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Abstract

More than 30% of human food crop yield requires animal pollination. In addition, successful crop production depends on
agrochemicals to control pests. However, agrochemicals can have negative consequences on beneficial insect pollinators, such as
bees. We investigated the effects of an emerging class of pesticides, sulfoximines, on the common eastern bumblebee, Bombus impa-
tiens. We performed a series of 96-hour toxicity tests on microcolonies of laboratory-reared B. impatiens. Our data showed that sulfox-
aflor (SFX) is significantly less toxic to B. impatiens than historically used neonicotinoid pesticides, such as thiamethoxam. Further,
for the first time, we found significant differences among castes in sensitivity to SFX; workers and drones were more sensitive than
queens. These findings are notable because they reveal both caste and sex-specific differences in bumblebee sensitivity to pesticides.
Interestingly, we found no evidence that bumblebees avoid SFX-contaminated sugar syrup. To the contrary, B. impatiens workers had
an apparent preference for SFX-contaminated sugar syrup over sugar syrup alone. Overall, our investigation provides novel informa-
tion on an important pesticide and may help inform regulatory decisions regarding pesticide use.
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Introduction

Most agricultural practices depend on agrochemicals to control
pest insects and support human food supply. However, many
agrochemicals are also toxic to nontarget wildlife, such as bees,
that are essential for pollination activity (Potts et al., 2016). In
particular, neonicotinoid chemicals are a historically important
class of pesticides used in agriculture. However, because of the
strong evidence of toxicity to nontarget insects (Blacquiere & van
der Steen, 2017; Dirilgen et al., 2023), most neonicotinoids (e.g.,
clothianidin, imidacloprid, and thiamethoxam [THX]) have been
banned from outdoor agricultural use in the European Union.
Nevertheless, neonicotinoid chemicals, although strictly regu-
lated, are still used commonly to cultivate many crops across the
United States. In fact, the United States Department of
Agriculture (USDA) Pesticide Data Program found that 15.5% and
10.8% of fruits and vegetables sampled contained the residues of
the neonicotinoids imidacloprid and THX, respectively
(USDA, 2020).

Recently, sulfoxaflor (SFX; market names: Isoclast,
Transform, Closer), has been marketed as a replacement for
neonicotinoids. Sulfoximines, like neonicotinoids, function as an
agonist at insect nicotinic acetylcholine receptors (nAChRs;
Sparks et al., 2013). They are considered as effective at control-
ling pest insect populations as popular pesticides like imidaclo-
prid and THX (Babcock et al., 2011). Sulfoximines are particularly
effective against the growing populations of neonicotinoid-
resistant pests. Moreover, sulfoximines have been shown to be

less toxic on nontarget insect pollinators than historically used
pesticides, like THX (Kenna et al., 2023; Mundy-Heisz et al., 2022;
Watson et al., 2021). However, preliminary data suggest that SFX
can still have negative impacts on survival, fecundity, and polli-
nation efficiency in honeybees (Capela et al., 2022; El-Din et al.,
2022), stingless bees (Albacete et al., 2023), and bumblebees (Boff
et al,, 2022; Kenna et al., 2023; Linguadoca et al., 2021; Siviter
et al., 2018, 2020). Sulfoxaflor is used globally with varying levels
of restrictions but was notably banned for outdoor use in Europe
in 2022 (Directorate-General for Health and Food Safety, 2022).
Ecological protection from harmful chemicals is especially im-
portant for native and unmanaged insect pollinators that play es-
sential roles in agricultural production. Interestingly, native
bumblebees have shown greater sensitivity to SFX than honey-
bees (Farnan et al., 2023; Gradish et al., 2019; Mundy-Heisz et al.,
2022). This result emphasizes the need to better understand how
native bee populations will fare in a polluted environment.
Further, research has shown that some species of bees are inca-
pable of avoiding nectar spiked with certain neonicotinoids. In
fact, some bees actually prefer spiked nectar, despite the fact
that they consume less spiked nectar than control (Arce et al.,,
2018; Kenna et al., 2023; Kessler et al., 2015; Muth et al., 2020).
Notably, Bombus terrestris bumblebees were not able to detect
pesticides, including SFX, and consumed lethal concentrations of
the pesticide in controlled experiments (Parkinson et al., 2023).
This suggests that some pollinators are unable to avoid contami-
nated plants in nature. However, it is unknown whether other
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bee species would behave towards  SFX-
contaminated foods.

The common eastern bumblebee, Bombus impatiens, is a native
bee species in North America that is particularly important for
plants that require buzz-pollination, which cannot be performed
by honeybees (Apis sp.; Drummond, 2012; Goulson, 2003). Buzz-
pollination is required by over 15,000 plants, including many im-
portant food crops, such as tomatoes, eggplant, and blueberries
(Buchmann, 1983). Further, B. impatiens is a highly social bee spe-
cies characterized by division of labor within colonies and a phe-
notypically distinct caste system (Goulson, 2003). Annual
colonies are typically headed by a single queen bee and sup-
ported by hundreds of mostly sterile workers (Wilson, 1971).
These characteristics make B. impatiens an excellent model or-
ganism to study the effects of agrochemicals on native social in-
sect pollinators.

In this study, we investigated the acute toxicity of the emerg-
ing pesticide SFX on B. impatiens bumblebees (Figure 1). We had
three primary objectives in our investigation. First, we sought to
document the toxicity of SFX compared to historically used THX
in B. impatiens workers. Sulfoxaflor has been shown to be signifi-
cantly less toxic to nontarget insects than neonicotinoids
(Azpiazu et al.,, 2021; Kenna et al.,, 2023; Mundy-Heisz et al,,
2022). We were interested in confirming if this was the case for B.
impatiens under controlled laboratory conditions.

We also hypothesized that drones (males) may be more sus-
ceptible to SFX exposure than workers or queens. Social insect
drones are historically understudied compared with workers and
queens (Belsky et al., 2020). Drones are typically more sensitive
to environmental stressors than their female counterparts and
have been observed to have a significantly shorter life span
(Amin et al., 2012). Further, drones are haploid and therefore
may be less able to handle a toxic chemical exposure due to their
limited levels of genetic variation (Kraaijeveld, 2009). Previous re-
search has shown that drones are more sensitive to SFX exposure
than workers and queens in B. terrestris (Linguadoca et al., 2022).
Therefore, we tested the acute toxicity of SFX in all three castes
of B. impatiens.

Finally, we quantified sugar syrup consumption and feeding
preferences of microcolonies of B. impatiens workers exposed to
sublethal concentrations of SFX. We predicted that bees may not
be able to taste or distinguish between spiked and clean sugar
syrup when given a choice between the two. Previous
studies have demonstrated a lack of avoidance for pesticide-
contaminated food in bumblebees (Muth et al., 2020) and
hoverflies (Clem et al., 2020). Interestingly, a preference for con-
taminated food has been previously demonstrated in other bee
species with various pesticides (Kenna et al., 2023; Kessler et al,,
2015; Parkinson et al., 2023). However, B. impatiens preference
for SFX has not yet been studied. Overall, this study has far-
reaching agricultural implications regarding the use of SFX and
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Figure 1. Bombus impatiens queen, worker, and drone castes.
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the potential toxicological consequences on native bee
populations.

Methods
Bumblebee husbandry

We obtained commercially produced, queenright colonies of B.
impatiens from Plant Products (Leamington, ON, Canada). On re-
ceipt, colonies were placed at 4°C for an hour to slow bee move-
ment and assist in handling. Then, we transferred each colony
into a clean, 25 x 25 x 12 cm transparent acrylic cage with holes
for ventilation. The colonies were immediately provided unlim-
ited 50% sugar syrup through a reservoir with a wick and fresh
pollen balls. Bee colonies were left in a warm, dark room (26.3°C
+0.4; 41.4% rh+1.4). Temperature and relative humidity were
measured every 30 minutes with a LogTag recorder (Auckland,
New Zealand). Sugar syrup and pollen were changed weekly and
were closely monitored for any bacterial and fungal growth. Bee
manipulation was conducted under red light to prevent bees
from flying and behaving aggressively.

Pesticide chemistry

We created stock solutions of pure THX and SFX obtained from
ThermoFisher (Waltham, MA, USA) in diH,0. To create spiked
sugar syrup, we performed a serial dilution of the stock solution
into 50% sugar syrup. Preliminary experiments were conducted
to identify the appropriate range of concentrations to use in
acute toxicity tests. We then used the nominal concentrations of
3.00, 1.80, 1.50, 1.08, 0.65, 0.39, and 0 g/L SFX and 0.2, 0.1, 0.05,
0.025, 0.0125, and 0 g/L THX. The nominal concentration of the
stock solutions and control sugar syrup was verified by AGQ Labs
(Oxnard, CA, USA; Table 1) and used in all subsequent analyses.

Acute toxicity tests

To assess the acute toxicity of each pesticide, we performed 96-
hour toxicity tests. Bees for tests were sourced from four differ-
ent queenright colonies. Small experimental cages (15 x 15 x 5
cm) were prepped with clean sugar syrup and pollen (Figure 2).
Worker experiments for SFX were performed with 15-24 bees per
microcolony and three to four microcolonies per pesticide con-
centration. Worker experiments for THX were performed with
six to eight bees per microcolony and seven to eight microcolo-
nies per pesticide concentration. Worker bees were housed in
microcolonies with sisters from the same source queenright col-
ony. In total, 436 worker bees were used to determine SFX toxic-
ity and 312 worker bees were used to determine THX toxicity.
During the worker experiments, we used nontoxic paint on the
thorax to distinguish bees from different colonies.

Queenright colonies were monitored closely, and callow re-
productive bees were removed on observation. Young, unmated
gynes (prereproductive queens, hereafter, queens) and males

Drone
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Table 1. Nominal and measured concentrations of sulfoxaflor (SFX) and thiamethoxam (THX) used in toxicity experiments.

SFX nominal (mg/L) SFX measured (mg/L) THX nominal (mg/L) THX measured (mg/L)
0 0 0 0

0.39 0.38 0.0125 0.01

0.65 0.63 0.025 0.02

1.08 1.04 0.05 0.04

15 1.45 0.1 0.08

1.8 1.74 0.2 0.16

3 2.9 - -

Note: Bold values represent the stock solutions that were chemically verified.

Figure 2. Example of experimental cage used for acute toxicity test of

B. impatiens bees. A 15 mL tube of 60% sugar syrup and fresh pollen ball
was provided for all microcolonies. The mass in the middle of the cage is
the pollen ball that served as the base for the developing

bumblebee nest.

(hereafter, drones) were housed separately. Sample size for
queen experiments consisted of six to eight bees per microcol-
ony, three to four microcolonies per pesticide concentration, and
a total of 148 queen bees. Total sample size for drone experi-
ments consisted of five to eight bees per microcolony, three to
four microcolonies per pesticide concentration, and a total of 175
unmated drone bees.

Bees were allowed to acclimate to their new microcolonies for
72+1hours. The experiments began when tubes containing
spiked sugar syrup were given to the appropriate cages. Bees
were allowed to feed ad libitum on the spiked sugar syrup and
clean pollen for 96 hours. Thus, bees were dosed based on the
amount of sugar syrup they consumed. Every 24 hours, we moni-
tored the microcolonies for mortalities, which were removed,
and refilled sugar syrup and pollen as needed. After 96 hours,
any survivors were euthanized via rapid cooling. Finally, we
obtained the final wet mass for every bee in the experiment.

Feeding choice trials

To test the prediction that bees imbibe spiked and clean sugar
syrup differentially, we created 18 microcolonies of eight to nine
B. impatiens worker bees from four distinct queenright colonies.
Thus, this experiment used a total of 150 worker bees. We pro-
vided each microcolony with fresh pollen and two feeding tubes:
one with clean sugar syrup and one spiked with a low concentra-
tion of SFX (0.4 mg/L). We chose a sublethal concentration of SFX
(0.4 mg/L) to prevent excessive mortality during these specific
experiments. This concentration exceeded field concentrations
(~0.05 mg/L; Siviter et al., 2018), because the goal of this

experiment was to assess the feeding preferences of bumblebees
at a physiological level without a field component. Bees were
allowed to feed freely for 96 hours and tubes were weighed before
and after the experiment to determine the amount of sugar syrup
consumed from each tube. We also normalized data for number
of bees per microcolony to quantify the average sugar syrup con-
sumption per bee.

Data analysis

Statistical analyses were performed using JMP software. We also
used the Environmental Protection Agency’s (USEPA’s, 2019)
TRAP software to calculate 96-hour median lethal concentration
(LC50) for each experiment (Erickson, 2020). We performed a stu-
dent’s t-test to test for differences between sensitivity between
THX and SFX. Caste-specific sensitivity differences were tested
by fitting a mixed effect model for time of death with SFX con-
centration, cage, and caste as fixed effects, and mass as a ran-
dom effect. We also ran a one-way analysis of variance (ANOVA)
between the caste-specific LC50 estimates to determine whether
castes differed significantly in sensitivity to SFX. Finally, we used
a matched pair’s t-test to determine whether bees had a feeding
preference between control and SFX-contaminated sugar syrup.

Results

THX and SFX acute toxicity in B. impatiens
workers

Increased concentrations of both SFX and THX led to increased
bee mortality (Figure 3). We found that the LC50s for worker B.
impatiens bumblebees exposed to THX and SFX for 96 hours were
0.044+0.0085 and 1.22+0.038 mg/L, respectively (Table 2). A
Student’s t-test verified that these LC50s were significantly dif-
ferent (t=33.12, p<.0001). Thus, SFX is more than 40-fold less
toxic to B. impatiens bumblebee workers than THX.

Caste sensitivity differences in acute toxicity
of SFX

Next, we determined the acute toxicity of SFX in queens, drones,
and workers with 96-hour toxicity tests (Figure 3). Our model
found significant differences in sensitivity among castes by com-
paring least square means among males, queens, and workers
(LSMean=51.1, 39.4, and 32.4, respectively, p<.05). Notably,
queens were substantially larger than workers and drones; the
mass + SEM of queens, drones, and workers was 419.2 mg + 10.4,
141.5 mg + 3.8, and 142.8 mg + 3.1, respectively. However, our
mixed effects model revealed that wet mass did not explain
caste-specific differences in SFX sensitivity (p =.6937).

Next, we found that the LC50s were 1.54+0.041, 1.26+0.071,
and 1.22+0.038 mg/L for queens, drones, and workers, respec-
tively (Figure 4). We performed a one-way ANOVA among calcu-
lated LC50 values that revealed that queens were 20.0% more

Gz0oz Ae L€ uo Jasn ABojouyoa] jo awnyisu| eibioas) Aq v£/2162/2E2/L /v /2101Ke/019/w o9 dno ojwapeoe//:sdyy wol) papeojumoq



Environmental Toxicology and Chemistry, 2025, Vol. 44, No. 1 | 235

ueens Workers
Q Drones [SFX] (mg/L)
100 : : 100
\i\_+\1 I -l 0
I -
75 754 0.39
s S~ -~ 0.65
g s0] L 504 -~ 1.08
”n -= 1.50
B
25+ 25+ --1.8
- 3
[F i —_—
0 T T T ? \'g 0
0 24 48 72 96 0 24 48 72 96

Time (hours)

Time (hours)

Time (hours)

Figure 3. Percent survival of queen, male, and worker B. impatiens bees in microcolonies exposed to various concentrations of sulfoxaflor (SFX) over a

96-hour exposure period. Error bars represent standard error of the mean.

Table 2. Median lethal dose (LC50) for thiamethoxam and

sulfoxaflor for bumblebee workers with lower (LCL) and upper
(UCL) 95% confidence limits.

Pesticide LC50 (mg/L) LCL (mg/L) UCL (mg/L)
Thiamethoxam 0.044 0.026 0.063
Sulfoxaflor 1.222 1.144 1.3

Note: Sulfoxaflor is significantly less toxic than thiamethoxam (p <.0001).

tolerant to SFX than workers and 23.2% more tolerant to SFX
than drones (F=11.63, p=.006, Figure 4).

Feeding choice trials

We investigated whether bees fed from pesticide-spiked and
non-spiked sugar syrup with equal frequency in choice trials.
Our goal was to understand whether bees showed evidence of be-
ing able to detect or avoid pesticide exposure. We found that
microcolonies of worker bees did not avoid SFX-spiked sugar
syrup. In fact, they preferred it. On average, bees drank 61.5%
more SFX-spiked sugar syrup than control (t=1.973, p=.0325,
n=18, Figure 5).

Discussion

The aim of this study was to investigate the caste-specific sensi-
tivity and feeding preferences of the common eastern bumble-
bee, B. impatiens, to SFX. We found that SFX was significantly less
toxic than THX to B. impatiens workers. Toxicity tests revealed
that queens were significantly more tolerant to SFX than workers
or drones. Finally, we showed that B. impatiens workers had an
apparent preference for SFX-contaminated food, which has im-
portant implications for nontarget animal safety in agricul-
tural practices.

SFX is less toxic than THX

Neonicotinoid pesticides have been used widely in agriculture
since the 1990s. In particular, THX was used heavily as a promis-
ing pesticide to prevent pest infestations in important crops
(Maienfisch et al., 2001). However, THX has also gained a reputa-
tion for killing nontarget insects, such as important pollinating
bees (Gajger et al., 2017; Kozii et al., 2021; Laycock et al., 2014;
Potts et al., 2010, 2016). The widespread use of THX has also led
to resistant strains of pest insects (Feng et al., 2010; Khan et al.,
2015). For these reasons, there has been a substantial push to for-
mulate new pesticide chemicals with less nontarget in-
sect toxicity.

SFX, approved for use by the USEPA in 2013, has been mar-
keted as a replacement for harmful neonicotinoids in agriculture

(Babcock et al., 2011). Interestingly, SFX shares a common mode
of action to neonicotinoids (Linguadoca et al., 2021; Sparks et al.,
2013; Watson et al., 2021). However, SFX has a similar level of ef-
ficacy on target pest insects to THX and is much less toxic to non-
target wildlife (Babcock et al., 2011; Mundy-Heisz et al., 2022).
The difference in effects between SFX and neonicotinoids lies in
the binding affinity to nAChRs; research has shown that SFX
binds less strongly to nAChRs than THX (Sparks et al., 2013).
Therefore, we aimed to quantify the acute toxicity of both SFX
and THX in the native pollinator, B. impatiens.

We found that B. impatiens workers were much less sensitive
to SFX than THX. This result is consistent with prior investiga-
tions. For example, a previous study found that B. impatiens had
an 11-fold greater acute toxicity to THX than SFX (Mundy-Heisz
et al., 2022). Our results demonstrate an even larger difference in
LC50 (~40-fold). Notably, toxicity test methods varied between
studies; our investigation allowed bees to feed ad libitum
whereas Mundy-Heisz et al. fed bees prescribed dosed droplets.
Regardless, taken together, SFX appears to be much less acutely
toxic to B. impatiens than THX.

The risk that SFX may pose on bumblebees in the environ-
ment depends on how it is used and regulated. Sulfoxaflor is
used globally with varying levels of environmental restrictions.
For example, in Europe, SFX was banned from outdoor agricul-
tural use by the European Commission in 2022 (Directorate-
General for Health and Food Safety, 2022). Moreover, agencies at-
tempt to prevent unintentional pollinator deaths by providing
recommendations for applying pesticides depending on the time
of day, temperature, timing of peak bloom, and more (European
Food Safety Authority et al., 2022). In the United States, regula-
tions require a maximum seasonal dose of 0.133 lbs/ac (~149 g/
ha) along with many specifications for particular crops (USEPA,
2016). Therefore, bumblebees may be unintentionally exposed to
toxic levels of SFX depending on how SFX is used in the
environment.

Notably, other studies have documented that at sublethal
concentrations, SFX may still impair the fecundity and foraging
ability of nontarget insects (Siviter & Muth, 2020). For example,
several studies reported a decrease in food consumption by bees
when offered SFX-contaminated sugar syrup (Albacete et al.,
2023; Kenna et al., 2023). Other investigations documented that
SFX caused a reduction in bee foraging (Boff et al., 2022; El-Din
et al,, 2022) and homing ability (Capela et al., 2022). These find-
ings suggest that pesticides may be detrimental to pollination ac-
tivity in agriculture. Moreover, SFX also appears to impair egg
laying and overall fecundity (Linguadoca et al., 2021; Siviter et al.,
2020), which may be explained by a reduction in food consump-
tion or an impairment in ovary development. Other groups,
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Figure 4. (A) Percent mortality and (B) lethal concentration 50% values (LC50s) of queen (orange), drone (black), and worker (maroon) bumblebees to
sulfoxaflor (SFX). Queens are significantly more tolerant of SFX than drones or workers (p=.006). Error bars represent standard error of the mean.
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Figure 5. Percent sugar syrup consumed per bee in microcolonies of B.
impatiens bees given a choice between clean sugar syrup (black) and
sugar syrup spiked with 0.4 mg/L sulfoxaflor (SFX, gray). Lines connect
values from the same microcolony. On average, bees fed from pesticide-
spiked sugar syrup 61.5% more often when given a choice between
spiked and clean sugar syrup (p < .05, n=18).

however, have reported minimal or no effects of SFX on bee for-
aging or pollination efficiency in field studies (Straw et al., 2023;
Tamburini et al,, 2021). And SFX does not appear to influence
olfactory conditioning, memory, or learning in bumblebees
(Siviter et al., 2019; Vaughan et al., 2022). Clearly, more research
is needed to fully understand the potential risks and sublethal
impacts of SFX on beneficial pollinators.

Queens are more tolerant of SFX than workers
or drones

Most pesticide toxicology research is performed using the most
abundant caste of social insect colonies, workers. However,
queens and drones are essential for future generational success,
despite being less abundant (Belsky et al., 2020). Therefore, we
prioritized assessing SFX sensitivity within all castes of
B. impatiens.

We found that queens were significantly more tolerant to SFX
than workers or drones when controlling for differences in mass.
Our work is the first to report caste sensitivity differences to SFX
in B. impatiens. We were somewhat surprised to find that drones
were not more sensitive to SFX than workers. Previous work has
shown that honeybee drones exposed to neonicotinoid pesticides
during development were more susceptible than workers (Friedli
et al., 2020). Our contrasting results are important because they
show that castes respond differently to pesticides in a way that
body mass alone cannot explain. The differences in caste sensi-
tivity to SFX may result from differences in physiology between
castes. Linguadoca et al. (2022) posited that the expression of

cytochrome P450 enzymes in the fat stores of queens may im-
prove the efficacy of detoxification for the queen caste (Alford,
1969; Costa et al., 2020). This metabolic variation may explain
both the caste- and sex-specific differences found in our study.
Future studies should explore the intraspecific physiological vari-
ation in bees to improve our understanding of caste and sex dif-
ferences in pesticide sensitivity.

Other studies have also found caste differences in pesticide
sensitivity. For example, B. terrestris queens were found to be
more tolerant to SFX than drones or workers (Linguadoca et al.,
2022). Moreover, honeybee queens were more tolerant to several
acaricides than workers (Dahlgren et al, 2012). Other social
insects have been used to demonstrate caste-specific differences
to pesticide sensitivity. For example, thiamethoxam was found to
lead to decreased body size in Lasius niger ant workers but not
queens (Schlappi et al., 2021). Interestingly, SFX sensitivity also
differed between honeybee worker type; foragers were more sen-
sitive to SFX than nurses (Barascou et al., 2022). Overall, exposure
to chemicals can affect different castes of the same species dif-
ferently, which could have important effects on colony viability
and reproductive capacity.

Interestingly, different castes may experience different dosing
of pesticides because of their behavioral and developmental dif-
ferences. New queens forage at the onset of a colony initiation
for several weeks until workers are produced and able to take
over foraging tasks. Queens may also be exposed through contact
with contaminated soil during overwintering (Gradish et al.,
2019). Drones may be exposed to chemicals later in the season
when they leave to go on mating flights. Foraging workers are
likely to be constantly exposed to chemicals in the environment
throughout their life. In addition, all individuals within colonies
are likely indirectly exposed by the sharing of food (trophallaxis)
within colonies, which is a characteristic of virtually all social
insects. Indirect exposure through trophallaxis is likely to be im-
portant to understanding toxicity in colonial organisms.
Therefore, the higher sensitivity of workers and drones could in-
dicate lethal consequences for both nonreproductive and repro-
ductive castes of B. impatiens.

Bumblebees prefer SFX-contaminated food

We tested whether B. impatiens bumblebee workers preferred
SFX-contaminated sugar syrup over uncontaminated control
sugar syrup. We found that B. impatiens workers consumed more
SFX-contaminated sugar syrup, indicating an apparent prefer-
ence for contaminated food (Figure 5). Sulfoxaflor preference has
been found in B. terrestris workers previously (Parkinson et al,,
2023). Further, bees have frequently been found to prefer sugar
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syrup contaminated with pesticides (Arce et al., 2018, but see
Muth et al., 2020; Kessler et al., 2015). These studies have also
documented a decrease in overall consumption of pesticide-
contaminated foods, which suggests that negative physiological
consequences do not deter bees from consuming contaminated
foods. Overall, our results support the growing body of literature
suggesting that there may not be a safe level of pesticide usage if
bees preferentially feed on contaminated food. Future studies
could further pinpoint the range of SFX concentrations that this
preference occurs including field realistic doses.

Electrophysiological experiments show that honeybees are
not able to taste neonicotinoids with their gustatory neurons in
their mouthparts (Kessler et al., 2015; Parkinson et al., 2023).
Instead, SFX alters neurological pathways in the brain based on
its target of nACHRs (Sparks et al., 2013; Watson et al., 2021).
Indeed, SFX and other pesticides may act on cholinergic circuits
and encode a reward learning behavior that occurs post ingestion
(Arce et al., 2018; Barnstedt et al., 2016; Palmer et al., 2013;
Parkinson et al., 2023). Taken together, it appears that bees may
become addicted to pesticide-contaminated foods and preferen-
tially feed on them. However, the exact physiological mechanism
behind this preference remains unclear and should be a focus of
future research.

Conclusion

In this study, we aimed to better understand the toxicological
consequences of the pesticide SFX on the native social bumble-
bee, B. impatiens. We showed a dramatic 40-fold decrease in toxic-
ity of bumblebee workers for SFX compared with the historically
used neonicotinoid THX. We also demonstrated that queens
were more tolerant of SFX compared to workers or drones, which
had similar LC50s. This result suggests strong intraspecific vari-
ability to chemical sensitivity. Finally, we demonstrated that B.
impatiens workers have a significant preference for SFX-
contaminated food, which has important implications for agri-
cultural production and risk management.
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