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Morphological characterization of the antennal lobes
in the Mediterranean fruit fly Ceratitis capitata
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Abstract The medfly Ceratitis capitata is one of the most
important pests for horticulture worldwide. The knowledge
about anatomy and function of the medfly olfactory system
is still limited. The first brain structure to process olfactory
information in insects is the antennal lobe (AL), which is
composed of its functional and morphological units, the
olfactory glomeruli. Here, we present a morphological
three-dimensional reconstruction of AL glomeruli in adult
brains. We used unilateral antennal backfills of olfactory
receptor neurons (ORNs) with neural tracers, revealing the
AL structure. We recorded confocal stacks acquired from
whole-mount specimens, and analyzed them with the soft-
ware AMIRA. The ALs in C. capitata are organized in
glomeruli which are more tightly packed in the anterior
part than the posterior one. Axons of ORNs bilaterally
connect the ALs through a commissure between the two
ALs. This commissure is formed by several distinct fas-
cicles. Contralateral dye transfer suggests the presence of
gap junctions connecting ORNs from both antennae. There
was no statistical difference between the average volumes
of female ALs (204,166 + 12,554 pm?) and of male ALs
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(190,287 + 11,823 }Lm3). In most specimens, we counted
53 glomeruli in each AL, seven of which were sexually
dimorphic in size.
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Abbreviations

AL Antennal lobe

AMMC Antennal mechanosensory and motor center
DAPI 4’ 6-Diamidino-2-phenylindole

MCG Macroglomerular complex

NB Neurobiotin

ORN Olfactory receptor neuron

SEG Subesophageal ganglion

SIT Sterile insect technique

TMR-DA Tetramethylrhodamine-conjugated dextran
amine

VUM Ventral unpaired median

Introduction

The Mediterranean fruit fly Ceratitis capitata (Wied.) is a
widespread pest for horticulture, targeting a great variety
of fruit and vegetables species (Liquido et al. 1990). It is
considered one of the most important agricultural pests in
the world not only for its broad polyphagy, but also because
of its biological potential, the possibility of adaptation to
diverse environments and the difficulty of control (Gasperi
et al. 2002; Malacrida et al. 2007; De Meyer et al. 2008;
Diamantidis et al. 2011). Due to its commercial relevance,
many studies focused on the development and improve-
ment of different control strategies. Some of them are based
on the use of biological competitors (Headrick and Goeden
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1996) or sterile adults, as in the Sterile Insect Technique
(SIT, Shelly and Kennelly 2002; Shelly and McInnis 2003;
Shelly 2005), others on chemicals, such as the mass trap-
ping (Jang et al. 1989, 1994; Heath et al. 1991; Cosse et al.
1995; Katsoyannos et al. 1997; Papadopoulos et al. 2001).
Both SIT and mass trapping are more effective when they
involve the activation of the olfactory system, since odor-
ants can be used as efficient species-specific attractants.
Knowledge of the morphological and functional properties
of the peripheral and central olfactory structures is a funda-
mental requirement to understand the mechanisms involved
in odor information processing.

Several studies have been conducted in the past years on
olfactory sensitivity of C. capitata toward different com-
pounds of interest for this species. For example, electro-
physiological recordings from antennae of medfly adults
have shown a higher sensitivity of females than males for
some Citrus peel oils and volatile compounds (Light et al.
1988, 1992; Levinson et al. 1990; Hernandez et al. 1996),
while behavioral tests revealed a stronger preference of
males than females for the volatiles of orange flavedo (Kat-
soyannos et al. 1997). In females, odor preference may
be affected by mating behavior: it has been observed that
females are more attracted by the male-produced phero-
mone than the ripe guava odor during early sexual maturity,
but this preference is inverted after mating (Jang 1995).
Furthermore, the exposure to some natural and synthetic
compounds may influence the mating behavior in medfly
males (Shelly et al. 1996, 2004, 2007, 2008).

From a morphological point of view, information about
the olfactory system of C. capitata in the literature is dra-
matically incomplete. The peripheral structures in adult
medflies have so far been described best, with particular
attention to the typology and distribution of olfactory che-
mosensilla on the antennal surfaces of males and females.
Briefly, four sensilla types (classified as basiconic, clavate,
trichoid, and grooved) are distributed along the antennal
flagellum (Mayo et al. 1987; Crnjar et al. 1988; Bigiani
et al. 1989; Sollai et al. 2010). There is no sexually dimor-
phic difference in number and distribution, except for
clavate sensilla, which are more frequent in the lateral
surface of females (Sollai et al. 2010). Olfactory sensilla
house the olfactory receptor neurons (ORN) that transduce
information of a volatile stimulus into action potentials.
Past the peripheral morphology, little is known about the
olfactory structures in the central nervous system of this
species.

Olfactory receptor neurons on the insect antenna pro-
ject their axons into the brain. Their target area is the first
brain center in which olfactory information is processed:
the antennal lobe (AL), analogous in structure and func-
tion to the olfactory bulb of vertebrates (Strausfeld and
Hildebrand 1999). ORN axons terminate in spherical

structures within the AL, called olfactory glomeruli,
where they synapse with the neurites of target neurons
(local interneurons and projection neurons). Local
interneurons process olfactory information within glomer-
uli and across them, projection neurons relay information
processed inside the ALs to the higher brain centers, the
mushroom body calyces and lateral horn (Homberg et al.
1988, 1989; Stocker 1994; Ito et al. 1998; Galizia and
Rossler 2010; Galizia 2014).

Across many species, the functional organization of
the AL is conserved (Galizia 2008), while the number of
glomeruli is variable depending on the species (Rospars
1988; Schachtner et al. 2005). Importantly, glomeruli form
the functional units of the olfactory code at this level of
processing. Odors are coded as combinatorial patterns
of activity across glomeruli, with some odorants activat-
ing one or few glomeruli selectively, and others eliciting
complex patterns across glomeruli (Galizia 2014). In a
combinatorial system, information capacity scales super-
exponentially with the number of units present. Therefore,
knowing how many glomeruli a species has is an indi-
cation for the dynamic range of how many odors can be
coded at best in the system. Furthermore, glomeruli with
related response profiles are often clustered, suggesting
that lateral processing across glomeruli may be influenced
by their relative position (Knaden et al. 2012). Knowing
the spatial arrangement of glomeruli thus becomes a rel-
evant step in elucidating the olfactory system of a particu-
lar species. For this reason, the glomerular organizations
of the ALs have been studied and described in several
insect species, such as Drosophila (Stocker et al. 1990;
Laissue et al. 1999), moths (Kanzaki et al. 1989; Rospars
and Hildebrand 1992; Berg et al. 2002; Skiri et al. 2005),
honeybees (Galizia et al. 1999), mosquitoes (Anton and
Rospars 2004; Ignell et al. 2005; Ghaninia et al. 2007),
cockroaches (Chiang et al. 2001) and beetles (Dreyer et al.
2010; Hu et al. 2011). This development has been strongly
aided by the improvement of staining techniques based on
fluorescent dyes, combined with confocal sectioning of
whole-mount preparations, and the reconstruction of entire
ALs by image analyses.

Since no data are available for C. capitata, the aim of
this work was to characterize the glomerular morphol-
ogy of the ALs in adult medfly brains. For this purpose,
unilateral antennal backfills in combination with immu-
nohistochemical staining were performed in adult males
and females. We compared different neuronal tracers and
added counterstains in some preparations. Confocal stacks
acquired from whole-mount specimens were analyzed, and
we report the number of glomeruli, their sizes and relative
positions. Most importantly, the 3D atlas is available as
an interactive tool to the community, in the hope that it be
helpful for future researchers.



Materials and methods
Insects

All the experiments were performed on adult medflies of
C. capitata of both sexes (5—10 days old), kindly supplied
by the Dept. of Animal Biology of the University of Pavia
(Italy) at the pupal stage, and reared under controlled con-
ditions (22 £ 1 °C, 60-70 % relative humidity, 12:12 h
light:dark cycle) in a climatic chamber. Adult flies were fed
with a mixture of sugar and yeast (4:1). Fresh water was
given twice a week.

Staining techniques

Three different staining techniques were used. First, uni-
lateral antennal backfills (right antenna) were performed
in eight females, by means of the neuronal tracer neuro-
biotin (NB, Vector Laboratories), revealed by streptavidin
conjugated with the fluorochrome Cy3 (Jackson Immu-
noResearch Europe). Second, NB was used as a backfilled
tracer, and visualized with avidin-Alexa Fluor 488 (Invit-
rogen, Molecular Probes) (n = 8 males, n = 4 females). In
some specimens (n = 4 males, n = 2 females) we added
immunohistochemical labeling with the primary antibody
anti-synapsin (anti SYNORF1 3C11, Developmental Stud-
ies Hybridoma Bank, University of Iowa, USA), in order to
visualize brain areas with high synaptic density (such as the
glomeruli in the ALs). We incubated with a goat anti-mouse
secondary antibody conjugated with Alexa Fluor 546 (Inv-
itrogen, Molecular Probes). Cell nuclei were visualized
with 4/,6-diamidino-2-phenylindole (DAPI). Third, bilat-
eral or unilateral (right) antennal backfills were performed
using the neuronal tracer tetramethylrhodamine-conjugated
dextran amine (TMR-DA; Molecular Probes, D3308, MW
3000) (n = 3 males and n = 3 females).

Except otherwise stated, chemicals were purchased from
Sigma-Aldrich.

Antennal backfills

Living insects were inserted into truncated 100 pl plastic
pipette tips, with the head protruding at the tip and immo-
bilized with plasticine. Then, the right antenna was placed
vertically and stabilized with other plasticine. A small well
was built around the antenna with vaseline, filled with
a drop of a NB solution (2 % in distilled water), and the
antenna was cut at the base of the flagellum, exposing the
cut surface to the tracer solution.

The well was then covered with more vaseline and the
insects were kept at 4 °C in a moistened chamber to pre-
vent desiccation, for 5 h or overnight, to allow complete

133

migration of the tracer. Afterward, heads were removed
from the insect body, and placed in a Petri dish with 4 %
paraformaldehyde dissolved in sodium phosphate buffer
(PBS, 0.1 M, pH = 7.2). The brains were immediately dis-
sected from the head capsule and post-fixed in new fresh
paraformaldehyde at room temperature, for a total fixa-
tion time of 3 h. Subsequently, brains were washed several
times (usually 8 times x 30 min) in PBS with 0.2 % Triton
X-100 (PBST). Brains were then incubated in avidin-Alexa
Fluor 488 at 1:400 dilution or in streptavidin-Cy3 at 1:500
dilution for 3 days. The nuclear marker DAPI (1:500) was
added together with avidin or streptavidin for visualization
of cell body nuclei. After incubation, brains were washed in
PBST (8 times x 30 min), dehydrated in increasing ethanol
solutions (50 %, 75 %, 95 %, 2 times x 100 %, 30 min
each) and treated in xylene for 2-3 min.

The same procedure was adopted also for bilateral or
unilateral (right) antennal backfills with TMR-DA, except
for the visualization steps with avidin-Alexa Fluor 488,
streptavidin-Cy3 or DAPL

All the steps of fixation, washing and incubation were
done on a shaker, in constant and gentle agitation. Finally,
brains were mounted in DPX (a mixture of distyrene,
a plasticizer, dissolved in toluene—xylene), using three
spacer rings (Secure-Seal™ imaging spacers, 13 mm diam-
eter x 0.12 mm depth, Sigma-Aldrich) to avoid pressure
effects on the brain tissues by the coverslip. In fact, the
thickness of the brain in the mid region, where the ALs are
located, is about 300 jwm, less than the thickness of the tri-
ple spacers (360 pm) used. Any possible compression due
to the coverslip was thus absorbed by the spacers, leaving
the AL region unaffected.

Immunohistochemistry

Six specimens were additionally labeled for synapsin, to
visualize the neuropil. In these preparations, after the NB
backfill step, brains were treated with a blocking solution of
PBST containing 0.2 % bovine serum albumin (BSA) and
0.02 % NaNj;. The blocking step was done at room temper-
ature on a shaker, for 12 h or overnight, to prevent unspe-
cific binding of the antibody and to reduce the background
noise. Then, brains were incubated in a solution with
avidin-Alexa Fluor 488 (1:400) and the mouse monoclo-
nal primary antibody anti-synapsin (1:250) in PBST with
0.2 % BSA and 0.02 % NaN,. The specimens were subse-
quently washed (8 times x 30 min) in PBST and incubated
in a goat anti-mouse secondary antibody conjugated with
Alexa Fluor 546, diluted 1:200, and DAPI (1:500) in PBST
with 0.2 % BSA and 0.02 % NaN,. After incubation, brains
were washed again in PBST (8 times x 30 min), dehy-
drated in increasing ethanol solutions (50-100 %, 30 min
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each), treated with xylene (2-3 min), and finally mounted
in DPX.

Image acquisition and analysis

3D-Images from whole-mount specimens were obtained by
confocal microscopy.

Brains treated with streptavidin-Cy3 (eight female
brains) were scanned with a Zeiss LSM 510 Meta confo-
cal microscope (Carl Zeiss, Jena, Germany), equipped
with a 20x, NA = 1.0 water immersion objective for full
brain scans, and a 63x, NA = 1.4 oil objective for single
AL scans. Cy3 was excited with a HeNe laser at 543 nm,
whereas DAPI was excited in 2-photon mode at 750 nm,
with appropriate filters to detect the fluorescence.

Preparations treated with Alexa Fluor 488, Alexa Fluor
546 and TMR-DA were viewed with a Leica SP5 confo-
cal microscope, using a 20x/0.5 dry or a 63x/1.40 oil
objective. A supercontinuum white light laser delivered
an excitation wavelength of 488 nm for Alexa Fluor 488,
and 556 nm for Alexa Fluor 546 and TMR-DA. Fluo-
rescence was detected in a range of 495-580 and 561-
635 nm, respectively. Nuclei stained with DAPI were
excited with a UV laser (405-diode). The voxel size was
0.2405 x 0.2405 x 0.25177 pm (x, y, z).

Glomerular identification and nomenclature

20 3D image stacks were analyzed with the AMIRA 5.2.1
software (Visage Imaging, Berlin, Germany). Glomeruli
were labeled using the Segmentation tool. Identification
of glomeruli in the medfly ALs was made considering the
location, the shape and the dimension, and the nomencla-
ture used is based on that developed for Drosophila (Stocker
et al. 1990). Each glomerulus was marked by one or two
capital letters indicating the general position: A = ante-
rior, P = posterior, D = dorsal, V = ventral, L = lateral,
M = medial, C = central. Letters were followed by num-
bers to distinguish multiple glomeruli in the same region.

Six brains stained with TMR-DA were also scanned
and qualitatively analyzed for their overall AL morphology
with AMIRA 5.2.1.

Statistics

For each AL, the following parameters were measured: vol-
ume of glomeruli, overall volume of the AL (expressed as
the sum of the volumes of all stained glomeruli in a given
AL) and sex of the animal. Volumes of glomeruli were cal-
culated after the segmentation procedure, multiplying the
number of voxels with size of a single voxel.

Since NB unilateral (right) antennal backfills resulted
in staining of not only the ipsilateral (right) ALs, but also

of the contralateral (left) ALs, two-way ANOVA was used
to evaluate volumetric differences between ipsilateral and
contralateral ALs within each sex and between correspond-
ing ALs in males and females.

To investigate sexual dimorphism in glomerular size,
two-way ANOVA was used to compare, within ipsilateral
ALs, the volume of each glomerulus type across sex. To
this purpose, the glomerulus volumes were linearly normal-
ized to the total volume of each respective AL.

Data were checked for the assumption of normality and
homogeneity of variance, and post hoc comparisons were
conducted with the Duncan’s test. All statistical analyses
were performed using STATISTICA for WINDOWS (ver-
sion 7.0; StatSoft Inc., Tulsa, OK, USA). P values <0.05
were considered significant.

Results
Backfills and antibody stainings

Confocal sectioning of C. capitata brains allowed us to
visualize entire ALs in single image stacks. Optical pen-
etration was sufficient to achieve good image quality across
the entire depth of the AL (Fig. 1a). For quantitative image
analysis, we selected the 20 brains with best image quality
across the entire image stack. Six of these were also immu-
nostained for synapsin both in the left and the right ALs
(Fig. 1b, ¢). As other insects, medflies have two ALs, sym-
metrically located in the anterior part of the brain (Fig. 1d).
The shape of the ALs was ellipsoidal and flattened (Fig. 2).
We took great care to ascertain that the flat shape was not
a consequence of artificial compression, but rather a gen-
uine property of this species’ neuroanatomy. The left and
right AL were interconnected by a commissure formed by
ORN axons which were arranged in multiple nerve fasci-
cles (Fig. 2a). ORNs form a commissure also in Drosophila
(Stocker 2001), but not in all Diptera; e.g. not in mosqui-
toes (Ghaninia et al. 2007) or Phormia regina (Calliphori-
dae) (Larsen et al. 1976); but in some mosquito ORNs on
the palps project bilaterally (Anton et al. 2003).

Tracing neurons from the antenna reliably labeled affer-
ences to the ipsilateral and the contralateral AL. In addition,
irrespective of the tracer used, we found several other struc-
tures labeled from the antenna. These include (see supple-
mentary Figure): (1) a group of cell bodies (between 2 and
4) that were labeled in the subesophageal ganglion (SEG),
connected by prominent axons. This label was strong in
some samples, and weak in others, possibly depending on
how well the tracer was transported; (2) a mesh of neuro-
pil in the SEG, indicating the presence of gustatory sensory
neurons; (3) staining of fibers in the antennal mechanosen-
sory and motor center (AMMC) of the dorsal lobe, adjacent



Fig. 1 Single optical sections of an AL in an adult medfly. a Antero-
grade backfill with neurobiotin (NB, green), revealed by avidin-Alexa
Fluor 488. Projections of ORNs enter the AL and form dense packed
regions identifiable as glomeruli. DAPI (blue) stains cell body nuclei.
b Immunohistochemical staining with anti-synapsin antibody (red)
allowed to highlight the presence of glomeruli inside the ALs, and
clusters of cell bodies surrounding the AL (nuclei stained with DAPI,
blue). ¢ NB and anti-synapsin stainings merged together from a and

to the AL (Tto et al. 2014). Interestingly, no cell bodies of
motor neurons were labeled in this area, suggesting that
our distal cut of the antennal nerve did not include motor
neuron fibers; (4) a single neurite bypassing the AL and
projecting into the protocerebrum along the brain midline.
Since in this study we focus on the AL, we did not consider
these projections in further detail. In addition, we found
that when we used NB as tracer, additional cells and neu-
rites were labeled weakly, but clearly visible. In particular,
the contralateral antennal nerve was also labeled, and more
contralateral glomeruli were labeled. In addition, we found
NB staining in cell bodies adjacent the AL (local neurons
and projection neurons), and several second-order projec-
tions (e.g. from the AL to the mushroom bodies).

b. Comparison of the two stainings was fundamental in some cases,
to recognize the borders of single glomeruli otherwise not identifia-
ble. d Anterograde backfill in a specimen treated with NB revealed by
streptavidin-Cy3. Sensory afferents from ORNs enter the AL, form-
ing the antennal nerve (AN). Due to a contralateral innervation, ALs
are interconnected by the antennal commissure (AC). The nuclear
marker DAPI revealed the cell body nuclei. The orientation of the AL
is indicated: D dorsal, V ventral, L lateral, M medial

The antennal lobes of Ceratitis capitata: identification
of glomeruli and statistics

We reconstructed each glomerulus in the image stacks of
the NB-stained AL (Fig. 3) and found that, in each sex, 53
glomeruli were present in both the ipsilateral and contralat-
eral ALs. Missing or supernumerary glomeruli were only
occasionally found. However, we also found that backfills
from the antenna did not stain all glomeruli: a number of
glomeruli were evident in the immunohistochemical stain-
ing with anti-synapsin antibody, but not labeled by NB.
These glomeruli appear as interspersed among those back-
filled by NB throughout the antenna (Fig. 4). The synapsin
labeling alone did not give us sufficiently clear information
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Fig. 2 Confocal XY (a) and XZ (b) planar projection view of a rep-
resentative preparation following unilateral antennal backfills with
TMR-DA, showing the ellipsoidal (a) and flattened (b) shape of ALs
and the commissure formed by multiple nerve fascicles. The orien-
tation of the AL is indicated by the cross: A anterior, P posterior, D
dorsal, V ventral, L lateral, M medial. Scale bar 25 pm

to segment their shape. Therefore, we did not quantify their
number and did not include them in the AL atlas. From vis-
ual inspection, we estimate their number to be no less than
5-6 glomeruli per AL. All of these are located in the medial
region of the ALs. However, we cannot exclude that more
such glomeruli may be located in other regions of the ALs.

Two-way ANOVA revealed that there was no signifi-
cant interaction of the AL type x sex on the total AL vol-
ume, calculated as the sum of all glomerular volumes
[F(134) = 0.0307, P = 0.8619]. These results indicate that
the NB-treated contralateral ALs do not differ from the ipsi-
lateral ones, neither in males nor in females (Fig. 5). There-
fore, we calculated the mean volume as the pooled ipsilat-
eral and contralateral AL averages: 190,287 £ 11,823 me3
in males and 204,166 + 12,554 me3 in females. However,
when the volumes of the 53 glomeruli were individually
considered, two-way ANOVA showed a significant interac-
tion of glomerulus X sex [Fs; 939, = 2.7459, P < 0.0001].
Post hoc comparisons of males and females showed statis-
tical volume differences in seven glomeruli. In particular,
three glomeruli were larger in females: PD1 (P = 0.00005),
located dorso-medially in the posterior area and in close
proximity to the antennal commissure, C3 (P = 0.048),
located centrally, and PV1 (P = 0.00005), which is the
most ventral glomerulus, placed in the posterior area.

4 glomeruli resulted larger in males than in females:
AV1 (P = 0.004), located anteriorly, at the entrance of the
antennal nerve, AD1 and D4 (P = 0.004 and 0.000, respec-
tively), both located in the lateral region of the AL and Al

Fig. 3 A confocal stack of the AL of a male medfly (same prepara- p
tion of 3D reconstructions in Fig. 9 and supplementary material),
seen from an anterior perspective, as shown by NB staining. Ten sec-
tions from anterior to posterior (a—j) were selected from a total of 197
images. Sections were selected at different, and sometimes irregular,
intervals (the depth within the AL neuropil is indicated in the left cor-
ner of each figure), to display all glomeruli and to restrict the num-
ber of sections displayed. The orientation of the AL is indicated: D
dorsal, V ventral, L lateral, M medial. Left column displays unaltered
confocal images (raw data). Middle column displays demarcated glo-
meruli superimposed on negative confocal images. Right column dis-
plays identified glomeruli (for terminology see text). Color coding is
identical to that shown in the 3D reconstructions. Scale bar 25 wm

(P = 0.004), in the anterior part of the AL (Fig. 6). These
results suggest that some odorants have a sexually related
relevance, resulting in sexual dimorphism of the glomeruli
relevant for their processing.

The comparison of left and right glomerular volumes
reported here is based on unilateral backfills with NB, sub-
sequently labeled by avidin-Alexa Fluor 488 or streptavi-
din-Cy3. The two ALs are connected by a commissure that
transports the neural tracer from the ipsilateral to the con-
tralateral AL (Fig. 1d). We noted that, in our preparations,
also the contralateral antennal nerve was stained (Fig. 7), in
both males and females.

Clusters of cell bodies representing somata of interneu-
rons and projection neurons were clearly visible in the syn-
apsin staining, the nuclei of which were stained by DAPI
(Fig. 1a—d). Our results showed that unilateral (right) anten-
nal TMR-DA backfill also resulted in some degree of con-
tralateral staining, but not to the extent observed for NB stain-
ing (Fig. 8). In fact, staining with TMR-DA showed a lack of
labeling not only in the contralateral antennal nerve, but also
in some of the glomeruli in the contralateral AL (n = 6).

3D atlas of antennal lobes in C. capitata

The identification of single glomeruli also allowed us to
compile a 3D map of the ALs, based on glomerular seg-
mentation, both in males and females (Figs. 9, 10). To sim-
plify recognition and visual inspection, each glomerulus
has been attributed a different color. We named glomeruli
in the different specimens on the basis of the same prin-
ciple, as the general position is constant in the ALs, both
intra- and inter-individually. The figures show labeled snap-
shots of an interactive 3D AL atlas of both sexes. This atlas
can be downloaded as supplementary material to the pre-
sent paper, and from http://neuro.uni.kn/ceratitisALatlas.

Discussion

The aim of this study was to describe the glomeru-
lar morphology of the ALs in the Mediterranean fruit fly
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Fig. 3 continued
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Fig. 4 Confocal images (single optical sections) of NB (i) and anti-
synapsin (ii) stainings from two different preparations (a and b),
showing that a number of glomeruli positive to only anti-synapsin

250 - M ipsilateral ALs W contralateral ALs

200
150
100 ~

50+

AL volume (um? x 1000)

Male Female

Fig. 5 Overall volume of ipsilateral and contralateral ALs (calculated
as the sum of the volumes of all stained glomeruli in a given AL), in
male and female medflies, following unilateral (right) antennal back-
fills with NB and anti-synapsin stainings. Mean values £ SE (vertical
bars) from 14 ALs (eight ipsi-, six contralateral) in males and 24 ALs
(12 per side) in females

C. capitata. Glomeruli represent the morpho-functional
units of the ALs in many species of insects (Kanzaki et al.
1989; Stocker et al. 1990; Rospars and Hildebrand 1992;
Galizia et al. 1999; Laissue et al. 1999; Chiang et al. 2001;
Berg et al. 2002; Anton and Rospars 2004; Ignell et al.
2005; Skiri et al. 2005; Ghaninia et al. 2007), which fol-
low a common functional organization, but with a variable

(red arrows), are interspersed among those positive to both anti-syn-
apsin and NB (some circled with colored outlines). The orientation of
the AL is indicated: D dorsal, V ventral. Scale bar 25 pm

number across species (Rospars 1988; Schachtner et al.
2005).

Technical aspects and staining quality

After backfilling olfactory sensory axons with fluorescent
tracers, we could visualize all glomeruli in the confocal
image stacks. However, the borderline between one glo-
merulus and the next was not always easy to identify in the
backfills. Here, we needed to resort to anti-synapsin coun-
terstains to clearly distinguish single glomeruli. Synapsin
labels synaptic structures (Jahn et al. 1985) and glomeruli
are the places where synaptic interactions occur: thus
synaptic labeling allowed us to better separate different
glomeruli. Axonal afferents often crossed even neighbor-
ing glomeruli, making it difficult to pinpoint the borders.
It might be that in C. capitata, a consistent glial sheath to
separate glomeruli is less prominent. Glial sheets in the AL
act as markers for axonal pathfinding (Oland and Tolbert
2011). However, these quite speculative hypotheses would
need specific investigations in the future.

We note that synapsin staining also labeled the somata
of many neurons around the AL, suggesting that the anti-
body is less specific in this species. Since synapsin labels
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Fig. 6 Normalized volume of
the 53 glomeruli detected in
the ipsilateral ALs, in male and 6 1
female medflies, following uni-
lateral (right) antennal backfills
with NB. Mean values & SE
(vertical bars) from ipsilateral
glomeruli of eight ALs in males
and 12 ALs in females. Aster-
isks indicate significant differ-
ences, for a given glomerulus,
between males and females

(P < 0.05; Duncan'’s test subse-
quent to two-way ANOVA)

Normalized GL volume
(100% = overall AL volume)

N - N
==>2>>
> >

presynaptic structures, the alternative hypothesis that AL
somata contain presynapses appears less likely.

The number of glomeruli in the antennal lobe

We have counted 53 glomeruli in C. capitata. It is known
that the number of glomeruli may vary greatly depend-
ing on the species (Rospars 1988; Schachtner et al. 2005),
but in Diptera, such as flies and mosquitoes, ALs are usu-
ally characterized by numbers ranging from around 50
to 60 (Laissue et al. 1999; Ignell et al. 2005; Ghaninia
et al. 2007). Thus, the number found in C. capitata falls
within the same range as other dipterans. There were
only few cases of absent or supernumerary units. In gen-
eral, the count of missing or supernumerary glomeruli in
different specimens is not unusual, and this fact has been
found in various insect species studied so far (Rospars and
Hildebrand 1992, 2000; Galizia et al. 1999; Couton et al.
2009; Kazawa et al. 2009). The explanation for this may
depend on a methodological error in the experimental and
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analytical procedures, as well as on individual variability.
Although in C. capitata one cannot completely exclude
an incorrect outline of glomeruli due to a methodological
error, this should not be considered as the main source of
difference, given the standardization of the staining pro-
tocols and the selection of good quality confocal image
stacks for the count. We therefore assume that interindivid-
ual variability may be largely responsible for the presence
of anomalies in the number of glomeruli. Since in Dros-
ophila melanogaster the number of glomeruli is directly
related to the number of olfactory receptors expressed by
sensory neurons (Couto et al. 2005), this variability may
reflect genetic variability in expressed olfactory receptor
genes. It may be that this variability will have an impact
on future attempts to use olfactory cues in C. capitata pest
control.

The number of 53 glomeruli is very close to the 54 pre-
sent in the closely related species D. melanogaster (Grabe
et al. 2015). Other aspects of the glomerular arrange-
ment that we found in C. capitata are also reminiscent of



Fig.7 Confocal planar projection views of ALs in male (a) and
female (b) medflies, showing that unilateral (right) antennal backfills
with NB (red arrows) stain the contralateral glomeruli and also some
fibers in the contralateral antennal nerve. The orientation of the AL is
indicated: D dorsal, V ventral. Scale bar 25 pm

D. melanogaster: presence of glomeruli innervated by the
palps, contralateral innervation from the antennal nerve,
and glomerular size (glomeruli range in size from 500 to
5000 pmS, Grabe et al. 2015). However, the comparison
with D. melanogaster should also serve as a cautionary
one: from the first studies of the full glomerular comple-
ment (Stocker et al. 1983; Laissue et al. 1999) to the later
ones (Couto et al. 2005; Endo et al. 2007; Silbering et al.
2011; Tanaka et al. 2012; Grabe et al. 2015) there have been
numerous changes in glomerular number, glomerular iden-
tity, and information about innervated neurons, some of
which needed genetic tools to be solved. Therefore, our atlas
of C. capitata should be used as a tool representing the cur-
rent knowledge of this species—better staining techniques,
in particular genetic ones, will most likely refine our under-
standing of the glomerular arrangement in this species.

The combination of two different staining techniques,
confocal microscopy and image analysis allowed the con-
struction of three-dimensional maps of the ALs of C.
capitata, based on the manual segmentation of glomeruli,
in both sexes. So far, 3D reconstructions of the ALs have
been made in several insects, among which other Diptera
(e.g. Laissue et al. 1999; Ignell et al. 2005; Ghaninia et al.
2007; Poddighe et al. 2010; Grabe et al. 2015), but also
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Fig. 8 Confocal planar projection views of three different prepara-
tions following unilateral (right) antennal backfills with TMR-DA,
showing the high, but not complete, degree of contralateral staining
and the lack of a few contralateral stained glomeruli, which is con-
sistent through the different preparations (red arrows). Note that only
the backfilled antennal nerve (AN) is labeled in each preparation.
The orientation of the AL is indicated: D dorsal, V ventral. Scale bar
25 pm

Hymenoptera (e.g. Galizia et al. 1999; Smid et al. 2003),
Lepidoptera (e.g. Berg et al. 2002; Greiner et al. 2004;
Huetteroth and Schachtner 2005; Couton et al. 2009; Varela
et al. 2009; Montgomery and Ott 2015; Grabe et al. 2015)
and Coleoptera (e.g. Dreyer et al. 2010; Hu et al. 2011).
The availability of reliable 3D maps of olfactory glomeruli
in the AL is a necessary step to study how olfactory infor-
mation is processed in the brain, in the quest to obtain a
functional, chemotypic map of the ALs.

Neural projections from the antennal nerve

Beyond visualizing the glomerular structure of ALs, the
NB backfills also reveal the projection patterns of axons
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Fig. 9 Projections of 3D reconstruction of the glomeruli in the right
AL of a male medfly, shown in the anterior (a), lateral (b), medial (c)
and posterior (d) part of the AL. Glomeruli have been segmented with
different colors to distinguish single units. Areas of more packed glo-
meruli are present inside the ALs. 53 glomeruli have been counted,
named with capital letters and numbers according to Stocker (1994).

from the ORNs located in the antennae of the medfly. Spe-
cifically, fibers converge in the antennal nerve and enter the
AL to form the synaptic connections with the second-order
sensory neurons, which is consistent with the anatomical
arrangement of olfactory pathways in other dipteran spe-
cies (Stocker 1994; Poddighe et al. 2010). Interestingly,
although NB was applied only unilaterally, both ipsilat-
eral and contralateral ALs were symmetrically stained.
We found that this is due to two effects: most glomeruli
are innervated contralaterally by bilateral fibers projecting
from ORNSs, passing via the antennal commissure, to the
other hemisphere. However, as in other Diptera, not all glo-
meruli are innervated both ipsi- and contralaterally (Fig. 8),
as shown with unilateral antennal backfill using TMR-DA,
which resulted in a lower level of contralateral staining

Capital letters indicate the general position of glomeruli inside the
ALs, the numbers are required to distinguish glomeruli in the same
region. The orientation of the AL is indicated by the crosses: A ante-
rior, P posterior, D dorsal, V ventral, L lateral, M medial. The atlas is
available as interactive 3D pdf file

with respect to NB. The contralateral staining observed in
the case of NB could be due to the presence of gap junc-
tions that might couple projections of ORNs among differ-
ent glomeruli: in fact, gap junctions are permeable to the
small NB molecules (MW 287) (Phelan et al. 1996; Haag
and Borst 2005; Anava et al. 2009), but not to the ten times
larger TMR-DA molecules (MW 3000). This hypothesis
seems to be confirmed by the fact that, after staining the
contralateral AL, the NB tracer proceeds to be incorporated
also in the contralateral antennal nerve, which is not the
case of unilateral TMR-DA backfills. These findings may
have some implications and suggest the presence of gap-
junction connections among ORNS, likely also across glo-
meruli in the two ALs, given that NB labels more contralat-
eral glomeruli than TMR-DA. Possibly, fast transmission of
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Fig. 10 3D reconstruction of the glomeruli in the right AL of a
female medfly, shown in the anterior (a), lateral (b), medial (c¢) and
posterior (d) part of the AL. As for the reconstruction in the male
specimen, glomeruli have been visualized with different colors to dis-

information across glomeruli may be important to process
information in a fast, turbulent environment, as found in
the insect world, and as reflected in fast olfactory receptor
responses (Szyska et al. 2014). Several electrical synapses
have been found in D. melanogaster between local neu-
rons and projection neurons, or among projection neurons
(Yaksi and Wilson 2010; Wang et al. 2014). Thus, the dif-
ferent functional sub-circuits in the AL appear to be cou-
pled electrically independently from each other. Further
investigations are needed to elucidate these aspects.
Another interesting feature is that the two ALs are inter-
connected by a commissure formed by multiple nerve fas-
cicles. The projections between the two ALs are funneled
through multiple nerve fascicles in the commissure, sug-
gesting a regional organization of the projections (Figs. 2,
8). This particular organization could reflect a functional
need of the ALs, possibly providing some benefit in short-
ening the impulse transmission. Alternatively, it may

tinguish single units, and as in males 53 glomeruli have been counted,
and named according to Stocker (1994). The orientation of the AL is
indicated by the crosses: A anterior, P posterior, D dorsal, V ventral, L
lateral, M medial. The atlas is available as interactive 3D pdf file

simply reflect the localization of the ALs, which in this spe-
cies are rather inside the brain, and only minimally protrud-
ing outside.

Inside the ALs, some glomeruli were positive to anti-
synapsin, but not labeled by NB backfill from the antenna.
Presumably, these glomeruli are not innervated from pro-
jections of antennal ORNSs, but from sensory neurons possi-
bly located in the sensilla of other sensory appendages such
as, for instance, the maxillary palps (Stocker 1994, 2001;
Anton et al. 2003; Anton and Rospars 2004; Ghaninia et al.
2007). This fact would justify a more general definition of
this structure as olfactory lobe rather than antennal lobe.
A future version of the atlas presented here will have to
include these additional glomeruli, to give a complete map
of the olfactory lobe. The supernumerary interspersed glo-
meruli do not seem to share gap junctions with glomeruli
originating from antennal ORNS, indicating that they form
a functionally distinct subpopulation within the AL.
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Sexual dimorphism in the antennal lobe

Even though the medfly ALs were not found to vary in their
overall volume between sexes, we found that they were
sexually dimorphic for seven glomeruli: three (named PD1,
C3 and PV1) were larger in females, while four resulted
larger in males (AV1, AD1, D4 and Al). Usually, species
characterized by sexual dimorphism in the glomerular
arrangement of the ALs may show differences in the num-
ber, dimensions and/or location of glomeruli (Rospars and
Hildebrand 2000). This dimorphism is generally present
in species whose sexual behavior depends on pheromone-
mediated communication. In male moths, for example,
the detection of the sex pheromone emitted by females is
assured by the presence of specific sensillum types on the
antennal surface. Afferents from ORNs located in these
sensilla project into the AL where they form, upon enter-
ing, the first glomerular station responsible for pheromone
information processing, the macroglomerular complex
(MGC, Hansson et al. 1995; Berg et al. 1998). In Manduca
sexta, three glomeruli have been found in females that are
functionally distinct though possibly equivalent to the three
MGC glomeruli in males (Rospars and Hildebrand 2000).
In C. capitata, the comparison of the ALs in the two sexes
showed the absence of a complex that resembles the MGC.
However, one of the glomeruli located at the entrance of
the AL (PD1) results to be significantly larger in volume in
females than in males. Interestingly, unlike in moths, dur-
ing sexual behavior of medflies the males release the pher-
omone to attract females for mating (Arita and Kaneshiro
1989; Jang et al. 1989; Flath et al. 1993). Functional stud-
ies should be conducted to test the association of the PD1
glomerulus with the processing of pheromone information.

In addition to PD1, the other dimorphic glomeruli larger
in females than in males might be involved in a sophisti-
cated system for the detection of suitable oviposition sites
(Varela et al. 2009), while those larger in males could be
linked to other odor-driven behaviors, such as the “lekking”
strategies where males aggregate in large numbers (Landolt
et al. 1992; Field et al. 2003). These functional aspects, that
go beyond the aim of the present study, await clarification.

In conclusion, we provide a 3D map of the glomerular
structure in C. capitata ALs. We hope that this work can
build a necessary starting point for functional studies, to
assess the relationship between the structure and the func-
tion of the olfactory pathways, and better understand how
the olfactory information is processed. A functional under-
standing of the olfactory system in C. capitata will allow
for a targeted development of olfactory-based control
strategies.
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