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a b s t r a c t

Termites have developed many exocrine glands, generally dedicated to defence or communication.
Although a few of these glands occur in all termite species, or represent synapomorphies of larger clades,
others are morphological innovations of a single species, or a few related species. Here, we describe the
nasus gland, a new gland occurring at the base of the nasus of Angularitermes soldiers. The nasus gland is
composed of class 1, 2, and 3 secretory cells, a rare combination that is only shared by the sternal and
tergal glands of some termites and cockroaches. The ultrastructural observations suggest that the
secretion is produced by class 2 and 3 secretory cells, and released mostly by class 3 cells. The base of the
nasus has a rough appearance due to numerous pits bearing openings of canals conducting the secretion
from class 3 secretory cells to the exterior. We tentatively assign a defensive function to the nasus gland,
although further research is needed to confirm this function. Although the gland is described only from
species of Angularitermes, other genera of Nasutitermitinae also present a rough nasus base, suggesting
the presence of a similar, possibly homologous, gland.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The ecological success of social insects is evidenced by their
dominance in most terrestrial biotopes, especially in tropical and
subtropical ecosystems where they make up a large part of the
animal biomass (Fittkau and Klinge, 1973; Ellwood and Foster,
2004). Because of their abundance, social insect colonies strongly
compete with each other and attract a wide variety of predators
(Hermann, 1984). Strong competition and predation are the main
factors that have triggered the evolution of sophisticated and fine-
tuned defence systems.

The soldier caste is present in all termites, except for a few
advanced taxa in which it was secondarily lost (Hare, 1937; Roisin
and Korb, 2011). Fully devoted to colony defence, soldiers play an
essential role in the colony life, enhancing the reproductive capa-
bility of king and queen (Higashi et al., 2000). The soldier weaponry
is diverse and many morphological and chemical adaptations are
specific to a few species or genera (Hare, 1937; Deligne et al., 1981;
Prestwich, 1984; Quennedey, 1984). Crushing mandibles are ple-
siomorphic and some termite lineages evolved slashing, reaping
and/or snapping mandibles, with or without associated defensive
glands. Alternatively, soldier mandibles are reduced in minor sol-
diers of Rhinotermitinae, which possess an elongated brush-like
labrum used to apply the frontal gland secretion onto predators
(Quennedey and Deligne, 1975), and in all Nasutitermitinae (Ter-
mitidae), which rely almost exclusively upon the frontal gland
secretion they squirt out by the fontanelle located at the tip of the
nasus (Hare, 1937; Deligne et al., 1981; Prestwich, 1984; �Sobotník
et al., 2010a). The frontal gland of Nasutitermitinae soldiers se-
cretes species-specific mixtures of defensive compounds domi-
nated by monoterpenes and diterpenes, frequently mixed with
other classes of chemicals (Prestwich, 1984; �Sobotník et al., 2010a).
This secretion primarily acts as glue, entangling and incapacitating
enemies, but it is also irritant, repellent, and has an alarm function
(Deligne et al., 1981; Prestwich, 1984; �Sobotník et al., 2010a).
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Termites possess a rich set of exocrine organs, whose develop-
ment varies among species and castes and are in general distrib-
uted all over the body. The glands play diverse functions, including
defensive (frontal, labial, labral glands) (Prestwich, 1984; �Sobotník
et al., 2010a) and pheromone-producing (frontal, labial, sternal,
tergal glands) (Reinhard et al., 2002; �Sobotník et al., 2010a;
Bordereau and Pasteels, 2011), but for many their function re-
mains unknown.

The genus Angularitermes Emerson (Nasutitermitinae) is widely
distributed in South America, from the Guyana Shield to Southeast
Brazil (Constantino, 1998). Six species have been described so far,
all characterized by intricate microsculptures at the base of the
nasus (Mathews, 1977; Cancello et al., 1996; Carrijo et al., 2011).
Sands (1957) was the first to report the “rugose” appearance of the
base of the nasus of Angularitermes and Eutermellus soldiers. Later
on, Deligne (1983) hypothesized that the rugosity may represent a
glandular system (“rostral system”), which occurs in species of the
genera Velocitermes, Tenuirostritermes, Nasutitermes, Trinervitermes,
Verrucositermes and Spatulitermes. In this paper we describe the
structure of a new exocrine organ on the nasus of Angularitermes
using light microscopy as well as scanning and transmission elec-
tron microscopy. Our combined approach provides evidence of a
new and complex exocrine organ that we name the “nasus gland”.
2. Materials and methods

2.1. Scanning electron microscopy (SEM)

Two specimens of Angularitermes nasutissimus (Emerson, 1925),
collected in the Nouragues Nature Reserve, French Guiana (see
Bourguignon et al., 2011a), were studied using SEM. Soldiers were
dehydrated in a conventional ethanol series, impregnated for 24 h
in hexamethyldisilazane, air dried and gold coated. Digital images
were taken with a Philips XL 30 ESEM.
2.2. Optical microscopy

Foraging soldiers of Angularitermes pinocchio Cancello and
Brand~ao, 1996 were collected in the litter of a Cerrado (Brazilian
Savannah) in Jataí Reserve, Luiz Antônio, S~ao Paulo, Brazil. They
were fixed in Duboscq-Brasil mixture for 24 h and embedded into
paraffin after dehydration with ethanol. The serial longitudinal
sections (7 mm) of three soldiers were stained with hemalun
picroindigocarmin.
2.3. Transmission electron microscopy

Soldiers of Angularitermes coninasus Carrijo and Rocha, 2011
were collected from a nest in the Amazon forest, Porto Velho, RO,
Brazil. Living soldiers of A. coninasuswere submerged into a drop of
fixative (cacodylate buffer [0.2 M sodium cacodylate in water, pH
7.05]: glutaraldehyde 8%: distilled water¼ 5:3:2) and cut into parts
using a razor blade. Soldiers were fixed for approximately 20 h and
then displaced into washing buffer (cacodylate buffer: glucose so-
lution [2.7 g in 50 ml of water]¼ 1:1). Washing buffer was replaced
every 10 days until further steps, as explained in �Sobotník et al.
(2010b). Semithin (0.5 mm) and ultrathin (gold, silver and grey)
sections of three soldiers were prepared using a Reichert-Jung ul-
tramicrotome, and observed with a Nikon Eclipse Ci optical mi-
croscope combined with a Jenoptik ProgRes CT3 camera or a JEOL
1011 transmission electron microscope, respectively.
2.4. Behavioural observations

Individuals of A. coninasus, collected from a single colony in
Rondônia, Brazil, and workers of Procornitermes lespesii collected
from different logs in a fragment of forest in S~ao Paulo city, Brazil,
were used. Soldiers of A. coninasus were confronted with Pro-
cornitermes lespesii workers, which have similar body size. Each
treatment consisted in three A. coninasus soldiers placed in a Petri
dish (ø 55 mm) with three P. lespesiiworkers. The rate of survival of
P. lespesii workers was recorded after 18 h. We used nail enamel in
order to prevent the release of secretion from the frontal and/or
nasus glands. We carried out five treatments, namely: frontal gland
blinded, nasus gland blinded, frontal and nasus glands blinded, no
gland blinded, and a control consisting of P. lespesii workers alone.
Each treatments were replicated five times with different
individuals.

3. Results

3.1. Scanning electron microscopy

The basal part of the soldier nasus of Angularitermes contains
plentiful small pits. The pits occur in two groups laterally located on
the nasus. Their density is high near the head capsule and decrease
toward the tip of the nasus (see Fig. 1A). The pits are rounded and
generally irregular in shape, although some are regular and oval.
The regular pits are about 5 mm in diameter and always contain a
single hole of about 0.5 mm in diameter (i.e. the outlet of the con-
ducting canal of class 3 secretory cell sensu Noirot and Quennedey,
1974; see below), while the irregular pits are larger (7e10 mm
across) and obviously resulted from partial fusion of simple pits
(between 2 and 4, see Fig. 1B). Although the pit interior is smooth,
the cuticle between the pits reveals plentiful tiny depressions
corresponding to epicuticle perforations (Fig. 1B, SF5).

3.2. Optical microscopy

Both histological and semithin resin sections reveal the same
glandular tissue associated with cuticular pits (Fig. 1C, D). The
glandular cuticle is between 30 and 40 mm thick and consists of
epicuticle, thin exocuticle (5e10 mm thick) and thick endocuticle
(22e33 mm thick). The pits are up to 7 mmdeep, and the thickness of
both cuticular layers decreases in the pit, particularly for the exo-
cuticle (Fig. 1D).

The glandular epithelium is bulky (up to 60 mm thick) and its
cells form two layers, of which the ectal one is continuous and
formed by smaller cells with highly vacuolised cytoplasm, while the
ental layer is formed by larger spaced cells containing dense
cytoplasm (Fig. 1D).

3.3. Ultrastructure

The nasus gland consists of secretory cells of class 1, 2 and 3
(according to the classification of Noirot and Quennedey, 1974),
with all cell types being approximately of the same abundance.
TEM observations of the cuticle reveal a thin epicuticle made of
inner (about 30 nm) and outer (about 10 nm) epicuticular layers.
The cuticular modifications allowing the secretion to flow outside
through the epicuticle consist of enlarged pore canals (their width
was very variable, from 200 nm to about 1.2 mm), and tiny epicu-
ticular pores (about 30 nm; Fig. SF5). The outlets of canal cells
connected to class 3 secretory cells are always situated on the
bottom of depressions, and these depressions are always made at
the expense of exocuticle, reducing endocuticular layer thickness
only slightly.



Fig. 1. Basic anatomy of the nasus gland. A: SEM micrograph of Angularitermes nasutissimus soldier head. Note the extent of the nasus gland marked by arrows. Scale bar 500 mm. B:
Detail of the glandular cuticle and the pits corresponding to class 3 secretory cells. Arrows mark outlets of canal cells. Note that the pit on top-right is regular and contains a single
outlet, top-left contains 2, mid-left 3 and bottom-right 4 outlets. Note also the small depressions among the pits, which correspond to epicuticular punctures. Scale bar 10 mm. C:
Oblique histological section of Angularitermes pinocchio soldier head. Scale bar 500 mm. D: Parasagittal histological section of Angularitermes pinocchio soldier head showing the
structure of the nasus gland and overlaying cuticle with section through numerous pits. Scale bar 50 mm. Abbreviations: c, cuticle; c1þ3, layer formed by secretory cells class 1 and
3; c2, layer formed by secretory cells class 2; f, fontanelle; fg, frontal gland reservoir; h, haemocoel; m, mandibular muscles; ng, nasus gland; sg, suboesophageal ganglion.
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Class 1 cells are attached to the cuticle, class 3 cells occur entally
to them, and class 2 cells are the most entally situated (Fig. 2A). The
whole gland is basally covered with a single basement lamina be-
tween 30 and 70 nm thick that is locally thicker (up to 200 nm) due
to strengthening with collagen fibres. Intercellular junctions con-
nect neighbouring class 1 cells and comprise an apical zonula
adherens followedbya long septate junction; the latter junction also
connects neighbouring class 3 cells and canal cells to respective class
3 secretory cells, and canal cells to neighbouring class 1 cells
(Figs. SF2, SF3, SF4). Intercellular spaces are very large, especially in
the ental parts of the gland, and often contained nerves (bundles of
tens of axons covered with glial cells; Fig. 2B). Individual axons
(without any sheet cells) are frequently observed between secretory
cells throughout the gland, including in the ectal parts. The axons
often contained typical electron-dense grains of neurosecretion.
Two kinds of sensilla containing either 1 or 4 sensory dendrites can
also be observed in the nasus gland (Figs. SF11, SF12).

The class 1 secretory cells form a continuous layer, 2e6 mm
thick, with sparse basal projections reaching up to 15 mm entally
(Fig. 2A). Locally, they possess bundles of short microvilli (up to
1 mm long), a fewmitochondria and small nuclei (about 5 mm in the
largest dimension), which are ovoid and slightly irregular, with
numerous large condensations. Secretory organelles comprise low
amounts of rough endoplasmic reticulum (ER) around the cell
nucleus and free ribosomes scattered throughout the cytoplasm
(Figs. SF3, SF4). Inclusions comprise low amounts of glycogen ro-
settes, scarce lucent vesicles and electron-dense granules. Lipid-
like droplets are observed among the secretory cells and some-
times also freely in the cell cytoplasm (Fig. SF3).
Class 3 secretory cells are basal to class 1 cells, located in themid
part of the glandular epithelium. They are much larger than class 1
cells, cubic in shape, reaching up to 20 mm in their largest dimen-
sion. Each extracellular reservoir is lined with spaced microvilli
between 0.5 and 1.5 mm long (Fig. 2C). Each receiving canal (be-
tween 450 and 550 nm in diameter) made of several (3e5) layers of
porous epicuticle is inserted into a reservoir, and ectally changes
into conducting canal (about 450 nm in diameter) made of outer
and inner epicuticle, similar to, and continuous with, the glandular
epicuticle. The nuclei of class 3 secretory cells are slightly irregular,
oval in shape, filled predominantly with dispersed chromatin, up to
8 mm in diameter. Mitochondria (up to 1 mm long) are very abun-
dant and located predominantly in the cell periphery. Secretory
organelles comprise variable amounts of rough ER and Golgi
apparatus (Figs. SF6, SF7). Inclusions comprise glycogen rosette
aggregations, rare irregular electron-dense granules (up to 3 mm
large), and electron-lucent vesicles containing variable amounts of
small electron-dense particles considerably differing in size among
cells (Fig. 2D). Lipid droplets (0.5e2.5 mm in diameter) are
frequently observed in the intercellular spaces between class 3
cells, and seem to be incorporated by the secretory cells (Fig. 2D).
Within the cells, the droplets are located either freely in the cyto-
plasm or inside larger vesicles (these droplets often seem to be
dissolving), but infrequently they can also be observed within the
extracellular reservoir. The class 3 cells probably reveal certain
secretory cycles, presumably starting in cells containing lower
amounts of smaller lucent vesicles (less than 1 mm in diameter) and
considerably higher volume of cytoplasm, secretory organelles, and
glycogen and lipid droplets. As the process of inclusions



Fig. 2. Ultrastructure of the nasus gland in Angularitermes coninasus. A: TEM micrograph of the nasus gland showing basic features of secretory cells class 1, 2, and 3. Scale bar
10 mm. B: Ental part of the nasus gland showing the position of the class 2 secretory cells. Asterisks mark the secretion located within intercellular space. Scale bar 5 mm. C: Ectal part
of the nasus gland showing the position of the class 1 and 3 secretory cells. Scale bar 2 mm. D: Basal part of two neighbouring secretory cells class 3 showing the intake of lipid-like
droplets from the intercellular spaces. Asterisks mark bacteria within secretory cells. Scale bar 2 mm. Abbreviations: ba, bundle of axons; c, cuticle; c1, secretory cell class 1; c2,
secretory cell class 2; c3, secretory cell class 3; dg, electron-dense granule; g, glycogen; h, hemocoel; m, mitochondria; mv, microvilli; n, nucleus; rc, receiving canal; s, secretion
within the cell; sv, secretory vesicle.
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accumulation continues, cells are filled predominantly with large
electron-lucent vesicles (up to 7 mm in diameter) and a very low
amount of cytoplasm and organelles. The release of inclusions is
observed rarely, but is probably controlled by free axons running
among secretory cells (Fig. SF7). Secretory class 3 cells often contain
Bacillus-shaped bacteria (about 300 nm in diameter and up to 1 mm
long) located either freely in the cytoplasm, but more often
occurring within the glycogen aggregations (Fig. 2D).

The class 2 secretory cells are located entally in the gland, and
are extraordinarily large, sometimes up to 35 mm in their largest
dimension. There is an extensive system of intercellular spaces and
lacunae among the class 2 cells, which reveal neither intercellular
junctions nor attachment to the basement membrane. The nuclei
are very large (up to 13 mm in the largest dimension), rounded in
shape, slightly irregular, and filled only with dispersed chromatin
and a few small chromatin aggregates (Fig. 2A). Secretory organ-
elles comprise abundant smooth ER, and low amounts of rough ER
and free ribosomes scattered throughout the cells (Figs. SF9, SF10).
Inclusions comprise only angular electron-dense granules con-
taining variable amounts of electron-lucent gaps and rare lipid-like
droplets, which seem to be excreted into intercellular spaces
(Fig. 2B). Class 2 cells also often contain Bacillus-shaped bacteria
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located always freely in the cytoplasm, but otherwise identical to
those observed in class 3 cells.

3.4. Defensive behaviour

All workers of P. lespesii died during the tests with non-treated
A. coninasus soldiers (i.e. both glands opened), while all survived
when confrontedwith A. coninasus soldiers fromwhich both glands
were sealed (or without soldiers). Sealing the nasus gland (frontal
gland opened) reduced the survival to 40%, and sealing the frontal
gland (nasus gland opened) led to 73% survival. These results were
not significant due to high variability and low number of
repetitions.

Untreated soldiers of A. coninasus repeatedly sprayed the frontal
gland secretion on P. lespesiiworkers, partially incapacitating them,
and often getting entangled too. Shaking (longitudinal oscillatory
movements [LOMs] sensu Howse, 1965) was often performed by
soldiers in the opponent vicinity, and less frequently by workers.

4. Discussion

The termite set of exocrine organs is rich compared to that of
solitary insects, and comprises 20 known glands, including the
nasus gland. Termite glands can be classified by function, ontoge-
netic origin, volatility of their secretion, or other features. However,
they are generally classified based on their ultrastructural features:
glands made of class 1 cells (frontal, labral, and sternal glands in
Mastotermes; Ampion and Quennedey, 1981; Quennedey, 1984;
Quennedey et al., 2008; �Sobotník et al., 2004, 2010b; Costa-
Leonardo and Haifig, 2014), class 3 cells (mandibular base glands
in Machadotermes, and mandibular, lateral thoracic, tarsal, tergal,
and pleural glands; Lambinet, 1959; Ampion, 1980; Ampion and
Quennedey, 1981; Quennedey, 1984; Costa-Leonardo and Haifig,
2010, Gonçalves et al., 2010; Costa-Leonardo et al., this issue), class
1 þ 2 cells (sternal and posterior sternal glands; Ampion and
Quennedey, 1981; Quennedey et al., 2008), class 1 þ 3 cells (fron-
tal gland in Coptotermes and Heterotermes, labral gland in Glosso-
termes, and clypeal, tergal, and tegumental glands; Ampion and
Quennedey, 1981; Quennedey, 1984; �Sobotník et al., 2003, 2010b;
K�rí�zkov�a et al., 2014), class 1 þ 2 þ 3 cells (sternal, posterior ster-
nal, and tergal glands; Ampion and Quennedey, 1981; Quennedey
et al., 2008; �Sobotník et al., 2005). In a few rare cases, however,
this classification is impossible because the secretory cell type is
unclear: (i) the secretory cells formally belong to class 1 cells but
are highly modified for exclusion of large amounts of water-carried
proteinaceous secretion (labial glands; Billen et al., 1989; �Sobotník
and Weyda, 2003); (ii) cells are of unknown ultrastructure (hypo-
pharyngeal glands; Brossut, 1973); (iii) cells are disconnected from
the cuticle and are of unknown origin (dehiscent glands in Rupti-
termes; Costa-Leonardo, 2004).

The cellular organization of the nasus gland differs from other
termite glands in several respects. Based on our observations, class
2 cells release their secretion in the form of lipid droplets freely into
enlarged intercellular spaces, fromwhere they seem to be accepted
and released mostly by class 3 cells. This contrasts with other
termite glands, in which only class 1 cells accept the secretion of
class 2 cells (Quennedey et al., 2008; �Sobotník et al., 2005). While
class 3 cells are large and show high secretory activity, as evidenced
by populous mitochondria and secretory vesicles, class 1 cells are
obviously less active and differ from regular epidermal cells only in
their volume, the presence of microvilli, scarce secretory organ-
elles, vesicles and lipid droplets. Our observations therefore suggest
that the secretion consists of a combination of non-polar (lipid-
like) compounds, produced by the class 2 cells and with allomone
function, and of proteins produced by class 2 and 3 cells.

We observed bacteria in the cytoplasm of class 2 and 3 secretory
cells but we did not study them in detail. The ultrastructural ob-
servations revealed morphological similarities between these
bacteria and the genus Wolbachia, a common parasite of many in-
sects (Sacchi et al., 2010; Chagas-Moutinho et al., 2015). However,
more work would be needed to determine their function and their
phylogenetic position with satisfactory precision.

Based upon our behavioural observations, we believe that the
nasus gland produces a contact poison, similarly to the labial glands
of Mastotermes and Macrotermitinae (Termitidae) or the frontal
gland of Rhinotermitidae (Prestwich, 1984; �Sobotník et al., 2010a).
We have repeatedly observed A. coninasus soldiers hitting the op-
ponents with the head during LOMs, and as this behaviour was
selectively performed in the opponent vicinity, it may serve to
deliver the secretion. However, the main weapon remains the
frontal gland, as in other Nasutitermitinae (Prestwich, 1984;
�Sobotník et al., 2010a). A. coninasus is a soil-feeder (Bourguignon
et al., 2011b) that we always observed in closed gallery systems.
When encountered, workers tended to hide away while soldiers
went out, kept their nasi up and scanned the surroundings with
their antennae. This activity quickly increased in response to any
kind of disturbance, e.g. air currents or presence of opponents
(unpublished observation). Thus, the nasus gland secretion might
also play a repellent or irritant role. Another possible function of
the nasus gland may consist in purging the frontal gland secretion,
which can lethally entangle nasute soldiers. Such a function was
already hypothesized by Quennedey (1984), who claimed that the
“rostral system” of Trinervitermes (identical class 3 secretory cells
emptying their secretion either to frontal gland duct or to nasus
surface) produces a solvent preventing the frontal gland secretion
from adhering to the body cuticle. This assumption remains to be
tested.

Angularitermes occupies a basal position in the Nasutitermitinae
(Inward et al., 2007). They occur throughout South American
rainforests and open formations (‘cerrado’ vegetation), but gener-
ally at a low abundance (e.g. Bourguignon et al., 2011a; Cancello
et al., 2014). They are largely outnumbered by other termites,
which are devoid of nasus gland. The presence of nasus gland is
obvious in Angularitermes soldiers but was not previously studied,
probably because of the rarity of Angularitermes and other Nasuti-
termitinae that could possibly be endowed with a nasus gland. The
presence of organs similar to the nasus gland has already been
speculated in Eutermellus, Spatulitermes, and Hirtitermes, but no
additional data are available. The glandular system is different in
Verrucositermes, as the class 3 secretory cells orifices are grouped on
tubercles on the nasus, the head and the antennae (Deligne, 1983;
Quennedey,1984; Cancello et al., 1996). Additionally, the phylogeny
of Nasutitermitinae is still not adequately resolved to determine if
these putative glands may have a common origin. Future histo-
logical and phylogenetic studies are needed to resolve the origin of
the nasus gland in Nasutitermitinae, although this is hampered by
the sample rarity.
5. Conclusion

The nasus gland is a morphological novelty that evolved in
soldiers of Angularitermes. It is the first gland composed of class 1, 2,
and 3 cells (sensu Noirot and Quennedey, 1974) except for the
sternal glands of some termites (Quennedey et al., 2008) and
cockroaches (Sreng, 1985); and for the posterior sternal and tergal
glands of termite (�Sobotník et al., 2005) and cockroach (Sreng,
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1985) imagoes. Unlike these, the nasus gland likely plays a
defensive role, because of its presence on the nasus of Angular-
itermes spp. soldiers.
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