by hydrophilic-interaction chromatography (HILIC)/
UPLC-MS/MSwith negative ionmode ESI.

All UPLC-MS/MS methods used a Waters ACQUITY UPLC
and a Thermo Scientific Q-Exactive high-resolution/accurate
mass spectrometer interfaced with a heated ESI source and
Orbitrap mass analyzer operated at 35,000 mass resolution. The
sample extract was dried and then reconstituted in solvents com-
patible to each of the four methods used. The details of the sol-
vents and chromatography used are described by Ford et al.
(2020). Each reconstitution solvent contained a series of isotopi-
cally labeled or halogenated standards at fixed concentrations
(Ford et al. 2020) to ensure injection and chromatographic con-
sistency. One aliquot was analyzed using acidic positive ion con-
ditions, which are optimized for more hydrophilic compounds. In
this method (LC/MS/MS positive polar; see Ford et al. 2020), the
extract was gradient eluted from a C18 column (Waters UPLC
BEH C18-2:1× 100 mm, 1:7 lm) using water and methanol,
containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% for-
mic acid (FA) at pH∼ 2:5 at a flow rate of 0:35 mL=min.
Gradient elution time was 3.35 min. Another aliquot was also an-
alyzed using acidic positive ion conditions, chromatographically
optimized for more hydrophobic compounds. In this method (LC/
MS/MS positive lipid; see Ford et al. 2020), the extract was gra-
dient eluted from the same aforementioned C18 column using
methanol, acetonitrile, water, 0.05% PFPA, and 0.01% FA and
was operated at an overall higher organic content at a flow rate of
0:60 mL=min. Another aliquot was analyzed using basic negative
ion optimized conditions using a separate dedicated C18 column
(LC/MS/MS Neg; as described by Ford et al. 2020). The basic
extracts were gradient eluted from the column using methanol
and water, with 6:5mM ammonium bicarbonate at pH 8. The gra-
dient was linear from 0.5% to 70% mobile phase containing 95%
methanol and 5% water over 4.0 min, and then rapid to 99%
(same mobile phase) in 0.5 min. The flow rate was 0:35 mL=min.
The fourth aliquot (method LC/MS/MS Polar) was analyzed via
negative ionization following elution from a HILIC column
(Waters UPLC BEH Amide 2:1× 150 mm, 1:7 lm) using a gra-
dient consisting of water and acetonitrile with 10mM ammonium
formate, pH 10.8. Flow rate was 0:50 mL=min. The MS analysis
alternated between MS and data-dependent MSn scans using
dynamic exclusion. The scan range covered 70–1,000m=z. A
total of 749 and 744 compounds were detected in serum (Excel
Table S5) and cecum (Excel Table S6), respectively.

The raw data were extracted, peak-identified, and quality con-
trol (QC) processed using Metabolon’s hardware and software as
previously described (DeHaven et al. 2010). Serum and cecum
metabolites were identified by comparison with libraries of
authenticated standards with known retention time/indices, mass
to charge ratios, and chromatographic and MS/MS spectral data.
Identification was based on retention index, mass match
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( ± 10 ppm), and forward- or reverse-search matching between
the experimental data and library standards. More than 3,300
purified standard compounds were registered into the laboratory
information management system. The database server is run with
Oracle 10.2.0.1 Enterprise Edition. Several controls were ana-
lyzed in concert with the experimental samples (Figure S1;
Tables S2 and S3) and were used to calculate instrument variabil-
ity and overall process variability (Table S4). Experimental sam-
ples were randomized across the platform run with QC samples
spaced evenly among the injections, as outlined in Figure S1.
Peak area values allowed the determination of relative quantifica-
tion among samples (Evans et al. 2009). Absolute quantifications
including the determination of limits of detection would require
the optimization and validation of compound-specific assays. The
raw data is available in Metabolights, with the accession number
MTBLS138 (https://www.ebi.ac.uk/metabolights/MTBLS138).

Shikimic Acid Quantification by HPLC-MS/MS

The experimental protocol used to quantify shikimic acid in serum
was based on a published method (Noh et al. 2020). Shikimic acid
was quantified by HPLC-MS/MS with a Thermo Scientific
Quantum Access mass spectrometer with a Thermo Accela LC
pump and CTC autosampler. Diclofenac was used as an internal
standard. The substances were separated on a C18 Thermo
Scientific Accucore HPLC column (100× 2:1 mm, 2:6 lm). The
elution rate was 0:2 mL=min and run time was 10 min. Retention
times for shikimic acid and diclofenac were 1.5 min and 5.9 min,
respectively. For the mass spectrometry, negative ion mode ESI
was used. Spray voltage was maintained at 4,000 V and 350°C.
Selected reaction monitoring (SRM) transitions (Table S5) were
determined from infusion data acquired in central mode data type
andwith a peakwidth of 0:4m=z.

Protein precipitation was achieved by mixing 100 lL serum
with 500 lL acetonitrile and 50 lL internal standard, followed
by vortexing. Samples were then centrifuged 5 min at
14,000 rpm. The resulting supernatants were evaporated to dry-
ness in a rotavap at 30°C. This extract was then reconstituted in
80 lL acetonitrile:water and centrifuged 5 min at 14,000 rpm
before being transferred to injection vials.

Shotgun Metagenomics

DNA was extracted from 100 mg of cecum content using the
Quick-DNA Fecal/Soil Microbe Miniprep Kit (ZymoResearch)
with minor adaptations from the manufacturer’s instructions.
Adaptations were as follows: bead beating was performed at
5:5 m=s three times for 60 s (Precellys 24 homogenizer; Bertin
Instruments), and 2:50 lL of an elution buffer was used to elute
the DNA, following which, the eluate was run over the column
once more to increase DNA yield. One negative control (no sam-
ple added) and one positive control (ZymoBIOMICS Microbial
Community Standard; ZymoResearch) were taken along during
the DNA extraction procedures and subsequently sequenced.
DNA was quantified using the Qubit HS dsDNA Assay kit on a
Qubit 4 fluorometer (Thermo Fisher Scientific).

Shotgun metagenomics was performed under contract by
GenomeScan. The NEBNext Ultra II FS DNA module (catalog #
NEB #E7810S/L) and the NEBNext Ultra II Ligation module
(catalog # NEB #E7595S/L) were used to process the samples.
Fragmentation, A-tailing, and ligation of sequencing adapters of
the resulting product was performed according to the procedure
described in the NEBNext Ultra II FS DNA module and
NEBNext Ultra II Ligation module instruction manual. Quality
and yield after sample preparation was measured using the frag-
ment analyzer. The size of the resulting product was consistent

Figure 2. Changes in water consumption, food consumption, and body weight are shown for adult female Sprague-Dawley rats administered with (A–C)
glyphosate and (D–F) Roundup MON 52276 in drinking water for 90 d. Curves are smoothed conditional means of weekly body weight and food and water
intake measurements. n=12 per group. The gray shading is the 95% confidence interval for the control group. Note: BW, body weight.
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with the expected size of ∼ 500–700 bp. Clustering and DNA
sequencing using the NovaSeq6000 was performed according to
the manufacturer’s protocols. A concentration of 1:1 nM of DNA
was used. NovaSeq control software NCS (version 1.6) was used.

Shotgun metagenomics data sets were analyzed with Rosalind,
the Biomedical Research Centre/King’s College London high-
performance computing cluster. First, data were preprocessed using
the software package preprocessing (version 0.2.2; https://anaconda.
org/fasnicar/preprocessing). In brief, this package concatenates all
forward reads into one file and all reverse reads into another file;
then uses trim_galore to remove Illumina adapters, trim low-
quality positions and unknown positions (UNs), and discard low-
quality (i.e., quality <20 or >2Ns) or too-short reads (<75 bp);
removes contaminants (phiX and rat genome sequences); and ulti-
mately sorts and splits the reads into R1, R2, and UN sets of reads.
After preprocessing, a total of 20:7±4:9million paired-end non-
rat cleaned reads remained. The raw data are available from the
National Center for Biotechnology Information (NCBI), with
BioProject accession no. PRJNA609596 (https://www.ncbi.nlm.
nih.gov/bioproject/PRJNA609596).

Given that there is no gold standard for the computational
analyses of shotgun metagenomics, we used a combination of
approaches. In order to use as many DNA reads as possible, we
inferred the taxonomy with the NCBI Reference Sequence
(RefSeq) database on the metagenomics Rapid Annotations using
Subsystems Technology (RAST) server (Keegan et al. 2016).
The taxonomy of 55% of our non-rat cleaned reads was assigned
(Excel Table S7). Given that the amplification of 16S rRNA gene
sequences was frequently used to assign taxonomy in previous
glyphosate gut microbiome studies, we also isolated 16S rRNA
gene reads from the shotgun metagenomics data sets, using the
metagenomics RAST server with a cutoff of 70% identity to ribo-
somal sequences from a reduced version of M5RNA with
SortMeRNA (Kopylova et al. 2012). An average of 20,000 reads
per sample was mapped to 16S rRNA genes, and the taxonomy
was assigned using the SILVA database (Excel Table S8). We
also inferred the taxonomy with IGGsearch (iggdb_v1.0.0_gut
database), which uses taxa-specific marker genes (Excel Table
S9) and circumvents problems associated with the amplification
of single amplicons, such as in the case of the 16S rRNA gene
(Nayfach et al. 2019). In order to understand changes in cecum
microbiome functional potential, we used a bacterial gene catalog
from the Sprague-Dawley rat gut microbiome using Bowtie2
(version 2.2.5; Pan et al. 2018). A total of 23:5± 6:8% of the
reads aligned to this catalog. Count data were then extracted from
the Binary Alignment Map files using SAMtools (version 1.4; Li
et al. 2009). Approximately 41% of the mapped reads were
assigned with a Kyoto Encyclopedia of Genes and Genomes
(KEGG) Orthology annotation (Excel Table S10). However, this
was not used to infer the taxonomy, given that 90.6% of the con-
tigs detected in our metagenome data sets were not annotated at
the species level defined by Pan et al. (2018). ShortBRED was
also used to quantify the abundance of the EPSPS enzyme (Excel

Table S11) with default parameters (Kaminski et al. 2015). For
this purpose, a set of markers specific to EPSPS enzymes was
created from InterPro family IPR006264 (3-phosphoshikimate 1-
carboxyvinyltransferase) with UniRef90 as the reference database
using ShortBRED-Identify. ShortBRED-Quantify was then used
to measure the abundance of EPSPS markers in the shotgun
metagenomic sequence reads with default parameters (Excel
Table S11).

In Vitro Study of Bacterial Growth

A stock solution of 5:6 g=L glyphosate was made in water and used
to inoculate a freshly prepared de Man, Rogosa, and Sharpe (MRS)
broth without peptone (Table S6). Roundup GT+ and MON 52276
at 450 g=L and 360 g=L respectively,were directly diluted in bacte-
rial broth. Lacticaseibacillus rhamnosus (formerly known as
Lactobacillus rhamnosus) (Zheng et al. 2020) strains were provided
by theUniversité deCaenMicrobiologieAlimentaire culture collec-
tion, identification nos. 2927 (LB2), 2929 (LB3), 2933 (LB5), and
5164 (LB7). Three of these strains have their reference sequences
(LB2=CIPA158; LB3=CIP 71:38; LB5=CIP 103888) in the
biobank of the Center de Ressources Biologiques Institut Pasteur
(Paris, France), while the strain LB7 was described by Henri-
Dubernet et al. (2008). These strains were used because
Lacticaseibacillus rhamnosus is prevalent in the human gut and has
relevant health-promoting properties as a probiotic (Capurso 2019)
and also because previous rat studies investigating the effects of
glyphosate on the gut microbiome suggested that Lactobacilli are
the most affected bacteria (Lozano et al. 2018;Mao et al. 2018). The
broth dilution method was used to determine how pesticides can
modify bacterial growth under aerobic conditions (Wiegand et al.
2008). Bacteria from overnight cultures grown in MRS in tubes
stored in a 37°C incubator were resuspended to an OD600nm =0:3
and further diluted 1,000-fold in MRS broth without peptone for L.
rhamnosus to obtain approximately 105 CFU=mL, as confirmed in
each experiment by plating the cell suspension onMRS agar plates,
which were incubated aerobically at 37°C. Glyphosate was tested
from concentrations one-tenth (∼ 0:5 mg=L) those of the glypho-
sate dilutions in the drinking water of animals receiving the lowest
experimental dose in the present study. Plates were inspected after
24 h and 48 h.All experiments were performed in triplicate.

Statistical Analysis

Statistical analysis was performed in R (version 3.6.1; R
Development Core Team). Peak area values for cecum (Excel Table
S12) and serum (Excel Table S13) metabolomes were median
scaled and log transformed, and any missing values were imputed
with sample set minimums. Themetabolome data orthogonal partial
least squares discriminant analysis (OPLS-DA) was performed
using MetaboAnalyst (version 4.0; Chong et al. 2018). Log-
transformed data were analyzed using a one-way analysis of var-
iance (ANOVA) adjusted for multiple comparisons with the false
discovery rate (FDR) procedure with R package qvalue (version

Table 1. OPLS-DA models of the metabolomics of the host-gut microbiota in Sprague-Dawley rats exposed to glyphosate and Roundup MON 52276. Female
rats were administered via drinking water to 0.5, 50, and 175 mg=kgBWper day glyphosate and MON 52276 at a glyphosate-equivalent dose for 90 days.

Metabolome OPLS-DA Gly_0.5 Gly_50 Gly_175 Mon_0.5 Mon_50 Mon_175

Cecum R2Y 0.63 0.65 0.99 0.51 0.71 0.99
Cecum Q2 0.06 0.16* 0.44* 0.24* 0.53* 0.54*

Serum R2Y 0.67 0.71 0.76 0.83 0.91 0.89
Serum Q2 0.2 0.31* 0.22 0.49** 0.52** 0.4**

Note: The predictive ability (Q2) and the percentage of the variance of class variables (R2Y) from these OPLS-DA are presented along the p-value of a 1,000-time permutation test
showing when the predictive ability of the model (Q2) is not part of the distribution formed by the statistic from the permuted data. n=10 per group. Doses: 0.5, 50, and
175 mg=kgBWper day of glyphosate (Gly_0.5; Gly_50; Gly_175) or MON 52276 (Mon_0.5; Mon_50; Mon_175). BW, body weight; OPLS-DA, orthogonal partial least squares dis-
criminant analysis. *, pQ2<0:05; **, pQ2p< 0:01).
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2.20.0). Tukey honest significant differences (Tukey HSD) tests
were computed to determine if there was a difference in mean value
between the different treatment groups. The correlations between
Euclidean distances from the samples in the cecum and serum
metabolome were studied using the Mantel permutation test
(method: spearman) with the R package cultevo (version 1.0.2).

For the shotgun metagenomics, a compositional data analysis
approach was used because gut metagenomics data sets are typi-
cally zero-inflated (Knight et al. 2012). We used ALDE×2 (ver-
sion 1.20.0) for differential (relative) abundance analysis of
proportional data (Fernandes et al. 2013). Statistical analysis was
performed on a data set corrected for asymmetry (uneven
sequencing depths) using the interquartile log-ratio method,
which identifies features with reproducible variance. We assessed
statistical significance using a Kruskal-Wallis test, with p-values
adjusted for multiple comparisons with the FDR approach.

Alpha (Shannon diversity index) was analyzed with the
Vegan R package (version 2.5.6). p-Values for alpha diversity
were computed using an ANOVA test. Beta diversity was esti-
mated using pairwise Bray-Curtis distances among samples with
the Vegan R package. p-Values for beta diversity were computed
using permutational multivariate ANOVA tests (10,000 permuta-
tions) done using the adonis function in the Vegan package.

KEGG annotation analysis was performed using the output of
the alignment to gene catalog from the Sprague-Dawley rat gut
microbiome (Pan et al. 2018). Aggregated counts for each KEGG
Orthology (KO) annotation were also normalized as counts per mil-
lion before the statistical significance was assessed using a Kruskal-
Wallis test, with p-values adjusted with the FDR approach.

Statistical analyses of in vitro tests on bacterial growth were
performed using GraphPad Prism (version 8.0.1; GraphPad
Software, Inc.). Differences between treatment groups at different
concentrations are performed using a Kruskal-Wallis test with
Dunn’s multiple comparison post-test.

Results
The primary aim of the present study was to determine the effects
of glyphosate on the rat gut microbiome. However, as some

commercial GBH products have been shown to be more toxic
than glyphosate alone because they contain other potentially toxic
compounds (Mesnage et al. 2019), we deemed it important to
compare the effects of glyphosate to a representative EU
Roundup formulation (MON 52276) administered at the same
glyphosate-equivalent dose. The doses tested were 0.5, 50, and
175 mg=kgBWper day glyphosate. These were chosen because
they respectively represent the EU ADI, the EU NOAEL, and the
U.S. NOAEL and are thus of regulatory relevance (EFSA 2015;
U.S. EPA 2002). No significant differences were observed in
water consumption (Figure 2A,D), feed consumption (Figure 2B,
E), or mean BW (Figure 2C,F), except for the group administered
with the highest dose of MON 52276 (175 mg=kgBWper day
glyphosate-equivalent dose), which had a lower water consump-
tion than the other groups.

CecumMetabolomics

The metabolomics analysis detected 749 metabolites in the serum
samples and 744 metabolites in the cecal content. We first eval-
uated the effects of glyphosate and MON 52276 using multivari-
ate analyses. OPLS-DA revealed that treatment with both
glyphosate and MON 52276 led to differences in the cecum
microbiome compared with treatment with control (Table 1). The
OPLS-DA was not discriminatory at the lowest dose of glypho-
sate tested, but it was for MON 52276.

A large number of metabolites were affected in a dose-
dependent manner in the cecum metabolome (Figure 3). The lev-
els of 14 metabolites were significantly different in rats after
treatment with glyphosate or MON 52276 (Table 2) compared
with rats treated with controls (FDR<0:05). The most striking
effect was an accumulation of shikimate and 3-dehydroshikimate
(Table 2), which are metabolites upstream of the reaction cata-
lyzed by EPSPS in the shikimate pathway (Figure 1). These
metabolites were undetectable in samples from untreated control
animals.

Levels of dipeptides involved in the regulation of redox balance
(prolyglycine, cysteinylglycine, valylglycine) were also significantly
higher in a dose-dependent manner in MON 52276- and glyphosate-

Figure 3. Differences in the level of cecum metabolites after exposure to glyphosate or Roundup MON 52276. Female Sprague-Dawley rats were administered
via drinking water to 0.5, 50, and 175 mg=kgBWper day glyphosate and MON 52276 at the same glyphosate-equivalent dose for 90 d. A total of 14 metabo-
lites had adjusted p<0:05 (adj-p) according to an ANOVA adjusted for multiple comparisons with the FDR procedure. Log-transformed abundance values are
shown as box plots with the median, two hinges (the 25th and 75th percentiles), and two whiskers extending to the furthest observation ≤1:5 times the inter-
quartile range, along with individual values for each metabolite (solid circles). n=10 per group. Note: ANOVA, analysis of variance; BW, body weight; FDR,
false discovery rate.
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treated rats. Fold differences for these compounds generally ranged
between 2 and 3. Pathway enrichment analysis also revealed that
glyphosate affected the level of dipeptide metabolites (Table 2).
Although most differences were very similar between the groups
exposed to either glyphosate or MON 52276, additional differences
were detected in the latter (compared with controls). The most strik-
ing example was lower levels of solanidine and carotenediol, to the
extent that they became undetectable at the highest dose of MON
52276.

Host–Microbe Interactions

In order to determine if the differences in serum metabolome
composition can be linked to the action of glyphosate on the gut
microbiome, or if they are associated with systemic effects, we
examined whether levels of metabolites that were altered by
glyphosate in the cecum microbiome were also different in the se-
rum metabolome of treated rats. Using a Mantel permutation test
of Euclidean distances (employing the method of Spearman), we
showed that the composition of the cecum metabolome was cor-
related to the composition of the serum metabolome (Figure S2).
The metabolites 3-dehydroshimate, shikimate, and shikimate 3-
phosphate were not detected in serum. In addition, other metabo-
lites differentially detected in the gut of glyphosate-treated
rats (2-isopropylmalate, linolenoylcarnitine, glutarate, pimelate,
valylglycine, prolylglycine, N-acetylputrescine, hydroxy-N6,N6,
N6-trimethyllysine) were detected in the serum, but their levels
were no different in the serum of glyphosate-treated animals com-
pared with the control group (Tables 2 and 3). Similarly, the lev-
els of these same metabolites were also no different between
controls and MON 52276 treatment groups with the exception of
glutarate, which was decreased in both serum and cecum samples
(Tables 2 and 3).

SerumMetabolomics

Although our analysis showed that the metabolites that had their
levels affected by glyphosate or MON 52276 treatment in the ce-
cum were not altered in serum, 33 metabolites had adjusted
p<0:05 in the serum metabolomes of glyphosate-treated rats
(Table 3; Figure 4). There were significant differences in serum
metabolites between vehicle-treated and formulated product
MON 52276–treated rats starting at the lowest concentration
tested (0:5 mg=kgBWper day), whereas the differences in
glyphosate-treated rats were more limited (Table 3). An enrich-
ment analysis revealed that the serum metabolome samples of
animals exposed to the treatments reflected differences in

nicotinamide, branched-chain amino acid, methionine, cysteine,
S-adenosyl methionine (SAM), and taurine metabolism (Table 3).

We attempted to quantify shikimic acid levels in serum sam-
ples by adapting a published HPLC-SRM-MS–based method
(Noh et al. 2020). A comparison of serum and water samples
spiked with shikimic acid with a mixture of shikimic acid and al-
bumin revealed that the presence of protein in serum severely
compromised the recovery and sensitivity of detection of this
compound (Figures S3 and S4). Nevertheless, the estimated limit
of detection of shikimic acid in rat serum was ∼ 5–10 ng=mL
(Figures S3 and S4). The marked interference of shikimic acid
detection by serum proteins in all likelihood explains our inability
to detect this compound in the serum of rats exposed to either
glyphosate or MON 52276 (Excel Table S14). In summary, our
results show that considerable further methodological develop-
ments will be needed to quantify shikimic acid levels in serum
and which is beyond the scope of the present study.

Shotgun Metagenomics

We then performed a shotgun metagenomics analysis of the ce-
cum microbiome to understand which microorganisms were
affected by either glyphosate or MON 52276, or both. No species
were detected in a negative extraction control, which was
included to ensure that no bacterial contamination was introduced
by laboratory reagents and procedures. All the species present in
the ZymoBIOMICS Microbial Community Standard control
were detected.

Alpha diversity was not different between the experimental
groups (Figure 5A; p=0:09). Nonmetric multidimensional scaling
of Bray-Curtis distances (beta diversity) showed a separation
between the treatment groups and the control group (Figure 5B;
p=9:9× 10−5). No differences in abundance were detected for the
most abundant bacterial phyla (Figure 6A) and species (Figure 6B)
present in the cecum microbiome. However, ALDE×2 analysis
revealed that four species present at a low abundance were differ-
entially detected in samples from rats treated with either glyphosate
orMON52276 (FDR< 0:05), compared with those treatedwith ve-
hicle.Eggerthella isolate HGM04355,Acinetobacter johnsonii, and
Akkermansia muciniphila were higher in samples from animals
treated with both glyphosate and MON 52276 (Figure 6C–F).
Interestingly, Shinella zoogleoides abundance was increased in the
samples from rats treated with MON 52276 from the lowest dose
tested, whereas no difference was observed in samples treated with
glyphosate. Because most taxonomy analyses are performed by
reference to the abundance of 16S rRNA gene amplicons, we also

Table 2. Cecum metabolomics of the gut microbiota in Sprague-Dawley rats exposed to glyphosate and Roundup MON 52276.

Metabolite Pathway Gly_0.5 Gly_50 Gly_175 Mon_0.5 Mon_50 Mon_175

Shikimate Food component# −1:1 24.7*** 69.8*** −1:1 42.5*** 55.9***

Solanidine Food component# 1.1 1.2 1.1 1.1 −2:2*** −2:6***

3-Dehydroshikimate Food component# 1.4 5.8*** 14.5*** 1.7 11.9*** 12.3***

2-Isopropylmalate Food component# −1:3 −2:3* −1:5 1.1 −1:7 −2:4*

Glyphosate Chemical 1.6 25.8*** 495.4*** 3.2 80.9*** 199.7***

Linolenoylcarnitine (C18:3) Fatty acid metabolism# 1.0 −1:1 −1:2 1.1 −2:1* −4:3***

Carotene diol Vitamin A metabolism 1.0 −1:1 −1:1 1.2 −1:1 −2:9***

Glutarate Fatty acid, dicarboxylate −1:1 1.1 1.0 −1:7* −1:7 −1:2
Pimelate Fatty acid, dicarboxylate −1:1 1.1 −1:5* 1.2 −1:1 −1:0
Cysteinylglycine Glutathione metabolism 1.3 1.8** 2.7*** −1:3 2.1*** 2.4***

Prolylglycine Dipeptide# 1.1 1.1 1.9* −1:4 1.6 1.6
Valylglycine Dipeptide# 2.1 2.2 3.4** 1.6 2.4* 2.3*

N-Acetylputrescine Polyamine metabolism −1:0 −1:0 1.4 1.5 1.3 −1:2
Hydroxy-trimethyllysine Lysine metabolism 1.0 1.1 1.1 1.6** 1.4 1.1

Note: Fold changes for the 14 metabolites that were found to have their levels significantly altered in a multigroup analysis (ANOVA with an FDR of 5%), with pair-wise statistical
significance determined by a Tukey HSD post hoc test. The statistical significance of a pathway enrichment analysis is also presented (p-values determined from hypergeometric tests).
Doses: 0.5, 50, and 175 mg=kgBWper day of glyphosate (Gly_0.5; Gly_50; Gly_175) or MON 52276 (Mon_0.5; Mon_50; Mon_175). n=10 per group. ANOVA, analysis of var-
iance; FDR, false discovery rate; HSD, honest significant differences. *, p<0:05; **, p<0:01; **, p<0:001; and #, p<0:05.
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studied the taxonomy of sequence reads assigned to 16S rRNA
genes. p-Values for statistical significance between the experimen-
tal groups for the 16S rRNA gene analysis were well correlated to
the p-values from the shotgun metagenomics analysis (p=0:003)
(Figure S5), suggesting that they provide comparable information.
However, the analysis of 16S rRNA gene amplicon abundance
between the different groups did not provide additional insight into
the effects of glyphosate andMON52276.

We used ShortBRED to quantify the abundance of the EPSPS
gene sequences in the cecal metagenomes using a set of 10,809
markers created from the protein sequences of the InterPro family
IPR006264. The most significant difference after a Kruskal-
Wallis statistical test was an increase in the gene count for the 3-
phosphoshikimate 1-carboxyvinyltransferase protein R7B7W1
from Eggerthella sp. CAG:298, which was detected at the higher
dose (50 mg=kgBWper day) of both glyphosate and MON
52276 (Excel Table S15).

We also performed a functional analysis using the KO assign-
ments provided in the Sprague-Dawley rat gut microbiome gene
catalog. A total of eight KO annotations (of 4,028) had their
abundance statistically significantly altered by exposure to glyph-
osate and MON 52276 as compared with the control group at an
FDR of 10% (Figure 6G). Interestingly, differences in the abun-
dance of genes assigned to the KO, cysteine-S-conjugate beta-
lyase, corroborate the results of the metabolomics, indicating that
glyphosate modified levels of cysteine derivatives. Investigation
of the relative abundance of bacterial species contributing to
cysteine-S-conjugate beta-lyase functional potential in the cecum
metabolome was not possible because the taxonomy of these

contigs were not assigned in the gene catalog used in the present
study.

Growth Inhibition in Vitro

Because previous studies in rats have suggested that the abun-
dance of Lactobacilli in the gut microbiome are affected by
glyphosate (Lozano et al. 2018; Mao et al. 2018) but no effects
were detected on this taxon in the present shotgun metagenomics
analysis, we evaluated the dose- and strain-dependency of glyph-
osate effects on four different strains of Lacticaseibacillus rham-
nosus (Figure 7). We observed that glyphosate alone had limited
effects on the growth of every bacterial strain, even at a high con-
centration of 1 g=L.

Given that glyphosate-formulated products are known to exert
different effects depending on their co-formulant composition
(Clair et al. 2012), we also compared the growth inhibition prop-
erties of glyphosate and MON 52276 with those of Roundup
GT+. Interestingly, Roundup GT+ inhibited bacterial growth at
concentrations at which glyphosate and MON 52276 did not
present any visible effects (Figure 7).

Discussion
The effects of glyphosate on the gut microbiome are widely
debated, with divergent outcomes in studies performed to date.
Some studies have indicated that glyphosate can cause alterations
in the population of gut microbiota, whereas others have not
(Tsiaoussis et al. 2019). One major reason for the discrepancies
regarding glyphosate’s effects on the gut microbiome may be due

Table 3. Serum metabolomics of Sprague-Dawley rats exposed to glyphosate and Roundup MON 52276.

Metabolite Pathway Gly_0.5 Gly_50 Gly_175 Mon_0.5 Mon_50 Mon_175

Glyphosate Chemical# 1.0 3.3*** 19.9*** 1.0 4.9*** 16.9***

Ectoine Chemical# 1.5 2.1** 1.6 1.5 1.0 −1:1
3-Acetylphenol sulfate Chemical# 1.5 2.2* 2.8* 2.9*** 3.0** 2.1
1-Methylnicotinamide Nicotinamide metabolism# 1.1 −1:1 1.2 1.5 1.9*** 1.9***

Nicotinamide Nicotinamide metabolism# 1.1 −1:0 1.1 1.4** 1.2 1.4**

3-Methylglutaconate BCAA metabolism## 1.1 −1:0 −1:2 −1:3 −1:5* −1:7**

Leucine BCAA metabolism##
−1:1 −1:0 −1:0 1.1 1.1 1.1

Alpha-hydroxyisocaproate BCAA metabolism## 1.2 −1:1 1.2 1.4 1.6 1.3
Isoleucine BCAA metabolism##

−1:1** −1:1 −1:1 −1:0 −1:0 1.0
N-Acetylisoleucine BCAA metabolism## 1.1 1.0 1.1 1.5* 1.7** 1.6***

2,3-Dihydroxy-5-methylthio-4-pentenoate Sulfur amino acid metabolism# 1.1 1.0 −1:1 −1:0 −1:1 −1:2***

Taurine Sulfur amino acid metabolism# 1.0 1.0 1.1 1.2** 1.1 1.2**

Methionine sulfoxide Sulfur amino acid metabolism# 1.0 1.4 1.2 1.0 1.0 −1:2
N-Acetylmethionine sulfoxide Sulfur amino acid metabolism# 1.1 2.3* 1.6 1.1 1.7 −1:1
Azelate Fatty acid, dicarboxylate 1.4 1.9 1.5 1.2 −1:2 −1:1
Glutarate Fatty acid, dicarboxylate −1:3 1.1 −1:4 −1:2 −2:1*** −1:4
Ribitol Pentose metabolism# 1.1 1.1 1.0 1.2 −1:2 1.0
Ribonate Pentose metabolism# 1.1 1.0 −1:1 1.0 −1:3 1.0
Citrate TCA cycle 1.0 −1:2* −1:2* −1:2 −1:1 −1:3**

Kynurenine Tryptophan metabolism 1.2 1.1 1.1 1.0 −1:2 −1:1
Xanthurenate Tryptophan metabolism 1.9 1.4 1.3 1.1 1.4 −1:2
Glutamate Glutamate metabolism −1:2 −1:0 −1:1 1.0 −1:3* −1:2
Glycerate Glycolysis −1:1 −1:1 −1:2 1.0 −1:4*** −1:1
N-Acetylhomocitrulline Arginine and proline metabolism 1.2 1.4** 1.2 1.5*** 1.4* 1.3
Deoxycholate Secondary bile acid metabolism −1:4 −1:4 −2:3 −4:8 −14:3 −12:5
4-Hydroxycoumarin Drug 1.3 1.2 1.3 1.9 2.7** 2.3*

Alpha-ketoglutarate TCA cycle −1:1 −1:1 −1:2 −1:1 −1:4** −1:3
3-Hydroxybutyrate Ketone bodies −1:5 −2:1** −1:9** −2:4*** −1:9* −1:6
4-Hydroxycinnamate Food component 1.9 2.7** 2.2* 1.5 1.2 1.2
Phosphate Oxidative phosphorylation 1.1 1.1 1.2 1.3 1.7** 1.4
N-Acetyl-1-methylhistidine Histidine metabolism 1.1 1.4 1.3 1.3 1.7** 1.2
Guanidinoacetate Creatine metabolism −1:1 1.0 −1:2 1.4 −1:2 −1:1
1-Methylguanidine Guanidine metabolism 1.5 7.3* 3.1 3.3 4.9 1.1

Note: Fold changes for the 33 metabolites that were found to have their levels significantly altered in a multigroup analysis (ANOVA with an FDR of 5%), with pair-wise statistical
significance determined by a Tukey HSD post hoc test. ANOVA, analysis of variance; BCAA, branched-chain amino acid; FDR, false discovery rate; HSD, honest significant differen-
ces; TCA cycle, tricarboxylic acid cycle. The statistical significance of a pathway enrichment analysis is also presented. n=10 per group. Doses: 0.5, 50, and 175 mg=kgBWper day
of glyphosate (Gly_0.5; Gly_50; Gly_175) or MON 52276 (Mon_0.5; Mon_50; Mon_175). p-values determined from hypergeometric tests). *, p<0:05; **, p<0:01; **, p<0:001;
#, p<0:05, and ##, p<0:05.
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to the lack of studies using advancedmolecular profiling analytical
techniques. To address this possibility, we used a combination of
shotgun-metagenomics andmetabolomics to investigate the cecum
microbiota of rats exposed to increasing doses of glyphosate and
MON 52276. We demonstrated, to our knowledge for the first
time, changes in metabolite levels suggesting that glyphosate
inhibits the shikimate pathway in the rat cecum microbiome.
Although the rat gut microbiome is substantially different from
that of humans, we hypothesize that our findings will be of rele-
vance for human physiology because the bacterial species inhabit-
ing the human GI tract have been found to be sensitive to
glyphosate-mediated EPSPS inhibition (Tsiaoussis et al. 2019).
However, epidemiological studies will be necessary to ascertain
whether the doses of glyphosate to which human populations are
typically exposed are sufficient to change gut microbiome
metabolism.

We found that glyphosate treatment resulted in higher levels
of intermediates of the shikimate pathway in the ceca, suggesting
inhibition of EPSPS in the cecum microbiome (Figure 3). This
mechanism also leads to increases in shikimic acid in soil

microorganisms (Aristilde et al. 2017). This might be a general
consequence of glyphosate exposure because preharvest glypho-
sate applications in spring wheat have also resulted in an accumu-
lation of shikimic acid (Malalgoda et al. 2020). Shikimic acid can
have multiple biological effects and the toxicological implica-
tions of an increase in shikimic acid levels still need to be clari-
fied. On the one hand, shikimate-rich plants such as Illicium
verum Hook. f. (Chinese star anise) have been traditionally used
to treat skin inflammation and stomach aches (Rabelo et al.
2015). Shikimic acid is a plant polyphenolic compound known to
protect against oxidative stress (Rabelo et al. 2015) and has anti-
platelet and anti-thrombogenic effects (Veach et al. 2016). Other
studies have shown that shikimate can cause a dose-dependent
activation of the aryl hydrocarbon receptor, a ligand-activated
transcription factor with important roles in multiple tissues,
including the mucosal immune system (Sridharan et al. 2014).
On the other hand, other studies have linked shikimic acid to del-
eterious health effects. Shikimate has also been implicated as an
increased risk factor of gastric and esophageal cancer, found after
the consumption of shikimic acid–rich bracken in animals (Evans

Figure 4. Differences in the level of serum metabolites after exposure to glyphosate or Roundup MON 52276. A total of 33 metabolites had adjusted p<0:05
(adj-p) according to an ANOVA adjusted for multiple comparisons with the FDR procedure. Log-transformed abundance values are shown as box plots with
the median, two hinges (the 25th and 75th percentiles) and two whiskers extending to the furthest observation ≤1:5 times the interquartile range, along with
individual values for each metabolite (solid circles). n=10 per group. Note: ANOVA, analysis of variance; BW, body weight; DMTPA, 2,3-dihydroxy-5-meth-
ylthio-4-pentenoate; FDR, false discovery rate.
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Figure 5. (A) Alpha diversity and (B) beta diversity in the cecum microbiome of rats following 90 d of treatment with glyphosate or Roundup MON 52276.
Alpha diversity was calculated from species count data using the diversity function of the R package Vegan. Beta diversity was estimated by calculating pair-
wise dissimilarities between samples as the Bray-Curtis distance and plotted as a nonmetric multidimensional scaling (NMDS) plot. The statistical significance
of this clustering was tested with a 10,000-times permutational multivariate ANOVA test. n=12 per group. Note: ANOVA, analysis of variance; BW, body
weight.

Figure 6. Shotgun metagenomics of rat cecal microbiome composition. Female Sprague-Dawley rats were administered via drinking water with 0.5, 50, and
175 mg=kgBWper day glyphosate and Roundup MON 52276 at the same glyphosate-equivalent dose for 90 d. Cecum content was isolated at the time of sacri-
fice at the end of the treatment period and processed for metagenomics analysis. The abundance of (A) the most abundant phyla or of (B) the eight species
found at an average abundance of >1% is presented. Box plots show the relative abundance for the species (C) Shinella zoogleoides, (D) Acinetobacter johnso-
nii, (E) Eggerthella isolate HGM04355, and (F) Akkermansia muciniphila. (G) Additional box plots display the functional potential assessed by evaluating
abundance of KEGG Orthology annotations. Log-transformed abundance values are shown as box plots with the median, two hinges (the 25th and 75th percen-
tiles), and two whiskers extending to the furthest observation ≤1:5 times the interquartile range, along with individual values for each metabolite (solid circles).
n=12 per group. Note: BW, body weight; cpm, counts per million; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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and Osman 1974; Wilson et al. 1998). Shikimic acid has been
proposed to be a cancer-promoting agent (Jones et al. 1983). A
recent study also found that shikimate can stimulate proliferation
of a human breast cancer cell line (MCF-7) via activation of
NF-jB signaling (Ma and Ning 2019). However, deleterious or
beneficial effects are generally two sides of the same coin, espe-
cially in the case of polyphenols, which can generate hormetic
responses (Calabrese et al. 2010).

The novel mechanism of action of glyphosate on the gut
microbiome we describe in the study presented here might be of
relevance in the debate on glyphosate’s ability to act as a carcino-
gen (Guyton et al. 2015). Increased levels of shikimic acid caused
by glyphosate inhibition of EPSPS may result in shikimate acting
as a potential cancer-promoting agent not only in the gut, but also
at distant internal organ locations if absorbed. However, further
studies should be done, using, for example, germ-free mice to
understand if the tumor promoting properties, which have been
proposed in some studies with glyphosate (George et al. 2010),
can be mediated by an action on the gut microbiome.

Shotgun metagenomics revealed that the composition of the
gut microbiome of rats exposed to glyphosate was different from
that of those exposed to the vehicle alone (Figures 5 and 6). In gen-
eral, differences in abundance between individual animals within a
group were greater than the effect of test compounds, limiting the
conclusions that can be drawn on the biological relevance of the
observed statistically significant differences of this gutmicrobiome
functional potential evaluation. Altogether, cecum metabolomics
provided more reliable insights to measure functional activity.
Although large intragroup variations limit the reliability of the
results for a large number of statistically significant differences,
some taxonomic groups were affected consistently, and in a dose-
dependent manner. The bacterial species Acinetobacter johnsonii

was found to be more abundant in rats exposed to glyphosate and
MON 52276. Although the health relevance of this change is
unknown, another member of the Acinetobacter genus is known to
use glyphosate as a source of phosphorus for growth (Chung et al.
1996). This might indicate that several members of the rat gut
microbiome are able to use glyphosate as a source of energy.
Eggerthella spp. were more abundant in rats exposed to glyphosate
and MON 52276. Eggerthella spp. are found in the human gut
microbiome at a prevalence of approximately 5.5% (Nayfach et al.
2019). Some Eggerthella spp. such as Eggerthella lenta are poten-
tial pathogens commonly associated with infections of the GI tract
(Gardiner et al. 2015). The metabolic capabilities of Eggerthella
spp. have consequences in humans. This genus is known to
decrease the efficacy of drugs used to treat cardiac conditions
(Haiser et al. 2013). In addition,Akkermansiamuciniphilawas pre-
dicted to have its growth affected by glyphosate in a computational
modeling of EPSPS sensitivity (Mesnage andAntoniou 2020).

Previous studies have suggested that the bacteria that are
most affected by glyphosate in the rat gut microbiome are
Lactobacilli (Lozano et al. 2018; Mao et al. 2018; Nielsen et al.
2018). Because the abundance of Lactobacilli was unchanged in
our shotgun metagenomics analysis, we further studied the dose-
and strain-dependency of glyphosate effects on L. rhamnosus.
Glyphosate alone had no effect at concentrations that can be
expected to be present in the GI tract of rats receiving up to
175 mg=kgBWper day, as in the present study. This suggests
that the effects of glyphosate on gut microbiome composition at
lower concentrations are restricted to a few taxonomic groups.
Further studies will be necessary to clarify the dynamics of gut
microbiome compositional alterations induced by glyphosate.

Many studies have reported that commercially formulated
pesticide products are more toxic than their active ingredient

Figure 7. In vitro bacterial growth of four different strains of Lacticaseibacillus rhamnosus exposed for 48 h to glyphosate alone or to commercial herbicide
formulations [Roundup MON 52276, Roundup GT+]. L. rhamnosus strains were (A) LB2, (B) LB3, (C) LB5, and (D) LB7. Values are shown as mean±SD.
n=3–4 for each tested concentration. Statistical significance was evaluated using a Kruskal-Wallis test with Dunn’s multiple comparison post-test (ns, not sig-
nificant; *p<0:05 and **p<0:01). Note: OD, optical density; SD, standard deviation.
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alone. This has been shown multiple times for glyphosate-based
herbicides (Adam et al. 1997; Manservisi et al. 2019; Mesnage
et al. 2013) and also for other classes of pesticides such as insec-
ticides or fungicides (Mesnage et al. 2014). This difference in
toxic effects is generally due to the toxicity of surfactants and
other compounds that constitute the adjuvant mixture in commer-
cial pesticide formulations (Mesnage et al. 2019), although it can-
not be excluded that these surfactants can also potentiate
glyphosate penetration in tissues (Anadón et al. 2009). Serum
metabolomics suggested that MON 52276 had a greater impact
than glyphosate on the serum metabolome, indicating systemic
toxic effects. Changes in sulfur amino acid metabolites associated
to nicotinamide, branched-chain amino acid, methionine, cyste-
ine, SAM, and taurine metabolism could be an indication of
effects on liver function. Nicotinamide is a form of vitamin B3
that can act as a stress signal-mediating compound, released
when DNA-strand breakage is caused by oxidative damage
(Berglund 1994). Nicotinamide has been shown to protect from
hepatic steatosis by increasing the redox potential (Ganji et al.
2014). The higher nicotinamide levels are considered to be a
marker of the generation of reactive oxygen species (Schmeisser
et al. 2013). In addition, the metabolism of sulfur-containing
amino acids has important roles, including protection against oxi-
dative stress (Brosnan and Brosnan 2008). The increase in cystei-
nylglycine in the cecal microbiome is suggestive that glyphosate
also alters cysteine metabolism in the gut microbiome.
Interestingly, previous studies have showed that glyphosate expo-
sure in human cell lines influenced cysteine turnover (Hultberg
2007). Collectively, these changes suggest a metabolic adaptation
to oxidative stress induced by the exposure to MON 52276 and,
to a lesser extent, to glyphosate. This can be connected to the
changes in tryptophan derivatives. The conversion of tryptophan
to nicotinamide is known to decrease in rats presenting a steatotic
liver (Ganji et al. 2014). Our previous findings showed that
chronic exposure of rats to an ultra-low dose of Roundup resulted
in nonalcoholic fatty liver disease (Mesnage et al. 2015, 2017).
Interestingly, the strain of Eggerthella spp. found to be increased
in abundance by glyphosate in the present study has been
reported to be associated with liver cirrhosis in human popula-
tions (Nayfach et al. 2019). However, direct investigations of
liver tissue will be necessary to corroborate this hypothesis. In
addition, longer-term experiments with larger groups of animals
will be needed to ascertain if deleterious effects can arise on liver
and kidney function. These future experiments could include ex-
posure beginning at a prenatal period of development in order to
ascertain lifelong effects (Landrigan and Belpoggi 2018).

Few studies have examined the toxicity of compounds used
as pesticide co-formulants on the gut microbiome, with the only
comprehensive study published so far suggesting that compounds
having emulsifying properties can drive intestinal inflammation
by affecting the gut mucosa (Chassaing et al. 2017). The present
study suggests that the adjuvant mixture present in MON 52276
had limited effects on the cecum metabolome in comparison with
glyphosate, which was the main ingredient responsible for the
metabolic changes observed in this study. There were nonetheless
taxonomic differences, with Shinella zoogleoides found to be
increased by exposure to MON 52276 but not glyphosate. The
potential roles of Shinella spp. in the gut microbiome are still elu-
sive, although it is notable that some have been isolated from var-
ious environmental samples, such as activated sludge, and are
known to degrade environmental pollutants, including chlorotha-
lonil (Liang et al. 2011) and the alkaloid nicotine (Qiu et al.
2016). We hypothesize that the increase in Shinella spp. caused
by MON 52276 could affect alkaloid levels in the gut, as sug-
gested by the large decrease in solanidine levels, which was only

detected in the MON 52276 treated group. Our in vitro compari-
son of two formulated products also showed that different classes
of surfactants used in glyphosate-formulated products can have
different toxicity profiles on bacteria (Figure 7), suggesting that
results with one formulation should not be generalized to all other
GBH products.

Gut microbiome metagenomics and metabolomics can be
confounded by a large number of factors that remain largely un-
identified (McLaren et al. 2019). The identification of taxonomic
differences was limited by different variables, such as the rela-
tively low statistical power provided by the use of 12 animals per
group and the incompleteness of the taxonomic classification in
gene catalogs, as well as intrinsic factors such as the zero-
inflation of metagenomic gene count data (Knight et al. 2012). In
addition, different software and pipelines for taxonomic assign-
ment have been shown to provide different results, and there is
no gold standard method by which to analyze shotgun metage-
nomics data sets (Ye et al. 2019). Even the type of instrumenta-
tion employed can play a role, with NovaSeq sequencers
detecting more DNA sequence diversity within samples than
MiSeq sequencers at the exact same sequencing depth (Singer
et al. 2019). This could have been amplified in the present study
by the housing of 3 rats per cage, given that rats can exchange
fecal microorganisms and metabolites by coprophagy (Suckow
et al. 2005).

An additional important implication from the present study is
that cecal metabolomics was the most effective method to detect
glyphosate effects compared with shotgun metagenomics. The
amplitude of changes in shikimic acid abundance was very large
in comparison with changes in bacterial composition. Gut micro-
bial communities may be resilient to changes in the rat gut given
that the nutrients provided by the diet are very abundant and
always the same. The in vitro evaluation of Lacticaseibacillus

rhamnosus sensitivity further confirmed that glyphosate alone
had limited effects on bacterial growth, even at the highest con-
centration tested. It is likely that the inhibition of the shikimate
pathway does not affect the growth properties of bacteria, which
explains why the different studies conducted so far using 16S
rRNA gene sequencing did not provide a clear picture of glypho-
sate effects in the gut. This is corroborated by a study of the soil
filamentous fungus Aspergillus nidulans, in which Roundup GT+

caused alterations in stress response pathways, amino acids, and
secondary metabolisms, at a concentration causing no changes in
morphology and growth (Mesnage et al. 2020).

In conclusion, the present study demonstrates the power of
using multi-omics molecular profiling to reveal changes in the
gut microbiome and serum biochemistry following exposure to
chemical pollutants that would otherwise be missed using more
standard, less comprehensive analytical methods. Employing
this approach allowed us to identify glyphosate effects on the
rat gut microbiota, namely a marked increase in shikimate and
3-dehydroshikimate reflective of inhibition of EPSPS of the shi-
kimate pathway. In addition, we found higher levels of
c-glutamylglutamine, cysteinylglycine, and valylglycine, sug-
gestive of a response to oxidative stress. Furthermore, serum
metabolomics showed that treatment with glyphosate and MON
52276 was associated with altered levels of nicotinamide,
branched-chain amino acid, methionine, cysteine, and taurine
metabolism, which is also indicative of a response to oxidative
stress. Although more studies are needed to understand the health
implications of glyphosate inhibition of the shikimate pathway
and other metabolic disturbances in the gut microbiome and
serum, our findings could be used in the development of bio-
markers for epidemiological studies and to understand if glypho-
sate can have biological effects in human populations.
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