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Simple Summary 

This work addresses the challenge to accurately assess the size of the hypopharyngeal glands (HPGs) 
of honey bees with a digital tool used by different assessors as well as to determine if the effect of 
imidacloprid on the HPGs follows the same pattern under laboratory and field conditions. Digital 
measurements of HPG acini diameter were performed by 10 independent assessors using the same 
software at days 10 and 15 post-emergence of worker bees kept in their colonies or in laboratory 
cages, after they were subjected to clean or contaminated by imidacloprid food (sugar solution and 
pollen). We found that the reliability of measurements undertaken by all assessors was greater than 
95%. We also demonstrated that HPGs glands have a significantly greater diameter under field 
conditions than in laboratory conditions, and that fifteen-day-old bees had smaller acini diameter 
compared to 10-day-old workers when reared in the laboratory but not in actual colonies. 
Imidacloprid had a significant negative effect on acini diameter of 10-day old workers, both under 
laboratory and field conditions, but not on 15-day old workers. Therefore, we concluded that digital 
measurement of HPG acini is a highly reliable method for detecting changes in the development of 
the glands, it follows the same pattern under laboratory and field conditions and it could be used for 
lower tier risk assessment and extrapolated for higher tier assessment. 

Abstract 

After decades of use of neonicotinoid insecticides, it is proven that sublethal doses have behavioural 
and physiological effects on both Apis mellifera honey bee individuals and colonies. This work aimed 
a) to ring test the methodology of digital measurement of hypopharyngeal glands (HPGs) of honey 
bees and to validate the method against the subjectivity of the assessors and b) to assess possible 
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differences between laboratory and field studies when examining the impact of sub-lethal levels of 
the neonicotinoid imidacloprid on worker honey bee HPGs size. We did this by employing young 
honey bees reared in colonies that were fed for one month with sugar solution and pollen paste, both 
contaminated with imidacloprid at concentrations of 2 ng/kg and 3 ng/kg, respectively. Newly 
emerged bees were marked and then maintained as adults in either their own colonies or in 
laboratory cages. Digital measurements of HPG acini diameter were performed by 10 independent 
assessors using the same software at days 10 and 15 post-emergence. We found that HPGs glands 
have a significantly greater diameter under field conditions than in laboratory conditions, and that 
fifteen-day-old bees had smaller acini diameter compared to 10-day-old workers when reared in the 
laboratory but not in actual colonies. Imidacloprid had a significant negative effect on acini diameter 
of 10-day old workers, both under laboratory and field conditions, but not on 15-day old workers in 
both laboratory and field conditions. The reliability of measurements undertaken by all assessors was 
greater than 95% and there was no significant difference among the assessors. In conclusion, we 
found that digital measurement of HPG acini was a highly reliable method for detecting changes in 
the development of the glands and followed the same pattern under laboratory and field conditions, 
always independently by human error. Furthermore, the digital measurement of the HPG diameter 
at day 10 of the bees’ life is a very reliable tool to be used for lower tier risk assessment and 
extrapolated for higher tier assessment. 

Keywords: Apis mellifera; ring testing; lab; field; neonicotinoid; sublethal; hypopharyngeal gland; 
assessor 
 

1. Introduction 

The honey bee (Apis mellifera L.) is regarded as one of the most important social insects in the 
world, not only for its pollination services [1–3] but also for its economic value of beekeeping 
products. However, dramatic and worrying losses of honey bee colonies have been observed 
worldwide over the last decade [4–6]. It is believed that multiple causes are behind colony losses [7–
10]. For example, in recent years pesticides, in particular neonicotinoids, have been blamed for 
elevated losses [11–17]. Honeybees can be exposed to neonicotinoids in several ways: consumption 
of contaminated nectar and pollen [18], contact with pesticides exuded from plants, and exposure to 
contaminated air during sowing [19–22]. Through a nation-wide biomonitoring study with bees, 
imidacloprid was found to widely contaminate bee-collected pollen samples (12% of positive 
samples, N = 554) with high concentrations (average = 2 μg/kg, max = 19 μg/kg), leading to 
detrimental risk for honeybees (Hazard Quotient = 5054, higher than the 1000 safety threshold) [18]. 
Residues found in pollen was usually higher than those found in nectar (e.g., imidacloprid residues 
in treated sunflowers were 1.9 μg/kg in nectars and 3.3 μg/Kg in pollen [23] and from maize dressed 
seeds ranged between 1 to11 μg/kg [24]. Residues of imidacloprid and its metabolite 6-chloronic have 
been found in pollen pellets in concentrations that ranged from 1.1 to 5.7 μg/kg and from 0.6 to 9.3 
μg/kg, respectively [25]. In some cases, exudes from plants germinated from neonicotinoid- coated 
seeds can contain insecticide residues as high as 200 mg/l for imidacloprid [21,26]. 

Concentrations in nectar and pollen of below 10 μg/kg usually induces intoxication which does 
not result in lethal consequences, but rather impairs behaviour and physiology of individual honey 
bees [27], and explecity learning and orientation [28–31], dance communication [28], flight [29], 
foraging activity [30,31], homing behaviour [32], neurophysiology [33,34] and reproduction [35,36]. 
Negative effects have even been seen at the colony level [37]. More specifically, the negative effects 
on tissue development, such as worker hypopharyngeal glands (HPGs), which produce secretions 
used to nourish developing bees [38] are regarded as an indicator of colony failure [10,33] or bad 
nutrition for the colony and the queen [14,39]. 

HPG development begins very early in the life of the adult worker honey bees, reaching their 
full development at nursing age of 8–12 days old [40,41]. Afterwards, they decrease in size and their 
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function changes, producing digestive enzymes like invertase and glucose oxidase [42]. Thus, HPGs 
are important not only to colony growth but also for food processing. Size of HPGs typically refers 
to the size of the gland lobes - the acini. According to [41] acini diameter reflects the amount of 
proteins produced in the glands. A decrease in intake pollen by workers may result in development 
of smaller or even atrophic HPGs [43,44], and therefore less protein production and reared brood 
[45]. Several researchers have shown that chemical stressors, have a decreasing effect on acini 
diameter of the HPGs [10,33,46] by using an optical microscopic methodology to assess acini size. 
Based on this, the methodology of measuring the diameter of the acini has been used by many 
researchers in the past, examining the functional status of the HPGs and assessing the effects of 
pesticides and food supplies on physiological effects [33,47,48]. 

Wilde et al., [14] showed that the protein profiles of tissue extracts from worker A. mellifera were 
significantly reduced after the administration of sublethal doses of imidacloprid. Because several of 
these proteins belong to the same group of major proteins as royal jelly, these reduced protein 
fractions likely signify reduced quality of royal jelly. Furthermore, De Smet et al., [34] also 
demonstrated a context-dependent effects of imidacloprid exposure on honey bees, where increased 
levels of the detoxification genes encoding, CYP9Q3 and CYT P450, were correlated with decreased 
HPGs acini diameters. 

The importance of the status of HPGs for risk assessment of pesticides was recognized in the Bee 
Guidance Document [49], where the implementation of a simple and cost-effective first tier was 
suggested for adult workers. The use of HPG size or function was suggested as an approximation to 
brood care studies which could not be performed in a lower tier assessment. The objective of this 
work was to evaluate the microscopic/ digital measurement of acini diameter recommended by the 
Bee Guidance Document by performing a ring test to be applied collectively in the future for lower 
tier risk assessment purposes. We assessed possible differences between laboratory and field studies 
when examining the impact of the stressor imidacloprid on worker honey bees’ HPGs development; 
we also evaluated operator (assessor) variability when employing digital measuring. 

2. Materials and Methods 
2.1. Experimental Set-Up and Pesticide Exposure 

All honeybees used in this study were Apis mellifera macedonica originally collected from their 
natural distribution area and have previously been confirmed by MtDNA analysis. Two honey bee 
colonies were used from the apiary placed in Nea Moudania, Greece during the early summer and 
each was assigned to the control or insecticide treatment group. The insecticide colony was 
administered imidacloprid weekly, and for 4 weeks. Pure analytical imidacloprid was added to the 
sugar solution and pollen paste, (after it was diluted well in water) in a concentration of 2 ng/kg and 
3 ng/kg, respectively (as average residue concentrations); 500 ml of sugar solution and 150 g of pollen 
paste was given once a week. Small amounts of food were provided to the colonies therefore they 
had the chance to also forage elsewhere (as not all bees of a colony are foraging on the same source). 
After 30 days newly emerged honey bees from the treatment colony as well as from the 
uncontaminated one (control) were subjected to a further feeding under laboratory conditions. One 
brood frame per colony was transferred to a laboratory incubator (set to 34.5˚C and 70% RH) to collect 
emerging worker bees. A number of 100 bees were marked and returned back to their perspective 
colony. A number of bees were also collected and kept in cages for the laboratory assay; bees from 
the treatment colony were also given imidacloprid contaminated food during the laboratory rearing 
period. Control bees, collected from control colonies, were kept under the same conditions as the 
treated ones but fed uncontaminated food. 

The laboratory assay followed the description of Hatjina et al., [33] where wooden, mesh sided 
cages (10×10×10 cm) with removable metal floor sheets that facilitated cleaning, were used 
accommodating about 60 bees. The bees were fed sugar solution (33 %w/v) via gravity feeders and 
pollen pastry on pre-weighted plastic plates, both ad libitum, with new food added every second day 
and with the same concentration of imidacloprid as fed the colonies. Pollen paste was given to the 
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bees only till day 10, as it has been shown before that after day 10 of their life they consume very 
small amounts of pollen [33]. Day 10 was also chosen to sample the bees and see the difference on the 
development of HPGs. Three cages were used for imidacloprid treated bees and three cages for 
control/ untreated bees. The cages were kept in an incubator in darkness at 34–35 °C and relative 
humidity of about 70 %. 

2.2. HPGs Dissection and Measurement 

At day 10 and 15 post marking and caging, a sample of 5 alive honey bees from each cage from 
the laboratory were collected and a sample of 5 marked alive honey bees from both colonies were 
captured; all sample bees were kept in the freezer at -20o C till analysis. Eight (8) groups of samples 
bees were resulted from the experimental set up each consisted of 5 bees: 10 days control lab, 10 days 
imidacloprid lab, 15 days control lab, 15 days imidacloprid lab, 10 days control field, 10 days 
imidacloprid field, 15 days control field and 15 days imidacloprid field. 

The sampled bees were decapitated under a dissecting microscope in insect saline solution 
consisting of: 7.5g NaCl, 2.38 g Na2HPO4, 2.72g KH2PO4, dissolved in 1L of distilled water [50]. The 
removed parts of the HPGs were placed in a mixture of the electrophoresis stain made by using 0.1 
g of Coomassie Brilliant Blue R250, 45 ml methanol, 10 ml acetic acid + distilled water to a total of 100 
ml) [51] for 4 seconds and then on a microscopic slide (without a cover slip). The glands were 
subsequently photographed with a Sony CCD-Iris Hi resolution colour video camera under a Leica 
MZ6 binocular microscope. The Image Pro-Plus software was used to measure the diameters of the 
acini (lobes) later under the magnification of 2X. The short diameter (width) of the acinus was chosen 
to be measured, as this was apparent most of the time (Figure 1). 

  

Figure 1. Microphotographs of HPGs acini used for the digital measurements; a. control; b. treated with 
imidacloprid. 

Ten assessors (testers/researchers) from ten different laboratories received the same 
microphotographs plus a calibrated image. The open-source ImageJ software 
(http://imagej.en.softonic.com/) chosen to be measured. At least 5 acini were randomly chosen from 
each photograph, and a minimum of 100 acini had to be measured per sample. 

2.3. Statistical Analysis 

Initially the inter-rater reliability (= the degree of agreement among independent observers who 
assess the same phenomenon) of the assessor’s measurements was assessed as reliability percentage 
by applying the following formula: 1- standard deviation/ mean of diameter of acini per group *100. 

A full factorial General Linear Model Analysis was also performed on all data, using all variables 
as follows: the ‘treatment’ (Control versus imidacloprid), the ‘age’ (10-days old versus 15-days old) 
and the ‘condition’ (laboratory versus field) as fixed effect factors and the ‘assessor’ as a random effect 
factor. A Tukey-B post hoc test was applied to mean values per group for the factor ‘treatment’ to 
detect the significant subsets. Statistical analysis was performed using the R software version of 4.1.1 
(R Core Team, 2021). 
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3. Results 
3.1. Reliability of Assessors 

The reliability of the assessors was very high, always higher than 95% in all groups, both in 
laboratory and field conditions regardless of age and treatment (Table 1). Furthermore, given that 
StDev values were always very small compared to the Mean values pre group we regarded the data 
as uniform among the assessors and we treated the data of all assessors in each group as one pooled 
data set. 

Plotting all control data from both lab and field conditions and from both age groups against all 
data from the treated groups we showed that overall, the diameter of the HPG acini was always 
higher in control than in imidacloprid treated bees independently of the assessor (Figure 1). 

Table 1. Mean values of the diameter of the honey bee HPG acini (μm) for each assessor and mean value, 
standard deviation and reliability percentage for each bee sampling group (C=Control, I= Imidacloprid). 

 Laboratory  Field 

Assessor C-10 I-10 C-15 I-15 C-10 I-10 C-15 I-15 

T1 138.94 123.66 130.33 124.15 148.46 147.34 151.02 146.82 

T2 138.46 121.53 125.80 126.31 142.42 135.38 144.15 142.76 

T3 135.27 120.07 125.99 125.41 142.28 139.38 142.28 140.31 

T4 143.38 119.14 123.79 122.32 145.73 141.26 148.65 143.42 

T5 140.67 124.02 128.94 128.28 146.96 145.12 145.59 150.76 

T6 143.23 129.66 129.97 131.57 151.20 149.06 153.36 149.80 

T7 138.88 124.34 130.17 129.95 145.52 143.97 147.40 146.89 

T8 140.32 126.11 132.14 133.00 148.94 146.51 141.88 150.17 

T9 146.96 134.87 137.37 132.87 158.16 156.11 157.06 158.21 

T10 145.76 127.36 131.49 129.29 154.72 149.47 150.76 144.83 

Mean Val. 141.19 125.08 129.60 128.32 148.44 145.36 148.22 147.40 

St.Dev.    3.61    4.71    3.85    3.69    5.10    5.83    4.93    5.12 

Reliability 97.44% 96.23% 97.03% 97.12% 96.56% 95.99% 96.67% 96.52% 

3.2. Effect of Treatment in Different Age Groups and Test Conditions 

GLM analysis results revealed that all factors had a significant overall effect: Imidacloprid 
decreased significantly the diameter of the acini (‘treatment’: P< 0.001; Table S1, Figure 1; Figure 2); 
15-days old bees as an overall had reduced diameter of acini (‘age’: P< 0.005, Table S1; Figure 3) and 
bees in the laboratory had smaller HPGs than the bees in the field (‘condition’: P<0.001, Table S1; 
Figure 3). GLM analysis has confirmed the effect of the treatment and the rest of the variables was 
independent from the assessor (‘treatment’ X ‘assessor’: P<0.001, Table S1; Figure 1) similar results of 
what we show on the reliability of the assessors’ performance (Table 1, Figure 2). The overall 
differences among the ‘assessors’ were found to be significant, but they did not alter the effect of any 
of the other variables (Table S1). 
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Figure 2. Boxplots for the honey bee HPG diameter of acini for all data (lab & field), grouped by assessor and 
treatment (Control, Imidacloprid). 

The effect of imidacloprid treatment was different among the age groups, both in the laboratory 
and in the field, with the 10-days age bees having significantly smaller acini after treatment with 
imidacloprid in the lab and in the field, but the same was not true for the 15-days old bees (both in 
the lab and in the bees) (‘treatment’ X ‘age’: P<0.001, Table S1, Figure 3). 

Although the overall effect of age showed that the 15-days old bees had smaller HPG acini, this 
was not the same if comparing bees reared in the laboratory and in the field (‘age’ X ‘condition’: 
P<0.001, Table S1, Figure 3). In particular, 15-days control bees in the laboratory had significantly 
smaller acini than the 10-days control bees but 15-days old bees reared in the field had the same 
diameter of the acini with the 10-days old bees reared in the field (Table S1, Figure 3). Furthermore, 
the reduction of the diameter of the acini on the 10-days old bees in the laboratory is similar to the 
reduction induced also by the treatment of imidacloprid to the same age group (Figure 3). 
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Figure 3. Bars represented the diameter mean values (and SE) of the HPG acini of all treated groups, of both 10 
and 25 days old bees in laboratory and field conditions (C= control, Im =imidacloprid). Groups with different 
letters are significantly different for P<0.001. 

4. Discussion 

Size of HPGs reflects the amount of proteins produced in the glands [41], and thus the amount 
and quality of the RJ produced for feeding the brood. Any stressor affecting the size of the glands is 
believed to affect the amount of the brood food available [38]. Furthermore, as already mentioned 
above, the use of neonicotinoid pesticides affects the size of the glands [33], induce histopathological 
changes [46], and reduces the quality of the brood food by reducing the proteolytic activity and the 
protein content especially of RJ major proteins [14]. Therefore, digital measurements of the diameter 
of the HPG acini could be used in risk assessment methodology to assess the effect of any neurotoxic 
pesticide even microbial bioinsecticides [52]. One of the main objectives of this study was to evaluate 
the reliability of digital measurements of the diameter of the HPG acini, performed by different 
assessors. We observed that all assessors concluded the same results (Table 1; Figure 2). The reliability 
percentages for all groups of age and test conditions were > 95%, a percentage that is highly accurate 
and an excellent proof of the consistency of the method, with little influence by assessor bias. 
Furthermore, although some differences were observed among the assessors, as expected given the 
human variable, these differences did not affect the overall result, in all groups and ages of bees. 

The natural effect of age on the development of the acini has already been known for decades, 
as the structure of HPGs start to develop from the pupae around a week before the emergence of the 
young worker; they continue to change structure in their adult life, reaching their peak at the nurse 
stage 6-10 days post emergence [42]. When assessing this natural effect of age on non-treated workers, 
particularly 10- and 15-days post-emergence, we discovered that the expected peak reduction of the 
acini size was only present in workers kept under laboratory conditions and not on those from the 
field (Figure 3). Under laboratory conditions the 10-day old bees had significantly larger HPGs and 
overall size, as also shown in previous experiments [38]. Then, the acini naturally decrease as bees 
stop nursing and start foraging. The bees sampled from the field had no significant difference in 
diameter between the two groups of age. As expected, environmental conditions are of significant 
importance, and the size of the acini could vary [53]. We hypothesised that the respected colonies 
were still investing in brood-rearing instead of investing in foraging for nectar, as it was not the main 
honey flow period yet, therefore their HPGs were still well developed [53]. We also showed that HPG 
diameter was significantly larger on workers from the field for both 10-days and 15-days old 
compared to the those reared in the laboratory, which is in disagreement with the size of the acini 
diameter presented in De Smet et al., [34]. This may also support the hypothesis that the different 
environmental conditions and needs of the colonies influence the development of the acini, and 
therefore the age when workers undergo transition from one to another task (e.g., from nursing to 
foraging [40]. There is also evidence that co-exposure to stressors as well as environmental and 
endogenous factors modulate the honeybee response to pesticides and that honeybee workers are 
not all equal regarding the risk posed by exposure to pesticides [54]. 

The reason for overall bigger HPG acini in bees from the field and absence of decrease after the 
10th day can possibly be explained by multiple reasons, such as the presence of brood in the colony 
and the large number of nurse bees during the summer season. Shown by Smodiš Škerl & Gregorc 
[55] the size of the acini can be affected positively and the HPGs secretion period can be extended in 
actively nursing workers. Therefore, the absence of brood in the laboratory, yet the presence of a large 
number of brood cells in the colonies when the experiment was conducted (July-August) can possibly 
explain the absence of the decreasing effect that was observed in the field. Moreover, the experimental 
workers from the field had access to a richer and more diverse source of pollen diet than bees 
maintained in the laboratory that were given a specific pollen paste until 10 days post-emergence. A 
multi- flower pollen is important for the development of the individual bees as it can stimulate and 
affect the total number of proteins, carbohydrates and lipids and furthermore have an impact on 
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brood and colony development and immunity [56]. Studies show that specific genus of plants (Rubus, 
Castanea sp., Asparagus sp.) have a positive effect on the size of the acini of HPGs [44,52]. 
Furthermore, the phytochemicals that bees collect from the nectar and pollen offers them benefits of 
improved longevity and pathogen tolerance, and some compounds (p-coumaric acid or kaempferol) 
have been shown that can increase the size of the acini [57]. Exposure to fresh pollen in the field gives 
them the advantage of a rich pollen and nectar diet that stimulates the development of HPGs, while 
the stimulating effect of stored pollen used in the laboratory is reduced [56]. Overall, the absence of 
brood and the restricted source of proteins in the laboratory can further influence the size of the HPG 
acini. 

The effect of imidacloprid was found significant only on the 10-days old bees, while not on the 
15-days old bees both under laboratory and field conditions. The decreasing effect on the 10-days old 
bees is in agreement with previous findings [33,34]. Furthermore, De Smet et al., [34] showed that the 
decreasing effect of imidacloprid on 10-days old bees was observed in both laboratory and field 
conditions; results of this study confirm the findings. However, even if the imidacloprid did not show 
a decreasing effect on the 15-days old bees in this study, this result was again similar to the bees 
reared in the laboratory with the bees reared in the field. Furthermore, the reduction of HPGs on 
treated bees could not be associated with the food consumption. As stated above, the fact that the 
bees in the laboratory were given contaminated pollen only till day 10 of their life, and bees in the 
field were given small quantities of contaminated food, might imply that after the exposure to the 
stressors ceased (e,g, imidacloprid) the bees try to detoxify themselves. Some evidence of 
detoxification was found during the study by De Smet et al., [34]; however, this hypothesis needs to 
be further investigated and verified, as there is no knowledge on what the time frame is honeybees 
need to detoxify from different chemical stressors. 

Our work demonstrated that results from the two different tests, laboratory and field, were in 
agreement. Both showed a negative effect of imidacloprid on 10-day old bees in the laboratory and 
in the field, but not on 15-day old bees. These results, together with the ones by De Smet et al., [34] 
support that Tier 1 laboratory studies can be used as a proxy for Tier 2 studies, at least in respect of 
the HPGs development, at day 10 of the bees’ life. The sublethal effects caused by the synergy of 
insecticides, fungicides and parasites occurring naturally in the field [10] could also be compensated 
by richer nutrition, or amplified by poor nutrition. Considering also that the development of the 
glands in the honey bee worker, as a social insect, is very complex [40], the assessment of the acini at 
day 10 of their life is a reasonable recommendation, if the HPG measurement is going to be part of 
the risk assessment methodology. It is also of great importance to note that all other stressors acting 
synergistically in the honey bee health, immunity, productivity (e.g., pathogens and nutrition) might 
have higher impact later on the bees’ life (Straub et al., 2019), as well as on the reproductive 
individuals [36] given that the exposure in the field is continuous and not only for the first days of 
the bees’ adult life. However, the digital measurements of HPGs of the honey bees at day 10 of their 
life can be proposed as a very robust method to be considered in risk assessment approaches for 
revealing sub-lethal effects of stressors. 

5. Conclusions 

Hypopharyngeal glands of nursing worker honey bees, which are responsible for producing 
royal jelly, are considered as a robust indicator of developmental/ physiological failure due to 
pesticide exposure [10,33,34,46. Neurotoxic pesticides such as imidacloprid reduce the size of the 
lobes of the HPGs, which are called acini. 

Digital measurements of the diameter of the acini were shown to be a reliable methodological 
tool for risk assessment, as all results were independent from the assessor as the human factor. 

Similar trends in acini reduction were found both in the laboratory and field tests, when the 
same concentration of the toxic substance was administered, but exposure in the field was probably 
lower. Thus, measurement of the HPG size in the laboratory can be used as a proxy for field studies. 
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As acini size 15 days post-emergence are subject to environmental conditions (including pollen 
availability, brood presence, foraging activity, diverse food sources) and only to age, the 
recommendation for using the HPG acini diameter as a methodological tool is restricted to 10 day 
old individuals. 

Environmental Risk Assessment (ERA) schemes could benefit from the results of the presented 
work, providing insight into scenarios more likely encountered by worker honey bees in the real 
world. 
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