
A new design of bee cage for laboratory experiments:
nutritional assessment of supplemental diets in honey bees

(Apis mellifera )

Kai-Chieh YANG, Zhi-Wei PENG, Chun-Hsien LIN, Ming-Cheng WU

Department of Entomology, College of Agriculture and Natural Resources, National ChungHsing University, Taichung,
Taiwan

Received 10 June 2020 – Revised 5 November 2020 – Accepted 9 December 2020

Abstract – We designed a cage that can maintain adult bees for 21 days with about 90% survival rate, in addition to
facilitating the changing of sucrose syrup and beebread, and collection of live and dead bees without disturbing or
releasing bees. The consumption rates of bee pollen diet and sucrose syrup for groups of 50–200 honey bees were
recorded for 21 days after emergence. The bees consumed the bee pollen diet mainly at the age of 1–9 days. Regular
consumption of sucrose syrup was observed among all bee groups throughout the 21 days. Furthermore, the
nutritional responses of nurse bees—specifically, the expressions of major royal jelly protein 1 (mrjp1 ) in the head
and vitellogenin (vg ) in the abdomen—upon the provision of five single-supplemental diets were evaluated. We
aimed to improve the usability of bee cages by elucidating the food consumption of bees and the relationship
between nutritional gene expression and the ingestion of each single-protein diet.

Bee cage / Bee pollen substitutes /Major royal jelly protein 1 / Vitellogenin

1. INTRODUCTION

Honey bees greatly contribute to the agricultur-
al economy. However, their existence has been
threatened by multiple factors, such as pesticides,
pathogens, and parasitic mites (Beaurepaire et al.
2020; Steinhauer et al. 2018; Wright et al. 2018).
In our previous study, we found that honey bee
larvae exposed to sublethal doses of imidacloprid
have a downregulated gene expression of major
royal jelly proteins (MRJPs) relative to adult in-
sects (Wu et al. 2017). This might lead to nutri-
tional deficiencies in larvae, indicating that pesti-
cides prolong larval development (Wu et al.
2011). Nutritional stress due to poor food source,
pesticide exposure, and pathogenic infection has
been proposed as the major cause of loss of honey

bee colonies (Branchiccela et al. 2019; Goulson
et al. 2015; Ricigliano et al. 2019; Wright et al.
2018).

Nutrition is the central unit of physiological
processes. For honey bee larvae and adults in
particular, appropriate nutrition promotes a virtu-
ous cycle in physiological operations, such as in
development, function, and survival, resulting in
the good health of the colony (Wright et al. 2018).
Honey bees obtain nutrition from their diet, i.e.,
nectar and pollen. Nectar is the main source of
carbohydrates that provide energy to workers,
whereas pollen is the main source of proteins,
amino acids, lipids, sterols, vitamins, and
minerals—which are required for brood rearing,
maturation, and development (Brodschneider and
Crailsheim 2010; Wright et al. 2018). During
periods of food dearth, the carbohydrate demand
of bee colonies can be satisfied by providing
sucrose syrup, whereas the protein demand can
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be fulfilled by providing bee pollen substitutes, an
alternative protein source. Another reason moti-
vating the development of bee pollen substitutes is
that unknown sources of bee pollens may contain
residues of pesticides and pathogens. The com-
mon alternative protein sources used for bee pol-
len substitutes are soybean flour, yeast extract,
egg yolk, milk, and other products with high
protein content. Such bee pollen substitutes are
generally made of different ratios of alternative
proteins and have nutritional effects similar to
those of bee pollen on honey bees. For example,
as reported by Cremonz et al. (1998), a mixture of
soybean flour and sugarcane yeast can stimulate
vitellogenin expression in nurse bees. van der
Steen (2007) reported that a mixture of soya flour,
beer yeast flour, caseinate flour, and whey protein
flour can be readily consumed by bees, where this
mixture has nutritional effects similar to those of
bee pollen on bee colonies. De Jong et al. (2009)
reported two commercial bee pollen substitutes to
be as capable as bee pollen is in increasing hemo-
lymph protein levels in honey bees; Peng et al.
(2012) demonstrated that bee pollen substitutes
comprising different ratios of protein supplements
can s t imula te the deve lopment of the
hypopharyngeal glands (HPGs) of nurse bees.

To relieve the nutritional stress of honey bees,
we are exploring diet supplements such as high-
protein ingredients , herb extracts , and
micronutrients. Thus far, bee scientists have esti-
mated the nutritional value of various bee pollen
substitutes composed of a mixture of soy flour,
brewer’s yeast, and other high-protein supple-
ments, and some formats of the bee pollen substi-
tute have been regularly used by beekeepers
(Amro et al. 2016; Cremonz et al. 1998; De Jong
et al. 2009; Peng et al. 2012; van der Steen 2007).
However, data regarding the nutritional effects of
a single specific source of protein on caged bees
are not informative (Williams et al. 2013). There-
fore, we estimated the influence of each ingredient
of soy flour, yeast extract, peptone, egg yolk, and
milk protein, compared with bee pollen, on the
nutritional physiology of nurse bees.

In addition to estimating the effects of diet
supplements on the nutritional status of honey
bees, we are also surveying cage systems for
maintaining honey bees under laboratory

conditions. Many types of cages have been devel-
oped for bee research (Bosua et al. 2018; Huang
et al. 2014; Williams et al. 2013). These cages
have been constructed at different sizes and with
different feeders using various materials, such as
wood (Altaye et al. 2010), polymethyl methacry-
late (Grozinger et al. 2003; Tosi and Nieh 2017),
polycarbonate (Aumer et al. 2018; Köhler et al.
2013), cardboard (Dechaume Moncharmont et al.
2003), and plastics (Gregorc et al. 2018). All such
cages have their unique advantages and disadvan-
tages for bee research.

Through this study, we aimed to improve pre-
vious rearing cages for laboratory experiments to
maintain adult Apis mellifera and to assess the
effects of dietary supplements on nutrition-related
gene expressions. The gene encoding major royal
jelly protein 1 (MRJP1) plays roles as nutritional
storage and physiological development protein in
honey bee (Buttstedt et al. 2013; Buttstedt et al.
2014). Additionally, the gene vitellogenin (vg )
encodes a nutritional storage and regulatory pro-
tein that has been used as a nutritional index of
honey bees (Cremonz et al. 1998; Di Pasquale
et al. 2013; Huang et al. 2014). We elucidate the
effects of different single-diet supplements, such
as lactose-free milk powder, peptone powder, soy-
bean flour, yeast extract powder, and egg yolk
powder, on the expressions of mrjp1 and vg ,
thereby creating a foundation for a more holistic
understanding of bee nutrition.

2. MATERIALS AND METHODS

2.1. Honey bees

Hives of honey bees (A. mellifera ) were main-
tained on the rooftop of a building in National
Chung Hsing University (NCHU), Taichung.
Each colony, containing a young normal egg-
laying queen, had a working population of eight
frames of comb with larvae, pupae, honey, and
pollen; the healthy colonies were maintained in
accordance with standard beekeeping practices.

2.2. Bee pollens

The polyfloral bee pollens were collected with
a pollen trap in the university apiary from March
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to May (spring season in Taiwan), and it
contained at least five types of pollen: Bidens
pilosa , Liquidambar formosana , Bischofia
javanica , Bombax ceiba , and Acrcocomia
aculeata .

2.3. Cage design

The cages (15 × 10 × 15 cm; volume 2250 mL)
made by using acrylic plastic (3 mm) were de-
signed for maintaining groups of 50–200 honey
bee workers (Figure 1). The front side of the cage
has a hole of diameter 10 cm, which allows easy
access through silk stockings and tissue papers.
The right and left bottom corners have holes mea-
suring 2 × 2 cm and 1.6 × 6 cm to facilitate the
feeding of sugar syrup and beebread, respectively.
Additionally, a thin (2 mm) piece of acrylic plastic
(15 × 9.8 cm) with filter paper can be slid into the
cage from the bottom-left side and easily removed
for cleaning. The top side contains nine small
holes (3 mm in diameter) for ventilation.

A small bird feeder (75 mL) with a hole mea-
suring 1.5 × 1 cm is used as a syrup feeder; it can
be fitted into the hole at the right bottom corner.
This type of syrup feeder has no problems with
leakage and can be easily manipulated. Addition-
ally, a petri dish (40 × 10 mm) that can hold at
least 10 g of artificial beebread and that can be
inserted into the cage from the hole at the left
bottom corner was used as the beebread feeder.
It can be easily withdrawn and replaced with fresh
beebread.

2 . 4 . S u r v i v a l a n d c o n s ump t i o n
measurements in the newly designed
cage

The sealed brood frames were removed from
the bee colony and maintained in the insect
growth chamber (temperature: 34 °C, relative hu-
midity: 60% ± 10%, dark). Newly emerged bees
were randomly collected from the frame within
12 h of emergence and introduced to the newly
designed cage for growth evaluation. Each cage
was replicated four times using different honey
bee colonies. All cages were maintained in the
insect growth chamber; 50% sucrose solution
was placed in the syrup feeder. Bee pollen diet

for this experiment was prepared by mixing
polyfloral bee pollens with 50% sucrose solution
at a mass ratio of 3:1 (bee pollen: 50% sucrose
solution) and placed in a petri dish. Both diets
were changed and recorded for consumption
weight every 3 days. Bee mortality was recorded
every day until 21 days after emergence.

2.5. Evaluation of supplemental diet feed

T h e t e s t e d d i e t a r y s u p p l em e n t a l
sources—soybean flour (from local farmers),
yeast extract powder (A8569; Biomatik, Wil-
mington, DE, USA), peptone powder (A8550,
Biomatik, USA), egg yolk powder (from Chinyi,
Taiwan), and lactose-free milk powder (Nestle,
Nunspeet, Netherlands)—were purchased from
the respective manufacturers. Protein concentra-
tion of each diet supplement including polyfloral
bee pollen was estimated by BCA protein assay
reagent kit (Pierce, Rockford, IL, USA). One hun-
dred milligrams of each powdered supplement
was prepared in 10 mM Tris buffer (pH 7.0).
The solution of each supplement was centrifuged
(12,000 g, 10 min, 25 °C) and the supernatant was
used for protein quantification assay which per-
formed with a 96-well microplate by an ELISA
spectrophotometer (Multiskan EX, Labsystem,
Finland). Bovine serum albumin was used as the
standard. Protein concentration of each diet sup-
plement was listed in Supplementary Table 1.
Each diet including bee pollen was prepared as a
40% supplement patty gel (0.5% agar) which was
made by mixing 4 parts of supplement and 6 parts
of 50% sucrose solution. Adequate amount of
agarose was added in 50% sucrose solution and
then heated until the agarose is completely dis-
solved. Cool the agarose/sucrose solution to
45 °C, then mix it with supplement well, and pour
it into a petri dish (40 × 10 mm2) to form a 40%
supplement patty gel.

Four honey bee colonies were selected for this
experiment. The sealed brood frames were col-
lected from the bee colonies and maintained in the
insect growth chamber. Newly emerged bees were
randomly collected from the frame within 12 h of
emergence, and for nutritional evaluation, 30 of
the bees were introduced to the cage equipped
with the patty gel weighing 5 g and 50% sucrose
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(a)
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Syrup feeder
Bee bread

A managed hole controlled by 
silk stockings and tissue paper. 

Beeswax foundation

15 cm 10 cm
15
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m

Syrup feeder

Bee bread

Acrylic 

plastic plate

Ventilation holes

A managed hole 
with diameter of 10 
cm (controlled by 
silk stockings and 
tissue paper).

(1)

(2)

(3)

Total volume: 2250 mL

Figure 1. Acrylic plastic cage. a Details of cage design; label (1) indicates the hole for the feeding of beebread, label
(2) indicates the hole for the feeding of sugar syrup, label (3) indicates the managed hole controlled by silk stockings
and tissue paper. b Actual cage view. In total, 100 bees were kept in the cage and provided with food (50% sucrose
and beebread) and beeswax foundation (photo taken by Mr. Chun-Peng Kuo).
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solution. All cages were maintained in the afore-
mentioned insect growth chamber. The foods
(50% sucrose solution and patty gel) were
changed every 3 days. Bee mortality was recorded
every day until 6 days after emergence. On day 6,
the caged bees were anesthetized using CO2; 10
bees were randomly collected from the cage for
dissection, and their heads and abdomens were
weighed by using analytical Lab balance with a
readability of 0.1 mg (Sartorius BSA124S-CW,
Goettingen, Germany). The weighed samples
were then subjected to RNA purification.

2.6. RNA purification

Ten heads and abdomens of 6-day-old workers
from the cage rearing system were collected and
immediately ground in 2–4 mL of TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA).
Total RNA was extracted using TRIzol reagent
combined with a PureLink RNA Mini Kit (Ther-
mo Fisher Scientific) to obtain high-quality RNA.
For the complete removal of contaminating DNA
from the RNA preparations, the samples were
processed using a TURBO DNA-free Kit (Ther-
mo Fisher Scientific), according to manufacturer
instructions. A Qubit fluorometer (Thermo Fisher
Scientific) was used to determine RNA quantity.

2.7. Quantitative RT-PCR

The reverse transcription step was performed
using 1 μg of total RNA and an iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA).
Gene-specific primers are listed in Supplementary
Table 2. Each qRT-PCR reaction in a 96-well
microtiter plate contained 10 μL of 2 × iQ SYBR
Green Supermix (Bio-Rad), 2.5 μL of 1.6 μM of
each gene-specific primer, and 5 μL of diluted
cDNA in a final volume of 20 μL. PCR was
performed using an iCycler iQ5 Detection System
(Bio-Rad). The cycling program comprised an
initial step at 95 °C for 3 min, followed by 40 cy-
cles at 95 °C for 10 s and at 59 °C–61 °C (de-
pending on the Tm value of the primers) for 30 s.
A melting curve analysis of the final amplified
product was performed by taking continuous
readings over increasing temperatures from
55 °C to 95 °C to ensure amplification specificity.

The qRT-PCR data were collected using the Bio-
Rad iQ5 2.0 Standard Edition Optical System
Software V2.0 (Bio-Rad) and normalized to the
reference gene actin , GB44311 (Lourenço et al.
2008; Scharlaken et al. 2008). The relative gene
expression data were analyzed using the 2−ΔΔCT

method (Livak and Schmittgen 2001). Each qRT-
PCR experiment was performed using four inde-
pendent biological replicates, with three technical
replicates for each experiment.

2.8. Statistical analysis

All statistical analyses were conducted using
Statistica (StatSoft, Inc., Tulsa, OK, USA). The
cage survival data were analyzed using Kaplan-
Meier survival curve, and Gehan’s Wilcoxon
paired tests were used to test for differences be-
tween groups of different bee numbers. The head
and abdominal weights of honey bee data were
analyzed by using ANOVA with Tukey HSD
(honestly significant difference) method to per-
form post hoc comparisons.

3. RESULTS

3.1. Survival and food consumption
measurements

To evaluate the practicality of the cage, groups
of 50, 100, and 200 newly emerged bees were
placed in the cages containing a nest foundation,
bee pollen beebread, and 50% sucrose solution.
During the course of the 21-day experiment, the
cumulative survival rates and food consumption
rates of the honey bees in the three tested groups
were recorded. The cumulative 21-day survival
rate shown significantly differs between the
groups of 50 and 200, and 100 and 200 bees
(Figure 2 and Table I). As detailed in Table II
and Figure 2, a higher relative volume of honey
bees in the cage was associated with a higher
survival rate (50 bees, 95% ± 2.6%; 100 bees,
93.5% ± 3.0%; and 200 bees, 88.9% ± 8.2%).

Food (bee pollen and sugar solution) consump-
tion was recorded once every 3 days, when the
food was changed. As presented in Table II, the
total consumption of food was proportional to the
bee number: that is, for the groups of 50, 100, and
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200 bees, the total bee pollen consumptions were
2.6 ± 0.3 g, 5.3 ± 0.2 g, and 6.8 ± 1.5 g, respec-
tively, and the total sugar syrup consumptions
were 44.1 ± 4.0 g, 116.1 ± 16.7 g, and 184.0 ±
10.3 g, respectively (corrected for evaporative
loss). The bee pollen diet was mainly consumed

by 1 to 9-day-old bees, accounting for approxi-
mately 70% of the total bee pollen diet consumed
in 21 days (50 bees: 76.9%, 100 bees: 76.2%, 200
bees: 69.3%), with the highest mean consumption
occurring on days 4–6(Figure 3a and b). The bee
pollen diet consumption per bee dropped from the
highest peak of approximately 20 mg/3 days at
day 6 to approximately 2 mg/3 days at day 15.
Bees aged 10–21 days consumed approximately
20–30% of the bee pollen diet during the 21-day
period (50 bees, 23.1%; 100 bees, 23.8%; 200
bees, 30.7%) (Figure 3a and b).

Sugar consumption by caged bees was mea-
sured by determining the change in the weight
of 50% sucrose syrup over a period of 3 days.
Bees in the three groups (50, 100, and 200
bees) consumed approximately 100 mg of sug-
ar solution during the first 3 days. Such con-
sumption gradually increased to approximately

Figure 2. Cumulative survival rate of worker bees in acrylic plastic cage. Worker bees in the groups of 50, 100, and
200 bees were fed sugar syrup and pollen beebread and were incubated at 34 °C on a piece of beeswax foundation.
Each point represents the cumulative survival rate (N = 4 cages from four colonies for each group of 50, 100, and
200 bees in the tests).

Table I. Survival was compared across different groups
of individual numbers using Gehan’s Wilcoxon paired
test and resulting p values are presented here (italic
values indicate existing statistical significance,
p < 0.05)

Individual numbers 50 100 200

50 0.48 0.01

100 0.48 0.01

200 0.01 0.01
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150 mg per bee for the group of 50 bees and to
approximately 220 mg per bee for the groups of
100 and 200 bees on days 7–9; it then declined
to approximately 100–150 mg per bee in all the
three groups on days 13–21(Figure 3c).

Typically, a uniform sugar consumption ratio
was observed during the 21 days after emer-
gence, that is, bees in all the three groups con-
sumed about 14% of sugar solution every 3 days
(Figure 3d).

Table II. Relative volume per bee, percentage survival rate after 21 days, and total consumption of diets in 21 days

Number of bees Volume
(mL/bee)

21-days cumulative
survival rate (%)

Total consumption
of pollen in 21 days (g)

Total consumption
of sugar solution in

21 days (g)

50 45 95±2.6 2.6±0.3 44.1±4.0

100 22.5 93.5±3.0 5.3±0.2 116.1±16.7

200 11.3 88.9±8.2 6.8±1.5 184.0±10.3
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Figure 3. Consumption of diets over 3-day intervals by caged honey bees over 21 days. a Pollen consumption (mg
per bee) in the group of 50, 100, and 200 worker bees. Each bar represents mean ± standard deviation. Trend line
indicates the moving average of two periods. b Pollen consumption ratio represents the weight of pollen consumed
for 3 days over the total weight of pollen consumed for 21 days. c Sugar solution consumption (mg per bee) in the
group of 50, 100, and 200 worker bees. Each bar represents mean ± standard deviation. Trend line indicates the
moving average of two periods. d Sugar solution consumption ratio represents the weight of the solution consumed
for 3 days over the total weight of the solution consumed for 21 days. N = 4 cages from four colonies for each group
of 50, 100, and 200 bees in the tests.
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3.2. Nutritional evaluation after feeding of
supplemental diet

Five diet supplements that have been commonly
recognized as high-nutrient diets, namely lactose-
free milk powder, peptone powder, soybean flour,
yeast extract powder, and egg yolk powder, were
chosen for the nutritional assay. Because lactose is
poisonous for bees, lactose-free milk was used in
this study. The milk powder contained 11.1% of
protein, 25.8% of fat (16% linoleic acid and 1.9%
alpha-linolenic acid), and 58% of carbohydrates
with vitamins and minerals. Peptone—containing
at least 18.4% of protein, having enzymatic diges-
tion of protein, and being an excellent natural
source of amino acids, peptides, and proteins—has
been commonly used for the preparation of bacterial
culture media. The soybean flour was prepared by a
local farmer, and it had a protein content of
242.3 mg protein/g. Yeast extract, the product of
yeast cells, which not only has a high protein con-
tent (336.2 mg protein/g) but also is a rich source of
vitamin B complex, is extensively used as a nutri-
tional resource for bacterial culture media. The egg
yolk contained 33.3% protein, 55.8% fat, and 3.6%
carbohydrate. Polyfloral bee pollen and these five
diet supplements were prepared using 50% sucrose
solution as a 40% patty gel.

As detailed in Supplementary Table 1, the six
diets have a protein content ranging widely at 100–
400 mg protein/g, resulting in the prepared 40%
diet patty containing 4%, 7%, 10%, 13%, 13%, and
16% protein from lactose-free milk, peptone, soy-
bean, yeast extract, egg yolk, and polyfloral bee
pollen patty, respectively. Each diet patty was fed
to newly emerged bees and changed every 3 days.

After 6 days of feeding, the heads and abdomens
of worker bees were collected for weighing and
subjected to further RNA extraction for gene ex-
pression analysis. The head weight of the bees was
approximately 10.6 mg, and the weight did not
significantly differ between the bee pollen diet
and the other five diets—after the bees had con-
sumed the supplemental diet for 6 days (ANOVA,
F 5, 18 = 0.35,P = 0.8738, Figure 4a). As illustrated
in Figure 4b, the abdominal weight of bees that
were fed diets containing milk, soybean flour, and
yeast was approximately 48.8, 44.6, and 44.4 mg,
respectively, which was greater than the abdominal

weights of bees fed diets consisting of bee pollen
and yolk. Bees fed peptone had the lowest abdom-
inal weight of approximately 34.0 mg. However,
compared with bees fed the bee pollen diet, those
fed the five diet supplements did not significantly
differ in their abdominal weights (ANOVA, F 5,

18 = 1.24, P = 0.3313, Figure 4b).
We profiled the mRNA expression of the

nutrition-related genes major royal jelly protein 1
(mrjp1 ), in the head, and vitellogenin (vg ), in the
abdomen, after the honey bees were fed the six diets
for 6 days. Following normalization with the refer-
ence gene actin and comparison with theΔCt value
from the bee pollen-feeding group, the relative gene
expression can be classified into the two levels of
higher and lower relative to the bee pollen-feeding
group. As the gene expression of bees from the four
tested colonies exhibited wide variation, we present
the relative gene expressions in a heat map module.
As shown in Table III, compared with bee pollen
feed, yeast extract powder feed could regularly up-
regulate the mrjp1 expression of bees by approxi-
mately 13 fold, and all bees from the four colonies
responded positively to yeast extract feed. Feeds
containing peptone and soybean could stimulate
mrjp1 expression; however, only three out of the
four colonies responded positively to both these
feeds. Yolk and milk feeds increased the expression
ofmrjp1 in only two and one colonies, respectively.
Diets can be ranked according to the number of
colonies that exhibited increased mrjp1 expression,
relative to the bee pollen diet, as follows: yeast
extract powder > peptone powder > soybean flour
> yolk powder > milk powder (Table III).

The expression of vg in the bees from colony
III did not increase in response to the nutritional
stimuli of all five diets, relative to the bee pollen
diet (Table III). However, feeds with yeast and
peptone could stimulate vg expression in the bees
from colonies I, II, and IV by approximately 1.3-
to 5.8-fold. Feeds with milk and yolk increased
the vg gene expression in the bees from colonies I
and II by 1.3- to 1.5-fold and 2.5- to 6.0-fold,
respectively. Soybean feed exhibited a slightly
lower effect on vg gene expression; only bees
from colony II exhibited an increased (2.9-fold)
expression of the gene after the ingestion of soy-
bean feed. Diets that stimulated vg expression can
be ranked as follows: yeast extract powder/
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Figure 4. Effect of diet supplements on head and abdominal weights of honey bees. a Head weight (mg/ bee) was
calculated by weighing the heads of five bees from one cage. b Abdominal weight (mg/ bee) was calculated by
weighing the abdomens of five bees from one cage. Each bar represents mean ± standard deviation (N = 4 cages
from four colonies). The data of head and abdominal weights were analyzed by using ANOVA. There was no
significant difference in the head weight (ANOVA, F 5, 18 = 0.35, P = 0.8738) and the abdominal weight (ANOVA,
F 5, 18 = 1.24, P = 0.3313) among diet supplement treatments.
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peptone powder > yolk powder > milk powder >
soybean flour (Table III).

4. DISCUSSION

Variations in the compositions of honey bee
colonies—with respect to proportions of food,
eggs, larvae, pupae, and adult bees—as well as
changes in temperature and humidity inside and
outside the beehive may affect the physiological
responses of honey bees, rendering experiments
involving honey bee colonies difficult. Therefore,
cages were developed for maintaining adult worker
bees under controlled conditions. Using caged bees
can provide a detailed insight into the effects of
various biotic and abiotic factors on the survival,
behavior, and physiological development of honey
bees—such as with respect to defense behavioral
interactions (Elzen et al. 2001), trophallaxis behav-
ior (Brodschneider et al. 2017), diseases (Martin-
Hernandez et al. 2009), nutritional requirements
(Altaye et al. 2010; Omar et al. 2017), and pestici-
dal effects (Wu et al. 2017).

Many types of cages have been developed to
evaluate the survival of honey bees (Bosua et al.
2018; Huang et al. 2014). Among these, the dis-
posable plastic cup helps achieve the longest sur-
vival curve for bees; moreover, it is inexpensive
and transparent (Evans et al. 2009; Huang et al.
2014). This type of cage is useful for short-term
experiments, such as toxicity assessment for pes-
ticides sprayed on bees. However, the design of
the disposable plastic cup poses a challenge for
assessing nutritional gene expressions, royal jelly
production, and comb construction. In such ex-
periments, groups of 50–200 bee workers have to
be sustained in the cage for 6–15 days. Therefore,
we have improved the cage with a few new design
choices. First, we added a small hole on the side
for easily changing the beebread without
disturbing the bees, where the beebread must be
changed every 3 days to prevent mildew forma-
tion. Second, we added another small hole for
holding the sugar syrup feeder. We replaced the
syringe-type gravity-fed syrup feeders with water
dispenser–like syrup feeders. The water

Table III. a qRT-PCR analysis of mrjp1 expression in the heads, and b vg expression in the abdomens of honey
bees fed six supplemental diets. RNA samples from the heads and abdomens of 6-day-old worker bees fed different
supplemental diets since they emerged were prepared for qRT-PCR. The relative gene expression was analyzed
using the 2−ΔΔCT method and the relative gene expression level is shown using different colors: dark gray represents
a gene expression more than that observed in the bee pollen group, and light gray represents a gene expression less
than that observed in the bee pollen group.

(a)

Colony Bee pollen Milk Peptone Soybean Yeast Yolk

I 1.00 0.76 15.10 1.21 4.98 2.17

II 1.00 0.59 451.94 1.31 3.01 1.20

III 1.00 0.03 0.02 5.83 15.74 0.27

IV 1.00 17.07 3.83 0.02 28.38 0.25

(b)

Colony Pollen Milk Peptone Soybean Yeast Yolk

I 1.00 1.49 3.05 0.84 2.08 2.56

II 1.00 1.33 5.83 2.92 5.38 6.02

III 1.00 0.16 0.08 0.41 0.15 0.68

IV 1.00 0.42 1.33 0.36 2.44 0.75

Colony Bee pollen Milk Peptone Soybean Yeast Yolk

I 1.00 1.49 3.05 0.84 2.08 2.56

II 1.00 1.33 5.83 2.92 5.38 6.02

III 1.00 0.16 0.08 0.41 0.15 0.68

IV 1.00 0.42 1.33 0.36 2.44 0.75
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dispenser–like sugar syrup feeder works well and
has no problems with leakage. Sugar solution
leakage may make the cage surface sticky, which
worsens bee health and mortality rate in the cage.
Additionally, there are no drowned bees occurred
in the feeder. Third, we designed the cage to be
accessed from the front, thus allowing the cage to
be managed through silk stockings. Stockings
facilitate the withdrawal of live and dead bees
without releasing the bees into external space. A
tissue paper covered on the silk stockings can
prevent quick loss of humidity and can maintain
good air exchange rate in comparison with the
cage designed with bottom ventilation hole. Ad-
ditionally, the acrylic plastic material used for the
cage has several advantages, as follows: (1) its
transparency enables assessment of the behavior
of the honey bees; (2) it is reusable, can be easily
cleaned, and can be sterilized using ethanol or
bleach. The survival rate of the cage we designed
is higher than that of other standard cage studies
(Bosua et al. 2018; Köhler et al. 2013). This
probably is contributed by the new designed com-
ponents of the cage mentioned above.

The survival rate of the cage decreases from 95
to 88.9%whenwe increase bee population from 50
to 200 bees. The decreased survival rate probably
is caused by cage fouling andwax production, both
factors have been found that occur frequently in the
high densities of bees, especially in the group of
200 bees. Cage fouling might lead to unhealthy
environment, then reducing survival. Additionally,
the energetic cost for wax production might con-
tribute to the reduced survival (Bosua et al. 2018).

Nearly 80% of the bee pollen was consumed by
caged honey bees aged 1–9 days. This finding is
consistent with the findings of Omar et al. (2017)
and Crailsheim et al. (1992), who used caged
honey bees and colonies to investigate the effect
of bee pollen diets on the nutritional physiology of
honey bees. Each bee in the groups of 50, 100,
and 200 bees consumed an average of 5.1, 4.6,
and 2.7 mg of bee pollen per day in the first 9 days
after emergence. The average consumptions of the
bee pollen diet between days 10 and 21 were 1.1,
1.1, and 0.9 mg per bee per day for the groups of
50, 100, and 200 bees, respectively. Notably, the
total consumption of bee pollen in 21 days was
proportional to the number of bees; however,

daily consumption of bee pollen decreased as the
number of bees increased from 50 to 200.

Each bee from the groups of 50, 100, and 200
bees consumed 40–55 mg of sucrose syrup per
day during the 21 days after emergence. This
observation is similar to that from a study com-
paring various carbohydrate solutions consumed
by 1200 caged bees, which revealed that each bee
consumed an average of 60.0 mg of sucrose syrup
per day (Barker and Lehner 1978). Unlike bee
pollen diets, no age-specific preference for sugar
consumption was observed among the bees.

Based on currently available knowledge, the
nutritional quality of bee pollens for honey bees
can be determined by the metrics of protein con-
tent, essential amino acid composition, and essen-
tial fatty acid composition (Arien et al. 2020; Di
Pasquale et al. 2013; Hendriksma et al. 2019;
Liolios et al. 2016; Omar et al. 2017). Polyfloral
bee pollens can typically meet nutritional content
requirements and promote the nutritional physiol-
ogy of honey bees—for example, the develop-
ment of HPGs in nurse bees (Di Pasquale et al.
2013; Omar et al. 2017). A study by Di Pasquale
et al. (2013) reported that polyfloral bee pollens
with 17% protein content can maintain the normal
nutritional physiology of honey bees by stimulat-
ing the HPG development and vitellogenin gene
expression. Accordingly, we used the 40%
polyfloral bee pollen patty with 16% protein con-
tent as a positive control to compare the effects of
the other five diets on honey bees.

Body weight has been used to reflect the nutri-
tional physiology of honey bees (Peng et al. 2012;
Zheng et al. 2017). In this study, we divided the
body weight of honey bees into their head and
abdominal weights. Because the development of
the HPGs is positively correlated with the head
weight of the honey bee (Peng et al. 2012;
Rahman et al. 2014), the head weight can indicate
the development status of the HPGs. As shown in
Figure 4a, the head weight of honey bees that
consumed any of the five diet patties was more
than 10.0 mg, and the weight did not significantly
differ from the head weights of the honeybees who
consumed the bee pollen diet. A study byManning
(2006) demonstrated that caged bees with a head
weight of more than 10 mg have a well-developed
HPG. This indicates that all diets that we assessed
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can stimulate the normal development of the HPG.
However, quantification of head mrjp1 transcripts
of bees fed different diets yielded completely dif-
ferent results in different trials (Table III). Yeast
extract powder, peptone powder, and soybean flour
exhibited good stimulation of mrjp1 expression,
implying that these three diets boost the nutrition of
larval jelly. Further quantification of jelly protein
requires confirmation in future studies.

Since the young caged bees typically do not
excrete waste products in the cage, the abdominal
weight of the bees can indicate the quantity of food
intake in the gut. Only bees fed a 40% peptone diet
exhibited the lowest abdominal weight (i.e., below
40 mg), which might be resulted from some side
effects of more or less thirst, causing bees drink
more or less sucrose solution. However, the quan-
tification of abdominal vg transcripts of bees fed
different diets yielded different results in different
trials. This finding slightly differs from the result
for the stimulation of mrjp1 expression, that is,
soybean flour can positively promote mrjp1 ex-
pression but cannot boost vg expression
(Table III). Bees from different colonies respond
differently to the same diet, reflecting the inherent
variability of individual bees. Based on the diet-
stimulation responses of mrjp1 and vg expression
profiles, the top three diet candidates that can sub-
stitute bee pollen diet are yeast extract, peptone
powder, and soybean flour. These results can be
referred for preparation of bee pollen substitutes
that provide adequate nutrition to bee colonies.
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