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Abstract
Despite extensive research into the toxicology of the herbicide glyphosate, there are still major unknowns
regarding its effects on the human gut microbiome. We describe the effects of glyphosate and a Roundup
glyphosate-based herbicide on infant gut microbiota using SHIME technology. SHIME microbiota culture
was undertaken in the presence of a concentration of 100-mg/L glyphosate and the same glyphosate equivalent
concentration of Roundup. Roundup and to a lesser extent glyphosate caused an increase in fermentation
activity, resulting in acidification of themicrobial environment. Thiswas also reflected by an increase in lactate
and acetate production concomitant to a decrease in the levels of propionate, valerate, caproate and butyrate.
Ammonium production reflecting proteolytic activities was increased by Roundup exposure. Global meta-
bolomics revealed large-scale disturbances, including an increased abundance of long-chain polyunsaturated
fatty acids. Changes in bacterial compositionmeasured by qPCR and 16S rRNA suggested that lactobacilli had
their growth stimulated as a result of microenvironment acidification. Co-treatment with the spore-based
probiotic formulation MegaSporeBiotic reverted some of the changes in short-chain fatty acid levels.
Altogether, our results suggest that glyphosate can exert effects on human gut microbiota.
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Introduction

Glyphosate is globally the most widely used broad-spectrum herbicide and crop desiccant (Maggi et al.,
2019) being an active ingredient in many herbicide formulations, including Roundup. In addition to
glyphosate salts, formulations of glyphosate-based herbicides (GBHs) contain some co-formulants such
as surfactants, which vary in nature and concentration between different commercial products (Mesnage
et al., 2019). Although GBHs have been approved by regulatory bodies worldwide, concerns about their
effects on humans and the environment persist (Robinson et al., 2020).
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Glyphosate principally acts by inhibiting the activity of 5-enolpyruvylshikimate-3-phosphate syn-
thase (EPSPS) of the shikimate pathway (Boocock and Coggins, 1983), causing a shortage in aromatic
amino acid biosynthesis in plants. The shikimate pathway is also found in microorganisms, including
those inhabiting the human gut microbiome (Mesnage and Antoniou, 2020). Consequently, concerns
have been raised about the ability of glyphosate andGBHs to have adverse effects through its interactions
with the community of bacteria residing in the digestive tract. Likely, human exposure to glyphosate or
GBH, mainly occurring via oral route due to direct exposure in occupational settings or environmental
exposure through residues in food (Faniband et al., 2021), reaches the colonic environment due to a low
absorption in the gastrointestinal tract (Anadón et al., 2009; Faniband et al., 2021).

We have recently described how glyphosate and a EuropeanUnion RoundupGBH (MON52276) can
indeed inhibit EPSPS of the shikimate pathway in the gut microbiome of rats (Mesnage et al., 2021b). In
addition, Shinella zoogleoides was increased by exposure to MON 52276 but not glyphosate (Mesnage
et al., 2021b), suggesting a significant role of additives in GBH effects. However, the gut microbiota of
laboratory rodents or wild animals is substantially different from the human gut microbiota and
knowledge gaps remain as to whether glyphosate also affects human gut microbiota.

Especially relevant is the study of potential health effects and risk assessment in sensitive populations
like infants. Infants are especially sensitive to xenobiotic exposures due to immaturity of somemetabolic
functions, larger surface area (relative to body weight), the high sensitivity of target organs (windows of
susceptibility) and cumulative effects due to longer exposure times, putting them at a higher level of risk
compared to adults (Calatayud Arroyo et al., 2021). The process of colonization and development of gut
microbiota in early life has been previously linked to adult diseases, including immune and metabolic
disorders, such as asthma, eczema, inflammatory bowel disease, type 1 diabetes or obesity (Zhuang et al.,
2019), and our understanding on how environmental xenobiotic exposures might influence these
processes is still in its infancy.

To cover this gap of knowledge, we used the in vitro SHIME technology mimicking the entire
gastrointestinal, including the mucosal and luminal compartment (Van den Abbeele et al., 2013; Venema
and van den Abbeele, 2013), and applied metagenomics and metabolomics approaches in a long-term
(3weeks), repeated dose setup. The first aim of the study was to assess the impact of glyphosate and aGBH
on the activity and composition of microbiota obtained from a 3-year-old human donor. The effect of
glyphosate alone versus glyphosate formulated product (Roundup MON 76207) was also evaluated. In a
second stage, we assessed the efficacy of a spore-based formulation, MegaSporeBiotic (Microbiome Labs;
https://microbiomelabs.com/home/), in remediating the effects of glyphosate on gut microbiota. To the
best of our knowledge, no study has been performed to date to determine if the effects of glyphosate and
GBHs on the gut microbiome can also bemitigated through the use of pre- and probiotics. Probiotics have
been traditionally used tomodulate gutmicrobial communities and provide benefit to the host via different
mechanisms (Astolfi et al., 2019). Some probiotic strains have also been proved to reduce the toxicity of
xenobiotics by modulating oxidative stress, or xenobiotics adsorption capacity, with a focus on inorganic
compounds of Pb, Cd, As and Hg (de Matuoka e Chiocchetti et al., 2020; Majlesi et al., 2017).

Our results can increase the understanding of how glyphosate or GBH can affect human health in
sensitive populations through modulation of the gut microbiota and how we can potentially promote a
microbial equilibrium through probiotic supplementation.

Material and methods

Chemicals

The test products were glyphosate certified referencematerial, 1,000 μg/mL inH2O (EPA547Glyphosate
Solution, Merck KGaA, Darmstadt, Germany) and the glyphosate containing herbicide formulation
MON 76207 (Roundup PROMAX on the U.S. market, EPA Registration No. 524-579). The daily dose of
glyphosate was selected during a pre-screening experiment made to evaluate changes in microbial
activity and Enterobacteriaceae levels, and set at a concentration of 100 mg/L. Roundup was tested at a
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similar glyphosate level, taking into account that Roundup consisted for 48.7 per cent of glyphosate.
During the co-treatment period, the spore-based probiotic, MegaSporeBiotic (Microbiome Labs Phys-
icians Exclusive, LLC., St. Augustine, FL, USA), was additionally administered at a concentration of
340 mg containing 4 billion colony-forming units (CFU), corresponding to a human ingestion of
2 capsules/day. MegaSporeBiotic contains five different Bacillus strains, ie., Bacillus indicus HU36,
Bacillus clausii (SC-109), Bacillus subtilis HU58, Bacillus licheniformis (SL-307) and Bacillus coagulans
(SC-208).

Fecal sample

An infant donor was selected based on the following inclusion criteria: healthy, age between 12 and
36months, no antibiotics or any other drug intake at least during the previous 6months, normal weight,
no constipation, hospital-born, no known diseases at least during the previous 6 months and exclusive
breastfeeding for at least 3 months. The fecal sample was obtained in a plastic container with an “Oxoid
AnaeroGen” bag to limit the sample’s exposure to oxygen, immediately transported to the lab and used to
inoculate theM-SHIME system. Briefly, a mixture of 1:10 (w/v) of fecal sample and anaerobic phosphate
buffer (K2HPO4 8.8 g/L; KH2PO4 6.8 g/L; sodium thioglycolate 0.1 g/L; sodium dithionite 0.015 g/L; N2-
flushed for 15 min) was homogenized for 10 min (BagMixer 400, Interscience, Louvain-La-Neuve,
Belgium). After centrifugation (500 g, 2 min; Centrifuge 5417C, Eppendorf, VWR, Belgium) to remove
large particles, the fecal sample was used to inoculate different M-SHIME reactors.

Short-term colonic incubation

Short-term colonic incubations were performed to determine the concentration of glyphosate to be
administered in the long-term SHIME experiment. The short-term screening assay tested a concentra-
tion range of glyphosate (0, 0.5, 1, 3, 10, 100 and 1,000 mg/L) on a simulated proximal colonic
environment (pH 6.2–6.4) with a representative bacterial inoculum. This bacterial inoculum was
obtained from the long-term M-SHIME reactor during the stabilization period and simulated the
colonic microbiota of a 3-year-old infant.

Briefly, short-term colonic incubations were performed by inoculating a 10 per cent (v/v) of a
homogeneous mixture of the ascending, descending and transverse colon M-SHIME luminal fluid
(stabilization phase) into colonic media (K2HPO4 5.7 g/L; KH2PO4 17.9 g/L; NaHCO3; 2.2 g/L; yeast
extract 2.2 g/L; peptone 2.2 g/L; mucin 1.1 g/L; cysteine 0.5 g/L; Tween80 2.2 mL/L). Details on the
M-SHIME inoculum are described in the next section. Incubations containing different glyphosate
concentrations were performed for 48 h at 37°C, under shaking (90 rpm) and anaerobic conditions.
Short-term effects of different glyphosate concentrations on microbial activity markers [gas production,
acid/base consumption, lactate, ammonia, short-chain fatty acids (SCFAs) and branched short-chain
fatty acids (b-SCFAs)] and qPCR measurement of Enterobacteriaceae were assessed at time points 0, 6,
24 and 48 h. Since the production of microbial metabolites in the colon reactors alters the pH, the pH is
controlled through the addition of acid or base (ie., base consumption).

Long-term colonic incubation

The reactor setup of the M-SHIME, representing the gastrointestinal tract of the human infant, was
conducted as first described by Molly et al. (1993), with modifications as defined by Van den Abbeele
et al. (2012, 2013, 2021).

The M-SHIME included both the luminal and mucosal microbiota, and consisted of three colonic
vessels simulating the ascending, transverse and descending colon. Anaerobic conditions were achieved
by 15-min flushing of all reactors with N2, 15min twice per day. Double jacketed reactors connected to a
recirculating warmwater bath kept theM-SHIME units at 37ºC, and continuous stirring wasmaintained
throughout the duration of the experiment. All reactors incorporated a mucosal environment in the
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luminal suspension. The mucosal environment consisted of 80 mucin agar-covered microcosms
(AnoxKaldnes K1 carrier; AnoxKaldnes AB, Lund, Sweden) per vessel, prepared and submerged in
defined colonic medium as previously described (Calatayud et al., 2021).

Each M-SHIME reactor was inoculated with 20 per cent (v/w) infant fecal inoculum. During the first
16 h, reactors were operated in batchmode to allow for initial stabilization of the system and colonization
of the mucus microenvironment. Subsequently, the stabilization period (2 weeks, day-14 to day-1;
Supplementary Figure S1) started in semi-continuous mode. Each experimental M-SHIME unit con-
sisted of a first reactor that simulated over time the stomach and small intestine and that operated
according to a fill-and-draw principle, with peristaltic pumps adding a defined amount of nutritional
colonic medium to the stomach (gastric reactor = 140 mL; pH 3; 30 min), followed by the addition of
60 mL of simulated pancreatic and bile juice (NaHCO3 2.6 g/L, Oxgall 4.8 g/L and pancreatin 1.9 g/L;
small intestinal reactor = 200 mL; pH 6.5; 105 min). After this time, the intestinal suspension was
pumped to the ascending colon vessel (AC reactor = 500 mL; pH 5.7–5.9; 250 min), and sequentially to
the transverse (TC reactor= 800mL; pH 6.2–6.4; 260min) and descending colon (DC reactor= 600mL;
pH 6.6–6.9; 280min) vessels. The pHwas automatically adjusted by continuousmeasurement (Senseline
pHmeter F410; ProSense, Oosterhout, TheNetherlands) coupled to a pH controller (Consort R301) and
automatic pump (Master Flex 109 pump drive; Cole-Parmer Instrument Company, LLC), with dosing of
either HCl (0.5 M) or NaOH (0.5 M; Carl Roth, Belgium), as required.

After the stabilization period, a control period (C) of 2 weeks (d0–d14) was used as a baseline for
microbial community composition and activity (Figure 1). During the control period, samples were
obtained three times per week from the luminal environment to evaluate microbial activity (measure-
ment of lactate, ammonia, SCFAs and b-SCFAs), and once per week for community composition
employing qPCR for detection of Firmicutes and Bacteroidetes phyla, Lactobacillus spp., Bifidobacter-
ium spp., Akkermansia muciniphila and Faecalibacterium prausnitzii and 16S rRNA Illumina sequen-
cing. Community composition of the mucosal environment was also analysed in samples obtained once
per week from the mucus beads.

Figure 1. Experimental design. TWINSHIME was used in order to evaluate the impact of glyphosate and a Roundup glyphosate-based
herbicide formulation on the microbiota of a healthy human 3-year-old donor. The effect of adding MegaSporeBiotic spore-based
probiotic. Culture periodwas for 10weeks in chambers simulating the ascending (AC), transverse (TC) and descending colon (DC). The
index highlights the molecular measurements undertaken to assess the effects of the different treatments at various sampling
timepoints (lower right panel).
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Subsequently, during the treatment period (TR), a concentration of 100-mg/L glyphosate as pure
standard or Roundup herbicide formulation at the same glyphosate equivalent concentration was added
to the colonic nutritional media, and administered to the stomach reactor three times per day over
3 weeks, corresponding to a dose of glyphosate of 14 mg to be distributed over the SHIME unit (AC, TC
and DC; total volume = 1.9 L). Due to the dynamic nature of the system following a fill-and-draw
principle, a steady-state equilibrium was expected after the first 72 h of the assay. After the TR period,
supplementation with theMegaSporeBiotic spore-based probiotic (4 billion CFUs) was administered on
top of the nutritional media and glyphosate (COTR) for three more weeks (Figure 1).

During the TR and COTR periods, samples were obtained three times per week for assessing
microbial metabolic activity and once per week for microbial community composition, as previously
described (Figure 1). Additionally, luminal samples for metabolomics were obtained once per week
during the C, TR and COTR periods.

Microbial community activity

Metabolic activity of the gut microbial communities was evaluated by quantifying general markers of
fermentation (pH and gas production), lactate, ammonia, SCFA and b-SCFA production during the
short-term experiment at 0, 6, 24 and 48 h.

During the long-term M-TWIN SHIME assay, the same markers were quantified three times per
week, with the exception of gas production.

The pH was recorded using an automatic probe (Senseline F410; ProSense, Oosterhout, The
Netherlands). Gas production was estimated bymeasuring bioreactor pressure with a handheld pressure
indicator (CPH6200; Wika, Echt, The Netherlands). Lactate quantification was performed using a
commercial enzyme-based assay kit (R-Biopharm, Darmstadt, Germany) according to the manufactur-
er’s instructions. SCFA and b-SCFA measurements were conducted as previously described (DeWeirdt
et al., 2010). Ammonia was quantified by the Kjeldahl nitrogen determination method again as
previously described (Chaikham et al., 2012).

DNA extraction

Total genome DNA from pelleted bacterial cells obtained from a 1-mL sample or 0.25-g mucin agar
collected from the mucus beads, was extracted as previously described (Boon et al., 2003) with
modifications as described by Boon et al. (2003) and Duysburgh et al. (2019). DNA concentration
and purity wasmonitored by electrophoresis on 2 per cent (w/v) agarose gels and spectrophotometrically
by determination of A260/A280 ratios (Synergy HT Microplate Reader, BioTek). Amplicon-based
metagenomics was performed using the NEBNext Ultra IIDNA Library Prep Kit (Cat No. E7645).

Microbial community composition via qPCR

Specific taxa (Firmicutes and Bacteroidetes phylum, Enterobacteriaceae family, Bifidobacterium spp.,
Lactobacillus spp., Akkermansia muciniphila and Faecalibacterium prausnitzii) were analysed by qPCR
using the primers and conditions described in Supplementary Tables S1 and S2. The qPCR was
performed using a QuantStudio 5 Real-Time PCR system (Applied Biosystems, Foster City, CA,
USA). Each sample was run in technical triplicate, and results are reported in log-based format (16S
rRNA gene copies/mL).

16S rRNA gene amplicon sequencing

A total of 200-ng DNA was used for PCR amplification with primer sets targeting different 16S rRNA
gene hypervariable regions. Microbial community composition was assessed at defined time points by
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next-generation 16S rRNA gene amplicon sequencing of the V3–V4 region under contract with
Novogene (UK) Company Limited (Cambridge, UK). Primers targeting theV3–V4hypervariable region
of bacterial 16S rRNA genes were as follows: 341F (50-CCTAYGGGRBGCASCAG-30) and 806R
(50-GGACTACNNGGGTATCTAAT-30), where F is forward and R is reverse. Each primer set was
ligated with a unique barcode sequence. The PCR product was then selected for proper size and purified
for library preparation. The same amount of PCR product from each sample was pooled, end polished,
A-tailed and ligated with adapters. After purification, the library was analysed for size distribution,
quantified using real-time PCR and sequenced on a NovaSeq 6,000 SP flowcell with PE250 platform.

Metabolomics

All samples were maintained at �80oC until processed. Samples were prepared using the automated
MicroLab STAR system from Hamilton Company. To remove protein, dissociate small molecules
bound to protein or trapped in the precipitated protein matrix, and to recover chemically diverse
metabolites, proteins were precipitated with methanol under vigorous shaking for 2 min (Glen Mills
GenoGrinder 2000) followed by centrifugation. The resulting extract was divided into five fractions:
two for analysis by two separate reverse phase (RP)/ultra-performance liquid chromatography
(UPLC)-MS/MS methods with positive ion mode electrospray ionization (ESI), one for analysis by
RP/UPLC-MS/MS with negative ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with
negative ion mode ESI and one sample was reserved for backup. Samples were placed briefly on a
TurboVap (Zymark) to remove the organic solvent. The sample extracts were stored overnight under
nitrogen before preparation for analysis. The details of the solvents and chromatography used are
already described (Ford et al., 2020).

All methods utilized aWaters ACQUITYUPLC and a Thermo Scientific Q-Exactive high-resolution/
accurate mass spectrometer interfaced with a heated electrospray ionization (HESI-II) source and
Orbitrap mass analyser operated at 35,000 mass resolution. The sample extract was dried then
reconstituted in solvents compatible to each of the four methods. Each reconstitution solvent contained
a series of standards at fixed concentrations to ensure injection and chromatographic consistency. One
aliquot was analysed using acidic positive ion conditions, chromatographically optimized for more
hydrophilic compounds. In this method, the extract was gradient eluted from a C18 column (Waters
UPLC BEH C18-2.1 � 100 mm, 1.7 μm) using water and methanol, containing 0.05 per cent
perfluoropentanoic acid (PFPA) and 0.1 per cent formic acid (FA). Another aliquot was also analysed
using acidic positive ion conditions; however, it was chromatographically optimized for more hydro-
phobic compounds. In this method, the extract was gradient eluted from the same aforementioned C18
column usingmethanol, acetonitrile, water, 0.05 per cent PFPA and 0.01 per cent FA andwas operated at
an overall higher organic content. Another aliquot was analysed using basic negative ion optimized
conditions using a separate dedicated C18 column. The basic extracts were gradient eluted from the
column using methanol and water, however, with 6.5m M ammonium bicarbonate at pH 8. The fourth
aliquot was analysed via negative ionization following elution from aHILIC column (Waters UPLCBEH
Amide 2.1 � 150 mm, 1.7 μm) using a gradient consisting of water and acetonitrile with 10-mM
ammonium formate, pH 10.8. The MS analysis alternated between MS and data-dependent MSn scans
using dynamic exclusion. The scan range varied slightly between methods but covered 70–1,000 m/z.
Raw data files are archived and extracted as described below.

Raw data were extracted, peak-identified and QC processed using Metabolon’s hardware and
software as already described (DeHaven et al., 2010). Several controls were analysed in concert with
the experimental samples and were used to calculate instrument variability (5 per cent) and overall
process variability (7 per cent). Peak area values allowed the determination of relative quantification
among samples (Evans et al., 2009). The present dataset comprises a total of 842 biochemicals,
721 compounds of known identity (named biochemicals) and 121 compounds of unknown structural
identity (unnamed biochemicals).
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Bioinformatics

Data processing was performed on the Rosalind high-performance compute cluster (a BRC/King’s
College London computing facility to quickly perform large-scale calculations with a virtual machine
cloud infrastructure) using four threads and a maximum RAM of 32 GB. The DADA2 algorithm
(version 1.6) was first used to correct for sequencing errors and derive amplicon sequence variants
(ASVs) using the R version 3.4.1. ASVs are a higher-resolution version of the operational taxonomic unit
(OTU). While OTUs are clusters of sequences with 97 per cent similarity, ASVs are unique sequences
(100 per cent similarity). The use of ASVs is being advocated to replace OTU in order to improve
reproducibility between studies because a threshold of 97 per cent does not allow a reproducible
classification of closely related bacteria (Callahan et al., 2017).

The taxonomy was assigned using the SiLVA ribosomal RNA gene database v132. The count table,
the metadata, and the sequence taxonomies were ultimately combined into a single R object, which was
analysed using the phyloseq package (McMurdie and Holmes, 2013). The alpha diversity, representing
the diversity of the total number of species (the richness R) within the samples, was measured using the
Shannon’s diversity index (Morgan and Huttenhower, 2012). Another important diversity measure is
the beta diversity, representing the diversity of the total number of species between the samples (Morgan
and Huttenhower, 2012). We used the Bray–Curtis dissimilarity index, which was calculated using the
Vegan R package (version 2.5.2). The analysis of 16S rRNA gene composition was conducted with a
linear-mixed model with Microbiome Multivariable Association with Linear Models (MaAsLin) 2.0
(package version 0.99.12; Mallick et al., 2021). The taxonomic composition was transformed using an
arcsine square root transformation. The Benjamini–Hochberg method was used to control the false
discovery rate of the MaAsLin analysis.

We further analysed the 16S rRNA gene sequencing dataset and the metabolome dataset with an
orthogonal partial least squares discriminant analysis (OPLS-DA), which are robust methods to analyse
large datasets in particular when the number of variables is larger than the number of samples. OPLS-DA
can be used to distinguish the variability corresponding to the experimental perturbation from the
portion of the data that are orthogonal, ie., independent from the experimental perturbation. The R
package ropls version 1.20.0 was used with a non-linear iterative partial least squares algorithm
(Thévenot et al., 2015). Prior to analysis, experimental variables were centred and unit-variance scaled.
Since PLS-DA methods are prone to overfitting, we assessed the significance of our classification using
permutation tests (permuted 1,000 times). The variables of importance (VIPs) were extracted from the
models to determine as to what are the effects of the treatments.

In addition, Calypso version 8.4 (Zakrzewski et al., 2017) andMicrobiomeAnalyst (update 18October
2021) online software (Dhariwal et al., 2017) were used to perform discriminant analysis of principal
components (DAPCs), linear discriminant analysis effect size (LEfSe), heat tree (Foster et al., 2017) and a
zero inflated Gaussian fit mixmodel from 16S rRNA gene sequence data normalized by cumulative-sum
scaling (Paulson et al., 2013) and log2 transformation to account for the non-normal distribution of
taxonomic counts data.

Results

Pre-screening experiment to determine glyphosate dosage

A first experiment was performed to test the short-term effect of six different concentrations of
glyphosate (0.5, 1, 3, 10, 100 and 1,000 mg/L) on microbial activity and Enterobacteriaceae levels. The
European Food Safety Agency (EFSA) has established an acute reference dose and acceptable daily intake
(ADI) for glyphosate of 0.5 mg/kg body weight/day (EFSA, 2015). Assuming 15–20 kg of an infant of
3 years old, this would correspond to 7.5–10 mg/day, proving the doses used in this study are regulatory
relevant.

Monitoring the pH during a colonic incubation provides an overall indication of the microbial
fermentative activity (Supplementary Table S3). Limited effects of glyphosate were observed although
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glyphosate at a concentration of 1,000 mg/L lowered the acidity of the medium, which could indicate a
modulatory effect on microbial activity resulting in altered metabolite (ie., lactate and acetate) produc-
tion. Total gas production was also measured to reflect the rate of substrate fermentation
(Supplementary Table S3). Glyphosate tended to slightly decrease the amount of gas production, except
at a concentration of 1,000 mg/L for which an increased gas production was observed. SCFA production
was affected by the highest concentration of glyphosate. A lower production of acetate, propionate and
b-SCFAs and higher levels of butyrate were observed compared to the untreated control culture, while
most other glyphosate doses did not alter SCFA levels. We also measured Enterobacteriaceae levels as
glyphosate is known to affect this taxonomic group by inhibiting the shikimate pathway. Overall, it was
observed that glyphosate did not impact Enterobacteriaceae abundance at any of the concentrations
tested (Supplementary Table S3).

Considering an average weight of a healthy infant of 3 years old around 15 kg, 20 per cent of
absorption of glyphosate at intestinal level, and assuming a steady-state concentration in the SHIME
system, it was decided to select a concentration of 100 mg/L (14-mg glyphosate added to the system in
each feeding cycle) for the long-term study, which would correspond to 1.2 mg/kg of body weight of
glyphosate. This dose is in the range of the U.S. ADI (1.75 mg/kg body weight/day).

Microbial community activity during the long-term infant M-SHIME experiment

During the control period, SCFA levels were very stable within (on average 93.2 per cent similar between
consecutive time points in control period), and reproducible between both of the M-SHIME units
(on average 91.7 per cent similar), indicating stability and reproducibility of the experimental setup. This
high stability guarantees that any effects observed during the treatment truly result from the adminis-
tered test products, while the high reproducibility between each of the units allows direct comparison
between the products on virtually identical microbial communities. No statistically significant differ-
ences were detected between the two different control weeks when microbial community activity was
evaluated (Figure 1).

In contrast, large product-dependent differences were observed (Figure 2). The Roundup formulation
always resulted in more alterations than glyphosate alone. While base consumption remained relatively
unaffected in the ascending and transverse colon reactors upon glyphosate treatment (Figure 2A), base
consumption was significantly enhanced by 55.0, 6.2 and 2.0 mL/day in the ascending, transverse and
descending colon, respectively, upon addition of Roundup.

Overall, glyphosate had limited effects on SCFA levels (Figure 2B–F) with acetate, propionate,
butyrate, caproate and valerate levels remaining unaffected in the transverse colon, and only a slight
increase in the amount of valerate (�1.09 and�0.74mM for C2 vs. TR3 in TC andDC, respectively) and
caproate (�0.71 and �1.16 mM for C2 vs. TR3 in TC and DC, respectively) was observed in the
transverse and descendant colon areas. However, during the co-treatment period with MegaSporeBiotic
prebiotic, an increase in the butyrate of 1.63, 1.0 and�0.1mM(fromTR3 toCOTR1)was observed in the
ascending, transverse and descending colon, respectively (Figure 2D).

Differences in SCFA levels were larger after exposure to Roundup (Figure 2B–F). Roundup
increased acetate production by 4.9 mM in the ascending colon, whereas acetate levels remained
unaffected in the transverse and descendant colon during the treatment period. The SCFAs most
affected by Roundup were propionate, valerate and caproate, which had their levels reduced in the
ascending and transverse colon, with a similar trend being observed in the descending colon. For
instance, Roundup caused a decrease of propionate levels by 1.8 mM, valerate levels by 3.9 mM and
caproate levels by 1.75mM in the ascending colon from the end of the control period (C2) to the end of
the treatment period (TR3). Interestingly, addition of MegaSporeBiotic resulted in recovery of
propionate levels in all colonic regions during the Roundup treatment. In the distal colon areas
(TC and DC), propionate levels even increased above levels observed during the control period
(Figure 2C).
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The human intestine harbours both lactate-producing and lactate-utilizing bacteria. Lactate pro-
duced by bacteria decreases the pH of the intestinal environment. Overall, treatment with glyphosate did
not affect lactate levels in all colonic regions, except for a slight initial increase in the ascending and
transverse colon reactors (Figure 2I). Roundup on the other hand significantly increased lactate levels in
all colonic areas. The lactate levels were increased by 1 mM in the ascending colon, 1.8 mM in the
transverse colon and 2 mM in the descending colon (comparison of C2 to TR3). Roundup but not
glyphosate significantly increased ammonium levels in all colon regions (Figure 2H). Ammonium levels
were increased by 598mg/L in the ascending colon, 518mg/L in the transverse colon and 526mg/L in the
descending colon (comparison of C2 to TR3).Overall, addition of MegaSporeBiotic did not affect
ammonium levels during the glyphosate and Roundup treatment.

Global metabolomics

We next explored the changes in gut microbial activity in greater detail using a global metabolomics
approach. A total of 842 biochemicals (721 compounds of known identity and 121 compounds of
unknown structural identity) were detected. Concentrations of SCFA, which were measured quantita-
tively and detected in the global untargeted metabolomics, correlated well for caproate (R2 = 0.96;

Figure 2. Analysis of microbial community activity after exposure to glyphosate or Roundup followed by co-exposure to the
MegaSporeBiotic spore-based probiotic formulation in the microbiota derived from a healthy 3-year-old child. Average weekly
base-acid consumption, SCFA levels (acetic acid, propionic acid, butyric acid, valeric and caproic acid), lactate, ammonium and b-
SCFA in the culture chambers simulating the ascending (AC), transverse (TC) and descending (DC) colon during the control (black),
treatment (red) and co-treatment (blue) weeks. (* Indicates statistically significant differences relative to C1 after Tukey’s honestly
significant difference post hoc test with p < 0.05; n = 3 per week.)
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p-value < 2e-16), butyrate (R2= 0.82; p-value= 8.0e-13) and valerate (R2= 0.93; p-value < 2.2e-16), and
confirmed the quality of our data (Supplementary Figure S1).

We used a multivariate strategy to understand the effects of glyphosate and Roundup in the different
SHIME compartments. Themetabolome changes were first visualized by plotting each sample in a space
defined by the two principal components of a principal component analysis (PCA; Figure 3). The first
component separated the group of samples by colon regions. The second component separated the
samples exposed to the Roundup formulation from the other samples, whereas samples exposed to
glyphosate did not separate from the control group. In order to understand which metabolites were
driving these differences stemming from the treatment with Roundup, we built an OPLS-DA model on
the basis of the PCA results (Supplementary Figure S2). The OPLS-DA model separating the samples
exposed to Roundup from the rest of the samples, appropriately classified all samples (R2X = 0.314,
R2Y = 0.991 and Q2 = 0.93). The small difference between R2Y and Q2 (<0.2) and the Q2 value greater
than 50 per cent revealed an excellent predictive capability. A 1,000-time permutation test further
validated the OPLS-DA model as the empirical p-values for R2Y (p = 0.001), and Q2 (p = 0.001)
indicated that the observed effects of Roundup are not part of the distribution formed by permuted data.
OPLS-DA models built by discriminating the samples according to their exposure to glyphosate, or to
MegaSporeBiotic, were not found to be of sufficient quality to allow reliable conclusions and were thus
not explored in greater detail.

Figure 3. Principal component (PC) analysis to understand source of variation in the global metabolome profiles indicates that
Roundup causes large-scale disturbances in microbial activity. The metabolome changes are visualized by plotting each sample in a
space defined by the two principal components of a PC analysis. The name of each sample is defined by capital letters providing
indication on the metadata including colon section [ascending (AC), transverse (TC) and descending (DC)], herbicide treatment
[glyphosate (G) or Roundup (R)] and treatment time/time condition [control (C1, C2; black), treatment (TR1, TR2, TR3; red) and co-
treatment (COTR1, COTR2, COTR3; blue)]. The first (PC1) and second (PC2) components of the PCA explained 31 and 20.5 per cent of
the total variance.
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We then evaluated which metabolites were affected by Roundup, and also performed a metabolic
pathway enrichment analysis. The metabolites which are the best discriminators were selected using
VIP scores. A selection of metabolites, which were found to be relevant for glyphosate toxicology, is
presented in Figure 4A–L, whereas plots for the 125 metabolites with a VIP score of >1.5 are available
as Supplementary Figure S10. Although glyphosate levels were unsurprisingly found to be the most
variable (Figure 4C), the levels of this compound were affected only by the Roundup treatment. This
could suggest that the surfactant co-formulants present in Roundup increased glyphosate availability.
The most variable metabolite increased after treatment with Roundup was found to be one of
unknown structural identities (Figure 4B), which suggests that glyphosate or Roundup metabolic
pathways are still not fully elucidated. Levels of SCFAs (Figure 4F–I) were decreased, confirming the
results of the targeted analysis of microbial activity (Figure 1). Overall, most of the metabolites which
were altered by Roundup exposure had their levels decreased, and were part of many microbial
biochemical pathways, such as vitamin or hormone precursors (Figure 4J–), which suggests that this
pesticide mixture exerts global inhibitory effects on microbial metabolism. Methylphosphate
(Figure 4D) was among the few metabolites having its levels increased by Roundup exposure. In
addition, we noticed the solanidine had its levels decreased by both Roundup and glyphosate
exposure (Figure 4). Aromatic amino acids, which have their levels decreased in plants following
the shikimate pathway inhibition by glyphosate, were relatively unchanged, although some trends
could suggest that further studies with a higher statistical power could reveal some effects
(Supplementary Figure S3). Statistical significance of pathway enrichment was tested using a two-
sided hypergeometric test. This revealed that Roundup affected the pathways for long-chain poly-
unsaturated fatty acid (PUFA; n3 and n6) metabolism (p = 0.00003), SCFA metabolism (p = 0.02),
(hypo)xanthine/inosine containing purine metabolism (p = 0.04) and xenobiotic chemical metab-
olism (p = 0.003). While most of the SCFA fatty acids had their levels decreased, PUFAs (n3 and n6)
were among the small proportion of metabolites which had their abundance increased by Roundup
exposure, including docosapentaenoate (22:5n3 and 22:5n6), docosahexaenoate (22:6n3), eicosa-
pentaenoate (20:5n3), dihomo-linolenate (20:3n3 and 20:2n6), linoleate (18:2n6), arachidonate
(20:4n6) and cis-4-decenoate (10:1n6; Supplementary Figure S10).

Microbial community composition during the long-term M-SHIME culture

Previous studies have reported that glyphosate and its formulations exerted a wide spectrum effects on
bacterial growth and affected gutmicrobial community composition at the phylum level, in particular for
Bacteroidetes phylum and Firmicutes phylum. In order to evaluate whether we can identify which
bacterial species are affected by glyphosate and Roundup, we sequenced amplicons of the V3–V4 regions
from the 16S rRNA genes.

In the present study, qPCR was also used to monitor the abundance of taxa with known health
roles. This analysis was done both in the luminal and the mucosal gut microbiota populations. The
results from the qPCR experiments for the Bacteroidetes phylum and Firmicutes phyla
(Supplementary Figure S4), as well as for Akkermansia muciniphila, Faecalibacterium prausnitzii,
Bifidobacterium spp. and Lactobacillus spp. (Supplementary Figure S4), presented a substantial
degree of technical variation, which limited the conclusiveness of this compositional analysis. This
is reflected by the variations exhibited during the control period, with large changes in bacterial
abundance observed between C1 and C2. In addition, poor correlations between the results of the
qPCR and the 16S RNA gene analysis for major taxa such as Firmicutes and Bacteroidetes can be
observed (Supplementary Figure S5). Thus, our analysis of bacterial composition only provided
preliminary evidence, which would need to be confirmed in other studies. It is, however, noteworthy
that there is a trend towards an increase in Lactobacillus spp. levels caused by the exposure to
glyphosate and Roundup in both the luminal and mucosal compartments (Supplementary
Figure S6A). Lactobacilli are regarded as beneficial saccharolytic bacteria that are capable of
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Figure 4. Variation in abundance ofmetabolitesmostly affected by Roundup exposure. Normalised abundance levels are presented for keymetabolites in glyphosate (G) and Roundup (R) SHIME in the
ascending (AC), transverse (TC) and descending colon (DC) during the control (black), treatment (red) and co-treatment (blue) weeks, among 125 metabolites discriminating the Roundup exposed
samples in an OPLS-DA model (Supplementary Figure S8).
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producing high concentrations of lactate. The increase in lactobacilli could thus explain the
increase in lactate levels in all colon compartments upon Roundup and glyphosate treatments
(Figures 3 and 4).

The Firmicutes-to-Bacteroidetes (F/B) ratio has been proposed as a potential biomarker of gut
dysbiosis associated with specific diseased conditions (Magne et al., 2020). Glyphosate significantly
reduced F/B ratio in the ascending and distal colon in the luminal compartment (p < 0.05), a trend also
observed for the mucus environment in all the compartments. Contrastingly, Roundup treatment
increased F/B ratio in the luminal (DC) and mucosal (AC and TC) compartments (p < 0.05)
(Supplementary Table S4). Co-treatment with the spore-based probiotic MegaSporeBiotic did not
rescue F/B ratios.

Microbiota DNA sequencing provided an average of 112,230 reads for each sample (min 57,313–max
139,760). A summary of the composition for the different compartments during the control period
indicated that the gut microbiome was dominated by Firmicutes and Bacteroidetes (Supplementary
Figure S7). The phylum Verrucomicrobia accounting for approximately 5 per cent of the assigned
abundance was mainly represented by Akkermansia muciniphila. This taxonomic profile is typical of
people from Western societies. At lower taxonomic levels, we observed that a total of three genera
accounted for approximately 70 per cent of the assigned abundance (Figure 5A). This included the
Megasphaera spp., which are generally not among the most abundant species in the general population
fromWestern societies, but which is abundant in the gut microbiome from individuals whose diet is rich
in dairy products, which can be the case for young children (Dhakan et al., 2019).

Analysing glyphosate and Roundup treatments together, the DAPC plot showed a different
clustering based on control, treatment or co-treatment (p < 0.05; Adonis test at genus level;

Figure 5. Effect of glyphosate on infant gut microbial structure. (A) Discriminant analysis of principal components and Adonis test
based on the Bray–Curtis distance at genus level. (B) Linear discriminant analysis effect size for the glyphosate arm during the control
(CON), treatment (TTT) and co-treatment (COTT) conditions. (C) Strip char plots of selected features significantly different (ANOVA;
p < 0.05) between conditions.
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Supplementary Figure S8A). The only family affected by treatments was Lactobacillaceae, due to an
enrichment in glyphosate or Roundup treated reactors (LDA > 3), whereas co-treatment enriched
Synergistaceae, Desulfovibrionaceae, Acidaminococcaceae and Bifidobacteriaceae (LDA > 3) among
others (Supplementary Figure S8B). To define the effect of specific treatments on infant gut micro-
biota, samples from glyphosate or Roundup conditions were independently analysed. Samples from
glyphosate treatment and further co-treatment with MegaSporeBiotic probiotic clustered separately
from the control (p < 0.05; Adonis at genus level; Figure 5A). Samples from the control condition were
enriched in Sutterella, Parabacteroides, Verticia, Microbacterium, Prevotella and Tyzerella genera
(LDA > 3). During the glyphosate treatment, an enrichment in Bacteroides, Faecalibacterium and
Lachnospiraceae_UCG004 was observed. Finally, probiotic treatment enriched Bilophila, Faecalitalea,
Bifidobacterium, Subdoligranulum and Phascolarctobacterium, among other genera (Figure 5B,C).

Roundup treatment also induced a different clustering from control and co-treatment (p < 0.0001;
Adonis at genus level; Figure 6A), with enrichment in Bacteroides, Faecalitalea, Roseburia, Hydroge-
noanaerobacterium and Faecalibacterium. MegaSporeBiotic probiotic co-treatment enriched, in add-
ition to some genera described for the glyphosate condition, Akkermansia and Cloacibacillus. When
analysing the data using a non-metric multidimensional scaling of Bray–Curtis distances
(Supplementary Figure S9), no clear clustering based on treatment was observed, suggesting a potential
effect of time on composition profiles.

Glyphosate and Roundup treatments were further compared, showing increased levels of Pseudo-
monadaceae, Collinsella, Phascolarctobacterium, Sutterella and Lachnospiraceae_ND3007_group in the
presence of Roundup (LEfSe, LDA > 2, Figure 7A; heat tree based on non-parametric Wilcoxon Rank
Sum test, Figure 7B). At a lower phylogenetic level, OTU37 (Bacteroides spp.), OTU82 (Klebsiella spp.)

Figure 6. Effect of Roundup on infant gut microbial structure. (A) Discriminant analysis of principal components and Adonis test
based on the Bray–Curtis distance at genus level. (B) Linear discriminant analysis effect size for the Roundup arm during the control
(CON), treatment (TTT) and co-treatment (COTT) conditions. (C) Strip char plots of selected features significantly different (ANOVA;
p < 0.05) between conditions.
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and OTU88 (Collinsella spp.) were significantly different between glyphosate and Roundup treated
cultures (Figure 7C; zero-inflated Gaussian fit mixed model MicrobiomeAnalyst software).

We found a statistically significant difference in average bacterial Shannon alpha diversity (Figure 7C)
by the treatments (p = 0.02), but it was not different between glyphosate and Roundup (p = 0.42),
between the mucus and the lumen (p = 0.87) or between the different SHIME compartments (p = 0.64).
Tukey multiple comparisons of means further showed that alpha diversity decreased with the pesticide
treatment (p = 0.03), and later recovered after exposure to MegaSporeBiotic (Figure 7C).

As for the analysis employing qPCR, the changes in bacterial composition derived from 16S rRNA
gene sequencing presented a substantial degree of technical variation reflected by the variations exhibited
during the control period as illustrated for the most frequently found generaMegasphaera, Bacteroides,
Lachnoclostridium and Akkermansia (Supplementary Figure S7).

Altogether, our study of the changes in gut microbial activity and composition after a long-term
exposure to glyphosate and Roundup reveals profound changes in the fermentation activity and
metabolite profiles, while changes in composition profiles were less pronounced with the current
experimental design.

Figure 7. A 16S rRNA gene amplicon sequencing approach to assess alterations in gut microbiome composition. (A) Linear
discriminant analysis effect size including treatment samples from glyphosate and Roundup treatment arms of the study. (B) Heat
tree analysis of differences between glyphosate and Roundup treatments at genus level. Significantly different taxa between groups
are written in the figure.
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Discussion

We describe for the first time the effects of glyphosate and a formulated glyphosate Roundup herbicide
on human gut microbiota. Using an in vitro technology mimicking the entire gastrointestinal tract
revealed that glyphosate caused large-scale disturbances in the activity of gutmicrobiota obtained from a
healthy infant.

Both glyphosate and Roundup caused a change in the fermentation activity of the infant gut
microbiota as reflected by the increase in base consumption. This is because optimal environmental
conditions aremaintained in the SHIME by base addition in order tomaintain the pH, which can change
as a result of bacterial fermentation. This acidification of the gut microbial ecosystem by glyphosate can
be linked to an increase in the production of acetate and lactate, as bacterial production of these
compounds tends to acidify themedium. This in turn favours the growth of bacteria, which can tolerate a
lower pH such as lactobacilli which had their growth increased during the treatment period in this study.
Despite the fact that specific Lactobacillus and Bifidobacterium strains are currently accepted as
probiotics (Hill et al., 2014), composition of mucosal-associated microbes in inflammatory bowel
patients has shown increased proportions of Bifidobacteria and lactobacilli, against a decrease in
butyrate-producing bacteria (Wang et al., 2014). This study suggests that imbalance between gut
commensals might influence host inflammatory responses. This also correlates well with findings of
our recent laboratory animal study showing that rats exposed prenatally until adulthood to glyphosate
presented increased levels of lactobacilli (Mesnage et al., 2021a).

Glyphosate exposure levels have been reported in a small number of studies, with variable levels found
in occupationally, para-occupationally or environmentally individuals, with ranges from 0.16 to
73.5 μg/L in urine (Gillezeau et al., 2019, 2020).We applied a dose of 100mg/L, which would correspond
to 1.1mg/kg of oral exposure, taking into account infant weight, repeated dose regimen, colonic volumes
and glyphosate absorption in the intestinal tract. Fecal levels of glyphosate are not usually reported in
human biomonitoring studies, and data are derived from animal. The no-observed-adverse-effect level
(NOAEL) and ADI of glyphosate are currently set at 50 and 0.5 mg/Kg bw, respectively. Glyphosate
intake in these levels would derive in fecal contents around 35–40 mg/Kg bw/day or 0.35–0.4 mg/Kg
bw/day, if considering 20–30 per cent of oral bioavailability. This would represent 525–600mg (NOAEL)
or 5.3–6 mg (ADI) of glyphosate in feces for an infant (15 kg). Considering colonic volume of healthy
infants around 0.2 L (Sharif et al., 2021), NOAEL levels of glyphosate could represent 2,625–3,000 mg/L
in feces, and ADI levels of glyphosate 100-time lower values. We used 100 mg/L, a dose in between these
two reference values.

The pH of the gut environment is key in maintaining ecosystem homeostasis, and it has been
described as the strongest driver for microbial community structure in vitro (Ilhan Zehra et al., 2017).
When the pH of the gut microbiome environment decreases, it impairs the growth of pH sensitive
bacteria such as Bacteroides spp (Walker et al., 2005) and inhibits lactate-consuming species, leading to
lactate accumulation (Ilhan Zehra et al., 2017). Lactate accumulation has been linked to butyrate and
propionate reduction, due to major shifts in microbiota composition, with Bacteroidetes and anaerobic
Firmicutes being substituted by Actinobacteria, lactobacilli and Proteobacteria (Ilhan Zehra et al., 2017).
Since some members of the Bacteroides family are known propionate or butyrate producers (Walker
et al., 2005), the acidification of the gut microbial environment by glyphosate is also likely to explain the
decrease in specific bacterial metabolites. This is also visible in our recent animal study in which
Bacteroidota abundance was decreased by glyphosate exposure (Mesnage et al., 2021a). In addition,
reductions in butyrate and propionate induced by pesticides can be potentially caused by alterations in
enzymatic paths involved in cross-feeding interactions, eg., involving co-A transferase (Louis and Flint,
2017) or the acrylate pathway.

Microbial SCFAs are essential for maintaining gut homeostasis through different mechanisms
involving control of gut barrier integrity, regulating the luminal pH, mucus production, providing
energy for epithelial cells and modulating mucosal immune function (Blaak et al., 2020). Lactate
accumulation has been described in colitis patients (Vernia et al., 1988), and it can also be used as a
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growth substrate by sulphate-reducing gut bacteria (Marquet et al., 2009), promoting the formation of
toxic concentrations of hydrogen sulphide. Reduction of butyrate and propionate production and lactate
accumulation induced by a GBH indicates functional dysbiosis in our in vitro SHIME system. However,
potential consequences on the host still require further investigation.

Both the production of ammonium and b-SCFA result from protein degradation and reflect
proteolytic activity of the gut microbiota. Ammonium production was substantially increased by
Roundup exposure but not by glyphosate. This could be associated with the increased abundance of
lactobacilli as the higher metabolic activity of this class of bacteria can enhance deamination processes,
which is the main pathway of amino acid fermentation in humans. It is worth noting that an increased
production of ammonium is detrimental because it can activate cell proliferation mechanisms in
colonocytes and subsequently promote colon carcinogenesis (Visek, 1978).

Global metabolomics revealed disturbances in a large number of metabolic pathways. However, the
relevance to health of most of these changes are still elusive. This is the case for solanidine levels, which
were decreased by both Roundup and glyphosate exposure. This is particularly interesting because this
has already been described in our study involving subchronic exposure to another Roundup formulation
in the rat gut microbiome (Mesnage et al., 2021b), and in potato plants grown in glyphosate-treated soil
(Rainio et al., 2020). Methylphosphate was among the few metabolites, which had its abundance
stimulated by Roundup. Since glyphosate is an organophosphate compound, this observation may
originate from previously unknown biotransformation of glyphosate. In another bioreactor study
investigating the porcine gut microbiota, it was found that AMPA was produced by the bacterial
communities from the degradation of glyphosate (Fritz-Wallace et al., 2020). A more recent study of
the metabolism of glyphosate in vitro by the use of human fecal suspension samples found that
biotransformation of glyphosate seems to be negligible in human gut microbiota from 15 healthy adult
humans (Huch et al., 2021)

Perhaps themost surprisingmetabolome changes we observedwere the increase in levels of n3 and n6
long-chain PUFAs. Some limited groups of bacteria can synthetize distinct unsaturated fatty acids such
as arachidonic acid (20:4 n-6), eicosapentaenoic acid (20:5 n-3) and docosahexaenoic acid (22:6 n-3)
(Okuyama et al., 2007; Yoshida et al., 2016). Anaerobic de novo synthesis of PUFA is mediated by the
PUFA synthase complex, but only described in environmental microorganisms up to now (Metz et al.,
2001; Okuyama et al., 2007; Yoshida et al., 2016). On the other hand, human gut microbiota modulates
PUFA metabolism, involving multiple microbial species (Ewaschuk et al., 2006; McIntosh et al., 2009).
Recently, docosahexaenoic acid and arachidonic acid were positively correlated with Bacteroides in
patients with chronic spontaneous urticaria (Wang et al., 2020). It is also possible that PUFAs are formed
from the metabolism of Roundup surfactants, which are in general synthetized from vegetable oils or
animal fat (Mesnage et al., 2019). However, surfactants employed in formulating Roundup herbicides are
generally considered as confidential business information by the manufacturer and thus not generally
disclosed (Mesnage et al., 2019). Therefore, it is not fully clear if the blend of surfactant entering in the
composition of Roundup PROMAX used in this investigation could contain surfactants synthetized
from PUFA-containing oils.

The increase of long-chain fatty acids has been positively correlated with an elevated abundance of
Lactobacillus in a rodent model of neonatal maternal separation characterized by accelerated colonic
motility and gut dysbiosis, suggesting a relevant role of thesemolecules on host-microbiota interplay and
potentially affecting host metabolism (Zhao et al., 2018). Fatty acid profiles in aquatic ecosystems have
been proposed as biomarkers of pesticide exposure (Gonçalves et al., 2021). Short-term exposure to
glyphosate or Roundup in the sea cucumber Holothuria forskali perturbed fatty acid composition,
including some essential fatty acids (Telahigue et al., 2021). Changes in composition of PUFAs, ie.,
alteration in the n3/n6 ratio, have been associated with increased incidence and prevalence of being
overweight and obesity, linked to inflammatory responses (Jovanovic et al., 2021). Altogether, we
propose pesticide disruption of fatty acid human gut metabolome as a potential biomarker of exposure,
and also a mechanism of metabolic disturbance potentially influencing the host. Given the large number
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of changes detected in pathways for long-chain PUFAs, future studies could benefit from the use ofmore
targeted and quantitative metabolome profiling methods such as lipidomics.

Whereas structural changes based on 16S rRNA gene sequencing did not indicate dramatic shifts on
microbial composition, alpha diversity was reduced by exposure to both glyphosate andRoundup. Lower
alpha diversity indices during infancy have been correlated with lower cognitive performance (Carlson
et al., 2018), and negative health outcomes, including type 1 diabetes (Kostic et al., 2015) and asthma
(Abrahamsson et al., 2014). The dynamic alterations in functional capacity of the simulated infant gut
ecosystem suggest an impact of glyphosate or Roundup exposure on host function. A study in rats
assessing prenatal exposure to glyphosate or two Roundup formulations showed the gut microbiome of
F1 offspring was affected by both treatments, with a reduction in Bacteroidota abundance, concomitant
to increased levels of Firmicutes and Actinobacteria (Mesnage et al., 2021a).

Within the temporal framework used in this study, we observed a time-course modulation of the
microbial metabolic landscape suggesting structural resilience of the infant gut ecosystem to glypho-
sate or Roundup exposure, but a functional dysbiosis affecting key microbial metabolites for micro-
biota-host cross-talk. For example, carboxyethyl-gamma aminobutyric acid (GABA) was significantly
reduced in the ascending colon after the Roundup treatment. GABA is linked to glutamatemetabolism
and the gut–brain axis and different microbial taxa regulate the GABAergic system in the human gut,
including Bifidobacterium spp. (Duranti et al., 2020) and Bacteroides spp (Otaru et al., 2021).

Our results suggest that the addition of MegaSporeBiotic spore-based probiotic affected the gut
microbiota andmitigated glyphosate-induced changes. Some Bacillus species are adapted to survive in
the intestine (Cartman et al., 2008; Tam et al., 2006). In such cases, spores ingested with food are able to
survive transit through the stomach after which they germinate and proliferate, a phenomenon that
has been proven using in vivo studies (Cartman et al., 2008; Tam et al., 2006). Following growth and
proliferation, they re-sporulate as the bacteria pass through the intestine and are shed into the
environment. Such germination and re-sporulation would be a necessity for certain health benefits,
as was shown for the stimulation of the development of the gut-associated lymphoid tissue in rabbits
by B. subtilis (Rhee et al., 2004). However, our study does not distinguish as to whether the Bacillus
spores mitigated the effects of glyphosate by directly counteracting its effects, or if they add effects
which are independent of glyphosate presence. Caution is also needed when extrapolating these
findings to real-world glyphosate exposure. Our results and previous studies in animal model systems
suggest structural and metabolic shifts in the gut environment due to exposure to pesticide residues
(Tsiaoussis et al., 2019). The effect of these changes on human health remains to be determined. In
addition, the conclusiveness of this study is very limited by its experimental design since it is very
difficult to generalise conclusions from a study performed with one just biological sample. In addition,
it is likely that the statistical power did not allow the detection of effects for taxa present a low
abundance (less than 5 per cent) in the gut microbiome samples. Further experiments will be needed to
validate these first observations.

Disclosure statement. R.M. has served as a consultant on glyphosate risk assessment issues as part of litigation in the United
States over glyphosate health effects. R.M. received financial support fromMicrobiome Labs (USA). The other authors declare
no competing interests.

Supplementary Materials. To view supplementary material for this article, please visit http://doi.org/10.1017/gmb.2022.5.

Funding. This work was funded by Microbiome Labs (USA) and by the Sustainable Food Alliance (USA) whose support are
gratefully acknowledged.

Notes on contributors. Robin Mesnage is a research associate in the department of medical and molecular genetics at King’s
College London. He is currently lead data scientist for the BuchingerWilhelmi clinics.Marta Calatayud is a Senior Researcher at
ProDigest, a pre-clinical CRO offering in vitro simulations of the gastrointestinal tract to food, feed and the pharma industry.
Cindy Duysburgh is project manager and team leader at ProDigest. MassimoMarzorati is Chief Executive Officer at ProDigest.
Michael N Antoniou is a reader in molecular genetics in the department of medical and molecular genetics at King’s College
London.

Data availability statement. Data are available upon reasonable request. Please direct enquiries to the corresponding author.

18 R. Mesnage et al.

https://doi.org/10.1017/gmb.2022.5 Published online by Cambridge University Press

http://doi.org/10.1017/gmb.2022.5
https://doi.org/10.1017/gmb.2022.5


Author contributions. Conceptualisation: R.M., M.M. and M.N.A.; Funding acquisition: M.M. and M.N.A.; Investigation:
R.M., M.C. and C.D.; Methodology: R.M., M.C., C.D. and M.M.; Supervision: M.M. and M.N.A; Writing – original draft:
R.M. and M.C.; Writing – review & editing: R.M., M.C., C.D., M.M. and M.N.A.

References
Abrahamsson TR, Jakobsson HE, Andersson AF, Björkstén B, Engstrand L and Jenmalm MC (2014) Low gut microbiota

diversity in early infancy precedes asthma at school age. Clinical and Experimental Allergy 44(6), 842–850. https://doi.org/
10.1111/cea.12253

Anadón A, Martínez-Larrañaga MR, Martínez MA, Martin MT, Nozal MJ, Bernal JL. (2009) Toxicokinetics of glyphosate
and its metabolite aminomethyl phosphonic acid in rats. Toxicology Letters 190(1), 91–95. https://doi.org/10.1016/
j.toxlet.2009.07.008

Astolfi ML, Protano C, Schiavi E,Marconi E,CapobiancoD,Massimi L,RistoriniM,BaldassarreME, Laforgia N,Vitali M,
Canepari S, Mastromarino P (2019) A prophylactic multi-strain probiotic treatment to reduce the absorption of toxic
elements: In-vitro study and biomonitoring of breast milk and infant stools. Environment International 130, 104818. https://
doi.org/10.1016/j.envint.2019.05.012

Blaak EE, Canfora EE, Theis S, Frost G, Groen AK, Mithieux G, Nauta A, Scott K, Stahl B, van Harsselaar J, van Tol R,
Vaughan EE, Verbeke K (2020) Short chain fatty acids in human gut and metabolic health. Beneficial Microbes 11(5),
411–455. https://doi.org/10.3920/bm2020.0057

Boocock MR, Coggins JR (1983) Kinetics of 5-enolpyruvylshikimate-3-phosphate synthase inhibition by glyphosate. FEBS
Letters 154(1), 127–133. https://doi.org/10.1016/0014-5793(83)80888-6

Boon N, Top EM,VerstraeteW and Siciliano SD (2003) Bioaugmentation as a tool to protect the structure and function of an
activated-sludgemicrobial community against a 3-chloroaniline shock load.Applied and EnvironmentalMicrobiology 69(3),
1511–1520. https://doi.org/10.1128/AEM.69.3.1511-1520.2003

CalatayudArroyoM,García Barrera T,Callejón Leblic B,Arias Borrego A andColladoMC (2021) A review of the impact of
xenobiotics from dietary sources on infant health: Early life exposures and the role of the microbiota. Environmental
Pollution 269, 115994. https://doi.org/10.1016/j.envpol.2020.115994

Calatayud M, Verstrepen L, Ghyselinck J, Van den Abbeele P, Marzorati M, Modica S, Ranjanoro T, Maquet V (2021)
Chitin glucan shifts luminal and mucosal microbial communities, improve epithelial barrier and modulates cytokine
production in vitro. Nutrients 13(9), 3249. https://doi.org/10.3390/nu13093249

Callahan BJ, McMurdie PJ and Holmes SP (2017) Exact sequence variants should replace operational taxonomic units in
marker-gene data analysis. The ISME Journal 11(12), 2639–2643. https://doi.org/10.1038/ismej.2017.119

Carlson AL, Xia K, Azcarate-Peril MA, Ahn M, Styner MA, Thompson AL, Geng X, Gilmore JH, Knickmeyer RC (2018)
Infant gutmicrobiome associatedwith cognitive development. Biological Psychiatry 83(2), 148–159. https://doi.org/10.1016/
j.biopsych.2017.06.021

Cartman ST, La Ragione RM andWoodwardMJ (2008) Bacillus subtilis spores germinate in the chicken gastrointestinal tract.
Applied and Environmental Microbiology 74(16), 5254–5258 https://doi.org/10.1128/aem.00580-08

Chaikham P, Apichartsrangkoon A, Jirarattanarangsri W and Van de Wiele T (2012) Influence of encapsulated probiotics
combined with pressurized longan juice on colon microflora and their metabolic activities on the exposure to simulated
dynamic gastrointestinal tract. Food Research International 49(1), 133–142. https://doi.org/10.1016/j.foodres.2012.07.033

deMatuoka eChiocchetti G,MonederoV,ZúñigaM,VélezD andDevesaV (2020) In vitro evaluation of the protective role of
Lactobacillus StrainsAgainst inorganic arsenic toxicity. Probiotics and Antimicrobial Proteins 12(4), 1484–1491. https://
doi.org/10.1007/s12602-020-09639-6

De Weirdt R, Possemiers S, Vermeulen G, Moerdijk-Poortvliet TC, Boschker HT, Verstraete W, Van de Wiele T. (2010)
Human faecal microbiota display variable patterns of glycerol metabolism. FEMS Microbiology Ecology 74(3), 601–611.
https://doi.org/10.1111/j.1574-6941.2010.00974.x

DeHavenCD, EvansAM,DaiH and LawtonKA (2010) Organization of GC/MS and LC/MSmetabolomics data into chemical
libraries. Journal of Cheminformatics 2(1), 9.

Dhakan DB, Maji A, Sharma AK, Saxena R, Pulikkan J, Grace T, Gomez A, Scaria J, Amato KR, Sharma VK (2019) The
unique composition of Indian gut microbiome, gene catalogue, and associated fecal metabolome deciphered using multi-
omics approaches. GigaScience 8(3), giz004. https://doi.org/10.1093/gigascience/giz004

Dhariwal A, Chong J, Habib S, King IL, Agellon LB and Xia J (2017) MicrobiomeAnalyst: A web-based tool for
comprehensive statistical, visual and meta-analysis of microbiome data. Nucleic Acids Research 45(W1), W180–W188.
https://doi.org/10.1093/nar/gkx295

Duranti S, Ruiz L, Lugli GA, Tames H,Milani C,Mancabelli L,MancinoW, Longhi G, Carnevali L, Sgoifo A,Margolles A,
VenturaM,Ruas-Madiedo P,Turroni F (2020) Bifidobacterium adolescentis as a keymember of the human gutmicrobiota
in the production of GABA. Scientific Reports 10(1), 14112. https://doi.org/10.1038/s41598-020-70986-z

19

https://doi.org/10.1017/gmb.2022.5 Published online by Cambridge University Press

https://doi.org/10.1111/cea.12253
https://doi.org/10.1111/cea.12253
https://doi.org/10.1016/j.toxlet.2009.07.008
https://doi.org/10.1016/j.toxlet.2009.07.008
https://doi.org/10.1016/j.envint.2019.05.012
https://doi.org/10.1016/j.envint.2019.05.012
https://doi.org/10.3920/bm2020.0057
https://doi.org/10.1016/0014-5793(83)80888-6
https://doi.org/10.1128/AEM.69.3.1511-1520.2003
https://doi.org/10.1016/j.envpol.2020.115994
https://doi.org/10.3390/nu13093249
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1016/j.biopsych.2017.06.021
https://doi.org/10.1016/j.biopsych.2017.06.021
https://doi.org/10.1128/aem.00580-08
https://doi.org/10.1016/j.foodres.2012.07.033
https://doi.org/10.1007/s12602-020-09639-6
https://doi.org/10.1007/s12602-020-09639-6
https://doi.org/10.1111/j.1574-6941.2010.00974.x
https://doi.org/10.1093/gigascience/giz004
https://doi.org/10.1093/nar/gkx295
https://doi.org/10.1038/s41598-020-70986-z
https://doi.org/10.1017/gmb.2022.5


Duysburgh C, Van den Abbeele P, Krishnan K, Bayne TF and Marzorati M (2019) A synbiotic concept containing spore-
forming Bacillus strains and a prebiotic fiber blend consistently enhanced metabolic activity by modulation of the gut
microbiome in vitro. International Journal of Pharmaceutics: X 1, 100021. https://doi.org/10.1016/j.ijpx.2019.100021

EFSA (2015) Conclusion on the peer review of the pesticide risk assessment of the active substance glyphosate. EFSA Journal 13
(11), 4302. https://doi.org/10.2903/j.efsa.2015.4302

Evans AM,DeHaven CD, Barrett T,Mitchell M andMilgram E (2009) Integrated, nontargeted ultrahigh performance liquid
chromatography/electrospray ionization tandem mass spectrometry platform for the identification and relative quantifi-
cation of the small-molecule complement of biological systems. Analytical Chemistry 81(16), 6656–6667.

Ewaschuk JB, Walker JW, Diaz H and Madsen KL (2006) Bioproduction of conjugated linoleic acid by probiotic bacteria
occurs in vitro and in vivo in mice. The Journal of Nutrition 136(6), 1483–1487. https://doi.org/10.1093/jn/136.6.1483

FanibandMH,Norén E, LittorinM and Lindh CH (2021) Human experimental exposure to glyphosate and biomonitoring of
young Swedish adults. International Journal of Hygiene and Environmental Health 231, 113657. https://doi.org/10.1016/
j.ijheh.2020.113657

Ford L, Kennedy AD, Goodman KD, Pappan KL, Evans AM, Miller LAD, Wulff JE, Wiggs BR, Lennon JJ, Elsea S, Toal
DR (2020) Precision of a clinical metabolomics profiling platform for use in the identification of inborn errors of
metabolism. The Journal of Applied Laboratory Medicine 5(2), 342–356.

Foster ZSL, Sharpton TJ andGrünwaldNJ (2017)Metacoder: An R package for visualization andmanipulation of community
taxonomic diversity data. PLoS Computational Biology 13(2), e1005404. https://doi.org/10.1371/journal.pcbi.1005404

Fritz-Wallace K, Engelmann B,Krause JL, Schäpe SS, Pöppe J,Herberth G,Rösler U, Jehmlich N, von BergenM andRolle-
Kampczyk U (2020) Quantification of glyphosate and aminomethylphosphonic acid frommicrobiome reactor fluids. Rapid
Communications in Mass Spectrometry 34(7), e8668. https://doi.org/10.1002/rcm.8668

Gillezeau C, Lieberman-Cribbin W and Taioli E (2020) Update on human exposure to glyphosate, with a complete review of
exposure in children. Environmental Health 19(1), 115. https://doi.org/10.1186/s12940-020-00673-z

GillezeauC, vanGerwenM, Shaffer RM,Rana I,Zhang L, Sheppard LandTaioli E (2019) The evidence of human exposure to
glyphosate: A review. Environmental Health 18(1), 2. https://doi.org/10.1186/s12940-018-0435-5

Gonçalves AMM, Rocha CP, Marques JC and Gonçalves FJM (2021) Fatty acids as suitable biomarkers to assess pesticide
impacts in freshwater biological scales – A review. Ecological Indicators 122, 107299. https://doi.org/10.1016/j.
ecolind.2020.107299

Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, Morelli L, Canani RB, Flint HJ, Salminen S, Calder PC,
Sanders ME (2014) The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope
and appropriate use of the term probiotic. Nature Reviews Gastroenterology & Hepatology 11(8), 506–514. https://doi.org/
10.1038/nrgastro.2014.66

Huch M, Stoll DA, Kulling SE and Soukup ST (2021) Metabolism of glyphosate by the human fecal microbiota. Toxicology
Letters 358, 1–5. https://doi.org/10.1016/j.toxlet.2021.12.013

Ilhan ZE, Marcus AK, Kang D-W, Rittmann BE, Krajmalnik-Brown R and Suen G (2017) pH-mediated microbial and
metabolic interactions in fecal enrichment cultures.mSphere 2(3), e00047–e00017. https://doi.org/10.1128/mSphere.00047-17

Jovanovic S,DietrichD,Becker J,KohlstedtM andWittmannC (2021)Microbial production of polyunsaturated fatty acids –
High-value ingredients for aquafeed, superfoods, and pharmaceuticals. Current Opinion in Biotechnology 69, 199–211.
https://doi.org/10.1016/j.copbio.2021.01.009

Kostic AD, Gevers D, Siljander H, V atanen T, Hyötyläinen T, Hämäläinen AM, Peet A, Tillmann V, Pöhö P, Mattila I,
Lähdesmäki H, Franzosa EA, Vaarala O, de Goffau M, Harmsen H, Ilonen J, Virtanen SM, Clish CB, Orešič M,
Huttenhower C, Knip M; DIABIMMUNE Study Group, Xavier RJ. (2015) The dynamics of the human infant gut
microbiome in development and in progression toward type 1 diabetes. Cell Host &Microbe 17(2), 260–273. https://doi.org/
10.1016/j.chom.2015.01.001

Louis P and Flint HJ (2017) Formation of propionate and butyrate by the human colonic microbiota. Environmental
Microbiology 19(1), 29–41. https://doi.org/10.1111/1462-2920.13589

Maggi F, Tang FHM, la Cecilia D and McBratney A (2019) PEST-CHEMGRIDS, global gridded maps of the top 20 crop-
specific pesticide application rates from 2015 to 2025. Scientific Data 6(1), 170. https://doi.org/10.1038/s41597-019-0169-4

Magne F, Gotteland M, Gauthier L, Zazueta A, Pesoa S, Navarrete P, Balamurugan R (2020) The Firmicutes/Bacteroidetes
ratio: A relevant marker of gut dysbiosis in obese patients? Nutrients 12(5), 1474. https://doi.org/10.3390/nu12051474

Majlesi M, Shekarforoush SS, Ghaisari HR, Nazifi S, Sajedianfard J and Eskandari MH (2017) Effect of probiotic Bacillus
coagulans and Lactobacillus plantarum on alleviation of mercury toxicity in rat. Probiotics and Antimicrobial Proteins 9(3),
300–309. https://doi.org/10.1007/s12602-016-9250-x

MallickH,Rahnavard A,McIver LJ,Ma S, Zhang Y,Nguyen LH,Tickle TL,Weingart G,Ren B, Schwager EH,Chatterjee S,
Thompson KN, Wilkinson JE, Subramanian A, Lu Y, Waldron L, Paulson JN, Franzosa EA, Bravo HC, Huttenhower
C (2021) Multivariable association discovery in population-scale meta-omics studies. PLoS Comput Biol. 2021 Nov 16;17
(11):e1009442. doi: 10.1371/journal.pcbi.1009442.

20 R. Mesnage et al.

https://doi.org/10.1017/gmb.2022.5 Published online by Cambridge University Press

https://doi.org/10.1016/j.ijpx.2019.100021
https://doi.org/10.2903/j.efsa.2015.4302
https://doi.org/10.1093/jn/136.6.1483
https://doi.org/10.1016/j.ijheh.2020.113657
https://doi.org/10.1016/j.ijheh.2020.113657
https://doi.org/10.1371/journal.pcbi.1005404
https://doi.org/10.1002/rcm.8668
https://doi.org/10.1186/s12940-020-00673-z
https://doi.org/10.1186/s12940-018-0435-5
https://doi.org/10.1016/j.ecolind.2020.107299
https://doi.org/10.1016/j.ecolind.2020.107299
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1038/nrgastro.2014.66
https://doi.org/10.1016/j.toxlet.2021.12.013
https://doi.org/10.1128/mSphere.00047-17
https://doi.org/10.1016/j.copbio.2021.01.009
https://doi.org/10.1016/j.chom.2015.01.001
https://doi.org/10.1016/j.chom.2015.01.001
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1038/s41597-019-0169-4
https://doi.org/10.3390/nu12051474
https://doi.org/10.1007/s12602-016-9250-x
http://10.1371/journal.pcbi.1009442
https://doi.org/10.1017/gmb.2022.5


Marquet P, Duncan SH, Chassard C, Bernalier-Donadille A and Flint HJ (2009) Lactate has the potential to promote
hydrogen sulphide formation in the human colon. FEMS Microbiology Letters 299(2), 128–134. https://doi.org/10.1111/
j.1574-6968.2009.01750.x

McIntosh FM, Shingfield KJ, Devillard E, Russell WR and Wallace RJ (2009) Mechanism of conjugated linoleic acid and
vaccenic acid formation in human faecal suspensions and pure cultures of intestinal bacteria.Microbiology 155(1), 285–294.
https://doi.org/10.1099/mic.0.022921-0

McMurdie PJ andHolmes S (2013) Phyloseq: An R package for reproducible interactive analysis and graphics of microbiome
census data. PLoS One 8(4), e61217. https://doi.org/10.1371/journal.pone.0061217

Mesnage R andAntoniouMN (2020) Computationalmodelling provides insight into the effects of glyphosate on the shikimate
pathway in the human gutmicrobiome.Current Research in Toxicology 1, 25–33. https://doi.org/10.1016/j.crtox.2020.04.001

Mesnage R, Benbrook C and Antoniou MN (2019) Insight into the confusion over surfactant co-formulants in glyphosate-
based herbicides. Food and Chemical Toxicology 128, 137–145. https://doi.org/10.1016/j.fct.2019.03.053

Mesnage R, Panzacchi S, Bourne E, Mein CA, Perry MJ, Hu J, Chen J, Mandrioli M, Belpoggi F, Antoniou MN (2021a)
Glyphosate and its formulations Roundup Bioflow and RangerPro alter bacterial and fungal community composition in the
rat caecum microbiome. bioRxiv:2021.11.19.468976. https://doi.org/10.1101/2021.11.19.468976

Mesnage R,TeixeiraM,Mandrioli D, Falcioni L,DucarmonQR,Zwittink RD,Mazzacuva F,Caldwell A,Halket J,Amiel C,
Panoff JM, Belpoggi F, Antoniou MN (2021b) Use of shotgun metagenomics and metabolomics to evaluate the impact of
glyphosate or RoundupMON 52276 on the gut microbiota and serummetabolome of Sprague–Dawley rats. Environmental
Health Perspectives 129(1), 17005. https://doi.org/10.1289/EHP6990

Metz GJ, Roessler P, Facciotti D, Levering C, Dittrich F, Lassner M, Valentine R, Lardizabal K, Domergue F, Yamada A,
Yazawa K,Knauf V,Browse J (2001) Production of polyunsaturated fatty acids by polyketide synthases in both prokaryotes
and eukaryotes. Science 293(5528), 290–293. https://doi.org/10.1126/science.1059593

Molly K,VandeWoestyne M andVerstraete W (1993) Development of a 5-step multi-chamber reactor as a simulation of the
human intestinal microbial ecosystem. Applied Microbiology and Biotechnology 39(2), 254–258. https://doi.org/10.1007/
BF00228615

Morgan XC and Huttenhower C (2012) Chapter 12: Human microbiome analysis. PLoS Computational Biology 8(12),
e1002808. https://doi.org/10.1371/journal.pcbi.1002808

Okuyama H, Orikasa Y, Nishida T, Watanabe K and Morita N (2007) Bacterial genes responsible for the biosynthesis of
eicosapentaenoic and docosahexaenoic acids and their heterologous expression.Applied and EnvironmentalMicrobiology 73
(3), 665–670. https://doi.org/10.1128/aem.02270-06

Otaru N, Ye K, Mujezinovic D, Constancias F, Cornejo FA, Krzystek A, de Wouters T, Braegger C, Lacroix C, Pugin
B (2021) GABA production by human intestinal Bacteroides spp.: Prevalence, regulation, and role in acid stress tolerance.
Frontiers in Microbiology 12:656895. https://doi.org/10.3389/fmicb.2021.656895

Paulson JN, Stine OC, Bravo HC and Pop M (2013) Differential abundance analysis for microbial marker-gene surveys.
Nature Methods 10(12), 1200–1202. https://doi.org/10.1038/nmeth.2658

RainioMJ,Margus A,Virtanen V, Lindström L, Salminen JP, Saikkonen K,HelanderM (2020) Glyphosate-based herbicide
has soil-mediated effects on potato glycoalkaloids and oxidative status of a potato pest. Chemosphere 258, 127254. https://
doi.org/10.1016/j.chemosphere.2020.127254

Rhee KJ, Sethupathi P, Driks A, Lanning DK and Knight KL (2004) Role of commensal bacteria in development of gut-
associated lymphoid tissues and preimmune antibody repertoire. Journal of Immunology 172(2), 1118–1124. https://doi.org/
10.4049/jimmunol.172.2.1118

Robinson C, Portier CJ, Čavoški A, Mesnage R, Roger A, Clausing P, Whaley P, Mullerman H, Lyssimachou A (2020)
Achieving a high level of protection from pesticides in Europe: Problems with the current risk assessment procedure and
solutions. European Journal of Risk Regulation 11, 450–480. https://doi.org/10.1017/err.2020.18

Sharif H, Hoad CL, Abrehart N, Gowland PA, Spiller RC, Kirkham S, Loganathan S, Papadopoulos M, Benninga MA,
Devadason D,Marciani L (2021) Colonic volume changes in paediatric constipation compared to normal values measured
using MRI. Diagnostics (Basel) 11(6), 974. https://doi.org/10.3390/diagnostics11060974

Tam NK, Uyen NQ, Hong HA, Duc le H, Hoa TT, Serra CR, Henriques AO, Cutting SM (2006) The intestinal life cycle of
Bacillus subtilis and close relatives. Journal of Bacteriology 188(7), 2692–2700. https://doi.org/10.1128/jb.188.7.2692-
2700.2006

Telahigue K, Rabeh I, Hajji T, Trabelsi W, Fouzai C, Nechi S, Chelbi E, El Cafsi M, Soudani N (2021) Assessment of the
impacts of glyphosate and its commercial formulation Roundup® on the respiratory tree of the sea cucumber Holothuria
forskali using a multivariate biomarker approach. Chemosphere 269, 129376. https://doi.org/10.1016/j.
chemosphere.2020.129376

Thévenot EA,RouxA,XuY, Ezan E and Junot C (2015) Analysis of the human adult urinarymetabolome variations with age,
body mass index, and gender by implementing a comprehensive workflow for univariate and OPLS statistical analyses.
Journal of Proteome Research 14(8), 3322–3335. https://doi.org/10.1021/acs.jproteome.5b00354

21

https://doi.org/10.1017/gmb.2022.5 Published online by Cambridge University Press

https://doi.org/10.1111/j.1574-6968.2009.01750.x
https://doi.org/10.1111/j.1574-6968.2009.01750.x
https://doi.org/10.1099/mic.0.022921-0
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1016/j.crtox.2020.04.001
https://doi.org/10.1016/j.fct.2019.03.053
https://doi.org/10.1101/2021.11.19.468976
https://doi.org/10.1289/EHP6990
https://doi.org/10.1126/science.1059593
https://doi.org/10.1007/BF00228615
https://doi.org/10.1007/BF00228615
https://doi.org/10.1371/journal.pcbi.1002808
https://doi.org/10.1128/aem.02270-06
https://doi.org/10.3389/fmicb.2021.656895
https://doi.org/10.1038/nmeth.2658
https://doi.org/10.1016/j.chemosphere.2020.127254
https://doi.org/10.1016/j.chemosphere.2020.127254
https://doi.org/10.4049/jimmunol.172.2.1118
https://doi.org/10.4049/jimmunol.172.2.1118
https://doi.org/10.1017/err.2020.18
https://doi.org/10.3390/diagnostics11060974
https://doi.org/10.1128/jb.188.7.2692-2700.2006
https://doi.org/10.1128/jb.188.7.2692-2700.2006
https://doi.org/10.1016/j.chemosphere.2020.129376
https://doi.org/10.1016/j.chemosphere.2020.129376
https://doi.org/10.1021/acs.jproteome.5b00354
https://doi.org/10.1017/gmb.2022.5


Tsiaoussis J, Antoniou MN, Koliarakis I,Mesnage R, Vardavas CI, Izotov BN, Psaroulaki A, Tsatsakis A (2019) Effects of
single and combined toxic exposures on the gut microbiome: Current knowledge and future directions. Toxicology Letters
312, 72–97. https://doi.org10.1016/j.toxlet.2019.04.014

Van den Abbeele P,Belzer C,GoossensM,GoossensM,KleerebezemM,DeVosWM,Thas O,DeWeirdt R,Kerckhof FM,
Van de Wiele T (2013) Butyrate-producing Clostridium cluster XIVa species specifically colonize mucins in an in vitro gut
model. The ISME Journal 7(5), 949–961. https://doi.org/10.1038/ismej.2012.158

Van denAbbeele P,Roos S, Eeckhaut V,MacKenzieDA,DerdeM,VerstraeteW,MarzoratiM,Possemiers S,Vanhoecke B,
Van Immerseel F, Van de Wiele T (2012) Incorporating a mucosal environment in a dynamic gut model results in a more
representative colonization by lactobacilli. Microbial Biotechnology 5(1):106–115. https://doi.org/10.1111/j.1751-
7915.2011.00308.x

Van den Abbeele P, Sprenger N, Ghyselinck J,Marsaux B,Marzorati M and Rochat F (2021) A comparison of the in vitro
effects of 2’fucosyllactose and lactose on the composition and activity of gut microbiota from infants and toddlers.Nutrients
13(3), 726. https://doi.org/10.3390/nu13030726

Venema Kand van den Abbeele P (2013) Experimental models of the gut microbiome. Best Practice & Research. Clinical
Gastroenterology 27(1), 115–126. https://doi.org/10.1016/j.bpg.2013.03.002

Vernia P, Caprilli R, Latella G, Barbetti F, Magliocca FM and Cittadini M (1988) Fecal lactate and ulcerative colitis.
Gastroenterology 95(6), 1564–1568. https://doi.org/10.1016/s0016-5085(88)80078-7

Visek WJ (1978) Diet and cell growth modulation by ammonia. The American Journal of Clinical Nutrition 31(10 Suppl),
S216–S220. https://doi.org/10.1093/ajcn/31.10.S216

Walker AW, Duncan SH, McWilliam Leitch EC, Child MW and Flint HJ (2005) pH and peptide supply can radically alter
bacterial populations and short-chain fatty acid ratios within microbial communities from the human colon. Applied and
Environmental Microbiology 71(7), 3692–3700. https://doi.org/10.1128/aem.71.7.3692-3700.2005

Wang D,Guo S,HeH,Gong L and Cui H (2020) Gut microbiome and serummetabolome analyses identify unsaturated fatty
acids and butanoate metabolism induced by gut microbiota in patients with chronic spontaneous urticaria. Frontiers in
Cellular and Infection Microbiology 10, 24. https://doi.org/10.3389/fcimb.2020.00024

WangW,ChenL,ZhouR,WangX, Song L,Huang S,WangG,XiaB (2014) Increased proportions ofBifidobacterium and the
Lactobacillus group and loss of butyrate-producing bacteria in inflammatory bowel disease. Journal of Clinical Microbiology
52(2), 398–406. https://doi.org/10.1128/jcm.01500-13

Yoshida K, Hashimoto M, Hori R, Adachi T, Okuyama H, Orikasa Y, Nagamine T, Shimizu S, Ueno A, Morita N (2016)
Bacterial long-chain polyunsaturated fatty acids: Their biosynthetic genes, functions, and practical use.Marine Drugs 14(5),
94. https://doi.org/10.3390/md14050094

Zakrzewski M, Proietti C, Ellis JJ, Hasan S, Brion MJ, Berger B, Krause L (2017) Calypso: A user-friendly web-server for
mining and visualizing microbiome-environment interactions. Bioinformatics (Oxford, England) 33(5), 782–783. https://
doi.org/10.1093/bioinformatics/btw725

Zhao L,Huang Y, Lu L,YangW,Huang T, Lin Z, Lin C,KwanH,WongHLX,Chen Y, Sun S,Xie X, Fang X,YangH,Wang
J, Zhu L, Bian Z (2018) Saturated long-chain fatty acid-producing bacteria contribute to enhanced colonic motility in rats.
Microbiome 6(1), 107. https://doi.org/10.1186/s40168-018-0492-6

Zhuang L, Chen H, Zhang S, Zhuang J, Li Q and Feng Z (2019) Intestinal microbiota in early life and its implications on
childhood health. Genomics, Proteomics & Bioinformatics 17(1), 13–25. https://doi.org/10.1016/j.gpb.2018.10.002

Cite this article:Mesnage R., Calatayud M., Duysburgh C., Marzorati M., and Antoniou M.N. 2022. Alterations in infant gut
microbiome composition and metabolism after exposure to glyphosate and Roundup and/or a spore-based formulation using
the SHIME technology. Gut Microbiome, 3, e6, 1–22. https://doi.org/10.1017/gmb.2022.5

22 R. Mesnage et al.

https://doi.org/10.1017/gmb.2022.5 Published online by Cambridge University Press

https://doi.org10.1016/j.toxlet.2019.04.014
https://doi.org/10.1038/ismej.2012.158
https://doi.org/10.1111/j.1751-7915.2011.00308.x
https://doi.org/10.1111/j.1751-7915.2011.00308.x
https://doi.org/10.3390/nu13030726
https://doi.org/10.1016/j.bpg.2013.03.002
https://doi.org/10.1016/s0016-5085(88)80078-7
https://doi.org/10.1093/ajcn/31.10.S216
https://doi.org/10.1128/aem.71.7.3692-3700.2005
https://doi.org/10.3389/fcimb.2020.00024
https://doi.org/10.1128/jcm.01500-13
https://doi.org/10.3390/md14050094
https://doi.org/10.1093/bioinformatics/btw725
https://doi.org/10.1093/bioinformatics/btw725
https://doi.org/10.1186/s40168-018-0492-6
https://doi.org/10.1016/j.gpb.2018.10.002
https://doi.org/10.1017/gmb.2022.5
https://doi.org/10.1017/gmb.2022.5

	Alterations in infant gut microbiome composition and metabolism after exposure to glyphosate and Roundup and/or a spore-based formulation using the SHIME technology
	Introduction
	Material and methods
	Chemicals
	Fecal sample
	Short-term colonic incubation
	Long-term colonic incubation
	Microbial community activity
	DNA extraction
	Microbial community composition via qPCR
	16S rRNA gene amplicon sequencing
	Metabolomics
	Bioinformatics

	Results
	Pre-screening experiment to determine glyphosate dosage
	Microbial community activity during the long-term infant M-SHIME experiment
	Global metabolomics
	Microbial community composition during the long-term M-SHIME culture

	Discussion
	Disclosure statement
	Supplementary Materials
	Funding
	Notes on contributors
	Data availability statement
	Author contributions
	References


