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ABSTRACT. Nutrition plays a major role in honey bees health, development and performance. Industrial
agriculture, deforestation and climate change, however, are known to have negative impacts in natural
habitats, compromising access to abundant and diversified sources of pollen and nectar, essential for honey
bees. Beekeepers commonly use alternative supplementation feed, particularly during the fall and winter
when resources are scarce to avoid or reduce colony loss as a consequence of starvation. The goal of the
present study was to evaluate the effects of diets containing an inorganic iron source on the morphology of
hypopharyngeal glands (HG) in 6-day-old honey bees during the off-season. Twelve colonies were
distributed into four groups and supplemented, or not, with inorganic iron at concentrations of 0, 25, 50,
and 100 ppm, diluted in sugar syrup. Six-day-old bees were then collected from each treatment, and their
heads were prepared for the evaluation of the area and acini number of the HG. No significant differences
were observed in the analyzed parameters of HG, regardless of the iron concentrations used (p < 0.05). In
conclusion, providing an inorganic iron source during the off-season for colony nutrition does not modulate
the development of the hypopharyngeal glands in 6-day-old nurse bees.
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Introduction

Bees are indispensable insects to the planet through their products (honey, propolis, pollen, among others)
or through the pollination services they provide to natural forests or commercially valuable crops (Klein et
al., 2007). For a bee colony to carry out its activities properly, a balanced diet acquired through the collection
of natural resources is fundamental, being nectar and pollen the most important elements foraged by the bees.
An adequate pollen consumption, for example, is associated with lower contamination by gut parasite Nosema
ceranae; it improves bees’ resistance to xenobiotics, increases bees’ tolerance to transportation stress,
parasitic pressure and it contributes to general colony immunity and development (Mattila & Otis, 2006). On
the other hand, negative effects of poor nutrition can include higher levels of Nosema spp. infection, lower
brood and adult population, lower egg-laying rates and greater damage caused by the parasite Varroa spp.
(Branchiccela et al., 2019; Mattila & Otis, 2006). Nectar, on its turn, is mostly responsible for providing bee’s
sufficient energy to fly, maintain the nest’s internal temperature and subsidize beeswax production, essential
for colony reproduction and food storage.

For managed hives, during periods of scarcity, it is important for beekeepers to provide the necessary
nutrients for the colony's survival since supplementary diets can contribute to brood development, enhance
biological activity and favor immunity and natural defenses (Ullah et al., 2021). Without it, bee colonies are
more susceptible to disturbance and consequently to impair the economic viability of commercial beekeeping.

While nutrition studies focused on the important aspects of carbohydrates and protein from nectar and
pollen respectively are well documented (Di Pasquale et al., 2013; Branchiccela et al., 2019; Brodschneider &
Crailsheim, 2010), there is still much to be discovered regarding the importance of fats, vitamins and minerals
for honey bees. The challenge to properly include such nutrients in defined diets has been pointed out as an
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important step on what comes to further understanding the importance of subtle elements in bee’s
performance and health (Herbert Jr & Shimanuki, 1978).

Minerals are fundamental for the normal functioning of living organisms, as they act as structural
components and participate in important metabolic processes (Soetan et al., 2010; Aratjo et al., 2019). Iron
for instance is a trace mineral that plays a crucial role in various metabolic processes, including oxygen
transport, maintaining the immune system, electron transfer, and DNA and RNA synthesis (Locke & Nichol,
1992; Soetan et al., 2010). It is also important for the formation of iron granules in the abdomen of bees, which
may be involved in their ability to perceive the Earth's magnetic field, particularly during foraging activities
(Liang et al., 2016; Wright et al., 2018).

The lack of a proper nutrition can compromise iron’s absorption, especially if pollen is scarce as it accounts
for the main source of minerals in the bee’s diet. Pollen deprivation could then negatively impact bee
physiology and, consequently, the entire colony. The presence of diseases can also play a role in damaging
iron absorption. Recent studies have found that Nosema spp., for example, can hijack iron from its host,
causing an important deficiency potentially damaging for colonies (Rodriguez-Garcia et al., 2021).

It is known that the nutritional content of available pollen significantly varies depending on the species
and seasons of the year (Somerville & Nicol, 2002; Di Pasquale et al., 2013; Keller et al., 2005). Furthermore,
unpublished data from our research group showed lower iron concentrations in bee-collected pollen during
the winter compared to other months, and this deficiency could influence the development of honey bee
glands, which are essential for colony maintenance (Seeley, 1995).

Among the most important glands in hymenoptera, particularly for the honey bee, is the hypopharyngeal
gland (HG). In this insect, the hypopharyngeal glands are twin structures found on either side of the head,
located anterior to the brain and between the compound eyes. These glands are made up of thousands of
secretory units, each linking to a secretory duct in worker bees. Its main function is related to the production
and secretion of Royal Jelly proteins (Ahmad et al. 2021).

Royal jelly is a substance produced not only by the hypopharyngeal but also by the mandibular glands
located in the heads of nurse honey bees. It is a complex substance composed of water, sugars, proteins, lipids,
vitamins, and minerals, used to feed all larvae younger than 3 days old and the queen throughout her life
(Deseyn & Billen, 2005). Additionally, it is responsible for caste differentiation, stimulating the ovaries, and
accelerating the development of the queen's body (Kamakura, 2011).

Understanding the variables that could affect the development of hypopharyngeal glands is crucial for gaining
a better understanding of colony biology and behavior. While many studies emphasize the importance of proteins
for honey bees and their effects on hypopharyngeal glands and colony maintenance (Standifer, 1960; Hrassnigg &
Crailsheim, 1998; Pernal & Currie, 2000; DeGrandi-Hoffman et al., 2010), little is known about the response to
different levels of minerals in the diet, especially under field conditions, which better reflect beekeeping practices.

The secretory activity of hypopharyngeal glands is correlated with the size of acini. Thus, more developed
glands have a greater capacity for producing royal jelly (Deseyn & Billen, 2005). Hypopharyngeal glands reach their
maximum size and activity at the sixth day of a bee's life, following the consumption of large quantities of pollen,
which shows a positive correlation between proper nutrition and HG development (DeGrandi-Hoffman et al., 2010).

The objective of this research was to evaluate the supplementation of inorganic iron during the off-season
and its effects on the number and area of acini in the hypopharyngeal glands of six-day-old honey bees. The
main differentiating factor of this research was the experimental protocol conducted under field conditions,
and it was found that providing an inorganic iron source during the off-season for colony nutrition does not
modulate the development of the hypopharyngeal glands in six-day-old nurse bees.

Material and methods

Treatment groups

Twelve colonies of A. mellifera with a standardized number of brood and food frames (three brood frames
and two frames of bee bread and honey) were used. The colonies were divided into four groups: TOFe: which
received sugar syrup without iron supplementation; T25Fe: sugar syrup with supplementation of 25 ppm;
T50Fe: with 50 ppm and T100Fe: with 100 ppm of inorganic iron. These concentrations were selected based
on previous studies that related 50 ppm as the honeybee requirements (Hebert Jr & Shimanuki, 1978).

The source used was ferrous sulfate heptahydrate (containing 31.10% iron - FeSO47H;0), which was
diluted in sugar syrup (1:1), homogenized by Vortex Mixer equipment and provided with a Boardman feeder
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(500 mL per week). The syrup was consumed within 24 hours by the experimental colonies, ensuring the
stability of ferrous sulfate (Swamy et al., 1979). The research was conducted during the off-season (May, June,
and July) at the experimental apiary.

The levels of Fe were determined using Atomic Absorption Spectrometry (FAAS) and were found to be
25.695, 47.796, and 104.175 ppm in the Fe25, Fe50, and Fe100 groups, respectively.

Collection of nurse bees and morphological analysis

Monthly, frames were removed from each treatment, and were individually wrapped in tissue. The frames
were placed in an incubator at a temperature of approximately 32°C and a relative humidity of about 60%,
until the emergence of individuals. The worker bees that emerged were marked on the pronotum region with
a nontoxic pen (Posca Paint Pens, Mitsubishi, Japan), totaling approximately 50 bees marked per colony.

The marked bees were reintroduced into their original colonies, and these colonies continued to receive
supplementation with different iron concentrations until the collection of the marked bees, which occurred
at six days of age. Then, 10 six-day-old nurse bees were collected each month using the methodology
described by Bovi et al. (2017), totaling 120 bees in the study (40 per month). The heads of the six-day-old
nurse bees were dehydrated in a series of ethanol and embedded in methacrylate resin (HistoResin®©; Leica
Microsystems) following the methodology described by Zaluski et al. (2017). Using a rotating microtome,
semi-serial sections of 3um thick were made with a 30um gap in between to guarantee that the acini were
measured only once. Slides were stained with hematoxylin and eosin and the images captured using a Leica
DMC 2900 camera connected to a Leica DM 2500 microscope and analyzed with Leica QWin V3 software.

All the acini of hypopharyngeal glands were counted and measured. The values (um?) then were divided
in categories as described by Zaluski et al. (2017), which were < 29,999 / 30,000 — 59,999 and 60,000 — 89,999
um? for statistical analysis.

Statistical analysis

The data were compared using non-parametric Kruskal-Wallis ANOVA followed by Dunn’s test using
GraphPad Prism 6. Means were considered statistically different when p < 0.05.
Results

Figure 1 displays the secretory units of the hypopharyngeal glands of 6-day-old nurse bees supplemented
with different levels of inorganic iron.

Figure 1. Histological section of the hypopharyngeal glands of 6-day-old nurse bees (Apis mellifera L.) during the off-season. Ducts are
marked with asterisks (*) and acini are circled to emphasize. TOFe: without supplementation; T25Fe: 25 ppm; T50Fe: 50 ppm; T100Fe:
100 ppm of inorganic iron supplementation. Stained with Hematoxylin and Eosin.
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Figure 2 shows the number and mean area (um?) of acini in the hypopharyngeal glands of 6-day-old nurse
bees. No significant differences were observed among treatments in the number and area of acini of
hypopharyngeal glands in 6-day-old honey bees supplemented with 0, 25, 50, and 100 ppm of inorganic iron.
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Figure 2. Number (x10?) and mean area (x10°) of the acini of hypopharyngeal glands of 6-day-old nurse bees during the off-season.
TOFe: without supplementation; T25Fe: 25 ppm; T50Fe: 50 ppm; T100Fe: 100 ppm of inorganic iron supplementation.

The numbers of acini of hypopharyngeal glands within the categories < 29,999 um?, 30,000 - 59,999 um?,
and > 60,000 ym? are represented in Figure 3. While group T100Fe showed significantly fewer numbers of
acini within the category < 29,999 um? compared to T50Fe, no significant differences were observed when the
treatments were compared to TOFe.
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Figure 3. Number (x10?) and mean area (x10°) of the acini of hypopharyngeal glands of 6-day-old nurse bees during the off-
season. TOFe: without supplementation; T25Fe: 25 ppm; T50Fe: 50 ppm; T100Fe: 100 ppm of inorganic iron supplementation.
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Discussion

Overall, the supplementation of inorganic iron, under the experimental conditions, did not show evident
effects on the modulation of the structure of the hypopharyngeal glands (HG), even with similar
concentrations suggested by Hebert and Shimanuki (1978) and adopted in this research.

There are many factors that might modulate the development of the HG, especially in experiments
conducted in field conditions, where honey bees have free access to food resources. Studies have shown that
stressful managements (Bovi et al., 2017), pesticides exposition (Hatjina, et al., 2013; Zaluski et al., 2017),
quantity and quality of food (Di Pasquale et al., 2013; Omar et al., 2017) and mite infestations (Pinto et al.,
2011; Power et al., 2021.; Morfin et al., 2023) are capable of impairing the HG structure. Additionally, although iron
is an essential micronutrient in the organism of insects such as honey bees (Wright et al., 2018, high concentrations
of free iron can be toxic to the organism, causing lipid peroxidation and damage to cell wall structure, leading to
cell death (Jumarie et al., 2017). However, the iron concentrations studied in this experiment did not have adverse
effects in the HG morphology. On the other hand, Sousa et al. (2022) verified that high iron concentrations in the
diet promotes different feeding habits, as a means to mitigate the risk of mineral intoxication.

At the end of the experiment, the frequency within categories between TOFe and the other treatments did
not differ significantly. However, it was observed that T100Fe showed a significantly lower number of acini
within the category < 29,999 um?2 compared to T50Fe. The acini size in nurse bees is correlated with their
activity (Deseyn & Billen, 2005; Skerl & Gregorc, 2015), and the groups that presents greater number of acini
within the categories 30,000-59,999 pym? and > 60,000 pm? and lower number of acini within the category <
29,999 um? can be considered more active and represent a more appropriate method for measuring acini that
display an irregular form (Zaluski et al., 2017). Despite this, the mean areas (um?) of the acini of the groups
were not affected by the different distribution among categories.

A possible explanation for the absence of differences could also be the low availability of inorganic iron
used in this experiment. The source of inorganic iron used in this study was ferrous sulfate diluted in sugar
syrup. It is possible that the ferrous state of iron (Fe + 2) in the syrup was oxidized to ferric state (Fe + 3), an
insoluble form of free iron, making its absorption more difficult (Lopez & Martos, 2004). Otherwise, it appears
that iron might be less essential for hypopharyngeal gland (HG) development, which could explain the
unaffected morphology observed in this research.

Another possible explanation could be the transport of absorbed iron to the abdomen of the bees. A study
conducted by our research group investigated the effects of the same levels of inorganic iron on nurse bees
and observed an accumulation of iron in the abdomen of bees (Aratjo et al., 2019). An increase in iron content
in the abdomen of the bees was noticed, possibly due to the formation of iron granules in the abdomen, which
are thought to be responsible for magnetoreception—the sensitivity to Earth’s magnetic field, crucial during
foraging activities (Liang et al., 2016).

The HG of nurse bees secretes the major protein fraction of the components of royal jelly (Wright, 2018),
and their size indicates their activity, reflecting the amount of protein secreted. Additionally, an improvement
in the quality of royal jelly produced by colonies supplemented with 100 mg L! of inorganic iron under field
conditions was observed. This was evidenced by an increase in protein content and the number of protein
spots in two-dimensional electrophoresis (2D-PAGE) analysis. These results suggest that the
supplementation of 100 mg L! of inorganic iron could be beneficial during pollen shortage periods to enhance
the quality of royal jelly and the colony’s nutrition without impairing the morphology of HG in 6-day-old
worker bees (Aradjo et al., 2019).

In conclusion, the supplementation of inorganic iron during the off-season did not significantly alter the
development of hypopharyngeal glands in 6-day-old nurse bees.

Data availability
Does not apply
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