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Abstract : 
 
BACKGROUND 

The ectoparasitic honey bee mite Varroa destructor is one of the main causes related to the gradual 
decline of honey bees Apis mellifera. Nowadays, beekeepers utilize a wide range of different synthetic 
acaricides, organic acids and essential oils to keep mite populations under control. A previous work had 
shown that pirimicarb could be a new varroacide candidate. The aim of this study was to observe the 
chronic effects on worker honey bees feeding activity after an oral exposure to 1.05 mM of pirimicarb. 
Long-term effect of a 24 hours exposition to pirimicarb were also tested. 

RESULTS 

After three successive trials were performed, no mortality could be detected at the tested concentration, 
oral exposure to pirimicarb had significant effect on honey bees feeding behavior. Pirimicarb added to a 
sucrose solution led to a rapid decrease of food intake. These tendencies may be reversed when the 
pesticide is removed. However, the recovery seemed to be trial-dependent. 

CONCLUSION 

The study highlights a seasonal variation of honey bee's susceptibility which should be considered in 
toxicology studies in general. 
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1. INTRODUCTION:  

The honey bee is the predominant pollinator, essential for agricultural production. Apis 
mellifera (Linnaeus, 1758) also provides pollination services to many wild plants. When 
foods that indirectly benefit from pollination are included, 35% of the human diet benefit 
from animal pollination [1]. Survey data indicate that the average winter mortality of 
colonies worldwide are well above the historical 10% considered by beekeepers as 
acceptable winter attrition [2–6]. Beekeepers not only lose colonies in the winter, but 
also throughout summer time, with variability within countries and regions. Interactions 
between multiple drivers are the most probable explanation for elevated mortality in 
honey bee colonies. Among these drivers, the parasitic mite Varroa destructor 
(Anderson and Trueman, 2000; formerly known as Varroa jacobsoni [7]), is the most 
detrimental honey bee parasite in the world today [8]. This mite is an obligatory parasite, 
spending its entire life in bee colony, either on immature stages or on adult bees [9]. The 
original varroa host is the Asian honey bee Apis cerana F. Host shift likely happened in 
the first half of the twentieth century, when Apis mellifera L. colonies were transported 
to Eastern Russia [10]. Since then, the mite has spread to all inhabited continents except 
Australia. Varroa destructor is widely considered to be a key player for honey bee 
colonies losses [11, 12]. Infested colonies develop the parasitic mite syndrome, or 
varroosis, which impairs both brood and adult bees [13]. If left untreated, colonies in 
temperate climates may die within one to three years after the initial infestation [14, 15]. 
Nowadays, beekeepers use a wide range of methods to keep mite populations under 
control. Techniques can be biotechnical or chemical, with various application techniques 
[8]. The varroacides used can be broadly divided into three categories: synthetic organic 
compounds, natural products and organic acid pesticides [16]. In order to increase the 
treatments efficiency and to avoid resistance, various  treatments with diverse mode of 
action should be combined [8]. However, limited economic resources are allocated to the 
search of new selective miticides. In this context, a “pesticide repositioning” approach 
was followed and highlighted pirimicarb as a new varroacide candidate [17]. 

Pirimicarb - [2-(dimethylamino)-5,6-dimethylpyrimidin-4-yl] N,N-dimethylcarbamate] - 
is an N-methyl carbamate. Pirimicarb is included in group 1A of the IRAC (Insecticide 
Resistance Action Committee) mode of action classification scheme (www.irac-
online.org), as an AChE inhibitor. Carbamates are employed as insecticides as they act as 
nerve poisons, causing a reversible carbamylation of acetylcholinesterase (AChE) [18, 
19]. The carbamylated enzyme is a million-fold more stable than the acetylated enzyme 
transitorily produced during the hydrolysis of ACh [20]. The resulting inhibition of 
AChE produces a deadly accumulation of ACh at the synaptic junctions. As a carbamate 
compound, pirimicarbe shares a similar mode of action with the organophosphate 
coumaphos. Coumaphos is already known to be effective in controlling mites [21] and 
pirimicarb would answer to the need to diversify treatment mode of action in countries 
where coumaphos is not applied. Pirimicarb is use as a fast-acting selective aphicide on a 
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wide range of crops including cereals, sugar beet, potatoes, fruits and vegetables. In 
addition, this pesticide is referenced in Tomlin’s Pesticide Manual as an acaricide [22]. 
In their earlier paper, Dulin and collaborators (2014) have shown an in vitro inhibition of 
varroa AChE by pirimicarb (IC50: 6.6 µM), and little activity toward honey bees AChE  
has been observed in vivo after 24 hours of contact exposition to 1.05 mM (dose 
corresponding to the contact LD50 for honey bee, divided by a factor 100) leading the 
authors to propose it as a new varroacide. The aim of this study is to obtain a better 
knowledge of the long-term effect of pirimicarb on honey bee health before proposing it 
as a new varroacide.  Pirimicarb is a categorized as moderately toxic for the honey bee 
[23]. Dorsal thoracic application of pirimicarb induces a decrease in honey bee AChE 
activity [24]. Pirimicarb log P is 1.7, so it is not expected to accumulate in hives products 
such as wax and propolis, but may be transferred into honey. Garcia et al., report no side 
effects on the feeding behavior of ladybugs Semiadalia undecimnotata Schneider 
following treatment with pirimicarb [25]. 

In this study, we thus focused on pirimicarb ingestion consequences. Experiments were 
carried out at 1.05 mM, the effective concentration against varroa. This concentration of 
1.05 mM would be a worst-case scenario through a complete transfer of the active 
compound in honey. An administration in sugar-water trickle formulation could be 
considered. Honey bees may directly ingest the pirimicarb mixture at ideal concentration 
for a varroacide action. Various stress may induce variations in honey bees’ feeding 
behavior, which is closely linked to insect health. For example, both parasitic 
microsporidia Nosema ceranae and Nosema apis [26], as well as the sublethal exposition 
to some herbicides [27] increased sugar syrup consumption. In a previous three days 
experiment (unpublished work), we observed a decrease in the honey bees’ food 
consumption when pirimicarb was added to sugar. During these 72 hours, the first 24 
hours were dedicated to an acclimation phase, and the remaining 48 hours were used to 
expose honey bees to the pesticide. In the present study, we pursue our previous works 
by studying pirimicarb effect over a longer period. Reasons of the decreasing food intake 
will discuss through three main hypotheses: i) pirimicarb has an anti-feedant action or ii) 
pirimicarb is linked to a food aversion mechanism iii) pirimicarb has a neurotoxicity 
action. The hypothesis that, when pirimicarb is removed from the food, consumption will 
revert back to normal was also tested.   

2. MATERIALS AND METHODS 

2.1 Honey bees 

Experiments were carried out using worker bees (Apis mellifera L.) of an undefined age. 
The whole hive population is concerned by an acaricide treatments, so it did not appear 
relevant to use honey bees of a particular age group in this experiment. Honey bees were 
collected in the afternoon, on brood combs from an outdoor hive. The hive was free from 
clinical symptom of disease. Bees were gently brush into a ventilated transparent 
container. Twenty bees were randomly introduced in each cage without any anesthesia, 
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within 30 minutes after collection. Experiments were carried at room temperature, in a 
ventilated laboratory. 

2.2 Chemicals  

Bees were provided ad libitum a 50% (weight/volume) sucrose solution made by 
dissolving refined table sugar in water. Pirimicarb of technical grade was obtained from 
Sigma-Aldrich and was dissolved in DMSO (Sigma-Aldrich). Syrup was added so the 
final pirimicarb concentration was 1.05 mM and final DMSO concentration was 0.5%. 
Treatments without pesticide were given a 50% sucrose solution containing 0.5% 
DMSO. Preliminary experiments have been performed to ensure that the chosen drug 
concentration induces no significant mortality. All solutions were replaced daily and kept 
in aluminum foil to avoid light degradation.  

 

2.3 Cages 

The cages used for this experiment are a laboratory version developed from a free flight 
devise previously described [28]. The internal size of cages was 20cm x 10cm x 9.5cm 
(LxlxH). Cages were made of transparent PVC (sides), polystyrene (top) and of opaque 
white polycarbonate for the floor. Each cage has thirty-two 3.5 mm diameter breathing 
holes. Each cage was equipped with an automatic feeder that consisted of a 50 mm 
diameter polyamide disk with a centrally drilled hole (diameter: 6 mm, depth: 17 mm). 
The hole was fitted with an infrared sensor. For each honey bee visit, syrup was 
dispensed in the bottom of the hole with a dosing pump and through a 0.41 mm diameter 
needle. The maximum dispensed volume was 2 µL. The distribution of another 2 µL 
required the honey bee to exit and re-enter into the hole. 

Data were recorded on a micro-SD card and the experimental process management was 
automatically performed by a microcontroller (P8X32A) equipped with a real-time 
clock. To measure the consumption per living honey bees, each cage was topped with a 
photographic sensor (ref ADA397, 640x480 pixels) framing the cage floor. A picture 
was automatically taken every hour, and dead honey bees remove from the cages. 
Pictures were stored on a SD card piloted by a microcontroller board Arduino Uno. 

A battery of twelve cages was running in parallel. At the end of each trial, silicon tubes 
of the pumps were purged and cleaned. A photoperiod control system was used to 
provide honey bees with fourteen hours of continuous daylight and ten hours of darkness. 

 

2.4 Experimental design 

All honey bees were left for 24 hours in cages for acclimatization. This period is 
considered as day zero (Fig 1) and will not consider it in our data analysis. Treatments 
were coded using the three following values:  
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- “Control”: for the cages where honey bees were only fed with sucrose solution 

throughout the trial. 

- “Pirimicarb” where sucrose syrup with pirimicarb was given to honey bees, 

from the 2nd day to the end of the experiment. 

-  “Removal” where honey bees were fed with pirimicarb-containing syrup only 

during 24 hours on the second day, then back to sucrose solution. 

These experiments were composed of three consecutive trials. The first trial was carried 
out from August 17 to 26, 2016, the second trial from August 28 to September 6, 2016; 
and the third one from the September 8 to 17, 2016.  

 

2.5 Statistical analysis 

The experimental setup allowed us to describe honey bees’ feeding activity using two 
different variables:  

1. the number of visits per hour into the feeding chamber of each experimental 

cage 

2. the volume of syrup consumed per hour. 

The values of these two descriptors depend on the number of living bees in the boxes. 
Therefore, number of visits as well as syrup consumed volume was divided by the 
number of living bees per cage. 

During the experiments, honey bees’ feeding activity appeared highly periodical due to 
circadian memory and the alternation of night and day periods, which was controlled by 
an automatic timer. This timer was programmed so that illumination started at 07:00 am 
and stopped at 09:00 pm, over a 24-hour period. Number of visits and syrup consumption 
were mostly restricted to daylight period, increasing until midday then slowly 
diminishing until nighttime. In this study, we were primarily interested in the variation of 
feeding behaviour in response to treatments, which was expected to be detected by the 
variation of the magnitude of the periodic signal across experimental conditions. 
Circadian cycles added an extra-source of variation for feeding activity descriptors. 
Another step of data treatment was necessary before the evaluation of the treatments 
effects, and a periodic ‘cyclic activity’ variable to score the alternation of day and night 
in boxes was computed. 

Cyclic activity was computed as –cos  from the values of x given below:  
 

Time 0h-
7h 

7h-
8h 

8h-
9h 

9h-
10h 

10h-
11h 

11h-
12h 

12h-
13h 

13h-
14h 

14h-
15h 

15h-
16h 

16h-
17h 

17h-
18h 

18h-
19h 

19h-
20h 

20h-
21h 

21h-
24h 

x 0 1 2 3 4 5 6 7 7 6 5 4 3 2 1 0 
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Figure 2 presents an illustration of the cyclic activity computed values plotted against the 
observed syrup consumption values. 

 

The number of visits, and syrup consumption, were regressed against the cyclic activity 
variable, in an attempt to recover residuals corrected for circadian circles. Due to the fact 
that the number of visits and syrup consumption were expressed on a “per hour” basis, 
that cyclic activity was considered an 8 level categorical variable. Syrup consumption 
and number of visits were also divided by the number of living bees, which rendered 
them discontinuous. Thus, generalized linear models were employed (instead of linear 
models), using quasi-Poisson distribution for errors, and a log-link function. For both 
variables of interest, the effects of cyclic activity appeared highly significant (for syrup 
consumption: χ²7.6509= 1301.2; Pr[>χ²] < 0.0001; for the number of visits: χ²7.6373= 
849.74; Pr[>χ²] < 0.0001). The residuals were used as response variables in the following 
steps of analysis of data. 

The second stage of the analysis was to study treatment effects on the residuals obtained 
previously. As expected for residuals, these data varied around 0. Positive values 
associated with any levels of treatment, or day x treatment, characterized a feeding 
activity greater than the average for the population (in terms of syrup consumption or 
number of visits). Conversely, negative values were characteristic of a feeding activity 
lower than the population average. The three trials were considered as three independent 
block x treatment designs. Different boxes exposed to the same treatment constituted a 
block (n= 2 blocks in the 1st experiment, n= 4 blocks in the 2nd and 3rd experiments). 

At this point, the aim was to evaluate the effects of a short-term exposure to pirimicarb 
on feeding activity descriptors, a condition that was reached for the “Removal” treatment 
condition, although “Pirimicarb” and “Syrup” could be considered as negative and 
positive controls. During the acclimatization period (the first 24 hours), all honey bees 
were fed with syrup (Figure 1). During the next 24 hours period, the food also consisted 
in syrup for “Syrup” control batch, but was replaced by syrup contaminated by 
pirimicarb for “Removal” and “Pirimicarb” treatment conditions. It was only at the end 
of the first 48 hours that the contaminated syrup was replaced by uncontaminated food in 
the “Removal” treatment’s condition. Observations made during the first 48 hours period 
(from Day 0 to Day 2, see Figure 1) were deleted from the dataset. For each experiment, 
the linear model (Eq.1) was fitted to the data to estimate the effects of the treatments 
based on two response variables:  

  = ∙ +                     (1) 

A Fisher test was applied to compare the differences of feeding activity between 
treatments. 
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Third and final stage of data analysis consisted of evaluating pirimicarb introduction, and 
its removal effects on feeding activity descriptors, focusing on potential recovery effects. 
For this purpose, only the observations made during the first 96 hours were kept, to cover 
the starting period (Day1) the impregnation period (Day2, when bees were fed with 
syrup contaminated with pirimicarb in the “removal” condition of treatment), and the 
next 48 hour period of observation when recovering was expected to occur (Figure 1). 
For each experiment, and for each response variable, the linear model (Eq.2) was fitted 
to the data 

  = ∙ + ∙ + ∙ × +                        (2) 

A Fisher test was used to check for overall treatment, day and interaction effects on 
feeding activity descriptors. Daily variation within treatment was compared using 
Fisher’s protected least mean difference (LSD) at P = 0.05.  

All analyses and figures were performed using the R software [29].  

 

3. RESULTS & DISCUSSION 

As observed in this experiment, honey bees had a circadian rhythm of feeding activity 
(Figure 2). Spangler (1972) measured the locomotor activity of individually isolated 
honey bees and found that circadian rhythms are absent in younger worker bees (in the 
cell-cleaning and nursing phases) but present in forager bees [30]. Newly emerged 
worker honey bees are initially arrhythmic, but they gain rhythmicity and become diurnal 
during behavioral development [31]. There is also an endogenous circadian rhythms in 
metabolic activity of workers, measured through oxygen consumption [32]. The feeding 
activity in the present experiment follows a similar rhythmicity. 

3.1 Observed Survival from Treatments 

The treatment period with pirimicarb did not lead to additional mortality (Error! 
Reference source not found.). Control mortalities were 32, 15, and 7% at the end of the 
three experiments respectively. In each trial, no significant results were found when the 
survival of dosed bees was compared to their respective control group after 10 days of 
experiment. On average, a survivabilty gap of 6% was observed between “Control” and 
“Pirimicarb” or between “Control” and “Removal” groups. Moreover, during all 
treatment, no neurotoxic symptoms such as trembling and paralysis were observed for 
honey bees. 

 

3.2 Chronic Effects 
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Figure 3 gives global indications on the chronic effects after a short-term exposure to 
pirimicarb. Each bar graph represents feeding behavior data from the third day to the end 
of each trial. 

Table 2 gives the results associated to Fisher’s test on residuals. A significant effect (p-
value < 0.05) of the treatment was observed for the two variables (i.e the consumption of 
syrup and the number of visits to the feeding hole). Continuous exposure to pirimicarb 
was associated with negatives residuals. This decline was smaller for a 24 hours 
exposure (see “Removal” group in Figure 3). Results suggest a variation between the 
three trials, therefore trials were considered separately. Across all control groups, the 
daily mean syrup consumed per bee was determined to be 23 µL per day. Within the 
pirimicarb treatment, the daily means of contaminated syrup consumed per bee were 20, 
10, 13 µL for each trial respectively. The daily means of pirimicarb consumed per bee 
was approximately 3.6 µg. The absence of difference in survival rates in our experiment 
seems to disagree with the oral LD50 established at 3,8 µg/bee [22]. 

The information provided by the two variables was quite redundant, so focus will be on 
the syrup consumption for further analysis. 

3.3 Recovery After 24 Hours of Exposition to Pirimicarb 

This section focuses on the potential recovery after the oral exposure to pirimicarb. 
Results for the daily food consumption (µL/hour), in relation to the number of living 
honey bees, are shown in Figures 4.  

The volume of consumed syrup per hour remained stable for the “control” group. A 
slight decrease in syrup consumption can be observed on the second day of the first trial 
(Figure 4.1.A), with no apparent reason. Pirimicarb has caused a drastic reduction of 
syrup consumption in the two-last trials (Figures 4.2.B and 4.3.B). This variation was 
weaker during the first trial (Figure 4.1.B) where the consumption had not a significant 
downward trend. After this drop, the variables remained at a constant low level, with 
slight variation but without clear decline or improvement. The same reduction can be 
seen for the “Removal” groups when pirimicarb was introduced in the syrup only 24 
hours on Day 2. 

Results show a complete recovery regarding honey bees’ feeding behavior on Day 4 of 
the first trial (Figure 4.1.C). Recovery of honey bees in the second trial seemed uncertain 
(Figure 4.2.C) and syrup consumption stayed instable. There was no complete recovery 
of the variable on the third trial (Figure 4.3.C). The three successive trials demonstrate a 
temporal variability in honey bees’ response pattern to pirimicarb. Circadian and 
seasonal changes in the susceptibility of honey bee workers to intoxication by pirimicarb 
have been previously investigated [33]. It was shown that the time of day and season in 
which contact of the honey bees with pirimicarb occurs determines its toxic effect. The 
study highlighted that, in most cases, the honey bees intoxicated by contact in the spring 
were characterized by higher survival rate than those treated by the insecticide in the 
summer. According to IRAC, resistance to insecticides can be due to metabolic 
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resistance, alterations in the insecticide target site that lower binding or the insecticide 
effector function, to penetration resistance or to behavioral resistance. In the situation of 
seasonal resistance variations, metabolic changes are the most probable. Honey bees are 
subjected to seasonal physiological changes that include, among others, changes in 
neurotransmitter levels, protein metabolism, juvenile hormone titers, blood sugar 
concentrations, oxidative metabolism and behavior [34–38]. All these seasonal variations 
may modify their susceptibility to toxic compounds [38, 39]. There is, in the fat body of 
the fruit fly, a rhythmic expression of genes related to metabolism and the detoxification 
system (including cytochrome P450 and oxidoreductase genes) which may be involved 
in diurnal changes in the resistance against insecticides [40]. In addition, ‘winter honey 
bees’ workers, reared during late summer, have greater investment in fat bodies and 
other physiological differences, allowing them to overwinter in the hive for up to 6 
months [34, 36]. In our experiment, the first trial started on August 17, while the third 
one started on September 8, 2016. In less than a month, drastic variations are not 
expected, but the transition to winter physiology could already be initiated due to the 
local climate of north of France where experiments took place. 

Continuous exposure to sub-lethal doses to the AChE inhibitor pesticide pirimicarb 
altered honey bee feeding behavior. Several hypotheses could explain this sub-lethal 
effect. 

The ability to identify food that is nutrient-rich and to avoid toxic substances is essential 
for survival. Learned food avoidances may arise from two independent reinforcement 
pathways: either by association of an odor with a reflexive taste aversion toward a toxin, 
or by association of an odor with the malaise caused by toxin ingestion [41]. It was 
reported that the honey bee has only ten gustatory receptors [42] and thus may have a 
very poor taste perception compared to Drosophila, which presents 68 gustatory 
receptors [43–45]. However, several arguments are in favor of a gustatory receptor 
repertoire that could be more complex than what has been proposed [46]. Avoidance of a 
bad-tasting toxins should lead to a quick recovery, which was not observed in our study. 
The lack of recovery during the second and the third trial argues against the anti-feedant 
activity. The delay in the recovery process is more consistent with the second pathway 
where honey bees learn to associate a gustatory cue with the postingestive consequences 
of eating a toxin associated with it [41]. However, no abnormal intestinal activity was 
observed in the exposed groups, through the quantity, aspect and color of honey bee 
feces, in the exposed groups. Behavior differences between the three trials are not in 
agreement with the postingestive consequences pathway. 

The last hypothesis is linked to potential neurotoxic activities of pirimicarb. The 
observed feeding behavior modifications may be physiological consequences of AChE’s 
inhibition by a carbamate. Previous work has shown that continuous exposure, through a 
sucrose solution, with AChE inhibitors for 24 hours, affected the walking behavior, 
notably increased honey bees’ grooming activity and increased AChE gene transcription 
in the brain and the gut [47]. Unfortunately, we were unable to measure the AChE 
activity or gene expression in our experiment. In vitro comparison of inhibition kinects 
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of purified AChE from emerging and foraging honey bees showed that the enzyme from 
foragers is more susceptible to this insecticide than the emerging honey bees’ [48]. 
Reversibility of effects, or not, relies on the age of worker honey bees and the annual 
period of exposition. 

New varroacide should aim at the best performance and cost–benefit relation. To 
recommend pirimicarb as a new treatment, additional research will have to ensure that 
the decreased food intake will not penalize the colony development; toxic effects of 
pirimicarb should be modulated thanks to appropriate galenic formulation. There is a 
trade-off between energy acquisition and activation of the insect’s immune system to 
fight infections [49]. Short-term food deprivation in insects leads to a downregulation of 
the immune system, resulting in a weaker resistance when challenged with infection. 
When fed under ideal conditions, the immune system is restored [50]. Energy stress has a 
major impact on the success of bee foraging since carbohydrates are their main source of 
fuel for flight, and foraging is a metabolically expensive activity [51]. It is important to 
note that energy stress was observed in bees maintained under laboratory conditions, 
while under natural conditions, a combination of other factors may represent additional 
negative influences on honey bees. 

4.   CONCLUSION 
 

By far the most important contributor in pollination service, the honey bee has a crucial 
role for agricultural production. In the attempt to protect honey bees against one of its 
major threat, we have studied the consequences of an oral exposure to the carbamate 
pirimicarb, a varroacide candidate. Pirimicarb probably had sub-lethal but toxic effect on 
honey bees, leading to an observed food-intake decrease. This effect was weaker in the 
first trial, suggesting a real impact of the exposition period. A decreased food-intake may 
be responsible for an energy stress. Therefore, future research is needed to evaluate the 
cost-benefit relation associated with pirimicarb use, before recommending this carbamate 
as a varroa control product. In a more general perspective, honey bees’ feeding activity 
variable may be considered while studying other varroacides side-effects on honey bees. 
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TABLE LEGENDS 

 

Table 1. Mean survival rate (±se) in relation to treatment, df represents the degree of 
freedom of the test. The p value associated with the Χ2 is indicated. 

Table 2. Results for Fisher’s test applied to compare the differences of feeding activity 
between treatments (df: degrees of freedom, p: p-value).  

 

 

 

Table 1. Mean survival rate (±se) in relation to treatment, df represents the degree of freedom 
of the test. The p value associated with the Χ2 is indicated. 

 

Trial Treatment Survival df p 

1 

Control 0.675 (±0.075) 

3 0.401 Pirimicarb 0.800 (±0.064) 

Removal 0.775 (±0.067) 

2 

Control 0.8525 (±0.039) 

9 0.924 Pirimicarb 0.8750 (±0.037) 

Removal 0.8625 (±0.039) 

3 

Control 0.9250 (±0.030) 

9 0.425 Pirimicarb 0.9000 (±0.033) 

Removal 0.8625 (±0.039) 

 

 

Table 2. Results for Fisher’s test applied to compare the differences of feeding activity 
between treatments (df: degrees of freedom, p: p-value).  
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 Consumption of syrup Number of visits 

Trial df p df p 

1 2 0.00363 2 0.0234 

2 2 < 0.001 2 < 0.001 

3 2 < 0.001 2 < 0.001 
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