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Abstract

Camponotus is a hyper-diverse ant genus that is associated with the obligate endosymbiont Blochmannia, and often also
with Wolbachia, but morphological studies on the location of these bacteria in the queen’s ovaries during oogenesis remain
limited. In the present study, we used the Neotropical weaver ant Camponotus textor to characterize the ovary using histol-
ogy (HE) techniques, and to document the location of Blochmannia and Wolbachia during oogenesis through fluorescence
in situ hybridization (FISH). This is the first morphological report of these two bacteria in the same host with polytrophic
meroistic ovaries and reveals that Blochmannia is found inside late-stage oocytes and Wolbachia is associated with the
nuclei of the nurse cells. Our results provide insights into the developmental sequence of when these bacteria reach the egg,
with Blochmannia establishing itself in the egg first, and Wolbachia only reaching the egg shortly before completing egg
development. Studies such as this provide understanding about the mechanisms and timing of the establishment of these

endosymbionts in the host.
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Introduction

The ant genus Camponotus Mayr, 1861 is one of the most
diverse and has a worldwide distribution [2, 6]. They have
generalist diets and can nest in cavities in trees, in hollow
or rotten twigs, or in the ground [13, 23], and some species
construct nests in trees with silk produced by larvae, as in
the case of Camponotus textor Forel, 1899 [27, 31]. This
group of ants is also known to have obligatory symbiotic
relationships with bacteria [10, 11, 16, 39] and studies have
shown that the main associated taxa are Blochmannia and
Wolbachia, representing about 95-98% of all sequencing
reads of Camponotus chromaiodes Bolton, 1995 [7].
These symbiotic bacteria may have positive or negative
effects on the host. Blochmannia, for example, is known for
its beneficial effects because it provides a number of amino
acids to the host, thus it has a nutritional role, especially
in the early developmental stages of host life [10, 11, 16,
41]. For many arthropod hosts, Wolbachia is known for its
negative effect in manipulating host reproduction, such as
parthenogenesis, death of males, feminization, and cyto-
plasmic incompatibility (CI) [4, 12, 28, 35]. For bedbugs, it
may aid in nutrition with vitamin B supplementation [18].
However, its function in ants is not known, especially in the
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sterile workers, who are not able to reproduce [1, 29, 30].
Both bacteria can be transmitted vertically (maternal inherit-
ance), with Blochmannia acting as a primary and obligatory
endosymbiont and Wolbachia as secondary and facultative
[1, 11, 39].

A previous study by Ramalho et al. [24] using next-gen-
eration sequencing techniques surveyed the bacterial com-
munity present across all stages of development of multiple
Camponotus colonies. The main bacteria found in the egg
and queen were Blochmannia and Wolbachia, reinforcing
the idea that the route of acquisition of these endosymbionts
occurs through maternal inheritance. Thus, morphological
studies of the reproductive organs of Camponotus ant queens
may inform the strategies of the establishment of these endo-
symbiotic bacteria in the host.

The acquisition of endosymbionts in oviparous insects
can occur either at the beginning or in the late stages of
oogenesis, although there are few studies in Hymenoptera
(bees, wasps, and ants) that exhibit polytrophic meroistic
ovaries [22]. Insects with polytrophic meroistic ovaries have
nurse cells (grouped inside the nurse chamber) and oocytes
that alternate along the length of ovariole. This set of nurse
chambers (containing the nurse cells) plus the egg chamber
(containing the oocytes) is called the ovarian follicle. To
investigate transmission of Wolbachia, several studies have
been carried out in Drosophila and tsetse flies, which have
meroistic telotrophic ovaries, in which the nurse chamber
is located basally and the apical region is where the germa-
rium (containing the stem cells) is found [3, 9, 14]. Frydman
et al. [14] were able to experimentally add Wolbachia to
the Drosophila melanogaster abdomen and to monitor their
tissue distribution. They found that only 15 days after the
infection, Wolbachia was detected in the germ line and the
transmission route was through the somatic stem cell in the
germarium.

Blochmannia has been detected using fluorescence
in situ hybridization (FISH) during oogenesis of Campono-
tus floridanus, a species commonly found in the Nearctic
region [22]. These authors found that the bacterium was not
present in the germarium, nor in the nurse cells, but they
were located within the oocyte and believed to have been
transferred via follicular cells [22]. As both bacteria, Bloch-
mannia and Wolbachia, were found in large numbers infect-
ing workers of Camponotus textor, an exclusively Neotropi-
cal species [25], this presents the opportunity to investigate
the localization of these bacteria in the reproductive tract of
this species. As the genus Camponotus is very species rich,
it is unclear if this observed pattern is conserved across the
group.

There are several studies addressing the specific location
of these bacteria in host tissues [1, 11, 14, 22, 34, 44] and a
few studies have included insects with telotrophic meroistic
ovaries. These studies have found Wolbachia associated with

the nucleus of the nurse cells, and it is believed that this
bacterium likely reaches the egg through the cytoplasmic
bridges that exist between the nurse chamber and the egg
chamber [3, 42]. But this bacterium has not been localized in
insects that exhibit polytrophic meroistic ovaries. For Bloch-
mannia, in Camponotus floridanus, it is already known that
it is present in the young and mature oocytes, via follicular
cells in polytrophic meroistic ovaries [22]. This leads to the
question of whether other species of Camponotus have the
same pattern of distribution for Blochmannia and what is
the location of Wolbachia within polytrophic meroistic ovar-
ian tissues during dual infections. In this study, we used
fluorescence in situ hybridization (FISH) to document the
distributions of Blochmannia and Wolbachia symbionts in
detail during the oogenesis of the queen of Camponotus tex-
tor and provide a possible developmental mechanism of how
these bacteria reach the egg.

Materials and Methods

The silk nest of Camponotus textor containing adult, imma-
ture individuals, breeding and several queens (polygeny),
was collected in August 2016 in Araraquara Sdo Paulo,
Brazil (Lat. -21.8262, Long. -48.2001). Eight workers were
collected and stored in 95% ethanol for screening of Wol-
bachia and Blochmannia infections. Total DNA extraction
was performed following the same parameters described by
Ramalho et al. [26]. For the confirmation of the presence of
these bacteria in the colony, the primers Bloch 16S-462F
and Bloch 16S-1299R [39] and Wsp81f and Wsp691r [43],
for Blochmannia and Wolbachia, respectively, were used to
amplify this target region through PCR, following the same
parameters of Ramalho et al. [25]. Three C. fextor queens
from the same colony were dissected in 1X PBS (Fig. 1a).
Some ovarioles were submitted to the histological technique
Hematoxylin and Eosin (HE) and to the total assembly tech-
nique for FISH.

Morphology—Hematoxylin and Eosin

For this technique, the protocol described by Junqueira and
Junqueira [19] was followed. The extracted ovarioles were
fixed in 4% paraformaldehyde (w/v) for 24 h (h), and then
transferred to buffer solution (Sodium Phosphate pH 7.4) for
24 h. Subsequently, they were dehydrated in an increasing
series of alcohols (50-95%) over fifteen-minute intervals.
At the end of the dehydration process, the material was
transferred to the embedding historesin and held for 5 days.
Subsequently, the organs were included in plastic molds
containing historesin (Leica Historesin) and polymerizer
3—6 um thick. The blocks were sectioned on a LEICA RM
2255 microtome. The histological sections were placed on
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Fig. 1 Schematic representation and photomicrography of the ova-
ries of a Camponotus textor queen submitted to the histological
techniques of HE (Hematoxylin and Eosin) and fluorescence in situ
hybridization (FISH) with the presence of Blochmannia in the
oocytes. a Right and left ovaries dissected from a C. textor queen. b
Scheme of the polytrophic meroistic ovary of C. textor, with repre-
sentation of some ovarioles. ¢ Ovarioles with nurse chamber and egg
chamber at different stages of development (HE). Note the smaller,
younger oocytes and the larger, more mature oocytes. d Ovarian fol-
licle with nurse cells and egg chamber with the late-stage oocyte
surrounded by follicular cells (HE). e Mature oocyte surrounded

@ Springer

by follicular cells (HE). f Young oocyte and nurse cells without the
presence of Blochmannia (FISH). g—j Mature oocytes with Bloch-
mannia marked in red in the central region. Dotted circle highlights
Blochmannia. There is no presence of this bacterium in the nurse
cells (FISH). fc follicular cells, of ovarian follicle, nch nurse cham-
ber, ech egg chamber, oo oocyte, nc nurse cells, g germarium, spm
spermatheca. The process of maturation of the oocyte occurs in the
germarium-to-spermatheca direction. Cell nuclei were stained with
DAPI and are in blue, and Blochmannia is shown in red (Alexa 647—
Invitrogen)
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glass slides and hydrated for 1 min in dH20O and then stained
by Harris hematoxylin for 10 min. After washing for 5 min
with miliQ water, they were stained by aqueous eosin for
another 5 min, and again washed in miliQ water. After dry-
ing, the slides they were dipped in xylol and then covered
with Canada balsam and a cover slip. The permanent slides
were examined and photographed under a LEICA DM750
light microscope.

FISH Technique (Fluorescence In Situ Hybridization)
and Confocal Microscopy

The ovarioles were separated and fixed in 4% (w/v) para-
formaldehyde in PBS at room temperature for two hours.
Subsequently, they were washed in 50, 70, and 100% etha-
nol baths for 3 min each. The material was placed on Star-
Frost slides (Knittel Glass, Germany), and dried at room
temperature. After drying 40 pL of hybridization buffer
(35% formamide, 900 mM NaCl, 20 mM Tris/HCI pH 7.5,
5 mM EDTA, 0.2% SDS) preheated together with 2 ng/uL
probe (Wolbachia 5" CTAACCCGCCTACGCGCC 3' [1]
with Alexa 488—Invitrogen, and Blochmannia 5' CCTATC
TGGGTTCATCCAATGGCATAAGGC 3’ [11] with Alexa
647—Invitrogen) were added and kept in a humid chamber
in the dark at 46 °C for 2 h. The slides were then washed
with wash buffer (70 mM NaCl, 20 mM Tris/HCI pH 7.5,
5 mM EDTA, 0.01% SDS) and heated again for 30 min at
48 °C and also kept in a humid chamber. Subsequently, the
excess washing buffer was removed with miliQ water, and
it was allowed to dry at room temperature.

The DAPI (Molecular Probes, USA) (1:500) which stains
host nuclei blue, and hence possible to infer whether bacteria
are intra- or extracellularly present, was placed directly onto
the organ for 5 min, and then washed 3x in miliQ water.
Prolong Gold (Thermo Fisher Scientific, USA) was used to
mount the slide, which was overlaid with a cover slip and
sealed with clear nail polish. For the whole-mount laser, the
Leica TCS SPSII confocal microscope was used to obtain
the photomicrographs, and Leica TCS SP5II software was
used for the confocal analysis using maximum projection. To
guarantee the specificity of the analyzed probes, a negative
control of the material was performed without any probe
used, only with the wash buffer, subjected to wavelength
lasers 405, 488, 545, and 647 nm.

Results

Our PCR-based screening confirmed 100% Blochmannia
and Wolbachia infection in C. textor workers as found in a
previous study [25]. The queens of C. fextor used in the pre-
sent study showed that the two ovaries developed with more
than a hundred ovarioles each (see Fig. 1a). Histological

techniques using HE staining showed that the C. textor ovary
exhibits polytrophic meroistic ovaries, composed of several
ovarioles (Fig. 1), with each ovariole composed of the ger-
marium in the distal region (Supplementary File Fig. 1); late
or mature oocytes flow into a common oviduct in which the
spermatheca is present (see scheme Fig. 1b); oocyte, which
can be visualized in the early and late stages of development
(Fig. 1c); a chamber of nurse cells with nurse cells (Fig. 1d);
and a chamber of eggs surrounded by follicular cells with
simple cubic epithelium (Fig. le).

Additionally, the probe-based technique, Fluorescent
in situ hybridization (FISH), permitted detailed visualiza-
tion of ovarioles of Camponotus textor queens infected with
Wolbachia and Blochmannia. During the analysis of the api-
cal region, which is where the germarium (stem cells) of
Camponotus queens (Supplementary File Fig. 1) reside, we
did not detect the presence of Blochmannia or even of Wol-
bachia (Supplementary File Fig. 1). Also, even when the
stem cells begin to differentiate in the egg chamber with the
oocyte and follicular cells, and the nurse chamber with nurse
cells (Figs. 1f, 2a), the presence of Blochmannia and Wol-
bachia could not be detected. Later, with the advancement
of oocyte development, which is correlated with a decrease
of the nurse cells (since there are nutrient passages from this
cell to the oocyte), the Blochmannia and Wolbachia mark-
ings began to appear, but each in a different location: Bloch-
mannia is always found inside the oocyte in a central region
(Fig. 1g-J), and Wolbachia is always around the nuclei of
the nurse cells (Fig. 2b, c, d, f, g, h). In our results, we did
not find any polarization of Blochmannia, that is, it did not
appear displaced in any specific region of the oocyte during
oocyte development.

Discussion

Endosymbionts that are transmitted maternally may use dif-
ferent strategies to establish themselves in the oocyte. For
example, in Marchalina hellenica (Insecta, Hemiptera),
which has a meroistic telotrophic ovary, the infection already
appears in the germarium cell, and consequently both the
oocytes and the nurse cells have endosymbionts [36]. In the
ant, Cardiocondyla obscurior Wheeler, 1929, the Westeber-
hardia endosymbiont is found in the nurse cells and is only
transmitted to the oocytes in the final stages of their devel-
opment [20].

To better understand how Wolbachia and Blochmannia,
two bacteria commonly associated with Camponotus, are
maternally transferred [24], it is important to include
detailed studies of queen ovarioles using the FISH tech-
nique. Here, we identified when and where these bacteria
are located in the oogenesis process and below we provide
a possible developmental mechanism of how these bacteria
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Fig.2 Schematic representation and photomicrography of the ovaries
of Camponotus textor submitted to fluorescence in situ hybridization
(FISH) with the presence of Wolbachia in the nurse cells. a Young
oocytes and nurse cells without the presence of Wolbachia. b, ¢, d,
f, g, h Presence of Wolbachia around the nucleus of the nurse cells.
Arrow highlights Wolbachia around the nucleus. e Scheme of the
polytrophic meroistic ovary of C. textor, with representation of some

reach the egg. Blochmannia establishes itself first when
compared with Wolbachia, and it is found inside late-stage
oocytes. Wolbachia is associated with the nuclei of the
nurse cells. In addition, this is the first study to show the
transovarian transmission of Blochmannia and Wolbachia
during oocyte ovulation in a single host species with poly-
trophic meroistic ovaries (Fig. 2e).

@ Springer

ovarioles. i Note that there is no presence of Wolbachia within the
oocytes. of ovarian follicle, nch nurse chamber, ech egg chamber, oo
oocyte, nc nurse cells, g germarium, spm spermatheca. The process
of maturation of the oocyte occurs in the germarium-to-spermatheca
direction. Cell nuclei were stained with DAPI and are in blue, and
Wolbachia is shown in green (Alexa 488 Invitrogen)

Blochmannia

Our results documented that Blochmannia is already present
in the developing oocytes. This could be explained at this
stage of development as Blochmannia is already present in
large quantities, permitting detection with these methods.
In Camponotus floridanus, Kupper et al. [22] found that
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Blochmannia infection is more prevalent at the beginning
of oocyte development, exclusively in the follicular cells
and not in the germarium. Our results corroborate data from
Camponotus floridanus (Buckley, 1866) [22], as we found
no signal of Blochmannia infection in the C. fextor germa-
rium region of the ovary. This may suggest that the infec-
tion by this bacterium occurs later in development. Some
studies of Camponotus have been able to detect infection in
young oocytes [5, 8, 22], while others are only able to detect
Blochmannia in mature oocytes [32, 33] and present study.
But Blochmannia, whether in the young or mature oocyte,
may access the oocyte via follicular cells [5, 8], as the nurse
cells do not have this endosymbiont [22], corroborating our
results.

Additionally, Kupper et al. [22] were able to visualize the
displacement, in a more advanced stage of ovarian develop-
ment, of Blochmannia to the posterior pole of the oocyte.
According to the authors, this may be explained by the high
quantity of yolk present in the late oocyte, moving Bloch-
mannia to this region. In our observations, Blochmannia
always appears in the central region, and never concentrated
towards any of the poles. This migration of the bacterium
towards one of the poles may still occur because our oocytes
had not yet reached this later developmental stage.

Wolbachia

Our current understanding of the mechanisms involved in
Wolbachia localization is limited [14, 17, 37]. Our results
showed that Wolbachia is always present inside the nurse
chamber, around the nuclei of the nurse cells, intracellularly.
This provides additional evidence for the vertical transfer-
ence of these bacteria [25]. It must then be passed on to the
oocyte at a later developmental stage. We know that this
bacterium has been found in the eggs of Camponotus even
though it is in low quantities [24].

At the beginning of oogenesis, Wolbachia was not found
in the germarium. This suggests that this bacterium must
have an alternative mechanism to ensure that it arrives in the
nurser chamber later to ensure its vertical transference. Other
studies performed with Chalcidoidea wasps and Glossina
tsetse flies have also found this same distribution pattern
of Wolbachia associated with nurse cells, and being trans-
ferred only in the late stages of oogenesis or even in young
embryos [3, 42]. Zchori-Fein and collaborators [42] have
been able to demonstrate that the bacterium is passed to
the oocyte at later stages, via nurse cells, through cytoplas-
mic bridges. Our data from Wolbachia is the first study to
account for meroistic politrophic ovaries in the ant, Cam-
ponotus textor, and suggests that the same mechanism hap-
pens, since we only observe Wolbachia around the nucleus
of the nurse cells.

For Wolbachia to be passed vertically to the progeny,
it seems reasonable that it is present in the stem cells of
the germarium. The low amount of Wolbachia in these
stem cells could result in the loss of infection that has
been observed by Werren [40]. However, some studies
have demonstrated that there are different strategies and
pathways to ensure that this bacterium is passed to the
next generation [14, 15]. Therefore, although Wolbachia
appears to pass into the oocyte via nurse cells shortly
before completing development, another strategy could
be for different strains of Wolbachia to concentrate at dif-
ferent locations in the oocyte, in order to ensure greater
chances of success in the passage to the progeny, as has
been observed for Drosophila [21, 38]. The results pre-
sented here support the hypothesis of Wolbachia being
passed in the late stages of oocyte development for C.
textor.

Conclusions

Our study is the first to use histology techniques and flu-
orencence in situ hybridization to visualize the two main
bacteria occurring together in the same host, which likely
exhibit different infection strategies, of Camponotus dur-
ing oogenesis of a polytrophic meroistic ovary. From our
findings, we demonstrated that Blochmannia first appears
in the oocyte, with Wolbachia only present in the final
stages, before the oocyte completes development. Our
results corroborate the idea that Blochmannia is trans-
ferred into the oocyte via follicular cells, and Wolbachia
passes laterally straight from the nurse cells to the oocyte
through the cytoplasmic connections between the egg
chamber and the nurse chamber. Understanding more
about the mechanisms of ovarian transmission of these
endosymbionts may reveal more about their adaptations
that permit the failure or success of Blochmannia and Wol-
bachia to colonize new hosts.
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