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Abstract

Pollinator decline is one of the gravest challenges facing the world today, and the overuse of pesticides may be among its causes.
Here, we studied whether glyphosate, the world’s most widely used pesticide, affects the bumblebee gut microbiota. We exposed the
bumblebee diet to glyphosate and a glyphosate-based herbicide and quantified the microbiota community shifts using 16S rRNA gene
sequencing. Furthermore, we estimated the potential sensitivity of bee gut microbes to glyphosate based on previously reported pres-
ence of target enzyme. Glyphosate increased, whereas the glyphosate-based herbicide decreased gut microbiota diversity, indicating
that negative effects are attributable to co-formulants. Both glyphosate and the glyphosate-based herbicide treatments significantly
decreased the relative abundance of potentially glyphosate-sensitive bacterial species Snodgrasella alvi. However, the relative abun-
dance of potentially glyphosate-sensitive Candidatus Schmidhempelia genera increased in bumblebees treated with glyphosate. Overall,
50% of the bacterial genera detected in the bee gut microbiota were classified as potentially resistant to glyphosate, while 36% were
classified as sensitive. Healthy core microbiota have been shown to protect bees from parasite infections, change metabolism, and

decrease mortality. Thus, the heavy use of glyphosate-based herbicides may have implications on bees and ecosystems.
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Introduction

By providing essential pollination services, pollinators are key
players in maintaining global biodiversity, ecosystem functioning,
and agricultural productivity (Potts et al. 2010, 2016, Reilly et al.
2020). Growing evidence points to substantial losses of pollinators
in many regions of the globe. Both the abundance and diversity of
insect pollinators have alarmingly declined in Europe and North-
ern America, as well as in other parts of the world during the last
decades (Ghazoul 2005, Potts et al. 2010, Hallman et al. 2017, Reilly
et al. 2020, Zattara and Aizen 2021). These declines are observed
in both the wild insect populations such as bumblebees (Bombus
spp.) and the domesticated honey bee (Apis mellifera) stocks, which
are essential in horticulture and agriculture, and provide pollina-
tion service to wild plant communities. For example, in Germany;,
the biomass of flying insects has declined by 75% in the previ-
ous quarter century (Hallman et al. 2017), and the number of bee
species has dropped by ~25% globally since the 1980s (Zattara and
Aizen 2021).

Land cover, configuration, management, and pesticide use are
indisputably the most important culprits responsible for pollina-
tor decline worldwide (Goulson et al. 2015, Carvell et al. 2017,
Dicks et al. 2021, Helander et al. 2023). Other important drivers
of this decline include pests and pathogens, the use of genetically
modified (GM) crops, invasive alien species, and climate change

(Dicks et al. 2021). However, the impacts of individual drivers are
often difficult to separate from those of other drivers. For example,
the world’s most used pesticides, glyphosate-based herbicides, are
commonly applied to control weeds in agriculture, horticulture,
silviculture, and urban environments. Furthermore, since the de-
velopment and launch of the first widely used GM crop ‘Roundup
Ready’ soybean, a GM crop resistant to glyphosate, in the market
in 1996, the farming of genetically engineered crops resistant to
herbicides has massively increased (Benbrook 2016). This has led
to greater use of glyphosate-based herbicides. Since the expiry of
the glyphosate patent in 2000, glyphosate-based herbicides have
become the most used pesticides globally (Benbrook 2016). Fur-
ther, climate change has facilitated species range expansions and
invasions into new environments (Chen et al. 2011), and the size
of farms has increased in many areas, including North America,
Argentina, Australia, and many European countries (Lowder et al.
2016), further expanding the need for crop protection, as large
monocultures are exceptionally vulnerable to weeds, pests, and
pathogens. Distinguishing the impact of individual drivers acting
simultaneously, therefore, requires experimental research.
Glyphosate has been assumed to be safe for humans and ani-
mals because it targets a key enzyme of the shikimate pathway, 5-
enolpyruvylskhikimate-3-phosphte synthase (EPSPS), which syn-
thesizes essential amino acids in plants. However, an increasing
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number of studies have demonstrated risks to animals as well,
because the shikimate metabolic pathway is present in many
microbes affecting their health outcomes (Leino et al. 2021, Rainio
et al. 2021, Ruuskanen et al. 2023). In addition to the active
ingredient glyphosate, glyphosate-based herbicides include co-
formulants, which can be even more toxic to nontarget organ-
isms than glyphosate alone (Defarge et al. 2018, Helander et al.
2019, Straw et al. 2021). However, often, only the active ingredients
are required to be tested for their toxicity to nontarget organisms
(Mesnage et al. 2019). Thus, to fully understand how glyphosate-
based herbicides may affect pollinators, we need better knowl-
edge of how glyphosate and the other ingredients of glyphosate-
based herbicides separately modulate microbiomes such, as gut
microbiomes, which are essential to pollinator wellbeing.

Increasing evidence demonstrates that glyphosate-based her-
bicides modulate the diversity and community composition of an-
imal microbiomes (Ruuskanen et al. 2020, 2023, Leino et al. 2021)
and that gut microbiota play a significant role in the health of their
animal hosts (Koch and Schmid-Hempel 2011, Lee and Hase 2014,
Rooks and Garrett 2016). Recent studies indicate that the gut mi-
crobiota may influence the brain functions and behaviour of ani-
mals (Cryan and Dinan 2012, Lee and Hase 2014, Teseo et al. 2019,
Li et al. 2021). Glyphosate affects the microbiota of honeybees by
reducing the abundance of beneficial bacterial species that con-
tribute to immune regulation and pathogen resistance and this
disruption of the normal microbiota leads to increased mortal-
ity (Motta and Moran 2020). Cullen et al. (2023) investigated the
impact of chronic exposure to field-relevant doses of glyphosate
and RoundUp Optima+® on bumblebees and found alterations in
digestive tract proteome and microbiota without any impact on
survival, behaviour, or food consumption. Tang et al. (2023) found
that sublethal exposure to glyphosate significantly increased the
activity of prophenoloxidase and altered the structure of the dom-
inant gut fungal community, reducing the relative abundance of
Zygosaccharomyces associated with fat accumulation in bumble-
bees.

Here, we investigate the effects of the world’s most used pes-
ticide, glyphosate, on bumblebee (Bombus terrestris) microbiota.
Bumblebees are effective native pollinators of wild flowering
plants and economically important crops, and very little is known
about the effects of glyphosate or glyphosate-based herbicides on
bumblebee gut microbiota (Motta and Moran 2023). We exposed
bumblebee colonies to chronic low and high pure glyphosate or
glyphosate-based herbicide treatment for 3 or 5 days and investi-
gated their gut microbiota communities. We determined the bum-
blebee gut microbiota community composition and community
shifts in response to the treatments using 16S rRNA gene sequenc-
ing. The sensitivity of the community members to glyphosate was
estimated computationally based on the previously reported pres-
ence of the EPSPS enzyme in the detected bacterial genera (Leino
et al. 2021). These results were compared with the core microbes
detected in our study to investigate whether glyphosate-sensitive
and glyphosate-resistant microbes respond differently when they
are exposed to glyphosate or glyphosate-based herbicides.

Materials and methods

Chronic exposure of bumblebee colonies to
glyphosate-based herbicide and glyphosate
Bumblebees (B. terrestris) from Koppert, The Netherlands, were
used in the experiments. Bees deposit their crop load into the
hive between each foraging trip, and therefore expose other

colony members to glyphosate-based herbicides and glyphosate.
All members in a B. terrestris colony are full sisters, because
the founding queen mates with one male (Schmid-Hempel and
Schmid-Hempel 2000), thus limiting the genetic variation within
the hive. Furthermore, the gut microbiota of newly emerging bum-
blebee workers is inoculated by the founder queen and other older
workers (Hammer et al. 2021), leading to the similarity of micro-
biota within the colony members. Therefore, comparing the gut
microbiota of control bumblebees (bees from the hive before they
are exposed to treatments) with gut microbiota from glyphosate
or glyphosate-based herbicide-treated bumblebees allows us to
estimate the effects of the treatments on the known microbial
community.

All the exposure treatments were conducted in the summer of
2022 at Turku University Bumblebee Laboratory indoors in 10/14 h
light-dark cycle and temperature between 22°C and 23°C. The
bumblebees were housed in a two-chamber wooden nesting box
connected to a flight arena (60 x 45 x 25 cm, with a transpar-
ent top) by an acrylic tunnel. Bumblebees were allowed to move
freely between the hive and the flight arena, where they could feed
on 60% sucrose solution ad libitum for 2 days, after which enter-
ing the arena was prevented by placing a sling door to the tunnel.
From each colony, five actively foraging control bumblebees in the
foraging areana (total 30 bees) (Day 0 = control) were removed,
placed into an Eppendorf-tube, immediately snap-frozen in lig-
uid nitrogen, and stored in a deep-freezer at —80°C. Thereafter,
we exposed the hive either to pure glyphosate (Sigma Aldrich,
Pestanal, (HO),P(O)CH,NHCH,CO,H, molecular weight 169,07 g
mol~1) in 60% sucrose solution or a glyphosate-based herbicide
Roundup (commercial product Roundup Gold, Monsanto Europe
S.A., Belgium, registration number 1934; glyphosate concentra-
tion 450 g L1, as glyphosate isopropylamine salt CAS: 3 864 194~
0). The professional formulation was purchased from an agricul-
tural retailer Hankkija, Finland (www.hankkija.fi). Two bumble-
bee colonies were exposed to a low concentration of 10 mg L~!
of pure glyphosate, one colony to a high concentration of 5 g
L~1 of pure glyphosate, two colonies to field realistic (Motta et al.
2018) Roundup concentration of 10 mg L~=! of active ingredient
glyphosate, and one colony was exposed to a high Roundup con-
centration of 5 g L=t of active ingredient glyphosate in 60% su-
crose solution. The 10 mg L' of glyphosate concentration was
chosen, because comparable concentrations have been used in
studies with honey bees (Dai et al. 2018, Motta et al. 2018, Blot
et al. 2019, Motta and Moran 2020, 2020, Castelli et al. 2021, 2022).
The recommended dilution for glyphosate-based herbicide spray
in the field is 3%-6% in water equaling glyphosate concentration
of 13.5-27 g L. Once sprayed on flowering plants, glyphosate-
based herbicide will ultimately mix with the nectar of the flow-
ers. After the bumblebees of each colony had been feeding ad
libitum on either pure glyphosate or Roundup sugar water for 3
(Day 3) or 5 days (Day 5), five randomly selected actively forag-
ing bumblebee workers in the foraging arena were removed from
each colony, placed in an Eppendorf-tube, flash frozen in liquid
nitrogen, and stored at —80°C. Together, we had five control, five
3-day exposed and five 5-day exposed bees from each of the six
colonies.

From each of the experimental hives, one extra 10 mg L7}
Roundup hive, and three hives that were not used in the exper-
iment (controls for the experimental hives), we marked 30 indi-
vidual forager bees by super-gluing a small plastic number tag
(Bienen-Voigt & Warnholz, Germany) on their thorax. We removed
and counted all dead marked bumblebee individuals from each
hive during 7 days after the treatments started.
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Bumblebee gut microbiota analyses

Individual bees were rinsed in 70% ethanol, and their intestines,
including the crop, midgut, and hindgut, were aseptically removed
and immediately placed on Eppendorf-tubes on ice. Total ge-
nomic DNA was extracted using ZymoBiomics DNA Microprep
kits (Zymo Research) according to the manufacturer’s standard
protocol. DNA libraries were prepared following the Earth Micro-
biome Project’s protocol for 16-S-Illumina amplicons with minor
modifications (Caporaso et al. 2011, 2012; www.earthmicrobiome.
org/protocols-and-standards/16s/). The V4 region of the 16S rRNA
gene was amplified using 515FB (5 GTGYCAGCMGCCGCGGTAA3')
and 806RB (5 GGACTACNVGGGTWTCTAAT?') tailed primers that
added Illumina adapters and unique barcodes to the amplicon.
Negative controls from DNA extraction and PCR setup were added.
A mock community sample of known species composition was
also included (ZymoBIOMICS Microbial Community DNA Stan-
dard). The amplification reaction consisted of 1X Platinum™ II
Hot-Start PCR Master Mix, forward and reverse primers, each at
a final concentration of 0.2 uM, and 1 uL template DNA and PCR-
grade water, in a total reaction volume of 10 uL. The PCR pro-
file included an initial denaturation at 94°C for 2 min, followed
by 25 cycles of denaturation at 94°C for 15 s, annealing at 60°C
for 15 s, and extension at 68°C for 15 s. Individual libraries were
quantified with the DNA HS Assay on a Qubit fluorometer and
pooled equimolarly, after which the pooled library was SPRI bead
purified. Sequencing was performed by the Finnish Functional
Genomics Centre (Turku, Finland) on Illumina MiSeq using 2 x
250 bp paired-end reads. Sequences were grouped into ampli-
con sequence variants (ASVs), and their phylogenetic affiliation
was determined using a naive Bayesian classifier implemented in
DADA? (Callahan et al. 2016). These analyses were carried out us-
ing the Ampliseq pipeline version 2.4.0 (Straub et al. 2020), and all
bioinformatics analyses were performed on the Puhti supercom-
puting cluster (Atos BullSequana X400) provided by the Center for
Scientific Computing (CSC Oy, Espoo, Finland). Alpha and beta di-
versity measures were determined using functions implemented
in mia (Ernst et al. 2022) and vegan (Oksanen et al. 2022) pack-
ages, respectively. The significance of the community shifts was
tested using a permutational ANOVA implemented in the vegan
package. Genus-level phylogeny was inferred using functions im-
plemented in mia. Significantly responding ASVs were determined
using ALDEx? (Fernandes et al. 2013), ANCOM-BC (Lin et al. 2022),
MaAsLin2 (Mallick et al. 2021), LinDA (Zhou et al. 2021), and DE-
Seq2 (Love et al. 2014). These analyses were run on R version 4.2.

Susceptibility of bumblebee gut microbes to
glyphosate: a bioinformatics approach

The potential susceptibility or resistance of the detected bumble-
bee gut microbes to glyphosate was determined computationally
based on the type of EPSPS enzyme reportedly present in microbial
genera (Leino et al. 2021, Mathew et al. 2022). The EPSPS enzyme is
the direct target of glyphosate in plants and microbes. EPSPS can
be classified as potentially sensitive (class I) or resistant (class II-
IV) to glyphosate based on amino acid markers present at its ac-
tive site (Leino et al. 2021). The intrinsic sensitivity of bacteria to
glyphosate was determined using amino acid markers in the EP-
SPS protein sequence using the EPSPSClass web-server (Leino et al.
2021).In cases where the exact bacterial species was unknown, es-
timates of potential sensitivity to glyphosate were obtained from
Rainio et al. (2021) or estimated following the protocol described
by Mathew et al. (2022).
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Results

Bumblebee gut microbiota diversity is affected by
glyphosate and roundup exposures

In the end of the experiment (on Day 7 from the beginning) the cu-
mulative mortality of the control bees was 15.7%, lower Roundup
treatment (10 mg L) 15.0%, high glyphosate treatment (5 g L)
34.4%, and higher Roundup treatment (5 g L7!) 65.6% (Supple-
mentary Fig. S1). Thus, the lower Roundup treatment (10 mg L?)
can be considered as sublethal exposure, while the high Roundup
treatment clearly increased bumblebee mortality.

Sequencing of the 165 rRNA genes resulted in ~8 million reads,
which were grouped into 128 ASVs belonging to 47 genera. On av-
erage, 77 807.45 reads were obtained per sample, with sequenc-
ing reaching a plateau (Supplementary Fig. S2). The Shannon
index was calculated as an alpha-diversity measure and com-
pared between the glyphosate and Roundup exposures (Fig. 1A
and B, respectively) and over the observation period of 5 days
for glyphosate and Roundup treatments (Fig. 1C and D, re-
spectively). The community diversity significantly increased for
the glyphosate treatment and significantly decreased for the
Roundup treatment at the lower (10 mg L=1) glyphosate exposure
(Fig. 1A and B for glyphosate and Roundup treatments, respec-
tively; Wilcoxon test; P < .01). The community diversity signifi-
cantly increased in the glyphosate treatment over the observation
period of 5 days (Fig. 1C; Wilcoxon test; P < .05) was not signifi-
cantly affected by Roundup treatment (Fig. 1D; Wilcoxon test; P <
.05).

Bumblebee gut microbiota composition is
affected by glyphosate and Roundup exposures

All microbial gut communities were dominated by phyla Proteobac-
teria and Firmicutes, and no community responses could be identi-
fied on this phylogenetic level (Supplementary Fig. S3A). The most
common genera detected in gut microbiota at the beginning of the
experiment included Snodgrasella (38.46% + 20.82%) and Gilliamella
(39.85% =+ 23.69%) whereas glyphosate and Roundup treatments
shifted the community towards a higher relative abundance of
Candidatus Schmidhempelia (18.46% + 20.90%), Klebsiella (26.81% =+
35.66%), and Lactobacillus (11.14% =+ 15.36%) (Supplementary Fig.
S3). To test whether the glyphosate and Roundup exposures af-
fected the bumblebee gut microbiota composition, a redundancy
analysis was performed using the ASVs as the response variables
and the treatment, dose, and hive origin of the bumblebees as the
explanatory variables. The microbiota was significantly affected
by these explanatory variables (permutational ANOVA P < .01),
with the first two axes explaining 33.1% of the bacterial varia-
tion (Fig. 2). The most affected ASVs were the genera Klebsiella,
Gilliamella, and Snodgrasella (Table 1).

Sensitivity of bee gut microbes to glyphosate and
Roundup

The genera affected by exposure type (glyphosate or Roundup),
exposure dose (10 mgL~* or 5 g L7!) and exposure duration (con-
trol = Day 0, Day 3, or Day 5) were identified using a combina-
tion of five differential abundance estimators: ALDEx2 (Fernan-
des et al. 2013), ANCOM-BC (Lin et al. 2022), MaAsLin2 (Mallick
et al. 2021), LinDA (Zhou et al. 2021), and DESeq2 (Love et al.
2014). The estimators were queried at a significance level of P <
.05 after Benjamini-Hochberg-correction, and responses in which
more than three of the five estimators indicated a significant
response were considered significant. The significantly affected
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Figure 1. Boxplots of the Shannon diversity indexes indicate significantly higher and significantly lower diversities for (A) glyphosate and (B) Roundup
(10 mg L), respectively, when compared to the control (Wilcoxon test; **P-value < .001, **P-value < .01, *P-value < .05). (C) Glyphosate treatment
increases community diversity over the observation period of 5 days (Wilcoxon test). (D) Roundup treatment slightly decreases community diversity
on Day 3 of the observation period (Wilcoxon test). The n numbers below the boxes indicate the number of samples used for the comparisons.

genera are indicated in their phylogenetic context in Fig. 3A and
indicate, among the large-scale effects, increased abundance of
Klebsiella and Bacillus and decreased abundance of Snodgrasella
ASVs in response to glyphosate and Roundup treatments. All sig-
nificant comparisons are indicated in Fig. 3B, and also include gen-
era such as Acinetobacter, Candidatus Schmidhempelia, and Weissella
with increased abundance in response to glyphosate, and Klebsiella
and Snodgrasella with increased and decreased abundance in re-
sponse to Roundup, respectively.

Predicting gut microbe sensitivity to glyphosate

Of the bacterial ASVs in the microbiota 50.0% were classified as re-
sistant, 36.1% were classified as sensitive, and 13.9% remained un-
classified in their potential sensitivity to glyphosate (EPSPSClass
web-server, Leino et al. 2021; Supplementary Table S1). This re-
sult is in line with the potential bacterial sensitivity to glyphosate
found in bioinformatics analyses of human microbiota (Leino et
al. 2021, Puigbo et al. 2022), but should be taken as a conser-
vative estimate, which does not consider short-term changes in

the EPSPS sequence due to glyphosate exposure. The analysis of
ASV counts from our experiment indicates a clear dominance of
glyphosate-sensitive bacteria representing >80% of ASVs in the
dataset (Fig. 4).

Discussion

Here, we demonstrated that a field-realistic exposure (10 mg L™?)
of either pure glyphosate or glyphosate in glyphosate-based her-
bicide (Roundup) altered the bumblebee gut microbiota. How-
ever, the effects were inconsistent between the glyphosate and
Roundup treatments; pure glyphosate increased but Roundup de-
creased gut microbiota diversity. Both exposures (10 mg L~! and
5 g L™1) of pure glyphosate treatment increased the community
composition of the gut microbiota. In contrast, the community
diversity response to the Roundup was concentration-dependent.
The low exposure of the Roundup treatment decreased gut mi-
crobiota diversity, whereas the high exposure did not lead to de-
creased community diversity in the treated bees compared to
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Figure 2. Samples and ten most variable ASVs plotted on the first two main axes from redundancy analysis of the bacterial community response to
glyphosate and Roundup treatment, treatment dose, and hive. The community response is significant (permutational ANOVA P < .01) and the two first
constrained axes explain 21.4% and 11.7% of the observed community variation, respectively. Treatment type is indicated by the symbol shape (round:
control, triangle: glyphosate, square: Roundup), the hive origin by the symbol colour and the treatment dose by the symbol size. The black numbered
circles indicate the most affected bacterial ASVs, and their corresponding identities are indicated in Table 1.

the control bees. This contrasting result between low and high
Roundup exposure can be partly explained by genetic differences
in bumblebees and differences in microbiome composition among
hives in terms of their susceptibility to the Roundup. These results
suggest that pure glyphosate modulates the microbiota by erad-
icating the dominant taxa skewing taxonomic abundance, but
commercial glyphosate-based herbicides include co-formulants
that are more noxious than glyphosate alone (Defarge et al. 2018,
Helander et al. 2019, Mesnage et al. 2019, Straw et al. 2021).
Thus, the understanding of risks associated to glyphosate-
based-herbicides requires considering the co-formulants of the
commercial products. Glyphosate is always used within complex
formulations. Each formulation includes both the active ingre-
dient and co-formulants that facilitate the action of glyphosate.
Co-formulants include surfactants that help the glyphosate pen-
etrate leaves, emulsifiers helping products to stay mixed, and sol-

vents to help dissolve the glyphosate in formulation (Straw et al.
2022). Unfortunately, the co-formulants in the formulants are of-
ten not listed in commercial products, which is also the case in
our study. Previous studies have demonstrated high variation in
the toxicity of pesticide formulations to bees (Mullin 2015, Mullin
et al. 2015, Straw et al. 2021, 2022), and the effects of interactions
between different co-formulants and active ingredients on bees is
practically unstudied area.

The core gut microbiota of a healthy bumblebee is highly con-
served and has a relatively low diversity, comprising only a few
dominant taxa (Koch and Schmid-Hempel 2011, Hammer et al.
2021). In our study, the predominant taxa in the control bees
were Gilliamella, Snodgrasella alvi, and Candidatus Schmidhempelia,
commonly detected bacteria in bumblebee gut microbiota also
in other bee studies (Kwong and Moran 2016, Hammer et al.
2021). The gut microbiota comprised mainly of dominant genera
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Snodgrasella and Gilliamella, with a lower abundance of other taxa,
such as Weissella, Bifidobacterium, and Bombilactobacillus. The domi-
nant species varied among bee hives, probably due to the bacterial
colonization history of hives. Bumblebee colonies are annual, and
only the queen hibernates. Thus, each bumblebee hive has its own
specific gut microbiota community (Fig. 2; Supplementary Fig. S3),
which is initiated by the founder queen.

Our results suggest that, similar to other biological commu-
nities dominated by a few species, the decrease or extinction
of the dominant species increases diversity. This was detected
when exposing the bumblebees to glyphosate for 3 days. The
gut microbiota diversity was further increased when the bees
were fed 5 days of glyphosate-containing food. A novel bioin-
formatics tool based on the type of EPSPS enzyme produced in
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microbes (Leino et al. 2021, Mathew et al. 2022) was used to test
the potential susceptibility of bacterial ASVs to glyphosate. Thus,
we propose that it is a useful tool for explaining some com-
munity shifts in microbiomes in response to glyphosate. Over-
all, members of the bee gut microbiota varied in susceptibility
to glyphosate, largely corresponding to their EPSPS protein se-
quence class (Class I: sensitive to glyphosate; Class II: insensi-
tive to glyphosate). Both glyphosate and glyphosate-based her-
bicide treatments significantly decreased the relative abundance
of S. alvi, which, according to our bioinformatics approach, pre-
dominantly encodes the sensitive Class I. Accordingly, in exper-
iments using eastern bumblebee (B. impatiens) or honey bees as
target species, a decrease in S. alvi in gut microbiota has been
detected after glyphosate treatment (Motta et al. 2018, Blot et al.
2019, Motta and Moran 2020, 2020, Castelli et al. 2021, 2022, 2023).
Of the potentially glyphosate-resistant microbes having the EPSPS
protein sequence Class II, the relative abundance of Acinetobacter
genera increased when the bees were exposed to glyphosate in
our experiments. Weissella and Lactobacillus genera, posing an un-
known EPSPS glyphosate sensitivity class (Supplementary Table
S1),increased in the bee gut after glyphosate treatment, thus leav-
ing their glyphosate mode of action open for further studies. The
classification of EPSPS enzymes failed to explain glyphosate sen-
sitivity in only one case, even though other nontarget site mech-
anisms of resistance (Puigbo et al. 2022) are not considered in
the analysis. Contrary to its glyphosate sensitive EPSPS protein
sequence Class I (>1 million counts in the databases), the rela-
tive abundance of Bombus spp. specific Candidatus Schmidhempelia
genera (Steele and Moran 2021) increased in bumblebees treated
with glyphosate. This questions whether the bumblebees used in
our study have altered EPSPS protein sequence compared to domi-
nant Candidatus Schmidhempelia sequences, and what environmen-
tal pressures may have caused that.

The decrease in microbial diversity in bees exposed to a low
but not higher exposure of Roundup remains to be solved in fu-
ture studies. However, the lack of increased diversity suggests that
commercial glyphosate-based herbicides include co-formulants
that have negative effects on gut bacteria. Currently, only active
ingredients (e.g. glyphosate) in herbicides are usually required to
be tested for their toxicity to nontarget organisms (Mesnage et
al. 2019). However, the test requirements of the co-formulants
and products vary between regions (e.g. between EU and USA).
Furthermore, the co-formulants in commercial products are re-
garded as confidential information and can vary geographically
over time and between products. Healthy core microbiota have
been shown to protect bumblebees from infection by the common
parasite Crithidia bombi (Koch and Schmid-Hempel 2011). In honey
bees, altered gut microbiota has been shown to reduce weight
gain, change metabolism (Zheng et al. 2017), and increase mor-
tality (Raymann et al. 2017, Dai et al. 2018, Castelli et al. 2021).
In bumblebees, the gut microbiome has also been found to drive
individual memory variation (Li et al. 2021). However, strong con-
clusions from our study should be warranted, because we used
commercial laboratory raised bumblebee colonies, which may dif-
fer from wild bee colonies, e.g. in their gut microbiota composition
and thus resistance and tolerance to microbial pathogens. Thus,
we need more thorough studies on wild bumblebees and possible
adverse effects of the heavy use of glyphosate-based herbicides
on bumblebee health, pollination services, ecosystem function-
ing, and agricultural productivity.

Each foraging bumblebee makes trips several times a day to
gather pollen and nectar. Bumblebees do not avoid glyphosate-
treated plants and thus can be exposed to glyphosate and carry

it back to the hive when they are foraging in recently sprayed
fields (Thompson et al. 2022). Given that the plants and their flow-
ers start to wither within 3-4 days of glyphosate-based herbicide
spraying, the bee workers have ample opportunity for exposure
to glyphosate-based herbicide in a day. Yet unanswered ques-
tions are (1) how the detected glyphosate and glyphosate-based
herbicide-driven changes in bumblebee gut microbiota relate to
the health, cognition, and behaviour of bees, and (2) whether they
adversely affect pollination-dependent ecosystem functions and
biodiversity loss.

Supplementary data
Supplementary data are available at FEMSEConline.
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