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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 , w e studied whether glyphosate , the w orld’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 micr obiota comm unity shifts using 16S rRNA gene 
sequencing. Furthermore , w e 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 negati v e effects ar e attributa b le to co-form ulants. Both gl yphosate and the gl yphosate-based herbicide tr eatments significantl y 
decr eased the r elati v e a bundance of potentiall y gl yphosate-sensiti v e bacterial species Snodgrasella alvi. However, the relative abun- 
dance of potentiall y gl yphosate-sensiti v e Candidatus Schmidhempelia genera increased in bumblebees treated with glyphosate . Over all, 
50% of the bacterial genera detected in the bee gut microbiota were classified as potentially resistant to glyphosate, while 36% were 
classified as sensiti v e. Healthy cor e micr obiota hav e been shown to pr otect bees fr om par asite infections, c hange metabolism, and 

decrease mortality. Thus, the hea vy use of glyphosate-based herbicides ma y ha ve implications on bees and ecosystems. 

Ke yw ords: bumblebees, gut microbiota, herbicides, pesticides, pollination, resistance 
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Introduction 

By providing essential pollination services, pollinators are k e y 
players in maintaining global biodiversity, ecosystem functioning, 
and a gricultur al pr oductivity (Potts et al. 2010 , 2016 , Reill y et al.
2020 ). Gr owing e vidence 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 ) stoc ks, whic h 

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 pr e vi- 
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 cov er, configur ation, mana gement, 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 , in vasive alien species , and climate change 
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r e pr oduction in any medium, provided the original work is properly cited. For com
Dicks et al. 2021 ). Ho w ever, the impacts of indi vidual dri vers are
ften difficult to separate from those of other drivers. For example,
he world’s most used pesticides, glyphosate-based herbicides, are 
ommonl y a pplied to contr ol weeds in a gricultur e, horticultur e,
ilviculture , and urban en vironments . Furthermore , since the de-
elopment and launch of the first widely used GM crop ‘Roundup
eady’ soybean, a GM crop resistant to glyphosate, in the market

n 1996, the farming of genetically engineered crops resistant to
erbicides has massiv el y incr eased (Benbr ook 2016 ). This has led
o greater use of glyphosate-based herbicides. Since the expiry of
he glyphosate patent in 2000, glyphosate-based herbicides have 
ecome the most used pesticides globall y (Benbr ook 2016 ). Fur-
her, climate change has facilitated species range expansions and 

nv asions into ne w envir onments (Chen et al. 2011 ), and the size
f farms has increased in many areas, including North America,
r gentina, Austr alia, and man y Eur opean countries (Lowder et al.
016 ), further expanding the need for crop protection, as large
onocultur es ar e exceptionall y vulner able to weeds , pests , and

athogens. Distinguishing the impact of individual drivers acting 
im ultaneousl y, ther efor e, r equir es experimental r esearc h. 

Glyphosate has been assumed to be safe for humans and ani-
als because it targets a k e y enzyme of the shikimate pathway, 5-

nolpyruvylskhikimate-3-phosphte synthase (EPSPS), which syn- 
hesizes essential amino acids in plants. Ho w e v er, an incr easing
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umber of studies have demonstrated risks to animals as well,
ecause the shikimate metabolic pathway is present in many
icrobes affecting their health outcomes (Leino et al. 2021 , Rainio

t al. 2021 , Ruuskanen et al. 2023 ). In addition to the active
ngr edient gl yphosate, gl yphosate-based herbicides include co-
orm ulants, whic h can be e v en mor e toxic to nontar get or gan-
sms than glyphosate alone (Defarge et al. 2018 , Helander et al.
019 , Straw et al. 2021 ). Ho w ever, often, only the active ingredients
r e r equir ed to be tested for their toxicity to nontar get or ganisms
Mesnage et al. 2019 ). T hus , to fully understand how glyphosate-
ased herbicides may affect pollinators, we need better knowl-
dge of how glyphosate and the other ingredients of glyphosate-
ased herbicides separ atel y modulate micr obiomes suc h, as gut
icr obiomes, whic h ar e essential to pollinator wellbeing. 
Incr easing e vidence demonstr ates that gl yphosate-based her-

icides modulate the diversity and community composition of an-
mal microbiomes (Ruuskanen et al. 2020 , 2023 , Leino et al. 2021 )
nd that gut microbiota play a significant role in the health of their
nimal hosts (Koch and Schmid-Hempel 2011 , Lee and Hase 2014 ,
ooks and Garrett 2016 ). Recent studies indicate that the gut mi-
robiota may influence the brain functions and behaviour of ani-
als (Cryan and Dinan 2012 , Lee and Hase 2014 , Teseo et al. 2019 ,

i et al. 2021 ). Glyphosate affects the microbiota of honeybees by
educing the abundance of beneficial bacterial species that con-
ribute to immune regulation and pathogen resistance and this
isruption of the normal microbiota leads to increased mortal-

ty (Motta and Moran 2020 ). Cullen et al. ( 2023 ) investigated the
mpact of c hr onic exposur e to field-r ele v ant doses of gl yphosate
nd RoundUp Optima + ® on bumblebees and found alterations in
igestiv e tr act pr oteome and micr obiota without an y impact on
urvival, behaviour, or food consumption. Tang et al. ( 2023 ) found
hat sublethal exposure to glyphosate significantly increased the
ctivity of prophenoloxidase and altered the structure of the dom-
nant gut fungal comm unity, r educing the r elativ e abundance of
ygosacc har omyces associated with fat accumulation in bumble-
ees. 

Here , we in vestigate the effects of the world’s most used pes-
icide , glyphosate , on bumblebee ( Bombus terrestris ) microbiota.
umblebees are effective native pollinators of wild flo w ering
lants and economically important crops, and very little is known
bout the effects of glyphosate or glyphosate-based herbicides on
umblebee gut microbiota (Motta and Moran 2023 ). We exposed
umblebee colonies to c hr onic low and high pur e gl yphosate or
lyphosate-based herbicide treatment for 3 or 5 days and investi-
ated their gut microbiota communities. We determined the bum-
lebee gut microbiota community composition and community
hifts in response to the treatments using 16S rRNA gene sequenc-
ng. The sensitivity of the community members to glyphosate was
stimated computationally based on the previously reported pres-
nce of the EPSPS enzyme in the detected bacterial genera (Leino
t al. 2021 ). These r esults wer e compar ed with the cor e micr obes
etected in our study to investigate whether glyphosate-sensitive
nd gl yphosate-r esistant micr obes r espond differ entl y when they
re exposed to glyphosate or glyphosate-based herbicides. 

aterials and methods 

hronic exposure of bumblebee colonies to 

l yphosa te-based herbicide and gl yphosa te 

umblebees ( B. terrestris ) from Koppert, The Netherlands, were
sed in the experiments. Bees deposit their crop load into the
ive between each foraging trip, and therefore expose other
olony members to glyphosate-based herbicides and glyphosate.
ll members in a B. terrestris colony are full sisters, because

he founding queen mates with one male (Schmid-Hempel and
chmid-Hempel 2000 ), thus limiting the genetic variation within
he hiv e. Furthermor e, the gut microbiota of newly emerging bum-
lebee workers is inoculated by the founder queen and other older
orkers (Hammer et al. 2021 ), leading to the similarity of micro-
iota within the colony members . T herefore , comparing the gut
icr obiota of contr ol bumblebees (bees fr om the hiv e befor e they

re exposed to treatments) with gut microbiota from glyphosate
r gl yphosate-based herbicide-tr eated bumblebees allows us to
stimate the effects of the treatments on the known microbial
ommunity. 

All the exposure treatments were conducted in the summer of
022 at Turku University Bumblebee Laboratory indoors in 10/14 h
ight–dark cycle and temper atur e between 22 ◦C and 23 ◦C. The
umblebees were housed in a tw o-chamber w ooden nesting box
onnected to a flight arena (60 × 45 × 25 cm, with a transpar-
nt top) by an acrylic tunnel. Bumblebees were allowed to move
r eel y between the hive and the flight arena, where they could feed
n 60% sucrose solution ad libitum for 2 da ys , after which enter-
ng the arena was prevented by placing a sling door to the tunnel.
r om eac h colon y, fiv e activ el y for a ging contr ol bumblebees in the
or a ging ar eana (total 30 bees) (Day 0 = control) were removed,
laced into an Eppendorf-tube, immediately snap-frozen in liq-
id nitrogen, and stored in a deep-freezer at −80 ◦C. Thereafter,
e exposed the hive either to pure glyphosate (Sigma Aldrich,
estanal, (HO) 2 P(O)CH 2 NHCH 2 CO 2 H, molecular weight 169,07 g
ol −1 ) in 60% sucrose solution or a glyphosate-based herbicide

oundup (commercial product Roundup Gold, Monsanto Europe
.A., Belg ium, reg istration number 1934; glyphosate concentra-
ion 450 g L −1 , as gl yphosate isopr opylamine salt CAS: 3 864 194–
). The professional formulation was purchased from an agricul-
ur al r etailer Hankkija, Finland ( www.hankkija.fi ). Two bumble-
ee colonies were exposed to a low concentration of 10 mg L −1 

f pur e gl yphosate, one colon y to a high concentration of 5 g
 

−1 of pur e gl yphosate, two colonies to field realistic (Motta et al.
018 ) Roundup concentration of 10 mg L −1 of active ingredient
lyphosate, and one colony was exposed to a high Roundup con-
entration of 5 g L −1 of active ingredient glyphosate in 60% su-
rose solution. The 10 mg L −1 of glyphosate concentration was
 hosen, because compar able concentr ations hav e been used in
tudies with honey bees (Dai et al. 2018 , Motta et al. 2018 , Blot
t al. 2019 , Motta and Moran 2020 , 2020 , Castelli et al. 2021 , 2022 ).
he recommended dilution for glyphosate-based herbicide spray

n the field is 3%–6% in water equaling glyphosate concentration
f 13.5–27 g L −1 . Once sprayed on flowering plants, glyphosate-
ased herbicide will ultimately mix with the nectar of the flow-
rs. After the bumblebees of each colony had been feeding ad
ibitum on either pur e gl yphosate or Roundup sugar water for 3
Day 3) or 5 days (Day 5), fiv e r andoml y selected activ el y for a g-
ng bumblebee workers in the for a ging ar ena wer e r emov ed fr om
ac h colon y, placed in an Eppendorf-tube, flash frozen in liquid
itr ogen, and stor ed at −80 ◦C. Together, we had five control, five
-day exposed and five 5-day exposed bees from each of the six
olonies. 

Fr om eac h of the experimental hiv es, one extr a 10 mg L −1

oundup hive, and three hives that were not used in the exper-
ment (controls for the experimental hives), we marked 30 indi-
idual for a ger bees by super-gluing a small plastic number tag
Bienen-V oigt & W arnholz, German y) on their thor ax. We r emov ed
nd counted all dead marked bumblebee individuals fr om eac h
ive during 7 days after the treatments started. 

http://www.hankkija.fi
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Bumblebee gut microbiota analyses 

Individual bees were rinsed in 70% ethanol, and their intestines,
including the crop, midgut, and hindgut, wer e asepticall y r emov ed 

and immediately placed on Eppendorf-tubes on ice. Total ge- 
nomic DN A w as extracted using ZymoBiomics DN A Micr opr ep 

kits (Zymo Research) according to the manufacturer’s standard 

pr otocol. DNA libr aries wer e pr epar ed following the Earth Micro- 
biome Project’s protocol for 16-S-Illumina amplicons with minor 
modifications (Ca por aso et al. 2011 , 2012 ; www.earthmicr obiome. 
or g/pr otocols- and- standards/16s/). The V4 region of the 16S rRNA 

gene was amplified using 515FB (5 ′ GTGYCAGCMGCCGCGGTAA3 ′ ) 
and 806RB (5 ′ GGA CTA CNV GGGTWTCTAAT3 ′ ) tailed primers that 
added Illumina adapters and unique barcodes to the amplicon.
Negativ e contr ols fr om DNA extr action and PCR setup were added.
A moc k comm unity 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, forw ar d and r e v erse primers, eac h at 
a final concentration of 0.2 μM, and 1 μL template DNA and PCR- 
grade water, in a total reaction volume of 10 μL. The PCR pro- 
file included an initial denaturation at 94 ◦C for 2 min, follo w ed 

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 ×
250 bp paired-end reads. Sequences were grouped into ampli- 
con sequence variants (ASVs), and their phylogenetic affiliation 

was determined using a naïve Bayesian classifier implemented in 

D AD A2 (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 anal yses wer e 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- 
v ersity measur es wer e determined using functions implemented 

in mia (Ernst et al. 2022 ) and vegan (Oksanen et al. 2022 ) pack- 
a ges, r espectiv el y. The significance of the community shifts was 
tested using a permutational ANOVA implemented in the vegan 

pac ka ge. Genus-le v el phylogen y was inferr ed using functions im- 
plemented in mia. Significantly responding ASVs were determined 

using ALDEx2 (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 

gl yphosa te: 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 r eportedl y pr esent in micr obial 
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 ). 
esults 

umblebee gut microbiota di v ersity is affected by 

l yphosa te and roundup exposures 

n the end of the experiment (on Day 7 from the beginning) the cu-
 ulativ e mortality of the control bees was 15.7%, lower Roundup

reatment (10 mg L −1 ) 15.0%, high glyphosate treatment (5 g L −1 )
4.4%, and higher Roundup treatment (5 g L −1 ) 65.6% (Supple-
entary Fig. S1). T hus , the lo w er Roundup treatment (10 mg L −1 )

an be considered as sublethal exposure, while the high Roundup
r eatment clearl y incr eased bumblebee mortality. 

Sequencing of the 16S rRNA genes resulted in ∼8 million reads,
hic h wer e gr ouped into 128 ASVs belonging to 47 gener a. On av-

r a ge, 77 807.45 r eads wer e obtained per sample, with sequenc-
ng r eac hing a plateau (Supplementary Fig. S2). The Shannon
ndex was calculated as an alpha-div ersity measur e and com-
ared between the glyphosate and Roundup exposures (Fig. 1 A
nd B, r espectiv el y) and ov er the observ ation period of 5 days
or glyphosate and Roundup treatments (Fig. 1 C and D, re-
pectiv el y). The comm unity div ersity significantl y incr eased for
he glyphosate treatment and significantly decreased for the 
oundup treatment at the lo w er (10 mg L −1 ) glyphosate exposure

Fig. 1 A and B for gl yphosate and Roundup tr eatments, r espec-
iv el y; Wilcoxon test; P < .01). The community diversity signifi-
antl y incr eased in the gl yphosate tr eatment ov er the observ ation
eriod of 5 days (Fig. 1 C; Wilcoxon test; P < .05) was not signifi-
antly affected by Roundup treatment (Fig. 1 D; Wilcoxon test; P <
05). 

umblebee gut microbiota composition is 

ffected by glyphosate and Roundup exposures 

ll microbial gut communities were dominated by phyla Proteobac- 
eria and Firmicutes , and no community responses could be identi-
ed on this phylogenetic le v el (Supplementary Fig. S3A). The most
ommon genera detected in gut microbiota at the beginning of the
xperiment included Snodgrasella (38.46% ± 20.82%) and Gilliamella 
39.85% ± 23.69%) wher eas gl yphosate and Roundup treatments 
hifted the community to w ar ds a higher relative abundance of
andidatus Schmidhempelia (18.46% ± 20.90%), Klebsiella (26.81% ±
5.66%), and Lactobacillus (11.14% ± 15.36%) (Supplementary Fig.
3). To test whether the glyphosate and Roundup exposures af-
ected the bumblebee gut microbiota composition, a redundancy 
nalysis was performed using the ASVs as the response variables
nd the treatment , dose , and hive origin of the bumblebees as the
xplanatory variables . T he micr obiota was significantl y affected
y these explanatory v ariables (perm utational ANOVA P < .01),
ith the first two axes explaining 33.1% of the bacterial varia-

ion (Fig. 2 ). The most affected ASVs were the genera Klebsiella ,
illiamella , and Snodgrasella (Table 1 ). 

ensitivity of bee gut microbes to gl yphosa te and 

oundup 

he genera affected by exposure type (glyphosate or Roundup),
xposure dose (10 mg L −1 or 5 g L −1 ) and exposure duration (con-
rol = Da y 0, Da y 3, or Day 5) were identified using a combina-
ion of five differential abundance estimators: ALDEx2 (Fernan- 
es et al. 2013 ), ANCOM-BC (Lin et al. 2022 ), MaAsLin2 (Mallick
t al. 2021 ), LinDA (Zhou et al. 2021 ), and DESeq2 (Love et al.
014 ). The estimators were queried at a significance le v el of P <
05 after Benjamini–Hoc hber g-corr ection, and r esponses in whic h

ore than three of the five estimators indicated a significant
 esponse wer e consider ed significant. The significantl y affected

http://www.earthmicrobiome.org/protocols-and-standards/16\protect \unhbox \voidb@x \penalty \@M \ s/
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Figure 1. Boxplots of the Shannon diversity indexes indicate significantly higher and significantly lo w er diversities for (A) glyphosate and (B) Roundup 
(10 mg L −1 ), r espectiv el y, when compar ed to the contr ol (Wilcoxon test; ∗∗∗P -v alue < .001, ∗∗P -v alue < .01, ∗P -v alue < .05). (C) Gl yphosate tr eatment 
incr eases comm unity div ersity ov er the observ ation period of 5 days (Wilcoxon test). (D) Roundup tr eatment slightl y decr eases comm unity div ersity 
on Day 3 of the observation period (Wilcoxon test). The n numbers below the boxes indicate the number of samples used for the comparisons. 
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ener a ar e indicated in their phylogenetic context in Fig. 3 A and
ndicate, among the large-scale effects, increased abundance of
lebsiella and Bacillus and decreased abundance of Snodgrasella
SVs in response to glyphosate and Roundup treatments. All sig-
ificant comparisons are indicated in Fig. 3 B, and also include gen-
r a suc h as Acinetobacter , Candidatus Sc hmidhempelia , and Weissella
ith increased abundance in response to glyphosate, and Klebsiella
nd Snodgrasella with increased and decreased abundance in re-
ponse to Roundup, r espectiv el y. 

redicting gut microbe sensitivity to gl yphosa te 

f the bacterial ASVs in the microbiota 50.0% were classified as re-
istant, 36.1% were classified as sensitive, and 13.9% remained un-
lassified in their potential sensitivity to glyphosate (EPSPSClass
eb-server, Leino et al. 2021 ; Supplementary Table S1). This re-

ult is in line with the potential bacterial sensitivity to glyphosate
ound in bioinformatics analyses of human microbiota (Leino et
l. 2021 , Puigbò et al. 2022 ), but should be taken as a conser-
 ativ e estimate, whic h does not consider short-term changes in
he EPSPS sequence due to glyphosate exposure . T he analysis of
SV counts from our experiment indicates a clear dominance of
l yphosate-sensitiv e bacteria r epr esenting > 80% of ASVs in the
ataset (Fig. 4 ). 

iscussion 

er e, we demonstr ated that a field-r ealistic exposur e (10 mg L −1 )
f either pur e gl yphosate or glyphosate in glyphosate-based her-
icide (Roundup) altered the bumblebee gut microbiota. How-
 v er, the effects were inconsistent between the glyphosate and
oundup tr eatments; pur e gl yphosate incr eased but Roundup de-
reased gut microbiota diversity. Both exposures (10 mg L −1 and
 g L −1 ) of pure glyphosate treatment increased the community
omposition of the gut microbiota. In contrast, the community
iv ersity r esponse to the Roundup was concentration-dependent.
he low exposure of the Roundup treatment decreased gut mi-
r obiota div ersity, wher eas the high exposur e did not lead to de-
r eased comm unity div ersity in the tr eated bees compar ed 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 . T he 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: 
contr ol, triangle: gl yphosate, squar e: Roundup), the hive origin by the symbol colour and the treatment dose by the symbol size . T he black numbered 
circles indicate the most affected bacterial ASVs, and their corresponding identities are indicated in Table 1 . 
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the control bees . T his contr asting r esult betw een lo w 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 ). 

T hus , the understanding of risks associated to glyphosate- 
based-herbicides r equir es considering the co-form ulants of the 
commercial pr oducts. Gl yphosate is al ways used within complex 
form ulations. Eac h form ulation includes both the activ e ingr e- 
dient and co-formulants that facilitate the action of glyphosate.
Co-formulants include surfactants that help the glyphosate pen- 
etr ate leav es, em ulsifiers helping pr oducts to stay mixed, and sol- 
ents to help dissolve the glyphosate in formulation (Straw et al.
022 ). Unfortunatel y, the co-form ulants in the form ulants ar e of-
en not listed in commercial pr oducts, whic h is also the case in
ur study. Pr e vious studies hav e demonstr ated high v ariation in
he toxicity of pesticide formulations to bees (Mullin 2015 , Mullin
t al. 2015 , Straw et al. 2021 , 2022 ), and the effects of interactions
etween differ ent co-form ulants and activ e ingr edients on bees is
r acticall y unstudied area. 

The core gut microbiota of a healthy bumblebee is highly con-
erved and has a relatively low diversity, comprising only a few
ominant taxa (Koch and Schmid-Hempel 2011 , Hammer et al.
021 ). In our study, the predominant taxa in the control bees
ere Gilliamella , Snodgrasella alvi , and Candidatus Schmidhempelia ,

ommonly detected bacteria in bumblebee gut microbiota also 
n other bee studies (Kwong and Moran 2016 , Hammer et al.
021 ). The gut microbiota comprised mainly of dominant genera 
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Figure 3. (A) ASV phylogeny at genus level indicating the number of observed reads for control, glyphosate, and Roundup treatments . T he empty 
leaves indicate genera present in < 10% of the samples . T he symbol colour corresponds with taxonomic identity on the genus level, whereas the 
symbol shape indicates its significance in differential abundance comparisons ( P < .05 after Benjamini–Hochberg-correction). (B) Twelve genera, 
including Klebsiella , Gilliamella , and Snodgrasella , exhibit significantl y differ ent abundances in r esponse to gl yphosate and Roundup exposur e, the 
exposure dose, and exposure time ( P < .05 after Benjamini–Hochberg-correction). Dose 0 = control; Day 1 = control. The comparisons include all 
glyphosate and Roundup samples irrespective of the dosage, dosage comparisons irrespective of the treatment type (with respective controls 
compared to the treatments) and temporal comparisons for the glyphosate and Roundup effects. 

Figure 4. Distribution of bumblebee microbiota according to intrinsic sensitivity status to glyphosate. (A) Counts of bacterial ASVs that are potentially 
resistant (in red), sensitive (in green), and undetermined (in black) to glyphosate. (B) P er centage of resistant and sensitive bacteria to glyphosate. 
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Snodgrasella and Gilliamella, with a lo w er abundance of other taxa,
such as Weissella , Bifidobacterium , and Bombilactobacillus. The domi- 
nant species varied among bee hiv es, pr obabl y due to the bacterial 
colonization history of hives. Bumblebee colonies are annual, and 

only the queen hibernates . T hus , 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- 
ities dominated by a few species, the decrease or extinction
f the dominant species increases diversity. This was detected 

hen exposing the bumblebees to glyphosate for 3 da ys . T he
ut microbiota diversity was further increased when the bees 
ere fed 5 days of glyphosate-containing food. A novel bioin-

ormatics tool based on the type of EPSPS enzyme produced in
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icrobes (Leino et al. 2021 , Mathew et al. 2022 ) was used to test
he potential susceptibility of bacterial ASVs to glyphosate . T hus ,
e propose that it is a useful tool for explaining some com-
unity shifts in microbiomes in response to glyphosate. Over-

ll, members of the bee gut microbiota varied in susceptibility
o gl yphosate, lar gel y corr esponding to their EPSPS pr otein se-
uence class (Class I: sensitive to glyphosate; Class II: insensi-
iv e to gl yphosate). Both gl yphosate and gl yphosate-based her-
icide treatments significantly decreased the relative abundance
f S. alvi , which, according to our bioinformatics a ppr oac h, pr e-
ominantly encodes the sensitive Class I. Accordingly, in exper-

ments using eastern bumblebee ( B. impatiens ) or honey bees as
arget species, a decrease in S. alvi in gut microbiota has been
etected after glyphosate treatment (Motta et al. 2018 , Blot et al.
019 , Motta and Moran 2020 , 2020 , Castelli et al. 2021 , 2022 , 2023 ).
f the potentially glyphosate-resistant microbes having the EPSPS
rotein sequence Class II, the relative abundance of Acinetobacter
ener a incr eased when the bees were exposed to glyphosate in
ur experiments. Weissella and Lactobacillus genera, posing an un-
nown EPSPS glyphosate sensitivity class (Supplementary Table
1), increased in the bee gut after gl yphosate tr eatment, thus leav-
ng their glyphosate mode of action open for further studies . T he
lassification of EPSPS enzymes failed to explain glyphosate sen-
itivity in only one case, even though other nontarget site mech-
nisms of resistance (Puigbò et al. 2022 ) are not considered in
he anal ysis. Contr ary to its gl yphosate sensitiv e EPSPS pr otein
equence Class I ( > 1 million counts in the databases), the rela-
ive abundance of Bombus spp. specific Candidatus Schmidhempelia
enera (Steele and Moran 2021 ) increased in bumblebees treated
ith glyphosate . T his questions whether the bumblebees used in
ur study have altered EPSPS protein sequence compared to domi-
ant Candidatus Schmidhempelia sequences, and what environmen-
al pr essur es ma y ha ve caused that. 

The decrease in microbial diversity in bees exposed to a low
ut not higher exposure of Roundup remains to be solved in fu-
ure studies. Ho w ever, the lack of increased diversity suggests that
ommercial glyphosate-based herbicides include co-formulants
hat hav e negativ e effects on gut bacteria. Curr entl y, onl y activ e
ngr edients (e.g. gl yphosate) in herbicides ar e usuall y r equir ed to
e tested for their toxicity to nontarget organisms (Mesnage et
l. 2019 ). Ho w e v er, the test r equir ements of the co-form ulants
nd products vary between regions (e.g. between EU and USA).
urthermor e, the co-form ulants in commercial pr oducts ar e r e-
arded as confidential information and can vary geographically
ver time and between products. Healthy core microbiota have
een shown to protect bumblebees from infection by the common
arasite Crithidia bombi (Koch and Schmid-Hempel 2011 ). In honey
ees, alter ed gut micr obiota has been shown to reduce weight
ain, change metabolism (Zheng et al. 2017 ), and increase mor-
ality (Raymann et al. 2017 , Dai et al. 2018 , Castelli et al. 2021 ).
n bumblebees, the gut microbiome has also been found to drive
ndividual memory variation (Li et al. 2021 ). Ho w e v er, str ong con-
lusions from our study should be w arranted, because w e used
ommercial labor atory r aised bumblebee colonies, whic h may dif-
er from wild bee colonies , e .g. in their gut microbiota composition
nd thus resistance and tolerance to microbial pathogens . T hus ,
e need more thorough studies on wild bumblebees and possible
dverse effects of the heavy use of glyphosate-based herbicides
n bumblebee health, pollination services, ecosystem function-
ng, and a gricultur al pr oductivity. 

Eac h for a ging bumblebee makes trips se v er al times a day to
ather pollen and nectar. Bumblebees do not avoid glyphosate-
reated plants and thus can be exposed to glyphosate and carry
t back to the hive when they ar e for a ging in r ecentl y spr ayed
elds (Thompson et al. 2022 ). Given that the plants and their flow-
rs start to wither within 3–4 days of glyphosate-based herbicide
praying, the bee workers have ample opportunity for exposure
o glyphosate-based herbicide in a day. Yet unanswered ques-
ions are (1) how the detected glyphosate and glyphosate-based
erbicide-driv en c hanges in bumblebee gut micr obiota r elate to
he health, cognition, and behaviour of bees, and (2) whether they
dv ersel y affect pollination-dependent ecosystem functions and
iodiversity loss. 
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