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Abstract
The potential health consequences of glyphosate-induced gut microbiome alterations have
become a matter of intense debate. As part of a multifaceted study investigating toxicity,
carcinogenicity and multigenerational effects of glyphosate and its commercial herbicide
formulations, we assessed changes in bacterial and fungal populations in the caecum
microbiota of rats exposed prenatally until adulthood (13 weeks after weaning) to three doses
of glyphosate (0.5, 5, 50 mg/kg body weight/day), or to the formulated herbicide products
Roundup Bioflow and RangerPro at the same glyphosate-equivalent doses. Caecum bacterial
microbiota were evaluated by 16S rRNA sequencing whilst the fungal population was
determined by ITS2 amplicon sequencing. Results showed that both fungal and bacterial
diversity were affected by the Roundup formulations in a dose-dependent manner, whilst
glyphosate alone significantly altered only bacterial diversity. At taxa level, a reduction in
Bacteroidota abundance, marked by alterations in the levels of Alloprevotella, Prevotella and
Prevotellaceae UCG-003, was concomitant to increased levels of Firmicutes (e.g.,
Romboutsia, Dubosiella, Eubacterium brachy group or Christensenellaceae) and
Actinobacteria (e.g., Enterorhabdus, Adlercreutzia, or Asaccharobacter). Treponema and
Mycoplasma also had their levels reduced by the pesticide treatments. Analysis of fungal
composition indicated that the abundance of the rat gut commensal Ascomycota
Kazachstania was reduced while the abundance of Gibberella, Penicillium, Claviceps,
Cornuvesica, Candida, Trichoderma and Sarocladium were increased by exposure to the
Roundup formulations, but not to glyphosate. Altogether, our data suggest that glyphosate
and its Roundup RangerPro and Bioflow caused profound changes in caecum microbiome
composition by affecting the fitness of major commensals, which in turn reduced competition
and allowed opportunistic fungi to grow in the gut, in particular in animals exposed to the
herbicide formulations. This further indicates that changes in gut microbiome composition
might influence the long-term toxicity, carcinogenicity and multigenerational effects of
glyphosate-based herbicides.
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Introduction
Glyphosate is a broad-spectrum herbicide active ingredient and the most used
pesticide worldwide. Glyphosate-based herbicides are used to control weeds in agricultural
fields and urban environments, but also to desiccate crops shortly before harvest. The use of
glyphosate-based herbicides such as Roundup has increased exponentially since their
introduction at the end of the 1970s due to the wide-scale adoption of glyphosate tolerant
genetically modified crops, especially in North and South America (Benbrook 2016). It is
estimated that about 700,000 tons of glyphosate are used worldwide annually (Maggi et al.
2019). Although the use of glyphosate is expected to further increase by 2025 (Maggi et al.
2019), its application is reaching a plateau in some countries due to the spread of glyphosateresistant weed species (Heap 2014). In addition, controversies surrounding the toxicity of
glyphosate has led to bans or restrictions of glyphosate usage (Robinson et al. 2020).
While the carcinogenic effects of glyphosate have been demonstrated in laboratory
animal studies, the overall human health effects of glyphosate are still not fully known.
Numerous studies have reported toxicity from glyphosate in different organs in a large range
of animal species (Mesnage et al. 2015). Glyphosate toxicity in mammals can be explained
by its ability to induce oxidative stress through the alteration of mitochondrial function
(Mesnage et al. 2015). Glyphosate is known to affect mitochondrial respiratory chain
functions (Olorunsogo 1990; Pereira et al. 2018; Wise et al. 1992), and this can be linked to
an increased production of reactive oxygen species (Bailey et al. 2018; Gomes and Juneau
2016). Oxidative stress induced by glyphosate and its commercial herbicide formulations can
provide an explanation for observed genotoxic outcomes both in vitro (Benbrook 2019) and
in vivo (Portier 2020) model system. Other toxicological properties of glyphosate includes
possible estrogen receptor activation (Mesnage et al. 2017) and epigenetic (DNA
methylation) changes leading to alteration in gene expression (Duforestel et al. 2019;
Woźniak et al. 2020).
More recently, concerns have also been raised about the ability of glyphosate to have
adverse effects through its interactions with the community of bacteria residing in the
digestive tract, known as the gut microbiome. The toxicity of glyphosate in plants is caused
by an inhibition of 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) of the shikimate
pathway, causing a shortage in aromatic amino acid biosynthesis (Boocock and Coggins
1983). Although this mechanism of action does not exist in mammalian cells,
microorganisms dwelling on the surface and within the gastrointestinal tract of mammalian
bodies can be sensitive to glyphosate inhibition when they are equipped with the shikimate
pathway (Mesnage and Antoniou 2020; Mesnage et al. 2021c). The number of studies
investigating the effects of glyphosate on microbial communities is growing (Tsiaoussis et al.
2019). Our recent study using a combination of metabolomics and shotgun metagenomics has
made clear that glyphosate can inhibit the shikimate pathway in the gut microbiome, causing
an accumulation of metabolites upstream of EPSPS (Mesnage et al. 2021c). However,
whether glyphosate effects are different between males and females, if they can be detected
from exposure to low regulatory permitted levels, different across the different sections of the
gastrointestinal tract (e.g., ileum, caecum, colon), or even if early-life exposure can cause
more damage remains known.
Although there have been a number of reports on the effects on glyphosate and
glyphosate-based herbicides on gut bacterial microbiota, no studies to date have investigated
to see if there are alterations in the gut fungal population, sometimes referred to as the gut
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‘mycobiome’. The role of the mycobiome is more elusive mainly because they have been
under-studied compared to bacteria (Huseyin et al. 2017). This is despite growing evidence
linking the presence of different categories of fungi in the human gut to observable diseases
and health symptoms, such as multiple sclerosis and other neurological diseases, no study has
investigated if glyphosate can affect these fungal populations (Huseyin et al. 2017).
Furthermore, commercial glyphosate herbicides do not only contain glyphosate in
water, but also other ingredients called co-formulants. These co-formulants are normally
listed on packaging as “inert” since they proposed to not have any direct herbicidal action.
The major co-formulants used in the manufacture of Roundup herbicides are surfactants,
which are used to allow glyphosate penetration through the waxy surface of plant leaves
(Mesnage et al. 2019). Surfactants generally form 5-15% of the concentrated products, which
has to be diluted to different concentrations depending on the intended use. For instance,
Roundup (MON 2139) is used as a 2 percent solution (7.2 g/L of glyphosate, 3.6% surfactant
MON 0818) on most perennial weeds. The main surfactants for several decades used in
Roundup formulations have been polyoxyethylene tallow amine (POEA). More recently,
different types of surfactants have been introduced, which have now very different toxicity
profiles (Mesnage et al. 2019).
In a previous investigation, we described the changes in faecal microbiome
composition in Sprague-Dawley rats orally exposed to glyphosate and Roundup Bioflow
(MON 52276) at a glyphosate equivalent dose corresponding to the US chronic Reference
Dose (cRfD) of 1.75 mg/kg bw/day starting from prenatal life until adulthood (13 weeks)
(Mao et al. 2018). We found that faecal microbiota profiling revealed changes in overall
bacterial composition in pups at postnatal day 31, corresponding to pre-pubertal age in
humans (Mao et al. 2018). The study presented here constitutes a follow-up to this earlier
investigation and forms part of the multifaceted Global Glyphosate Study, which was
launched with the aim of providing the most comprehensive evaluation of glyphosate-based
herbicides covering long-term toxicity, carcinogenicity and multi-generational effects.
Glyphosate and two commercial formulations, namely the EU representative formulation
Roundup BioFlow (MON 52276) and the US formulation RangerPro (EPA 524-517), were
again administered to Sprague-Dawley rats starting mid-gestation via drinking water at 0.5, 5,
and 50 mg/kg bw/day, which ranged from the EU acceptable daily intake (ADI) to the EU no
observed adverse effect level (NOAEL). RangerPro contains POEA surfactants (Mesnage et
al. 2021a), while Roundup Bioflow does not contain POEA (Mesnage et al. 2021b), however
the complete co-formulant profile remains unknown. Reported here are the effects of these
three compounds on the caecum microbiota.

Materials and Methods
Animal experimental setup
The study was conducted following the rules established by Italian law regulating the
use and humane treatment of animals for scientific purposes (Legislative Decree No. 26,
2014. Implementation of the directive n. 2010/63/EU on the protection of animals used for
scientific purposes. - G.U. General Series, n. 61 of March 4th, 2014). Before commencement,
the protocol was examined by the Internal Ethical Committee of Ramazzini Institute for
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approval. The protocol of the experiment was also approved and formally authorized by the
ad hoc commission of the Italian Ministry of Health (ministerial approval n. 945/2018-PR).
All animal study procedures were performed at the Cesare Maltoni Cancer Research
Centre/Ramazzini Institute (CMCRC/RI) (Bentivoglio, Italy).
The CMCRC/RI animal breeding facility was the supplier of the Sprague-Dawley
(SD) rats. Female SD rats used for breeding were placed individually in polycarbonate cages
(42x26x18cm; Tecniplast Buguggiate, Varese, Italy) with a single unrelated male until
evidence of copulation was observed. After mating, matched females were housed separately
during gestation and delivery. Newborns were housed with their mothers until weaning.
Weaned offspring were housed, by sex and treatment group, not more than 3 per cage. Cages
were identified by a card indicating: study protocol code, experimental and pedigree
numbers, dosage group. The cages were placed on racks, inside a single room prepared for
the experiment at 22 °C ± 3 °C temperature and 50 ± 20% relative humidity. Daily checks on
temperature and humidity were performed. The light was artificial and a light/dark cycle of
12 h was maintained.
During the experiment animals had ad libitum access to an organic pellet feed
“Corticella bio” supplied by Laboratorio Dottori Piccioni Srl (Piccioni Laboratory, Milan,
Italy). In addition, the animals drank fresh municipal tap water from glass bottles ad libitum.
Both feed and water were periodically analyzed to identify possible chemical or
microbiological contaminants or other impurities; these analyses are included in the
documentation of the experiment. The pelleted feed was tested for possible glyphosate
contamination in compliance with Commission Regulation (EU) No 293/ 2013 [maximum
residue levels (MRLs) < 1 mg/kg]. Tap drinking water was tested for possible glyphosate
contamination in compliance with Directive 2008/105/EC, D.Lgs. 152/2006,
Directive2006/118/EC (active substances in pesticides, including their relevant metabolites,
degradation and reaction products < 0.1 μg/l).
Virgin female SD rats (18 weeks of age) were cohabited with an outbred male of the
same age and strain. Each day, the females were examined for presence of sperm. Gestational
day (GD) 0 was set on detection of sperm in vaginal smears. The day on which parturition
was completed was designated as lactating day (LD) 0 for the dam and PND 0 for the
offspring. After weaning (~PND 24-28), the offspring, identified by ear punch according to
the Jackson Laboratory system (Enclosure 2), were housed in the same treatment group as
their dams in order to have no more than one male and one female per group.
The treatment included 10 experimental groups: one untreated control group; 3 groups
treated with glyphosate 3 groups treated with Roundup Bioflow® and 3 groups treated with
Ranger Pro®. Test substances were diluted in drinking water at the same glyphosate
equivalent concentrations such that the animals’ daily intake corresponded to 0.5 mg/kg bw
day (ADI Europe); 5 mg/kg bw day and 50 mg/kg bw day (NOAEL Europe) of glyphosate.
Every animal in the experiment was checked 3 times per day on weekdays, and twice
on Saturday and Sunday/public holidays. Water and food consumption, and body weight
were recorded periodically. At the end of the treatment period, at 17 weeks of age (13 weeks
after weaning), each surviving animal was anesthetized by inhalation of a mixture CO2/O2
(70% and 30% respectively) and sacrificed by drawing blood via vena cava. During
necropsy, the caecum content from each animal was collected in a polypropylene tubes and
stored at -80°C until use.
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DNA extraction
DNA was extracted from 0.25g of caecum content material using the PowerFecal
protocol (Qiagen, Hilden, Germany) as per the manufacturer’s instructions. Extracted DNA
was quantified using a Qubit instrument (Thermo Fisher Scientific, MA, USA). DNA
concentrations were standardised to 5ng/µl using an automated protocol on a BiomekFX
liquid handling robot (Beckman Coulter, CA, USA).
16S rRNA and ITS2 amplicon sequencing
PCR was performed using the Roche High-Fidelity PCR System (Roche Life Science,
Welwyn Garden City, UK). A total of 5ng DNA was amplified in a reaction volume of 10µl.
The primers for the amplification of the 16S V3-V4 region were:
ACACTGACGACATGGTTCTACACCTACGGGNGGCWGCAG (forward) and
TACGGTAGCAGAGACTTGGTCTGACTACHVGGGTATCTAATCC (reverse). The
primers for ITS2 amplification were:
TCTACACTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCATCGATGAAGAA
CGCAGC (forward) and
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTCCGCTTATTGATATGC
(reverse). The PCR reaction mixture included 1µl of 10X FastStart High Fidelity Reaction
buffer, 0.1 µl of 10 µM forward or reverse primers, 1.8 µl of 25mM MgCl2, 0.5 µl dimethyl
sulfoxide (DMSO), 0.2 µL of 10mM PCR Grade Nucleotide Mix, 0.1 µl of 5U/µl FastStart
High Fidelity Enzyme Blend and 5.2 µl of nuclease-free water. This was added to 1µl of
diluted samples and amplified for 35 cycles at 95°C for 30s, 55°C for 30 s, 72°C for 30s, and
a final extension at 72°C for 5 minutes. The size of amplified products was verified by
electrophoresis on a 2% agarose gel. We then used 1 µl of a 100 times diluted PCR product
in 1xTE buffer in a second round of PCR to add TSP FLD barcodes and Illumina adaptors
onto PCR products. The barcoding reaction mix included 1µl of 10X FastStart High Fidelity
Reaction buffer, 1.8 µl of 25mM MgCl2, 0.5 µl of DMSO, 0.2 µL of 10mM PCR Grade
Nucleotide Mix, 0.1 µl of 5U/µl FastStart High Fidelity Enzyme Blend and 3.4 µl of
nuclease-free water. This was added to 2 μl of Fluidigm Barcode and 1μl of the 1:100
harvested PCR product. The amplification was done for 15 cycles at 95°C for 15s, 60°C for
30 s, 72°C for 60s, and a final extension at 72°C for 3 minutes. Barcode attachment was
controlled using the Tapestation D1000 instrument (Agilent, CA, USA).
An equal volume of each barcoded PCR product was pooled and the final mixture
diluted to 4 nM. The pooled library was loaded onto a 300bpx2 paired-end MiSeq (Illumina,
CA, USA), as per the manufacturer’s instructions generating an average of 52,850 ± 10,795
reads per sample for the 16S rRNA sequencing data, and 46,883 ± 8,039 reads per sample for
the ITS2 sequencing data.
Bioinformatics analyses
The DADA2 pipeline (v 1.16) was used to quantify amplicon sequence variants
(ASV) using R v4.0.0. Primers were removed using Cutadapt v2.6 with Python v3.7.1.
Pseudo-pooling of samples was performed to increase the sensitivity of the analysis. The
taxonomy was assigned using the native implementation of the naive Bayesian classifier
method from DADA2 with the SiLVA ribosomal RNA gene database v138 for the 16S reads
and the General Fasta release files from the UNITE ITS database for fungal taxonomy.
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Cleaned read counts, ASV taxonomies, and the metadata were then combined for an analysis
with the phyloseq package v1.32.0 (McMurdie and Holmes 2013).
Alpha diversity was calculated as the number of observed species and Shannon
indexes with phyloseq. Statistical significance was determined with ANOVA tests followed
by Tukey post-hoc tests for multiple comparisons. Since phylum abundance was not normally
distributed, statistical significance of differential phylum abundance was determined with a
Kruskal-Wallis test followed by Dunn's test of multiple comparisons. Microbiome beta
diversity was compared between each sample using non-metric multi-dimensional scaling
(NMDS) plots of Bray-Curtis dissimilarities, with the statistical significance of sample
clustering evaluated with a permutational ANOVA (PERMANOVA) analysis on the BrayCurtis dissimilarities with adonis from vegan v2.4-2. Sample clustering was evaluated using
unsupervised PCA on centred log-ratio transformed data with microViz v0.7.1. Taxonomy
was plotted using microViz v0.7.1 and ggplot2 v3.3.0. Because the gut microbiota profiles
were different between males and females, we used sex as a covariate. Faecal microbiome
community structure was analysed at different taxonomic levels by aggregating the content of
the phyloseq object. Differences in faecal microbiome composition at the genus level were
evaluated by determining multivariable association between clinical metadata and microbial
meta'omic features using MaAsLin2 v0.99.12 in R with sex as a covariate. Sex-specific
analyses were also performed. Data were normalised using the total scale sum and
transformed with an arcsine square root transformation to account for the unevenness of read
counts and stabilise the variance. The statistical significance has been corrected for multiple
comparisons and presented as False Discovery Rate (FDR). Raw data are available at the
NCBI sequence read archive under the accession number BioProject PRJNA758037 for the
bacterial composition data and BioProject PRJNA758026 for the fungal composition data.

Results
We measured the changes in bacterial and fungal composition in the caecum
microbiota of rats exposed to three doses of glyphosate (0.5, 5, 50 mg/kg body weight/ day)
or the formulated herbicide products Roundup Bioflow and RangerPro at the same
glyphosate-equivalent doses. After removing bad quality reads and chimeras, we obtained
16,653± 3,947 reads per sample of bacterial 16S rRNA sequencing data, and 10,449± 2,138
reads per sample of fungal ITS2 sequencing data. Bacterial profiles from the caecum
microbiome were 63% of Firmicutes (essentially Lactobacillus, Romboutsia,
Lachnospiraceae) and 14.9% of Bacteroidota (mostly Prevotella, Alloprevotella), while more
than 99% of the fungal species identified were from the phylum Ascomycota (Kazachstania).
Some Archaea represented by Methanobrevibacter were also detected at low abundance by
the 16S rRNA sequencing platform.
Both fungal and bacterial diversity was affected by the glyphosate herbicide
formulations, though in opposite directions (Figure 1). We found a statistically significant
difference in average bacterial Shannon alpha diversity by treatment with both Roundup
formulations (adj-p = 9.8e-06) and sex (adj-p = 6.24e-09). These pesticide treatments
affected fungal alpha diversity (adj-p = 9.87e-11), but with no difference between sexes (adjp = 0.83). Tukey post-hoc tests revealed a dose dependent decrease in bacterial Shannon
alpha diversity, which was statistically significant at the highest doses for Roundup Bioflow
(adj-p = 0.002) and RangerPro (adj-p = 0.004). In contrast, exposure to Roundup Bioflow
caused a significant increase in fungal Shannon alpha diversity at the highest dose (adj-p =
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0.00009). Exposure to RangerPro caused a remarkable dose-dependent increase in Shannon
diversity, which was statistically significantly different from the lowest dose tested (adj-p =
0.03). Glyphosate alone had no effect on fungal or bacterial alpha diversity (Figure 1)
suggesting that the co-formulants present in the Roundup formulations were responsible,
either alone or in combination with glyphosate, for the changes observed in alpha diversity
resulting from exposure to these herbicides.
Beta diversity was also affected by the exposure to glyphosate herbicide formulations
whilst glyphosate alone had limited effects, as demonstrated by PERMANOVA analysis
revealing that both fungal and bacterial composition differ by sex (p = 0.001) and treatment
groups (p = 0.001). Further analysis of sample clustering using an unsupervised principle
component analysis (PCA) showed that the bacterial composition of samples from rats
exposed to either Roundup Bioflow or RangerPro segregated from the control and glyphosate
treatment groups (Figure 2). The PCA analysis for the fungal diversity was less clear due to
the relatively low number of taxonomic groups detected, with samples clustering along the
first component (Figure 2). The source of variation from the fungal microbiota sample
clustering was unknown.
We then analysed bacterial and fungal taxonomic composition to provide insight into
what microorganisms were altered by exposure to glyphosate, Roundup Bioflow, or
RangerPro. We found large sex differences in response to the different test substances at the
phylum level for the bacterial profiles (Table 1). The most marked changes were found in
females, where the abundance of Euryarchaeota was increased in a dose-dependent manner
by the pesticide treatments, reaching 7.4 ± 10.2% for glyphosate at 50 mg/kg bw/day, 9.8 ±
9.1% for Roundup Bioflow at 50 mg/kg bw/day and 6.0 ± 12.0% for RangerPro at 50 mg/kg
bw/day of the total assigned abundance, while Euryarchaeota only represented 0.4 ± 1.1% of
the 16S assigned abundance in the control group. The same trend was visible in male animals
but changes were not statistically significant. This can be due to the higher Euryarchaeota
abundance in the male control animals compared to females (Table 1). In contrast, the
abundance of Campilobacterota and Bacteroidota decreased in response to glyphosate
treatment in a dose-dependent manner, which was again more pronounced in females than in
males. Although Bacteroidota represented 24.7 ± 6.7% of the total abundance in control
female animals, these species reached an average abundance level as low as 9.9 ± 7.1% for
animals exposed to the highest dose of RangerPro. No changes in the levels of Basidiomycota
and Ascomycota were found in any of the treatment groups (Table 1).
Changes in microbial composition were also investigated at the genus level. Although
DADA2 provided taxonomic assignment at species levels, a large number of sequence
variants had their taxonomy unknown at the species level. Thus we decided to use genus
level assignments. Given the large number of genera identified, we used a multivariate
method taking into account the sex of the animals as a covariate. A large number of bacterial
genera had their levels altered by glyphosate and its two herbicide formulations (Figure 3).
The taxonomic composition of the most frequently found genera is presented in Figure 3A.
The same genera were consistently altered by either glyphosate alone or the two Roundup
formulated products (Figure 3B), although with varying degrees of statistical significance,
suggesting that these disruptions originate in the ability of glyphosate to alter gut microbial
metabolism. The largest of these changes reflected the overall alteration in the Bacteroidota
population, marked by a reduction in the levels of Alloprevotella, Prevotella and
Prevotellaceae UCG-003. Treponema, which is a genus of spiral-shaped bacteria
(Spirochaetes), and Mycoplasma, also had their levels reduced by the glyphosate treatments.
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In contrast, the bacterial genera, which increased in abundance after exposure to glyphosate
or its formulations were mostly Firmicutes (e.g., Romboutsia, Dubosiella, Eubacterium
brachy group or Christensenellaceae) and Actinobacteria (e.g., Enterorhabdus,
Adlercreutzia, or Asaccharobacter).
Analysis of alterations in fungal composition at the genus level indicated that the
abundance of Kazachstania (Ascomycota) was reduced while the abundance of Gibberella,
Penicillium, Claviceps, Cornuvesica, Candida, Trichoderma and Sarocladium were increased
by the treatments with the two Roundup formulated products (Figure 4). Glyphosate had
limited effects on the mycobiome. Overall, these observations further suggest that exposure
to glyphosate and its formulations affects the abundance of major bacteria taxa, which in turn
reduces competition and allows opportunistic fungi to grow in the gut of the exposed animals.

Discussion
Here we have provided the most comprehensive description of the effects of
glyphosate and two formulated glyphosate-based Roundup herbicide formulations on the
bacterial and fungal composition of the caecum microbiome of rats. Our results provide
information on the effects of glyphosate and two Roundup formulations on gut microbial
composition at an unprecedented level of detail by combining an evaluation of fungal and
bacterial composition on the same rat caecum samples.
Our previous study using a combination of shotgun metagenomics and metabolomics
suggested that glyphosate does not have antibiotic properties, but in contrast could cause the
proliferation of some bacteria that potentially use glyphosate as a source of phosphate
(Mesnage et al. 2021c). The results from this study are very different, suggesting that
glyphosate and two representative commercial Roundup formulations completely reshaped
the rat gut microbiome. The current study started exposure doses prenatally which reveal
effects of glyphosate that are not detected in adult animals with more mature and stable gut
microbial communities. Starting treatment at a prenatal stage of development appears to be
not only more representative of real-world exposure scenarios but is apparently able to reveal
effects of glyphosate and Roundup formulations that are not detected when treatment is
initiated in adult animals, which have more mature and stable gut microbial communities.
The adult gut microbiome is relatively stable and resilient to environmental perturbations
(Lozupone et al. 2012). In contrast, the developing gut microbiome in infants appears to be
more sensitive to perturbations, which could durably impact health during adult life
(Robertson et al. 2019).
Previous studies have suggested that Lactobacilli, and Firmicutes in general, are the
bacteria most affected by glyphosate in the rat gut microbiome (Lozano et al. 2018; Mao et
al. 2018; Nielsen et al. 2018). Although our results contradict these studies by showing
increased abundance of different Firmicutes after glyphosate and Roundup exposure, it is
interesting to note that a recent microevolutionary analysis of the EPSPS enzyme suggested
that Firmicutes are significantly more resistant to glyphosate than other taxonomic groups
(Rainio et al. 2021). It is possible that glyphosate exposure has favoured the growth of
resistant strains of Firmicute species. However, they are not distinguishable with the present
sequencing strategy and more focused metagenomic analyses will have to be performed to
resolve this issue.
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An important limitation in this study is that both 16S rRNA and ITS sequencing
provided semiquantitative estimates of abundance. Each of the datasets was normalised to
100%, providing independent evaluations of bacterial and fungal abundance. However, fungi
typically account for a small proportion of the gut microflora in comparison to bacteria
representing approximately 0.1% of the total microbial load (Nash et al. 2017). In addition,
not all of the single-celled prokaryotes are bacteria. Methanogenic archaea such as
Methanobrevibacter smithii account for up to 10% of the human gut microbiome (Gaci et al.
2014). Small unicellular eukaryotes are also present. However, it is not clear if they are
permanent residents of gut microbial ecosystems or if they do not colonise the gut durably.
Our earlier study provided a global analysis of variations in the microorganism composition
of the rat gut microbiome after treatment with glyphosate and Roundup Bioflow with shotgun
metagenomics (Mesnage et al. 2021c). However, metagenomic applications in rats are also
limited by the incompleteness of the taxonomic classification in gene catalogues and there is
no gold standard to perform compositional analyses.
Few studies of the gut mycobiome have been conducted in rats. The dominant fungal
taxa in our Sprague-Dawley colony were found to Kazachstania pintolopesii. This yeast was
also found in laboratory mice received by the National Institutes of Health from different
suppliers (Kurtzman et al. 2005). It is widespread and was even found to dominate the gut
mycobiome of live-trapped mice from east Slovakia (Bendova et al. 2020). The species
complex of Ascomycetous yeasts Kazachstania is found in rodents, humans, birds, horses,
pigs, and cows, but K. pintolopesii is almost exclusively found in rodents (Kurtzman et al.
2005). Other fungi species were found at a limited abundance in our study. In another study,
it was found that the gut microbiome of laboratory mice born to wild mice resembles that of
wild mice with higher abundance of Ascomycota and a lower abundance of Basidiomycota
compared to conventional laboratory mice (Rosshart et al. 2019). In humans, the mycobiome
is low in diversity and mostly represented by yeast including Saccharomyces, Malassezia,
and Candida (Nash et al. 2017). Altogether, our results on the rat gut mycobiome might be
relevant for rodent populations but more studies in human samples should be done to
extrapolate our findings to human populations. This can be performed using the SHIME®
technology, which mimics the entire gastrointestinal tract by employing a series of reactors
representing the different steps in food uptake and digestion (Venema and van den Abbeele
2013).
The changes in gut microbiome composition found in this rat study can have health
consequences when they are found in human populations. Alpha diversity which is decreased
by Roundup Bioflow and RangerPro is linked to human health, with lower levels of alpha
diversity associated with chronic diseases(Manor et al. 2020). The health implications of the
proliferation of various fungal species in the gut remains elusive, but it is worth noting that
the fungal gut microbiome is mostly considered as a reservoir of pathogenic microbes which
proliferate when the host is compromised leading to inflammation (Huffnagle and Noverr
2013). However, conclusions on health implications are limited by the methodology used in
this study. It is important to note that health effects of bacteria are strain-dependent and
bacteria from the same species can have very different effects. For instance, the probiotic E.
coli Nissle 1917 strain can protect against the invasion by adherent-invasive E. coli B2 strains
(Sassone-Corsi et al. 2016). It is thus not possible to definitely attribute beneficial or
detrimental health effects on the basis of compositional changes at the genus levels.

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.19.468976; this version posted November 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The effects of glyphosate and its formulated Roundup products in our study were in
general comparable although patterns of statistical significance were variable. The sex of the
host is known to shape its gut microbiota via the effects of sex hormones both in rodents and
in humans (Valeri and Endres 2021). Sex-dependent gut microbiota differences in response to
dietary interventions and exposures to toxic chemicals are known in diverse animal models
and humans (Valeri and Endres 2021). Sex-specific effects of glyphosate formulations on gut
microbiota was suggested in another study but the limited number of samples available in this
investigation prevented drawing any general conclusions (Lozano et al. 2018).
Since applicators always spray a mixture of glyphosate and co-formulants, it is
relevant to assess the toxicity of the complete formulated herbicides (not glyphosate alone) to
understand health effects of their application. Our results show that the formulated products
Roundup Bioflow and RangerPro caused more alterations than glyphosate alone at the same
glyphosate-equivalent doses. It is likely that the surfactants included in Roundup Bioflow and
RangerPro contribute to the gut microbial alterations. However, the changes caused by
glyphosate and the two formulated products are comparable but more severe with the
formulations, suggesting that the surfactants may enhance the effects of glyphosate as they do
in plants in order for glyphosate to act as an efficient weedkiller. Numerous studies have
shown that POEA surfactants contribute to the toxicity of glyphosate weedkillers. Studies
showing that POE 15 tallow amine was more toxic than glyphosate have been available since
the end of the 1970’s (Folmar et al. 1979). The formulation MON 2139 containing POE 15
tallow amine was 10 to 40 times more toxic than glyphosate in different fish species (Folmar
et al. 1979; Wan et al. 1989). We have previously shown that Roundup Bioflow, which does
not contain POEA but a quaternary ammonium surfactant (Mesnage et al. 2021b) causes
more gut microbiome alterations than glyphosate alone in rats (Mesnage et al. 2021c).
Although studies have described the presence of POEA surfactants in RangerPro (Mesnage et
al. 2021a), the complete co-formulant profile remains unknown. Further studies testing the
surfactants alone will be required to understand if they can be a source of effects in the
absence of glyphosate.
In conclusion, we reveal that early life exposures starting prenatally to glyphosate or
its formulated products Roundup Bioflow and RangerPro cause large changes in the
composition of the rat gut microbiota. This indicates that alterations in gut microbiome
composition will have to be taken into account in the next phases of the Global Glyphosate
Study addressing long-term toxicity, carcinogenicity and multi-generational effects of
glyphosate and glyphosate -based herbicide formulations.
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Figures

Figure 1. Bacterial and fungal diversity is altered in the gut microbiome of rats exposed
to either glyphosate or its herbicide formulations Roundup Bioflow and RangerPro.
Bacterial and fungal diversity was evaluated by 16S rRNA and ITS2 amplicon sequencing,
respectively in male and female SD rats exposed via drinking water to three doses of
glyphosate (0.5, 5, 50 mg/kg body weight per day), or to the formulated products Roundup
Bioflow and RangerPro at the same glyphosate-equivalent doses. Exposure was initiated
prenatally at mid-gestation and continued until 13 weeks post-weaning.

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.19.468976; this version posted November 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 2. Unsupervised classification of variations in bacterial and fungal community
composition by PCA. Male and female Sprague Dawley rats were exposed to three doses of
glyphosate (0.5, 5, 50 mg/kg body weight per day), or to the formulated products Roundup
Bioflow and RangerPro at the same glyphosate-equivalent doses starting at mid-gestation and
ending at 13 weeks post-weaning. The PCA was calculated using centred log-ratio
transformed abundance data from bacterial 16S rRNA and fungal ITS2 amplicon sequencing
of the caecum microbiota.
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Table 1. Changes in phyla abundance in the caecum microbiota of male and female rats
exposed to glyphosate and the glyphosate formulated products Roundup Biolow and
RangerPro. All phyla presented were those detected using the 16S rRNA platform to
identify bacterial species. * The two fungal phyla detected (Ascomycota and Basidiomycota).
Doses of glyphosate administered to animals: Low, 0.5mg/kg bw/day; Mid, 5mg/kg bw/day;
50mg/kg bw/day. Total abundance is presented as mean ± SD. Bold characters indicate
taxonomic groups, which have their levels statistically different from the control group with a
Kruskal-Wallis test with Dunn's test of multiple comparisons.
Group
Dose
In Females
Firmicutes
Euryarchaeota
Spirochaetota
WPS-2
Bacteroidota
Desulfobacterota
Actinobacteriota
Patescibacteria
Campilobacterota
Proteobacteria
Elusimicrobiota
Ascomycota *
Basidiomycota *
In Males
Firmicutes
Euryarchaeota
Spirochaetota
WPS-2
Bacteroidota
Desulfobacterota
Actinobacteriota
Patescibacteria
Campilobacterota
Proteobacteria
Elusimicrobiota
Ascomycota *
Basidiomycota *

Control
0

Low

Glyphosate
Mid

High

Low

Roundup Bioflow
Mid
High

59.3±8.2
0.4±1.1
9.1±5.0
0.4±0.7
24.7±6.7
3.3±2.1
0.7±0.6
1.0±0.6
0.5±0.3
0.4±0.2
0.1±0.1
99.2 ± 1.3
0.8 ± 1.3

54.3±5.5
0.9±1.5
5.9±3.2
0.8±0.8
32.5±6.5
3.1±1.8
0.6±0.5
0.8±0.5
0.4±0.3
0.5±0.2
0.1±0.0
99.5 ± 0.9
0.5 ± 0.9

60.8±12.5
1.0±2.2
3.5±2.5
2.4±4.4
25.8±10.8
4.6±2.9
0.6±0.4
0.6±0.4
0.2±0.3
0.2±0.1
0.1±0.2
98.6 ± 3.6
1.4 ± 3.6

61.4±15.4
7.4±10.2
4.2±2.9
0.8±1.2
20.7±7.1
3.1±3.1
1.0±1.2
0.9±0.7
0.2±0.2
0.2±0.1
0.1±0.2
99.9 ± 0.2
0.1 ± 0.2

63.1±12.7
2.2±4.2
5.6±4.4
1.1±3.3
21.5±7.5
3.7±2.4
1.1±1.5
0.9±0.8
0.3±0.2
0.3±0.2
0.1±0.2
99.5 ± 1.4
0.5 ± 1.4

59.5±7.7
6.5±10.8
3.8±2.6
1.4±1.9
22.2±6.9
3.0±1.8
1.0±0.7
1.6±1.1
0.4±0.2
0.4±0.6
0.2±0.3
99.7 ± 0.6
0.3 ± 0.6

60.8±10.2
15.8±9.2
2.9±1.9
0.8±1.4
14.7±4.2
1.5±0.5
1.1±0.8
1.9±1.5
0.1±0.1
0.2±0.1
0.1±0.1
99.9 ± 0.2
0.1 ± 0.2

61.9±15.3
16.9±11.8
3.8±4.1
1.1±1.3
10.9±7.2
1.0±0.7
1.8±1.9
2.4±1.4
0.1±0.0
0.1±0.1
0.0±0.1
99.9 ± 0.1
0.1 ± 0.1

63.1±11.5
14.1±10.2
4.6±3.6
1.4±2.1
11.0±5.9
1.2±0.5
1.1±1.0
3.2±1.5
0.1±0.1
0.1±0.1
0.0±0.1
99.8 ± 0.3
0.2 ± 0.3

67.4±14.2
9.1±10.7
4.1±4.6
1.6±2.2
11.2±6.3
1.6±1.4
1.1±0.7
3.6±2.7
0.1±0.1
0.1±0.1
0.0±0.1
99.3 ± 1.1
0.7 ± 1.1

66.3±15.0
15.3±10.4
3.3±4.0
0.8±1.3
6.8±5.4
1.4±0.7
2.6±1.8
3.2±1.7
0.1±0.1
0.1±0.1
0.0±0.1
99.3 ± 0.9
0.7 ± 0.9

65.0±16.3
17.4±12.9
2.0±1.4
0.4±0.7
8.5±6.4
0.9±0.6
2.1±2.5
3.2±1.5
0.2±0.2
0.1±0.1
0.0±0.0
99.2 ± 0.8
0.8 ± 0.8

Low

RangerPro
Mid

High

60.9±17.1
9.8±9.1
4.7±3.7
1.2±1.8
17.2±12.2
2.4±1.7
2.2±2.9
0.9±0.6
0.3±0.3
0.2±0.1
0.0±0.1
98.8 ± 3.4
1.2 ± 3.4

66.7±14.8
7.1±10.4
4.9±4.4
1.2±3.0
11.8±9.9
1.8±1.1
4.4±5.6
1.9±1.7
0.1±0.1
0.2±0.1
0.0±0.0
98.8 ± 2.2
1.2 ± 2.2

70.3±17.2
3.7±12.1
4.9±5.7
0.3±0.7
13.4±10.2
1.7±1.0
2.9±4.0
2.4±2.2
0.1±0.1
0.2±0.2
0.0±0.1
98.9 ± 1.4
1.1 ± 1.4

70.8±13.8
6.0±12.0
5.9±4.1
0.1±0.2
9.9±7.1
2.0±0.9
2.1±1.3
2.7±1.8
0.3±0.4
0.2±0.1
0.0±0.0
96.8 ± 8.2
3.2 ± 8.2

64.8±20.0
18.2±17.1
2.3±2.2
0.7±1.1
6.7±5.9
0.8±0.5
3.6±4.7
2.6±2.1
0.0±0.0
0.2±0.2
0.0±0.0
97.3 ± 3.2
2.7 ± 3.2

65.4±19.1
17.7±15.6
3.2±4.2
1.2±2.5
8.5±7.3
1.1±0.7
1.3±1.0
1.6±1.1
0.0±0.0
0.1±0.1
0.0±0.0
99.6 ± 0.6
0.4 ± 0.6

62.8±14.4
19.9±13.6
2.0±1.9
0.2±0.2
7.8±6.6
1.4±0.9
3.9±4.0
1.7±1.3
0.0±0.0
0.1±0.1
0.0±0.1
98.6 ± 2.1
1.4 ± 2.1

59.9±13.8
23.5±11.6
1.1±1.0
0.5±0.9
6.5±6.4
1.7±1.2
3.9±4.5
2.6±2.6
0.0±0.0
0.1±0.1
0.0±0.0
99.1 ± 1.0
0.9 ± 1.0
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Figure 3. Glyphosate and its herbicide formulations Roundup Bioflow and RangerPro
cause large scale alterations in gut microbiome taxonomic composition. Male and female
Sprague-Dawley rats were exposed to glyphosate or the herbicide formulations at 0.5, 5 and
50mg/kg bw/day glyphosate starting at mid-gestation and ending at 13 weeks post-weaning.
A. Visualisation of the top 10 genera across all the samples from the caecum microbiome
dataset. B. Heat map of statistically significant differences in abundance caused by exposure
to the test substances. The colour scale is the effect size from a multivariate association
analysis showing if a bacterial genera is more abundant (red) or less abundant (blue) than in
the control group. The statistical significance is the FDR indicated by symbols (*** FDR <
0.001 ; ** FDR < 0.01 ; * FDR < 0.05 ; FDR < 0.2).
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Figure 4. The formulations Roundup Bioflow and RangerPro alter the caecum
mycobiome in rats. Male and female Sprague-Dawley rats were exposed to glyphosate or
the herbicide formulations at 0.5, 5 and 50mg/kg bw/day glyphosate starting at mid-gestation
and ending at 13 weeks post-weaning. The figure shows a heat map of statistically significant
differences in abundance caused by the exposure to the tested herbicides in the caecum
mycobiome. The colour scale is the effect size from a multivariate association analysis
showing if a fungal genera is more (red) or less (blue) abundant than in the control group.
The statistical significance is the FDR indicated by symbols (*** FDR < 0.001 ; ** FDR <
0.01 ; * FDR < 0.05 ; FDR < 0.2).
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