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Abstract

The carpenter ant Camponotus rufipes has intracellular bacteria in bacteriocytes scattered in the midgut epithelium, which have different
amounts of endosymbionts, according to the developmental stages. However, there are no detailed data about the midgut cells in adult
workers. The present work aimed to evaluate the morphology and cellular events that coordinate the abundance of endosymbionts in
the midgut cells in C. rufipes workers. The midgut epithelium has digestive cells, bacteriocytes, and cells with intermediate morphology.
The latter is similar to bacteriocytes, due to the abundance of endosymbionts, and similar to digestive cells, due to their microvilli. The
digestive and intermediate cells are rich in autophagosomes and autolysosomes, both with bacteria debris in the lumen. These findings
suggest that midgut cells of C. rufipes control the endosymbiont level by the autophagy pathway.
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Introduction

Ants of the genus Camponotus have approximately 1000 species
with worldwide distribution, and this success is attributed, in
part, to the association with intracellular endosymbiont bacteria
(Schröder et al., 1996; Wernegreen et al., 2009).

Endosymbionts are common in insects with specialized diets,
supplanting nutritional deficiencies with the production of essen-
tial metabolites, such as amino acids and vitamins (Buchner,
1965; Skidmore & Hansen, 2017; Cossolin et al., 2020). However,
the representatives of Camponotus have a generalist feeding habit
and, in these ants, the endosymbionts have been claimed to provide
essential amino acids (Zientz et al., 2006; Feldhaar et al., 2007),
which contributes to immune defense and colony growth (Souza
et al., 2009).

The presence of endosymbionts in Camponotus ants has been
reported for more than 200 years (Bolton, 1996). Since then, the
bacterial characterization, the function, and the abundance of
endosymbionts in the different phases of ant development have
been studied (Schröder et al., 1996; Peloquin et al., 2001; Sauer
et al., 2002; Feldhaar et al., 2007).

The main endosymbiont in Camponotus spp. is the bacterium
Blochmannia found in the midgut and ovary (Schröder et al.,
1996). In the midgut, Blochmannia occurs in specialized cells,
bacteriocytes, which are side-by-side with the digestive cells

(Schröder et al., 1996). Unlike bacteriophytes, digestive cells are
characterized by the non-accumulation of endosymbiont bacteria
and morphology that suggest protein synthesis and nutrient
absorption (Schröder et al., 1996).

In males and virgin queens of Camponotus floridanus, bacter-
iocytes have the abundance of bacteria, whereas in mature queens,
bacteria are few or absent in the midgut, which indicates that the
degree of endosymbiosis changes according to the reproductive
status (Sauer et al., 2002). The amount of endosymbionts also var-
ies according to the developmental stage in C. floridanus. Few
bacteriocytes are found in the midgut of larvae, followed by a sig-
nificant increase of these cells in pupae and decrease in adults
(Stoll et al., 2010). Some genes associated with autophagy and
lysosomes have been reported in the midgut of carpenter ants,
suggesting a possible lysosomal pathway in the regulation of
endosymbionts populations (Ratzka et al., 2013).

Those studies suggest some dynamics in the endosymbionts
in the midgut of Camponotus spp., but little is known about
the organization of the midgut epithelium and the cellular
events that coordinate the abundance of endosymbionts. The
present work aimed to describe the morphology of midgut
cells in the carpenter ant Camponotus rufipes, so as to fill
these important gaps and contribute to understand the symbi-
otic relationships in this ant.

Materials and Methods

Ants

Adult females of C. rufipes engaged in foraging activity were col-
lected at the Universidade Federal de Viçosa, transferred to the
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laboratory and cold anesthetized at −5°C for 2 min. Then, the
midguts were dissected in insect saline solution (0.1 M NaCl,
0.2 M KH2PO4, and 0.2 M Na2HPO4) for morphological analyses.

Light Microscopy

The midguts of 10 ants were transferred to Zamboni fixative sol-
ution (Stefanini et al., 1967) for 12 h. Subsequently, the samples
were dehydrated in a graded ethanol series (70, 80, 90, and
95%) and embedded in JB4 historesin (Electron Microscopy
Science, Hatfield, USA). Three micron thickness slices were

stained with hematoxylin and eosin. Some sections were submit-
ted to the histochemical tests of periodic acid Schiff test (PAS)
and mercury-bromophenol blue for the detection of glycoconju-
gates and total proteins, respectively. Briefly, for the PAS test,
slices were treated with 0.5% periodic acid for 20 min, washed
in distilled water and placed in Schiff’s reagent for 15 min at
room temperature. After washing with distilled water, they were
placed in mercury-bromophenol blue solution (Bancroft &
Gamble, 2008) for 2 h and washed in tap water for 30 min at
room temperature. Then, the samples were air-dried, mounted
with Entellan (Sigma-Aldrich, Saint Louis, USA), analyzed and

Fig. 1. Light micrographs of the midgut epithelium of C. rufipes. (a) General view of the midgut showing the nucleus (N), peritrophic matrix (PM), and lumen (L). (b)
General view of midgut epithelium showing digestive cells with acidophilic cytoplasm (white arrowhead), nucleus (N), and amorphous vacuoles with basophilic
granules (black star). (c) Detail of dotted red square in (a) showing protrusions of the digestive cells with basophilic granules (white arrows), amorphous vacuoles
(black star), and striated border (SB). (d) Detail of dotted blue square in (a) showing digestive cells with apical protrusions-rich basophilic granules (white arrows)
and well-developed striated border (SB). (e) Detail of dotted yellow square in (a) showing basal region of the epithelium with an isolated regenerative cell (white
circle) and muscle (M). (f) Detail of dotted green square in (a) showing digestive cells with basophilic region (white arrowhead), amorphous vacuoles with basophic
content (black star), and nucleus (N). Dotted lines show bacteriocytes.
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photographed using a light microscope Olympus BX-60 (Olympus,
Tokyo, Japan) coupled with a digital camera Q-Color, 3 Olympus
(Olympus, Tokyo, Japan).

Fluorescence Microscopy

To identify the presence of nucleic acid, midgut sections were obtained
as aforementioned for light microscopy, except staining, and were
incubated with 4′,6-diamidino-2-phenylindole dihydrochloride
(DAPI, Sigma-Aldrich, Saint Louis, USA), for 30 min. The samples
were then washed in distilled water, mounted with 50% sucrose solu-
tion and analyzed under an epifluorescence microscope Olympus
BX-60, (Olympus, Tokyo, Japan) with UV excitation filter and cou-
pled digital camera Q-Color, 3 Olympus (Olympus, Tokyo, Japan).

Transmission Electron Microscopy

Six midguts were transferred to 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.2 with 0.2 M sucrose, for 4 h.
Then, the samples were post-fixed in 1% osmium tetroxide in

the same buffer for 2 h, dehydrated in a graded ethanol series
(70, 80, 90, and 99%) and embedded in LR White resin
(Sigma-Aldrich, Saint Louis, USA). Ultra-thin sections were
stained with 1% aqueous uranyl acetate, for 20 min, and lead cit-
rate (Reynolds, 1963), for 10 min. The samples were analyzed and
photographed in a Zeiss EM 109 transmission electron microscope
(Carl Zeiss, Jena, Germany) at the Nucleus for Microscopy and
Microanalysis, at the Universidade Federal de Viçosa.

Immunofluorescence

Six midguts were dissected as described and transferred to
Zamboni’s fixative solution for 2 h, for the detection of autophagy
in the midgut cells. The samples were then washed in 0.1 M
sodium phosphate buffer pH 7.2 (PBS) with 1% Tween-20
(PBST), for 2 h. Next, the samples were incubated for 12 h with
antibody anti-LC3A/B (Abcam, Shangai, China) diluted in PBS
(1:500). The samples were then washed in PBST and incubated
for 12 h in secondary antibody anti-rabbit IgG-FITC conjugate

Fig. 2. Light micrographs of the midgut epithelium of C. rufipes submitted to PAS and mercury-bromophenol blue. (a) Midgut epithelium (EP) with different cells.
(b) Digestive cells with apical protrusion reaching the lumen (L) with striated border (SB), PAS-positive granules (black arrows), and amorphous vacuoles positive
for proteins (white stars).

Fig. 3. Fluorescence micrographs of the midgut cells DAPI-stained of C. rufipes. (a) Cells with cytoplasm strongly labeled with DAPI (white dotted lines) closely
associated with cells with cytoplasm weakly labeled with DAPI. (b) Detail of cell with weak DDAPI signal (red dotted line) showing a apical region with
DAPI-positive granules (white arrow) and amorphous vacuoles (white stars). (c,d) Detail of DAPI-positive amorphous vacuoles (white star) and apical granules
(white arrow) in the cells with weak fluorescence. N, nucleus.

Microscopy and Microanalysis 3

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1431927620024484

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S1431927620024484
https://www.cambridge.org/core


(Sigma-Aldrich, Saint Louis, USA) diluted in PBS (1:500). Then,
the samples were washed and incubated for 30 min with nucleus
marker TO-PRO-3 iodide (Life Technologies) in PBS (1:1000).
The samples were washed and mounted in Mowiol (Sigma-
Aldrich, Saint Louis, USA) and analyzed with a Zeiss LSM-
META (Carl Zeiss, Oberkochen, Germany) confocal microscope
at the Nucleus for Microscopy and Microanalysis, at the
Universidade Federal de Viçosa.

Negative controls were performed according to the procedure
above, but incubation with anti-LC3A/B was omitted.

Results

The midgut epithelium of C. rufipes was formed by a single layer
of cells with different staining intensities and nuclei positioned at

different heights (Figs. 1a, 2a). Three cell types were found in the
midgut: (i) digestive cells with cytoplasm showing basophilic
granules, amorphous vacuoles reaching to the midgut lumen
with a well-developed striated border (Figs. 1b, 1c, 1d), (ii) bacter-
iocytes with acidophilic cytoplasm not reaching to the midgut
lumen (Figs. 1c, 1d), and (iii) few regenerative cells scattered in
the basal region of the epithelium (Fig. 1e).

The digestive cells were characterized by apical protrusions to
the midgut lumen, rich in basophilic granules (Figs. 1c, 1d),
which were positive for glycoconjugates (Fig. 2a) and proteins
(Fig. 2b). These cells had also amorphous vacuoles with some
basophilic granules (Figs. 1b, 1c, 1f) which were positive for pro-
teins (Fig. 2b).

Analyses with the fluorescence microscope of DAPI-stained
slices showed that the cytoplasm of the midgut cells had different

Fig. 4. Transmission electronic micrographs of midgut of C. rufipes showing digestive cell (DC) and bacteriocytes (BC). Note digestive cell with apical microvilli (MV),
nucleus rich in decondensed chromatin (N) and cytoplasm with mitochondria (white arrows), amorphous vacuoles (black stars), electron-lucent vesicles (LV), and
lysosomes (Ly). The cytoplasm of the bacteriocytes is filled with bacteria (asterisks).
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fluorescence signals (Figs. 3a, 3b). Cells with the weak fluores-
cence signals showed many granules (Figs. 3b–3d) and amor-
phous vacuoles with DAPI-positive content in the apical region
(Figs. 3c, 3d).

The ultrastructure analysis of the midgut epithelium showed
digestive cells closely associated with bacteriocytes (Fig. 4).

Bacteriocytes presented an apical surface that did not reach the
midgut lumen and had no microvilli (Fig. 5a), and the cytoplasm
was filled with double-membrane bacteria (Figs. 4, 5a–5c) with
few mitochondria (Fig. 5d). The nucleus had a predominance of
decondensed chromatin and well-developed nucleolus (Fig. 5b).
The basal surface of these cells showed plasma membrane infoldings,
forming a basal labyrinth with short extracellular spaces (Fig. 5d).

In the digestive cells, the apical surface presented well-
developed microvilli (Figs. 4, 5a), cytoplasm rich in mitochondria
(Figs. 4, 5c), large amorphous compartments with electron-lucent
content, electron-lucent vesicles, and lysosomes (Fig. 4). In the
basal cell region, the plasma membrane infoldings were long
and formed a well-developed basal labyrinth of enlarged extracel-
lular spaces associated with mitochondria (Fig. 5d).

In addition to the bacteriocytes and digestive cells, there were
cells with different ultrastructure, characterized by apical micro-
villi, cytoplasm-rich mitochondria, and electron-lucent vesicles
(Fig. 6a), such as digestive cells, but they had also many bacteria
(Fig. 6a), such as bacteriocytes. These cells will, henceforth,
termed as intermediate cells.

Both the digestive and intermediate cells had an apical cyto-
plasm with electron-lucent vesicles (Fig. 6a), lysosomes (Fig. 6b),

autophagosome (Figs. 6c–6e), and residual bodies rich in mem-
branous content (Fig. 6f). In both these cell types, the apical cyto-
plasm had abundant bacteria inside vesicles closely associated
with autophagosomes (Figs. 7a, 7b). These vesicles with bacteria
were found fused with autophagosomes (Figs. 7c, 7d).

To verify if the apical vesicles were autophagosomes, immuno-
fluorescence detection to LC3A/B proteins revealed that they were
undergoing autophagy (Fig. 8).

Discussion and Summary

Bacteriocytes in the midgut of C. rufipes do not reach the organ
lumen and accumulate bacteria in the cytoplasm, similar to the
findings for these cells in a previous study in Camponotus spp.
(Schröder et al., 1996). These cells are strongly acidopholic and
DAPI-positive, due to the presence of bacteria as revealed by
the ultrastructural analyses. On the other hand, the midgut diges-
tive cells of C. rufipes have some basophilic granules and well-
developed microvilli reaching to the midgut lumen, such as
reported for C. rufipes, C. floridanus, C. herculeanus, and C. ligni-
perdus (Schröder et al., 1996). Camponotus floridanus males have
bacteria in the digestive cells (Sauer et al., 2002) and workers seem
to have symbionts in these cells too (Stoll et al., 2010). This con-
flict in the occurrence of endosymbionts in digestive cells may be
explained by the dynamics of the midgut cells since we demon-
strate the occurrence of a midgut cell type with intermediate mor-
phology, considering that they are similar to bacteriocytes

Fig. 5. Transmission electronic micrographs of midgut of C. rufipes. (a) Bacteriocyte (BC) with bacteria (asterisk) below the digestive cell (DC) with microvilli (MV).
(b) Middle region of the bacteriocyte showing the nucleus (N) with decondensed chromatin and nucleolus (Nu) and cytoplasm with bacteria (asterisk). (c)
Bacteriocyte (BC) and digestive cell (DC) with mitochondria (white arrows) and bacteria (asterisks). Insert: Bacteria (asterisk) with the double membrane (white
arrowheads). (d) Basal region of the midgut showing bacteriocyte (BC) with short basal labyrinth (BL) and digestive cell (DC) with basal plasma membrane infold-
ings forming enlarged extracellular space as a basal labyrinth (BL) associated with mitochondria (white arrows). Dotted lines, cell boundary.
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(cytoplasm with bacteria) as well as to digestive cells (presence of
apical microvilli).

Regardless of the richness of bacteria, all cell types of the mid-
gut of C. rufipes, excepting the regenerative ones, host endosym-
bionts. However, unlike the bacteriocytes, the digestive and
intermediate cells are rich in lysosomes, autophagosomes, autoly-
sosomes, and residual bodies, which indicates intracellular diges-
tion (Deretic & Levine, 2009). In the aphid Acyrthosiphon pisum
and the ant C. floridanus, acidic organelles and
lysosomal-autophagic genes occur in bacteriocytes and digestive
cells, suggesting a lysosomal pathway for degradation of endosym-
bionts (Nishikori et al., 2009a; Ratzka et al., 2013). Both digestive
and intermediate cells of C. rufipes, here studied, reveal bacterial
degradation with the presence of bacteria inside the vacuoles. In

addition, there is evidence of bacterial disruption since the
inner membrane may collapse into vesicles in the large amor-
phous compartments that are positive for autophagic LC3A/B
protein. Although these autophagic pathways need further studies,
our results suggest a degradation mechanism of endosymbionts in
C. rufipes, similar to that reported in Camponotus sericeiventris
(Wolschin et al., 2004), A. pisum (Nishikori et al., 2009b), and
in the Sitophilus beetles (Vigneron et al., 2014).

The apical cytoplasm of the digestive cells shows granules and
compartments with basophilic, PAS, protein, and DAPI-positive
contents, which suggests the occurrence of glycoconjugates and
nucleic acids and corroborates the hypothesis of endosymbiont
degradation in C. rufipes, since granules and positive compart-
ments for nucleic acids and glycoconjugates may result from

Fig. 6. Transmission electronic micrographs of the cells with intermediate morphology in the midgut of C. rufipes. (a) Apical region of the digestive cell (DC) in
juxtaposition (dotted line) with intermediate cell (IC), both with microvilli (MV), mitochondria (white arrows), autophagosomes (AP), and electron-lucent vesicles
(LV). Note the abundance of bacteria (asterisks) in the intermediate cell (IC) and amorphous compartment (black star) in the digestive cell (DC). (b) Detail of lyso-
some (LS) and bacteria (asterisks). (c–e) Autophagosomes (AP) and autolysosomes (AL) with different contents. (f) Detail of membrane fragments in the residual
body (RB).
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bacterial digestion by autophagy. This is in agreement with the
findings for C. floridanus, in which the abundance of vesicles pos-
itive for nucleic acids is associated with the degradation of endo-
symbionts (Stoll et al., 2010).

Bacteriocytes and digestive cells have already been reported in
the midgut of Camponotus spp. (Schröder et al., 1996). However,
in C. rufipes, we found a cell with intermediate morphology,

suggesting a dynamic cellular dimorphism in the midgut of this
ant. Although it is theoretical, we propose a model in which bac-
teriocytes increase in volume, reaching the midgut lumen and
forming microvilli. Then, the degradation of endosymbionts
occurs by the autophagy. These events result in cells with few bac-
teria, acquiring morphology similar to that of the digestive cells
(Fig. 9). In representatives of Camponotus, evidence of

Fig. 7. Transmission electronic micrographs of intermediate cells in the midgut of C. rufipes. (a) Bacteria (asterisks) closely associated with autophagosome (black
arrowhead). (b) Bacteria (asterisk) into a vacuole (black arrow). (c) Bacteria (asterisk) into a vacuole (black arrow) fused with autophagosome (black arrowhead).
(d) Advanced fusion between autophagosome (black arrowhead) and bacteria (asterisk) into a vacuole (black arrow).

Fig. 8. Confocal fluorescence micrographs of the midgut cells of C. rufipes for immunolabeling of autophagosomes with antibody anti-LC3 A/B. (a) Epithelial cells
(EP) in the longitudinal plane showing apical zone positive for autophagy (green). (b) Epithelial cells (EP) in the transverse plane showing cells rich in autopha-
gosomes (green). Nuclei are in red (red).
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bacteriocytes in organs other than the midgut and a decreased
amount of midgut bacteriocytes have been associated with intra-
cellular degradation of endosymbionts (Wolschin et al., 2004;
Stoll et al., 2010; Ratzka et al., 2013).

Overall, our study suggests that, in the midgut cells of C.
rufipes, the amount of endosymbionts is controlled by the
autophagy. Thus, these cells change from a specialized bacterio-
cyte storing endosymbiont to a digestive cell. Some gaps in relation
to the evidence of endosymbionts in different midgut cell types and
bacteriocyte decrease during the ant development can be better
understood with our proposed model, which may contribute to
the comprehension of the symbiosis relationships in carpenter ants.
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