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Abstract

A new structure, here tentatively named the “frontal gland,” specifically found on frons of male adults of the Asian rice
spittlebug, Callitettix versicolor (Fabricius, 1794) (Hemiptera: Auchenorrhyncha: Cercopidae), is reported. Adult C.
versicolor is distinctly dimorphic in frons morphology. The frons in female adults, like that in most cercopid species,
is normally swollen and nearly bulbose and is covered with short pilosity, while the frons in male adults is visibly
different, with the lower 3/5 of the postclypeus and anteclypeus being centrally flat, bare and smooth on the surface.
SEM observations revealed that the flat frons surface of the male adults is covered with numerous, very fine pores. In
total, each frons has over 4500 pores on the central flat area, with an average density of 55.5 £+ 1.50 pores per 100 um?.
The distance among the pores averages 10.63 = 1.8 um. Each pore unit is composed of a round, deep cavity in which
one central conical process is set. The cavity is delimited by a cuticular rim and the opening of the cavity averages 2.89
+ 0.20 um in diameter. The central, conical process has a sponge-like apex and measures 2.52-2.70 um in diameter. In
addition, one or two (two in most cases) extremely fine pits (0.42—0.56 um in diameter) are located on the marginal cuticle
rim surrounding the cavity and its central conical process. These cuticular, fine pits are located proximal to the pores, at
a distance of 0.98-1.96 um. These porous structures are not present on the frons in female adults. They are assumed to
be an exocrine gland system and are possibly the male sex pheromone-releasing glands, as they are only present in male
adults. Observations of mating behavior showed that it is likely that the secretions made by the frontal gland constitute short-
range attractants and may fulfil aphrodisiac functions to stimulate mating. The species of Auchenorrhyncha were previously
thought to communicate via acoustic signals, but the findings described here suggest that at least one Auchenorrhynchan
species also uses chemicals for sexual communication.
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Introduction

Cercopidae (Hemiptera: Auchenorrhyncha: Cercopoidea) comprise the largest group of plant xylem-feeding insects,
with approximately 1,500 described species classified in about 150 genera worldwide (Liang & Webb 2002). The
group is distributed predominantly in the tropical and subtropical regions of the world. Cercopid nymphs, or spittle-
bugs, protect themselves from predators by secreting masses of spittle, which they surround themselves with on
host plants at their feeding sites. Their adults, commonly known as froghoppers for their quick jumps and putative
resemblance to tiny frogs, which are named in parallel to other Auchenorrhyncha such as the leathoppers, planthop-
pers and treehoppers, do not produce spittle but rely on their jumping ability and warning coloration for defense
as they move about and feed on same or other host plants (Peck & Thompson 2008; AP Liang 2019, unpublished
data). Both life stages feed on plant saps mostly from xylem of their host plants (Goodchild 1966; McGavin 1993).
Adults feed on the leaves and stems of a variety of plants, whereas nymphs may also feed on roots, at or below
ground level (Liang & Fletcher 2002; Liang & Webb 2002). In addition to the poor knowledge in basic taxonomy,
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the biology, ecology and behaviour of most cercopid species are unknown (Cobben 1987; Thompson 1994, 1997;
Liang & Webb 2002).

Callitettix versicolor (Fabricius, 1794) (Fig. 1), known as the rice spittlebug, is a polyphagous species, and
represents a serious pest on rice, maize, wheat, sugarcane, soybean and other food crops in China as well as other
Asian countries, including India, east Pakistan, Myanmar, Sikkim, Laos, Vietnam, Cambodia, Thailand and Malay-
sia (Hoffmann 1942; Pawar & Bhalla 1976; Lim & Pan 1980; Yuan 1986; Guan et al. 1991; Morris & Waterhouse
2001; Luo & Xu 2011). The species has polymorphic markings on its forewings (Distant 1908). The populations
from China can be recognized by the following combination of characters: body elongate, nearly parallel-sided,
length 11.0-14.0 mm; colour shining black, frons of males with the middle area brown; fore wings black, with a
subtransverse spot on clavus beyond apex of scutellum, and a subtransverse spot on corium between costal margin
and claval margin before the middle of the fore wings, white; and two spots on corium beyond middle of fore wings:
external one large and transverse (present in both female and male), internal one very small (usually present in fe-
male and absent in male), sanguineous (Fig. 1a). In some populations from Vietnam, all markings in the fore wings
are white; while in some other populations from Vietnam, the fore wings have only two sanguineous spots on apical
1/3 in males. In the population from Thailand, the internal white spot on corium of fore wings in males are usually
present (Vinton Thompson, personal communication; AP Liang 2020, unpublished data).

Due to its broad distribution, C. versicolor causes considerable damage to rice and maize in south and central
China (Li et al. 2001; Li et al. 2010; Liao et al. 2010). As its distribution area is expanding towards to northern parts
of China due to changes in the farming system and the warmer climate, the economic losses are increasing (Chen
& Liang 2012; Chen et al. 2018).

Morphological analysis of C. versicolor revealed that the frons of this species is dimorphic, with males exhib-
iting a smooth and flat frons absent in females. Using scanning electron microscopy, it was revealed that this flat
surface of the male frons is covered with numerous fine pores of high density. This dimorphic feature suggests that
it represents a pheromone-releasing structure.

In this paper, I present a description of the morphological ultrastructure, the number and distribution of this new
porous structure found in C. versicolor, and provide a brief discussion on its possible function.

Materials and methods

Specimens studied. Dry, pinned museum specimens were obtained from the Insect Collection at the Institute of Zool-
ogy, Chinese Academy of Sciences, Beijing, P. R. China. The identity of C. versicolor was based on a comparison with
syntype specimens of Cercopis versicolor Fabricius, 1794 housed at the Zoological Museum, University of Copenha-
gen, Copenhagen, Denmark. In total, fourteen males and six females were examined. They were collected from Napo
and Fangcheng located in the Guangxi Zhuang Autonomous Region in southwest China, during July, 2003.

Light microscopy. External morphology was observed with a Zeiss (Stemi SV 11) optical stereomicroscope (Carl
Zeiss, Gottingen, Germany). Photographs in figure 2 were taken with a Nickon D7000 digital camera mounted on a
Leica M205 C microscope (Leica Microsystems Inc., Buffalo Grove, Illinois, United States). The digital images were
then imported into Adobe Photoshop 8.0 for labeling and plate composition. The length, diameter and size of the frontal
gland structure were measured using Image J 1.X software (Schneider et al. 2012).

Scanning electron microscopy. For scanning electron microscopy (SEM) studies, dry, pinned museum specimens
were examined for frons gland structures. To this end, the heads were dissected from the body and washed with 10%
KOH for 1-2 minutes, then cleaned using a fine bristle brush, before being washed in distilled water. Next, the heads
were mounted on aluminum stubs with double-sided carbon sticky tape (SPI Supplies, Division of Structure Probes,
Inc.), air-dried at room temperature, and then three times sputter-coated with gold-palladium over a 45-s period while
rotating the stub using an E-1010 sputter ion instrument (Hitachi Koki Co. Ltd., Tokyo, Japan). Structures were ana-
lyzed using a JEOL JSM—6301F (Japanese Electronic and Optical Ltd., Tokyo, Japan) scanning electron microscope,
operated at accelerating voltages of 15 kV.

Morphological terminology. The morphological terminology used in this paper follows that of Metcalf & Horton
(1934) and Lallemand (1949).
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FIGURE 1. Callitettix versicolor (Fabricius, 1794) (China: Henan, Wugan), sequence of mating behavior. (a) A couple of pre-mat-
ing adults, male on left, female on right; (b) Male approaches female from below; (c) Male mounts the female, touches the female’s
dorsum with his left foreleg and presses his frons on the female’s pronotum; (d) Male aligns his body on the lateral area of the female
and pulls the end portion of her abdomen allowing insertion of his aedeagus, initiating copulation; (¢) In copulation; and (f) Feeding
while in copulation.
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Results

Gross morphology of the frons. The frons of C. versicolor in ventral aspect consists of the upper, distinctly larger
postclypeus (pc in Figs. 2a, 2¢, 3a, 3b) and the lower, distinctly smaller anteclypeus (ac in Figs. 2a, 2¢, 3a, 3b) which
are separated by the clypeal suture. C. versicolor distinguishes itself by clear sexual dimorphism, both in terms of
morphology as well as color and shape of the frons.

Like other cercopid species, female C. versicolor display a convex, swollen postclypeus and anteclypeus, which are
not in a same plane in ventral or ventrolateral aspect and are covered with short pilosity (Figs. 2¢, 2d, 3a). Unlike most
other cercopid species, the lower 3/5 of the postclypeus as well as the entire anteclypeus of the frons of male C. ver-
sicolor in ventral aspect are broad and visibly flat, bare and smooth without pilosity on surface. In addition, the middle
areas of both postclypeus and anteclypeus are positioned on the same plane in both ventral and lateral aspect (Figs. 2a,
2b, 3b). In females, the frons is completely black (Figs. 2¢, 2d), while in the male the flat and bare area of the frons is
brown (Fig. 2a), thus clearly distinguishable from the black ground color of the frons. This sexual dimorphism of the
frons (Figs. 2a-2d, 3a, 3b) provides a simple way to separate the males and females of C. versicolor without having to
examine the genitalia.

It should be noted that the frons of males in other species of the genus Callitettix, namely C. braconoides
(Walker, 1858) (the type species of Callitettix Stal, 1865) (Figs. 2e-h), C. coomani Lallemand 1946 and C. costalis
Lallemand 1933 (Lallemand 1949; Metcalf 1961) are normal and are not flattened.

FIGURE 2. Head of Callitettix species. a—d. C. versicolor (Fabricius, 1794) (China: Henan, Wugang). (a) Male adult, ventral view;
(b) Male adult, lateral view; (c) Female adult, ventral view; (d) Female adult, lateral view; e-h. C. braconoides (Walker, 1858). (e)
Male adult (China: Guizhou, Chishui), ventral view; (f) Male adult (China: Guizhou, Chishui), lateral view; (g) Female adult (China:
Yunnan, Xishuanbanna, Mengla), ventral view; (h) Female adult (China: Yunnan, Xishuanbanna, Mengla), lateral view. Abbrevia-

tions: ac, anteclypeus. pc, postclypeus. Scale bar = 0.5 mm.

Description of the frontal gland. When the flattened and bare surface of the postclypeus and anteclypeus of
the male O. versicolor was examined by scanning electron microscopy, numerous, fine, micro-scaled pores were
clearly visible on the bare, smooth surface (Figs. 3c—3h). These pores are nearly rounded, and form shallow cuticu-
lar depressions (cavities) delimited by cuticle rims. Each pore unit is composed of a round, deep cavity in which one
central conical process is set (Figs. 3c—3h). The central, conical process possesses very fine longitudinal grooves on
its surface (Figs. 3g—3h). In addition, one or two (two in most cases) extremely fine pits are located on the marginal
cuticle rim surrounding the central conical process (Figs. 3g—3h). These fine porous structures are not present on the
surface of the postclypeus and anteclypeus in female O. versicolor.
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FIGURE 3. Callitettix versicolor (Fabricius, 1794), scanning electron micrographs of the frontal glands in male adults. (a) Head
of female adult, ventral view, showing bulbose, pilose frons; (b) Head of male adult, ventral view, showing flat, bare median region

of frons; (c—f) Fine gland pores on the surface of frons of male adult; (g, h) One gland pore on frons of male adult, showing a central
conical process located on the cavity bordered with one or two fine pits on rim. Abbreviations: ac, anteclypeus. pc, postclypeus.
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In O. versicolor, a total of over 4500 pores are present on the flatted, smooth area of the male frons. They have an
average density of 55.5 £ 1.50 (n=6) pores per 100 um?, and the distance among the pores averages 10.63 £ 1.8 um
(n=11) (Figs. 3c—3f). The opening of the cuticular cavity averages 2.89 + 0.20 um (n= 6) in diameter. The central pro-
cess is conical and nearly papillate and measures about 4.10—4.56 pm in length and 2.52-2.70 um in median diameter.
There are indistinct longitudinal grooves superficially (Fig. 3h). The one or two extremely fine pits on the marginal
cuticle rim surrounding the central conical process are approximately 0.42—0.56 um wide in diameter. These cuticular,
fine pits are located proximal to the pores, at a distance of approximately 0.98—1.96 pm.

No previous reports appear to have been published describing a similar structure on the frons in any other known
cercopid species. Either this structure has been overlooked or it possesses no known homologues amongst the Cercopi-
dae. On the basis of our detailed morphological and ultrastructural analysis, we hypothesize that these porous structures
play a role in either olfactory, mechanoreceptive or secretory processes.

The central, conical process morphology and their seemingly flexible insertion suggest a secretory function. It is
very likely that the central conical process is eversible in the live insect and the longitudinal grooves on its surface may
be used to enhance secretory evaporation (Fig. 3h). These cuticular pores seem to be structures disseminating chemicals
and might represent/constitute a path for pheromone release, namely from the epidermal secretory gland cells to the
outside environment (see Percy-Cunningham & MacDonald 1987). Importantly, these porous structures are absent in
immature males of C. versicolor (AP Liang 2019, unpublished data). Thus, we propose that these pores are likely to
function as pheromone glands involved in courtship behavior. Here I tentatively name this type of putative male phero-
mone-producing structure the frontal gland.

Discussion

Pheromones are a primary method of chemical communication in insects, where the chemicals function to identify
members of the same species and thus possible mates. They are widespread in insects and have been reported in
many groups (Birch & Haynes 1982; Cardé 1997).

In the order Hemiptera, sex pheromones have been chemically identified for scale insects (Margarodidae and
Diaspididae), mealybugs (Pseudococcidae), and aphids (Aphididae) among Sternorrhyncha and for plant bugs (Mi-
ridae), assassin bugs (Reduviidae), stink bugs (Pentatomidae), and shield bugs (Scutelleridae) in the Heteroptera
(see review by Aldrich 1996). No reports, however, have been published on the pheromones in Cercopidae and other
groups of Auchenorrhyncha, with the exception of Boulard & Boulard (1979) who reported a ‘ventral organ’ in the
females of species of the African cercopid genus Locris as a possible sexual pheromone system.

The males of some shield bugs species (Heteroptera: Scutelleridae) possess either hypertrophied dorsal abdomi-
nal glands or sternal glands, each homologous to those glands in asopine bugs (Pentatomidae: Asopinae) (Carayon
1984; Knight et al. 1985). The secretions of two scutellerid species (one for each gland type) have been chemically
analyzed (Fig. 8 in Aldrich’s 1996 review). Behavioral data as to the reason for the secretions are lacking, but it is
likely that one or both secretions constitute long-range attractants. The crystalline sternal gland secretion of cotton
harlequin bug Tectocoris diophthalmus (Thungberg) males was originally postulated to be an aphrodisiac (Carayon
1984). Although rubiginol (Fig. 8B in Aldrich’s 1996 review) is a solid, it readily sublimes (Gough et al. 1986),
hence the assumption this compound also represents an attractant pheromone. In addition, males of the Middle East-
ern wheat pest Eurygaster integriceps Putnam attract nearby females with vanillin, ethyl acrylate, and a novel ho-
mosesquiterpenoid compound produced by hitherto unidentified glands (Ubik ef al. 1975; Zdarek & Kontev 1975;
Vrkoc et al. 1977; Staddon et al. 1994). It is important to note that the structure of the frontal gland found here in
C. versicolor is very similar to that of the male-specific exocrine gland in the cotton harlequin bug 7. diophthalmus
(Thungberg) (Heteroptera: Scutelleridae) and that this gland has been demonstrated to secrete 3,5-dihydroxy-4-py-
rone onto sternal gland setae (Carayon 1984; Gough et al. 1986).

The similar pore pattern found in some Heteropteran true bugs and in the male C. versicolor here, especially
the presence of numerous pores, suggests that the fine pores on the frons of male C. versicolor possibly carry out a
similar function in disseminating the male sex pheromones. In O. versicolor, males appear to play the more active
part during mate selection and courtship (Figs. 1b—1f, AP Liang 2019, unpublished data). Our own unpublished
observations of mating behavior showed that male adults of O. versicolor approach the immobile females from
below. When the male reaches the female, the former usually uses its forelegs to touch the dorsum of the female
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(Figs. 1c—1d) (see also Fonseca et al. 2013). Another distinct action taken by the male is that it presses its frons on
the dorsum of female before mating (Fig. 1c). It is likely that the secretions made by the frontal gland constitute
short-range attractants and may fulfil aphrodisiac functions to attract female adults and to stimulate mating. Aph-
rodisiac pheromones act as close-range sex pheromones to mediate courtship behaviors. They can function both as
contact pheromones and volatile attractants that function over very short distances. In comparison with most sex
pheromones, these signals are often perceived through contact alone, produced in staggeringly large quantities, and
are by and large more structurally diverse. They are commonly produced by males of Lepidoptera and are also pres-
ent in some beetles and flies (Ginzel 2010).

While our study provides strong ultrastructural evidence, more detailed studies, e.g. histological, ultramorpho-
logical, electrophysiological, chemoreceptive, and behavioral studies, are necessary before drawing final conclu-
sions on the exact function of the porous structures described here. If this structure proves to function as a male
pheromone-releasing organ, it could provide a suitable target for controlling this agricultural pest by developing
suitable pheromone-based attractants against female C. versicolor.

Acoustic signals are now widely known to be almost exclusively used in intraspecific sexual communication
by Hemipteran Auchenorrhyncha. Male cicadas (Cicadidae) are familiar for their unique, loud airborne calls used
in mate recognition and courtship, while other much smaller species of Auchenorrhyncha, including leathoppers
and treehoppers (Membracoidea), planthoppers (Fulgoroidea) and spittlebugs (Cercopoidea), produce low intensity,
substrate-transmitted acoustic signals in mate location and courtship (Ossiannilsson 1949; Claridge 1985a,b; Clar-
idge 1990; Morgan & Claridge 1993; Claridge et al. 1999; Machado et al. 2001). The discovery of apparent male
pheromone glands in C. versicolor in the present study shows that at least one Auchenorrhynchan species may also
use chemical pheromones in intraspecific communication in addition to their well-known physical acoustic signal
communication systems. Recent investigation on rice spittlebug O. versicolor have shown that the nymphs of this
pest species can use an aggregation pheromone in controlling the number of the nymphs in each spittle foam (Chen
& Liang 2015). This fact should be considered as a starting point in a better understanding of pheromone commu-
nication in both Cercopidae and Auchenorrhyncha.
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