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Segmentation of the subcuticular 
fat body in Apis mellifera females 
with different reproductive 
potentials
Aneta Strachecka1*, Krzysztof Olszewski2, Karolina Kuszewska3, Jacek Chobotow4, 
Łukasz Wójcik1, Jerzy Paleolog1 & Michał Woyciechowski3

Evolution has created different castes of females in eusocial haplodiploids. The difference between 
them lies in their functions and vulnerability but above all in their reproductive potentials. Honeybee 
queens are highly fertile. On the other hand, the workers are facultatively sterile. However, rebel 
workers, i.e. workers that develop in a queenless colony, reproduce more often than normal workers. 
As a result, the fat body of these bees, which apart from acting as the energy reserve, is also the site 
of numerous metabolic processes, had to specialize in different functions perfected over millions of 
years of eusocial evolution. Assuming that the variety of functions manifests itself in the pleomorphic 
structure of the fat body cells, we predicted that also different parts of the fat body, e.g. from different 
segments of the abdomen, contain different sets of cells. Such differences could be expected between 
queens, rebels and normal workers, i.e. females with dramatically different reproductive potentials. 
We confirmed all these expectations. Although all bees had the same types of cells, their proportion 
and segmental character corresponded with the caste reproductive potential and physiological 
characteristics shaped in the evolutionary process. The females with an increased reproductive 
potential were characterized by the presence of oenocytes in the third tergite and high concentrations 
of compounds responsible for energy reserves, like glucose, glycogen and triglycerides. Queens had 
very large trophocytes, especially in the third tergite. Only in workers did we observe intercellular 
spaces in all the segments of the fat body, as well as high protein concentrations—especially in the 
sternite. As expected, the rebels combined many features of the queens and normal workers, what 
with other findings can help understand the ways that led to the origin of different castes in females of 
eusocial Hymenoptera.

The switch from a predatory to a herbivorous lifestyle was a key to the tremendous diversification of bees in the 
 Cretaceous1. Such evolution by natural selection involves DNA sequence mutations and chromosomal altera-
tions that result in heritable phenotypic variation, e.g. in eusocial  bees2–4. Additionally, eusociality in insects 
provides an example of convergent phenotypic  innovation5,6. The evolutionary success of the social-life strategy 
in Hymenoptera is connected with a marked division of labour between female members of the  society7–9. In 
the advanced eusocial insects the reproductive role is limited to one or a few highly specialised queens sup-
ported by a mostly sterile worker caste. This segregates investment in reproduction and colony growth and 
maintenance between different individuals, which increases the total reproductive output of the group of  kin10–13. 
Consequently, reproductive division of labour shaped the queen-versus-worker dimorphism involving plastic-
ity in body size and ovary  development14. Workers, however, usually retain the ability to activate their ovaries 
and facultatively lay unfertilised, male-destined eggs, thereby inciting possible conflict over male  parentage15,16. 
Most honeybee workers are sterile but there are situations in which rebels, i.e. workers with a high reproductive 
potential,  appear17. The rebels develop immediately after swarming when the old queen has flown away with a 
swarm and the new one is still in the pupa stage. The absence of an active queen and its mandibular pheromones 
in larval food affects the development of this sub-caste18. Compared with normal workers, the rebels have more 
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ovarioles in the ovaries, less developed hypopharyngeal glands producing the larval food, while their mandibular 
glands, which produce queen mandibular pheromones in queens, are  larger19,20.

Ovarian signalling in honeybee workers is related to social behaviour, endocrine sensitivity, and  longevity21–23. 
This is consistent with an evolutionarily conserved link between fertility and life  span24–26. Such ovarian factors as 
the ovary size, ovarian activity, and yolk protein levels result from the corpora allata activity that regulates juve-
nile hormone (JH) titers in  workers22. The endocrine integration of worker life-history progression is governed 
by the corpora allata—ovarian  axis27. This axis is associated with the fat body (corpus adiposum; analogous to 
vertebrate adipose and liver tissues). In honeybee workers, the fat body produces vitellogenin, which transcribes 
mRNA for insulin-like peptides and regulates JH titers, and therefore, worker  behaviour27–30.

The insect fat body is the central storage depot for nutrients, which plays an essential role in energy storage 
and utilization. In addition, it is a tissue of great biosynthetic and metabolic  activity31–33. It is mainly involved 
in the hormonal control of the storage and mobilization of energy reserves (fat and glycogen) that are crucial 
for the reproductive anabolic processes and for the group overwintering  capabilities34–36. Moreover, fat bodies 
accumulate toxic and reserve compounds (e.g. urea, uric acid)37 and protect against oxidative stress, enhancing 
the apian resistance  systems38–41. Roma et al.42 suggest that a few modifications had occurred during the evolu-
tion of the insects in the cells of the fat body, which resulted in the functional specialization of the individuals. 
Ruvolo and Cruz-Landim43 confirmed that each of the castes has its own specificity in terms of cell size and 
place of occurrence in the body (e.g. head, thorax, etc.). An example may be the trophocytes of the reproductive 
castes of Attini ants which, in comparison with the workers, possess higher amounts of cytoplasmic vacuoles 
containing mainly lipids and proteins, which suggests that these compounds are used during the processes 
involving oogenesis and  vitellogenesis44,45. In turn, Roma et al.46 think that large amounts of polysaccharides in 
the trophocytes of Mycetarotes parallelus and Atta laevigata workers are used as an energy source, especially by 
the muscle system during the foraging activities. On the basis of this information, it can be expected that the fat 
body cells of the worker/reproductive castes/sub-caste will contain the same components (e.g. nuclei, vacuoles, 
and the protein and lipid stores), but will retain original morphological and physiological characteristics shaped 
in the evolutionary process.

Based on the above, the aim of this study was to identify the similarities and differences in the fat body mor-
phology of honeybee queens, normal workers and rebels. At this point, another question arises: does the entire 
subcuticular fat body function in the same way or does its tissue differ in other segments, mainly morphologi-
cally and functionally, from the rest of the sites under the cuticle layer on the abdomen? Therefore, the second 
aim was to answer the above question. The fat body has been characterized as the visceral part which surrounds 
the internal organs, and as the subcuticle element which, thanks to the loose arrangement of cells and being 
washed by the hemolymph, ensures metabolite  exchange28,43,47,48. We applied a new approach to analyzing the 
subcuticular part of the fat body, not as a whole comprised between the 2nd and 7th abdominal segments, but 
as separate sets of cells in individual segments. Therefore, we dissected cells of the subcuticular fat body from 
different places of the abdomen.

Results
To confirm that females we had breaded belonged to the queen, rebel and normal worker castes, we examined 
their ovarian tubes. The highest numbers of the tubes were found in the queens. On average, the rebels had 
7.3 more ovarian tubules than the normal workers (Supplementary Fig. S1). This result allowed us to continue 
research and compare the fat bodies in the rebels, queens and normal workers.

Morphology of the fat body. Microscopic images of the fat bodies were different between castes/sub-
caste and depended on the localisation (Fig. 1, Table 1, Supplementary Fig. S2), similarly to the nuclei diameters 
of the oenocytes (Fig. 2).

The sternite. Regardless of the caste/sub-caste, trophocytes and oenocytes were visible in the sternite fat 
body (Fig. 1). Characteristic of this fat body localisation was a very high number of oenocytes (Supplementary 
Fig. S3). Trophocytes (Supplementary Table S1) and oenocytes were the largest in the queens. The lipid drops in 
the trophocytes were distributed over the entire surface of the cells in the queens, and at the margins in rebels 
and normal workers. Intercellular spaces were visible in the normal workers. In contrast, the cells were tightly 
attached to each other in the queens and rebels. The oenocytes had centrally located cell nuclei in all the castes. 
Diameters of their nuclei were the largest in the queens, whereas the rebels had larger diameters of oenocyte 
nuclei in comparison to the normal workers (Fig. 2).

The third tergite. The queens and rebels had trophocytes and oenocytes in the third tergite, but only trophocyte 
cells were present in the normal workers (Fig. 1). The trophocytes were especially large in the queens in compari-
son to the other locations (Supplementary Table S1). Numerous lipid droplets filled entire trophocyte cells in the 
queens and were present in the vicinity of the cell membrane in the normal workers and the rebels. Intercellular 
spaces were detected between the fat body cells in the normal workers and the rebels, but not in the queens. 
Single, triangular/multi-shaped oenocytes were observed in the queens, while they were more abundant in the 
rebels—oval-shaped with a centrally located cell nucleus. Diameters of the cell nuclei in the queens’ oenocytes 
were smaller (11.3–13.7 µm) than in the rebels (15.5–22.5 µm).

The fifth tergite. Trophocytes and oenocytes were tightly adjacent in the queens and rebels (Fig. 1). Large inter-
cellular spaces were detected in the normal workers. The trophocytes in all the bees were completely filled with 
lipid drops. Triangular oenocytes were observed in the queens and oval ones in the normal workers and the 
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rebels. The nuclei in the oenocytes were centrally located and their diameters were smaller in the rebels and 
queens than in the normal workers (Fig. 2).

Biochemical characteristics of the fat body. The concentrations of biochemical parameters were dif-
ferent and depended on the castes/sub-caste and fat body localisation (Figs. 3 and 4). Protein concentrations 
were the highest in the sternite while concentrations of glucose, glycogen, and triglyceride were the highest in 
the third tergite, in all the bees under analysis. Protein concentrations were the lowest in the queens (Fig. 3), but 
concentrations of the remaining compounds were always the highest in the queens (Fig. 4). Analogical concen-
trations in the rebels assumed values in between those identified for the queens and the normal workers. The 
fat body masses were the highest in the queens whereas the rebels had higher fat body masses than the normal 
workers.

The high protein concentrations in the sternite correlated with the numbers of oenocytes (Figs. 1 and 3, Sup-
plementary Fig. S3), whereas the high concentrations of glucose, glycogen, and triglyceride in the third tergite 
corresponded with the size (diameter) of trophocytes, especially in the queens (Figs. 1 and 4; Supplementary 
Table S1).

Discussion
Division of labor in social insect colonies derives from conserved pathways regulating  reproduction21,49,50. Werner 
et al.6 identified a large set (~ 1500) of genes with shared caste-biased abdominal expression in honeybees, with 
many genes participating in reproduction, such as the vitellogenin  receptor51 and ovo52. These caste-biased genes 
are derived from ancient plastically expressed genes (from the distant insect related to Drosophila sp.) underly-
ing female reproduction. Through their expression, many of these genes enable the maintenance of homeostasis 
and proper metabolism in the fat body of bees. Models of the evolution of hierarchical developmental gene-
regulatory networks show a relatively small number of highly conserved genes initiate gene cascades, e.g. to set 
up body patterning, while batteries of downstream genes are evolutionarily labile and largely responsible for 
lineage-specific/caste  features6,53. Most likely, this developed during the evolution of the fat body, as the pattern 
is similar in all the castes and, at the same time, each of the castes has unique features in its different abdominal 
segments, characteristic only of itself (Figs. 1, 2, 3, 4, 5, Supplementary Fig. S2). We showed that the fat bodies 

Figure 1.  Histological features of fat body cells in Apis mellifera females. The fat bodies were analysed in the 
sternite and the third and the fifth tergite. Scale bar—50 μm; tr—trophocytes; oe—oenocytes; Tergite 3—the 
third tergite; Tergite 5—the fifth tergite.
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Table 1.  Similarities and differences in the morphology and biochemical characteristics of the fat body 
between the queens, rebels and normal workers.  + low values; ++ intermediate values; +++ high values; n.a.—
not applicable; Tergite 3—the third tergite; Tergite 5—the fifth tergite.

Characteristic Localisation

Castes/sub-caste

Normal workers Rebels Queens

Fat body morphology

Number and shape of oenocytes

Sternite Numerous, oval Numerous, oval Numerous, oval

Tergite 3 Absence Single, spindle-shaped Single, various shapes

Tergite 5 Numerous, oval and spindle-shaped Numerous, various shapes Numerous, triangular

Diameter of the cell nucleus in the oenocytes

Sternite  + ++ +++

Tergite 3 n.a. +++ ++

Tergite 5 +++ ++  + 

Layout of lipid droples in the trophocytes

Sternite Edge, close to the cell membrane Edge, close to the cell membrane Throughout

Tergite 3 Edge, close to the cell membrane Edge, close to the cell membrane Throughout

Tergite 5 Edge, close to the cell membrane; single 
cells—throughout

Edge, close to the cell membrane; single 
cells—throughout Throughout

Intercellular spaces

Sternite Present Absent Absent

Tergite 3 Present Present Absent

Tergite 5 Present Absent Absent

Biochemical parameters of the fat body

Protein concentrations

Sternite +++ ++  + 

Tergite 3 +++ ++  + 

Tergite 5 +++ ++  + 

Glucose concentrations

Sternite  + ++ +++

Tergite 3  + ++ +++

Tergite 5  + ++ +++

Glycogen concentrations

Sternite  + ++ +++

Tergite 3  + ++ +++

Tergite 5  + ++ +++

Triglyceride concentrations

Sternite  + ++ +++

Tergite 3  + ++ +++

Tergite 5  + ++ +++

Figure 2.  Diameter of the cell nucleus in the oenocytes (µm; mean ± SD) of 1-day-old queens, rebels and 
normal workers. The differences are statistically significant between averages for rebels and normal workers 
and queens (Two-way ANOVA with multiple comparison testing using the post hoc Tukey HSD; caste/sub-
caste  F2,31 = 0.45, p = 0.64; tissue  F1,31 = 169.81, p < 0.001; caste/sub-caste* tissue  F2,31 = 219.77, p < 0.001; no. 
of queens = 13; no. of rebels = 14; no. of normal workers = 10). The post-hoc Tukey test showed that there are 
differences between tissues and castes/sub-caste at max p = 0.023. Tergite 5—the fifth tergite.
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were pleomorphic and also diverse in terms of fat body location (Fig. 1, Supplementary Fig. S2) and functions, 
as well as the biochemical and physiological processes (Figs. 3, 4, 5) occurring within them. When describing 
regionalization of the fat body, Haunerland and  Shirk54, as well as Jensen and Børgesen55 focused on the general 
location of this tissue, e.g. in the head, near the muscles, near the digestive tract. Our results are the first to 
present the segmentation of the subcuticular fat body, i.e. its differentiation depending on the abdominal seg-
ment in which it is present. To emphasize that this segmentation of the fat body applies to all tergites, we have 
also presented the most characteristic photos for the fourth, sixth and seventh tergites (Supplementary Fig. S2). 
Although Lu et al.56 believe that subcuticular fat body is formed by a single layer of cells, we observed a multi-
layer coating of cells around each abdominal segment. These cells adhered tightly to each other in the queens—in 
the sternite and the third and fifth tergite; while in the rebels—in the sternite and the fifth tergite. In contrast, 
the intercellular spaces were visible in each segment of the fat body in the normal workers, and the cells were 
not so tightly attached to each other (Fig. 1). Most likely, the hemolymph is poured into these spaces and there 
is an exchange of compounds between these  tissues33. The increased exchange of these compounds, especially 
in normal workers, maybe the result of an accelerated metabolism that results in a shorter life in comparison to 
the queens and  rebels28. In addition, due to the presence of intercellular spaces, the exchange surface of various 
compounds, which are necessary primarily during the flight and should quickly reach the appropriate tissues 
(e.g. muscles)28,57, increases in workers. This is most likely one of the evolutionary adaptations of workers to their 
hive-internal versus hive-external tasks.

Hsieh and  Hsu58 suggested that trophocytes (adipocytes) are large and irregularly shaped, and oenocytes 
are small and spherical. Our research confirmed this finding, but only in the case of trophocytes and always 
the largest ones observed in the queens, regardless of the location of the fat body. It is worth emphasizing here 
that the trophocyte diameters in the third tergite were even as large as 270 µm (Supplementary Table S1), which 
indicates that they are one of the largest insect  trophocytes42. In our opinion, it is no coincidence that the largest 
trophocytes were observed in this tergite. Firstly, it is in close proximity to the heart, ostia, and body cavities. 
Secondly, according to Paes de Oliveira and Cruz-Landim37, it is in the trophocytes that vitellogenin is synthe-
sized, the concentration of which is most probably the highest in the third tergite from where it is immediately 
directed to the appropriate tissues by the circulatory system. This solution enables a rapid distribution of these 
substances and ensures the queen’ְs reproductive  dominance59. Oenocytes had different sizes (Fig. 1, Supplemen-
tary Fig. S2). They were large and oval in the sternite fat body, while they were triangular or fusiform or elliptical 
in the fifth tergite. Their activities were measured according to the diameters of the cell nuclei. It is worth not-
ing that oenocytes located in the fat body in the third tergite were found only in the rebels and queens, i.e. the 
females with an increased reproductive potential (Fig. 1). Diameters of oenocyte nuclei were larger in the rebels 
(15.5–22.5 µm) than in the queens (11.3–13.7 µm). Oenocytes are responsible for the synthesis of  hormones33. 
Their presence in the reproductive females may indicate an adaptation to the performance of the reproductive 
function in comparison with sterile females. Thus, the lack of these cells in the third tergite in normal workers 
(Fig. 1) only supports this thesis. High concentrations of glucose, glycogen, and triglycerides in the queens and 
rebels, especially in the third tergite (Fig. 4), were most likely the effect of the activities of oenocytes, which 
metabolically interact with trophocytes, enabling females with an increased reproductive potential to synthesize 
and maintain energy reserves at a high  level28,60,61. Triglycerides are the major component of the lipid droplets 
in trophocytes, and occupy, along with glycogen and protein granules, most of the intracellular  space31,33,34, 
especially in the queens (Fig. 1). On the other hand, in the normal workers and the rebels, these droplets were 

Figure 3.  Protein concentrations in the fat body from different localisations in 1-day-old queens, rebels and 
normal workers. The differences are statistically significant between averages for rebels and normal workers 
and queens ((Three-Way Anova: colony  F2,513 = 0.53, p = 0.631; caste/sub-caste  F2,8 = 1061.73, p < 0.001; tissue 
 F2,8 = 3551.10 p < 0.001; colony*caste/sub-caste  F4,513 = 3.68, p = 0.055; colony*tissue  F4,513 = 0.79, p = 0.563; caste/
sub-caste*tissue  F4,513 = 938.07, p < 0.001, colony*caste/sub-caste*tissue  F8,513 = 1.99, p = 0.046) with multiple 
comparison testing using the post hoc Tukey HSD with p < 0.001 for measurements performed on different 
castes/sub-castes and tissues. No. of queens = 60; no. of rebels = 60; no. of normal workers = 60). Tergite 3—the 
third tergite; Tergite 5—the fifth tergite.
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only found under the cell membrane (Fig. 1). It is worth noting that, when pursuing our research, we analysed 
young virgin queens preparing for the mating flight during which they need the energy  reserves62. Moreover, 
during this flight, the queen secretes pheromones whose composition is regulated by  lipids63,64. Therefore, it can 
be assumed that the above-mentioned features in maternal trophocytes and also oenocytes are an example of the 
queen’s adaptations to her reproductive role. Moreover, the highest accumulation of energy reserves in queens 
(Fig. 4) may be the result of a diet applied during the development, as suggested by Alaux et al.65 and Pernal 
and  Currie66. However, the question arises: what kind of food is administered to the larvae of the rebels? We 
already know that they have a shorter ontogenesis as compared to normal  workers67. If they are fed royal jelly, 
royalactin activated p70 S6 kinase increases the activity of mitogen-activated protein kinase which is involved in 
the decreased developmental time, and increases the titer of juvenile hormone, an essential hormone for ovary 
 development68. Maintaining the proper relationships between JH, insulin/insulin-like growth factor signaling 
(IIS) and vitellogenin production in the fat body cells is essential to support egg  production55,69 and maybe that 
is why rebels are able to lay  eggs20. In addition to being glycolytic fuels, glucose and glycogen, present at high 
levels in queens (Fig. 4), are also used for the synthesis of chitin, a major cuticle  component61,70,71. Therefore, the 
queen’s cuticle is thicker compared to normal worker  bees72. The opposite trend was observed for protein as the 
normal workers had higher protein concentrations in comparison to the females with an increased reproductive 
potential (Fig. 3). According to Vincent and  Wegst73, the protein synthetised in the fat body is responsible for 
the elasticity of the cuticle. The physicochemical properties of cuticle are especially valuable for workers during 
flights and activities performed in the  nest74. Lower protein concentrations in the fat body from the sternite and 
the third and fifth tergite of queens may be the result of constant feeding with royal jelly. However, the reduced 
protein concentration in rebels may result from low-protein diet since rebels avoid risky tasks, display a delayed 
onset of foraging behaviour and a stronger tendency to collect nectar compared with normal  workers75.

The biochemical parameters, in a similar way to the fat body mass, inform about the condition, vitality and 
longevity, and the immune response of  bees28,76,77. Highly reproductively potent rebels and queens also had 
higher fat body masses than normal workers (Fig. 5). Belaid et al.74 suggest that young bees have larger fat body 
masses than old ones. We analysed young bees in our research. The difference in the fat body mass between the 
reproductive and non-reproductive castes may be due to the maternal need for an increased source of energy 
for the mating flight. This corresponds with results obtained by Alaux et al.65, Brütsch et al.77 and Koubová 
et al.78 who claim that a varied, multi-ingredient diet, particularly richer in proteins, increases the fat body mass, 
especially in queens.

Conclusions
We confirmed that fat body cells in the queens, rebels and normal workers contain the same components (e.g. 
nuclei, vacuoles, lipid droplets, and protein and lipid stores), but have original morphological and physiological 
traits characteristic only of the specific castes, shaped mainly by their reproductive potential (in the evolutionary 
process). The segmental character of the fat body, which so far has not been considered in scientific research, in 
the individual insects of a given caste/sub-caste allows for a broader look at the processes taking place in each of 
those locations. A good example is the presence of oenocytes in the fat body in the third tergite in the females 
with an increased reproductive capability. Their activities, expressed in the diameter of cell nuclei, correspond 
with high concentrations of compounds responsible for energy reserves, which are necessary for young queens 
to perform mating flights. Very large trophocytes in queens, especially in the third tergite of the fat body, are 
most likely responsible for the synthesis and storage of vitellogenin, which affects the reproductive dominance 
of these females. The presence of intercellular spaces in workers increases surface for the exchange of various 
compounds necessary above all during the flight (e.g. in muscles). In summary, the fat body functions as a mul-
titasking system made up of many organs/segments. Each segment works separately, and they all contribute to 
a common metabolism. Different diameters of oenocyte nuclei and trophocyte sizes, as well as different levels 
of biochemical parameters indicate the rotational action of individual segments and the activation of cascade 
biochemical processes. The fat body can thus be compared to the liver, pancreas, spleen and adipose tissues in 
vertebrates. The rebels, that are more queen-like than normal workers, combine many features of the queens and 
normal workers in their fat bodies. Our findings can help better understand the ways that led to the origin of dif-
ferent castes in the females of eusocial Hymenoptera and the formation and functioning of the fat body in each of 

Figure 4.  Glucose, glycogen and triglyceride concentrations (mean ± SD) in the fat body from different 
localisations in 1-day-old queens, rebels and normal workers. The differences are statistically significant between 
averages for rebels and normal workers and queens ((Three-Way Anova: Glucose: Three-Way Anova: colony 
 F2,513 = 7.9, p < 0.001; caste/sub-caste  F2,8 = 939.2, p < 0.001; tissues  F2,8 = 11,753.8, p < 0.001; colony*castes/sub-
caste  F4,513 = 2.9, p = 0.023; colony*tissues  F4,513 = 1.5, p = 0.211; castes/sub-caste*tissues  F4,513 = 72.0, p < 0.001, 
colony*castes/sub-caste*tissues  F8,513 = 1.2, p = 0.299; Glycogen: Three-Way Anova: colony  F2,513 = 1.4, p = 0.249; 
castes/sub-caste  F2,8 = 2247.9, p < 0.001; tissues  F2,8 = 12,644.8, p < 0.001; colony*castes/sub-caste  F4,513 = 1.8, 
p = 0.124; colony*tissues  F4,513 = 2.0, p = 0.096; castes/sub-caste*tissues  F4,513 = 78.2, p < 0.001, colony*castes/sub-
caste*tissues  F8,513 = 0.9, p = 0.552; Triglyceride: Three-Way Anova: colony  F2,513 = 0.9 p = 0.422; castes/sub-caste 
 F2,8 = 2718.5p < 0.001; tissues  F2,8 = 13,445.5, p < 0.001; colony*caste/sub-caste  F4,513 = 2.6, p = 0.035; colony*tissues 
 F4,513 = 1.3, p = 0.272; castes/sub-caste*tissues  F4,513 = 70.3, p < 0.001, colony*castes/sub-caste*tissues  F8,513 = 0.8, 
p = 0.568) with multiple comparison testing using the post hoc Tukey HSD with p < 0.001 for measurements 
performed on different castes/sub-caste and tissues; no. of queens = 60; no. of rebels = 60; no. of normal 
workers = 60). Tergite 3—the third tergite; Tergite 5—the fifth tergite.

▸
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the castes. Considering the above, we suggest that analyzing the fat body in insects and particularly in honeybees, 
as presented in this paper protocol, should be pursued to enable the (undistorted) visualisation of living tissues.

Methods
This study was performed at the apiary of the University of Life Sciences in Lublin, Poland 
(51.224039N–22.634649E). We used four colonies of Apis m. carnica honeybees; three of them—the source 
colonies—were used to obtain larvae of known ages to rear normal workers and rebels; and one (colony 4) for 
rearing queens.

Experimental design. A queen was taken from each of the three unrelated source colonies, each of which 
populated two-box hives (Dadant Blatt; 20 frames; 435 × 150 mm), and caged within a queen-excluder comb-
cage containing two empty combs (C1 and C2) for egg laying for 24 h. The third day after the end of egg laying, 
50 1-day-old (12–24-h-old) larvae from C1 and C2 were grafted into queen cell cups suspended vertically in 
the colony no. 4, according to Büchler et al.’s79 method. After the larvae were grafted, C1 and C2 were restored 
to their source colonies with the remaining larvae. Next, each of the source colonies was divided in two equal 
parts; each in a separate box according to Woyciechowski and Kuszewska’s17 procedure. The first part (top box), 
containing the queen, workers, brood and C1, were used for rearing normal (non-rebel) workers, whereas the 
other part (bottom box), without a queen but with workers, brood and C2, served for rearing rebels. After seal-
ing the larval cells in C1 and C2, the two boxes were put together again, respectively, so as to restore each of the 
three source colonies. After 15 days from the moment the eggs were laid, sealed queen cells were placed in an 
incubator (temperature 34.5 °C, relative humidity 60%). After 18 days, the brood combs C1 and C2 were also 
placed in this incubator. Twenty bees from each of these combs were captured for morphological and biochemi-
cal analyses, as well as twenty additional bees for the determination of the fat body mass.

Morphological and biochemical analyses. The fat bodies from sternites (between the second and the 
fifth), the third and the fifth tergites  (see80; Supplementary Fig. S4) in each of the 60 queens, 60 rebels and 60 nor-
mal workers were dissected under a Stereo Zoom Microscope. Each of the fat bodies was dissected and divided 
in half. The first half was used to take images and measurements of oenocyte nuclear diameters, and the other 
half for biochemical analyses. The fat bodies from the first half were placed on glass slides in 0.6% natrium chlo-
ratum (pro inj.) and covered with cover-glasses. Microscopic preparations were observed and the fat body cells 
were photographed with Camera Olympus DP72 (Microscope Olympus BX61; magnification × 40) with the DIC 
attachment. This method enables (undistorted) visualisation of living tissues according to Strachecka et al.81. The 
fat bodies from the second half were collected in sterile Eppendorf tubes, containing 25 μl of ice-cooled 0.6% 
NaCl. Next, the tissues were homogenised at 4 °C and centrifuged for 1 min at 3000g. The supernatants were 
immediately refrigerated at − 40 °C for further biochemical analyses.

The following parameters were determined in the supernatants:

• protein concentrations, using the Lowry method, as modified by Schacterle and  Pollack82;
• concentrations of triglycerides and glucose, with the colorimetric method using monotests from Cormay 

(Lublin, Poland) according to the manufacturer’s instructions;
• glycogen concentrations were measured using a Glycogen Assay Kit (K646-100, BioVision).

Figure 5.  The fat body mass (mg; mean ± SD) of 1-day-old queens, rebel and normal workers. The differences 
are statistically significant between averages for rebels and normal workers and queens (Two-way ANOVA with 
multiple comparison testing using the post hoc Tukey HSD test; colony  F2,171 = 2.3, p = 0.22; castes/sub-caste 
 F2,4 = 4378.6, p < 0.001, post-hoc between each groups: p < 0.001; colony*castes/sub-caste  F4,171 = 0.4, p = 0.787; 
no. of queens = 60; no. of rebels = 60; no. of normal workers = 60).
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Fat body quantification. The fat body mass was estimated using an ether extraction method according to 
Wilson-Rich et al.83. Both queen and worker abdomens were severed from thoraces and dried for 3 days at room 
temperature. Then, the abdomens were weighed and washed in diethyl ether for 24 h to dissolve the fat. Finally, 
the abdomens were dried for 3 days and weighed again. The fat body mass was calculated as the difference in 
abdomen weight after washing with diethyl  ether84.

Examination of anatomical characteristics. In order to confirm whether the emerging bees were rebels 
or normal workers, as well as the queen status, Woyciechowski and Kuszewska’s17 method was used to determine 
the number of ovarioles (ovarian tubules). The total number of ovarioles in both ovaries of each individual was 
counted. All ovarioles were stained with the Giemsa reagent for approximately 10 s before being measured.

Statistical analysis. The results were analyzed statistically using Statistica formulas, version 13.3 (2017) for 
Windows—StatSoft Inc., USA. To compare the number of ovarioles and morphological and biochemical param-
eters between the rebels and normal workers and queens, a mixed-model two-way and three-way ANOVA was 
used. The experimental group was a fixed effect, and the colony was a random effect. If a difference among the 
groups was statistically significant, the ANOVA procedure was followed with multiple comparison testing using 
the post hoc Tukey HSD test with P = 0.05 as the level of significance.

Received: 6 April 2021; Accepted: 23 June 2021

References
 1. Cardinal, S. & Danforth, B. N. Bees diversified in the age of eudicots. Proc. Biol. Sci. 280, 20122686. https:// doi. org/ 10. 1098/ rspb. 

2012. 2686 (2013).
 2. Romiguier, J. et al. Phylogenomics controlling for base compositional bias reveals a single origin of eusociality in corbiculate bees. 

Mol. Biol. Evol. 33, 670–678. https:// doi. org/ 10. 1093/ molbev/ msv258 (2016).
 3. Mukherjee, K. et al. Experimental evolution of resistance against Bacillus thuringiensis in the insect model host Galleria mellonella 

results in epigenetic modifications. Virulence 8(8), 1618–1630. https:// doi. org/ 10. 1080/ 21505 594. 2017. 13259 75 (2017).
 4. Peters, R. et al. Evolutionary history of the Hymenoptera. Curr Biol. 27(7), 1013–1018. https:// doi. org/ 10. 1016/j. cub. 2017. 01. 027 

(2017).
 5. Wilson, E. O. The Insect Societies (Harvard University Press, 1971).
 6. Warner, M. R. et al. Convergent eusocial evolution is based on a shared reproductive groundplan plus lineage-specific plastic genes. 

Nat. Commun. 10, 2651. https:// doi. org/ 10. 1038/ s41467- 019- 10546-w (2019).
 7. Michener, C. D. The Social Behaviour of the Bees (Harvard University Press, 1974).
 8. Oster, G. F. & Wilson, E. O. Caste and Ecology in the Social Insects (Princeton University Press, 1978).
 9. Page, R. E., Scheiner, R., Erber, J. & Amdam, G. V. The development and evolution of division of labor and foraging specialization 

in a social insect (Apis mellifera L.). Curr. Topics Dev. Biol. 74, 253–286. https:// doi. org/ 10. 1016/ S0070- 2153(06) 74008-X (2006).
 10. Wilson, E. O. The sociogenesis of insect colonies. Science 28, 1489–1495. https:// doi. org/ 10. 1126/ scien ce. 228. 4707. 1489 (1985).
 11. Wheeler, D. E. Developmental and physiological determinants of caste in social Hymenoptera: Evolutionary implications. Am. 

Nat. 128, 13–34 (1986).
 12. Richards, M. H., French, D. & Paxton, R. J. It’s good to be queen: Classically eusocial colony structure and low worker fitness in 

an obligately social sweat bee. Mol. Ecol. 14, 4123–4133. https:// doi. org/ 10. 1111/j. 1365- 294X. 2005. 02724.x (2005).
 13. Kay, T., Keller, L. & Lehmann, L. The evolution of altruism and the serial rediscovery of the role of relatedness. Proc. Natl. Acad. 

Sci. 117, 28894–28898. https:// doi. org/ 10. 1073/ pnas. 20135 96117 (2020).
 14. Linksvayer, T. A. et al. Larval and nurse worker control of developmental plasticity and the evolution of honey bee queen–worker 

dimorphism. J. Evol. Biol. 24, 1939–1948. https:// doi. org/ 10. 1111/j. 1420- 9101. 2011. 02331.x (2011).
 15. Woyciechowski, M. & Łomnicki, A. Multiple mating of queens and the sterility of workers among eusocial Hymenoptera. J. Theor. 

Biol. 128(9), 317–327. https:// doi. org/ 10. 1016/ S0022- 5193(87) 80074-7 (1987).
 16. Princen, S. The evolution of behavioural and chemical regulation of reproduction in bee societies. 12, Thesis-dissertation (2019).
 17. Woyciechowski, M. & Kuszewska, K. Swarming generates rebel workers in honeybees. Curr. Biol. 22, 707–711. https:// doi. org/ 10. 

1016/j. cub. 2012. 02. 063 (2012).
 18. Woyciechowski, M., Kuszewska, K., Pitorak, J. & Kierat, J. Honeybee worker larvae perceive queen pheromones in their food. 

Apidologie 48(2), 144–149. https:// doi. org/ 10. 1007/ s13592- 016- 0459-1 (2017).
 19. Kuszewska, K. & Woyciechowski, M. Age at which larvae are orphaned determines their development into typical or rebel workers 

in the honeybee (Apis mellifera L.). PLoS ONE 10(4), e0123404. https:// doi. org/ 10. 1371/ journ al. pone. 01234 04 (2015).
 20. Rojek, W., Kuszewska, K., Ostap-Chęć, M. & Woyciechowski, M. Do rebel workers in the honeybee Apis mellifera avoid worker 

policing?. Apidologie 50, 821–832. https:// doi. org/ 10. 1007/ s13592- 019- 00689-6 (2019).
 21. Amdam, G. V. et al. Complex social behaviour derived from maternal reproductive traits. Nature 439, 76–78. https:// doi. org/ 10. 

1038/ natur e04340 (2006).
 22. Amdam, G. V., Nilsen, K. A., Norberg, K., Fondrk, M. K. & Hartfelder, K. Variation in endocrine signaling underlies variation in 

social life history. Am. Nat. 170, 37–46. https:// doi. org/ 10. 1086/ 518183 (2007).
 23. Page, R. E. & Amdam, G. V. The making of a social insect: Developmental architectures of social design. BioEssays 29, 334–343. 

https:// doi. org/ 10. 1002/ bies. 20549 (2007).
 24. Leroi, A. M. Molecular signals versus the Loi de Balancement. Trends Ecol. Evol. 16, 24–29. https:// doi. org/ 10. 1016/ s0169- 5347(00) 

02032-2 (2001).
 25. Partridge, L., Gems, D. & Withers, D. J. Sex and death: What is the connection?. Cell 120, 461–472. https:// doi. org/ 10. 1016/j. cell. 

2005. 01. 026 (2005).
 26. Flatt, T. & Kawecki, T. J. Juvenile hormone as a regulator of the trade-off between reproduction and life span in Drosophila mela-

nogaster. Evol. Int. J. Org. Evol. 61, 1980–1991. https:// doi. org/ 10. 1111/j. 1558- 5646. 2007. 00151.x (2007).
 27. de Azevedo, S. V. & Hartfelder, K. The insulin signaling pathway in honey bee (Apis mellifera) caste development—Differential 

expression of insulin-like peptides and insulin receptors in queen and worker larvae. J. Insect Physiol. 54(6), 1064–1071. https:// 
doi. org/ 10. 1016/j. jinsp hys. 2008. 04. 009 (2008).

https://doi.org/10.1098/rspb.2012.2686
https://doi.org/10.1098/rspb.2012.2686
https://doi.org/10.1093/molbev/msv258
https://doi.org/10.1080/21505594.2017.1325975
https://doi.org/10.1016/j.cub.2017.01.027
https://doi.org/10.1038/s41467-019-10546-w
https://doi.org/10.1016/S0070-2153(06)74008-X
https://doi.org/10.1126/science.228.4707.1489
https://doi.org/10.1111/j.1365-294X.2005.02724.x
https://doi.org/10.1073/pnas.2013596117
https://doi.org/10.1111/j.1420-9101.2011.02331.x
https://doi.org/10.1016/S0022-5193(87)80074-7
https://doi.org/10.1016/j.cub.2012.02.063
https://doi.org/10.1016/j.cub.2012.02.063
https://doi.org/10.1007/s13592-016-0459-1
https://doi.org/10.1371/journal.pone.0123404
https://doi.org/10.1007/s13592-019-00689-6
https://doi.org/10.1038/nature04340
https://doi.org/10.1038/nature04340
https://doi.org/10.1086/518183
https://doi.org/10.1002/bies.20549
https://doi.org/10.1016/s0169-5347(00)02032-2
https://doi.org/10.1016/s0169-5347(00)02032-2
https://doi.org/10.1016/j.cell.2005.01.026
https://doi.org/10.1016/j.cell.2005.01.026
https://doi.org/10.1111/j.1558-5646.2007.00151.x
https://doi.org/10.1016/j.jinsphys.2008.04.009
https://doi.org/10.1016/j.jinsphys.2008.04.009


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:13887  | https://doi.org/10.1038/s41598-021-93357-8

www.nature.com/scientificreports/

 28. Münch, 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. 22(3), 407–421. https:// doi. org/ 10. 1111/j. 1365- 2435. 2008. 01419.x (2008).

 29. Ilyasov, R. A., Poskryakov, A. V. & Nikolenko, A. G. New SNP markers of the honeybee vitellogenin gene (Vg) used for identifica-
tion of subspecies Apis mellifera mellifera L. Russ. J. Genet. 51, 194–199. https:// doi. org/ 10. 7868/ S0016 67581 50200 83 (2015).

 30. Lim, S., Jung, J., Yunusbaev, U., Ilyasov, R. A. & Kwon, H. W. Characterization and its implication of a novel taste receptor detecting 
nutrients in the honey bee, Apis mellifera. Sci. Rep. 9, 17004. https:// doi. org/ 10. 1038/ s41598- 019- 53738-6 (2019).

 31. Athenstaedt, K. & Daum, G. The life cycle of neutral lipids: Synthesis, storage and degradation. Cell Mol. Life Sci. 63, 1355–1369. 
https:// doi. org/ 10. 1007/ s00018- 006- 6016-8 (2006).

 32. Arrese, E. L., Patel, R. T. & Soulages, J. L. The main triglyceride-lipase from the insect fat body is an active phospholipase A(1): 
Identification and characterization. J. Lipid Res. 47, 2656–2667. https:// doi. org/ 10. 1194/ jlr. m6001 61- jlr200 (2006).

 33. Arrese, E. L. & Soulages, J. L. Insect fat body: Energy, metabolism, and regulation. Annu. Rev. Entomol. 55, 207–225. https:// doi. 
org/ 10. 1146/ annur ev- ento- 112408- 085356 (2010).

 34. Arrese, E. L. et al. Lipid storage and mobilization in insects: Current status and future directions. Insect Biochem. Mol. Biol. 31, 
7–17. https:// doi. org/ 10. 1016/ s0965- 1748(00) 00102-8 (2001).

 35. Corona, M. et al. Vitellogenin, juvenile hormone, insulin signaling, and queen honey bee longevity. Proc. Natl. Acad. Sci. 104, 
7128–7133. https:// doi. org/ 10. 1073/ pnas. 07019 09104 (2007).

 36. Badisco, L., Van Wielendaele, P. V. & Broeck, J. V. Eat to reproduce: A key role for the insulin signaling pathway in adult insects. 
Front. Physiol. 4, 202. https:// doi. org/ 10. 3389/ fphys. 2013. 00202 (2013).

 37. Oliveira, V. T. P. & Cruz-Landim, C. Protein content and electrophoretic profile of fat body and ovary extracts from workers of 
Melipona quadrifasciata anthidioides (Hymenoptera, Meliponini). Iheringia Série Zool. 94, 417–419. https:// doi. org/ 10. 1590/ 
S0073- 47212 00400 04000 10 (2004).

 38. Ivanova, E. & Staikova, T. Stage specificity in the expression of proteins of honey bee fat body (Apis mellifera L.) in the course of 
ontogenesis. J. Cell Mol. Biol. 6, 129–135 (2007).

 39. Paes-de-Oliveira, V. T., Poiani, S. B., Antonialli, W. F. & da Cruz-Landim, C. Morphometric changes on honeybee Apis mellifera 
L. workers fat body cells after juvenile hormone topic application at emergence. Micron 39, 426–430. https:// doi. org/ 10. 1016/j. 
micron. 2007. 02. 002 (2008).

 40. Poiani, S. B. & da Cruz-Landim, C. Storaged products and presence of acid phosphatase in fat body cells at pre-pupal worker stage 
of Apis mellifera Linnaeus, 1758 (Hymenoptera, Apidae). Micron 43, 475–478. https:// doi. org/ 10. 1016/j. micron. 2011. 11. 006 (2012).

 41. Chobotow, J. & Strachecka, A. Morphology and function of insect fat bodies taking into account Apis mellifera L. honey bees. Med. 
Weter. 69, 712–715 (2013).

 42. Roma, G. C., Bueno, O. C. & Camargo-Mathias, M. I. Morpho-physiological analysis of the insect fat body: A review. Micron 41(5), 
395–401. https:// doi. org/ 10. 1016/j. micron. 2009. 12. 007 (2010).

 43. Ruvolo, M. & Cruz-Landim, C. Morphologic and morphometric aspects of oenocytes of Apis mellifera queens and workers in 
different phases of life. Mem. Inst. Oswaldo Cruz. 88, 387–395. https:// doi. org/ 10. 1590/ S0074- 02761 99300 03000 07 (1993).

 44. Roma, G. C., Camargo-Mathias, M. I. & Bueno, O. C. Fat body cells of gynes and queens of four species of fungus growing ants 
(Hymenoptera: Formicidae: Attini). Relationship with the vitellogenesis. Am. J. Agric. Biol. Sci. 1, 48–57. https:// doi. org/ 10. 3844/ 
AJABS SP. 2006. 48. 57 (2006).

 45. Roma, G. C., Bueno, O. C. & Camargo-Mathias, M. I. Fat body cells of female reproductive castes of Attini ants (Hymenoptera: 
Formicidae): An ultrastructural and chemical analysis. Zool. Anz. 247, 303–313. https:// doi. org/ 10. 1016/j. jcz. 2008. 05. 001 (2008).

 46. Roma, G. C., Camargo-Mathias, M. I. & Bueno, O. C. Fat body in some genera of leaf-cutting ants (Hymenoptera: Formicidae). 
Proteins, lipids and polysaccharides detection. Micron 37, 234–242. https:// doi. org/ 10. 1016/j. micron. 2005. 10. 012 (2006).

 47. Oliveira, V. & Cruz-Landim, C. Morphology and function of fat body cells: A review. Biociĕncias 11, 195–205 (2003).
 48. Yu-Shan, H. & Chin-Yuan, H. The changes of age-related molecules in the trophocytes and fat cells of queen honeybees (Apis 

mellifera). Apidologie 42(6), 728–739. https:// doi. org/ 10. 1007/ s13592- 011- 0085-x (2011).
 49. Linksvayer, T. A. & Wade, M. J. The evolutionary origin and elaboration of sociality in the aculeate Hymenoptera: Maternal effects, 

sib-social effects, and heterochrony. Q. Rev. Biol. 80, 317–336. https:// doi. org/ 10. 1086/ 432266 (2005).
 50. Amdam, G., Norberg, K., Fondrk, M. K. & Page, R. Reproductive ground plan may mediate colony-level selection effects on indi-

vidual foraging behavior in honey bees. Proc. Natl. Acad. Sci. 101, 11350–11355. https:// doi. org/ 10. 1073/ pnas. 04030 73101 (2004).
 51. Libbrecht, R. et al. Interplay between insulin signaling, juvenile hormone, and vitellogenin regulates maternal effects on polyphen-

ism in ants. Proc. Natl Acad. Sci. 110, 11050–11055. https:// doi. org/ 10. 1073/ pnas. 12217 81110 (2013).
 52. Mével-Ninio, M., Terracol, R., Salles, C., Vincent, A. & Payre, F. ovo, a Drosophila gene required for ovarian development, is specifi-

cally expressed in the germline and shares most of its coding sequences with shavenbaby, a gene involved in embryo patterning. 
Mech. Dev. 49, 83–95. https:// doi. org/ 10. 1016/ 0925- 4773(94) 00305-7 (1995).

 53. Erwin, D. & Davidson, E. The evolution of hierarchical gene regulatory networks. Nat. Rev. Genet. 10, 141–148. https:// doi. org/ 
10. 1038/ nrg24 99 (2009).

 54. Haunerland, N. H. & Shirk, P. D. Regional and functional differentiation in the insect fat body. Annu. Rev. Entomol. 40, 121–145. 
https:// doi. org/ 10. 1146/ annur ev. en. 40. 010195. 001005 (1995).

 55. Jensen, P. V. & Børgesen, L. W. Regional and functional differentiation in the fat body of pharaoh’s ant queens, Monomorium 
pharaonis (L.). Arthropod Struct. Dev. 29, 171–184. https:// doi. org/ 10. 1016/ S1467- 8039(00) 00021-9 (2000).

 56. Lu, C. Y., Chuang, Y. L. & Hsu, C. Y. Aging results in a decline in cellular energy metabolism in the trophocytes and oenocytes of 
worker honeybees (Apis mellifera). Apidologie 48, 761–775. https:// doi. org/ 10. 1007/ s13592- 017- 0521-7 (2017).

 57. Roma, G. C., Camargo-Mathias, M. I. & Bueno, O. C. Chemical detection of the proteins and lipids in the fat body cells from 
workers of Attini ants (Hymenoptera: Formicidae). Cell Biol. Int. 32, 406–416. https:// doi. org/ 10. 1016/j. cellbi. 2007. 12. 010 (2008).

 58. Hsieh, Y. S. & Hsu, C. Y. Honeybee trophocytes and fat cells as target cells for cellular senescence studies. Exp. Gerontol. 46, 233–240. 
https:// doi. org/ 10. 1016/j. exger. 2010. 10. 007 (2011).

 59. Bloch, G. & Hefetz, A. Regulation of reproduction by dominant workers in bumblebee (Bombus terrestris) queenright colonies. 
Behav. Ecol. Sociobiol. 45(2), 125–135. https:// doi. org/ 10. 1007/ s0026 50050 546 (1999).

 60. Steele, J. E. Glycogen-phosphorylase in insects. Insect Biochem. 12, 131–147. https:// doi. org/ 10. 1016/ 0020- 1790(82) 90001-4 (1982).
 61. Lockey, K. H. Lipids of the insect cuticle: Origin, composition and function. Comp. Biochem. Physiol B. 89, 595–645. https:// doi. 

org/ 10. 1016/ 0305- 0491(88) 90305-7 (1988).
 62. Heidinger, I. M., Meixner, M. D., Berg, S. & Büchler, R. Observation of the mating behavior of honey bee (Apis mellifera L.) 

queens using radio-frequency identification (RFID): Factors influencing the duration and frequency of nuptial flights. Insects 5(3), 
513–527. https:// doi. org/ 10. 3390/ insec ts503 0513 (2014).

 63. Stanley, D. Prostaglandins and other eicosanoids in insects: Biological significance. Annu. Rev. Entomol. 51, 25–44. https:// doi. 
org/ 10. 1146/ annur ev. ento. 51. 110104. 151021 (2006).

 64. Kocher, S. D., Richard, F. J., Tarpy, D. R. & Grozinger, C. M. Genomic analysis of post-mating changes in the honey bee queen 
(Apis mellifera). BMC Genomics 9, 232. https:// doi. org/ 10. 1186/ 1471- 2164-9- 232 (2008).

 65. Alaux, C., Ducloz, F., Crauser, D. & Le Conte, Y. Diet effects on honeybee immunocompetence. Biol. Lett. 6(4), 562–565. https:// 
doi. org/ 10. 1098/ rsbl. 2009. 0986 (2010).

https://doi.org/10.1111/j.1365-2435.2008.01419.x
https://doi.org/10.7868/S0016675815020083
https://doi.org/10.1038/s41598-019-53738-6
https://doi.org/10.1007/s00018-006-6016-8
https://doi.org/10.1194/jlr.m600161-jlr200
https://doi.org/10.1146/annurev-ento-112408-085356
https://doi.org/10.1146/annurev-ento-112408-085356
https://doi.org/10.1016/s0965-1748(00)00102-8
https://doi.org/10.1073/pnas.0701909104
https://doi.org/10.3389/fphys.2013.00202
https://doi.org/10.1590/S0073-47212004000400010
https://doi.org/10.1590/S0073-47212004000400010
https://doi.org/10.1016/j.micron.2007.02.002
https://doi.org/10.1016/j.micron.2007.02.002
https://doi.org/10.1016/j.micron.2011.11.006
https://doi.org/10.1016/j.micron.2009.12.007
https://doi.org/10.1590/S0074-02761993000300007
https://doi.org/10.3844/AJABSSP.2006.48.57
https://doi.org/10.3844/AJABSSP.2006.48.57
https://doi.org/10.1016/j.jcz.2008.05.001
https://doi.org/10.1016/j.micron.2005.10.012
https://doi.org/10.1007/s13592-011-0085-x
https://doi.org/10.1086/432266
https://doi.org/10.1073/pnas.0403073101
https://doi.org/10.1073/pnas.1221781110
https://doi.org/10.1016/0925-4773(94)00305-7
https://doi.org/10.1038/nrg2499
https://doi.org/10.1038/nrg2499
https://doi.org/10.1146/annurev.en.40.010195.001005
https://doi.org/10.1016/S1467-8039(00)00021-9
https://doi.org/10.1007/s13592-017-0521-7
https://doi.org/10.1016/j.cellbi.2007.12.010
https://doi.org/10.1016/j.exger.2010.10.007
https://doi.org/10.1007/s002650050546
https://doi.org/10.1016/0020-1790(82)90001-4
https://doi.org/10.1016/0305-0491(88)90305-7
https://doi.org/10.1016/0305-0491(88)90305-7
https://doi.org/10.3390/insects5030513
https://doi.org/10.1146/annurev.ento.51.110104.151021
https://doi.org/10.1146/annurev.ento.51.110104.151021
https://doi.org/10.1186/1471-2164-9-232
https://doi.org/10.1098/rsbl.2009.0986
https://doi.org/10.1098/rsbl.2009.0986


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13887  | https://doi.org/10.1038/s41598-021-93357-8

www.nature.com/scientificreports/

 66. Pernal, S. F. & Currie, R. W. Pollen quality of fresh and 1-year-old single pollen diets for worker honey bees (Apis mellifera L.). 
Apidologie 31(3), 387–409. https:// doi. org/ 10. 1051/ apido: 20001 30 (2000).

 67. Strachecka, A., Olszewski, K., Kuszewska, K., Paleolog, J. & Woyciechowski, M. Reproductive potential accelerates preimaginal 
development of rebel workers in Apis mellifera. Apidologie (2021) (in Press).

 68. Kamakura, M. Royalactin induces queen differentiation in honeybees. Nature 473, 478–483. https:// doi. org/ 10. 1038/ natur e10093 
(2011).

 69. Ament, S. A. et al. Mechanisms of stable lipid loss in a social insect. J. Exp. Biol. 214, 3808–3821. https:// doi. org/ 10. 1242/ jeb. 060244 
(2011).

 70. Amdam, G. V. & Omholt, S. W. The regulatory anatomy of honeybee lifespan. J. Theor. Biol. 216, 209–228. https:// doi. org/ 10. 1006/ 
jtbi. 2002. 2545 (2002).

 71. Gätschenberger, H., Azzami, K., Tautz, J. & Beier, H. Antibacterial immune competence of honey bees (Apis mellifera) is adapted 
to different life stages and environmental risks. PLoS ONE 8(6), e66415. https:// doi. org/ 10. 1371/ journ al. pone. 00664 15 (2013).

 72. Oliveira, C. et al. The origin and evolution of queen and fertility signals in Corbiculate bees. BMC Evol. Biol. 15, 254. https:// doi. 
org/ 10. 1186/ s12862- 015- 0509-8 (2015).

 73. Vincent, J. F. V. & Wegst, U. G. K. Design and mechanical properties of insect cuticle. Arthropod Struct. Dev. 33, 187–199. https:// 
doi. org/ 10. 1016/j. asd. 2004. 05. 006 (2004).

 74. Belaid, M., Acheuk, F., Oulbsir-Mohand Kaci, H. & Bennour-Abbad, M. Difference in cuticle component and immunocompetence 
in nurse and forager worker honeybee (Apis mellifera L.). Agrofor. Int. J. 2(2), 47–55. https:// doi. org/ 10. 7251/ agren g1702 047b 
(2017).

 75. Kuszewska, K., Miler, K. & Woyciechowski, M. Honeybee rebel workers invest less in risky foraging than normal workers. Sci. Rep. 
8, 9459. https:// doi. org/ 10. 1038/ s41598- 018- 27844-w (2018).

 76. Münch, D. & Amdam, G. V. The curious case of aging plasticity in honey bees. FEBS Lett. 584(12), 2496–2503. https:// doi. org/ 10. 
1016/j. febsl et. 2010. 04. 007 (2010).

 77. Brütsch, T., Avril, A. & Chapuisat, M. No evidence for social immunity in co-founding queen associations. Sci. Rep. 7, 16262. 
https:// doi. org/ 10. 1038/ s41598- 017- 16368-4 (2017).

 78. Koubová, J., Sábová, M., Brejcha, M., Kodrík, D. & Frydrychová, R. Seasonality in telomerase activity in relation to cell size, DNA 
replication, and nutrients in the fat body of Apis mellifera. Sci. Rep. 11, 592. https:// doi. org/ 10. 1038/ s41598- 020- 79912-9 (2021).

 79. Büchler, R. et al. Standard methods for rearing and selection of Apis mellifera queens. J. Apic. Res. 52(1), 1–29. https:// doi. org/ 10. 
3896/ IBRA.1. 52.1. 07 (2013).

 80. Carreck, N. et al. Standard methods for Apis mellifera anatomy and dissection. J. Apic. Res. 52(4), 1–40. https:// doi. org/ 10. 3896/ 
IBRA.1. 52.4. 03 (2013).

 81. Strachecka, A. et al. Insights into the biochemical defence and methylation of the solitary bee Osmia rufa L: A foundation for 
examining eusociality development. PLoS ONE 12(4), e0176539. https:// doi. org/ 10. 1371/ journ al. pone. 01765 39 (2017).

 82. Schacterle, G. R. & Pollack, R. L. A simplified method for the quantitative assay of small amounts of protein in biologic material. 
Anal. Biochem. 51, 654–655. https:// doi. org/ 10. 1016/ 0003- 2697(73) 90523-x (1973).

 83. Wilson-Rich, N., Dres, S. T. & Starks, P. T. The ontogeny of immunity: Development of innate immune strength in the honey bee 
(Apis mellifera). J. Insect Physiol. 54(10–11), 1392–1399. https:// doi. org/ 10. 1016/j. jinsp hys. 2008. 07. 016 (2008).

 84. Doums, C., Moret, Y., Benelli, E. & Schmid-Hempel, P. Senescence of immune defence in Bombus workers. Ecol. Entomol. 27(2), 
138–144. https:// doi. org/ 10. 1046/j. 1365- 2311. 2002. 00388.x (2002).

Author contributions
A.S. conceived this research and designed the experiments. A.S. and K.O. performed the experiments at the 
apiary. A.S., J.Ch. and Ł.W. dissected the tissues. A.S. performed laboratory analyzes. A.S. and K.K. analysed the 
data. A.S. wrote the first version of the paper. A.S., J.P. and M.W. edited of the manuscript. All authors participated 
in the revisions. All the authors accepted the final version of the manuscript.

Funding
This study was funded by the National Science Centre (NCN) of Poland; OPUS Grant no. 2014/15/B/NZ9/00425 
and by the University of Life Science in Lublin; grant no. ZIB/S/27/2019/BIO.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 93357-8.

Correspondence and requests for materials should be addressed to A.S.

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1051/apido:2000130
https://doi.org/10.1038/nature10093
https://doi.org/10.1242/jeb.060244
https://doi.org/10.1006/jtbi.2002.2545
https://doi.org/10.1006/jtbi.2002.2545
https://doi.org/10.1371/journal.pone.0066415
https://doi.org/10.1186/s12862-015-0509-8
https://doi.org/10.1186/s12862-015-0509-8
https://doi.org/10.1016/j.asd.2004.05.006
https://doi.org/10.1016/j.asd.2004.05.006
https://doi.org/10.7251/agreng1702047b
https://doi.org/10.1038/s41598-018-27844-w
https://doi.org/10.1016/j.febslet.2010.04.007
https://doi.org/10.1016/j.febslet.2010.04.007
https://doi.org/10.1038/s41598-017-16368-4
https://doi.org/10.1038/s41598-020-79912-9
https://doi.org/10.3896/IBRA.1.52.1.07
https://doi.org/10.3896/IBRA.1.52.1.07
https://doi.org/10.3896/IBRA.1.52.4.03
https://doi.org/10.3896/IBRA.1.52.4.03
https://doi.org/10.1371/journal.pone.0176539
https://doi.org/10.1016/0003-2697(73)90523-x
https://doi.org/10.1016/j.jinsphys.2008.07.016
https://doi.org/10.1046/j.1365-2311.2002.00388.x
https://doi.org/10.1038/s41598-021-93357-8
https://doi.org/10.1038/s41598-021-93357-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Segmentation of the subcuticular fat body in Apis mellifera females with different reproductive potentials
	Results
	Morphology of the fat body. 
	The sternite. 
	The third tergite. 
	The fifth tergite. 

	Biochemical characteristics of the fat body. 

	Discussion
	Conclusions
	Methods
	Experimental design. 
	Morphological and biochemical analyses. 
	Fat body quantification. 
	Examination of anatomical characteristics. 
	Statistical analysis. 

	References


