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1 | INTRODUCTION

Antonio Mazzei? |

Maria Luigia Vommaro? |

Abstract

The habit of feeding on slime moulds (Myxomycetes) commonly present in litter or
dead wood requires specific morphological adaptations of the mouthparts and sen-
sory structures involved in the search for habitat and food. In this study, the external
morphology of antenna and its sensilla were studied using scanning electron micros-
copy in the saproxylic beetle, Clinidium canaliculatum, Costa 1839 (Coleoptera,
Rhysodidae). Their moniliform antennae consist of a scape, pedicel, and nine
flagellomeres. We identified seven different types of sensilla, according to their mor-
phological characteristics: two types of sensilla chaetica (sc1 and 2), two types of
sensilla basiconica (sb1 and 2), one type of sensilla campaniformia, one type of sen-
silla coeloconica, and Bohm sensilla. No sexual dimorphism was found regarding
antennal morphology and sensilla type and distribution, except for the sensilla
coeloconica. The functional role of these sensilla was discussed in relation to their
external structure and distribution, and compared with the current knowledge on
coleopteran sense organs. Results are basic information for further physiological and
behavioral studies to identify their role in the selection of habitat, food, mates and

oviposition sites.
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and feed on Myxomycetes (Bell, 1994; Hammond & Lawrence, 1989),
they are an important component of the biodiversity in old-growth

Saproxylic insects are a functional group of species that play a key
role in forest ecosystems and include bark-feeders, feeders on wood-
decomposing fungi, associated predators, parasitoids, detritivores, and
other commensals (Bouget, Larrieu, & Brin, 2014; Jonsell &
Weslien, 2003; Stokland, Siitonen, & Jonsson, 2012). Clinidium can-
aliculatum, Costa 1839 (Coleoptera, Rhysodidae) is an obligate
saproxylic species inhabiting montain forests in central and southern
Italy and Greece (Garcia et al., 2019; Mazzei, Audisio, Taglianti, &

Brandmayr, 2019). As larvae and adults live in rotten wood of conifers

forest communities. This species has been listed as vulnerable in the
red list of the International Union for Conservation of Nature (IUCN)
because it is susceptible to intensive forest management that reduces
the abundance of dead wood (Carpaneto et al., 2015).

Insect antennae are highly developed, paired, segmented sensory
appendages with multimodal functions covered by different sensilla
involved in chemo-, hygro-, thermo-, and mechanoreception (Altner &
Prillinger, 1980; Schneider, 1964; Zacharuk, 1985). Antennal shape

and sensilla distribution are the result of environmental selective
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pressure to increase the efficiency of detecting physical and chemical
signals that are crucial in the search for habitat, prey, host, partner,
and oviposition site (Elgar et al., 2018). Antennal morphology and
ultrastructure of sensilla have been reported in several families of
Coleoptera, such as Anobiidae (Abd EI-Ghany & Abd El-Aziz, 2021),
Bruchidae (Wang, Zheng, Zhang, & Zhang, 2018), Cerambycidae
(Di Palma, Pistillo, Griffo, Garonna, & Germinara, 2019; Dong
et al., 2020; Faucheux, 2011), Carabidae (Di Giulio, Maurizi, Rossi
Stacconi, & Romani, 2012; Giglio et al., 2008; Merivee et al., 2002;
Ploomi et al., 2003), Coccinellidae (Hao, Sun, & Liu, 2020; Sevarika,
Rondoni, Conti, & Romani, 2021), Curculionidae (Chen, Zhang,
Wang, & Kong, 2010; Romani et al., 2019; Shi et al., 2021), Elateridae
(Faucheux, Németh, Hoffmannova, et al., 2020), Scarabaeidae (Shao,
Sun, Wang, & Chen, 2019; Zauli et al., 2016a, 2016b), Tenebrionidae
(Faucheux, 2013; Seada & Hamza, 2018), and Buprestidae (Faucheux,
Németh, Hoffmannova, et al., 2020). However, there is no information
on the sensorial pattern of species belonging to Rhysodidae, except
for taxonomic studies on the distribution of setae in larval stages
(Bousquet & Goulet, 1984; Makarov, 2008).

This study was designed to describe the antennal sensory equip-
ment of females and males in C. canaliculatum. Shape, size, number,
and distribution of the sensilla were studied using scanning electron
microscopy. The function of the sensilla found in C. canalicutatum was
discussed comparatively with current knowledge on coleopteran
sense organs. This research provides basic information for further
ultrastructural, behavioral, and ecological studies.

2 | MATERIALS AND METHODS

21 | Insect collection

Adults of C. canaliculatum (Figure 1a) were hand-collected under rot-
ten pine bark in the Sila National Park (39°21'16.79"N,
16°37'57.64"E, Monte Spina 1,550 m a.s.l. San Giovanni in Fiore,
Calabria, Southern Italy) in May 2021. In the laboratory, beetles were
identified by using a dichotomous key and separate by gender.

2.2 | Scanning electron microscopy

Beetles (three males and three females) were anesthetized in a cold
chamber at 4°C for 3 min and beheaded under a stereomicroscope.
Heads were fixed in 2.5% glutaraldehyde and 1% paraformaldehyde in
phosphate buffer (PBS, 10 mM pH 7.4; Electron Microscopy Sciences)
over night at 4°C. They were then washed with PBS (Sigma-Aldrich),
dehydrated in an ethanol (Sigma-Aldrich) series and finally specimens
were immersed in hexamethyldisilazane (HMDS, (Sigma-Aldrich) to
remove liquids. Heads of males and females were mounted on alumi-
num stubs with double-sided sticky tapes with ventral or dorsal sides.
Immediately before the observation, they were graphite coated in a
Sputter - Carbon Coater (QUORUM Q150T-ES). Specimens were
examined by a scanning electron microscope (Electron Probe Micro

Analyzer [EPMA]—JEOL-JXA 8230; Microscopy and Microanalysis
Centre, CM2,—University of Calabria, Italy) operating at an accelerat-

ing voltage of 15 kV.

2.3 | Dataanalyses
Measurements were taken with ImageJ open source software on digi-
tized images and processed as means * standard error. The mor-
phofunctional types of the sensilla were described and classified
according to Schneider (1964) and Zacharuk (1985).

The differences between the sexes for both antenna and numbers
of sensilla were assessed by the nonparametric Mann-Whitney
U Test. Statistical analyses were performed using R version 3.0.1 soft-

ware (R Development Core Team 2013).

3 | RESULTS

3.1 | Gross morphology

The moniliform antennae of C. canaliculatum were composed of three
segments: scape, pedicel, and flagellum (Figures 1b-d and 2a). Each
antenna had a total length of 1.95 + 0.02 mm (n = 3) in females and
1.70£0.03 mm (n = 3) in males. No significant differences were
found in the shape and length of the antennae between sexes
(Table 1; p >.05). The scape was the first elongated segment, articu-
lated basally on the antennal foramen by a globular condyle
(Figures 1b-d and 2a). The pedicel, directly connected to the scape,
was spherical in shape (Figure 2a,b). The flagellum was formed by nine
flagellomeres (F1-F9; Figure 2a) and had a total length of 1.38
+0.018 mm in females and 1.26 + 0.024 mm in males (Figure 2a;
Table 1). All flagellomeres, except the last one, were spherical in
shape. The compound eyes were absent (Figure 1b-d).

Seven distinct morphological types of sensilla were identified
according to their size and shape (Figures 2-4): sensilla chaetica type
1, sensilla chaetica type 2, sensilla basiconica type 1, sensilla
basiconica type 2, sensilla coeloconica, sensilla campaniformia, and
Bohm sensilla. There were no consistent gender differences in the
type, topography, or number of sensilla. Moreover, we also identified
large areas of sensilla dorsally on the frontal and antennal grooves and
ventrally on the mentum and gular grooves (Figure 1b-g).

3.1.1 | Sensilla chaetica

Sensilla chaetica type 1 (sc1) were bristles (95 + 2.15 um long, 4.41
+0.16 pm basal diameter, n = 45) with a thin socket, straight or
slightly curved, longitudinally grooved, with sharp tip (Figures 2a,b,d,e
and 3a-c,f). They were present on all segments and their number
increased towards the tip of the antenna. There were three on the
anterior edge of scape and six sc1 were in a line around the apical por-

tion of segments at two-thirds of the length from the pedicel
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FIGURE 1 (a) Clinidium canaliculatum female. (b,c) Head dorsal view of male (b) and female (c). (d) Head ventral view, female. (e) Magnification of
sensorial area on the antennal groove (ag). (f) Magnification of sensorial area on the mentum (m). (g) Detail of sensilla in (f). ag: antennal groove; af:
antennal foramen; fg: frontal groves; F1: first flagellomere; gg: gular grooves; p: pedicel; sb2: sensilla basiconica type 2; sc: scape; scl: sensilla chaetica

type 1; sm: submentum. Bars: 2 pm (g); 20 pm (e,f); 500 pm (b-d); 1 mm (a)
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FIGURE 2 Clinidium canaliculatum antennae. (a) Dorsal view of antenna, male. (b) Pedicel, male. (c) Detail of sensillum chaeticum type

1. (d) Lateral view of fourth and fifth flagellomere, male. (e) latero-dorsal view of sixth and seventh flagellomere, female. F1-9: flagellomeres; p:
pedicel; sb1: sensilla basiconica type 1; sb2: sensilla basiconica type 2; sc: scape; scl: sensilla chaetica type 1; sc2: sensilla chaetica type 2. Bars:
2 pm (c); 50 pm (b); 100 pm (d,e); 500 pm (a)

(Figures 2a,b and 4d; Table 2) to the fourth flagellomere (Figures 2a,e Sensilla chaetica type 2 (sc2) have smooth surface and straight
and 3a-c). On the average 8 sc1 for each segment are present from bristle with blunt tip and are inserted tightly into a small cuticular
fifth to eighth flagellomeres (Figures 2a,d,e and 3b) and 44-46 are on socket (Figure 2a,d,e). Sc2 are 43 + 2.55 pm in length and the basal
ninth flagellomere (Figure 4a,b). diameter is 3.66 * 0.21 um (n = 4). They are distributed both ventrally
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Length (um) of antennal segments in males and females of C. canaliculatum

TABLE 1

Flagellomeres

Pedicel

Scape

Sex

135.75+22.88 12262+ 6.17 116.20+1.05 12590+2.80 121.22+6.44 131.68+842 130.65+3.51 136.05+8.07 14422+3.81 237.63+231

152.20 £ 5.46

226.92 +22.88

)
Q

133.78 £3.36  133.05+349 12956 +3.08 144.04 £3.80 141.98+493 14529 +8.01 15229+0.93 259.13+391

139.61 + 3.80

347.66 + 16.47

3). Data are not significantly different between sexes (Mann-Whitney U test, p >.05.

Note: Data are presented as mean * SE, (n

RESEARCH & TECHNIQUE

and dorsally from fifth to eighth flagellomere in alternate position with
scl (Figures 2a and 3c; Table 2).

3.1.2 | Sensilla basiconica

Sensilla basiconica type 1 (sb1) are pegs without a socket, curved in
the distal direction of the antennal surface forming an angle of
80-90° (Figures 2d,e and 3b-d,f). They had a length of 13.25
+ 0.52 pm and a basal diameter 1.71 = 0.06 pm (n = 22). On the aver-
age 30-50 sb1 were found clustered on the fifth, sixth, seventh, and
eighth flagellomere to form a ventral sensorial area of 4,482
+ 551 pm? (n = 4; Figures 2d,e and 3b-d,f). This type was also found
on the ninth flagellomere in an apical sensory field where approxi-
mately 150 units were present (Figure 4a,b).

Sensilla basiconica type 2 (sb2) were very tiny cones with a sharp
tip (Figures 2b,d and 3e). They had a length of 2.7 um and a diameter
at the base of 1.36 um and were distributed in variable number from
the scape (Figure 4d) to the sixth flagellomere (Table 2).

3.1.3 | Sensilla coeloconica

Sensilla coeloconica (sco) were small pit-like organs located from fifth
to eighth flagellomeres associated ventrally with the sh1. Sco were
distributed one on each flagellomere in males (Figure 3b,c), while
there were present in pair on the seventh and eighth flagellomeres of
females (Figure 3d). There were 16 of them on the ninth flagellomere
(Table 2), clustered on the anterior side of the tip (Figure 4a,c). The pit
orifice (2.45 + 0.04 pm in diameter, n = 6) was surrounded by a cutic-
ular collar (9.97 + 0.26 pm in diameter, n = 8; Figure 4c).

3.1.4 | Sensilla campaniformia

Sensilla campaniformia (sca) were small domes (approximately 1 pm in
diameter) located at the apical tip of the ninth flagellomere
(Figure 4b). They were placed in an apical ring of six units in both

males and females (Table 2).

3.1.5 | Bohm sensilla

Bohm sensilla (bs) were short, smooth, sharp-tipped, thorn-like bristles
located at the base (condyle) of the scape (Figure 4d). They had a
length of 2.7 pm and a diameter at the base of 1.4 um.

3.2 | Glandular pores
In all specimens examined, pores were present on the antennomeres.

They were usually associated with sb1 and sco from fifth to eighth

flagellomeres in the ventral sensorial field (Figure 3c,d). Other
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FIGURE 3 Clinidium canaliculatum antennae. (a) Ventral view of male antenna, second, third, fourth flagellomere. (b) Ventral view of fifth to
eighth flagellomere, male. (c) Sensorial area on the ventral side of seventh flagellomere, male. (d) Magnification of sensorial area on the ventral
side of seventh flagellomere, female. (e) Magnification of sensillum basiconicum type 2 on pedicel. (f) Detail of sensillum basiconicum type 1. p:
glandular pore; sb1: sensilla basiconica type 1; sc1: sensilla chaetica type 1; sc2: sensilla chaetica type 2; sco: sensilla coeloconica. Bars: 5 um (e,f);

10 pm (d); 20 pm (c); 100 pm (b); 200 pm (a)

glandular pores were located on ninth antennomere (Figure 4c). They We also identified large areas of sensilla dorsally in the frontal
were round or oval and measured about 500 nm. The distribution of and antennal grooves and ventrally on the mentum and gular grooves

the glandular pores showed no sexual dimorphism. (Figure 1b-g).
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FIGURE 4 Clinidium canaliculatum antennae. (a) Dorsal view of ninth flagellomere, male. (b) Detail of sensilla campaniformia (sca) on the tip of
ninth flagellomere. (c) Detail of sensilla coeloconica (sco) on the wall of ninth flagellomere. (d) Bohm sensilla (bs) on the condyle of the scape (sc).
p: glandular pore; sb1: sensilla basiconica type 1; sb2: sensilla basiconica type 2; sc1: sensilla chaetica type 1. Bars: 10 pm (b, c); 100 um (a);

150 pm (d)

TABLE 2 Mean numbers and

e . Flagellomeres
distribution of sensilla on the antenna =

(h = 3) of C. canaliculatum males and Type Sex Scape Pedicel 1 2 3 4 5 6 7 8 9
females scl 8 3 6 8 8 8 8 44
Q 3 6 8 8 8 8 46
sc2 3 = = = = = = 8 8 8 8 =
Q - - - = = = 8 8 8 8 =
sbl 3 - - - - - - 30 46 47 50 150
Q — — — - — — 30 36 49 49 150
sb2 3 36 20 16 2 2 2 2 4 = = =
Q 36 20 16 2 2 2 2 4 = = =
sCo 3 — — — — — — 1 1 1 1 16
Q 1 1 2 2 16
sca 3 = = = = = = = = = 6
Q — — — — - — — = = = 6
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4 | DISCUSSION

This is the first study on antennal sense organs of males and females
in C. canaliculatum. We identified and measured seven types of sen-
silla that show differences in morphology, abundance and, distribution
on the antenna of C. candliculatum as an adaptation to improve their
efficiency and sensitivity in perceiving chemical and physical stimuli.

The most abundant type of sensilla was scl on the antenna and
occurred in association with sc2 from fifth to eighth flagellomere. The
wide articular socket, the pointed tip of the long bristles, and the lon-
gitudinal grooves as well as ultrastructural evidences in previously
described species (Altner, Schaller-Selzer, Stetter, & Wohlrab, 1983),
suggested that the mechanoreception is the most likely function of
scl. In addition, mainly those present on scape and pedicel probably
have a proprioceptive function, giving information about the position
of antennae in relation to the body (Schneider, 1964). Sc2 without an
articular socket and blunt-tipped likely acts as a chemoreceptor
(Altner & Prillinger, 1980). Sensilla, showing the external morphology
of sc2 in C. canaliculatum, have already been described in other cole-
opteran species (Faucheux, Németh, & Kundrata, 2020; Hao
et al., 2020; Seada & Hamza, 2018; Shao et al., 2019), including gro-
und beetles, for example, Paussus favieri Fairmaire, 1851 (Di Giulio
et al., 2012), Bembidion lampros Hdst (Merivee et al., 2002), even
though in some case they are named as sensilla trichodea. In electro-
physiological studies on Pterostichus aethiops (Panzer, 1796), a species
that lives mainly in forest habitats, sc2 are referred to as contact che-
moreceptors that can detect changes in salinity and pH (Merivee
et al., 2004). The porous structures found mainly at the base of sbl
and sco in C. canaliculatum are part of glands associated with sensilla
and are likely responsible for secretion of mucous-like substances for
lubrication of the antennal surface (Giglio,
Brandmayr, 2005).

Sensilla basiconica type 1 (sb1) are common on the antenna of
coleopteran species (Bartlet, Romani, Williams, &
Isidoro, 1999; Faucheux, 2011; Faucheux, Hamidi, Mercadal,
Thomas, & Frérot, 2019; Faucheux, Németh, & Kundrata, 2020; Jour-
dan, Barbier, Bernard, & Ferran, 1995; Lopes, Barata, Mustaparta, &

Ferrero, &

several

Aratjo, 2002; Romani et al., 2019) and they are known to be chemo-
receptors (Altner & Prillinger, 1980; Keil & Steinbrecht, 1984;
Zacharuk, 1985), as observed in Nebria brevicollis (Daly & Ryan, 1979).
They are located on the antennal ventral site of C. canaliculatum from
fifth to eighth and on ninth flagellomere in association with sco. Fur-
ther ultrastructural analyses may be elucidate their possible function.
Sco is a sensory peg located in a chamber connected to the environ-
ment by an opening and have been previously found in antennae of
ants (Kleineidam, Romani, Tautz, & Isidoro, 2000; Ruchty et al., 2009),
beetles (Giglio, Perrotta, Talarico, Zetto Brandmayr, & Ferrero, 2013;
Merivee et al., 2002; Zauli et al., 2016a, 2016b), and katydids
(Schneider, Kleineidam, Leitinger, & Rémer, 2018). Ultrastructural and
physiological analyses have shown that they function as thermo- and
hygroreceptors (Altner, 1985; Ruchty et al, 2009; Schneider
et al., 2018). In Drosophilidae, the involvement of sco in chemorecep-

tion has been studied for generalist and specialist species that have a

shift in ecological niche (Nemeth, Ammagarahalli, Layne, &
Rollmann, 2018). A carbon dioxide receptor has often been associated
to thermoreceptor and hygroreceptor cells within this sensillum in
species that have special requirements in the microclimatic detection
of humidity, temperature, and CO, concentration, as observed in fun-
gus gardening leaf-cutting ants (Kleineidam et al., 2000; Kleineidam &
Tautz, 1996).

Sensilla basiconica type 2 were found from the scape to the sixth
flagellomere of C. canaliculatum. Their morphology correspond to
those of contact mechanoreceptors likely involved in the perception
of antennal distortions caused by external stimuli (Giglio, Perrotta, &
Zetto Brandmayr, 2010; Keil, 1997; Zacharuk, 1985).

Sensilla campaniformia (sca), described as no-pore sensilla with a
cupola or dome-shaped external apparatus (Altner, 1977), have been
found on mouthparts, antenna, wing bases, and legs to be involved in
exteroception and proprioception (Chapman, 2012; Keil &
Steinbrecht, 1984; Kim & Yamasaki, 1996; Mclver, 1975, 1985;
Schneider, 1964). Ultrastructural analyses of cerci in crickets indicated
that they function as mechanoreceptors (Keil, 1997). The position on
the antennal tip may allow it to detect environmental mechanical
stimuli and regulate movement and locomotion of C. candliculatum
within the dead wood, replacing the scanning function of the eyes.

Bohm sensilla, typically present on the scape and pedicel in vari-
ous insects, function to monitor antennal movements and position rel-
atively to animal body and substrate (Faucheux, 2011; Faucheux
et al, 2019; Faucheux, Németh, Hoffmannova, et al, 2020;
Faucheux & Kundrata, 2017; Zacharuk, 1985; Zauli et al., 2016a,
2016b). Their location in the basal part of scape in C. canaliculatum
suggests proprioception as a possible function.

Sensilla found on large areas of the head in C. canaliculatum have
been previously described as olfactory receptors (Altner, 1985;
Altner & Prillinger, 1980; Zacharuk, 1980) likely involved in prey
choice or habitat location (Bartlet et al., 1999; Ren, Shi, Zhang, &
Luo, 2012).

In Rhysodidae, morphology and distribution of antennal sensilla
have so far been described only in males and females of Omoglymmius
americanus (Baker, 2001). Sensilla trichodea, basiconica, coeloconica,
and ampullacea have been identified. Sensilla trichodea, basiconica type
1 and ampullacea of O. americanus are morphological similar to sensilla
chaetica, basiconica, and coeloconica, respectively, found in
C. candliculatum. However, it is difficult to compare the sensory patterns
of both species because there is no univocal terminology for identifying
sensilla from external morphology, and only ultrastructural and physio-
logical analyses can delineate similarities or differences in the function.
Moreover, distribution pattern, number and types of sensilla found in
this species differ to C. canaliculatum because the evolutionary adapta-

tion to different biotic and abiotic factors of its ecological niche.

5 | CONCLUSION

This preliminary study described the sensory equipment for the first

time in C. canaliculatum, a species belonging to Rhysodidae. We found
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no significant sexual differences in types, numbers, and distribution of
sensilla in the antennae, except for the sensilla coeloconica. The distri-
bution pattern of sensilla suggested that the antennae are involved in
the scanning surrounding area for habitat selection to compensate for
the absence of eyes (anophthalmic species). Furthermore, we assessed
that the ability to detect temperature and humidity variation is crucial
for identifying habitats where the amoeboid stage of Myxomycetes
on which it feeds are present and for avoid overheating and dehydra-
tion. In addition, chemoreception can be useful in locating rotting
trees suitable for laying eggs and providing food for their larval stages.
Further ultrastructural and electrophysiological studies of antennae
are needed to clarify our hypotheses on the functional role of these
sensilla in the behavioral process of habitat selection, localization, and
recognition. The results are a contribution to the knowledge and con-

servation of these species.
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