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Abstract 

Previous studies by our research group verified the beneficial effects of zinc supplementation on honey bee colonies during off-

season. Here, we used high concentrations of inorganic zinc to evaluate the effects of high levels of zinc supplementation on hypo-

pharyngeal gland (HPG) development of Apis mellifera L. during off-season. Twelve colonies were randomly assigned to one of 

four experimental diets (0 ppm Zn, 500 ppm Zn, 1000 ppm Zn, and 1500 ppm Zn) with three replicates. Honey bees received 

500 mL of diet supplement with or without an inorganic source of zinc (sulfate heptahydrate, 20% zinc) once a week for 60 days. 

After the experimental period, 20 worker bees (6-days-old nurse bees) were sampled from each colony for HPG development anal-

ysis. Zinc, regardless of the level, increased the average area of acini compared to the non-supplemented group. However, gradual 

colony population reduction was visually observed after approximately 90 days, suggesting that Zn supplementation at high con-

centrations may exert a toxic effect. Therefore, although zinc can positively modulate HPG, the zinc supplements must be admin-

istered with caution. 
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Introduction 

Pollen composition directly impacts the nutrition of 

honey bee colonies because it is the main protein, amino 

acid, mineral, and lipids source. These nutrients found in 

the pollen could affect the development of the mandibu-

lar (MG) and hypopharyngeal glands (HPGs) (Degrandi-

Hoffman et al., 2010), located in the head of worker nurse 

bees and responsible for royal jelly (RJ) production 

(Mokaya et al., 2020). The HPGs are responsible for pro-

ducing a secretion rich in protein, while the MG synthe-

tizes the lipid fraction (Fujita et al., 2013, Milone et al., 

2021). The mixed secretion of both glands results in RJ 

containing amino acids, cholesterol, lipids, sugars, and 

vitamins, which are fed to the larvae (Degrandi-Hoffman 

et al., 2010; Ramanathan et al., 2018). 

HPG development is influenced by the nutritional sta-

tus of the bees, season factors, geographical origin and 

pesticide exposure (Corby-Harris and Snyder, 2018; Ah-

mad et al., 2020). Thus, nurse worker bees that do not 

consume optimal amounts of protein have impaired HPG 

development, reducing royal jelly production (Standifer, 

1980) and potentially impairing larval growth and colony 

maintenance (Heylen et al., 2011). 

Apart from protein levels, minerals such as zinc may 

influence HPG development in Apis mellifera L. (Hyme-

noptera Apidae) because it participates in important 

physiological processes. Minerals are involved in several 

metabolic pathways, physiological processes, structural 

components, and enzymatic cofactors (Moraes and Al-

meida, 2020). For instance, zinc is an indispensable mi-

cronutrient (Zhang et al., 2015) associated with the mod-

ulation of biochemical processes, transcription factors, 

membrane integrity, cellular respiration, reproduction, 

and other biological functions, as well as metalloproteins 

and antioxidant enzymes (Sloup et al., 2017; Longuini et 

al., 2021). 

Thus, zinc deficiency in periods of scarcity can ad-

versely affect bees and colony survival (Barros et al., 

2021a). Therefore, evaluating the effects of dietary zinc 

levels on the development of HPG is important for for-

mulating adequate artificial supplements for honey bees. 

However, studies on the effects of dietary zinc levels on 

the development of HPG are scarce. Hence, this study 

aimed to evaluate HPG development in A. mellifera sup-

plemented with different levels of zinc. 

Materials and methods 

Treatments 
Prior to the field tests, laboratory tests were conducted 

with worker forager bees of Africanized A. mellifera to 

verify the consumption and acceptance of sugar syrup 

(water and sugar in a 1:1 ratio) containing inorganic zinc 

(zinc sulfate heptahydrate containing 20% zinc; dy-

namic) at different concentrations (500, 1000, 1500, 

2500, 5000, 7500, 10000, 12500, 15000, 30000, 40000 

and 50000 ppm). Zn concentrations above 1500 ppm led 

to a viscous sugar syrup which was difficult for the bees 

to consume; thus, we used concentrations between 500 

and 1500 ppm Zn. 
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The beehives used were standardized for the number of 

broods and food frames, with a homogenous queen pos-

ture. Sugar syrup (1:1 water and sugar) with and without 

zinc was offered for 60 days, and the bees were collected 

at the end of the experimental period. 

The beehives were divided into the following treat-

ments (three hives per treatment): 

- Control treatment: no supplementation with Zn; 

- Treatment 1: Zn supplementation at a concentration of 

500 ppm; 

- Treatment 2: Zn supplementation at a concentration of 

1000 ppm; 

- Treatment 3: Zn supplementation at a concentration of 

1500 ppm. 

The inorganic zinc source was administered every 

seven days through a Boardman-type feeder (500 mL) 

during the off-season in the study region (June and July 

2015). 

Development of hypopharyngeal glands 
Bee sampling was performed based on the methodol-

ogy described by Camilli et al. (2020). In June and July, 

20 worker bees at 6 days of age were harvested from a 

random frame of a hive from each treatment each month. 

A frame with pupae was removed from each treatment 

and individually wrapped in a tissue. The frames were 

placed in an incubator at approximately 30 °C and rela-

tive humidity of approximately 60% until the emergence 

of individuals. The worker bees that emerged were 

marked in the thorax with a non-toxic pen, and reintro-

duced into their mother colonies. 

At 6 days of age, nursing bees were harvested with en-

tomological forceps and immediately stored in a plastic 

tube with holes to facilitate the entry of air. Thereafter, 

they were euthanized (decapitated with a scalpel after be-

ing anesthetized with CO2), and their heads were fixed in 

4% formaldehyde (dissolved in 0.1 M phosphate buffer, 

pH 7.3) for 24 hours to increase exoskeleton permeabil-

ity. Subsequently, the heads of the bees were washed in 

running water for 24 hours and then placed in 70% ethyl 

alcohol until they were processed for histological analy-

sis (Zaluski et al., 2017). 

The procedures were based on, and adapted from, 

Smodiš Škerl and Gregorc (2010). The samples were pro-

cessed in a graded series of ethanol (70%, 80%, 90%, and 

95%) and then embedded in methacrylate resin (His-

toresin-Leica). Samples were placed in plastic moulds 

with assembly resin, forming blocks for blade produc-

tion. In each block, two heads were placed and dried for 

a period of 24 hours. Then, the blocks were released from 

the moulds and glued onto the wood with Araldite glue. 

Blocks were sliced into 3 µm sequential sections using 

an automatic rotary microtome (Leica RM2155, Ger-

many). The slices were harvested and immediately 

placed on the blades for staining. From each block, 130 

slices were produced in series, which were immediately 

arranged on glass slides, and 10 slices were placed per 

slat, totalling 13 slats per block. Thus, for each month, 

five blocks were analysed (two heads in each block), 

which comprised a total of 650 slices for analysis. The 

slides containing these sections were stained with hema-

toxylin-eosin, oven-dried, and coverslips were placed 

over the sections. Entellan® was used for mounting. 

Using a digital camera attached to the microscope, the 

sections were photomicrographed and analysed using the 

Leica Q-win Plus® image analysis software (figure 1). 

To quantify the mean number and mean areas of acini in 

the hypopharyngeal glands, 20 histological images of 

each bee (n = 10) were analysed for a total of 200 images. 

Digitized images were analysed morphometrically using 

the bundled software, Leica Q-win Plus® version 3.1, for 

WindowsTM (Leica, Heidelberg, Germany). The number 

of acini per honey bee in each experimental group was 

counted. Additionally, using the same software, the acini 

were circumvented, and the average area (µm2) of the 100 

largest acini for each experimental group was deter-

mined. This was done because after performing the tests, 

it was observed that the 10 largest were representative of 

the whole. All measurements were saved in Microsoft 

Excel spreadsheets for analysis. 

Statistical analysis 
The results obtained were compared by ANOVA, fol-

lowed by Tukey’s test to verify the differences between 

the means. Differences were considered statistically sig-

nificant when p < 0.05 (Zar, 1996). 

Results 

The colonies that received the diet with or without zinc 

supplementation consumed all of the food offered. How-

ever, after 30 days of experiments, we recorded a gradual 

reduction in the brood area and adult population of all 

colonies that received the diet supplemented with the 

mineral at all concentrations, with beehive abandonment 

observed at 90 days. 

There was no significant difference in the number of 

acini from the hypopharyngeal gland between the control 

and zinc supplementation treatments during the off-sea-

son (table 1). Relating to the media acini area, the control 

group had a smaller average area compared to treatments 

in which zinc supplementation was performed during the 

off-season. The T1, T2, and T3 treatments did not differ 

significantly (table 2 and figure 1). 

Discussion 

Many studies have evaluated the effects of nutrients on 

individual honey bees caged but not on the colony level 

under natural conditions (Zheng et al., 2014), which 

could reflect different results. Therefore, in this study, 

zinc supplementation was realized in beehives allocated 

to the field, simulating the natural reality of beekeeping. 

The field tests were conducted in the off-season because 

there is a natural reduction of food resources in the envi-

ronment and it is recommended that beekeepers offer ar-

tificial food to the colonies. However, there is an infor-

mation gap regarding a balanced diet for bees, such as a 

real mineral requirement. In this study, we observed that 

zinc modulated HPG development by increasing the acini 

area compared to the unsupplemented group, regardless 

of the level used. 
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Figure 1. Representative photomicrographs of the hypopharyngeal gland of Africanized honey bees (A. mellifera) at 

six days of age stained by hematoxylin and eosin. A) Control (without addition of Zn), B) T1 treatment (0.5 mg mL−1 

Zn), C) T2 treatment (1.0 mg mL−1 Zn) and D) T3 treatment (1.5 mg mL−1 Zn). Scale bars: 10 µm. 

Table 1. Number of acini from the hypopharyngeal 

glands of Africanized honey bees (A. mellifera) har-

vested in the off-season. The values expressed are the 

means followed by their standard deviations. 

Diets Number of acini 

Control 16.6 ± 2.7 

T1 15.0 ± 1.4 

T2 16.3 ± 0.5 

T3 19.3 ± 3.8 

Table 2. Average area of the 10 largest acini (µm2) of the 

pituitary glands of Africanized honey bees (A. mellif-

era) harvested during the off-season. The values ex-

pressed are the means followed by their standard devi-

ations. 

Diets Average area of acini (µm2) 

Control 26.9 ± 4.8 A 

T1 28.9 ± 5.2 B 

T2 29.0 ± 4.0 B 

T3 28.5 ± 5.2 B 

Different capital case letters in the same column indicate 

a significant difference among the means (p ≤ 0.05). 

HPG development may be associated with colony de-

velopment, longevity, larval growth, and royal jelly pro-

duction (Deseyn and Billen, 2005). HPG size is signifi-

cantly plastic and is affected by nutritional factors, such 

as dietary protein levels (Camilli et al., 2020), pollen fla-

vonoid content (Bovi et al., 2017), iron supplementation 

levels (Barros et al., 2021b), and lipid and protein sources 

(Corby-Harris et al., 2016). 

The royal jelly component produced by these glands 

serves as a food source for different castes of bees and 

the queen throughout her life (Ji et al., 2014) and the nu-

trients of the diet could modulate its size and function, 

which are important tools for the development of bee col-

onies. Previous studies by our research group comparing 

the organic and inorganic zinc source showed better ef-

fects in the mandibular glands (MG) when the honey bee 

colonies received the organic zinc (zinc-methionine) 

source; the inorganic zinc source promoted negative ef-

fects in the MG area at concentrations of 50 and 75 ppm 

(Barros et al., 2021a), in field tests. In another study (data 

not published), it was observed that the organic source 

zinc showed better results in the HPG development than 

the inorganic source, at concentrations of 50 and 75 ppm; 

however, the inorganic zinc source was similar to the 

control treatment, suggesting that higher doses could 

have beneficial effects. 
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Few studies have assessed the efficiency of different 

mineral sources in the glandular development of A. mel-

lifera honey bees. Even though organic zinc sources have 

higher bioavailability (linkage to organic molecules) 

compared to inorganic sources (Rider et al., 2010), it is 

more expensive when added to animal nutrition (Zhao et 

al., 2014) and could not be used in practice by beekeep-

ers. Thus, we conducted this research with high dosages 

of inorganic zinc to test different concentrations and find 

the highest proportion of zinc and sugar syrup that the 

bee consumed, which is 1500 ppm. 

Thus, the concentrations of 500, 1000, and 1500 ppm 

resulted in positive effects were after the addition of in-

organic zinc (IZn) for 60 days, at all concentrations used, 

with an increase in the HPG area. The need for mineral 

zinc by bees is met by harvesting nectar and pollen; how-

ever, its concentration can vary according to the grazing 

area available to bees around the apiary (0.012 ppm to 

173.77 ppm for honey and from 5.1 to 340.0 ppm for bee 

pollen) (Zhang et al., 2015; Wright et al., 2018). When 

bees do not find the proper amount of a mineral in the 

collected nectar and pollen, malnutrition can occur, and 

inadequate nutrition can reduce the size of the HPG, es-

pecially during the first week of adult development 

(Corby-Harris and Snyder, 2018). Therefore, dietary fac-

tors directly affect the development of HPG, as nutrition, 

longevity, and colony maintenance are intertwined. 

Therefore, providing a proper balance of nutrients is fa-

vorable not only for growth and honey production but 

also for improving the immune status. Nutrition can mod-

ulate the gut microbiome and positively affect immune 

responses, metabolism, and maintenance (Pegoraro et al., 

2013; Ricigliano and Simone-Finstrom, 2020). 

However, during the supplementation period, a gradual 

decrease in the beehive’s population and brood (visual 

assessment) was observed for all Zn inclusion levels. 

Thirty days after the start of the experiment, a reduction 

in sealed brood was observed in the colonies that re-

ceived zinc and continued until 60 days, when the bees 

were collected for HPG analysis. At the end of the exper-

iment, the colonies had queens and honey bees, but the 

posture rate and brood area were reduced, and up to 90 

days, the colonies were swarming, abandoning their 

hives. This effect was not measured, and only visual ob-

servations were possible. 

This effect could be related to a possible toxic effect of 

zinc minerals, probably due to the higher concentrations 

used in this study. Zinc sulfate (500 to 10000 ppm) could 

interfere with the physiological development of endo-

crine glands, changing their structure and activity, as ob-

served in Spodoptera littoralis (Boisduval) (Sharaby et 

al., 2013). Furthermore, zinc supplementation has been 

associated with increased levels of biomarkers of oxida-

tive damage (malonaldehyde) in honey bees (Zhang et 

al., 2015). Previous studies have suggested that 60 ppm 

of Zn in collected pollen would be sufficient to meet the 

nutritional needs of colonies in the presence of broods. 

However, the study was conducted under laboratory con-

ditions using fewer bees and a shorter supplementation 

period. In this study, higher doses of zinc were chosen to 

determine an adequate inorganic zinc level to supplement 

bee diets under field conditions during the off-season, 

which may explain the gradual abandonment of the col-

ony and the potential toxic effect when used for a long 

time. 

Conclusions 

We found that zinc can affect HPG development. When 

Zn supplementation levels exceeded the nutritional re-

quirements of A. mellifera, a toxic effect was exerted in 

the long term. 
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