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Abstract – In this work, we describe the changes that occur in the midgut during metamorphosis of
Partamona helleri , a species of stingless bees found in Neotropical regions. Morphology and immunofluo-
rescence data were analysed in larvae, pupae and adults. The intestinal epithelium presented morphological
variations between the different stages of development, including the size of the striated border. Cells
undergoing apoptosis and autophagy were observed in practically all stages, with the autophagy process
prevailing over apoptosis in most stages, except in post-defecating larvae. The quantity of cells in oxidative
stress increased in the pupae stage, especially in the black-eyed and pink-eyed pupae, and decreased in the
adult stage. Cell proliferation, on the other hand, was more evident in black-eyed pupae, mainly in the stage
with the highest number of cells in autophagy. In general, the results contributed to a better understanding of
morphogenesis of the stingless bee digestive system.
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1. INTRODUCTION

The midgut of insects is the main organ respon-
sible for food digestion and the absorption of
nutrients. In the midgut epithelium, including that
of bees, there are three major cell types: endocrine
cells, which produce and secrete peptides with
endocrine functions; digestive cells, which per-
form the digestion and absorption of food; and
regenerative cells or stem cells, responsible for
cell renewal and remodelling of the epithelium
(Serrão and Cruz-Landim 1996; Martins et al.
2006; Malaspina and Silva-Zacarin 2006; Cruz
et al. 2007, 2011; Nagy et al. 2018).

During pupation, the midgut of the bees is
remodelled. This allows the adaptation of the
bee to adult life, especially when considering the
different eating habits of larvae and adults (Neves
et al. 2002). The remodelling of the intestinal
epithelium of bees begins in the last larval stage,
mainly involving the processes of cell death, pro-
liferation and cellular differentiation (Cruz-
Landim and Mello 1970; Neves et al. 2002; Illa-
Bochaca and Montuenga 2006; review in Hakim
et al. 2010; Gonçalves et al. 2017). In this process
of remodelling, the differentiated cells of the larva
degenerate and are replaced, in the pre-pupal
stage, by regenerative cells that differentiate and
reorganise to form the adult individual’s epitheli-
um (Neves et al. 2003a, b; Martins et al. 2006;
Cruz et al. 2011).

Research carried out with the purpose of un-
derstanding the remodelling of intestinal epitheli-
um of stingless bees during metamorphosis used
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the species Melipona quadrifasciata as a model
(Cruz-Landim andMello 1970; Neves et al. 2002,
2003a, b; Cruz-Landim and Cavalcante 2003;
Martins et al. 2006; Fernandes et al. 2010; Cruz
et al. 2011, 2013). The remodelling of the mid-
gut epithelium of M. quadrifasciata involves
the proliferation of regenerative cells and the
expansion of these cells during cell differentia-
tion. High mitotic rates were detected in this
species in pink-eyed pupae, followed by an
increase in the number of regenerative cells in
black-eyed pupae (Cruz et al. 2013). Although
remodelling of the midgut during the metamor-
phosis of M. quadrifasciata has been studied,
similar studies with other species of stingless
bees, such as those of the genus Partamona ,
have not yet been performed, meaning that
interspecific comparisons of this process are
not possible.

The genus Partamona groups 33 species pres-
ent in the Neotropical region, from the south of
Brazil to Mexico (Silvia and Camargo 2003;
Fernandes et al. 2017; Miranda et al. 2017).
Partamona helleri , for example, can be found in
Brazil, in the states of Bahia, Espírito Santo,
Minas Gerais, Paraná, Rio de Janeiro, Santa
Catarina and São Paulo (Camargo and Pedro
2013). Despite being an aggressive species,
P. helleri plays an important economic role as a
pollinator of a large number of plant species
(Bernardes et al. 2018). This ensures the mainte-
nance and conservation of natural ecosystems and
economically relevant agricultural systems
(McGregor 1976; Camargo and Pedro 2013).

Partamona helleri has been used as a model in
studies of flight activities (Teixeira and Campos
2005), nesting (Batista et al. 2003; Camargo and
Pedro 2003; Couvillon et al. 2007), genetic vari-
ability (Francisco et al. 2006; Marthe et al. 2007;
Brito and Arias 2010), karyotyping and the anal-
ysis of B chromosomes (Tosta et al. 2007; Martins
et al. 2009), the effects of habitat fragmentation
and the impact of insecticide on different param-
eters, including survival and behaviour (Antonini
et al. 2013; Tomé et al. 2015). To expand knowl-
edge on the biology of P. helleri , the present work
describes the changes that occur in the midgut
epithelium during post-embryonic development,
involving autophagy, apoptosis, cell proliferation

and oxidative stress. The data obtained will in-
crease knowledge of the biology of theMeliponini
bee species.

2. MATERIAL AND METHODS

2.1. Biological material

The specimens of Partamona helleri (workers)
were collected in nests kept in the Central Apiary
of the Federal University of Viçosa (20° 75′S 42°
86′W), in the State of Minas Gerais, Brazil. The
following stages of development were used: larvae
(pre-defecating and post-defecating), pupae (white-
eyed, pink-eyed and black-eyed) and adult (newly
emerged—greyish colour and forager—black
colour).

2.2. Histology

The midgut of each sample was dissected in
saline solution (NaCl 0.1 M, KH2PO4 20 mM and
Na2HPO4 20 mM) and fixed in Zamboni solution
(paraformaldehyde at 2%, containing 15% picric
acid in 0.1 M sodium phosphate buffer) for 2 h.
Subsequently, the samples (n = 5 for each stage)
were washed three times in PBS (phosphate buff-
ered saline, 0.1 M), dehydrated in a gradual series
of ethanol (70, 80, 90, 95 and 99%), embedded in
historesin (Leica Biosystems, São Paulo, SP, Bra-
zil) and sectioned.

The 7-μm thick sections were stained with
haematoxylin and eosin and photographed under
an Olympus BX53 coupled to the Olympus DP73
digital camera (Olympus Corp., Tokyo, Japan).
The height of the striated border was quantified
using Image-Pro Plus 4.5 software (Media Cyber-
netics, Silver Spring, EUA). For this quantifica-
tion, six images with a 40× objective (total area =
0.414 mm2) from each of the seven stages were
arbitrarily selected and the means and standard
deviations were measured.

2.3. Immunofluorescence

The samples, fixed as described above, were
washed three times with PBS and incubated in
0.1 M PBS/1% Triton X-100 (PBST) for 2 h.
Then, the samples were incubated (overnight at
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4 °C) separately with the following primary anti-
bodies, diluted in PBS: cleaved anti-caspase-3
(Sigma-Aldrich, St. Louis Mo., EUA; 1:500);
anti-LC3 A/B (Cell Signalling Technology, Bev-
erly, MA, EUA; 1:100); protein anti-phospho-
histone H3 [(PH3) (Cell Signalling Technology,
Beverly, MA, EUA; 1:500)]; and anti-peroxidase
(Sigma-Aldrich, St. Louis Mo., EUA; 1:500), to
reveal apoptosis, autophagy, cell proliferation and
oxidative stress, respectively. The four treatments
were performed in triplicate, therefore using 12
samples from each stage.

Subsequently, the midgut was washed and in-
cubated with TRITC-conjugated secondary anti-
body (Thermo Fisher-Scientific, Waltham, Mass.,
EUA; 1:500) in PBS overnight at 4 °C. After
being subjected to the triple wash, the organs were
stained with diamidino-2-phenylindole (DAPI;
Biotium, Inc., Hayward, CA, EUA; 1:500) for
30 min. Finally, total assemblies with whole in-
testines on histological slides were made using
50% sucrose solution and analysed under an
Evos® FL fluorescence microscope (Advanced
Microscopy Group, Bothell, WA, USA). For the
negative control, three midguts from each stage of
development were treated as described previously,
except for treatment with the primary antibodies.

The treatments with anti-caspase-3, anti-LC3
A/B and anti-phospho-histone H3 were per-
formed as proposed by Cruz et al. (2013) and
Gonçalves et al. (2017) for M. quadrifasciata
and Apis mellifera , respectively, while treatment
with anti-peroxidase was standardised for
P. helleri from the method proposed by Lopes
et al. (2018) for A. mellifera .

2.4. Statistical analysis

The total number of intestinal cells labelled
with each of the above-mentioned antibodies
was quantified in the superficial area of the midgut
at each stage in the visible field of the microscope
(1.656 mm2). The data were submitted to normal-
ity test, one-way analysis of variance (ANOVA)
and Tukey’s test, at 5% probability, comparing the
different stages between them. These analyses
were performed using SAS software (v. 9.0) for
Windows (SAS Institute 2002).

3. RESULTS

3.1. Morphology of the intestinal epithelium

The midgut epithelium of P. helleri workers, in
all of the analysed stages, presented digestive cells
and regenerative cells attached to the basal mem-
brane and also longitudinally-organised muscle fi-
bres. In pre- and post-defecating larvae, the epithe-
lium was pseudostratified and comprised of a layer
of columnar digestive cells and regenerative cells
(of smaller size), located between the digestive cells
(Figure 1A, B). The apical region of the digestive
cells had a clearly visible striated border in the pre-
defecating larvae (4.41 ± 2.12 μm) and reduced in
the post-defecating larvae (1.31 ± 0.14 μm). In the
post-defecating larvae, regenerative cell nuclei
were larger compared to pre-defecating larvae and
cell debris was detected in the intestinal lumen, due
to the disintegration of the epithelium.

The intestinal epithelium in the pupal phase
was more organised than in the previous stages.
In white-eyed pupae, the digestive cells were jux-
taposed columnar and the regenerative cells were
between them (Figure 1C). The striated border of
the digestive cells was well developed (7.20 ±
2.45 μm). Additionally, the muscle cell layer
was more prominent and the amount of cellular
debris in the lumen was lower than in post-
defecating larvae. From this stage, the nuclei of
the epithelial (digestive and regenerative) cells
were shown to be more rounded than the cellular
nuclei of the larvae (pre- and post-defecating).
The midgut epithelium of pink-eyed pupae also
contained columnar digestive cells, but with a less
striated border (2.32 ± 0.68 μm) than that ob-
served in white-eyed pupae and less evident cel-
lular debris (Figure 1D). Black-eyed pupae, on the
other hand, although also presenting columnar
digestive cells, presented regenerative cells
organised in nests of different sizes. At this stage,
it was also possible to observe a well-developed
striated border in the apical regions of the epithe-
lium (12.54 ± 1.44 μm) and also degenerating
cells. In addition, the amount of cellular debris in
the intestinal lumen was greater than in the two
preceding stages (Figure 1E).

In the adult phase, the midgut epithelial struc-
ture of newly emerged and forager was similar. At
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these stages, the intestinal epithelium showed a
reorganisation process similar to that of black-
eyed pupae. Regenerative cells remained grouped
in nests between the basement membrane and the

digestive cells, which were well differentiated and
of the columnar type (Figures 1F, G). These di-
gestive cells had striated borders varying from
3.67 ± 0.97 μm (newly emerged) to 4.98 ±
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Figure 1 Histological sections of P. helleri midgut stained with haematoxylin and eosin:A Pre-defecating larvae;B
post-defecating larvae; C white-eyed pupae; D pink-eyed pupae; E black-eyed pupae; F newly emerged adult; G
forager adult. In the midgut epithelium (Ep), located near a layer of muscle cells (m), the digestive (dc) and
regenerative cells (rc) are shown with their nuclei (n) evident. In the apical region of the digestive cells is the striated
border (sd) and cell debris (d) is observed in the intestinal lumen (L), mainly resulting from the degeneration of the
epithelium (LE). Note that it is possible to find Malpighian tubules (T) near the epithelium.
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1.36 μm (adult foragers). Both cell types had
ovoid nuclei. In the lumen of the intestinal epithe-
lium of newly emerged adults, the abundance of
cellular debris was greater than in pupae (white-
eyed, pink-eyed and black-eyed) and foragers.

3.2. Apoptosis, autophagy, proliferation
and oxidative stress in intestinal cells

In P. helleri , apoptosis of cells of the midgut
was initiated in post-defecating larvae. At this
stage, 6 cells marked with caspase-3 were ob-
served in the analysed individuals (F2,20 = 20.39;
P < 0.001, Figure 2A). This process increased in
white-eyed pupae (9 cells), decreased significant-
ly in pink-eyed pupae and black-eyed pupae (2
cells, P < 0.05) and increased again in newly
emerged adults (3 cells). In the forager workers,

the number of cells undergoing apoptosis de-
creased again (1 cell). Nevertheless, these data
were not significant in comparison to the newly
emerged workers (P > 0.05).

Cells positive for LC3 A/B, indicating autoph-
agy, were detected in all stages analysed
(Figures 2B and 3); however, in the white-eyed
pupae (28 cells on average) and black-eyed pupae
(50 cells on average), significant increases in the
numbers of these cells were observed in compari-
son with the other stages (F2,20 = 10.4; P < 0.002).

Regarding cell proliferation, a small number of
PH3-positive cells were detected in the stages of
pre- and post-defecating larvae; however, a sig-
nificant increase was observed in the number of
these cells in the stages of white-eyed pupae (28
cells), pink-eyed pupae (26 cells) and mainly
black-eyed pupae (79 cells) (F2,20 = 73.43; P <

Figure 2Mean number of marked cells bymeasurement field (total area = 1.656mm2) in the midgut of P. helleri for
different proteins: A Caspase-3-positive; B LC3 A/B-positive; C PH3-positive; D Peroxidase-positive. PRD, pre-
defecating larvae; PD, post-defecating larvae; WE, white-eyed pupae; PE, pink-eyed pupae; BE, black-eyed pupae;
NE, newly emerged adults; AD, forager adults. Different letters denote significant differences in relation to other
stages (P < 0.05).

84 R. dos Santos Araujo et al.



0.0001). Thereafter, there was a significant reduc-
tion in the adult phase: 12 PH3-positive cells in
newly emerged and 11 in foragers (P < 0.05,
Figures 2C and 3).

Peroxidase-positive cells were also reported at
all of the stages analysed (Figure 2D). It was
possible to detect, however, a significant increase
in the number of these cells in the white-eyed
pupae (10 cells) in relation to the previous stage
(4 cells) and in the stage of pink-eyed pupae (34
cells) and black-eyed pupae (35 cells) in relation
to white-eyed pupae (F2,20 = 85.72, P < 0.0001).
Although the number of labelled cells remained
relatively high in the newly emerged adults and
foragers (29 and 24 cells, respectively, Figure 3),
it was significantly lower in the foragers com-
pared to the stages of pink-eyed pupae and
black-eyed pupae (P < 0.05).

4. DISCUSSION

The midgut epithelium undergoes extensive
remodelling during post-embryonic development
of holometabolous insects, so that individuals can
adapt to the adult phase (Romanelli et al. 2016;
Malta et al. 2017). Our data showed that the
midgut of P. helleri presented significant epithe-
lial degradation in post-defecating larvae,

including the striated border of the digestive cells;
however, from the stage of white-eyed pupae on-
wards, the epithelium was reorganised and the
border reconstituted. This reconstitution resem-
bles that observed in the intestinal epithelium of
Drosophila melanogaster , where the striated bor-
der also undergoes a radical structural change
during post-embryonic development, as evi-
denced by the presence of large secretory vesicles
within the apical region of the microvilli and the
reduced lumen volume in the larval moult (Li
et al. 2009). The variation in the size of the striated
border may be associated with the degree of cel-
lular uptake, that is, the larger the size, the greater
the capacity of the intestinal cells to absorb nutri-
ents (Gonçalves et al. 2013, 2014). In view of this,
we can speculate that the prominence of the stri-
ated border observed in white-eyed pupae and
black-eyed pupae is related to the absorption of
cellular debris caused by autophagy, because
these were the stages where the largest numbers
of LC3 A/B-positive cells were detected. In addi-
tion, the reduction of the striated border of pink-
eyed pupae coincided with the reduction of the
number of cells in autophagy. These data, there-
fore, corroborate the evidence that the midgut
continues to exhibit metabolic activity during
metamorphosis (Franzetti et al. 2016).

NE

AD

PH3

100 µm

Caspase-3 LC3 A/B Peroxidase Negative control

Figure 3 Representative total assembly of the midgut of P. helleri evidencing the positive markings for: caspase,
LC3 A/B, phospho-histone H3 (PH3) and peroxidase in adult individuals. The cell nuclei are stained in blue (DAPI)
and the positive markings for the different antibodies are in red (arrows). NE, newly emerged adults and AD, forager
adults.

Remodelling of the midgut of P. helleri 85



Our data further confirm that cell death of the
midgut epithelium in P. helleri occurs by the joint
action of the mechanisms of apoptosis and au-
tophagy, with the latter being predominant inmost
of the stages studied here, except in post-
defecating larvae. After this stage, and especially
in black-eyed pupae, the number of cells in au-
tophagy increased, whereas few cells in apoptosis
were observed in black-eyed pupae and in adults.
Similarly, many autophagic vesicles were found
in the digestive cells in pre-pupae of Melipona
quadrifasciata , which subsequently separate and
are released into the lumen of the midgut (Neves
et al. 2003a, b); however, no apoptosis was de-
tected in cells of the midgut in black-eyed pupae
or in adults of this species (Cruz et al. 2013).
These data, therefore, suggest that although apo-
ptosis is considered crucial for the removal of
excess and unwanted cells from organs during
post-embryonic development (Ulukaya et al.
2011), the autophagy process may be the main
cause of cell death in the midgut epithelium in the
pupal stage of P. helleri and, perhaps, in stingless
bees in general. This may occur because, as the
insect does not consume more water or food after
defecation, autophagy of the larval cells and sub-
sequent recycling of residues may provide a plau-
sible strategy for obtaining the necessary means
for the regeneration and construction of structures
of the pupal and adult epithelium (Franzetti et al.
2012).

The proliferation of regenerative cells, in turn,
as observed in the present study, had already been
reported in the midgut of larvae, pre-pupae and
pupae of M. quadrifasciata (Martins et al. 2006;
Cruz et al. 2011, 2013). The analyses carried out
confirmed that regenerative cells in bees initiate
the differentiation process and the formation of
digestive cells in the pre-pupal stage (Neves et al.
2003a, b). They also demonstrated, for the first
time, that the process of cell proliferation also
occurs in adult Meliponini individuals; however,
even under these conditions, the reestablishment
of new nests of regenerative cells to promote
midgut renewal during the adult stage occurs in
black-eyed pupae (Cruz et al. 2013), because the
number of PH3-positive cells at this stage was
much higher than that found in both newly
emerged and forager adults.

The largest number of PH3-positive cells ob-
served in P. helleri black-eyed pupae may be to
compensate for the high number of cells undergo-
ing cell death that were observed at this stage
(mainly by autophagy), thus contributing to the
restructuring of the intestinal epithelium. In addi-
tion, the significant decrease in PH3-positive cells
in adults is in accordance with the reduction of
LC3 A/B-positive cells, that is, it appears that the
cellular events of proliferation and autophagy are
related, occurring simultaneously, as suggested in
other insects (Romanelli et al. 2014; Franzetti
et al. 2015; Nagy et al. 2018).

Compar ing the di ffe rent s tages , the
immunolabelling analyses used showed several
peroxidase-positive cells in the stages of pink
and black-eyed pupa, precisely the stages in which
death and proliferation cellular were evident.
Thus, considering these results, it may be sug-
gested that activities related to the remodelling
of the organ, in addition to several other factors,
might cause oxidative stress in the cells and in-
crease of antioxidant enzyme synthesis, to pre-
serve organ homeostasis (Lopes et al. 2018). On
the other hand, in adults, a significant reduction in
the number of peroxidase-positive cells could be
related to the decrease in autophagy and prolifer-
ation processes related to the remodelling of their
digestive tract. Therefore, the variation in the
number of peroxidase-positive cells in the midgut
of P. helleri detected in the present study seems to
be associated with the remodelling events that
occur in this organ during the passage of the
individual through the different stages of develop-
ment; however, further studies are needed to un-
derstand why there is an increase in the number of
peroxidase-positive cells at some stages in the
post-embryonic development of the midgut.

The data from this study suggest, therefore, that
during the remodelling of the midgut of P. helleri ,
the processes of apoptosis and autophagy occur
during practically all stages of development, with
autophagy being more evident than apoptosis in
most of the analysed stages. While some cells
enter the cell death pathway, others (regenerative
cells) re-establish the epithelium, thus compensat-
ing for cell loss. These changes allowed the de-
tection of oxidative stress in all of the stages
analysed, but mainly in the pupal phase, in which
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the events of apoptosis and autophagy were more
evident. Together, these data contribute to a better
understanding of the development of the stingless
bee digestive system.
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