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Abstract – A honey bee colony’s ability to grow and develop is dependent on adequate nutrition. Bees collect 
pollen from flowers as a source of protein, fat, vitamins, and minerals. The crude protein content of corn pol-
len is considered low, around 15%; however, bees frequently visit the male flowers of the tassels for pollen. In 
this study, we aimed for the first time to improve the nutritious value of corn pollen by mechanically crushing 
its external pollen wall. We then compared the effect of feeding crushed vs. non-crushed corn pollen grains on 
honey bee diet consumption, digestibility, hemolymph protein content, hypopharyngeal gland (HPG) size, and 
thorax weight under laboratory conditions. We found that crushing corn pollen grains increased diet digestibility 
and hemolymph protein content while decreasing honey bee pollen consumption (− 39.88%). Crushing pollen 
however had no effect on HPG size or thorax weight. These findings may be beneficial to beekeepers in areas 
where corn monoculture is prevalent. The effect of crushed corn pollen on larval development and growth, as 
well as colony development and vitality, should be investigated in future studies.

Honey bees / Monodiet digestibility / Hemolymph protein concentration / Hypopharyngeal gland / 
Nutrition / Corn/zea pollen

1.  INTRODUCTION

The western honey bee (Apis mellifera L.) 
provides highly valued pollination services 
for a wide range of agricultural crops. They 
account for 80% of all insect pollinators (Klein 
et al. 2007; Khalifa et al. 2021a). However, in 
recent years, pollinator decline has been reported 
worldwide (Potts et  al. 2010; Goulson et  al. 
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2015; Al Naggar et al. 2018). Colony losses are 
likely the result of the effect of multiple stressors 
(e.g., pesticides, pathogens, parasites, and poor 
nutrition) (Steinhauer et al. 2018; El-Seedi et al. 
2022). Therefore, it has been proposed that the 
combination of nutritional stress, infections by 
pathogens, and pesticide exposure are among 
the most important driving forces (Naug 2009; 
Dainat et al. 2012; Tosi et al. 2017; Al Naggar 
and Baer 2019; Al Naggar and Paxton 2021; 
Alburaki et al. 2022; Filipiak et al. 2022).

Adequate nutrition is a honey bee colony’s basis 
for growth and development (Brodschneider and 
Crailsheim 2010). Because landscapes are increas-
ingly characterized by agriculturally intensive 
monocultures, and because honey bee pollination 
services frequently occur within a human-defined 
ecosystem, bees’ nutritional needs may not be ade-
quately met (Naug 2009). In this context, “food 
resource deficiency” refers to both a shortage 
of food and the lower nutritional quality of food 
sources that are available in inhabited habitats. 
Therefore, there are inconsistencies between what 
bees need and what their environment can give, 
which contributes to the decline of bee populations 
(Vaudo et al. 2015; Hemberger et al. 2021; Wilson  
et  al. 2021; Filipiak et  al. 2022). As a result,  
the question of whether and how bees should be 
provided with supplemental food when nutritional 
deficits occur arises.

Pollen is the main natural source of protein 
for adult bees after emergence (do Carmo Zerbo 
et  al. 2001; Brodschneider and Crailsheim 
2010). Pollen protein content and quality are 
also factors that influence honey bee colony 
longevity and performance (Dietz 1975; Omar 
et  al. 2017). Pollen grains are collected by 
honey bees from a wide variety of plant spe-
cies (Schmidt, 1984; Khalifa et al. 2021b), and 
the nutritional composition of pollen varies 
greatly depending on the plant species (Stanley 
and Linskens 1974; Roulston and Cane 2000; 
Omar et al. 2017). The protein content of bee 
pollen is the most important characteristic and 
is primarily used to categorize bee pollen qual-
ity as excellent (> 25%), average (20–25%), 
and poor (20%) (Somerville 2001). Protein 

concentrations vary greatly between plant spe-
cies, ranging from 2.5 to 61%, with an average 
of 25–45% (Roulston and Cane 2000; Weiner 
et al. 2010; Bryś et al. 2021). Cactaceae and 
Onagraceae plants have the lowest protein 
content (15–25%), whereas Melastomataceae, 
Cochlospermataceae, and Solanaceae have the 
highest protein content (over 51%) (Roulston 
and Cane 2002). According to Nicolson and 
Human (2013), bees kept near crop monocul-
tures such as sunflowers, which have poor pol-
len quality, may have poor development. Pol-
len also contains some lipids, sterols, vitamins, 
minerals, and carbohydrates. Wind-pollinated 
plants, such as corn (Hofmann et  al. 2014), 
which covers thousands of acres in different 
parts of the world International Grains Council 
(international organization) (2013), produce a 
lot of pollen, but it has a low nutrient protein 
content of about 15%, which is why it is con-
sidered poor pollen. As a result, the question of 
whether and how corn pollen’s nutritional value 
could be increased arose.

Indeed, the pollen’s nutritional value is 
primarily determined by the efficiency with 
which bees digest pollen. Pollen digestibility is 
thought to be affected by two factors: the thick-
ness of the pollen wall, which is made of intine 
or exine, and the number of germination pores 
(Roulston and Cane 2000). The intine is mostly 
made up of pectin and cellulose. The exine layer 
is composed of sporopollenin and is coated by 
a pollenkitt, which is composed of proteins, 
sugars, and lipids (T’ai and Cane 2000). Bees 
can not digest pollen grains wall due to their 
chemical nature (Heslop-Harrison and Heslop-
Harrison 1991), but they can digest and extract 
protein nutrients through the germination pore 
(Peng et al. 1985).

Because animals that feed on pollen vary in 
size, behavior, and physiology, there is a wide 
range of pollen digestion mechanisms: (1) 
mechanically crack open the pollen wall, (2) 
pierce the pollen wall with sharp mouthparts, 
(3) dissolve the pollen wall with enzymes, (4) 
induce germination or pseudo-germination, (5) 
osmotic shock bursts the pollen wall, and (6) 
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digestive enzymes penetrate the pollen wall 
(Roulston and Cane 2000). The first three of 
these methods are uncommon, and the last 
three are difficult to identify. Pollen digestion 
can be difficult due to the multiple cell wall 
layers that cover the nutritional cytoplasm. 
Kroon et al. (1974) hypothesized that differ-
ences in osmotic pressure between the bee 
crop and the midgut could cause pollen grains 
to break, exposing the nutrient cytoplasm. 
Other studies, however, rejected this hypoth-
esis, finding a high number of undamaged pol-
len grains in the midgut (Klungness and Peng 
1984a; Peng et al. 1985). Furthermore, Moritz 
and Crailsheim (1987) and Dobson (1988) 
reported that the external structure of the pol-
len grain wall, particularly exine, was found 
to be indigestible. As a result, the percentage 
of empty pollen grains in bee feces was used 
to assess digestion performance (Roulston and 
Cane 2000). Furthermore, Crailsheim et al. 
(1992) discovered a difference in the percent-
age of empty grains between two different 
types of pollen (Castanea sativa MILL. and 
Trifolium repens L.).

In this study, we attempted for the first time 
to improve the nutritious value of corn pollen, 
by crushing its external pollen wall mechani-
cally. We then tested the effect of feeding bees 
with crushed vs. non-crushed corn pollen 
grains on bee diet consumption, digestibility, 
hemolymph protein content, hypopharyngeal 
gland (HPG) size, and thorax weight under 
laboratory conditions. We hypothesized that 
shattering corn pollen’s exterior wall would 
modulate diet consumption and digestibility 
as well as honey bee worker physiology.

2. � MATERIALS AND METHODS

The laboratory experiments were conducted 
in the Economic Entomology research labo-
ratory of the Department of Plant Protection, 
Assiut University, in Assiut, Egypt, during the 
active season of honey bee colonies (May till 
July 2021).

2.1. � Pollen loads collection

Pollen traps were used to collect pollen loads 
collected by bees from the entrance of hives 
every day during the corn flowering season. 
Pollen loads were separated based on color, then 
dried in an oven under 35 °C until weight con-
sistency was achieved to remove all water from 
the pollen grains, which aids in preservation, and 
stored at − 20 °C until use.

2.2. � Preparation of crushed pollen

To rupture the pollen cell layers, the frozen 
pollen load was crushed with a ceramic mortar 
and pestle, then sieved and crushed several times 
until a fine powder was formed. Then, using a 
scanning electric microscope (JSM—5400) at 
the Electron Microscope Unit, Assiut University, 
Egypt, we scanned the surface of these fine and 
crushed pollen grains to ensure that the grinding 
was sufficient to disrupt their cell wall (Figure 1).

2.3. � Honey bees

Three colonies of A. mellifera carnica hybrid 
maintained in the research apiary of the Plant 
Protection Department at the Faculty of Agri-
culture, Assiut University, Egypt, was used in 
the experiments from May to July 2021. Colo-
nies had no visible honey bee diseases and had 
adequate bee bread, honey stores, and a large 
number of young honey bee workers. All colo-
nies were treated with formic acid to control Var-
roa mites and Varroa levels have been checked 
before the experiment.

To obtain newly emerged honey bee workers 
(0–24 h old), three sealed brood combs ready 
to emerge from the three honey bee colonies 
were transferred and placed in an incubator 
overnight at 34.5 °C and 65% RH (Williams 
et al. 2013). The following day, we collected 
newly emerged bees from all brood combs, 
combined them, and then randomly assigned 
them to different treatments. All the cages used 
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in this study were made from pellucid plastic 
cups (Evans et al. 2009). For ventilation, the 
spouts of the plastic cups were covered with an 
iron net. Cups were provided with wax comb 
to simulate the natural colony conditions for 
honey bees (Williams et al. 2013). Two holes 
were drilled in the cup: one in the bottom for 
introducing sugar solutions with a 5 ml syringe 
and one on the side for presenting protein diets 
with a half of a 2 ml Eppendorf type shaped 
like a dish (Figure 2A).

2.4. � Experimental design

We carried out two separate experiments in 
similar manner to determine whether crushed 
pollen could modulate diet consumption and 
digestibility as well as honey bee worker physi-
ology (Figure 2B).

2.4.1. � Diet consumption and digestibility

This experiment consisted of two treatment 
groups: non-crushed and crushed corn pol-
len each with three cages containing 30 newly 
emerged bees. Bees were fed pollen diets (1 g per 
cage), either whole or crushed, and sugar syrup 
for 10 days, after which the pollen dish were 
removed, and the bees in all treatments were fed 
only sugar syrup ad libitum for another 4 days. 
Diet consumption was measured and renewed 
daily for 10 days. Dead bees were removed from 
the cages and considered to not have consumed 
pollen that day.

To assess diet digestibility, a 12-day-old 
worker was used because nurse bee consumes 
and digests more protein diets than older bees 
and to ensure that they had completed all the 
digestion and the rectum would not receive any 
more (Crailsheim et al. 1992; Omar et al. 2017). 
To determine digestibility, protein concentrations 

Figure 1.   Scanning electron microscope photographs showing crushed and non-crushed corn pollen grains.
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in the hindgut contents of a 12-day-old worker 
were examined and compared to concentrations 
in maize pollen (DeGrandi-Hoffman et al. 2016). 
Five bees were randomly selected and dissected 
from each cage, then the hindgut of each bee 
was extracted and weighted, and a 1-µl of the 
hindgut contents was mixed with 99 µl of PBS 
and 1% EDTA-free HPIC. The solutions were 
then mixed, and 100 µl of this combined solution 
was added to 900 µl of PBS with 1% EDTA-free 
HPIC, which was then stored at 80 °C until total 
soluble protein was measured using a spectro-
photometer (752 UV/Vis Spectrophotometer, 
Jing hua Instruments, Inc., Shanghai, China) at 
595 nm (Bradford 1976; Cremonz et al. 1998). 
Protein concentrations in corn pollen were also 
measured using three samples chosen randomly 
from each diet. Using 1 mg of the diet added to 
999 μl of PBS with 1% EDTA-free HPIC and 
analyzed as described above. The approximate 
digestibility was calculated according to the fol-
lowing equation (Eq. 1) (Slansky and Scriber 
1985; DeGrandi-Hoffman et al. 2016).

Then, we quantified the total protein content 
in the hemolymph of 14 days old bees. Bees were 
chosen randomly from each cage and hemolymph 
was collected using the method described by Borsuk 
et al. (2017). Briefly, the bee antenna was separated, 
then careful pressure was applied to the bee’s abdo-
men. This caused a drop of hemolymph to appear 
at the base of the removed antenna, which was col-
lected with a pipette. Hemolymph from each cage 
(n ~ 20 bees) was pooled and samples were stored 
at − 80 °C. Total protein content was measured 
using 1 μl of hemolymph sample that was mixed 
with 99 μl of PBS and 1% EDTA-free HPIC and 
then analyzed as described above.

2.4.2. � HPG development and thorax weight

We measured HPG acini volume and thorax 
weight to see if crushed pollen had any effect 

(1)Approximate digestability =
Protein conc. in diet − Protein conc. in hind gut

Protein conc. in diet
× 100

on honey bee worker physiology. To do that, 
the same treatments as described above were 
tested, each with three cages, and each cage 
contained 30 newly emerged worker bees. Bees 
were fed pollen diets, either whole or crushed, 
and sugar syrup for 10 days, after which the 
pollen dish were removed, and the bees in all 
treatments were fed only sugar syrup ad libi-
tum for another 6 days. Seven bees were cho-
sen at random from each cage at the age of 
6 days to measure the HPG acini volume using 
a 100-fold magnification ocular micrometer 
(SP1 10/0.25) microscope Reichard Diavar, as 
reported in Omar et al. (2017). We used 6-day-
old bees because the maximum HPG develop-
ment has been reported to be between 5 and 
9 days (Moritz and Crailsheim 1987; Altaye 
et al. 2010; Omar et al. 2017).

At the end of the experiment, sub-samples 
of surviving bees (n = 10 bees per cage) were 
sampled at the age of 16 days to determine 
the fresh and dry weight of the thorax. Each 
bee sample was dissected into three sections: 

head, thorax, and abdomen. Each thorax was 
weighted with wings and legs to determine 
fresh weight before being placed in a 55 °C 
oven for 5 days and reweighted to determine 
the dry weight to investigate the potential 
effect of diet on thorax muscles develop-
ment (Brodschneider and Crailsheim 2010;  
Hendriksma et al. 2019).

2.5. � Statistical analysis

The data were analyzed using GraphPad 
Prism 8.00 for Windows (www.​graph​pad.​com). 
A Student t-test was used to compare the effects 
of crushed vs. non-crushed corn pollen grains 
on diet consumption, diet digestibility, hemo-
lymph protein content, HPG acini volume, and 
thorax dry weight. A significance level of 0.05 
was used to define a test’s significance.
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3. � RESULTS

3.1. � Diets consumption, digestibility, and 
hemolymph protein content

Diet consumption in bees fed crushed corn pol-
len grains was significantly lower (− 39.88 %) than 
in bees fed non-crushed corn pollen grains (Student 
t-test; df = 4, P = 0.003) (Figure 3a). There was a 

significant increase in the percentage of diet digest-
ibility in bees fed crushed corn pollen grains com-
pared to bees fed non-crushed corn pollen grains 
(Student t-test; df = 4, P = 0.02) (Figure 3b). As 
a result of the increase in diet digestibility, total 
hemolymph protein content increased significantly 
in bees fed crushed corn pollen grains versus bees 
fed non-crushed pollen grains (Student t-test; df = 
4, P = 0.04) (Figure 3c).
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Figure  3.   Showing means ± standard error mean (SEM) of a diet consumption, b % of diet digestibility (n = 3 
pooled samples of 5 bees from each cage), and c hemolymph protein content (n = 3 pooled samples of ~ 20 bees from 
each cage) in bees fed crushed vs. non-crushed corn pollen grains for 10 days. Different lowercase letters denote a 
significant difference between treatments (Student t-test, P < 0.05).
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3.2. � HPG development and thorax dry 
weight

The HPG acini volume was measured at age 
of 6 days old, and there was no significant differ-
ence between bees fed crushed vs. non-crushed 
corn pollen grains (Student t-test; df = 38, P = 
0.42) (Figure 4a). We also quantified the dry 
weight of the thorax as an indicator of flight 
muscle development at the end of the experi-
ment when bees are 16 days old and found no 

significant difference between bees fed crushed 
vs. non-crushed corn pollen grains (Student 
t-test; df = 38, P = 0.42) (Figure 4b)

4. � DISCUSSION

Nutrition is the term used to describe the pro-
cess of obtaining nutrients from the outside in 
order to meet the energy requirements for main-
taining vitality. Just like every living species, 
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Figure 4.   The effect of feeding bees crushed corn pollen grains vs. non-crushed grains for 10 days on a HPG acini 
volume of 6-day-old bees and b dry weight of thorax region of 16-day-old bees. Symbols on the box plot represent 
maximum and minimum values (n = 21 bees) (whiskers: ┬ ┴), mean values (-), the top and bottom lines of the mid-
dle box represent the 25% and 75% quartiles. There was no significant difference between treatments (Student t-test, 
P > 0.05).
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honey bees need nutrients to survive. Pollen is 
considered the primary source of protein for 
honey bees, supporting growth and develop-
ment (Brodschneider and Crailsheim 2010). A 
worker bee in a colony needs 145 mg of pollen 
on average throughout its lifetime to complete its 
life cycle (Haydak 1970). In the current study, 
we crushed the external pollen wall of corn pol-
len, which is a poor protein source for bees as 
an attempt to increase its nutritional value. We 
found for the first time that crushing corn pol-
len grains increased diet digestibility and hemo-
lymph protein content while decreasing honey 
bee consumption.

Animals that feed on pollen must overcome an 
indigestible or even chemically resistant pollen 
grain wall in order to reach the nutritious cyto-
plasm (Stanley and Linskens 1974). Pollen con-
tains a variety of cell wall constituents such as 
cellulose, pectins, and sporollenin matrix, which 
may affect digestibility (Crailsheim et al. 1992; 
Roulston and Cane 2000). The current findings 
showed that total crushed corn pollen intake 
by bees during the nursing period was reduced 
by -39.89% when compared to bees fed normal 
corn pollen grains, while there was a significant 
increase in digestibility (23.24%) of crushed corn 
pollen versus non-crushed pollen. The destruc-
tion of the outer wall or diffusion through pores 
is required for the digestion of pollen grains. 
This could explain the increase in digestibility 
of crushed pollen grains observed in the cur-
rent study. The digestibility of normal pollen 
grains ranges was reported to be from 30 to 70% 
(Klungness and Peng 1984b). This variation 
in digestibility of pollen grains depends on the 
degree of disruption of the intine and the expo-
sure of pollen protoplasm to digestive enzymes 
(Klungness and Peng 1984a; Peng et al. 1985).

It is worth noting that the mechanism and 
effectiveness of pollen grain digestion differ 
between animals that feed on pollen and accord-
ing to pollen species. Corn pollen, for example, 
breaks early in the midgut of maize beetles, 
unlike sunflower pollen, which has intact exines. 
It does, however, remain intact in honey bees’ 
midguts (Human and Nicolson 2003), indicating 

that osmotic shock is not as important to honey 
bees as previously assumed (Kroon et al. 1974) 
and pointing to another mechanism of digestion, 
such as enzymatic action. As a result, grinding 
corn pollen grains, which increased digestibil-
ity relative to non-grinded pollen in the current 
study, could be a new mechanical method to pro-
mote bee feeding and the nutritional value of low 
protein pollen sources. More research is required 
to explore the impact of crushed corn pollen on 
larval development and growth, even though lar-
vae are fed a lot of jelly that has already been 
digested by nurse bees and digest pollen differ-
ently than adult bees because they do not have a 
crop (Roulston and Cane 2000).

The protein content of hemolymph is usually 
used to assess the efficacy of protein diets and 
pollen quality (Cremonz et al. 1998; Kunc et al. 
2019; Smart et al. 2019; Noordyke and Ellis 
2021). High protein concentrations increase bee 
lifespan, immunity, and resistance to pathogens 
such as Nosema spp. (Strachecka et al. 2015; 
Schulz et al. 2019; Skowronek et al. 2021). In 
the current study, bees fed crushed corn pollen 
grains had significantly higher total hemolymph 
protein content than bees fed non-crushed pol-
len grains. What is remarkable is that bees fed 
crushed corn pollen grains had higher protein 
content while consuming less than those fed non-
crushed pollen grains. This could be attributed to 
the increased digestibility of ground pollen in the 
diet, as more amino acids are absorbed as a result 
of increased protein digestion (Wang et al. 2014). 
Because, according to the geometric framework 
(GF) for nutrition, animals require multiple 
nutrients at the same time and must achieve the 
optimal proportion of nutrients in their diet, they 
are forced to consume a variety of foods and/or 
make trade-offs by consuming too much or too 
little of certain nutrients in the foods they can eat 
(Raubenheimer and Simpson 1997).

On the other hand, when bees were fed a 
crushed pollen diet, the development of the 
HPG and thorax weight increased, but the dif-
ference was insignificant when compared to bees 
fed non-crushed pollen. Pollen consumption 
has been shown to be positively related to HPG 
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development (Hrassnigg and Crailsheim 1998; 
Corby-Harris et al. 2016) Furthermore, the type 
of pollen grains and its nutritional value influ-
ence HPG development and activity (Omar et al., 
2017), hence further research into the effect of 
mechanical crushing on different types of pol-
len grain on HPG development and activity is 
required.

5. � CONCLUSIONS

We revealed for the first time that crushing 
corn pollen grains, which is a poor protein source 
for bees, enhanced diet digestibility, and hemo-
lymph protein content while reducing honey bee 
consumption. These findings could be useful for 
beekeepers in areas where corn monoculture pre-
dominates. Future studies should investigate the 
effect of crushed corn pollen on larval develop-
ment and growth, as well as colony development 
and vitality.

ACKNOWLEDGEMENTS 

The authors would like to thank the beekeeper responsi-
ble of the apiary at Assiut University’s Faculty of Agri-
culture for his help with the experiments. We also want 
to thank Prof. Dr. Youssef M. Omar for allowing us to 
use his Economic Entomology lab. The authors would 
also like to thank Dr. Robert Brodschneider and Prof. Dr. 
Karl Crailsheim for their expertise, which was invalu-
able in the research, as well as Prof. Dr. Mohamed Omar 
Mohamed for reviewing and editing the manuscript.

AUTHOR CONTRIBUTION 

EMO: conceptualization, methodology, writing-original  
draft preparation. AO: pollen preparation and SEM 
photography. HD and HE: editing and review. YA: data 
analysis, visualization, writing—reviewing and editing.

DATA AVAILABILITY 

The datasets generated during and/or analyzed during the 
current study are available from the corresponding author 
on reasonable request.

CODE AVAILABILITY 

Not applicable.

DECLARATIONS 

Ethics approval  No approval of the Research Ethics Com-
mittee was required to achieve the goals of this study, as the 
experimental work involved an unregulated invertebrate spe-
cies (Apis mellifera).

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Conflict of interest  The authors declare no competing in-
terests.

REFERENCES

Alburaki M, Madella S, Vu P, Corona M (2022) Influ-
ence of honey bee seasonal phenotype and emerg-
ing conditions on diet behavior and susceptibility 
to imidacloprid. Apidologie 53(1):1–19. https://​
doi.​org/​10.​1007/​s13592-​022-​00922-9

Al Naggar Y, Baer B (2019) Consequences of a short 
time exposure to a sublethal dose of Flupyradifu-
rone (Sivanto) pesticide early in life on survival 
and immunity in the honeybee (Apis mellifera). Sci 
Rep 9(1):1–11

Al Naggar Y, Codling G, Giesy JP, Safer A (2018) 
Beekeeping and the need for pollination from 
an agricultural perspective in Egypt. Bee World 
95(4):107–112

Al Naggar Y, Paxton RJ (2021) The novel insecticides 
flupyradifurone and sulfoxaflor do not act syner-
gistically with viral pathogens in reducing honey 
bee (Apis mellifera) survival but sulfoxaflor modu-
lates host immunocompetence. Microb Biotechnol 
14(1):227–240

Altaye SZ, Pirk CW, Crewe RM, Nicolson SW (2010) 
Convergence of carbohydrate-biased intake targets 
in caged worker honeybees fed different protein 
sources. J Exp Biol 213(19):3311–3318

Bradford MM (1976) A rapid and sensitive method for 
the quantitation of microgram quantities of protein 
utilizing the principle of protein-dye binding. Anal 
Biochem 7(72):248–54. https://​doi.​org/​10.​1006/​
abio.​1976.​9999

Borsuk G, Ptaszyńska AA, Olszewski K et al (2017) 
A new method for quick and easy hemolymph 
collection from apidae adults. PLoS ONE 
12(1):e0170487

Brodschneider R, Crailsheim K (2010) Nutrition and 
health in honey bees. Apidologie 41:278–294

Bryś MS, Skowronek P, Strachecka A (2021) Pol-
len diet—properties and impact on a bee col-
ony. Insects 12(9):798. https://​doi.​org/​10.​3390/​ 
insec​ts120​90798

52 Page 10 of 12

https://doi.org/10.1007/s13592-022-00922-9
https://doi.org/10.1007/s13592-022-00922-9
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.3390/insects12090798
https://doi.org/10.3390/insects12090798


Crushing corn pollen grains increased diet digestibility...

1 3

Corby-Harris V, Meador CA, Snyder LA, Schwan MR, 
Maes P, Jones BM, Anderson KE (2016) Transcrip-
tional, translational, and physiological signatures of 
undernourished honey bees (Apis mellifera) suggest 
a role for hormonal factors in hypopharyngeal gland 
degradation. J Insect Physiol 85:65–75

Crailsheim K, Schneider LHW, Hrassnigg N, Bühlmann 
G, Brosch U, Gmeinbauer R, Schöffmann B (1992) 
Pollen consumption and utilization in worker 
honeybees (Apis mellifera carnica): dependence 
on individual age and function. J Insect Physiol 
38(6):409–419

Cremonz TM, De Jong D, Bitondi MM (1998) Quantifi-
cation of hemolymph proteins as a fast method for 
testing protein diets for honey bees (Hymenoptera: 
Apidae). J Econ Entomol 91(6):1284–1289

Dainat B, Evans JD, Chen YP, Gauthier L, Neumann 
P (2012) Predictive markers of honey bee colony 
collapse. PLoS ONE 7(2):e32151

DeGrandi-Hoffman G, Chen Y, Rivera R et al (2016) 
Honey bee colonies provided with natural forage 
have lower pathogen loads and higher overwinter 
survival than those fed protein supplements. Apid-
ologie 47(2):186–196

Dietz A (1975) Nutrition of the adult honey bee. GRA-
HAM, J. The hive and the honey bee. Hamilton, 
Illinois: Dadant & Sons, 125–156

do Carmo Zerbo A, Lúcia R, Silva de Moraes M, 
Regina Brochetto-Braga M (2001) Protein require-
ments in larvae and adults of Scaptotrigona postica 
(Hymenoptera, Apidia, Meliponinae): midgut pro-
teolytic activity and pollen digestion. Comp Bio-
chem Physiol B Biochem Mol Biol 129:139-147

Dobson HE (1988) Survey of pollen and pollenkitt 
lipids–chemical cues to flower visitors? Am J Bot 
75(2):170–182

El-Seedi HR, Ahmed HR, El-Wahed AAA et al (2022) 
Bee stressors from an immunological perspective 
and strategies to improve bee health. Veterinary 
Sciences 9(5):199

Evans JD, Chen YP, Prisco GD, Pettis J, Williams V 
(2009) Bee cups: single-use cages for honey bee 
experiments. J Apic Res 48(4):300–302

Filipiak ZM, Denisow B, Stawiarz E, Filipiak M (2022) 
Unravelling the dependence of a wild bee on floral 
diversity and composition using a feeding experi-
ment. Sci Total Environ 820:153326

Goulson D, Nicholls E, Botías C, Rotheray EL (2015) 
Bee declines driven by combined stress from 
parasites, pesticides, and lack of flowers. Science 
347(6229):1255957

Haydak MH (1970) Honey bee nutrition. Annu Rev 
Entomol 15(1):143–156

Hemberger J, Crossley MS, Gratton C (2021) Histori-
cal decrease in agricultural landscape diversity is 
associated with shifts in bumble bee species occur-
rence. Ecol Lett 24(9):1800–1813

Hendriksma HP, Pachow CD, Nieh JC (2019) Effects of 
essential amino acid supplementation to promote 

honey bee gland and muscle development in cages 
and colonies. J Insect Physiol 117:103906

Heslop-Harrison J, Heslop-Harrison Y (1991) Struc-
tural and functional variation in pollen intines. 
Pollen and spores: patterns of diversification. Clar-
endon Press, Oxford, 331–343

Hofmann F, Otto M, Wosniok W (2014) Maize pollen 
deposition in relation to distance from the nearest 
pollen source under common cultivation-results of 
10 years of monitoring (2001 to 2010). Environ Sci 
Eur 26(1):1–14

Hrassnigg N, Crailsheim K (1998) The influence of brood 
on the pollen consumption of worker bees (Apis 
mellifera L.). J Insect Physiol 44(5–6):393–404

Human H, Nicolson SW (2003) Digestion of maize 
and sunflower pollen by the spotted maize beetle 
Astylus atromaculatus (Melyridae): is there a role 
for osmotic shock? J Insect Physiol 49(7):633–643

International Grains Council (international organiza-
tion) (2013) International Grains Council Market 
Report 28 November 2013 (PDF)

Khalifa SA, Elshafiey EH, Shetaia AA et al (2021a) 
Overview of bee pollination and its economic 
value for crop production. Insects 12(8):688

Khalifa SA, Elashal MH, Yosri N et al (2021b) Bee 
pollen: current status and therapeutic potential. 
Nutrients 13(6):1876

Klein AM, Vaissière BE, Cane JH, Steffan-Dewenter 
I, Cunningham SA, Kremen C, Tscharntke T 
(2007) Importance of pollinators in changing land-
scapes for world crops. Proc Royal Soc B Biol Sci 
274(1608):303–313

Klungness LM, Peng YS (1984a) A histochemical 
study of pollen digestion in the alimentary canal 
of honeybees (Apis mellifera L.). J Insect Physiol 
30(7):511–521

Klungness LM, Peng YS (1984b) Scanning electron 
microscope observations of pollen food bolus in 
the alimentary canal of honeybees (Apis mellifera 
L.). Can J Zool 62(7):1316–1319

Kroon GH, Van Praagh JP, Velthuis HHW (1974) 
Osmotic shock as a prerequisite to pollen digestion 
in the alimentary tract of the worker honeybee. J 
Apic Res 13(3):177–181

Kunc M, Dobeš P, Hurychová J et al (2019) The year of 
the honey bee (Apis mellifera L.) with respect to its 
physiology and immunity: a search for biochemical 
markers of longevity. Insects 10(8):244

Moritz B, Crailsheim K (1987) Physiology of protein 
digestion in the midgut of the honeybee (Apis mel-
lifera L.). J Insect Physiol 33:923–931

Naug D (2009) Nutritional stress due to habitat loss 
may explain recent honeybee colony collapses. 
Biol Cons 142(10):2369–2372

Nicolson SW, Human H (2013) Chemical composition 
of the ‘low quality’ pollen of sunflower (Helian-
thus annuus, Asteraceae). Apidologie 44:144–152. 
https://​doi.​org/​10.​1007/​s13592-​012-​0166-5

Page 11 of 12 52

https://doi.org/10.1007/s13592-012-0166-5


E.M. Omar et al.

1 3

Noordyke ER, Ellis JD (2021) Reviewing the efficacy 
of pollen substitutes as a management tool for 
improving the health and productivity of western 
honey bee (Apis mellifera) colonies. Frontiers in 
Sustainable Food Systems 437

Omar E, Abd-Ella AA, Khodairy MM et al (2017) Influ-
ence of different pollen diets on the development 
of hypopharyngeal glands and size of acid gland 
sacs in caged honey bees (Apis mellifera). Apid-
ologie 48(4):425–436

Peng YS, Nasr ME, Marston JM, Fang Y (1985) The 
digestion of dandelion pollen by adult worker hon-
eybees. Physiol Entomol 10(1):75–82

Potts SG, Biesmeijer JC, Kremen C et al (2010) Global 
pollinator declines: trends, impacts and drivers. 
Trends Ecol Evol 25(6):345–353

Roulston TH, Cane JH (2000) Pollen nutritional con-
tent and digestibility for animals. In: Dafni, A., 
Hesse, M., Pacini, E. (eds) Pollen and Pollination. 
Springer, Vienna

Roulston TH, Cane JH (2002) The effect of pollen 
protein concentration on body size in the sweat 
bee Lasioglossum zephyrum (Hymenoptera: Api-
formes). Evol Ecol 16:49–65

Raubenheimer D, Simpson SJ (1997) Integrative mod-
els of nutrient balancing: application to insects and 
vertebrates. Nutr Res Rev 10:151–179

Schmidt JO (1984) Feeding preferences of Apis mellifera 
L. (Hymenoptera: Apidae): individual versus mixed 
pollen species. J Kansas Entomol Soc 323–327

Schulz M, Łoś A, Grzybek M, Ścibior R, Strachecka 
A (2019) Piperine as a new natural supplement 
with beneficial effects on the life-span and defence 
system of honeybees. J Agric Sci 157(2):140–149

Skowronek P, Wójcik Ł, Strachecka A (2021) Can-
nabis extract has a positive–immunostimulating 
effect through proteolytic system and metabolic 
compounds of honey bee (Apis mellifera) work-
ers. Animals 11(8):2190

Slansky F, Scriber JM (1985) Food consumption and 
utilization. In: Kerkut GA, Gilbert LI (eds) Com-
parative insect physiology, biochemistry, and phar-
macology, vol 4. Pergamon, New York, New York, 
USA, pp 87–163

Smart MD, Otto CR, Lundgren JG (2019) Nutritional 
status of honey bee (Apis mellifera L.) work-
ers across an agricultural land-use gradient. Sci 
Rep 9(1):1–10

Somerville DC (2001) Nutritional value of bee collected 
pollens; NSW Agriculture: Goulburn, Australia

Stanley RG, Linskens HF (1974) Pollen: biology, bio-
chemistry, management. Berlin: Springer-Verlag 
307p. Illustrations. Palynology (KR, 197506433)

Steinhauer N, Kulhanek K, Antúnez K et al (2018) Driv-
ers of colony losses. Current Opinion in Insect Science 
26:142–148

Strachecka AJ, Olszewski K, Paleolog J (2015) Cur-
cumin stimulates biochemical mechanisms 
of Apis mellifera resistance and extends the 
apian life-span. Journal of Apicultural Science 
59(1):129–141

T’ai HR, Cane JH (2000) Pollen nutritional content 
and digestibility for animals. Pollen and pollina-
tion 187–209

Tosi S, Nieh JC, Sgolastra F et al (2017) Neonicotinoid 
pesticides and nutritional stress synergistically 
reduce survival in honey bees. Proc R Soc B Biol 
Sci 284(1869):20171711

Vaudo AD, Tooker JF, Grozinger CM, Patch HM (2015) 
Bee nutrition and floral resource restoration. Current 
Opinion in Insect Science 10:133–141

Wang Y, Ma LT, Hang XB et al (2014) Digestion of 
protein of two pollen types in China by the honey-
bee (Apis mellifera L). Apidologie 45(5):590–600

Weiner CN, Hilpert A, Werner M, Linsenmair KE, 
Blüthgen N (2010) Pollen amino acids and 
flower specialisation in solitary bees. Apidologie 
41(4):476–487

Williams GR, Alaux C, Costa C, Csaki T, Doublet V, 
Eisenhardt D, Brodschneider R (2013) Standard 
methods for maintaining adult Apis mellifera in 
cages under in vitro laboratory conditions. J Apic 
Res 52(1):1–36

Wilson RS, Keller A, Shapcott A, Leonhardt SD, Sickel 
W, Hardwick JL, Wallace HM (2021) Many small 
rather than few large sources identified in long-
term bee pollen diets in agroecosystems. Agr Eco-
syst Environ 310:107296

Publisher’s Note  Springer Nature remains neutral 
with regard to jurisdictional claims in published maps 
and institutional affiliations.

Springer Nature or its licensor holds exclusive rights 
to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving 
of the accepted manuscript version of this article is solely 
governed by the terms of such publishing agreement and 
applicable law.

52 Page 12 of 12


	Crushing corn pollen grains increased diet digestibility and hemolymph protein content while decreasing honey bee consumption
	Abstract – 
	1. Introduction
	2. Materials and methods
	2.1. Pollen loads collection
	2.2. Preparation of crushed pollen
	2.3. Honey bees
	2.4. Experimental design
	2.4.1. Diet consumption and digestibility
	2.4.2. HPG development and thorax weight

	2.5. Statistical analysis

	3. Results
	3.1. Diets consumption, digestibility, and hemolymph protein content
	3.2. HPG development and thorax dry weight

	4. Discussion
	5. Conclusions
	Acknowledgements 
	References


