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Highlights

e The thorax temperatures of harnessed foragers fed thiamethoxam was measured by thermal
imaging

e Acute oral exposure to thiamethoxam significantly altered bee thorax temperature

e The effects depended on dose and environmental temperature

e The alteration starts 1 hour post-treatment and is still present 1 day later

e This thermoregulation alteration may affect colony health through foraging activity

Abstract

Thiamethoxam is a widely used neonicotinoid pesticide that, as agonist of the nicotinic
acetylcholine receptors, has been shown to elicit a variety of sublethal effects in honey bees.
However, information concerning neonicotinoid effects on honey bee thermoregulation is
lacking. Thermoregulation is an essential ability for the honey bee that guarantees the success
of foraging and many in-hive tasks, especially brood rearing. We tested the effects of acute
exposure to thiamethoxam (0.2, 1, 2 ng/bee) on the thorax temperatures of foragers exposed to
low (22°C) and high (33°C) temperature environments. Thiamethoxam significantly altered
honey bee thorax temperature at all doses tested; the effects elicited varied depending on the
environmental temperature and pesticide dose to which individuals were exposed. When bees
were exposed to the high temperature environment, the high dose of thiamethoxam increased
their thorax temperature 1-2 h after exposure. When bees were exposed to the low
temperature, the higher doses of the neonicotinoid reduced bee thorax temperatures 60-90 min
after treatment. In both experiments, the neonicotinoid decreased the temperature of bees the
day following the exposure. After a cold shock (5 min at 4°C), the two higher doses elicited a
decrease of the thorax temperature, while the lower dose caused an increase, compared to the
control. These alterations in thermoregulation caused by thiamethoxam may affect bee
foraging activity and a variety of in-hive tasks, likely leading to negative consequences at the
colony level. Our results shed light on sublethal effect of pesticides which our bees have to

deal with.
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1. Introduction

Pesticides are widely used in agriculture and veterinary medicine, however they also
affect the health of numerous non-target organisms (Desneux et al., 2007; Schéfer et al.,
2012). Beside the numerous factors playing a role in colony losses (Vanbergen et al., 2013),
recently attention has focused on the effects of neonicotinoid pesticides on honey bees and
their possible role in declining health of honey bee colonies (for reviews see Godfray et al.,
2014 and Pisa et al., 2014). These systemic insecticides are potent agonists of the nicotinic
acetylcholine receptors (NAChR), largely distributed in the insect central nervous system, and
can disrupt processes involving cholinergic neurotransmission, such as olfaction, learning and
memory (Jones et al., 2006, Armengaud et al., 2002; Williamson and Wright, 2013).
Currently, 30% of the insecticides used worldwide are neonicotinoids (Simon-Delso et al.,
2014) and honey bees are exposed to them both in the field (see Krupke and Long, 2015 for
review) and inside the hive (Chauzat et al., 2006; Lambert et al., 2013; Mullin et al., 2010;
Smodis Skerl et al., 2009). The sublethal effects of neonicotinoids on honey bees have been
extensively studied at many different physiological levels, but thermoregulation has been
surprisingly overlooked.

Thermoregulation is essential for honey bees both at individual and colony levels and
is achieved by both physiological and behavioural processes (Heinrich, 1980a; Heinrich,
1980b; Stabentheiner et al., 1995). Honey bees need to maintain the optimal temperature of
the brood during the whole active season (~35°C, Himmer, 1932; Human et al., 2006) and the
winter cluster during the cold periods (Heinrich and Esch, 1994; Jones et al., 2004;
Stabentheiner, 2003). Forager bees under colder environmental conditions maintain their
thorax above ambient temperature during the foraging cycle using the flight muscles (Coelho,
1991), while under warmer conditions foragers use evaporative cooling to maintain their
thorax temperature (Heinrich, 1980a; Nicolson & Human, 2008). In fact, honey bee flight
ability and consequent foraging behaviour depend on thorax temperature (Esch, 1988;
Schmaranzer, 2000; Schmaranzer and Stabentheiner, 1988; Stabentheiner, 2001). Foragers
control thorax temperature not only during foraging activity outside the hive but also when
performing the recruitment dance and unloading food inside the colony (Stabentheiner et al.,
1995; Stabentheiner and Hagmuller, 1991). The priority during unloading of foragers is
related to their thorax temperature; in general, the hotter the thorax of the forager the more

valuable and profitable the receiver perceives the food source to be, so that the forager has to



wait less than a forager with low thorax temperature to be unloaded (Stabentheiner and
Hagmuller, 1991). Therefore, any interference with thermoregulation has implications at both
individual and colony levels.

African honey bees have a higher metabolic rate than European honey bees, but their
smaller size facilitates heat loss and their thorax temperatures are similar (Heinrich, 1979;
Heinrich, 1980a). Because African honey bees have a significantly greater (15%) engine
(thorax) to bee mass ratio (Hepburn et al., 1999), they provide a more sensitive model to test
the effects of temperature on thorax muscle activity. Honey bee thermoregulation is impaired
by insecticides like organophosphates and pyrethroids that act upon the cholinergic and
adrenergic pathways (Belzunces et al., 1996; Schmaranzer et al., 1987; Vandame and
Belzunces, 1998), but the effect of neonicotinoids on honey bee body temperature and
thermoregulation abilities has not yet been investigated.

In this study, we tested the effects of three acute doses of the neonicotinoid
thiamethoxam, a commonly used second-generation neonicotinoid that succeeded the first-
generation imidacloprid (Maienfisch et al., 2001; Simon-Delso et al., 2014), on the thorax
temperature of individual honey bees (Apis mellifera scutellata). Forager bees, compared to
in-hive bees, are more frequently exposed to neonicotinoids (i.e. via spray and food
contamination) and exposed to a wider variety of environmental temperatures (Hepburn and
Radloff, 1998; Kovac et al., 2010). Therefore, we tested the effects of thiamethoxam on
foragers exposed to either low (22°C, Experiment1) or high (33°C, Experiment 2)
temperatures to mimic outside/inside hive temperatures. During neonicotinoid seed-dressed
maize sowing (i.e. early spring), early flying foragers can be exposed to both low
temperatures and neonicotinoids used for seed treatments, such as thiamethoxam (Nuyttens et
al., 2013; Tremolada et al., 2010). Hence, we also investigated the effects of the neonicotinoid
on the ability of foragers to recover from critically low temperatures (cold shock). We
predicted that the pesticide, by activating the nAChR, may act upon cholinergic pathways and
alter thermoregulation. Since flight behaviour and thermoregulation are closely related (Esch,
1976; Schmaranzer, 2000), changes in forager body temperatures could be one of the reasons
behind the various sublethal effects elicited by thiamethoxam and other neonicotinoids
involving homing and foraging behaviour of bees (Bortolotti et al., 2003; Henry et al., 2012;
Henry et al., 2015).



2. Materials and methods
2.1. Honey bee preparation
Returning Apis mellifera scutellata nectar foragers were collected from four colonies
at the experimental farm of the University of Pretoria, South Africa, in September 2014. After
collection, bees were immediately brought to the laboratory. Each individual bee was chilled
using ice, then inserted into a Plexiglas tube (6 mm diameter) and held in place with a
beeswax-colophony mixture applied on the dorsal surface between the thorax and the
abdomen. The thorax remained free of any material, since its temperature was the principal
endpoint assessed in this study (Fig. 1).

24.3°C

Fig. 1. Thermal photo of harnessed forager bees. (A) A close-up of two foragers inserted and fixed into the
Plexiglas tubes; (B) 80 honey bees recorded from above during the experiment: the thorax of each bee was

identified and defined by a specific identification code, thus the temperature of each individual was assessed.

Tubes with honey bees were placed upright in a holding rack at a distance that did not
allow trophallaxis between individuals. Honey bees were individually fed 3 pl of 25% (w/w)
sucrose solution and then placed in an incubator at 33°C (Memmert HCP 108, GmbH+ Co.
KG, Schwabach, Germany) for one hour to help them recover from the stress of manipulation.
The administration of this low sucrose concentration followed by the 1-hour incubation with
no food ensured the immediate and full consumption of the test solution provided later.

2.2. Administration of the test solutions

After the 1-hour incubation period, bees were placed at room temperature (22°C) and
individually fed 10 ul of 50% (w/w) sucrose solution, according to the guidelines for pesticide
toxicity testing on honey bees (OEPP/EPPO, 2010). The test solutions contained pure sucrose
(control) or thiamethoxam (Dr. Ehrenstorfer GmbH, 98.0% purity, CAS# 153719-23-4) at 0.2
ng/bee (low), 1 ng/bee (medium) or 2 ng/bee (high dose treatments), corresponding to 20 ppb,



100 ppb and 200 ppb respectively (acetone was used as solvent, <0.02% in all treatments and
controls). The doses consumed by the bees were respectively 25, 5 and 2.5 times lower than
the LDs, of thiamethoxam for honey bees, which is considered to be 5 ng/bee (EFSA, 2013).
Each bee received a randomly assigned treatment and those that did not consume the test
solution completely were excluded from the experiment.

2.3. Temperature assessment

The thorax temperature of the harnessed honey bees was recorded using a FLIR
SC325 thermal camera (FLIR USA). The camera was positioned vertically above the bees for
simultaneous recording of the temperature of 80 individuals (4 treatments and 20 bees per
treatment). The thorax temperature of each bee was targeted and defined by a unique
identification code throughout the whole experiment (Fig. 1). The first temperature recording
was done before treatment (Day 1 at time 0, between 12:00 h and 13:00 h) followed by
subsequent recording, all carried out in a laboratory maintained at 22°C. The Day 2
measurements started between 08:00 h and 10:00 h. Two experiments were conducted to test
the effect of acute oral exposures of thiamethoxam on honey bee thermoregulation.

2.3.1. Experiment 1: Low constant temperature and cold shock

After administration of the test solution, the bees were maintained at 22°C. On this day
(Day 1) their thorax temperature was recorded every 30 min for a total of 4 h (from time O to
time 240). Additional recordings were made 1 and 2 h after treatment: 70, 80, 130 and 140
min post-treatment. When the recording on Day 1 was completed, the bees were fed 50%
(w/w) sucrose ad libitum and maintained in the incubator at 33°C to guarantee their survival
overnight. On the second day (Day 2), bees were removed from the incubator and fed with
50% sucrose solution. This procedure is routinely used in long-term memory experiments on
harnessed bees to avoid starvation (Wustenberg et al. 1998; El Hassani et al. 2012). Their
thorax temperature was recorded for a total of 1 h: every 10 min for 30 min and then at 60
min (time 1200, 1210, 1220, 1230, 1260). Thorax temperatures of a total of 302 bees were
recorded during four experimental replicates.

After the 1-hour recording on Day 2, a cold shock (CS) was performed by keeping
honey bees at 4°C for 5 min. Their thorax temperature was thereafter assessed every 10 min
for 30 min total (time 0, 10, 20 and 30). This part of the experiment was repeated twice for a
total of 140 bees.



2.3.2. Experiment 2: High temperature

After administration of the test solutions, the bees were incubated at 33°C. Exactly 1 h
and 2 h after treatment, bees were moved from the incubator to a colder environment at 22°C
for 20 min. During these 20 min, their thorax temperature was recorded every 10 min (Day 1,
time 60, 70, 80, 120, 130 and 140, similar to Exp. 1). The following day (Day 2), their thorax
temperature was recorded at time 1200, 1210 and 1220. This experiment was repeated four
times for a total of 308 tested individuals.

2.4. Statistical analysis

The Kruskal-Wallis Rank-Sum test was used to test the effects of thiamethoxam dose
(0, 0.2, 1, 2 ng/bee) on forager bee thorax temperatures overall and at each time assessment.
Significant effects were further analysed using Wilcoxon paired comparisons among different
dose levels. Sequential Bonferroni correction was applied (Sokal and Rohlf, 1995) to correct
for 6 pairwise comparisons leading to an adjusted o = 0.0083. The non-parametric test was
used since the temperature data from both experiments were not normally distributed (Shapiro
Normality tests, p<0.0001 for all time assessments, Pirk et al., 2013). All foragers without a
full first day of records were excluded from the temperature analysis. Kaplan-Maier survival
analyses were used to test the effects of thiamethoxam dose (0, 0.2, 1, 2 ng/bee) on honey bee
mortality after one day. Log-Rank Mantel-Cox values are reported. All analyses were
computed using JMP v10.0, SAS statistical software and SPSS22 software (SPSS Science,
IBM, Armonk, NY, USA). All measurements are reported as mean + SE throughout the text.

3. Results
3.1. Experiment 1: Low constant temperature and cold shock

The results of this experiment are summarized in Table 1 and Fig. 2. The statistical
parameters of the Wilcoxon paired comparisons for each time interval are reported in Table
S1.

On Day 1, there was an overall significant effect of treatment on the thorax
temperature of the bees (Kruskal-Wallis Rank-Sum test, ¥* (3)=18.70, p = 0.0003). Wilcoxon
paired comparison (p< 0.0083 after sequential Bonferroni correction) showed that the thorax
temperatures of medium-dose treated bees (medium) (25.95 + 0.09°C) and high-dose treated
bees (high) (26.06 £ 0.11 °C) were significantly lower than low-dose treated bees (low)

(26.37 £ 0.09°C), while there was no significant difference between control bees (control)



(26.22 + 0.10°C) and any other treatment. There was a significant effect of treatment on
forager thorax temperatures at 60, 70, 80 and 90 min post-treatment during Day 1 (Table 1).
Subsequent Wilcoxon paired comparison showed that high had a significantly lower
temperature than low at 60 (AT =-1.46 °C), 70 (-1.04°C) and 80 (-1.12°C) min post-treatment
and medium 60 min post-treatment (-0.53 °C). There was no statistically significant
difference between any other doses within these periods. One hour after treatment, high
showed an increase of temperature and from 140 min to the end of Day 1 had the highest
temperature among all treatments.

On Day 2 there was an overall significant effect of treatment on the thorax temperature
(Kruskal-Wallis Rank-Sum test, ¥* (3)=59.15, p < 0.0001). Wilcoxon paired comparison
showed that the overall thorax temperature of the high treatment (25.90 = 0.18°C) was
significantly lower than control (27.95 * 0.22°C), low (28.17 + 0.24°C) and medium
treatments (27.87 + 0.26°C). This significant effect was consistent across all recording times
during Day 2 (Table 1).

There was a significant effect of the neonicotinoid treatment on the thorax temperature
of the honey bees after the cold shock (CS) (Kruskal-Wallis Rank-Sum test, 3° (3) = 33.50, p
< 0.0001). Subsequent Wilcoxon paired comparison showed that medium (24.43 + 0.15°C)
and high (24.42 + 0.21°C) thorax temperatures were significantly lower than control (25.54 +
0.27°C) ) and low (25.76 + 0.29°C). There was a significant effect of treatment at 20 and 30
min after the CS (Table 1 and Fig. 2, time 1290 and 1300). Specifically, 20 min post-CS
medium and high had a significantly lower temperature than control (respectively -0.75 and -
0.71°C) and low (respectively -1.61 and -1.57°C). Also, 30 min after the CS, low thorax
temperature was significantly higher than control (+1.84°C), medium (+2.24°C) and high
(+2.16 °C); in addition, medium and high had a significantly lower thorax temperature than

control (respectively -0.60 and -0.32°C).



Day 1 Day 2 After

- Cold
$ Shock
¥

';’ Control

@ -

§ { Low

g —¥— Medium

g —&— High e

= XHE

é;;-n-‘:f

Ll I S w - R0 PR R o L S SR

Time from treatment (min)
Fig. 2. Experiment 1: mean thorax temperatures (xSE) of harnessed forager honey bees maintained at
22°C after acute exposure to thiamethoxam. Bees were incubated at 33°C overnight (red background) and
maintained at 22°C when the temperature recordings were done. On Day 2, a cold shock was performed (5 min
at 4°C, dark blue background). The overall effect of dose (0, 0.2, 1, 2 ng/bee, respectively control and low,
medium and high dose of thiamethoxam) was statistically significant in each time period (Kruskal-Wallis Rank-
Sum test at Day 1, Day 2 and After CS, respectively p = 0.0008, p < 0.0001, p < 0.0001). Asterisks indicate
significant differences between doses at specific recording times (Kruskal-Wallis Rank-Sum test, * p < 0.05, **
p <0.01, *** p < 0.001). Different letters indicate statistical differences between doses in each time period
(Wilcoxon paired test, p < 0.0083 after Bonferroni correction). Further post hoc comparisons are reported in
Table 1 and S1.



Table 1. Summary of the results of Experiment 1. Kruskal-Wallis test (DF = 3) was used to assess significant
effects (bold) of treatment at each recording time. The mean (SE) thorax temperature of the honey bees in
relation to time and tested dose (control and low, medium and high doses of thiamethoxam, respectively 0, 0.2,
1, 2 ng/bee) are reported. Different letters, consistent with Fig.2, indicate statistically significant differences

between doses within time assessments (Wilcoxon paired test, p < 0.0083 after Bonferroni correction).

Period Tirf1e N . P value Mean thorax temperature .(SE) (°C) .
(min) Control Low Medium High
0 302 | 2.15 0.5423 29.43 (0.32) 29.90 (0.33) 29.56 (0.32) 29.59 (0.37)
30 (302 | 6.48 0.0905 27.61(0.41) 28.12 (0.44) 27.43 (0.38) 26.66 (0.36)
60 | 302 | 14.08 0.0028 | 26.55(0.37)ab 27.16(0.38)b  26.23(0.27) b  25.70(0.39) a
70 |[302| 9.24 0.0262 | 26.12 (0.34)ab 26.46(0.37)b 25.34(0.25)ab 25.42 (0.37) a
80 |302| 9.86 0.0198 | 26.68 (0.42)ab 26.79(0.37) b 25.96 (0.32)ab 25.67 (0.38) a
90 (302 | 11.40 0.0098 26.71(0.36)a 26.50(0.31)a 25.59(0.27)a 25.81(0.38)a
Dayl 120 [302| 2.95 0.7437 | 26.12(0.31) 26.08 (0.29) 25.70 (0.28) 25.89 (0.38)
130 | 302 | 1.17 0.7597 26.00 (0.32) 25.81(0.32) 25.61 (0.29) 25.97 (0.42)
140 | 302 | 241 0.4923 | 25.67(0.28) 25.79 (0.27) 25.42 (0.28) 26.09 (0.42)
150 | 302 | 1.24 0.7437 25.47 (0.3) 25.52 (0.31) 25.26 (0.29) 25.59 (0.36)
180 | 301 | 3.20 0.3615 25.29 (0.31) 24.92 (0.16) 25.13 (0.27) 25.32 (0.27)
210 | 301 | 7.56 0.0561 24.94 (0.13) 25.25(0.16) 25.39 (0.28) 25.97 (0.31)
240 (299 | 439 0.222 24.33 (0.22) 24.47 (0.18)  24.70(0.27)  25.13(0.35)
1200 | 251 | 20.50 0.0001 | 32.10(0.47)b  32.49(0.55)b 31.94(0.5) b 29.40 (0.41) a
1210 | 251 | 20.62 0.0001 | 28.43(0.37)b 28.36(0.42)b 28.24(0.51)b  26.26(0.27)a
Day2 1220 | 251 | 23.54 <0.0001 | 26.74(0.35)b 26.80(0.39)b  26.76(0.48)b  24.98 (0.23) a
1230 | 251 | 15.75 0.0013 | 26.75(0.38)b 27.49(0.51)b  27.14(0.56)b  25.05(0.3) a
1260 | 250 | 22.10 <0.0001 | 25.70(0.43)b  25.68 (0.39) b  25.25(0.45)b  23.82(0.27)a
1270 | 140 | 7.69 0.0528 | 25.90(0.73) 24.92 (0.4) 24.30(0.39)  24.02 (0.53)
After 1280 | 140 | 7.05 0.0703 27.33 (0.58) 26.49 (0.61) 25.83 (0.23) 25.74 (0.42)
sf,‘;'fk 1290 | 140 | 21.69 <0.0001 | 24.81(0.37)b  25.67(0.6)b  24.06 (0.19)a 24.10(0.26) a
1300 | 140 | 33.04 <0.0001 | 24.13(0.22)c 25.97(0.64)b  23.53(0.21)a 23.81(0.39)a
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3.2. Experiment 2: High temperature

The results of this experiment are summarized in Table 2 and Fig. 3. The statistical
parameters of the Wilcoxon paired comparisons for each time interval are reported in Table
S2.

On Day 1, there was a significant effect of treatment on the thorax temperatures of the
honey bees (Fig. 3, Kruskal-Wallis Rank-Sum test, x* (3)=57.64, p<0.0001). Wilcoxon paired
comparison showed that the thorax temperature of high (30.17 + 0.18°C) was significantly
greater than control (29.12 £ 0.15°C), low (28.53 £ 0.13°C) and medium (28.54+0.14°C); in
addition, low and medium had a significantly lower thorax temperature than control, while
there was no statistical difference between them.

Furthermore, there was a significant effect of neonicotinoid dosage at 80, 120, 130 and
140 min post-treatment (Table 2 and Fig. 3). Subsequent Wilcoxon paired comparison
showed that at 120 min the bees treated with a high dose had a significantly higher thorax
temperature compared to low (AT = +2.86°C) and medium (+2.49°C) and that the thorax
temperature of low was significantly lower than control (-1.39°C). At both 130 and 140 min
post-treatment, high had a significantly higher temperature than control (+2.17 and +1.74°C,
respectively), low (+2.91 and +2.46°C, respectively) and medium (+2.88 and +2.20°C,
respectively). On Day 2, there was no significant effect of thiamethoxam dose on the thorax
temperatures of the bees (Kruskal-Wallis Rank-Sum test, x* (3) = 4.80, p < 0.1868).

11
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Fig. 3. Experiment 2: mean thorax temperatures (+SE) of harnessed forager honey bees maintained at
33°C after acute exposure to thiamethoxam. The dashed lines show the temperature to which bees were
exposed across time: 33°C (red background) and 22°C (when the temperature recordings were done, white
background). The effect of treatment (0, 0.2, 1, 2 ng/bee, respectively control and low, medium and high dose of
thiamethoxam) was statistically significant during Day 1 (Kruskal-Wallis Rank-Sum test, p<0.0001). Asterisks
indicate statistically significant differences between doses within specific time recordings (Kruskal-Wallis Rank-
Sum test, * p < 0.05, ** p < 0.01, *** p < 0.001). Different letters indicate statistically significant differences

between doses (Wilcoxon paired test, p < 0.0083 after Bonferroni correction). Further post hoc comparisons are
reported in Table 2 and S2.
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Table 2. Summary of the results of Experiment 2. The Kruskal-Wallis test (DF = 3) was used to assess

significant effects (bold) of treatment at each time assessment. The mean (SE) thorax temperature of the honey

bees in relation to time and dose (control and low, medium and high doses of thiamethoxam, respectively 0, 0.2,

1, 2 ng/bee) are reported. Different letters, consistent with Fig.3, indicate statistically significant differences

between doses (Wilcoxon paired test, p < 0.0083 after Bonferroni correction).

Period Tirf‘e N . P value Mean thorax temperature (SE) (°C)
(min) Control Low Medium High
Before 0 308 | 3.25 0.3547 28.83 (0.32) 29.00 (0.35) 28.99 (0.32) 29.39 (0.34)
60 (308 | 2.56 0.4641 31.19 (0.36) 30.87 (0.32) 30.92 (0.33) 31.86 (0.43)
D:‘Ll 70 [308 | 1.92 0.5894 28.84 (0.42) 28.22 (0.31) 28.21 (0.39) 29.25(0.51)
80 (308 | 892 0.0303 | 28.49(0.42)a 27.97(0.34)a 27.4(0.39)a 28.86(0.48)a
120 | 308 | 28.19 <0.0001 | 31.16 (0.37) bc 29.77(0.29)a 30.14(0.3)ab 32.63 (0.45)c
D:‘Ll 130 | 308 | 34.40 <0.0001 | 28.09(0.38)a 27.35(0.32)a 27.38(0.32)a 30.26(0.45)b
140 | 308 | 22.64 <0.0001 | 27.21(0.33)a 26.49(0.29)a 26.75(0.29)a 28.95(0.48)b
1200 | 141 | 5.60 0.1330 28.60 (0.63) 29.20(0.59) 30.11 (0.67) 27.76 (0.71)
Day2 1210|141 | 0.89 0.8286 26.68 (0.56) 26.69 (0.54) 26.45 (0.6) 25.51 (0.28)
1220 | 141 | 5.61 0.1323 25.29 (0.52) 26.43 (0.55) 25.93 (0.63) 24.46 (0.46)
3.3. Mortality

There was a significant effect of treatment on honey bee mortality between Day 1 and
Day 2 (Kaplan-Meier survival analysis, Log Rank Mantel-Cox; Exp. 1: y>=18.175, df=3,
p<0.001; Exp. 2: ¥*>=19.390, df=3, p<0.001). In Experiment 1, the mortality of foragers
receiving the high treatment (7.0 bees £ 1.5) was significantly higher than control (3.0 bees +
1.5; ¥>=10.139, p=0.001) and low (2.8 bees + 1.1; ¥*>=10.579, p=0.001). In Experiment 2, the
mortality of bees receiving the same high treatment (15.5 bees + 1.5) was significantly higher
than all others (control, 10.3 bees £ 2.4; ¥*>=8.431, p=0.004; low, 8.0 bees + 2.3; ¥*=14.296,
p<0.001; medium, 9.5 bees £ 1.5; y>=14.357, p<0.001). In both Exp. 1 and 2, there was no

significant effect of low and medium treatments on mortality.

4. Discussion
Acute oral exposure to thiamethoxam significantly altered the thorax temperature of A.
m. scutellata foragers from the first hour to at least 24 h after exposure. The thorax

temperature of forager bees exposed to the higher neonicotinoid doses was closer to the
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environmental temperature in all experiments, suggesting an impairment of their
thermoregulation abilities. When foragers were maintained at low temperature (22°C), the
temperature of foragers treated with the higher doses of thiamethoxam decreased rapidly after
exposure, and this effect persists for at least 24 h (Fig. 2 and Table 1). Bees treated with the
higher doses of pesticide also showed reduced ability to recover from a 5-min cold shock at
4°C (Fig. 2 and Table 1). Foragers that were maintained at high temperature (33°C) had
significantly higher thorax temperatures when treated with the pesticide (high dose) in the
shorter term (Day 1, Fig. 3 and Table 2).

Previous studies showed that the neonicotinoid imidacloprid elicits hyperactivity
behaviour in honey bees and German cockroaches (Suchail et al., 2001; Wen and Scott,
1997), shortly after treatment. In our experiments, the pesticide might have elicited a
muscular excitation of the harnessed honey bees, which led to the increased thorax
temperature. The higher temperatures showed by high-dose treated honey bees during the first
day of the experiments likely caused a faster energy depletion (Kovac et al., 2010), which can
impair proper thermoregulation and may thus explain the lower temperatures of high-dose
treated bees observed on Day 2 in both experiments.

The complex interaction between the systemic neonicotinoid insecticides and the
nAChR of insects (Belzunces et al., 2012; Decourtye and Devillers, 2010) frequently leads to
variability in neonicotinoid effects on honey bees (Guez et al., 2001; Lambin et al., 2001;
Suchail et al., 2001). Our results seem to reflect the kinetics of thiamethoxam action upon
nAChR (Barbara et al., 2008, Thany 2010): first, a fast saturation activating all the receptors,
eliciting thermogenesis; then second, a long desensitized period where the nAChRs cannot be
activated again, eventually leading to hypothermia. The effect of pesticides on the cholinergic
pathway involved in thermoregulation through inhibition of cholinesterase is already known
(Vandame and Belzunces 1998), but our study is the first demonstration of a neonicotinoid
causing such impairment in thermoregulation. Together with the effects on thermoregulation,
the high dose also decreased the overnight survival of the bees, while the medium and low
doses did not elicit any significant effect on survival.

The effect of thiamethoxam on thorax temperature varied in relation to the dose
ingested, but the direction of the effect depended on the environmental temperature.
Specifically, the dose-response curve was non-monotonic (i.e. not either entirely increasing or

decreasing trend) in both experiments. In fact, thiamethoxam caused an increase of the
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foragers’ thorax temperature at lower doses and a decrease at higher doses, compared to
controls, in the shorter term (Day 1 of Exp. 1, Fig. S1) and longer term (Day 2 of both
experiments, Fig. S1 and S2). The same phenomenon, but with an opposite trend, was
observed in the shorter term in the high temperature conditions (Day 1 of Exp. 2, Fig. S2): at
increasing thiamethoxam dose the bee thorax temperature initially decreased (low and
medium doses) to further reach values higher than control (high dose). These opposite trends
observed between Exp. 1 and 2 in the short term are related to the environmental temperature
to which foragers were exposed (respectively 22 and 33°C), and show the complexity of the
physiological effects that thiamethoxam elicits on honey bees. Therefore, the environmental
temperature which bees are exposed to, influence the response of bees to the intoxication,
possibly playing a role in their detoxification processes.

Sublethal doses of the neonicotinoids thiamethoxam, imidacloprid and acetamiprid
impair bee behaviour and motor functions (Aliouane et al., 2009; Charreton et al., 2015 ;
Lambin et al., 2001; Williamson et al., 2014). Since honey bees use their muscles to produce
heat (Esch, 1976), the impaired thermoregulation could be caused by the effect of the
pesticide on thoracic muscle activity. Flight performance depends on muscle activity, and
flight muscle temperature is precisely controlled by honey bees during flight (Esch, 1988;
Schmaranzer, 2000; Stabentheiner, 2001). Henry et al. (2012, 2015) showed that sublethal
doses of thiamethoxam decreased honey bee homing success, thus impairing colony fitness.
Furthermore, thoracic temperature is important in trophallactic food exchanges involved in
heating the brood nest, with hotter bees which heat the cells receiving food from cooler
donors (Basile et al. 2008). Small differences in thorax temperature (£0.5°C) are used as a cue
to identify these two categories of bees, which ensures optimal heating of the brood; any
reduction in the temperature will negatively affect the underlying task allocation processes
(Basile et al 2008). In our experiments, we observed temperature differences greater than
2.0°C. Thus, we can conclude from our results that alteration of thermoregulation through
neonicotinoid exposure may contribute to decreased homing success of foragers and altered

task allocation within the nest, possibly leading to impaired colony fitness.
5. Conclusion

Acute oral exposure to thiamethoxam alters the thorax temperature of A. m. scutellata

foragers from one hour after exposure and for at least one day. This change in
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thermoregulation likely affects colony foraging efficiency through an alteration of both in-
hive tasks and outside-hive tasks, such as recruitment dance, food unloading, flight
performance (Kovac et al., 2010; Stabentheiner et al., 1995; Stabentheiner et al., 2001,
Stabentheiner and Hagmull, 1991). The effects of thiamethoxam on individual honey bee
thermoregulation may involve a broad range of processes (i.e. flight/homing ability and task
allocation) affecting overall colony fitness, and could contribute to colony exhaustion and

loss.
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Figure S1. Mean thorax temperatures (+SE) of harnessed forager honey bees after the acute exposure in Experiment
1, in relation to the test dose assumed and the assessment time. The overall effect of dose (0, 0.2, 1, 2 ng/bee, respectively
control and low, medium and high dose of thiamethoxam) was statistically significant in each time period (Kruskal-Wallis
Rank-Sum test at Day 1, Day 2 and After CS, respectively p=0.0008, p<0.0001, p<0.0001). Asterisks indicate statistically
significant differences between doses within specific time recordings (Kruskal-Wallis Rank-Sum test, * p < 0.05, ** p < 0.01,
***n < 0.001). Different letters indicate statistically significant differences between doses within specific time assessments
(Wilcoxon paired test, p < 0.0083 after Bonferroni correction). Further post hoc comparisons are reported in Table 1. Time

assessments shorter than 30 min intervals were excluded from the graphical representation to facilitate readability.
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Figure S2. Mean thorax temperatures (+SE) of harnessed forager honey bees after the acute exposure in
Experiment 2, in relation to the test dose assumed and the assessment time. The effect of dose (0, 0.2, 1, 2
ng/bee, respectively control and low, medium and high dose of thiamethoxam) was statistically significant
during Day 1 (Kruskal-Wallis Rank-Sum test, p<0.0001). Asterisks indicate statistically significant differences
between doses within specific time assessments (Kruskal-Wallis Rank-Sum test, * p < 0.05, ** p < 0.01, *** p <
0.001). Different letters indicate statistically significant differences between doses within specific time
assessments (Wilcoxon paired test, p < 0.0083 after Bonferroni correction). Further post hoc comparisons are

reported in Table 2.
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Control vs

Period Tirf\e Control vs Low Medium Control vs High Low vs Medium Low vs High Medium vs High
(min) Z P value Z P value Z P value Z P value Z P value Z P value

60 1.2695 0.2043 | 0.2305 0.8177 | -2.4410 0.0146 | -1.2512 0.2109 | -3.5166 0.0004 | -2.6979 0.0070

70 0.4530 0.6505 | -1.4148 0.1571 | -2.2716 0.0231 @ -1.9009 0.0573 | -2.6863 0.0072 | -0.6639 0.5068

Day 1 80 0.8148 0.4152 | -0.9237 0.3557 | -2.2561 0.0241 | -1.8256 0.0679 | -3.0436 0.0023 | -0.9136 0.3609
90 | -0.1299 0.8966 | -2.3473 0.0189 | -2.5376 0.0112 | -2.2267 0.0260 | -2.3999 0.0164 | -0.2359 0.8135

1200 | 0.2002 0.8413 | -0.4615 0.6444 | -3.7926 0.0001 . -0.5602 0.5754 . -3.9353 <.0001 | -3.5620 0.0004

1210 | -0.6717 0.5018 | -1.2937 0.1958 | -4.4234 <.0001 | -0.3919 0.6951 | -3.3572 0.0008 | -3.1697 0.0015

Day 2 | 1220 | -0.5298 0.5963 | -1.1891 0.2344 | -4.6803 <.0001 | -0.5420 0.5878 | -3.8196 0.0001 | -3.2830 0.0010
1230 | 0.4715 0.6373 | -0.5851 0.5585 | -3.5680 0.0004 | -0.7908 0.4291 | -3.5330 0.0004 | -2.5638 0.0104

1260 | 0.0861 0.9314 | -1.2270 0.2198 | -4.0716 <.0001 | -1.4210 0.1553 | -4.3184 <.0001 | -2.6513 0.0080

After | 1290 | 0.5422 0.5877 | -3.0290 0.0025 | -3.3211 0.0009 | -3.2800 0.0010 | -3.4227 0.0006 | -0.3625 0.7170
Cs 1300 | 2.2630 0.0236 | -3.3870 0.0007 | -3.0854 0.0020 | -4.2574 <.0001 | -4.5928 <.0001 | 0.1546 0.8772

Table S1. Summary of the post hoc Wilcoxon paired test of Experiment 1.
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Post hoc tests were computed on time assessments that showed a main

significant effect of treatment (control and low, medium and high doses of thiamethoxam, respectively 0, 0.2, 1, 2 ng/bee) (Kruskal-Wallis test).
Statistically significant differences between doses within time assessments are reported in bold (p < 0.0083 after Bonferroni correction).




trol . . . . .
. Time Control vs Low Con r.o vs Control vs High Low vs Medium Low vs High Medium vs High
Period Medium

(min)
Z P value Z P value Z P value | Z P value Z P value Y4 P value
120 | -2.7903 0.0053 | -2.1855 0.0289 | 2.1371 0.0326 | 0.6318 0.5275 , 4.6535 <.0001 , 4.1577 <.0001
Dayl 130 | -1.6073 0.1080 | -1.6663 0.0956 | 3.6685 0.0002 | -0.3115 0.7554 | 5.0607 <.0001 | 4.9625 <.0001
140 | -2.0891 0.0367 | -1.1700 0.2420 | 2.5516 0.0107 | 1.1190 0.2632 | 4.3353 <.0001 | 3.6307 0.0003

Table S2. Summary of the post hoc Wilcoxon paired test of Experiment 2. Post hoc tests were computed on time assessments that showed a main significant
effect of treatment (control and low, medium and high doses of thiamethoxam, respectively 0, 0.2, 1, 2 ng/bee) (Kruskal-Wallis test). Statistically significant
differences between doses within time assessments are reported in bold (p < 0.0083 after Bonferroni correction).
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