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Abstract

Honey bees collect resin from various plant species and transform it into propolis that is
incorporated into the nest. The role of resins in the bee health field is poorly understood.
The aim was to evaluate the effects of forced consumption of propolis on the physiologi-
cal condition and short-term survival of Apis mellifera worker bees. It was tested if the
number of circulating hemocytes in hemolymph, the abdominal fat bodies and the hy-
popharyngeal glands development were affected by the feeding with propolis extracts
in laboratory conditions during the warm and the cold seasons. Propolis added to sugar
candy was consumed by workers for fourteen days without affecting the bee survival.
The number of circulating hemocytes in hemolymph remained constant despite the dif-
ferential diet during the experiment. However, the development of fat bodies and hy-
popharyngeal glands was altered by propolis ingestion. The abdominal fat body devel-
opment in winter bees diminished after fourteen days of propolis consumption, while it
increased in summer bees. The hypopharyngeal gland development decreased for the
assayed period in workers from both seasons. Our results encourage us to continue ex-
ploring this research field and learn how long-term forced ingestion of a plant-derived
compound, a non-nutritive substance, can modify physiological bee parameters. A broad-
er understanding of the multiple roles of propolis in the health of the honey bee colonies
could be obtained by studying the ways in which it is processed and metabolized and the
effect that generates in another physiological responses.

Keywords: circulating hemocytes, fat body, hypopharyngeal glands, propolis intake,
worker honeybees

INTRODUCTION

Social insects have developed behaviors in
which individuals cooperate to avoid pathogen
transmission within the colony (Wilson-Rich,
Dres, & Starks, 2008). When hundreds of in-
dividuals interact, the response at a colony

level has analogous properties to the complex
humoral and cellular immune systems (Cremer
& Sixt, 2009). In honey bees this process has
been termed “social immunity” and is known to
reduce the pathogen loads and the stress at
group level (Wilson-Rich et al., 2009). One of
these social mechanisms is the collection and
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in-hive use of resins, plant complex secretions
with diverse biological properties.

Honey bees transform resins from various plant
species in propolis, an antiseptic substance
that is incorporated into the nest architecture
for reducing the bacterial load and the overall
investment in individual immune functioning,
positively affecting the colony fitness (Simone,
Evans, & Spivak, 2009; Simone-Finstrom &
Spivak, 2010). The plant resins collected to man-
ufacture propolis contain many of the same poly-
phenols found in pollen and nectar, but in much
higher quantities (Burdock, 1998; Bankova, De
Castro, & Marcucci, 2000). However, while bees
consume bee bread and honey, they do not
seem to actively eat propolis (Konig, 1988). In
animal groups where self-medication with plants
occurs, individuals modify their diets (pharma-
cophagy) in response to infections. In the case
of bees, individuals use the resin within the
nest (pharmacophory) but apparently without
ingesting it (Erler & Moritz, 2016).

Most available literature has referred to the
chemical composition and biological activity
of plant-derived propolis and resin mixtures
and focused mainly on the human health field
(Bogdanov, 2015). Few works have studied the
role played by these resins in the control and
resistance to the diseases in honey bee colonies.
Propolis has proven to be active against the
main bee threats such as the bacterium Pae-
nibacillus larvae (Antinez et al., 2008; Bastos
et al, 2008; Mihai et al., 2012), the fungus As-
cosphaera apis (Wilson et al, 2015), and the
mite Varroa destructor (Damiani et al., 2010).
In colonies of Apis mellifera L. (Hymenoptera:
Apidae), the propolis added into the nest envi-
ronment modified the expression of immune-
related genes in the exposed worker bees
(Simone, Evans, & Spivak, 2009). However,
possible effects on the physiological or immune
responses from bees after a prolonged intake
of propolis have not been evaluated. Only
Johnson et al. (2012) was able to show that
the oral administration caused overexpres-
sion of detoxification-related genes probably
because flavonoids from propolis, honey and
pollen represent a challenge toxic to bees (Mao,
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Schuler, & Berenbaum, 2015).

The physiological condition of worker honeybees
varies according to their lifespan temporal dif-
ferentiation and the seasonality (Amdam &
Ombholt, 2002; Amdam & Seehuu, 2006). The
development degree of the abdominal fat
bodies and the hypopharyngeal glands, and the
number of circulating hemocytes in hemolymph
would offer a general idea of the physiologi-
cal status of the bee. The fat bodies are vitally
important for bees by providing energy, antimi-
crobial peptides and lysozyme (Gillespie, Kanost,
& Trenczek, 1997). Furthermore, large amounts
of relevant proteins, such as storage proteins
used as an amino acid reservoir, lipophorins
for the lipid transport or vitellogenin are also
secreted by the fat body (Keeley, 1985). Their
size variation has been related to the overall
condition of an insect. The amount of proteins in
the fat bodies of a worker bee peaks at twelve
days in summer, while it may increase far beyond
this level in late autumn and decreases during
winter (Fluri & Bogdanov, 1987).

In nurse bees, the hypopharyngeal glands
synthesize royal jelly that feeds the larvae and
also produce substances with antiseptic and an-
timicrobial properties which are added to honey
(Hrassnigg & Crailsheim, 1998). In summer bees,
gland development and protein content increase
during the first five-ten days of adult life but
tend to decline during the winter (revised in
Amdam & Ombholt, 2002).

In hemolymph, the hemocytes are responsible
for the phagocytosis, nodulation and encapsula-
tion of pathogen agents. They also produce an-
tibacterial peptides and contain crucial enzymes
for the wound healing response (Lavine &
Strand, 2002). The circulating hemocytes are
easily accessible for the evaluation of an insect'’s
homeostasis of. This then allows the estimation
of the influence of such various external factors
as nutritional deficiencies (Szymas & Jedruszuk,
2003) or the ability of an individual to face an
immune challenge (Marmaras & Lampropoulou,
2009).

Nurse bees have well developed hypopharynge-
al glands, hypertrophied abdominal fat bodies,
and abundant circulating hemocytes. In forager



bees over 21 days old, the hypopharyngeal
glands and abdominal fat bodies are atrophied
and have very few circulating haemocytes (de
Moraes & Bowen, 2000; Amdam & Ombholt,
2002). Diutinus or winter bees develop in non-
favourable periods without brood care opportu-
nities (Amdam & Page, 2005). They show hyper-
trophied hypopharyngeal glands, hypertrophied
fat bodies and a large number of hemolymphatic
cells, regardless of the task performed within
the colony.

The aim of this work was to evaluate how the
forced consumption of propolis affects the
short-term survival of A. mellifera workers
and the physiological condition by testing the
circulating hemocyte number in hemolymph,
abdominal fat bodies and hypopharyngeal
gland development laboratory conditions during
summer and winter.

MATERIAL AND METHODS

Experimental animals

Healthy A. mellifera colonies were placed in an
experimental apiary of the National University
of Mar del Plata, Argentina (38°10°06” S;
57°38'10” W). Ten Langstroth hives with young
sister queens provided by a regional beekeeping
house were maintained with a homogeneous
brood and bee population. For the experiments,
capped brood combs were removed from three
colonies and maintained in lab conditions at 32
+ 1 °Cand 60 % RH until bees emerged. Due to
seasonality influence, the physiological state of
workers, bioassays were developed during two
different periods in 2012: August (cold season)
and December (warm season).

Propolis extracts

A raw propolis sample was collected from an
apiary in Villa Paranacito (33°44' S; 58°40" W),
Entre Rios, Argentina. The sample was weighed,
frozen, ground and stored at 4° C until use. For
the experiment, a soft propolis extract was
prepared according to Damiani et al. (2010). A
suspension was elaborated from the raw propolis
and ethanol 70% at 1:9 (w/v) ratio, extracted at
60°C for 2 h, filtered and then evaporated at
40° C to obtain a soft extract free of ethanol.
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Experimental procedure

Newly emerged bees were randomly confined
to experimental wooden cages with enough
ventilation (11x9x6 c¢m?3). Three replicates of
about 70 individuals per group were used.
Separate feeders with water, fresh bee bread,
and one of two sugar diets were ad libitum
supplied to one-day-old bees. The control group
received 'sugar candy’ (composed of three parts
glucose and seven parts powdered sugar) and
the treatment group received sugar candy with
added 10 % (w/w) propolis (composed of one
part soft propolis extract, two parts glucose,
and seven parts powdered sugar). The propolis
concentration used for the latter diet was
estimated according previous data about bee
toxicity. Their water was replaced, food status
checked and consumption registered each
day. Diets were replaced every three days to
prevent drying and microbial growth. Dead bees
were removed and counted during each cage
inspection. The bees were fed for a total of
fourteen days. Bee bread and candy consump-
tion rates were determined and corrected for
survival by estimating the mean intake per alive
bee (calculated as milligrams of food/bee/day).
For the evaluation of the different parameters,
the bees were sampled on the 7th and 14th day
(see details below). An average of 13.17+4.67
bees per replicate was sacrificed. Each sampled
bee was used to test the following variables:
Hypopharyngeal gland development: The
acini diameter is an indicator of the gland's
activity and reflects the amount of proteins
produced (Knecht & Kaatz, 1990). A simple
method relates positively the acini size of the
hypopharyngeal glands (and, therefore, their

degree of hypertrophy) with the head fresh
weight (Hrassnigg & Crailsheim, 1998; Baben-
dreier et al., 2005; Deseyn & Billen, 2005),
and it was also verified with a subsample of
our study cases (unpublished data). Bee heads
were removed and weighed to estimate the
hypopharyngeal gland development. The head
width was measured according to McMullan
& Brown (2006). For that, sampled bees were
dissected and preserved in 70 % (w/v) ethanol.
Heads were individually removed, mounted on
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a glass slide and fixed with adhesive tape. Each
mounted slide was placed next to a precision
caliber, as a size reference, and then photo-
graphed (KODAK Camera; resolution: 12mpx).
The digitalized pictures were analyzed with
Image | software.

Abdominal fat body development: The devel-
opment degree of fat bodies from bee abdomen
was estimated using a modified technique of
Wilson-Rich, Dres, & Starks (2008). Abdomens
were dissected and placed to dry into individual
containers lined with foil. The drying to constant
weight was carried out at 40 °C for five-six
days. Then, each abdomen was transfer and
kept for two days in ethyl ether, and afterwards
was re-dried and weighed again (Mettler
Toledo AL104 Scale; accurate to 0.0001 g). The
relative mass of fat bodies was estimated as the
percentage change in abdominal weight after
the washing with ethyl ether.

Circulating hemocytes: To determine the total
hemocyte counting (THC), hemolymph from
each immobilized bee was extracted through
puncturing of the dorsal aorta with a needle
and collecting the resulting drop with a micropi-
pette. Two pL of hemolymph were diluted in ten
pL of anticoagulant buffer (ABII: 0.098 M NaOH,
0.146 M NaCl, 0.017 M EDTA, 0.041 M citric acid,
buffer pH 4.5; Mead, Ratcliffe, & Renwrantz,
1986) and transferred to an improved Neubauer
hemocytometer (Amaral et al., 2010). Cells were
counted ten min after. The number of circulat-
ing hemocytes per mm? of hemolymph was
calculated with the formula by Jones (1962).
Statistical analysis

The mean amounts of different consumed diets
during the experiment were compared using a
one-way ANOVA, with the treatments as factors
and colonies as replicates. The dietary effects
on each individual physiological parameter (cir-
culating hemocytes, fat body or hypopharyn-
geal gland development) at seven and fourteen
days after treatment were determined with
one-way ANOVA followed by Tukey post hoc
tests (¢=0.05). The Kruskal-Wallis test was used
for multiple comparisons of bee mortality after
treatments.

The development of hypopharyngeal glands was
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estimated through the weighing of the head. To
rule out that variation in head weight was due
to variation in bee head size, the Pearson’s cor-
relation coefficient between the weight and the
width of the head was calculated.

RESULTS

Diet consumption and bee survival

During fourteen days of treatment, the mean
consumption of the sugar diets was 6.17+1.19
and 4.49+111 mg/bee/day for control and
propolis groups, respectively. These values did
not significantly differ between groups (F[3,
8]=2.63, p=0.122). The bee bread consump-
tion showed similar results: 4.35+1.62 and
3.62+2.12 mg/bee/day for control and treated
bee groups, respectively (F[3,8]=0.26, p=0.851).
The bee mortality after fourteen days of dif-
ferential feed was 24.66+2.04 % for control
and 16.27+10.78 % for propolis group of winter
bees, and 19.62+2.38 and 31.20+2.79 % for both
treatment groups respectively in summer bees.
These values were not significantly different
from each other (H[3, N=12]=7.63, p=0.054).
Effects on the physiological condition
Groups of bees from each season of the year
were compared independently. After fourteen
days of eating propolis, treated bees showed a
lower head weight than the control group (Fig.
1: A and B; F[3,88]=10.53, p=0.00001 for cold
season group and F[3,140]=6.91, p=0.00023 for
warm season group). In the warm season group,
a slight decrease in the head weight was also
observed after seven days of propolis consump-
tion. The correlation analysis showed that the
head weight variation was independent of the
head width for all cases. The Pearson’s correla-
tion coefficient was 0.0238 for the cold season
bees and 0.0022 for the warm season ones.
The relative mass of abdominal fat bodies from
the control groups increased throughout the
assayed periods, and fourteen day-old bees
showed more developed fat bodies than seven
day-old bees (Fig. 1: C and D; F[3,76]=7.22,
p=0.00025 for the cold season group and
F[3,104]=12.84, p=0.000001 for the warm
season group). However, the response of bees
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Fig. 1. Average head weight (A and B), abdominal fat bodies (C and D) and number of circulating hemocytes in
hemolymph (E and F) in worker bees maintained during forced sugar (Control) and sugar+propolis (Propolis)
consumption for fourteen days in the cold season (to the left: A, C and E) and warm season (to the right:
B, D and F). Letters compare variations among treatments in each sampling season independently. Means
with at least one letter in common are not significantly different (p>0.05).

to propolis intake differed according to the
period of the year studied. In bees from the
cold season, the fat body mass was reduced
after fourteen days of this differentiated diet
(p=0.0031), whereas it significantly increased in
the warm season bees (p=0.0085). The number

of circulating hemocytes in hemolymph did not
show a variation to the diets in any group (Fig. 1:
E and F; F[3,67]=0.64, p=0.591 for cold season
group and F[3, 77]=1.77, p=0.159 for warm
season group).
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DISCUSSION

Propolis contains more than 300 different
compounds including phenolics, fatty acids,
terpenoids, carbohydrates, amino acids and
vitamins (Bankova, De C(astro, & Marcucci,
2000), but flavonoids are the ones that attract
the most scientific research interest (Marcucci,
1995). Many of these phytochemicals are also
found in honey and bee bread, which bees
produce for consumption, but supposedly not
propolis (Simone-Finstrom & Spivak, 2010).

To avoid the possible influence of the colony
genetic origin on the physiological condition of
bees, in the present work, different cohorts of
newly emerged bees were forced to eat propolis
for fourteen days, the propolis extract was
added to sugar candy to make it more palatable.
Although it seemed to be less palatable than
control candy, it was accepted and avidly
consumed by bees and did not affect the bee
bread consumption. Ebert et al. (2007) stated
that some phytochemicals are not toxic for bees
when they are orally administered for short
periods of time. In the same way, propolis in our
short-term consumption assays did not affect
the survival of confined worker bees. Johnson
et al. (2012) demonstrated that the induction
of detoxification enzymes through consuming
flavonoids in bee products had improved bee
survival. The propolis sample tested here had a
phenolic content of 241.1 ma/g extract (Unpub-
lished data), and due to this high concentration,
an extended consumption assay will possibly be
necessary to obtain cues of enhanced survival
in bees fed propolis.

Some botanical extracts have been shown to
affect the cellularimmune response by modifying
the number of hemocytes, the nodulation and
the phagocytosis of pathogen fungal spores
in hemolymph of the treated insects (revised
in James & Xu, 2012). Here, the number of cir-
culating hemocytes in hemolymph was similar
between the different treatment groups during
the exposure time. Therefore, neither the
intake of propolis affected the cellular immune
response nor, as we infer, that of phytochemi-
cals included in propolis affected the prolif-
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eration in the hematopoietic tissues or the cell
division in the circulating hemocyte population
of worker bees. Howeuver, its ingestion altered
the development of fat body and hypopharyn-
geal glands, two important tissues related to
protein reserve in workers.

There is little data showing how the fat body
size is correlated with the immune response
(Wilson-Rich, Dres, & Starks, 2008), but this
tissue has been suggested to be size-reduced
in worker bees parasitized by Varroa destructor
and Nosema sp., making them more suscepti-
ble to pesticides (Drescher & Schneider, 1987).
In the present work, the abdominal fat body
of bees that emerged during the cold season
diminished after fourteen days of continuous
propolis intake. Thus, the propolis added to the
diet of winter bees appears to have the same
effects produced by these parasites (Drescher
& Schneider, 1987).

Furthermore, vitellogenin, one of the major
storage proteins synthetized in fat body,
increases its titers in this tissue in late autumn
(Fluri et al, 1982) because of reduced brood-
rearing (Amdam et al., 2009), so propolis con-
sumption could have affected this synthesis.
For that reason, further experiments related
to vitellogenin expression under dietary regime
of propolis are necessary. On the contrary,
in summer bees the consumption of this
supplement promoted the fat body develop-
ment of workers, which is in agreement with
the results obtained by Amdam & Omholt
(2002) who had established that in the warm
season fat bodies from twelve days old worker
bees had the maximum amount of proteins. In
this case, the propolis intake could favor fat
body development enhancing the vitellogenin
synthesis and hence improve the oxidative
stress resistance and the individual humoral
defense of workers. Since there is a high avail-
ability of nectar, pollen and resins during the
summer season, worker bees naturally increase
their foraging rates facilitating the incorpora-
tion of phenolic compounds to the nest or diet.
It is reasonable that seasonality has a significant
influence on the physiological activity of the fat
bodies.



During the breeding season, hypopharyngeal
gland development and its protein content are
expected to be at the maximum level (Amdam
& Omholt, 2002). Nevertheless, in our summer
and winter assays the gland size decreased
after bees were fed propolis for fourteen days.
The phenolic compounds of propolis extract
may harm the development and functioning of
the hyphopharyngeal glands. Previously, it had
been shown that the consumption of some
substances like pesticides (Gupta & Chandel,
1995) or transgenic plants (Babendreier et al.,
2005) negatively influenced the development
of these glands in bees. Furthermore, Maurizio
(1954) suggested that nurses with smaller
hypopharyngeal glands would raise fewer
offspring and, consequently, reduce honey bee
colony performance (Babendreier et al., 2005),
although this effect might be compensated by a
larger number of bees taking care of the larvae
to support the stability of the colony. Thus,
in natural conditions a diet supplement with
propolis would fail to stimulate well enough the
development of the glands in young worker
bees and could lead to unsuitable feeding of the
brood. For that reason, in further works it will
very interesting to study the energetic costs
that generates this supplement on colonies.

In research on honey bee health, the role of
phytochemicals is poorly understood. A previous
study had reported that the oral intake of some
isolated compounds found in honey, pollen and
propolis strengthen the immune response in
honey bees by up-regulating detoxification
and immunity genes in the larvae and adult
bees (Mao, Schuler, & Berenbaum, 2013, 2015).
We demonstrate that, although fourteen
days of propolis consumption did not affect
bee survival, it produced sublethal effects by
modifying tissues involved in bee metabolism
and defense. The diet with propolis affected the
protein dynamics in the fat bodies, decreasing it
in winter and enhancing it in summer, and also
depleted the hypopharyngeal glands. However,
the quantity of circulating cells in hemolymph
was not modified. We infer that secondary me-
tabolites from propolis affect the humoral but
not the cellular immune response of workers in
laboratory conditions.
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Our research provides the first approach
showing how the forced feeding of secondary
plant metabolites, as non-nutritive substances
extracted from propolis, could modify the physi-
ological condition when added to the worker bee
diet for a short period of time. The direct effects
of long-term propolis intake on antioxidant and
immune-genes of bees should be established in
laboratory studies and related to more realistic
field conditions. A broader understanding of the
multiple roles of propolis in the health of honey
bee colonies could be obtained by studying the
ways in which it is processed and metabolized
and the effect that it generates in other physi-
ological responses.
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