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Abstract

The productivity and survival of honey bee (Apis mellifera) colonies depend on queen bee health. Colony-level neonicotinoid
exposure has negative effects on reproductive fitness of honey bee queens. However, it is unclear if the observed effects are a
direct outcome of neonicotinoid toxicity or result from suboptimal care of developing queens by exposed workers. The aim of
this study was to evaluate larval survival, reproductive fitness, and histopathology of honey bee queens exposed to incremental
doses (0, 5, 50 ng) of the neonicotinoid thiamethoxam (THI) applied directly to individual late larvae (7 days post-oviposition) of
queens. The 5 ng dose represents a calculated high environmental level of exposure for honey bee queen larvae. Morphometric
evaluation revealed that the total area of mandibular gland epithelium in queens exposed to 5 and 50 ng THI was reduced by 14%
(P=.12) and 25% (P = .001), respectively. Decreased mandibular gland size may alter pheromone production, which could in part
explain previously observed negative effects of THI on the reproductive fitness of queens. VWe also found that late larval exposure
to THI reduced larval and pupal survival and decreased sperm viability in mated queens. These changes may interfere with queen

development and reproductive longevity.
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Honey bees (Apis mellifera) provide essential ecosystem
services through pollination, in addition to producing and col-
lecting a number of valuable hive products, including honey,
pollen, wax, propolis, and royal jelly. Recent declines in honey
bee populations raise great concerns over their survival and the
sustainability of services they provide.>® The causes of honey
bee declines are thought to be multifactorial and include, inter
alia, intensification of modern agricultural practices, spread of
infectious and parasitic diseases, decreased genetic diversity,
and poor queen quality.*>*

The increase in honey bee mortality has coincided with the
introduction and widespread use of neuroactive neonicotinoid
insecticides. Neonicotinoids are systemic insecticides that are
effective against a wide range of insect pests, yet are much
safer for mammals compared to previously used plant-
protection products.®” Thiamethoxam (THI) was the first of the
second-generation neonicotinoids introduced to the world mar-
ket as a more potent alternative to imidacloprid, the first neo-
nicotinoid brought to the market.'® THI remains widely used
around the world,”’ including the Canadian prairies'’ where
the current study was conducted. Of note, the average THI

concentration in honey from central Saskatchewan, Canada,’
is 59 times greater than the global average of 0.29 ng/g."’
Previous research has shown that exposure to environmental
doses of THI has negative effects on worker honey bees,
including reduced adult survival, foraging efficiency, and hom-
ing success'!; altered motor function®®; decreased disease
resistance’; and increased larval and pupal mortality.** Addi-
tionally, a growing body of literature suggests neonicotinoids
have adverse effects on the honey bee queen and drone repro-
ductive fitness, resulting in decreased genetic diversity within
the colony.”*3°
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The honey bee queen is the only reproductively active
female in the colony. The queen’s development from an egg
to an adult lasts 16 days and is the shortest among all 3 castes
(21 days for workers and 24 days for drones; Suppl. Table S1).
Both workers and queens develop from fertilized eggs, with
larvae hatching 3 days post-oviposition. Queens develop from
larvae that are exclusively fed royal jelly throughout their
development by attending workers. Queen larvae are individu-
ally sealed off with a wax cap (capped) between days 8 and 9
post-oviposition; the larvae pupate (the transition from larval
state to pupal state) within the capped (sealed) queen cells.
Adult queens emerge on day 16 post-oviposition. A short glos-
sary table describing common beekeeping terms is provided in
Supplemental Table S2.

The effect of neonicotinoids on developing queens has
predominantly been evaluated on individuals raised in colo-
nies exposed to neonicotinoids through syrup and/or pollen
patty. For example, Forfert et al’ and Williams et al®®
exposed honey bee colonies to 4 ppb (4 ng/g) THI and 1 ppb
(1 ng/g) clothianidin (CLO) through pollen patties over 36
days; the queens raised in these colonies had reduced sperm
count and sperm viability, reduced number of ovarioles, and
mated with fewer drones on average. Similarly, colonies
exposed to pollen patties spiked with 5 ppb (5 ng/g) THI and
2 ppb (2 ng/g) CLO over 46 days had decreased adult and
brood population sizes and were at higher risk of post-
overwintering queen failures.’® These studies demonstrate
the association between neonicotinoid exposure at the colony
level and reduced queen quality; however, it is unclear if the
observed changes are due to the primary effects of neonico-
tinoids on individual queens or secondary effects resulting
from exposed workers providing suboptimal care to develop-
ing and adult queens.

There are very few studies in which individual honey bee
queen larvae were directly exposed to THI. In one such study,
exposed queens had reduced emergence rate, body weight, and
mating success.’ Furthermore, Walsh et al*” reported that
honey bee queens raised in wax comb contaminated with pes-
ticides had altered composition of their mandibular gland pher-
omones and decreased attractiveness to workers. The
mandibular glands of honey bees are bilaterally symmetrical
glands located in the head. These glands are largest in the
honey bee queen compared to workers and drones.”® In queens,
mandibular glands produce queen pheromones—the main
queen signaling chemicals in the hive; these pheromones are
vital for homeostasis of the entire colony.

Previous colony-level and individual queen exposure stud-
ies suggest that neonicotinoids reduce reproductive fitness of
honey bee queens; however, the underlying cause or mechan-
ism of these effects has not been investigated. Therefore, the
objectives of the current study were to (1) determine the effects
of direct exposure of queens to THI during pupation (which is
the period of main organogenesis) and (2) determine the
mechanism of these effects by histopathological evaluation
focused predominantly on mandibular glands and ovaries.

Materials and Methods

The experiments were conducted from June to August 2018 at
the University of Saskatchewan research apiary (52°07'38.4"N
106°36’35.4"W). The experiment was performed twice
(experiment A started on June 6, 2018; experiment B started
on August 3, 2018) using 2 genetic lines for queen production.
Queens were produced through artificial transfer of worker
larvae, a process referred to as “grafting” in beekeeping prac-
tice (Suppl. Table S2).* All colonies involved in the experiment
were maintained in accordance with the Saskatchewan Api-
aries Act.>*

Rearing of Queens

Experimental queens were reared by standard beeckeeping
procedures” to generate 7-day-old queen larvae of synchro-
nized age that were exposed to experimental treatment
(described below) to determine their survival (capping and
emergence rate) and effects on mating success and reproduc-
tive fitness. The queens were placed into 3-frame nucleus
(small) colonies 2 days before emergence for 3 weeks to
allow natural mating. Detailed description of the queen rear-
ing procedure and mating nucleus set up is provided in Sup-
plemental Tables S2 and S3.

Treatment Doses and Exposure

Three treatment groups were used in this study. Queen larvae
were exposed to 4 ul of distilled water containing 0 ng, 5 ng, or
50 ng THI comprising the control, low-dose (theoretical high
level of environmental contamination), and high-dose (positive
control—unrealistically high dose) groups, respectively. The
treatments were administered by pipetting 4 pl of the test solu-
tion directly into the royal jelly bed of each queen cell at day 7
post-oviposition. The environmentally relevant 5 ng dose was
calculated based on the total amount of royal jelly consumed by
a queen larva during development estimated at 1.5 g,'* the
published maximum THI contamination level in Saskatchewan
pollen of 250 ng/g’, and the reported 1% transfer rate of the
neonicotinoid imidacloprid from pollen patties to royal jelly.®
The estimated 3.75 ng per larva exposure (1.5 g x 2.5 ng/g)
was then rounded up to 5 ng to account for potential under-
estimation of queen food consumption and contamination, and
to better correlate our study with previously published work.’
The queen cells on each grafting frame were randomized into
treatment groups.

The grafting procedure and queen rearing were performed
twice with different genetic lines (experiment A and experi-
ment B). Overall, 158 queen larvae were used in the 2 studies.
In experiment A, a total of 91 queen larvae were tested, of
which 29 were in the control group, 26 in the 5 ng group, and
36 in the 50 ng group. In experiment B, a total of 67 queens
were tested, of which 18 were in control group, 25 in the 5 ng
group, and 24 in the 50 ng group.



Kozii et al

1109

Evaluation of Capping and Survival Rate During
Development

After treatment (day 7 post-oviposition), the experimental
queen cells were monitored daily for capping success and pupal
survival until day 14 post-oviposition when they were trans-
ferred to mating nuclei. The capping rate was defined as the
percentage of the treated queen cells that were capped at day 9
post-oviposition (2 days posttreatment). Any uncapped cells at
day 9 were removed by the worker bees in the colony as part of
their normal “cleaning” behavior; therefore, empty cells at day
9 (representing uncapped cells) were considered “dead” in the
survival analysis. Capped queen cells which were subsequently
removed by worker bees during pupation (until day 14 post-
oviposition) were also considered “dead” in the survival
analysis.

Honey Bee Queen Weight and Sperm Evaluation

Between 22 and 26 days post-emergence, mated honey bee
queens were collected and examined in cohorts of 9 to 12
queens per day representing an equal proportion of treatments.
The queens were caught into queen cages (Mann Lake Ltd)
with 4 attendant worker bees from their mating nucleus. All
mated queens from experiment B were weighed using a Sartor-
ius Scale (BP121S, Data Weight Systems, Inc). The sper-
matheca was removed from each queen,” and the contents
mixed in 1 ml of semen extender diluent.'? Sperm viability
was evaluated in 100 pl of each sample using SYBR 14 dye
and propidium iodide (Live/Dead Viability Kit, Life Technol-
ogies). A minimum of 10 fields at 200x magnification (10x
ocular magnification and 20x objective), or at least a total of
200 sperm heads, were counted in each sample. For total sperm
count, the spermatheca content from each queen, already
diluted in 1 ml of semen extender diluent, was further diluted
1:16 in modified Kiev buffer (sodium citrate 24.3, sodium
bicarbonate 2.1, potassium chloride 0.4, sulfanilamide 0.3, glu-
cose 3.0 g/l for all). The sperm was counted using Neubauer
hemocytometer following standard procedure.” The queen tis-
sues that remained after extraction of the spermatheca were
fixed in 10% neutral buffered formalin for histopathological
evaluation.

Histopathology and Morphometric Evaluation

Initial comparative histopathological evaluation of multiple
organs of mated queens exposed to different doses of neonico-
tinoids during development did not reveal any unequivocal
differences between groups. Nevertheless, there was a subjec-
tive impression that the queens exposed to high doses had
hypoplastic mandibular glands surrounded by a reduced num-
ber of fat cells and potentially had increased apoptotic rate in
the germarium portion of the ovaries.

Accordingly, we performed morphometric histopathologi-
cal evaluation of serial sections of these 2 organs stained with
Harris’ hematoxylin and eosin (H&E), and compared the

Table 1. Mean (+ SEM) number of histologic sections examined for
mandibular gland epithelium and lumen, peri-mandibular fat body, and
optic lobe.

0 ng 5ng 50 ng
Mandibular gland epithelium 295 + 2.2 293 + 20 270 + I.5
Mandibular gland lumen 268 + 24 263 +23 253 + 1.5
Peri-mandibular fat body 295 +22 290 + 22 269 + |14
Optic lobe 13+ 12 1L +£1.2 111 +£06

results between treatment groups. The total area of mandibular
gland epithelium, mandibular gland lumen, and peri-
mandibular fat body were identified in serial tissue sections
stained with H&E and compared between treatment groups.
The total area of the bilateral optic lobes of the brain was also
used as an internal control.

The queen heads, fixed in 10% buffered formalin, were
removed from the body. The exoskeleton from vertex (imme-
diately behind the ocelli) to the most caudodorsal aspect of
the lower jaw was removed via sharp dissection prior to
processing, to allow better paraffin penetration during pro-
cessing and to prevent sectioning artifact caused by the chit-
inous exoskeleton. The heads were processed according to
standard histologic tissue processing procedures and
embedded in paraffin blocks for sectioning. The orientation
of the heads in the block was such that the mandible laid flat
at the surface of the block and the ocelli and antennae were
embedded deepest in the block; accordingly, the first sec-
tions included the musculature of the lower jaw and caudal
portion of the head, whereas the last sections included the
most cranial head sections. Five-micrometer-thick serial sec-
tions were collected every 25 um for histologic evaluation.
Prepared slides were first dried at 65 °C for 1 hour, then
manually stained using H&E.*'

All slides containing sections of mandibular glands or optic
lobes were photographed using a microscope digital camera
(Infinity 5, Lumenera Scientifica) and analyzed with image
analysis software (Image-Pro Premier 9.1, Media Cybernetics,
Inc). The total area of mandibular gland epithelium, mandibu-
lar gland lumen, peri-mandibular fat body, and optic lobe were
determined in serial H&E-stained sections (Fig. 11) of 4 queen
heads per treatment, per experiment (A and B) (4 queens x 3
treatment groups x 2 replicate studies = 24 queens total or 8
queens per treatment).

To calculate total mandibular gland area, the glandular
epithelium of both glands (right and left) on each section was
outlined manually, and subsequently, the area was detected and
measured by the image analysis software. The same procedure
was repeated for mandibular gland lumen, peri-mandibular fat
body, and the optic lobe. The mean (+ SEM) number of sec-
tions examined is provided in Table 1. There was no statisti-
cally significant difference in the number of sections examined
between treatment groups for any of the parameters (glandular
epithelium F, 5; = 0.5, glandular lumen F, 5, = 0.1, optic lobes
F>51 = 0.005, fat body F,,, = 0.5; P> .05 for all).
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Morphometric Histopathologic Evaluation of Ovary

Number of Apoptotic Cells in Germarium. The ovaries from 4
queens from each treatment group from both experiments (4
queens x 3 treatment groups X2 replicate experiments = 24
queens total or 8 queens per treatment) were removed from the
abdomen of formalin-fixed queens with previously removed
spermatheca. The fixed ovaries were subjected to standard his-
tological tissue processing and subsequently embedded in par-
affin blocks in a vertical position so that the proximal portion of
the ovary, including the terminal filament and germarium,
could be sectioned first in cross sections.

The proximal 1.5 mm of the embedded ovary (encompass-
ing the entire terminal filament, germarium, and cranial vitel-
larium'?) was serially sectioned. Specifically, for each step, 30
consecutive 5-um-thick sections were cut, of which the first 10
sections were collected on a glass slide, stained with H&E, and
examined, whereas the following 20 sections were discarded.
In this way, we obtained for each queen 10 glass slides contain-
ing 10 serial consecutive cross sections of cranial ovary which
were 100 pm apart (Suppl. Fig. S1).

All 10 cross sections on a single slide were examined by a
blinded pathologist (MS) to identify one cross section with the
least sectioning artifact and, subjectively, the greatest surface
area of the germarium. Up to 4 images of germarium were
captured from each of the identified best sections using a
microscope digital camera (Olympus DP71, Olympus).
Accordingly, 15 to 37 (average 26.5) images of the cross sec-
tion of the ovary containing germarium of each queen were
captured. The 12 best sections/images that contained the largest
area of germanium for each queen were used for quantification
of apoptotic rate by a blinded pathologist (MS) (Fig. 18). The
area of the germarium was outlined and measured using image
analysis software (Image-Pro Premier 9.1, Media Cybernetics,
Inc) and the apoptotic cells were enumerated. Apoptotic cells
were defined as cells with hypereosinophilic cytoplasm and
condensed, hyperbasophilic, fragmented nuclei. The apoptotic
rate was expressed as number of apoptotic cells per 1 mm? of
germarium.

Total Ovariole Count. The last section (most caudal) of the ovary
acquired from the serial sections described above was used for
counting the total number of ovarioles in each ovary. The eval-
uated sections were approximately 1.5 mm deep from the prox-
imal end of the ovary and were mainly composed of cross
sections of the vitellarium and some germarium (Fig. 16). Each
oocyte or trophocyte cluster in cross section was counted as a
separate ovariole. The data were analyzed as the total ovariole
count per both ovaries.

Statistical Analysis

Mating and capping success were analyzed with a % test and
queen survival was compared using Kaplan-Meier survival
analysis. The mating data from experiments A and B were
analyzed together (n = 15/treatment). Queen weight was

analyzed with one-way ANOVA. Total sperm count was com-
pared between treatment groups using a Kruskal-Wallis test as
the data were not normally distributed (Shapiro-Wilk test,
Wes = 0.96, P = .03).*

Sperm viability data were assessed for mathematical and
biological outliers. A total of 3 outliers were removed from the
analysis: one from the control group with a sperm viability of
9%, and 2 from the 50 ng THI group with a sperm viability of
6% and 11%, respectively. These sperm viability scores are
outliers from the sperm evaluation data of our lab and the
currently published literature. We believe these low scores
were likely due to a manual error during sample preparation
for fluorescent evaluation.*?

A 3 x 2 ANOVA was used to evaluate the effect of neoni-
cotinoid treatment and time of the experiment (June vs August)
on sperm viability and ovarian apoptotic rate. Similarly, a
2-way MANOVA was used to compare the size of mandibular
gland epithelium, mandibular gland lumen, peri-mandibular
gland fat body, and optic lobes. The time of the experiment
had no significant effect on the evaluated outcomes and there-
fore was removed from the analysis (sperm viability: F 59 =
0.7, P =.5; gland, fat body and optic lobe area: Wilk’s L, Fi 39
= 0.3, P = .97). Tukey tests were used for post hoc compar-
isons. Residual plots were evaluated to ensure the assumptions
for the ANOVA were met.** The data analyzed in this study are
available as Supplemental Table S4.

Results
Capping Rate

The overall queen capping rate was negatively affected by
high-dose THI treatment in experiment A (likelihood ratio
xz =77,df =2, P = .02, n = 91; Fig. 1), with a capping
success of 100% in control (29/29) and low THI (26/26)
groups, dropping to 89% (32/36) in the high THI group. In
experiment B, we saw a similar drop in capping rate from
100% in the control group (18/18) to 88% (22/25) and 87%
(21/24) in the low and high THI groups, respectively; however,
this effect of THI treatment on capping rate in experiment B
was not statistically significant (3* = 4.0, df = 2, P = .14,
n = 67; Fig. 2).

Survival

The overall survival of queens from exposure (day 7 post-ovi-
position) until day 14 of development was negatively affected
by treatment in both experiments A and B (A: x* = 19.5, df =
2,P<.001;B: x> =9.5,df = 2, P = .009; Figs. 3, 4). While the
survival of the queens in the control group in both experiment
A (29/29) and B (18/18) was 100%, the queens exposed to
50 ng THI had a 31% (25/36) and 46% (13/24) reduction in
overall survival in experiments A and B, respectively, compared
to controls (multiple pair-wise comparison, A: Control vs 50 ng,
¥*>=10.4, P = .001; B: Control vs 50 ng, x> = 10.6, P = .001).
Survival of queens in the 5 ng group was only significantly
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Figures 1-4. Capping and survival rate of honey bee queen larvae and pupae exposed to 0, 5, or 50 ng of thiamethoxam (THI). Figure 1.
Capping rate of treated larvae at day 9 of development was overall negatively affected in experiment A (June) (x> = 7.7, df = 2, P = .02,
n =91); however, multiple comparisons were not significant (control vs 50 ng, P = .06; 5 ng vs 50 ng, P = .08). Figure 2. Capping rate was
not affected by treatment in experiment B (August) (x> = 4.0, df = 2, P = .14, n = 67), which is likely the result of a smaller sample size in
experiment B (n = 67) compared to experiment A (n = 91). Figure 3. Queen pupal survival decreased by 31% (25/36 queens) in
experiment A in the 50 ng THI group (P = .001). Figure 4. In experiment B, queen pupal survival was reduced by 32% (17/25) in the
5 ng group (P =.009) and by 46% (13/24) in the 50 ng (P =.001) group. Different letters indicate statistically significant differences between

treatment groups (P < .05).

decreased in experiment B (5 ng vs Control, x> = 6.8, P = .009),
whereas all queens exposed to 5 ng THI in experiment A
survived. Similar statistically significant differences in sur-
vival between treatment groups in the 2 experiments remained
when analysis was limited to post-capping (pupal) survival
(day 9 through day 14 of development) (A: Control vs 50 ng,
x> = 7.0, P = .008; B: Control vs 50 ng, x> = 8.3, P = .004;
Control vs 5 ng, 3> = 4.5, P = .03).

Mating Success

The overall mating success of the queens in experiments A and
B (n = 15/treatment) was 70% (21/30), 83% (25/30), and 73%
(22/30) in the control, 5 ng THI, and 50 ng THI treatment
groups, respectively (68 total; Fig. 5). No statistically

significant differences between groups were noted (total
> =1.6,df =2, P = 46).

Queen Weights and Sperm Evaluation

The mean weight of queens in the control, 5 ng, and 50 ng
groups was 233.6, 228.1, and 219.7 mg, respectively, in experi-
ment B. Treatment had no effect on mean queen weight
(Fr34 = 1.343, P = .274; Fig. 6). Queen weight data were not
collected in experiment A.

Total sperm counts in the spermatheca of the queens were
not affected by treatment in either experiment (A: Kruskal-
Wallis H = 1.2, df = 2, P = .54; B: Kruskal-Wallis H = 5.4,
df =2, P =.07; Fig. 7). However, the total sperm count was
significantly lower in all 3 treatment groups in experiment
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Figures 5-8. Mating success, body weight, and sperm quality in honey bee queens exposed to thiamethoxam (THI) during development. The graphs
for mating success and sperm quality show data combined from experiments A (June) and B (August); the graph for queen weight shows data only from
experiment B. Queen mating success (%) (Figure 5), mated queen weights (mean + SEM) (Figure 6), and total sperm count in the spermatheca of
the queens (Figure 7) were not affected by THI treatment. The total sperm count is shown in box-plot graphs where the horizontal bar is the median,
the box represents interquartile range, and the whiskers show minimum and maximum. Figure 8. Mean (4 SEM) sperm viability was reduced by 18%
in queens exposed to 50 ng THI. Different letters indicate statistically significant differences between treatment groups (P < .05).

A, compared to experiment B (control: Mann-Whitney
U = 16.0, P = .007; 5 ng THI: Mann-Whitney U = 6.0,
P <.001; 50 ng THI Mann-Whitney U = 15.0, P = .003).
The mean + SEM total sperm counts for the control, 5 ng and
50 ng groups were 2 622 125 + 273 589, 2 739 000 + 314 432,
and 2 404 111 + 424 768 in experiment A, respectively; and
4207 667 + 426 601, 5249 000 + 223 196, and 4 396 727 +
244 215 in experiment B, respectively.

Overall, THI treatment had a negative effect on sperm via-
bility (F, 6> = 15.8, P <.001; Fig. 8); specifically, queens in the
50 ng group had an 18% reduction of sperm viability compared

to queens in the control group, and a 15% reduction compared
to the 5 ng group (Tukey post hoc tests, P <.001 for both).

Morphometric Histopathologic Evaluation of Mandibular
Glands and Optic Lobes

During the initial tissue evaluation, queen mandibular glands
and ovaries were identified as organs potentially affected by
THI toxicity. Mandibular glands (Figs. 9-11) are exocrine,
sack-like symmetrical glands found in the head of the honey
bee. The glands extend from mandibles caudally to the vertex
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Figures 9-10. Thiamethoxam exposure, head (coronal section), mated honey bee queen. Mandibular glands of the queen in the group receiving
50 ng thiamethoxam (Figure 9) are lined by attenuated epithelium (long arrow); the surrounding fat cells (short arrow) are multifocally
shrunken and appear less numerous compared to control (Figure 10). Insets: mandibular gland lining and peri-mandibular gland fat body.

Hematoxylin and eosin (H&E).

Figure | 1. Thiamethoxam exposure, head (coronal section), mated
honey bee queen. Image analysis. The highlighted areas on the right
indicate the areas of mandibular gland lumen (yellow), mandibular
gland epithelium (green), peri-mandibular gland fat body (pink), and
optic lobe of the brain (blue). Both right and left sides were included in
the analysis. Serial sections were examined to calculate the total area
of the highlighted regions. Hematoxylin and eosin (H&E).

and are located ventro-caudally to the brain. Mandibular glands
of the honey bee queen are lined by variably corrugated simple
cuboidal epithelium surrounding a single large central lumen.
The glandular epithelium is characterized by abundant light
eosinophilic cytoplasm with a variable degree of microvesicu-
lar vacuolation and a prominent round large nucleus with
lightly basophilic coarsely stippled chromatin. The mandibular
glands are surrounded by clusters of variably sized round to
oval basophilic cells with coarsely vacuolated cytoplasm and
large smooth nuclei comprising the peri-mandibular fat body.

The epithelial lining of the mandibular glands subjectively
appeared variably attenuated and/or hypoplastic (less promi-
nent corrugation) in queens exposed to 50 ng THI by light
microscopic evaluation (Figs. 9, 10). Therefore, morphometric
evaluation was employed and subsequently demonstrated a
dose-dependent decrease in total area of mandibular epithelium
(F221 = 8.1, P = .002; Fig. 12), while the mean + SEM total
area of the optic lobe (used as an internal control) was not
statistically different between experimental groups (F,5; =
0.8, P = .46; Fig. 13). Specifically, queens in the 50 ng THI
group had a 25% reduction in the total area of mandibular gland
epithelium compared to control (P = .001). The 14% epithelial
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Figures 12-15. Morphometric analysis of serial sections of the heads of mated honey bee queens exposed to thiamethoxam (THI) during
development. Figure 12. The total area of the mandibular epithelium decreased by 2.8 mm? (25%) in queens exposed to 50 ng THI (P = .001). In
queens exposed to 5 ng THI, the 1.3 mm? (14%) reduction in epithelial area was not statistically significant (P = .12). Treatment did not
significantly affect the size (area) of the optic lobe (Figure 13), mandibular gland lumen (Figure 14), or the peri-mandibular fat body (Figure
I15). Mean + SEM. Different letters indicate significant differences between treatment groups (P < .05).

area reduction in the 5 ng group was not statistically different
from control (P = .12). On the other hand, the mandibular
gland luminal area was not significantly different (5, = 1.3,
P = .29) between treatment groups (Fig. 14). The peri-
mandibular fat body cells subjectively varied in size, number,
and staining intensity between treatment groups. The
morphological evaluation showed that there was 12% and
14% reduction in total area of peri-mandibular fat body in the
50 ng treatment group compared to the control and 5 ng groups,
respectively. This result was not statistically significant, but
it approached the set confidence level of 0.05 (F,,; = 3.4,
P = .051; Fig. 15).

Morphometric Histopathologic Evaluation of Ovary

Sections of proximal ovaries, containing areas of ovarian ger-
marium, had highly variable numbers of apoptotic cells (ie,
condensed, hyperbasophilic, fragmented nuclei) within germ-
line cell clusters as evaluated in H&E-stained sections under

light microscopy. Some apoptosis is expected in this location,
but the apoptotic incidence rate appeared to be highly variable
between queens. Accordingly, quantitative evaluation of the
H&E-stained sections of the ovaries was performed. Neither
the total ovariole counts (Figs. 16, 17) nor the ovarian apoptotic
rate (Figs. 18, 19) were affected by the neonicotinoid treatment
(Fr21 =037, P =.70; F55, = 0.28, P = .76, respectively).

Discussion

Our study indicates that late larval exposure of honey bee
queens to incremental doses of THI can reduce queen pupal
survival, decrease sperm viability, and result in hypoplasia of
mandibular glands in mated queens. Our study confirmed that
queens exposed to THI during development had increased lar-
val and pupal mortality as reported by Gajger et al® and
decreased reproductive fitness (eg, sperm viability) as reported
by other studies.”**>® Unique to our study, histopathological
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Figures 16—19. Number of ovarioles and apoptotic rate in ovaries of mated honey bee queens exposed to thiamethoxam (THI) during
development. Figure 16. Normal ovary, mated honey bee queen. The ovariole is represented by distinct round eosinophilic structures
(oocytes; arrows) and by light basophilic structures (immature oocytes and/or trophocyte clusters; arrowheads). Hematoxylin and eosin
(H&E). Figure 17. Total ovariole counts are not affected by THI treatment. Mean + SEM. Figure 18. Normal proximal ovarioles, mated
honey bee queen. The ovarioles contain germarium (arrow, arrowhead) and vitellarium (dashed ellipse). In the germarium, germline cells
(arrow) are arranged in rosettes, and there is early differentiation of oocytes (arrowhead). In the vitellarium (dashed ellipse), each oocyte is
associated with a cluster of trophocytes within a single ovariole. Inset: a germarium containing apoptotic cells (asterisk) that have condensed,
hyperbasophilic, fragmented nuclei. Arrow: germline cells; arrowhead: early oocytes. H&E. Figure 19. The apoptotic rate within germarium

was not affected by treatment. Mean + SEM.

evaluation revealed that incremental doses of THI had a neg-
ative effect on development of queen mandibular glands.

The queen mandibular glands secrete pheromones regulat-
ing all aspects of colony homeostasis including growth, health,
production, reproduction, and queen supersedure.’*'® Failure of
any of these parameters is usually attributed to the poor quality
of the queen.

The reduction in the total area of mandibular glandular
epithelium in our study was dose-dependent; however, this

reduction was only statistically significant in the positive con-
trol treatment group exposed to 50 ng THI. Yet, organ mal-
function often precedes the development of morphological
changes, which can only be detected in more severe or chronic
disease processes.'*?! The functional significance of the mor-
phological changes observed in the mandibular glands in this
study was not determined. Therefore, we cannot conclude if the
non-statistically significant 14% reduction in the total area of
the mandibular gland size in queens exposed to 5 ng THI
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(theoretical highest environmental dose in Saskatchewan,
Canada) is biologically significant. Nevertheless, it is reason-
able to hypothesize that reduction in mandibular gland epithe-
lium may result in reduced pheromone production/secretion,
which together with other abiotic and biotic stressors could
compromise queen performance resulting in suboptimal colony
functionality and health. Interestingly, Walsh et al®’ recently
reported that raising queens in miticide-contaminated wax
decreases attractiveness of the queen mandibular gland product
to worker bees and alters relative chemical composition of the
queen mandibular gland. Taken together, our study and the
study of Walsh et al emphasize the importance of mandibular
gland morphology and function as indicators of queen health.

THI treatment in our study affected the queen’s mandibular
glands, but not overall queen size or weight. The optic lobe
area, measured as an internal control, remained similar across
all treatments as well. This suggests that the morphological
changes in mandibular gland are treatment specific rather than
reflective of a generalized treatment response (eg, reduction in
body mass).

Previously, in a pilot study, we examined the area of man-
dibular gland epithelium following the same procedures in
newly emerged virgin queens (Suppl. Table S4, line 14)
(unpublished). Similar to the findings presented in Figure 12,
the newly emerged virgin queens exposed to 50 ng THI during
development had a 27% reduction in mandibular gland epithe-
lium area compared to water-treated control. Considering the
similar trends observed in newly emerged virgins and mated
queens, we conclude that the observed changes are due to
mandibular gland hypoplasia (underdevelopment) during pupal
development rather than mandibular gland atrophy occurring
post-emergence.

Reduction in size of mandibular and hypopharyngeal glands
have been previously reported in worker bees in association
with malnutrition,” infectious diseases,'>*® and pesticide expo-
sure.*' The current study demonstrated that THI exposure dur-
ing development is associated with reduced mandibular gland
size in newly emerged virgin queens and young mated queens.
In workers, pesticide exposure has been associated with reduc-
tion of gland size and decreased brood food production.*' In
queens, a similar association between mandibular gland size
and its biologic activity has not yet been established. Interest-
ingly, in workers, the mandibular gland luminal space (reser-
voir) and the epithelial cell height was reduced in response to
pesticide exposure,*! whereas in our study the area of mandib-
ular gland epithelium, but not the lumen, was reduced in
response to THI treatment. The reduction of epithelial area,
but not lumen, in queens exposed to THI suggests that secretory
function of the mandibular gland is more likely to be affected
than its storage ability. At the same time, we found that peri-
mandibular gland fat body in the 50 ng group was reduced by
12% compared to control (this difference was not statistically
significant [P = .051], but close to the confidence level value
of 0.05). The function of the insect fat body is often compared
to that of liver and kidney in mammals, carrying out metabolic
and nutritional functions. Accordingly, the observed 12%

reduction of fat body size around the smaller mandibular
glands may suggest 2 pathways of mandibular gland hypopla-
sia in response to THI treatment. One pathway is that the
reduced size of the mandibular glands may be directly associ-
ated with THI toxicity. Alternatively, the reduced gland size
may be a nonspecific change that reflects decreased nutritional
supply and metabolic activity of the peri-mandibular gland fat
body. It is possible that both pathways may contribute to the
observed changes. This finding warrants further investigation
into the effects of neonicotinoids on secretion, concentration
and/or diversity of queen mandibular pheromone using gas
chromatography-mass spectrometry or other techniques.'®*
This may help elucidate effects of neonicotinoids on queen
quality, which is considered to be 1 of the 3 most commonly
reported causes of morbidity and mortality of honey bee
colonies.*®

Queen pupal survival was dependent on both the dose of
THI and the time the experiment was conducted. Queen larvae
exposed to 50 ng (positive control) in both experiments A
(June) and B (August) had a 31% (11/36) and 46% (11/24)
mortality, respectively, compared to 0% mortality in control
(Figs. 3, 4). However, the queens exposed to 5 ng THI (theo-
retical highest environmental dose in Saskatchewan, Canada)
experienced a significant negative treatment effect in August,
but not in June, with 32% (8/25) and 0% (0/26) mortality,
respectively. We hypothesize that the main factors contributing
to this variability include the different genetic lines used in the
2 experiments** and/or the environmental reduction in forage
in August in our area. The high pupal mortality rate in individ-
uals exposed to 5 ng THI in experiment B is concerning as it
suggests that high environmental doses of THI may have a
detrimental effect on queen production when enhanced by
unfavorable environmental or genetic conditions. This finding
is in agreement with Gajger et al® who reported a statistically
significant 13% and 10% decrease in survival of individual
queen cells exposed to 4.28 ng and 8.5 ng THI, respectively,
compared to control.

The decreased sperm viability and amount of sperm stored
in the spermatheca of queens exposed to neonicotinoids is well
documented.”?** In our study, sperm viability decreased by
incremental doses of THI, but only queens exposed to 50 ng
THI (positive control) had statistically significant, lower sperm
viability compared to controls, and total sperm count was not
statistically different between treatment groups. The lack of
treatment effect on total sperm count in our study may have
been influenced by a low number of drones near our mating
colonies, especially in early summer. We deliberately did not
augment the drone population during queen mating to enhance
mating competition. In addition, the lack of an abundant drone
population at mating may have prevented detection of a treat-
ment effect on total sperm count, which was previously
reported to be negatively affected by neonicotinoid exposure.’
Differences in method of neonicotinoid exposure may also
account for differences between our results and those of other
studies. In our study, the treatment was pipetted into the royal
jelly of individual queen larvae, whereas most other studies®**’
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exposed entire colonies through sugar syrup or pollen patty.
Therefore, the negative effects of neonicotinoids on sperm via-
bility and/or total count reported by other studies may be, in
part, secondary to the effects of neonicotinoids on queen-
worker interaction at the colony level, as opposed to a true
toxic effect of the neonicotinoid on a developing honey bee
queen.

Differences in method of neonicotinoid exposure may also
account for the disparity in effects of neonicotinoids on queen
weight and ovarian development. Gajger et al’ reported that
queens exposed to THI during development had decreased
body weight. We observed a trend toward decreased body
weights of queens exposed to incremental doses of THI, but
the changes were not statistically significant. Similarly, there
are disparities in reported effects of THI on ovaries: Williams
et al*® reported that THI, in combination with clothianidin,
increased the number of ovarioles in exposed queens, whereas
Gajger et al® reported decreased ovarian weights in queens
exposed to THI. In our study, there was no difference in ovar-
iole numbers among treatment groups and histopathological
evaluation of ovaries did not reveal unequivocal differences
between treatment groups. In addition, we did not detect any
difference in apoptotic rate in the ovarian germarium by mor-
phometric analysis.

To evaluate THI toxicity in individual developing honey bee
queens in this study, we chose to work with 2 calculated doses
based on previous studies>*!'%: (1) worst theoretical exposure
possible in Saskatchewan, Canada (5 ng THI), and a (2) posi-
tive control (10 times the worst calculated dose, 50 ng THI per
larva). In this calculation, we considered only potential transfer
of neonicotinoids from contaminated pollen to royal jelly (the
only feed provided to queen larvae) and did not take into con-
sideration the additional potential exposure of honey bee queen
larvae and pupae to THI through contaminated comb wax
which has been shown to contain a wide mixture of pesti-
cides.”” Raising bees in pesticide-contaminated comb was pre-
viously shown to delay development and reduce longevity of
workers,*® reduce reproductive potential of queens,’’ and
decrease sperm viability in drones. The average THI contam-
ination of beeswax reported previously was 38 ng/g.*’ Never-
theless, the 5 ng THI treatment dose (the worst calculated
exposure dose), although theoretically possible in areas with
high THI contamination (Saskatchewan, Canada), is likely an
overestimation compared to the world average.'’

In summary, this study demonstrated progressive hypoplasia
of mandibular glands in queens exposed to incremental doses
of THI during development, even though only the high-dose
50 ng group was significantly different from the control. The
functional significance of the morphological changes observed
in mandibular glands in this study was not determined, but if
confirmed by subsequent studies, could explain, at least in part,
some aspects of compromised reproductive fitness and quality
of queens exposed to neonicotinoids. Queen survival in
response to the calculated high environmental dose of 5 ng per
larva was negatively affected in 1 of the 2 replicate experi-
ments. This difference in treatment response emphasizes the

need to consider genetic and environmental variability in honey
bee toxicity studies.
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