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Abstract – Honey bee Apis mellifera L. colonies produce two distinct phenotypes of workers during summer 
and winter to cope with drastic seasonal variations in climate and food resources. Imidacloprid (IMP) is a 
neonicotinoid insecticide widely used in agriculture for pest management control. In this study, we investigate 
the influence of seasonal phenotype and emerging conditions on the diet behavior of bees fed ad libitum two 
concentrations of IMP. We performed three independent two-choice feeding experiments using summer bees 
either emerged in the laboratory or in-hive and winter bees. Diet behavior post-ingestive aversion responses to 
IMP were investigated as well as potential affinity to the physical location and contents of the diets. Caged bees 
were challenged with a physical rotation of the diet’s location and their susceptibility to 5 and 20 PPB of IMP 
was tested. From a behavioral standpoint, our results show that winter bees expressed no affinity to the physical 
location of the diet but rather to its content and strongly favored IMP-tainted syrup at both 5 and 20 PPB. The 
opposite was recorded for naïve summer bees that emerged in the laboratory, which avoided the tainted syrup 
at both concentrations, particularly at 20 PPB. Summer bees emerged in-hive, expected to have developed a 
mature intestinal microbiota through trophallaxis from older bee-mates, were mainly neutral, and showed no 
affinity to the diet location nor its contents. Our results indicate that the physiological changes associated with 
seasonal phenotype and initial exposure to older mates have important consequences on the bee diet behavior 
toward pesticides.

Apis mellifera / Imidacloprid toxicity / Honey bee phenotypes / Diet behavior

1. INTRODUCTION

The domestic honey bee Apis mellifera L. and 
other non-Apis bees play a crucial worldwide role 
in crop and plant pollination (Aizen et al. 2009; 
Lorenzo-Felipe et al. 2020; Sampson and Cane 
2000). Despite being required for pest management 
control, excessive and off-label use of agriculture 
pesticides, particularly highly toxic insecticides 
such as neonicotinoids, has become a consequential 
threat to bees and other pollinators (Alburaki et al. 

2016, 2017; Mullin et al. 2010; Rundlof et al. 2015; 
Traynor et al. 2016; Whitehorn et al. 2012). Honey 
bees are eusocial insects that exhibit highly sophis-
ticated social behaviors (Seeley 2010). Honey bee 
colonies survive extreme seasonal differences in 
temperature and forage by producing two seasonal 
phenotypes of workers: summer and winter bees. 
These two worker groups show significant dif-
ferences in their physiological traits and lifespan 
(Bresnahan et al. 2022). For instance, summer bees 
display a lifespan of a few weeks (3–6) during the 
peak of the summer season (Winston 1987), while 
winter bees, which emerge from the late brood 
reared by the colony (Smedal et al. 2009), have a 
much higher life expectancy reaching 5 to 8 months 
(Fluri et al. 1982; Page and Peng 2001). Recent 
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data show that colony losses overwhelmingly occur 
during the winter (Kulhanek et al. 2017), suggest-
ing the involvement of various pathological and 
immunological factors mainly occurring in winter 
bees (Schafer et al. 2010; Steinmann et al. 2015).

Many honey bee behavioral and toxicologi-
cal experiments are conducted in cages under 
laboratory conditions, which offer researchers 
better control over complex variables involved 
in their experiments (Evans et al. 2009; Gregorc 
et al. 2018b; Huang et al. 2014). In cage experi-
ments, particularly when diets are administered 
ad libitum, it is important to consider how the 
administrated treatments affect the bee diet 
behaviors. Bee preference, dislike, or avoidance 
of particular treatments may induce significant 
bias in the experiment outcomes, due to dietary 
behaviors and not necessarily to the effect of 
the treatment itself. Nonetheless, both toxico-
dynamic and toxicokinetic aspects of a given 
treatment or pesticide should be considered for 
a complete understanding of its effects (Poquet 
et al. 2016). From a toxicological point of view, 
honey bees under field conditions can cope with 
the effect of pesticides by two main measures: 
first, by avoiding the exposure or intake of toxic 
food sources. Second, by alleviating the mol-
ecules’ harmful effects through detoxification 
processes (Mao et al. 2013). In this study, we 
addressed the former scenario by testing whether 
bees would make a safe choice if offered multi-
ple food sources, one being laced with imida-
cloprid (IMP). Imidacloprid is a broadly used 
neonicotinoid in agriculture, which can, even at 
sublethal doses, impair honey bee performance, 
immunocompetence, memory, and brain metabo-
lism (Brandt et al. 2016; Chakrabarti et al. 2015; 
Decourtye et al. 2004; Williamson et al. 2013). 
IMP was also described to weaken honey bees 
through a synergistic effect with the micro-
sporidia Nosema (Alaux et al. 2010). Aside from 
its well-documented detrimental effects on bees, 
this study focuses on IMP to build on our previ-
ous effort to understand honey bee diet behavior 
vis-à-vis this particular molecule (Alburaki et al. 
2019a). The post-ingestive aversion response 
(Behmer et al. 2005) is a deterrent mechanism 
that can be categorized under the first measure 

mentioned above, as it averts bees from consum-
ing diets that have caused them potential malaise 
based on their previous experience.

Winter and summer bee phenotypes undergo 
physiological changes to cope with drastic sea-
sonal changes in temperature and the availability 
of nutritional resources (Steinmann et al. 2015). 
However, most studies analyzing diet behavior 
response to pesticide exposure have been con-
ducted using summer bees (Démares et al. 2016; 
Liao et al. 2017). Moreover, exposure routes to 
pesticides may vary between summer and winter 
bees. While summer bees, particularly foragers, 
are more likely to encounter pesticides through 
direct foliar exposure, guttation, seed-coated 
dust, winter bees in a cluster would mainly 
be exposed through contaminated stored food 
such as pollen and honey (Krupke et al. 2012; 
Mullin et al. 2010). The field-relevant concen-
trations of IMP that foragers may encounter 
vary significantly based on the type of crops, 
landscape compositions, and pesticide applica-
tions. For instance, IMP residues were identified 
in cotton pollen and nectar at 64 and 2 PPB, 
respectively, and recorded at 3 and 152 PPB in 
trapped pollen collected from hives located in 
crop growing areas in the USA (Alburaki et al. 
2018; Jiang et al. 2018; Mullin et al. 2010). The 
first goal of the present study was to investigate 
whether summer and winter bees show differ-
ences in diet behavior and susceptibility to IMP. 
Another factor that can play an essential role in 
honey bee susceptibility to stressors is bee gut 
microbiota (Li et al. 2019; Wang et al. 2021; 
Wu et al. 2020). At emergence, bees have very 
low gut bacterial levels and initiate the develop-
ment of their core microbiota soon after. These 
newly emerged bees build and acquire their 
gut microbiota through consumption of bee 
bread, honeycomb, and oral trophallaxis with 
older bee-mates (Powell et al. 2014). Recent 
advances in molecular toxicology have shown 
that a mature core of intestinal microbiota is 
vital in protecting honey bees against pesticides 
(Wu et al. 2020). Exposure to neonicotinoids 
such as imidacloprid, nitenpyram, and thiaclo-
prid has been shown to exert adverse effects on 
bee gut microbiota’s homeostasis (Daisley et al. 
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2017; Liu et al. 2020; Zhu et al. 2020). It is, 
however, still unclear how disturbed or nonop-
timal microbiota may affect or shape honey bee 
diet behavior. Since most toxicology studies 
using caged bees in the laboratory have been 
performed using bees born in the laboratory 
lacking a mature microbiota, the second goal of 
our study was to address the potential influence 
of initial postemergence trophallaxis with older 
hive mates on bee diet behavior vis-à-vis IMP.

Herein, we investigated the effects of sea-
sonal phenotype and postemergence conditions 
on dietary behavior toward IMP in three 18-day 
trials using summer bees that emerged in-hive 
or the laboratory as well as overwintering bees. 
We tested the potential manifestation of post-
ingestive aversion responses to IMP at both 5 
and 20 PPB, as well as the toxicological effect 
of IMP on both seasonal and differently emerged 
bee groups.

2.  MATERIAL AND METHODS

This diet behavioral and toxicological study 
was conducted in cages and under a controlled 
environment. Honey bees used in this study 
were obtained from our current stock at the Bee 
Research Laboratory at Beltsville, MD, USA, 
composed mainly of Carniolan and Italian bees. 
Caged bees were administered two concentra-
tions (5 and 20 PPB) of IMP (MilliporeSigma 
Corporation, MO, USA) through a 1:1 sugar 
syrup solution ad libitum.

2.1.  Summer honey bees

2.1.1.  Emerged in the lab

In April, 4–5 capped brood frames were trans-
ferred from healthy colonies and placed in an 
incubator at 35 °C and ~ 55% RH to hatch newly 
emerged bees. The next day (24 h), 1-day-old 
bees were distributed into nine cages, averag-
ing 100 bees per cage, and provided with 5 g 
of Global Patty, which consisted of 15% pollen, 

sugar, soy flour, brewer’s yeast, water (BetterBee 
Co., NY, USA), and 1:1 untreated sugar syrup. 
Cages were placed in an incubator at 32  °C 
and ~ 55% RH, and bees were allowed a 2 day 
acclimatization period prior to administrating 
any treatment (Figure 1).

2.1.2.  Emerged in‑hive

Five capped brood frames were collected from 
colonies in the previously mentioned apiary dur-
ing the summer season. They were placed in a 
new upper chamber of a strong colony separated 
by a wired screen from the bees of the lower 
chamber. Brood frames were kept 24 h to emerge 
in the new hive, and newly emerged bees were 
shaken to the bottom screen, and frames were 
removed. This procedure enhances oral trophal-
laxis through the screen separator between newly 
emerged bees and older hive mates. Bees were 
kept in this stage for ~ 2 h and then collected to 
be caged following the same procedures of sum-
mer bees that emerged in the lab (Figure 1).

2.2.  Winter honey bees

In December, winter bees were obtained from 
a healthy wintering colony from the same stock. 
Approximately a thousand bees were collected 
from this colony and immediately transferred to 
the laboratory in a plastic box. The age of the 
winter bees used in this experiment is estimated 
to range between 2 and 3 months, assuming they 
resulted from the last brood produced in mid to 
late autumn. Winter bees were subjected to the 
same experimental procedure and conditions as 
summer bees.

2.3.  Experimental design and timeline

This study was conducted at cage level, on 
three biological replicates, and on a total of 2700 
summer and winter bees, which were equally 
distributed in 27 cages (100/cage). Cages were 
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maintained at 32 °C and ~ 55% RH in an incu-
bator. Each experiment lasted 18 days, starting 
from day 0 to 18 (Figure 1). As stated previously, 
bees were given an acclimatization period of 
2 days to familiarize themselves with the cage 
conditions prior to applying the treatment. Spec-
ifications of the cages used in this experiment 
were detailed in a previous study (Gregorc et al. 
2018a), and the same cages were used in previ-
ous bee transcriptional and toxicological studies 
(Alburaki et al. 2019a, b). Bees were constantly 
provided with two syrup sources in each cage, 
as shown in Figure 1. In the treatment groups, 
one source contained the treatment (5 or 20 PPB 
IMP) and the other the untreated syrup (con-
trol). Bees of the control cages were provided 
with two untreated sugar syrup sources (control 
1 and control 2) (Figure 1). To uncouple the 
treatment effect from the bees’ affinity to a spe-
cific source of syrup, the locations of both syrup 
sources were rotated on day 9 of the experiment 
(Figure 1).

2.4.  Diet behavior and toxicity

Two main parameters were recorded daily for 
each cage; bee syrup consumption and mortal-
ity. The syrup was administrated using 20 mL 
syringes, and its intake was measured using a 
sensitive scale (± 0.01  g) by weighing both 
syrup sources of each cage: IMP vs. control for 
the treatment and control 1 vs. control 2 for the 
control. Dead bees were counted and removed 
from cages. The potential toxicological effect 
of IMP on summer and winter bees was evalu-
ated within each treatment group independently 
using two different methods: (1) Kaplan–Meier 
survival probability analysis and (2) overall bee 
mortality percentage for each bee group.

2.5.  Statistical analysis

All statistical analyses of this study were car-
ried out in the R environment (R Core Team 
2016) using RStudio version 1.3.1073. This 
study was conducted at the cage level with three 
biological replicates and three variables: syrup 

consumption, bee mortality, and type of bees. 
To evaluate bees’ affinity to specific types and 
locations of diets, average consumption was 
reported in two categories: prerotation and post-
rotation. Each dataset was tested for normality 
using the Shapiro test. ANOVA was conducted 
at a 95% confidential interval with three levels 
of significance (P < 0.05, < 0.001, < 0.001) on 
data normally distributed. Wilcoxon signed-rank 
test and Kruskal–Wallis rank test, both nonpara-
metric tests, were used on data that failed the 
normality test. Figures were generated in the 
same environment utilizing four main libraries: 
“ggplot2,” “doby,” “plyr,” and “beeswarm.” All 
error bars of this study represent the standard 
error (SE) except for the boxplots (box and 
whisker plots), which display the median, first 
and third quartiles, and both maximum and 
minimum values of variables. Bee mortality was 
evaluated within each of the three studied bee 
groups (summer bees emerged in the lab, sum-
mer bees emerged in the hive, and winter bees) 
by the Kaplan–Meier survival probability model 
in R using three packages: “dplyr,” “survival,” 
and “survminer.”

3.  RESULTS

3.1.  Summer bees emerged in the 
laboratory

3.1.1.  Diet preference

The summer bee daily syrup consumption 
in the three studied treatments (5 PPB, 20 PPB, 
and control) shows distinct patterns (Figure 2). 
In the control group, bees showed no preference 
for specific syrup sources (control 1 and control 
2), and the overall average consumption showed 
no significant differences between both provided 
syrup sources (W = 1550, P = 0.6) (Figure 2). 
However, summer bees expressed more affinity 
and preference to the control syrup in the IMP 
treatment groups at both concentrations. Signif-
icantly higher overall consumption of the con-
trol syrup occurred in 5 PPB and 20 PPB treat-
ment groups (P < 0.01, P < 0.001), respectively 
(Figure 2).

Page 5 of 19 12Influence of honey bee seasonal phenotype and emerging conditions on diet behavior…
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The overall syrup consumption data shows 
no differences in bee consumption of 5 and 20 
PPB syrup but significantly greater (W = 7994, 
P < 0.001) overall consumption of the control 
syrup compared to both IMP concentrations 
(Figure 2). Note that the “control” treatment of 
Figure 2’s boxplot is the average of the “control” 
syrup consumed within 5 and 20 PPB IMP cat-
egories only.

3.1.2.  Diet location and toxicity

In the control category, where bees were 
provided with two sources of untreated syrup 
(control 1 and control 2), bees expressed no 
preferences to any of the syrup sources or their 
locations with no pre- and post-rotation signifi-
cant differences in the syrup intake (P = 0.7 and 
0.5), respectively (Figure 3). In contrast, bees 
in both IMP groups (5 and 20 PPB) constantly 
avoided the treated syrup and consumed signifi-
cantly higher amounts of the control syrup pre- 
and post-rotation (Figure 3). In terms of toxicity 
and mortality within the summer bee group that 
emerged in the laboratory, IMP at both concen-
trations showed no significant effect compared 
to the control (Figure S1a; P = 0.4) using a sim-
ple mortality percentage comparison. However, 
Kaplan–Meier assigned a significantly lower sur-
vival probability in the control group compared 
to the treatments and a survival median (50%) 
between days 15 and 16 of the experiment for all 
groups (Figure 8).

3.2.  Summer bees emerged in‑hive

This summer cohort of emerged in-hive bees 
is expected to have developed a typical core of 
intestinal microbiota through oral trophallaxis 
from older hive mates. These bees differed in 
their diet behavior compared to summer bees 
that emerged in the laboratory and showed no 
preference to the nature of the proposed diets 
except at 5 PPB IMP (W = 1116, P < 0.05) 
where they initially consumed a higher overall 
amount of tainted syrup compared to the control 

(Figure 4). Moreover, bees that emerged in-hive 
showed no affinity to the physical location of the 
diet and did not respond to diet rotation, even 
for the 5 PPB tainted syrup (Figure 5). While 
the Kruskal–Wallis test conducted on the average 
mortalities among treatments (control, 5, and 20 
PPB) showed no significant differences (P = 0.8) 
(Figure S1b), the Kaplan–Meier model assigned 
significantly lower survival probability for the 
control compared to IMP treatments (Figure 8). 
Similar to the summer bees that emerged in the 
lab, the Kaplan–Meier survival median was esti-
mated to occur between days 15 and 16 of the 
experiment (Figure 8).

3.3.  Winter bees

3.3.1.  Diet behavior

Similar to summer bees, the daily consump-
tion patterns for the winter bees of both untreated 
syrup sources (control 1 and control 2) over-
lapped and showed no significant (F(1.108) = 0.1, 
P = 0.7) preference to either source (Figure 6). 
However, regardless of the IMP concentrations, 
whether 5 or 20 PPB, winter bees overwhelm-
ingly preferred to consume from the treated 
syrup compared to the control syrup, showing 
a stark contrast compared to the summer bees 
that emerged in the lab (Figure 6). Within both 
treated categories (5 PPB and 20 PPB), win-
ter bees consumed significantly (W = 3493, 
P < 0.001) more treated syrups (5 PPB and 20 
PPB) than the control (Figure 6).

3.3.2.  Effect of the syrup location and 
toxicity

The rotation of the syrup locations in the con-
trol category showed no effect on bee behavior 
and affinity to a specific syrup type or location. 
There were no significant differences pre- or 
post-rotation (P = 0.5 and 0.6) in the control 
group between both syrup sources (control 1 and 
control 2), respectively (Figure 7). This result 
was not the case for the IMP treatment groups (5 
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and 20 PPB). Winter bees showed higher affin-
ity to the IMP-tainted syrup at both concentra-
tions before and after the syrup source rotation 
(5 PPB = P < 0.05; 20 PPB = P < 0.001). When 
the syrup sources were rotated (post-rotation) at 
day 9, bees followed their preferred source of 
tainted syrup, demonstrating awareness of the 
syrup content and no attachment to its location 
(Figure 7). This behavior is reflected by signifi-
cantly (P < 0.01, 0.001) higher intake of treated 
syrup (5 and 20 PPB) despite the rotation of the 
diet location compared to the control (Figure 7). 
As seen in the summer bee results, none of the 
IMP concentrations increased bee mortality 
compared to the control treatment (P = 0.7), Fig-
ure S1c. Unlike summer bees, the Kaplan–Meier 
model is in full agreement with the outcome of 
the Kruskal–Wallis test showing no significant 
difference (P = 0.22) in the survival probability 
between treatment groups (Figure 8). Similar to 
summer bees, the Kaplan–Meier survival median 
is between days 15 and 16 of the experiment 
(Figure 8).

4.  DISCUSSION

IMP is a highly toxic neonicotinoid insecticide 
for honey bees with an acute oral  LD50 of ~ 5 ng/
bee (European Food Safety Authority 2012), 
which causes multiple impairments to bee olfac-
tory memory and learning capacity at sublethal 
concentrations (Aliouane et al. 2009; Williamson 
et al. 2014). No observed effect level (NOEL) was 
described at doses smaller than 3.7 ng/bee (Euro-
pean Food Safety Authority 2012). In previous 
toxicological studies conducted on caged bees, 
signs of post-ingestive aversion responses in bees 
fed IMP-tainted syrup were documented (Alburaki 
et al. 2019a; Gregorc et al. 2018a). This behav-
ior is a defense mechanism in insects to alleviate 
the effect of potentially toxic or undesired diets 
(Behmer et al. 2005, 1999; Simões et al. 2016).

In one instance, when 1-day-old summer 
bees were provided with lethal concentra-
tion (100 PPB) of IMP-tainted sugar syrup 
and water, bees refrained from consuming the 

syrup and increased their water intake instead 
compared to the control treatment (Alburaki 
et al. 2019a). This observation, however, was 
exclusively recorded at high concentrations 
(100 PPB) and was absent at (5 PPB) and (20 
PPB). Under relatively similar conditions, 
other authors found that older bees tend to con-
sume a higher amount of (5 PPB) IMP-tainted 
syrup compared to the control, with often 
no pronounced differences in bee mortality 
rates between (5–20) PPB IMP versus control 
(Alburaki et al. 2019a; Gregorc et al. 2018b; 
Meikle et al. 2016). The post-ingestive aver-
sion responses identified in this study on sum-
mer bees are not exclusive to IMP and were 
recorded in the case of selenium (Alburaki 
et al. 2019b), a nonmetal element toxic to bees 
at high concentrations (Hladun et al. 2012).

This current study was conducted to shed 
more light on this subject by trying to uncou-
ple bee diet behavior vis-à-vis IMP consump-
tion and how seasonal bee phenotypes shape this 
behavior. Such behavior is critical to discern, as 
the assumption of equal consumption of treated 
syrup in cage experiments (ad libitum) may not 
be accurate in the case of IMP or other sub-
stances and molecules. This study provides new 
insights on this particular aspect, showing that 
summer and winter bees exhibit opposite diet 
behavior regarding IMP-tainted sugar syrup. It 
is well known that winter and summer bees differ 
significantly in their physiological characteris-
tics. Winter bees exhibit a significantly longer 
life span compared to summer bees (Fluri et al. 
1982) and express higher vitellogenin (Vg) levels 
and lower juvenile hormone (JH) compared to 
the summer bees (Steinmann et al. 2015). This 
expression pattern has been associated with 
extended longevity (Corona et al. 2007; Seehuus 
et al. 2006). Our results showed that there seems 
to be a significant divergence in diet behavior 
attributed to laboratory versus in-hive emergence 
within the summer bee category. Unlike bees that 
emerged in an incubator, bees that emerged in 
the hive would presumably have more opportu-
nity of exposure and acquisition of microbiota 
from older hive mates and hive products such as 
honey and pollen (Powell et al. 2014). This study 
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reported stark contrast in their diet behavior vis-
à-vis IMP.

The microbiota has a key function in protect-
ing honey bees against pesticides by upregulat-
ing the expression of genes involved in pesti-
cide detoxification in the intestine, including a 
member of the cytochrome P450 (CYP450) (Wu 
et al. 2020). Recent studies indicated that dietary 
phytochemicals in honey bees, mainly acquired 
through honey and pollen consumption, could 
enhance bee tolerance to IMP and other pesti-
cides (Ardalani et al. 2021; Wong et al. 2018). 
Moreover, honey compounds were described 
to upregulate the expression of detoxification 
genes, including twelve xenobiotic-metabolizing 
enzymes (Mao et al. 2013), which could explain 
the similar mortality rates among treatments 
found in the winter bee category (Figure. 8).

From a behavioral standpoint, summer bees 
that emerged in the laboratory consistently pre-
ferred untreated syrup, avoiding IMP-laced syrup 
at both concentrations (5 PPB and 20 PPB), as 
opposed to winter bees, which relentlessly opted 
for the treated syrup over the control. Despite 
the rotation of the syrup’s physical locations 
conducted in the middle of the experiment, both 
bee cohorts persisted in their preference trends, 
excluding the theory of bees’ affinity to the diet’s 
physical location but rather to its content (Fig-
ures. 3 and 5). This finding reveals both bees’ 
ability to identify as low as 5 PPB of IMP in 
their diets and complete divergence in diet 
choice between summer and winter bees. It is 
conceivable to hypothesize that such diet behav-
ior and preference to IMP-treated syrup would 
likely subject winter bees to a greater toxicity 
risk under field conditions compared to summer 
bees. The reason behind a winter bee’s attraction 
to treated syrup is not apparent. However, this 
phenomenon could be attributed to the pharma-
cological action of the neonicotinoids on bees’ 
nicotinic acetylcholine receptors (nAChRs), 
experienced previously by winter bees and not 
naïve newly emerged ones, or simply slight dif-
ferences in the flavor of the treated syrup, more 
appealing to winter bees.

A previous study demonstrated that both bee 
species, Apis mellifera (foragers) and Bombus 

terrestris (Bumblebee), preferred sucrose solu-
tions laced with IMP and thiamethoxam over 
sucrose alone. Nevertheless, stimulation with 
IMP elicited no spiking responses from gustatory 
neurons in the bees’ mouthparts, nor inhibited 
the responses of sucrose-sensitive neurons (Kes-
sler et al. 2016). Our data aligns with Kessler 
et al.’s finding conducted on foragers and newly 
emerged bees. However, we provided further evi-
dence that winter bees exhibited the opposite diet 
behavior seen in newly emerged summer bees, 
and that exposure to older mates could have con-
tributed to shaping the summer bee diet behav-
ior regarding IMP. The diet behavior of winter 
bees and their pre- and post-rotation persistence 
(P < 0.001) in consuming IMP-laced syrup could 
be driven by previously acquired experience, 
which intertwines with bee age; older bees show-
ing preference to IMP-laced solution compared 
to newly emerged bees, such as foragers (Kessler 
et al. 2016) and winter bees in the current study.

The absence of visible toxicological effect of 
IMP at 20 PPB within each bee group (Figure S1) 
was not surprising to us, as similar findings were 
reported on 1-day-old bees exposed to 5, 20, and 
100 PPB of IMP (Alburaki et al. 2019a). Although 
it was not intended to determine the ingested dose 
of IMP per bee in this study, it is safe to conclude 
that the IMP  LD50 was not reached under our 
experimental conditions. In addition to that, honey 
bees are equipped with a robust and complex 
detoxification mechanism capable of quickly alle-
viating oxidative stress induced by abiotic stress-
ors (Corona and Robinson 2006; Mao et al. 2013). 
This argument seems to clearly apply in the case 
of winter bees, in which the Kaplan–Meier model 
predicted similar survival probability (P = 0.22) 
among treatments (Figure. 8), even though win-
ter bees had effectively consumed significantly 
(P < 0.001) higher IMP-laced syrup than control 
syrup (Figure. 6). In the case of summer bees, 
Kaplan–Meier results diverged from those of the 
simple mortality comparison showing lower sur-
vival probability in the control groups compared 
to the treatments (Figure. 8). Despite the preci-
sion of the Kaplan–Meier’s outcomes, its results 
should be read in the context of our experimen-
tal design, which primarily addressed the diet 
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behavior of the bees and not the direct toxicologi-
cal effect of IMP. The latter is usually evaluated by 
administrating precise and similar doses of IMP 
and control syrup across treatments.

In conclusion, our study demonstrates that 
summer and winter bees differ in their affinity 
to IMP, a diet behavior that is not affected by the 
physical location of the food source but rather 
by its content. Furthermore, both summer and 
winter bees can sense minuscule concentrations 
of IMP in their diet. Newly emerged summer 
bees, never exposed to older hive mates, refrain 
from consuming food sources containing IMP, 
mainly due to post-ingestive aversion responses 
or nonfamiliarity with the molecule’s taste. Win-
ter bees, however, show preference to IMP-laced 
syrup over the control and seem resilient to 5 and 
20 PPB of IMP for the duration of our experi-
ment. This study provides new insights on honey 
bee diet behaviors and responses to IMP, which 
should be accounted for in toxicological stud-
ies, particularly when treatment is administrated 
ad libitum.
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