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Abstract — Honey bees are incidentally exposed to pesticides such as the insect growth regulator methoxy-
fenozide (MEOF) during crop pollination, exposures that extend into the hive via contaminated stored food.
We examined the sublethal effects of MEOF-contaminated pollen and queen cell wax on replacement queen
development. MEOF-exposed colonies were largely able to produce replacement queens of similar physiologi-
cal and reproductive quality as unexposed colonies. Newly established queens did not differ in their body mass,
ovariole development, or protein and fatty acid contents in their ovaries and fat bodies. MEOF and control queens
had similar glandular contents of queen mandibular pheromone (QMP) and queen retinue pheromone (QRP)
compounds. However, MEOF queens stored less sperm in their spermathecae than control queens. Given that
queen productivity is ultimately limited by sperm availability, MEOF contamination might shorten the functional

lifespan of exposed queens.

Spermatheca / Queen pheromones / Queen development / Nutrition / Ovary

1. INTRODUCTION

Honey bees pollinate crops throughout the
world and are considered essential to global
food security (National Research Council 2007).
Recent declines among honey bees worldwide
have been attributed to a variety of stressors
including novel parasites and pathogens, reduced
forage, poor nutrition, increased queen fail-
ures, and agrochemical exposures (Potts et al.
2010; Goulson et al. 2015; Lee et al. 2015;
vanEngelsdorf et al. 2013). One of the most
commonly encountered pesticides by bees is the
insect growth regulator (IGR) methoxyfenozide
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(MEQF). This endocrine disruptor functions as
an ecdysteroid receptor agonist and is particu-
larly effective against immature lepidopterans
due to high specificity for lepidopteran recep-
tors (Tasei 2001; Carlson et al. 2001; Retnakaran
et al. 2003). MEOF shows very low acute toxic-
ity against honey bee larvae and adult workers
(Wade et al. 2019; Zhu et al. 2015). Because
of its low acute toxicity to non-target insects
relative to other pesticide alternatives, MEOF is
considered a reduced risk pesticide by the EPA
(Mommaerts et al. 2006; Wade et al. 2019). As
a result, MEOF applications against pests have
increased, leading to more frequent pollinator
exposures (Baker 2017; for non-bloom applica-
tion, see Higbee-Siegel 2012; Wade et al. 2019).
As a lipophillic compound, MEOF is detected
in honey bee colonies in the USA especially in
wax and pollen (Ostiguy et al. 2019; Johnson
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et al. 2010; Mullin et al. 2010). Most colony
members are exposed to food-derived residues
in honey, stored pollen, and wax inside the col-
ony (Sanchez-Bayo and Goka 2014). Relatively
few studies have examined sublethal effects of
field-relevant MEOF exposures on honey bees.
Notably, field-relevant MEOF exposures have
few discernable sublethal effects on honey bee
larvae and pupae (see Fine and Corby-Harris
2021 for review). By contrast, sublethal effects
have been observed in adult workers exposed
to MEOF, including enlarged hypopharyngeal
gland size (Fine 2020, but see Meikle et al.
2019 at lower concentrations), decreased for-
ager survival (Fisher et al. 2018), and decreased
thermoregulation, reduced forager activity, and
reduced forager populations in MEOF-exposed
field colonies (Meikle et al. 2019). Other effects
on individuals may be indirect. A recent study
by Fine (2020) on queens in highly structured
queen monitoring cages did not find an effect on
oviposition, but found reduced egg eclosion in
MEOF-exposed microcolonies.

Notably, the effects of MEOF exposure on
colonies rearing developing queens has not been
explored despite the vulnerability of these bees to
disruption by stressors during queen replacement.
Ecdysteroids likely play key roles in the develop-
ment and reproduction of honey bees and queens,
although specific mechanisms are not fully under-
stood (Mello et al. 2014; Wegener et al. 2013).
Developing queens are susceptible to physiologi-
cal and behavioral disruption by pesticides of key
functions both in the queens and the supporting
workers, all of which must be achieved to avoid
queen loss. Workers must detect the absence of
the resident queen, rear new queens from appro-
priate-aged larvae, and support the developing
queen (Pettis et al. 1995; Winston 1987). Young
adult queens must kill rival queens, take nuptial
flights during open mating, maintain stored sperm,
and complete reproductive maturation to become
established queens (Gilley and Tarpy 2005;
Collins et al. 2004b; Winston 1987). Queens also
risk greater exposure to dietary pesticide con-
taminants due to high food consumption rates.
Queens consume considerably more food in the
form of glandular secretions than workers both
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as larvae and as adults. Queens themselves con-
sume considerably more food than workers as
worker glandular secretions (royal jelly) both as
immatures and adults (Crailsheim 1992). How-
ever, queens may be less exposed than workers to
MEQOF contaminants due to fewer task interactions
(foraging, stored food and wax handling) with con-
taminated materials and lower direct consumption
of foodborne residues (Purdy 2015; Bohme et al.
2018).

In this study, we examined whether MEOF
impacts the ability of colonies to produce viable,
well-mated replacement queens. We focused pri-
marily on MEOF effects on the ability of colonies
to rear, support, and produce replacement queens
from larvae to established mated queens, as well
as key developmental and reproductive metrics
related to queen productivity (Delaney et al.
2011). We also assessed whether MEOF affects
pheromone communications essential to main-
tenance of an established mated queen. Queens
release the contact pheromone complexes QMP
(queen mandibular pheromone) and QRP (queen
retinue pheromone, which contains five QMP
compounds) to workers to communicate their
presence and quality to colony workers, to sup-
press supersedure, to promote queenright behav-
ior, and solicit retinue care (QRP) (Slessor et al.
1988; Naumann et al. 1991; Pankiw et al. 1998;
Pettis et al. 1995, 1997; Keeling et al. 2003). Both
pathways rely on queen release of pheromones to
workers and pheromone perception by workers,
processes that are susceptible to interference by
colony stressors.

2. MATERIALS AND METHODS
2.1. Experimental colonies

We monitored queen replacement dur-
ing a simulated 8-week colony exposure to
MEQOF-contaminated pollen and wax in the
late summer and early fall. Sixty nucleus colo-
nies were established in early summer 2018
and 2019 at an apiary (University of Arizona
Campus Agricultural Center, Tucson, AZ,
USA; 32.27636,—110.93845) in a riparian site
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dominated by desert plants rarely treated with
pesticides. Each colony consisted of 4200 to
6500 workers headed by a commercial Italian
queen. Forage was available from March to early
June and late August to mid-November but lim-
ited during a pronounced mid-summer dearth.

2.2. Methoxyfenozide treatment

To maintain nutrition through the mid-summer
dearth and early fall, colonies were supplemented
weekly with 200 g pollen patty (1:1:1 dried cor-
bicular pollen (Great Lakes Bee Supply, Gales-
burg, MI, USA): sucrose: Megabee (MegaBee
Inc., San Diego, CA, USA)) for 8 consecutive
weeks beginning at the end of July (7/30/18
and 7/29/19, 4 weeks before emergency queen
rearing). At this time, colonies were ran-
domly assigned to one of two treatment groups
(methoxyfenozide-supplemented experimentals
(MEOF ) or unsupplemented controls (CON)). MEOF
colonies were initially exposed to MEOF at field-
relevant doses both in pollen patties (to simulate
contaminated pollen) and in queen cup wax for
4 weeks before and 4 weeks after dequeening.
Treatment concentrations were above (up to
2.7X) or within observed concentrations reported
from field colonies in the literature (Johnson et al.
2010; Mullin et al. 2010; Meikle et al. 2019;
Ostiguy et al. 2019). MEOF was added to pol-
len patty and cup wax at higher initial concentra-
tions than concentrations observed in-hive upon
deployment (346 ppb pollen patty and 23 ppb
wax in formed cells; see results in Sect. 3.1) due
to losses from chemical degradation, dilution
with hive materials, and worker handling. MEOF
colonies were given supplemental pollen patties
initially containing 440 ppb MEOF (6.75 pg/pL
stock solution in acetone; 65 uL stock solution/
kg (wet mass) pollen patty mixed in water before
addition to the patty; Sigma, Co, St. Louis, MO,
USA). CON colonies were given patties supple-
mented with acetone only. MEOF was directly
infused via carrier solvent into the wax coating
of larval grafting queen cups (JZS BZS wide base
cell cups, Mann Lake, Hackensack, MN, USA).
Each queen cup was carefully coated with 100
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pL melted comb wax. Each queen cup surface
in MEOF colonies was infused with 50 pL of a
0.327 ng/pL stock solution in acetone to yield an
initial concentration of 171 ppb MEOF in the wax
coating (Sigma, Co, St. Louis, MO, USA). Queen
cup wax used in control colonies (CON) was
treated with acetone only. Queen cups were left
out overnight to allow the acetone to evaporate.

2.3. Larval grafting, queen rearing, queen
maturation, and queen establishment

Colonies were dequeened in late August (stag-
gered from 8/27/18-8/28/18 and 8/25/19-8/27/19)
and forced to rear emergency queens from grafted
larvae and brood frame larvae to assess the effects
of MEOF on queen rearing and development. At
4 days after dequeening, 30 1st instar larvae were
grafted into queen cups (JZS BZS wide base
cell cups, Mann Lake, Hackensack, MN, USA)
on two cell bars in each colony. At 4 days after
grafting (8 days after dequeening), queen cells
were cut from the colony brood frames and the
number of viable grafted cells noted. Colonies
were then allowed to rear queens through adult
emergence. At 19 days after dequeening, emerged
adult queens were paint-marked with small
unique colored dots. New adult queens were then
allowed to openly mate, complete reproductive
maturation, and engage in oviposition as estab-
lished queen. Queens were terminally sampled
on dry ice in October approximately 10 days
after initial egg laying (43 days after dequeening;
10/9/18-10/10/18, 10/7/19-10/9/19). All tissues
were frozen at — 80 °C until sample processing.
Queens were sampled late enough to allow full
establishment as an ovipositing queen yet early
enough to avoid late fall oviposition declines asso-
ciated with overwintering.

2.4. Queen development and reproductive
quality
Sampled queens were assessed for physio-

logical and reproductive quality and maturation.
Each frozen queen was weighed, decapitated for
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later analysis of head queen pheromone contents,
and dissected on wet ice to remove the ovaries,
fat bodies (as the abdominal carcass attached
to abdominal tergites and sternites), and sper-
matheca. One ovary was removed to obtain a
count of ovarioles in PBS buffer under a dis-
secting microscope. The remaining ovary and
abdominal carcass were analyzed separately for
nutrient contents (total hydrolyzable protein and
fatty acid) to provide estimates of nutrient pro-
visioning in reproductive and non-reproductive
tissues. Each tissue sample was brought up to
500 pL total volume with DI water, homogenized
by Bead Beater, and subdivided among the nutri-
ent assays.

Total hydrolyzed proteins were quantified by
a bicinchonic acid (BCA) protein assay (Pierce
Thomas Scientific, MA, USA) after acid hydrol-
ysis. Dried tissue homogenates were subjected to
a 16 h digest in 500 pL. 12 N HCl at 70 °C under
a nitrogen atmosphere, dried in a SpeedVac to
remove acid residues, reconstituted in 1000 uL
PBS buffer, and analyzed by the kit protocol.
Total hydrolyzed protein contents were quan-
tified by comparing the 562 nm absorbance of
samples against bovine serum albumin (Sigma
Inc., St. Louis, MO, USA) standard curves in
a Gen-5 Plate Reader (Biotek, Inc., WinoosKki,
UT, USA). Fatty acids were quantified by FAME
(fatty acid methyl ester) analysis after conver-
sion to their methyl ester equivalents (DeGrandi-
Hoffman et al. 2018). Tissue homogenates were
dried down and resolvated in 1000 pL Folch
solution (2:1 chloroform: methanol) containing
a pentadecanoic acid internal standard, then par-
titioned against 210 uLL 0.25% KCI. One hundred
sixty microliters of the chloroform:methanol
layer was removed and analyzed for FAME con-
tents by methods detailed in DeGrandi-Hoffman
et al. (2018).

The amounts of nine QMP/QRP compounds
present in queen mandibular glands were esti-
mated from gland-containing heads by silyla-
tion derivatization techniques (after Slessor
et al. 1990). Frozen queen heads were macer-
ated in 2000 pL diethyl ether containing 60 ug
of a cis-10-heptadecanoic acid internal standard,
then extracted for 24 h at 27 °C in the dark (after
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Slessor et al. 1990; Keeling et al 2003). One
thousand microliters of the extract supernatant
was removed and analyzed by methods detailed
in Carroll et al. (2018).

The number of sperm present in queen sper-
mathecae was estimated using hemocytometer
counts (Delaney et al. 2011). The spermatheca
was dissected into 950 uL HEPES pH 7.4 buffer
and 50 pL 10% bovine serum albumin (BSA;
Sigma, St. Louis, MO, USA), vortexed to cre-
ate a sperm suspension, and stained with 5 pL.
2.4 mM propidium iodide (Live/Dead Sperm
Viability kit, Thermo Fisher Scientific, Waltham,
MA, USA). One microliter of stained sperm
suspension was visualized and quantified on a
hemocytometer by fluorescence microscopy
(Nikon Eclipse 80i microscope with D-FL Epi
Fluorescence attachment, Nikon Instruments,
Melville, NY, USA) at a fluorescence emission
of 617 nm.

2.5. Pesticide residues in workers and hive
materials

Nest workers, stored pollen, honey, and royal
jelly were sampled from colonies before and
during treatments to assess both treatment expo-
sures and background pesticide residues. Each
sample type was collected and pooled equally
by treatment group from all surviving colonies
to provide approximately 3 g material for both
MEOF-targeted and full pesticide panel analyses
(USDA Agricultural Marketing Service National
Science Laboratory in Gastonia, NC, USA).

2.6. Statistical analyses

For each dataset, comparisons were made
across year and treatment. Datasets were checked
for normality by PROC UNIVARIATE normal-
ity tests (SAS 9.2 2010) and examination of
residuals. Datasets that lacked normality (fat
body and ovary total protein and fatty acid con-
tents, QMP/QRP pheromone contents) were
compared by non-parametric Wilcoxon rank
sum tests (NPARIWAY SAS 9.2 2010). Datasets
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with normality (emergency cells, grafted cells,
queen mass, ovarioles, sperm counts) were com-
pared by 2-way ANOVA (PROC GLM, SAS
9.2 2010) with year and treatment as the main
effects. There were no significant interactions
between year and treatment.

3. RESULTS
3.1. Colony pesticide residues

Honey bee exposure to MEOF was strictly
limited to treated food and hive materials and
the nest workers that handled such materials.
MEOF residual levels were lower in the experi-
mental hive materials than in the initial formu-
lations. MEOF pollen patty contained 346 ppb
MEOF and treated queen cup wax had 23 ppb
MEOF after queen cup formation. MEOF nest
workers contained 17 ppb MEOF with their gut
contents removed. Notably, food secretions fed
directly to queen larvae were not contaminated
by MEOF in treated colonies, demonstrating that
oral exposure may be low in developing queens.
Royal jelly, honey, and frame wax from MEOF
colonies had no detectable MEOF present,
while stored pollen contained a trace (near the
LOD of 2 ppb). MEOF was not detected in any
bees, hive, or food materials from CON colo-
nies. Colony hive and food materials from both
treatments contained significant background
residual compounds from miticide treatments
(thymol 153-7220 ppb and mitraz (2,4-DMPF
(decomposition product) 30-314 ppb)) applied
months before.

3.2. Rearing and support of replacement
queens

MEOQOF exposure had little effect on colonies’
abilities to rear queens and subsequent develop-
ment and establishment of replacement queens.
Most queens were lost during larval-pupal devel-
opment or after adult emergence rather than
during the initial phase of replacement queen
rearing. Out of an initial 24 MEOF and 27 CON
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colonies, 100% and 100% made emergency
queen cells while 97% and 97% reared grafted
larvae on queen bars. Colonies differed by year
but marginally not by treatment in the number
of emergency queen cells constructed on brood
frames (2-way ANOVA, F, ;,=4.89, p=0.033
(year); F)34=3.69, p=0.063 (treatment); see
Online Resources 1)-there were slightly more
emergency cells were constructed in 2019 than
2018. Colonies did not differ by treatment or
year in the viable grafted larvae that took after
grafting (2-way ANOVA, F, 3c=2.75, p=0.1062
(year); F, 3,=0.00, p=0.9441 (treatment); Figure
1). Eighty-eight percent of MEOF and 89%
of CON colonies produced viable emerged virgin
queens by 19 days after dequeening. Seventy-
five percent of MEOF and 81% of CON colo-
nies had established queens in place 43 days
after dequeening. Of these queens, all but 2 of
the MEOF colony queens and 1 of the CON
colony queens contained stored sperm in their
spermathecae. Unmarked queens of indetermi-
nate origin were recovered in 3 MEOF and 3
CON colonies, with affected colonies excluded
from statistical analysis of established queens.

3.3. Effects on queen development and
reproductive maturation

Regardless of MEOF treatment, 2018 queens
were of smaller and of lower reproductive qual-
ity than 2019 queens. The 2018 queens had
smaller total body masses (2-way ANOVA,
F,;35=6.45, p=0.016 (year)), less total pro-
tein (Wilcoxon ranked sum test, Z=2.4834,
p=0.017), oleic acid (Wilcoxon ranked sum
test, Z=2.1005, p=0.042), and total fatty
acids (Wilcoxon ranked sum test, Z=2.1897,
p=0.035) in their ovaries than 2019 queens. The
2018 queens did not differ in ovariole number
(2-way ANOVA, F, 3,=2.18, p=0.149 (year)),
spermathecae sperm counts (2-way ANOVA,
F,35=0.07, p=0.798 (year)), fat body total
protein and total fatty acid contents (Wilcoxon
ranked sum test, Z from — 1.9059 to 0.0866, p
from 0.064 to 0.931), or other ovary fatty acid
contents (hexadecanoic acid, linolenic acid, or

INRAZ $D|B @Springer
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Figure 1. Average number of viable grafted larvae (+S.E.) reared by methoxyfenozide-exposed (MEOF) and unex-
posed control (CON) colonies within 4 days after grafting. Thirty 1st instar larvae were grafted into each dequeened
colony. The 2018 and 2019 colony totals are pooled by treatment (n=23 (MEOF) or 26 (CON)).

octadecanoic acid) (Wilcoxon ranked sum test,
Z from 1.0278 to 1.8024, p from 0.079 to 0.311)
from 2019 queens.

MEOF treatment did not have significant
effects on development and maturation of
queen reproductive and non-reproductive tis-
sues as estimated by nutrient contents. MEOF
queens did not differ in body mass from CON
queens (2-way ANOVA, F, 35=2.75, p=0.106
(treatment); Online Resource 2). Ovaries and
fat bodies of established queens did not differ
by treatment in total protein contents (Wilcoxon
ranked sum test, Z=0.1767, p=0.860 (treat-
ment)(ovaries); Z=1.2098, p=0.234 (treat-
ment)(fat bodies); see Online Resources 3), or
total fatty acid contents (Wilcoxon ranked sum
test, Z from—0.2113 to 0.1767, p from 0.833
to 0.924 (fat bodies and ovaries); see Online
Resources 4 and 5). Ovariole number (a proxy
for ovary development) did not vary between
MEOF and CON queens (2-way ANOVA,
F,35=0.04, p=0.8522 (treatment); see Online
Resources 6).
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3.4. Effects on spermatheca sperm counts

Queens from MEOF colonies had marginally
less sperm stored in their spermathecae than
queens from CON colonies (2-way ANOVA,
Fy35=4.57, p=0.036; Figure 2). Queens with
less stored sperm may produce fewer female
workers over their functional lifespans as the
colony’s sole producer of fertilized eggs and
therefore might be replaced earlier on average.

3.5. Effects on QMP/QRP queen
pheromones

Queens did not differ by treatment in their
glandular contents of pheromones critical to
worker care (QRP), queen retention (QMP),
and signals of queen quality (QMP) despite
differences in spermatheca stored sperm con-
tents. With one exception, head contents of 5
QMP/QRP and 4 QRP pheromone components
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Figure 2. Sperm contents (£ S.E.) stored in spermatheca of newly established replacement queens reared by meth-
oxyfenozide-exposed (MEOF) and unexposed control (CON) colonies. Treatment groups that do not share the same
superscript significantly differ by Tukey’s HSD (p <0.05). The 2018 and 2019 queen samples are pooled by treatment

(n=18 (MEOF) or 21 (CON)).

did not vary significantly by year or between
treatment groups (Wilcoxon ranked sum
test, Z from — 0.9983 to 0.9431, p=0.091 to
1.000). Queen heads contained less of the
QRP component linolenic acid in 2018 than
2019 (Wilcoxon ranked sum test, Z=2.3084,
p=0.027; see Online Resources 7, 8, and
9). Notably, three poorly mated queens lack-
ing stored sperm had low levels of HVA, a
QMP/QRP component associated with queen
matedness.

4. DISCUSSION

Our results indicate that MEOF does not
reduce emergency rearing of young larvae
into replacement queens either by inclusion in
contaminated pollen or contact with contami-
nated wax. Queens reared in MEOF-exposed
colonies did not experience any visible devel-
opmental abnormalities associated with meth-
oxyfenozide (Carlson et al. 2001). The basis
for sublethal effects in honey bees is poorly

understood since MEOF likely does not bind as
well to honey bee ecdysteroid receptors as well
as lepidopteran receptors (Carlson et al. 2001).
Curiously, we observed a non-significant
trend toward fewer emergency queens cells
on brood frames in MEOF colonies. This
tendency may be related to reduced egg eclo-
sion in MEOF colonies, which would lower
the number of appropriately-aged worker lar-
vae available for conversion to queen larvae
(Fine 2020). Reduced fecundity and reduced
egg eclosion have been observed in leafrol-
lers exposed to MEOF (Sun et al. 2000). Fine
and Corby-Harris (2021) noted that embryos
in eggs may be particularly sensitive to endo-
crine disruption as they undergo ecdysteroid-
mediated development. Similarly, queens from
colonies treated with the IGR fenoxycarb
experienced both reduced egg eclosion and
increased queen losses (Milchreit et al. 2016).
More serious queen losses occurred across
both treatments during young adult queen
development, a period when queens engage in
risky rival queen elimination, mating flights,
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and reproductive maturation (Gilley and Tarpy
2005; Collins et al. 2004b; Winston 1987).
Other pesticides have been shown to inter-
fere both with queen development (Johnson
et al. 2013 (diflubenzuron); Gajger et al. 2017
(thiamethoxam); Collins et al. 2004a (cou-
maphos)) and queen mating (Forfert et al. 2017
(thiamethoxam and clothianidin); Thompson
et al. 2005 (fenoxycarb)).

One reason developing queens may be mostly
unaffected by MEOF is that they largely avoid
contact with MEOF-contaminated food. Our
pesticide analysis indicates that workers, but not
queens, encounter significant amounts of MEOF
residues in their food. Adult workers may lower
queen exposures by serving as intermediaries
between contaminated stored food and hive mate-
rials and the queen herself (Purdy 2015; Béhme
et al. 2018). Workers collect, handle, and store
contaminated food materials, mold contaminated
wax, and directly consume pesticide-contaminated
semi-refined food materials as older larvae and
young adults, both for their own nutrition and to
redistribute nutrients to larvae, queens, drones, and
other workers (Purdy 2015; Haydak 1970). In this
process, workers may metabolize or be targeted by
residues present in food. By contrast, queens feed
throughout their lives exclusively on glandular
secretions, a food material similar to the MEOF-
free royal jelly sampled in our pesticide analysis
(Crailsheim 1992), a feature that potentially pro-
tects queens from direct effects of dietary pesti-
cides (Bohme et al 2018). Worker metabolism of
MEQF residues may function as a form of social
barrier protecting the queen from exogenous food-
borne toxins present in raw forage materials.

One queen feature affected by MEOF exposure
was spermatheca sperm contents. Low spermatheca
sperm counts could arise from impacts on nuptial
flight and mating behaviors or on post-mating fea-
tures required to store and nutritionally support
sperm in spermatheca. It is unlikely that differences
in drone availability or quality were responsible for
the difference in sperm content since unexposed
queens shared the same apiary airspace as MEOF-
exposed queens. While effects on queen flight were
not examined, MEOF has been shown to reduce
forager flight behavior at dawn in field colonies
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(Meikle et al. 2019). Pesticides with different
modes of toxicity have shown variable effects on
queen mating and sperm storage. Developmental
exposure to the neonicotinoids thiamethoxam and
clothianidin resulted in fewer queen matings with
drones than unexposed queens (Forfert et al. 2017).
By contrast, Walsh et al. (2021) found that develop-
ing queens exposed to amitraz, tau-fluvalinate and
coumaphos, or chlorothalonil and chlorpyifos in
wax either did not differ in their mating frequency
or had higher mating frequencies (amitraz). Rangel
and Tarpy (2015) found that queens reared on tau-
fluvalinate and coumaphos-contaminated wax had
higher mating frequencies than unexposed controls.
In our study, we did not examine sperm viability
or spermatheca development, both of which could
limit sperm storage. Sperm storage in queen sper-
mathecae, which requires significant physiological
support (Collins et al. 2004b), has also been shown
to be negatively impacted by certain agrochemi-
cals but not others. Developmental exposures to
the IGR fenoxycarb, the miticides tau-fluvalinate,
coumaphos, and amitraz, the neonicotinoid thia-
methoxam, the organophosphate chlopyrifos and
chlorothalonil have all resulted in lower sperm
viability or reduced queen viability in developing
queens (Thompson et al. 2005; Gajger et al. 2017,
Rangel and Tarpy 2015; but see Walsh et al. 2021).
Effects of pesticide contaminants on developing
queens appear to be complicated but observable in
field colonies. Colonies with wax contaminated by
multiple pesticides produced fewer viable queens
with lower sperm counts, yet had similar mat-
ing frequencies, compared to untreated colonies
(Milone and Tarpy 2021).

Lower sperm contents may shorten the repro-
ductive lifetime productivity of the affected queen
and induce earlier queen replacement via superse-
dure (Pettis et al. 1995, 1997). A queen’s ability
to produce female workers from fertilized eggs
is ultimately limited by the quantity of viable
sperm stored within her spermatheca. Recently, a
study by Walsh et al. (2020) detailed the effects of
pesticide and miticide exposure on queen phero-
mone signaling and worker retinue support of
the queen. Queens exposed to high levels of the
miticides Amitraz, coumaphos, tau-fluvalinate,
and the pesticides chlopyrifos and chlorothalonil
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not only experienced reduced oviposition rates but
also recruited smaller retinue sizes and had lower
contents of QMP pheromone component critical
for queen retention. These pesticides did not affect
worker rearing of new queens in a subsequent
study, highlighting the complexity of pesticide
effects on developing queens (Walsh et al. 2021).
In this study, MEOF-treated queens did not have an
altered QMP/QRP pheromone profile that reflected
reduced sperm storage. However, effects on queen
signaling may not occur in newly established
queens at the beginning of their lifetime egg pro-
ductivity when their spermathecae are maximally
full. A more likely time for effects on pheromone
signaling and queen-worker interactions would
be later in the queen cycle when months of ovi-
position eventually result in spermatheca sperm
depletion.

Few sublethal effects of MEOF on queens have
been observed despite the centrality of ecdyster-
oids in regulating honey bee physiology and social
structures. In particular, queens have high levels of
ecdysteroids in their bodies (Robinson et al. 1991)
and ecdysteroids mediate caste differentiation,
reproductive development, and many behaviors in
honey bees (Pandey and Bloch 2015). For honey
bee queens, the combination of low ecdysteroid
receptor binding and social shielding by attendant
workers limits effects observed in target lepidop-
terans. The question remains whether developing
queens are fully exposed to more potent agro-
chemicals or whether the social structure of the
honey bee colony insulates them against external
toxins (Purdy 2015).
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