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Simple Summary: The importance of research on honeybee queen immunity is underscored by the
fact that it is the only reproductive caste in the bee colony, whose genetic and biological quality largely
translates into the condition and productivity/efficiency of the colony. Queen bee fat body and tergal
glands play crucial roles in bee immunity. The role of the fat body is not limited to storing energy
reserves in the form of fat, protein, or glycogen. This tissue has detoxifying functions and participates
in the maintenance of homeostasis. Additionally, the secretion of tergal glands allows workers to
recognize the queen and is an attractant for drones during mating flights. The characteristics of
tergal glands in queens are important for understanding the biology of reproduction. We determined
changes in the morphological image of fat body and tergal gland cells in uninseminated Apis mellifera
queen bees. We showed that the segmental character of the fat body depends on its location, not only
in 1-day-old queens, but also in those at 8 and 20 days of age. The morphological image of tergal
gland cells was not different in the queens aged 1 and 8 days, but dark-colored lumps appeared in
the cells of those aged 20 days.

Abstract: The morphological changes in fat body cells, tergal gland cells, and the surface areas of
the cell nuclei were determined in queen bees of the subspecies Apis mellifera carnica. This study
focused on 1-, 8-, and 20-day-old uninseminated females kept in colonies, analyzing cells from three
locations in the abdomen: the sternite, and tergites III and V. The oenocytes in the sternites were
large, oval/circular with a centrally located nucleus, while in tergites III and V, they were small
and triangular in the 1-day-old queens. During the first week of life, these cells in tergites IIl and V
change their shape to oval and increase their sizes. The initially light yellow and then dark yellow
granularities in the oenocytes of the fat body appear along with the advancing age of the queens. The
trophocytes (sternites, tergites IIl and V) in the 1-day-old queens were completely filled with droplets
of different sizes. In the 8- and 20-day-old queens, the number and size of the droplets decreased in
the trophocytes of tergites III and V. The tergal gland cells had a centrally located cell nucleus in the
1-, 8- and 20-day-old queens. The dark granularities in these cells were visible only in the 20-day-old
queens. Different morphological images of the fat body at the sternite, and tergites IIl and V, and
the difference in the size of the oenocyte cell nuclei may indicate various functions of the fat body
depending on its location. Characterization of the changes in the morphology of the fat body, taking
into account its segmental character, and the tergal glands requires further research in older queens,
e.g., one-year-old, brooding queens.
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1. Introduction

Honeybees are insects that live in two environments: in the colony, the conditions of
which they strictly control, and in the changing conditions of the natural environment. The
ability to regulate the internal conditions of the colony translates into a significant indepen-
dence from the changing conditions of the external environment [1]. The conditions in the
colony directly affect the queen bee. The queen bee is also indirectly affected by external
environmental factors, including those of anthropogenic origin, e.g., chemicalization of
agriculture, pesticides, lack of a nutritious/complete diet, monodiet, pathogens. These
factors can contribute to a decrease in bee immunity [2-5]. A high density of individuals,
and high humidity and temperature, make both adult insects and their developmental
forms vulnerable to pathogen activities. Under such conditions, only the high efficiency of
immunity mechanisms ensures the survival of bees [6-9]. The penetration of toxic com-
pounds or pathogens into the hemolymph disrupts metabolism and affects the immune
protein synthesis pathways [5].

So far, research on bee immunity has focused mainly on the workers [10-12], while
little attention has been paid to queen immunity. The importance of research on queen
immunity is emphasized by the fact that the queen is the only reproductive female in
the bee colony, whose genetic and biological quality highly influences the condition and
productivity of the colony.

Nowadays, it is known that the fat body and tergal glands are tissues which play a
crucial role in bee immunity [13-15]. The role of the fat body is not limited to storing energy
reserves in the form of fat, protein, and glycogen. This tissue has detoxifying functions and
participates in the maintenance of homeostasis. In this tissue, oenocytes and trophocytes
are the predominant cell types. Trophocytes are cells with lipid drops distributed over
the entire cell surface in 1-day-old queens and on the periphery in 1-day-old workers.
Intercellular spaces are visible in the workers. In contrast, the cells are tightly attached
to each other in the queens. The trophocytes in the fat bodies from the third tergites are
especially large in the queens in comparison to the other locations [13,15]. Oenocytes are
circular, oval, elliptical or triangular cells that are distributed between the trophocytes in
the different segments of the fat body. They are cells with a centrally located cell nucleus,
around which other organelles are located, i.e., mitochondria, endoplasmic reticulum,
and vacuoles filled with lipids and glycogen. There are no oenocytes in the fat body
located at the third tergite in the workers, but there are a lot of them in the queens [13,15].
Oenocytes are responsible for the synthesis of hormones, as well as sex pheromones.
Therefore, their presence in queens may indicate an adaptation for reproductive function,
as compared to infertile/sterile workers. The number, size, and color of oenocytes depend
on their location in the fat body, the developmental stage, age, and caste of the bee. In
young bees, the oenocytes are small, sparse, and yellowish, while in flying bees, they are
large, numerous, and amber-colored or sometimes brown. Most of the proteins in a bee’s
hemolymph are synthesized in the fat body [13]. A large proportion of these proteins
are antimicrobial peptides, which are an important component of humoral immunity of
bees. Vitellogenin (Vg) is synthesized in the trophocytes. Vg has antioxidant properties
and regulates oogenesis. In the bee body, Vg is captured by specific groups of cells and
is involved in various physiological processes, e.g., stress reduction, lifespan regulation,
reproduction; metabolic processes, e.g., regulation of juvenile hormone concentration; and
behavioral processes, e.g., feeding. The largest amount of vitellogenin is produced by
the fat body of nurse bees, but even then it is only 1/20th of the queen bees’ vitellogenin
levels [9,13,16-20]. The number of eggs laid by the queen depends on the concentration of
Vg. Therefore, the more efficient the “working cells” /trophocytes, the more Vg there will
be, and the more eggs the queen will lay. The situation in the colony also adds to this. The
quality of the fat body depends on the diet in the first days after emergence. If there is food
supply in the colony (mainly pollen), then the nurse bees will produce royal jelly which the
queens will be fed, and then such queens will be healthy and strong, and their fat body will
function properly and produce of proteini.a. Vg [9,13,21,22].
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Fat body cells of A. mellifera females are located next to the tergal gland cells and
provide them with metabolically necessary compounds thus influencing their function.
Tergal glands in queen bees are located on the underside of the third, fourth, and fifth
tergites in the dorsal part of the abdomen. The queens have a lot of the cells (there
are 25-32 glandular cells on the 200 um? tissue surface) that are closely adhered to one
another, with a centrally located nucleus. From each cell departs the outlet ducts, from
which pheromones are emitted with pulsating movements. No differences are observed
in the morphological images between the glands from various tergites (III, IV, and V), but
these glandular cells differ in their nucleus diameters—the largest nuclei are found in the
third tergite and the smallest ones in the fifth [14]. In order for the queen to be valuable
and perform her functions, the tergal gland cells should be compact and in adequate
numbers. The reproductive status of the queen depends on these parameters. Therefore,
the determination of factors that affect the quality of these cells, especially in young queens,
has not only a cognitive but also an economic dimension in apiary management. The
secretion of the tergal glands allows workers to recognize the queen and is an attractant
for drones during mating flights [23-25]. Therefore, the characteristics of the tergal glands
in queens preparing for the mating flight are important for understanding the biology of
reproduction of these important pollinators.

The aim of the research was to determine changes in the morphological image of fat
body and tergal gland cells, and the metabolic activities of the fat body oenocytes and
tergal gland cells in A. mellifera queen bees at emergence (1-day-old) and sexual maturity,
when they are ready for the mating flight and insemination (8-day-old), as well as those
detained maximally in colonies without insemination (e.g., in the absence of favorable
weather conditions for the mating flight; 20-day-old).

2. Materials and Methods

This study was performed at the apiary of the University of Life Sciences in Lublin,
Poland (51.224039° N—22.634649° E).

2.1. Experimental Design

The biological material was queen honeybees of the subspecies Apis mellifera carnica;
1-, 8- and 20-day-old uninseminated females kept in colonies. The queens were reared from
larvae obtained from the same colony of Carnica bees, from an artificially inseminated
reproductive queen. In order to obtain larvae of a similar age, four days before the planned
rearing, the reproductive queen was confined in a queen-excluder comb-cage, containing
one empty comb, for 24 h to lay eggs. One day after being placed in the queen-excluder
comb-cage, the queen was released, while the brood comb remained. On the fourth day
from that day, the queen was confined on a comb placed in the queen-excluder comb-cage,
the comb was taken out and the larvae were transferred from it onto royal jelly diluted with
water in queen cell cups [26]. The royal jelly used in the rearing of all the queens that came
from the same batch from one rearing colony. The royal jelly from all the queen cells was
collected into one vessel, after which water was added to it according to Biichler et al.’s [26]
method [a mixture of half royal jelly and half warm water]. Following this, the royal jelly
and water were mixed to a uniform consistency and used for queen larvae rearing. The
frames with transferred larvae were placed in very strong queenless rearing colonies in
Dadant hives. On the seventh day, the queen cells were secluded in isolators and put in an
incubator (temperature 35 °C, relative humidity 60%) until they emerged. On the twelfth
day (counting from the transfer of larvae) the isolators with emerged queens were removed
from the incubator. A total of 10 of the 1-day-old queens were taken for analysis, while
the rest were placed in colonies and kept there until the 8th (group: 8-day-old, 10 queens)
and 20th (group: 20-day-old, 10 queens) day of their life. In order to prevent the queens
from an insemination/mating flight, the hive entrance was fenced with a queen-excluder.
This allowed us to evaluate the effect of age, while eliminating the effect of change in the
reproductive status.
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2.2. Morphological Analyses
2.2.1. The Morphological Image of the Fat Body and Tergal Gland Cells

The fat bodies from the sternites (between the third and the fifth sternites), and the third
and the fifth tergites in each of the 30 queen bees, 10 from each age group (1-, 8- and 20-day-
old) were dissected under a stereoscopic microscope (Olympus SZ60, Olympus Corporation,
Tokyo, Japan). The dorsal segments were selected due to their immediate proximity with
tergal glands. The tergal gland tissues were also dissected. Microscopic preparations were
made from the dissected tissues. The tissue fragments were placed on glass slides in 0.6% NaCl
and covered with a cover-glass. Microscopic preparations were observed and the fat body and
tergal gland cells were photographed with an Olympus DP 72 camera (Microscope Olympus
BX61, Olympus Corporation, Tokyo, Japan; magnification x 40) with a DIC attachment.

2.2.2. The Surface Area of the Cell Nuclei of the Fat Body Oenocytes and Tergal
Gland Cells

The measurements of the surface areas of nuclei in the living cells, the oenocytes and
the tergal gland cells, were taken at 40x magnification. Microscopic preparations were
observed and the fat body and tergal gland cells were photographed with the Olympus
DP72 camera (Microscope Olympus BX61; 40 x magnification) with the DIC attachment.
Visualization of the living (undistorted) tissues/cells was made according to the Strachecka
et al. [15,27] methods. For each location of the fat body (sternites, tergite III, and tergite
V) of the queen age groups (1-, 8- and 20-day-old), 10 nuclei of the oenocytes and tergal
gland cells were measured. By operating the micrometer screw before measurement, the
microscopic image was set so that the nucleus showed the largest possible area. A total
of 100 measurements (10 queens x 10 measurements) were performed for each fat body
location and tergal gland in each age group.

2.3. Statistical Analysis

The statistical analysis of the results was carried out using Statistica software for-
mulas, version 13.3 (2017) for Windows, StatSoft Inc., Tulsa, OK, USA. The distribution
of the data were analyzed with the use of the Kolmogorov—Smirnoff test. The effect of
the queens” age (1-, 8- and 20-day-old) on the surface areas of the fat body oenocytes
for tergites III (n = 300 measurements) and tergites V (n = 300 measurements) was as-
sessed with the Kruskal-Wallis test (data with non-normal distribution), and for sternites
(n = 300 measurements), ANOVA was used (data with normal distribution). The effect of
fat body locations (sternites—n = 100 measurements, tergites IIl—n = 100 measurements,
and tergites V—n = 100 measurements) on the surface areas of the fat body oenocyte
nuclei for each age group of queens was assessed with the Kruskal-Wallis test (data with
non-normal distribution).

The surface areas of the fat body oenocyte nuclei between the queens” age groups
within each location (sternites—n = 100 measurements, tergites IIl—n = 100 measurements,
and tergites V—n = 100 measurements) were compared for tergites III and tergites V with
the Mann-Whitney U test (data with non-normal distribution), and for sternites with
Tukey’s HSD test (data with normal distribution).

The surface areas of the fat body oenocyte nuclei between locations (sternites—
n = 100 measurements, tergites IIIl—n = 100 measurements, and tergites V—n = 100 mea-
surements) within each queen age group were compared with the Mann—-Whitney U test
(data with non-normal distribution).

The effect of the queens’ age on the surface area of the tergal gland cell nuclei (1-
day-old—n = 100 measurements, 8-day-old—n = 100 measurements and 20-day-old—
n = 100 measurements) was evaluated with the Kruskal-Wallis test (data with non-normal
distribution), and between the queen age groups, it was compared with the Mann-Whitney
U test.
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3. Results
3.1. The Morphological Image of the Fat Body Cells and the Surface Area of the Cell Nuclei of Fat
Body Oenocytes

3.1.1. The Morphological Image of the Fat Body Cells

In the queens, the sizes, shapes, and arrangement of fat body cells differ between
segments, indicating the segmental character of the fat body (Table 1A-C).

Table 1. The morphological images of fat body cells depending on their location: at sternites (A), at
tergite III (B), at tergite V (C) in 1-, 8- and 20-day-old queens (magnification x 40).

1-Day-Old 8-Day-Old 20-Day-Old
(A) Fat body location at the sternites

(B) Fat body location at tergite III

Explanations: 1—oenocyte; 2—oenocyte cell nuclei; 3—trophocyte; 4—droplets; 5—yellow granules; the scale bar
in each photo is 50 pm.

The changes in the oenocytes:

- inthe sternites: the cells are large, oval/circular with a discernible centrally located nucleus;
- intergites Il and V:

-> in the 1-day-old queens, the cells are small and triangular, then change their
shape to round/oval and increase in size during the first week of life;
-> in the 8- and 20-day-old queens the cell nuclei are visible;
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- inthe fat body: in the sternite, and tergites III and V, the process of vacuolization is
visible in the 8-day-old queens;

- as the queen matures, yellow granules appear, which are especially visible in the
20-day-old queens.

The changes between the 8- and 20-day-old queens were not so clear and mainly
concerned the oenocytes, in which the abovementioned granularities changed their color
from light yellow to dark yellow.

The changes in the trophocytes:

- inthe 1-day-old queens the cells are completely filled with droplets of different sizes
in each of the locations of the fat body,

- intergites Il and V, the number and size of the droplets decreases, and their position
changes from all-over to the edge; in the sternites, these changes occur more slowly.

3.1.2. The Surface Area of the Cell Nuclei of the Fat Body Oenocytes

The queens’ age (1-, 8- and 20-day-old) had a statistically significant effect on the size
of the oenocyte nuclei in all the fat body locations (sternites—F; 979 = 88.16, p = 0.00; tergites
III—H = 147.75, df = 2, p < 0.01; tergites V—H = 151.84, df = 2, p < 0.01). In each age
group of the queens, the location of the fat body (sternites, tergites Il and tergites V) had a
statistically significant impact on the size of the oenocyte nuclei (1 day—H =229.19, df =2,
p < 0.01; tergite III—H = 12.35, df = 2, p < 0.01; tergite V—H = 59.75, df =2, p < 0.01).

Differences in the size of the oenocyte cell nuclei, related to the metabolic activities,
were significant in all the queen age groups (Figure 1). This is evidenced by the reduction
in the surface areas of the fat body oenocyte nuclei located at the sternites and the increase
at tergites Il and V in 8- and 20-day-old queens compared to 1-day-old queens. There were
no statistically significant differences at the sternites between 8- and 20-day-old queens.
Moreover, statistically significant differences were found between the fat body locations
in 1- and 20-day-old queens. However, in the 8-day-old queens, these differences were
statistically significant only between tergites IIl and V (Figure 1).

w
i T
- | IN'e

150 - a F=7 J ‘

The surface area of the cell nuclei (um?)

b
100 - b .
50 a
0 S i
1-day-old 8-day-old 20-day-old
Queens' age group
OSternite  OTergite lll HETergite V

Figure 1. The surface area of the cell nuclei (um?) of the fat body oenocytes depending on their location
(um; mean =+ SD) in the three age groups of queens; (n = 3 age groups x 10 queens x 10 measurements);
a, b, c—differences between the queen age groups (1-, 8- and 20-day-old) within the fat body
locations are significant at p < 0.01; *—differences between the fat body locations (sternites, tergites
III and tergites V) within the queen age groups are significant at p < 0.01; vertical bars indicate
standard deviation.
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3.2. The Morphological Images and Surface Area of Cell Nuclei of the Tergal Gland Cells
3.2.1. The Morphological Images of the Tergal Gland Cells
In all the age groups of queens (1-, 8- and 20-day-old), the round tergal gland cells

with a centrally located cell nucleus were visible, while the dark granularities in the cells
were visible only in the 20-day-old queens (Table 2).

Table 2. The morphological images of the tergal gland cells in the 1-, 8- and 20-day-old queens
(magnification x 40).

1-Day-Old

8-Day-Old 20-Day-Old

The tergal gland cells

Explanations: the scale bar in each photo is 50 um.

3.2.2. The Surface Area of the Cell Nuclei of the Tergal Gland Cells

The queens’ age (1-, 8- and 20-day-old) statistically significantly affected the surface
areas of the tergal gland cell nuclei (H = 48.07, df =2, p < 0.01).

In the 8-day-old queens, the activities of the tergal gland cells were statistically signif-
icantly higher than in the 1- and 20-day-old insects (Figure 2). There was no statistically
significant difference between the 1- and 20-day-old queens (Figure 2).

450 -
400 -
350 -
300 -
250 -
200 -

150 -

The surface area of the tergal gland
cell nuclei (upm?)

50 -

1-day-old 8-day-old 20-day-old
Queens' age group
Figure 2. The surface area of the tergal gland cell nuclei (um?) (mean + SD) in the three age groups of

queens; a, b—statistically significant difference at p < 0.01 between the age groups of queens; vertical
bars indicate standard deviation.
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4. Discussion
4.1. The Morphological Images of Fat Body Cells and the Surface Area of the Oenocyte Cell Nuclei

Strachecka et al. [15] showed that the subcuticular fat body has a segmental character
in 1-day-old Apis mellifera females and depends on different reproductive potentials. In
this study, the authors focused on determining the morphological changes in the fat bodies
and tergal glands in young and uninseminated queens, in the early stages of their lives
(1-20 days), during which crucial processes to the queens’ continued functioning take place.

The authors of this study confirmed the segmental character of the fat body not only
in 1-day-old queens but also observed the same trend in the insects aged 8 and 20 days.
This segmental character means that the morphology (Table 1A-C) and activity (Figure 1)
of the fat body depends on its sector. For example, oenocyte activity was particularly
pronounced in the 1- and 20-day-old queens (Figure 1). The largest reserves of lipid,
proteins, and carbohydrates stored in the fat body, in the form of a large number of lipid
droplets distributed over the entire surface of the trophocytes, were found in the queens
at the age of 1 day (Table 1A-C—1-day-old). This corresponds with the findings of the
studies by de Oliveira and da Cruz-Landim [28] conducted on the workers of the Melipona
quadrifasciata anthidioides species. In the trophocytes of the queen bees aged 8 days, the
amount of fat was much lower, and lipid droplets were located only along the edges of cells
(Table 1A-C—8-day-old). These changes suggest a consumption of energy reserves [22],
presumably during the process of puberty and preparation for the mating flight of young
queen bees. Yellow granularities were observed in the oenocytes of the 8-day-old queens
(Table 1A-C—8 day-old-queens) and their color changed to dark yellow when the queens
turned 20 days of age (Table 1A-C—20-day-old). We suggest that the granularities in
question were the effect of the accumulation of metabolites. Miinch et al. [29] suggested
that this may be connected with the onset of aging processes in the organism. However, the
queens aged 20 days cannot be treated as old, as queens can live for several years [30]. It
can be assumed that the yellow granularities in the oenocytes are the result of a significant
increase in the metabolic activities of the fat body oenocytes in the initial period of a queen’s
life. The changes in the morphological image of the fat body and surface area of oenocytes
were the most dynamic between the 1-, 8- and 20-day-old queens (Table 1A-C and Figure 1).
The differences between the queens aged 8 and 20 days only at the sternites were not
significant (Table 1). Moreover, the surface areas of the nuclei of the fat body’s oenocytes
located at the tergites of the 8- and 20-day old queens were bigger than in those at the age
of 1 day (Figure 1) and this may indicate the higher metabolic activity of the tissue [22].
Oenocytes are the equivalent of hepatocytes in mammals; they are involved in the synthesis
of proteins, fats, hydrocarbons, and pheromones, which are transported to the surface
of the cuticle, and are also used during the detoxification of the organism [15,20]. The
metabolic activities of the cell nuclei expressed by their surface area depend on the caste
and age of the bees, cell location and type of tissue [9,15,31,32], which is also confirmed by
our research.

4.2. The Morphological Images of Tergal Gland Cells and the Surface Area of the Tergal Gland
Cell Nuclei

We wondered if and how the morphology of the tergal glands would change in the
three age groups of queen bees. We analyzed the literature and did not find any studies
devoted to the analysis of the tergal glands in queen bees on such a detailed level. The
results of Strachecka et al. [14] described the morphology of tergal glands in rebel workers,
which are primed to reproduce rather than participate in the rearing of the next generation
of sister—queen offspring. We showed what the tergal gland cells look like in 8-day-old
queens. Therefore, we focused on presenting the morphological changes that occur in this
tissue in queens between days 1 and 20, during the period when key processes for the
queens’ continued functioning take place.

While the morphological image of the tergal gland cells was not different between the
queens aged 1 and 8 days, in those at the age of 20 days, the dark-colored lumps in the cells
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had appeared (Table 2—20-day-old). According to the authors of this study, these are, in all
likelihood, melanotic lumps developed as a result of the accumulation of large amounts
of eumelanines, i.e., products of melanization, which protect the chitinous covering from
pathogen penetration. This suggests better protection of the organism against the impact
of external environmental factors [11,14,25,29,33,34]. The authors did not encounter a
description of these lumps in the tergal gland tissue of queen bees in the literature, which
suggests that we were the first to notice them. In worker bees, such dark-colored lumps are
present in the trophocytes of the fat body and in the Nasonov gland. While the lumps in the
trophocytes contain iron, calcium, magnesium, and phosphate ions [14,35], the lumps in the
Nasonov gland are a cluster of melanin, proteins, or ions of metals that are accumulated in
cells as a result of the aging processes in the organism, defense reactions and environmental
factors [11,33,34,36-38]. The tendencies in the changes in surface area of the tergal gland
cells of the queen bees corresponded with the changes in surface area of the fat body located
at the tergites. For example, in the queens aged 8 days, both the surface area of tergal
gland cells and that of the fat body sectors located at the tergites was higher than on the
first day of the queens’ life (Figures 1 and 2). The parallel between the surface area of the
tissues and their metabolic activities in question can suggest a functional link between the
tergal glands and the fat body. Moreover, the highest metabolic activities of tergal gland
cells in the queens aged 8 days may be connected with the mating flights they do at this
age; during the flights, the secretion of those glands is a factor that attracts drones [39-43].
Although the queen had limited possibilities of leaving the hive during our experiment,
biochemical reactions were occurring in the queens’ bodies that enabled the queens to
prepare for this activity.

The changes occurring in the young queens between the 1st and the 20th day of
their lives were fast. It is worth emphasizing that these queens were uninseminated and
did not lay eggs. So, the question arises whether similar changes will be observed in
inseminated queens? What will the fat body and tergal glands look like in older queens,
e.g., one-year-olds, two-year-olds? These questions set out the topics for future research.

5. Conclusions

The segmental character of the fat body depends on its location, not only in 1-day-old
queens, but also in those at 8 and 20 days of age. The morphological image of tergal gland
cells was not different in the queens aged 1 and 8 days, but dark-colored lumps appeared
in the cells of those aged 20 days. In the trophocytes of the queen bees aged 8 days, the
amount of fat was much lower, and lipid droplets were located only along the edges of the
cells. These changes suggest a consumption of energy reserves, presumably during the
process of puberty and preparation for the mating flight of young queen bees. The surface
areas of the nuclei of the fat body’s oenocytes located at the tergites of the 8- and 20-day
old queens were bigger than in those at the age of 1 day, which additionally confirms,
and this may indicate the higher metabolic activity of the tissue. The tendencies in the
changes in the surface area of metabolic activities in the tergal gland cells of the queen bees
corresponded with the changes in the surface area of metabolic activities taking place in
the fat body located at the tergites.

Author Contributions: Conceptualization, M.]., A.S. and K.O.; methodology, M.]., A.S. and K.O.;
software, M.]., A.S. and K.O.; validation, M.]. and A.S.; formal analysis, M.]., A.S. and J.C.; investiga-
tion, A.S.; data curation, M.J.; writing—original draft preparation, M.].; writing—review and editing,
MJ., A.S.,K.O. and J.C,; visualization, M.]J.; supervision, A.S.; project administration, A.S.; funding
acquisition, A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Life Sciences in Lublin, grant no.
LKE/S/64/2021-2023.

Data Availability Statement: The data sets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.



Insects 2024, 15, 244 10 of 11

References

1. Tautz, J. The Buzz about Bees; Springer Science and Business Media LLC.: Dordrecht, The Netherlands, 2008. [CrossRef]

2. Brys, M.S.; Skowronek, P; Strachecka, A. Pollen Diet—Properties and Impact on a Bee Colony. Insects 2021, 12, 798. [CrossRef]
[PubMed]

3. Tsuruda, ].M.; Chakrabarti, P; Sagili, R.R. Honey Bee Nutrition. Vet. Clin. N. Am. Food Anim. Pract. 2021, 37, 505-519. [CrossRef]
[PubMed]

4. Ara Begum, H.; Idrees, A.; Afzal, A.; Igbal, ].; Qadir, Z.A.; Shahzad, M.F,; Li, Z.; Salah Shebl Ibrahim, S.; Alkahtani, J.; Li, J. Impact
of Different Pollen Protein Diets on the Physiology of Apis mellifera L. (Hymenoptera: Apidae) Workers from Essential Plant
Sources. J. King Saud Univ.-Sci. 2023, 35, 102511. [CrossRef]

5. Paleolog, J.; Wilde, J.; Gancarz, M.; Wiacek, D.; Nawrocka, A.; Strachecka, A. Imidacloprid Pesticide Causes Unexpectedly Severe
Bioelement Deficiencies and Imbalance in Honey Bees Even at Sublethal Doses. Animals 2023, 13, 615. [CrossRef] [PubMed]

6. Johnson, RM.; Evans, ].D.; Robinson, G.E.; Berenbaum, M.R. Changes in Transcript Abundance Relating to Colony Collapse
Disorder in Honey Bees (Apis mellifera). Proc. Natl. Acad. Sci. USA 2009, 106, 14790-14795. [CrossRef]

7. Di Prisco, G.; Cavaliere, V.; Annoscia, D.; Varricchio, P.; Caprio, E.; Nazzi, F; Gargiulo, G.; Pennacchio, F. Neonicotinoid
Clothianidin Adversely Affects Insect Immunity and Promotes Replication of a Viral Pathogen in Honey Bees. Proc. Natl. Acad.
Sci. USA 2013, 110, 18466-18471. [CrossRef]

8.  Strachecka, A.; Kuszewska, K.; Olszewski, K.; Skowronek, P.; Grzybek, M.; Grabowski, M.; Paleolog, J.; Woyciechowski, M.
Activities of Antioxidant and Proteolytic Systems and Biomarkers in the Fat Body and Hemolymph of Young Apis mellifera
Females. Animals 2022, 12, 1121. [CrossRef] [PubMed]

9.  Strachecka, A.; Migdat, P.; Kuszewska, K.; Skowronek, P.; Grabowski, M.; Paleolog, J.; Woyciechowski, M. Humoral and Cellular
Defense Mechanisms in Rebel Workers of Apis mellifera. Biology 2021, 10, 1146. [CrossRef]

10. Wilson-Rich, N.; Dres, S.T.; Starks, P.T. The Ontogeny of Immunity: Development of Innate Immune Strength in the Honey Bee
(Apis mellifera). ]. Insect Physiol. 2008, 54, 1392-1399. [CrossRef]

11. Evans, ].D.; Aronstein, K.; Chen, Y.P; Hetru, C.; Imler, J.L.; Jiang, H.; Kanost, M.; Thompson, G.J.; Zou, Z.; Hultmark, D. Immune
Pathways and Defence Mechanisms in Honey Bees Apis mellifera. Insect Mol. Biol. 2006, 15, 645-656. [CrossRef]

12.  Zou, Z,; Lopez, D.L.; Kanost, M.R.; Evans, ].D.; Jiang, H. Comparative Analysis of Serine Protease-Related Genes in the Honey Bee
Genome: Possible Involvement in Embryonic Development and Innate Immunity. Insect Mol. Biol. 2006, 15, 603-614. [CrossRef]
[PubMed]

13.  Skowronek, P.; Wojcik, L.; Strachecka, A. Fat Body—Multifunctional Insect Tissue. Insects 2021, 12, 547. [CrossRef] [PubMed]

14. Strachecka, A.; Chobotow, J.; Kuszewska, K.; Olszewski, K.; Skowronek, P; Brys, M.; Paleolog, J.; Woyciechowski, M. Morphology
of Nasonov and Tergal Glands in Apis mellifera Rebels. Insects 2022, 13, 401. [CrossRef] [PubMed]

15. Strachecka, A.; Olszewski, K.; Kuszewska, K.; Chobotow, J.; Wéjcik, L.; Paleolog, J.; Woyciechowski, M. Segmentation of the
Subcuticular Fat Body in Apis mellifera Females with Different Reproductive Potentials. Sci. Rep. 2021, 11, 13887. [CrossRef]
[PubMed]

16. Evans, ].D.; Lopez, D.L. Bacterial Probiotics Induce an Immune Response in the Honey Bee (Hymenoptera: Apidae). J. Econ.
Entomol. 2004, 97, 752-756. [CrossRef] [PubMed]

17.  Feitosa, EM.; Calvo, E.; Merino, E.E; Durham, A.M.; James, A.A_; De Bianchi, A.G.; Marinotti, O.; Capurro, M.L. A Transcriptome
Analysis of the Aedes aegypti Vitellogenic Fat Body. J. Insect Sci. 2006, 6, 6. [CrossRef] [PubMed]

18. Cardoso, A.E; Cres, R.L.; Moura, A.S.; de Almeida, F,; Bijovsky, A.T. Culex Quinquefasciatus Vitellogenesis: Morphological and
Biochemical Aspects. Mem. Inst. Oswaldo Cruz 2010, 105, 254-262. [CrossRef] [PubMed]

19. Lycett, G.J.; McLaughlin, L.A.; Ranson, H.; Hemingway, ].; Kafatos, F.C.; Loukeris, T.G.; Paine, M.].I. Anopheles Gambiae P450
Reductase Is Highly Expressed in Oenocytes and in Vivo Knockdown Increases Permethrin Susceptibility. Insect Mol. Biol. 2006,
15, 321-327. [CrossRef] [PubMed]

20. Martins, G.F; Ramalho-Ortigao, ].M.; Lobo, N.E; Severson, D.W.; Mcdowell, M.A.; Pimenta, PEP. Insights into the Transcriptome
of Oenocytes from Aedes aegypti Pupae. Mem. Inst. Oswaldo Cruz 2011, 106, 308-315. [CrossRef]

21. Gillott, C. Male Accessory Gland Secretions: Modulators of Female Reproductive Physiology and Behavior. Annu. Rev. Entomol.
2003, 48, 163-184. [CrossRef]

22. Arrese, E.L.; Soulages, J.L. Insect Fat Body: Energy, Metabolism, and Regulation. Annu. Rev. Entomol. 2009, 55, 207-225. [CrossRef]
[PubMed]

23.  Wossler, T.C.; Crewe, R M. Honeybee Queen Tergal Gland Secretion Affects Ovarian Development in Caged Workers. Apidologie
1999, 30, 311-320. [CrossRef]

24. Wossler, T.C.; Crewe, R.M. The Releaser Effects of the Tergal Gland Secretion of Queen Honeybees (Apis mellifera). ]. Insect Behav.
1999, 12, 343-351. [CrossRef]

25. Okosun, O.0.; Yusuf, A.A.; Crewe, RM.; Pirk, CW.W. Tergal Gland Components of Reproductively Dominant Honey Bee
Workers Have Both Primer and Releaser Effects on Subordinate Workers. Apidologie 2019, 50, 173-182. [CrossRef]

26. Biichler, R.; Andonov, S.; Bienefeld, K.; Costa, C.; Hatjina, F.; Kezic, N.; Kryger, P.; Spivak, M.; Uzunov, A.; Wilde, J. Standard

Methods for Rearing and Selection of Apis mellifera Queens. J. Apic. Res. 2013, 52, 1-30. [CrossRef]


https://doi.org/10.1007/978-3-540-78729-7
https://doi.org/10.3390/insects12090798
https://www.ncbi.nlm.nih.gov/pubmed/34564238
https://doi.org/10.1016/j.cvfa.2021.06.006
https://www.ncbi.nlm.nih.gov/pubmed/34689917
https://doi.org/10.1016/j.jksus.2022.102511
https://doi.org/10.3390/ani13040615
https://www.ncbi.nlm.nih.gov/pubmed/36830400
https://doi.org/10.1073/pnas.0906970106
https://doi.org/10.1073/pnas.1314923110
https://doi.org/10.3390/ani12091121
https://www.ncbi.nlm.nih.gov/pubmed/35565549
https://doi.org/10.3390/biology10111146
https://doi.org/10.1016/j.jinsphys.2008.07.016
https://doi.org/10.1111/j.1365-2583.2006.00682.x
https://doi.org/10.1111/j.1365-2583.2006.00684.x
https://www.ncbi.nlm.nih.gov/pubmed/17069636
https://doi.org/10.3390/insects12060547
https://www.ncbi.nlm.nih.gov/pubmed/34208190
https://doi.org/10.3390/insects13050401
https://www.ncbi.nlm.nih.gov/pubmed/35621739
https://doi.org/10.1038/s41598-021-93357-8
https://www.ncbi.nlm.nih.gov/pubmed/34230567
https://doi.org/10.1093/jee/97.3.752
https://www.ncbi.nlm.nih.gov/pubmed/15279248
https://doi.org/10.1673/1536-2442(2006)6[1:ATAOTA]2.0.CO;2
https://www.ncbi.nlm.nih.gov/pubmed/19537968
https://doi.org/10.1590/S0074-02762010000300003
https://www.ncbi.nlm.nih.gov/pubmed/20512237
https://doi.org/10.1111/j.1365-2583.2006.00647.x
https://www.ncbi.nlm.nih.gov/pubmed/16756551
https://doi.org/10.1590/S0074-02762011000300009
https://doi.org/10.1146/annurev.ento.48.091801.112657
https://doi.org/10.1146/annurev-ento-112408-085356
https://www.ncbi.nlm.nih.gov/pubmed/19725772
https://doi.org/10.1051/apido:19990407
https://doi.org/10.1023/A:1020839505622
https://doi.org/10.1007/s13592-018-0628-5
https://doi.org/10.3896/IBRA.1.52.1.07

Insects 2024, 15, 244 11 of 11

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Strachecka, A.; Chobotow, J.; Paleolog, J.; Los, A.; Schulz, M.; Teper, D.; Kucharczyk, H.; Grzybek, M. Insights into the Biochemical
Defence and Methylation of the Solitary Bee Osmia Rufa L: A Foundation for Examining Eusociality Development. PLoS ONE
2017, 12, €0176539. [CrossRef] [PubMed]

Paes De Oliveira, V.T. Carminda Da Cruz-Landim, & Protein Content and Electrophoretic Profile of Fat Body and Ovary Extracts
from Workers of Melipona Quadrifasciata Anthidioides (Hymenoptera, Meliponini). Iheringia. Série Zool. 2004, 94, 417-419.
[CrossRef]

Miinch, D.; Amdam, G.V.; Wolschin, F. Ageing in a Eusocial Insect: Molecular and Physiological Characteristics of Life Span
Plasticity in the Honey Bee. Funct. Ecol. 2008, 22, 407—421. [CrossRef]

Martin, N.; Hulbert, A.J.; Bicudo, ].E.P.W.; Mitchell, TW.; Else, P.L. The Adult Lifespan of the Female Honey Bee (Apis mellifera):
Metabolic Rate, AGE Pigment and the Effect of Dietary Fatty Acids. Mech. Ageing Dev. 2021, 199, 111562. [CrossRef]

Hurd, PJ.; Griibel, K.; Wojciechowski, M.; Maleszka, R.; Rossler, W. Novel Structure in the Nuclei of Honey Bee Brain Neurons
Revealed by Immunostaining. Sci. Rep. 2021, 11, 6852. [CrossRef]

Smallwood, W.M.; Phillips, R.L. Nuclear Size in the Nerve Cells of the Bee during the Life Cycle. J. Comp. Neurol. 1916, 27, 69-75.
[CrossRef]

Sugumaran, M. Comparative Biochemistry of Eumelanogenesis and the Protective Roles of Phenoloxidase and Melanin in Insects.
Pigment Cell Res. 2002, 15, 2-9. [CrossRef]

De Gregorio, E.; Han, S.J.; Lee, W.J.; Baek, M.].; Osaki, T.; Kawabata, S.I; Lee, B.L.; Iwanaga, S.; Lemaitre, B.; Brey, P.T. An
Immune-Responsive Serpin Regulates the Melanization Cascade in Drosophila. Dev. Cell 2002, 3, 581-592. [CrossRef] [PubMed]
Keim, C.N.; Cruz-Landim, C.; Carneiro, F.G.; Farina, M. Ferritin in Iron Containing Granules from the Fat Body of the Honeybees
Apis mellifera and Scaptotrigona postica. Micron 2002, 33, 53-59. [CrossRef] [PubMed]

Merzendorfer, H.; Zimoch, L. Chitin Metabolism in Insects: Structure, Function and Regulation of Chitin Synthases and Chitinases.
J. Exp. Biol. 2003, 206, 4393-4412. [CrossRef] [PubMed]

Zufelato, M.S.; Lourenco, A.P; Simoes, Z.L.P; Jorge, J.A.; Bitondi, M.M.G. Phenoloxidase Activity in Apis mellifera Honey Bee
Pupae, and Ecdysteroid-Dependent Expression of the Prophenoloxidase MRNA. Insect Biochem. Mol. Biol. 2004, 34, 1257-1268.
[CrossRef] [PubMed]

Suderman, R.J.; Dittmer, N.T.; Kanost, M.R.; Kramer, K.J. Model Reactions for Insect Cuticle Sclerotization: Cross-Linking of
Recombinant Cuticular Proteins upon Their Laccase-Catalyzed Oxidative Conjugation with Catechols. Insect Biocherm. Mol. Biol.
2006, 36, 353-365. [CrossRef]

Lensky, Y.; Cassier, P.; Notkin, M.; Delorme-Joulie, C.; Levinsohn, M. Pheromonal Activity and Fine Structure of the Mandibular
Glands of Honeybee Drones (Apis mellifera L.) (Insecta, Hymenoptera, Apidae). . Insect Physiol. 1985, 31, 265-276. [CrossRef]
Butler, C.G; Fairey, E.M. Pheromones of the Honeybee: Biological Studies of the Mandibular Gland Secretion of the Queen. J.
Apic. Res. 1964, 3, 65-76. [CrossRef]

Brutscher, L.M.; Baer, B.; Nifio, E.L. Putative Drone Copulation Factors Regulating Honey Bee (Apis mellifera) Queen Reproduction
and Health: A Review. Insects 2019, 10, 8. [CrossRef]

Villar, G.; Wolfson, M.D.; Hefetz, A.; Grozinger, C.M. Evaluating the Role of Drone-Produced Chemical Signals in Mediating
Social Interactions in Honey Bees (Apis mellifera). ]. Chem. Ecol. 2018, 44, 1-8. [CrossRef] [PubMed]

Bastin, F.; Cholé, H.; Lafon, G.; Sandoz, J.-C. Virgin Queen Attraction toward Males in Honey Bees. Sci. Rep. 2017, 7, 6293.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pone.0176539
https://www.ncbi.nlm.nih.gov/pubmed/28448564
https://doi.org/10.1590/S0073-47212004000400010
https://doi.org/10.1111/j.1365-2435.2008.01419.x
https://doi.org/10.1016/j.mad.2021.111562
https://doi.org/10.1038/s41598-021-86078-5
https://doi.org/10.1002/cne.900270105
https://doi.org/10.1034/j.1600-0749.2002.00056.x
https://doi.org/10.1016/S1534-5807(02)00267-8
https://www.ncbi.nlm.nih.gov/pubmed/12408809
https://doi.org/10.1016/S0968-4328(00)00071-8
https://www.ncbi.nlm.nih.gov/pubmed/11473814
https://doi.org/10.1242/jeb.00709
https://www.ncbi.nlm.nih.gov/pubmed/14610026
https://doi.org/10.1016/j.ibmb.2004.08.005
https://www.ncbi.nlm.nih.gov/pubmed/15544939
https://doi.org/10.1016/j.ibmb.2006.01.012
https://doi.org/10.1016/0022-1910(85)90002-2
https://doi.org/10.1080/00218839.1964.11100085
https://doi.org/10.3390/insects10010008
https://doi.org/10.1007/s10886-017-0912-2
https://www.ncbi.nlm.nih.gov/pubmed/29209933
https://doi.org/10.1038/s41598-017-06241-9
https://www.ncbi.nlm.nih.gov/pubmed/28740234

	Introduction 
	Materials and Methods 
	Experimental Design 
	Morphological Analyses 
	The Morphological Image of the Fat Body and Tergal Gland Cells 
	The Surface Area of the Cell Nuclei of the Fat Body Oenocytes and Tergal Gland Cells 

	Statistical Analysis 

	Results 
	The Morphological Image of the Fat Body Cells and the Surface Area of the Cell Nuclei of Fat Body Oenocytes 
	The Morphological Image of the Fat Body Cells 
	The Surface Area of the Cell Nuclei of the Fat Body Oenocytes 

	The Morphological Images and Surface Area of Cell Nuclei of the Tergal Gland Cells 
	The Morphological Images of the Tergal Gland Cells 
	The Surface Area of the Cell Nuclei of the Tergal Gland Cells 


	Discussion 
	The Morphological Images of Fat Body Cells and the Surface Area of the Oenocyte Cell Nuclei 
	The Morphological Images of Tergal Gland Cells and the Surface Area of the Tergal Gland Cell Nuclei 

	Conclusions 
	References

