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Apart from their obvious locomotory function and hence the presence of muscle fibres, ant legs are also
endowed with an astonishing variety of exocrine glands. This paper reviews the presence and structural
variety of the 20 different glands that have so far been found in the legs of ants. Four of these glands are
described for the first time in this paper. Glands have been described in the three leg pairs, although
considerable differences may exist. Glands occur in the various leg segments. A number of glands,
especially those located in the hindlegs, may have a function in the production of trail pheromones.
Other possible functions that have been reported deal with antenna cleaning, production of lubricant
substances and sex pheromones.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The exocrine system in ants is formed by an impressive plethora
of glands that occur all over the body, and exemplifies the wide
variety of functions exocrine secretions play in the social commu-
nities of these insects (Hölldobler and Wilson, 1990; Billen and
Morgan, 1998). As exocrine glands are always associated with
a cuticular component, difficulties with sectioning have often put
a technical limitation to the structural study of the exocrine system.
Using plastics as embedding medium and glass or diamond knives
for sectioning, however, it became possible to section through the
very hard tegumental cuticle, even through heavily sclerotized
structures such as stings, mandibles and appendages like antennae
and legs. As a result, these body parts became also accessible for
histological examination, and have revealed that exocrine glands
also occur here. Examples include the sting bulb gland in Notho-
myrmecia and Myrmecia (Billen,1990a), the intramandibular gland in
the majority of ant species (Schoeters and Billen, 1994; Grasso et al.,
2004), as well as glands in various antennal segments (Billen, 2000;
Isidoro et al., 2000). The first exocrine gland discovered in ant legs
was the tibial gland in the hindleg of Crematogaster (Leuthold, 1968).
For more than two decades, however, this metatibial gland was the
only known leg gland of ants. In the 1990s, the existence of several
additional glands in ant legs was reported, some of these being
very common, others having a much more restricted occurrence.

In this paper, we aim to review the actual knowledge on the
occurrence and structural organization of the various leg glands in
ants, including the description of four previously unknown glands.
All rights reserved.
For clarity and convenience, the order in which the 20 known
glands will be treated is from most proximal (coxa) to most distal in
the leg (pretarsus). The descriptions in this article deal with the
situation in workers, unless specified otherwise. Longitudinal
sections are shown with the distal side to the right. All figures in this
review are the result of our own histological and ultrastructural
work, and therefore followed the same preparation methodology.
This comprised fixation of leg parts in 2% cold glutaraldehyde
(buffered at pH 7.3 with 50 mM Na-cacodylate and 150 mM sac-
charose) and post-fixation in 2% cold osmium tetroxide in the same
buffer. Tissues were dehydrated through a graded acetone series
and embedded in araldite. Semi-thin sections with a thickness of
1 mm for light microscopy were stained with methylene blue and
thionin, thin sections at 70 nm for electron microscopy were double
stained with lead citrate and uranyl acetate, and examined in a Zeiss
EM900 electron microscope. Legs prepared for scanning electron
microscopy were critical point dried in a Balzers CPD 030 instru-
ment and examined in a Philips XL30 ESEM scanning microscope.

2. Survey of the exocrine glands in the legs of ants

In spite of their impressively high number, insect glands can be
classified into two main groups according to their cellular organi-
zation, as described in the pioneer paper by Noirot and Quennedey
(1974). In their classification, class-1 glands are formed by a simple
monolayered epithelium that can either be part of the tegumental
epidermis or can occur as the lining of an invaginated reservoir
(Fig. 1A,B). In both cases, uptake of precursor molecules from
the haemolymph takes place through the basal plasmalemma,
which for this purpose often displays surface-increasing basal
invaginations. The secretory products leave the cells at the apical
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Fig. 1. Schematical illustration of the five main anatomical types of insect glands. (A) Epithelial glands without reservoir. (B) Epithelial glands with reservoir. (C) Bicellular unit
glands without reservoir. (D) Bicellular unit glands with reservoir. (E) Bicellular gland units opening through articulation membrane. All gland types except D are represented in ant
legs (see also Table 1).
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side, where microvilli provide an enlarged surface for this discharge
activity. The cuticle can be sufficiently porous to allow the secretory
products to reach the exterior or the reservoir, or can display very
narrow cuticular pores for passage of the secretion (Billen and
Morgan, 1998; Quennedey, 1998). Class-3 glands are formed by one
or generally more bicellular units that each comprise a secretory
cell and its accompanying duct cell. Similar to the situation in class-
1 glands, the bicellular unit glands can either open directly through
the tegumental cuticle, or may be arranged around a central
reservoir (Fig. 1C,D). Class-3 glands can also open through the
articulation membrane between adjacent segments (Fig. 1E). The
junction between the secretory cell and the duct cell characteris-
tically shows the presence of an ‘‘end apparatus’’, which is formed
by a porous cuticular ductule surrounded by microvilli. This
structural arrangement allows efficient transport of the secretory
products when they leave the producing gland cell in order to reach
the duct cell, which will carry them towards the outside or to the
reservoir. Of these five anatomical gland types, all are represented
among the leg glands in ants, except for bicellular unit glands with
reservoir (Fig. 1D). Fig. 2 summarizes the presence and location of
the various exocrine glands that are presently known in ant legs.

2.1. Basicoxal gland

Workers and queens of several poneromorph species possess an
epithelial basicoxal gland in the proximal part of the coxae of their
mid- and hindlegs (Billen and Ito, 2006). The gland occurs at the
outer dorsal part of the coxa, and represents a thickened differen-
tiation of the tegumental epidermis (Fig. 3A). Its position and
ultrastructural characteristics are indicative for a lubricant function
for the ball-and-socket junction of these legs with the thorax:
apical microvilli and transcuticular pores facilitate transportation of
Table 1
Occurrence of the exocrine glands in the foreleg (F), midleg (M) and hindleg (H)

No. Gland Occurrence

Coxa 1 Basicoxal gland – M
2 Coxal gland F M

Trochanter 3 Trochanter gland F M
Femur 4 Apicofemoral gland F M

5 Distal femoral gland F M
6 Distal femoral sac gland F M

Tibia 7 Proximal tibial gland F M
8 Tibial tendon gland F M
9 Metatibial gland – –

10 Apicotibial gland F M
11 Distal tibial gland F M
12 Tibial spur gland F ?

Basitarsus (t1) 13 Antenna cleaner gland F –
14 Basitarsal gland F M

Tarsomeres (t2, t3, t4) 15 Proximal tarsomere glands F M
16 Tarsomere glands F M
17 Third tarsomere gland – –
18 Distal tarsomere glands F M

Pretarsus (t5) 19 Footprint gland – –
20 Arolium gland F M

(–) indicates gland absence, (?) indicates that presence or absence could not be verified.
a The assignment of the basitarsal gland (14) to type C remains unclear (see text).
the secretory products, while the presence of smooth endoplasmic
reticulum is in agreement with an oily composition of the secretion
(Fig. 3B). The gland is absent in the forelegs, however, which can be
understood by the different articulation of the rather immobile fore
coxae, compared to the higher manoeuvrability of the coxae of
the mid- and hindlegs (Billen and Ito, 2006). We found no literature
data on the existence of similar glands in other insects.

2.2. Coxal gland

Class-3 glandular cells have been reported inside the coxae of the
three leg pairs of workers of Pachycondyla obscuricornis and a few
other species, both in the proximal part near the articulation with
the thorax, and in the distal part near the articulation with the
femur (Schoeters and Billen,1993; Fig. 3A). As in the basicoxal gland,
the cells contain numerous free ribosomes, but no granular endo-
plasmic reticulum. The accompanying duct cells open through the
corresponding intersegmental articulation membranes (Fig. 3C),
where the secretion is thought to serve a lubricant function for the
heavily sclerotized species in which they occur (Schoeters and
Billen, 1993). Similar bicellular gland clusters were later also
described in the proximal dorsal part of the coxa in stingless bee
species (Cruz Landim et al., 1998), and have also been found in the
coxae of Prorhinotermes termites (Šobotnı́k et al., 2003).

2.3. Trochanter gland

The proximal ventral part of the trochanter displays an obvious
glandular epithelium (Fig. 3A,D), which is very similar in its cellular
organization to the basicoxal glands. It occurs in the three leg pairs,
and has been found in species belonging to various phylogenetically
distant genera such as Atta, Camponotus, Oecophylla, Diacamma,
Reference Type

H Billen and Ito, 2006 A
H Schoeters and Billen, 1993 E
H Billen, 2008 A
H Bolton, 1999; Billen et al., 2000a A
H This article E
H This article B
H This article A
H Leuthold, 1968; Billen, 1984 B
H Hölldobler et al., 1996 A
H Bolton, 1999; Billen et al., 2000a A
H Hölldobler et al., 1996; Billen, 1997 C,E
H Hölldobler et al., 1992; Tijskens et al., 2002 A
– Schönitzer and Dott, 1989; Schönitzer et al., 1996 A
H Hölldobler and Palmer, 1989a; Hölldobler et al., 1992 Ca

H Billen, 1997; this article A
H This article C
H Billen et al., 2000b C
H Billen et al., 2000b A
H Hölldobler and Palmer, 1989b; Billen et al., 2005 A
H Hölldobler and Palmer, 1989b; Billen, 1990 B

‘‘Type’’ indicates gland type according to the five types shown in Fig. 1.



Fig. 2. Schematical profile of an ant, showing the variety of exocrine glands in the legs, with indication of the gland type. The distal tarsomeres are enlarged below for clarity. The
numbering corresponds with that in Table 1.
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Leptogenys, Odontomachus, Odontoponera, Probolomyrmex and Pro-
ceratium (Billen, 2008). Its common occurrence, in both queens
and workers, and its position at the site where maximal movement
occurs against the distal part of the coxa again supports a lubricant
function. While there is no report on glandular structures in
the trochanter of termites (Soares and Costa-Leonardo, 2002),
glands in the distal part of the trochanter have been described in
stingless bees, although these correspond to the bicellular unit type
(Cruz Landim et al.,1998; Cruz-Landim, 2002), and therefore are not
homologous with the trochanter gland in ants.

2.4. Apicofemoral gland

Species of the myrmicine genus Strumigenys possess dorsally
occurring epithelial glands in the distal part of the femur (as well as
the tibia, see Section 2.10) in the six legs of individuals of all castes
(Bolton, 1999; Billen et al., 2000a). The region of the gland is
externally characterized by a sculpture-less smooth region with
numerous minute pores of approximately 100 nm diameter, which
correspond to the openings of irregular transcuticular channels
(Fig. 3E). The gland appears as a differentiation of the tegumental
epidermis, and occurs at a location where the cuticle is reduced to
approximately half of the thickness it has elsewhere (Fig. 3F). The
glandular epithelium shows a clear microvillar differentiation of
the apical cell membrane, numerous spherical secretory vesicles
and free ribosomes, but no clear endoplasmic reticulum nor Golgi
apparatus (Fig. 3G). The function of the apicofemoral glands
remains unknown, although a lubricant function, as proposed for
the three glands described above, seems unlikely as the gland is not
situated in an area of articulation (Billen et al., 2000a). Besides
Strumigenys, only species of Pyramica also possess apicofemoral
glands (Fig. 3E), indicating their close phylogenetic position (Bol-
ton, 1999). As far as we know, no equivalent of apicofemoral glands
exists in other insects.

2.5. Distal femoral gland

In the apicodistal part of the mid- and hindleg femur of workers
of Diacamma vagans and Harpegnathos saltator, we found a cluster
of approximately five rounded secretory cells with a diameter
around 30 mm. Each secretory cell opens via its accompanying duct
cell through the dorsal articulation membrane with the tibia (Fig.
4A,B). The same is true in the three pairs of legs in both workers and
queens of Odontoponera transversa. This position may be indicative
for a lubricant function in these heavily sclerotized ponerine
species. The existence of this cluster of glandular cells in the distal
part of the femur has not been reported before. In stingless bees,
some class-3 glandular cells have been found in the proximal
portion of the femur, without indication of their opening site (Cruz
Landim et al., 1998). Also in polistine wasps, scattered class-3 gland
cells occur in the femur of both males and females, and possibly
play a role in marking of flight paths (Beani and Calloni, 1991).
Because of their different position in the femur, however, both
structures are not homologous. In termites, no mention is made of
eventual femoral glands (Soares and Costa-Leonardo, 2002).

2.6. Distal femoral sac gland

Examination of the internal structure of the femur of Harpe-
gnathos saltator workers also revealed the occurrence of a hitherto



Fig. 3. (A) Midleg coxa and trochanter of Odontoponera transversa, illustrating position of basicoxal gland (BCG), coxal gland cells (CG) and trochanter gland (TG); scale bar 200 mm.
(B) Electron micrograph of apical region of hindleg basicoxal gland epithelium of Centromyrmex feae with microvilli (mv), smooth endoplasmic reticulum (ser) and cuticular pores
(cp); scale bar 1 mm. (C) Distal part of hindleg coxa of Diacamma vagans with coxal gland cells (CG); scale bar 50 mm. (D) Midleg coxa-trochanter junction of Diacamma sp., showing
trochanter gland (TG); scale bar 50 mm. (E) Foreleg femur of Pyramica benten, AFG indicates differently sculptured cuticle overlaying apicofemoral gland; scale bar 50 mm. (F) Cross
section through distal region of hindleg femur of Strumigenys sydorata, showing apicofemoral gland (AFG); scale bar 20 mm. (G) Electron micrograph of midleg apicofemoral gland of
Strumigenys sp. 586, showing apical microvilli (mv) and secretory vesicles (sv); scale bar 5 mm.
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unknown sac-like glandular differentiation of the invaginated distal
tegumental epithelium (Fig. 4C–E). The gland also occurs in Odon-
toponera transversa, where we found it in both workers and queens.
The invaginated and cuticle-lined epithelium has a thickness around
20 mm, which is clearly different from the flattened tegumental
epidermis elsewhere in the femur. The epithelial sac is pierced in its
proximal region by the femoral tendon, which in turn makes contact
with a robust cuticular base plate in the distal part of the femur. This
cuticular plate is very similar to the unguitractor plate in the pre-
tarsus, and divides the gland into an upper and a lower portion
(Fig. 4D,E). As is the case with the arolium gland in the pretarsus (see
Section 2.20), the femoral sac gland does not directly open to the
outside, but lines an internal space. Another similarity with the
Fig. 4. (A) Hindleg femur–tibia junction in Diacamma vagans, showing cell cluster of dista
junction in midleg of Harpegnathos saltator. DFG, distal femoral gland; PTG, proximal tibial g
H. saltator at different levels, showing epithelium of distal femoral sac gland (FSG), which is
100 mm. (F) Electron micrograph of distal femoral sac gland in hindleg of H. saltator, showi
arolium gland is the appearance of the apical cuticle, which in
both glands is formed by endocuticle only (Fig. 4F). Its lining of an
internal space may correspond with a merely mechanical function,
such as a hydraulic system as may be the case for the arolium gland
(Federle et al., 2001). Cruz Landim et al. (1998) mention a ‘‘saculi-
form gland’’ in the proximal part of the femur in stingless bee
queens, although its opening to the outside could not be found.

2.7. Proximal tibial gland

Workers of Diacamma vagans and Harpegnathos saltator equally
display a glandular differentiation of the tegumental epidermis of
the dorsoproximal portion of the tibia (Fig. 4A,B). We also found
l femoral gland (DFG). PTG, proximal tibial gland; scale bar 100 mm. (B) Femur–tibia
land; scale bar 50 mm. (C–E) Parallel sections through femur–tibia junction in hindleg of
separated in an upper and lower part by the robust cuticular base plate (cbp); scale bar
ng apical microvilli (mv) and endocuticle (ct); scale bar 1 mm.
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this novel gland in the three leg pairs of workers and queens of
Odontoponera transversa. The glandular epithelium has a thickness
of around 25 mm, and occurs underneath the junction with the
dorsodistal margin of the femur (Fig. 4A,B). This location at an
articulation region is similar to that of the basicoxal gland (see
Section 2.1) and the trochanter gland (see Section 2.3), and there-
fore may also play a role in lubrication. We do not know of a similar
gland in other social insects. Cruz Landim et al. (1998) state that the
tibia of stingless bees does not contain epithelial glands at all, while
for termites Soares and Costa-Leonardo (2002) also do not make
mention of any epithelial glands in the tibia.

2.8. Tibial tendon gland

The tibial gland in the hindlegs of Crematogaster ashmeadi was
the first exocrine gland found in ant legs (Leuthold, 1968). The
gland was later considered to be a common character for this genus,
where it is the source of the trail pheromone (Leuthold, 1968;
Fletcher and Brand, 1968). The gland consists of an internalized
epithelium surrounding the enlarged hollow leg tendon in the
hindleg tibia (Fig. 5A), which is connected through the tendon with
the pretarsus, where the secretion is released (Pasteels et al., 1970).
The glandular cells are characterized by a well developed Golgi
complex, numerous mitochondria, an irregular apical microvillar
border and obvious cuticular pores that allow the secretory pro-
ducts to find their way to the reservoir lumen (Fig. 5B; Billen, 1984).
The same gland, but considerably smaller and most probably
inactive, is also found in the tibia of the fore- and midlegs (Billen,
1984). (R)-2-dodecanol could be identified as the major component
of the trail pheromone in the hindleg tibial glands of C. castanea
(Morgan et al., 2004). The tibial tendon gland occurs in the hindlegs
of both workers and queens, as we could confirm its presence in
both female castes of C. osakiniensis. Although thought to be a gland
unique for Crematogaster, we also found the internal epithelial tibial
gland in Amblyopone reclinata (Tijskens et al., 2002) and in Formica
sanguinea and F. polyctena (Fig. 5C). The cellular appearance of the
gland in these species is the same as in Crematogaster; however, the
function remains unknown. In Amblyopone, the gland occurs in
the fore- and hindlegs only, while the situation is opposite in the
two Formica species, where we found it only in the tibia of the
midlegs. A similar glandular differentiation of the tendon epithe-
lium, both in the tibia and the femur of all legs, has been discovered
in the stingless bee Melipona seminigra, where it functions in scent
marking of food sources (Jarau et al., 2004). Brousse-Gaury (1983)
mentions the existence of a glandular epithelium lining the hollow
tibial tendon in all six legs of earwigs, although no definite function
for this structure could be determined.

2.9. Metatibial gland

The ‘‘doryline section’’ (Bolton, 1990) includes the Dorylinae,
Aenictinae, Ecitoninae and Cerapachyinae, of which the former
three represent the commonly known army ants. The workers of all
species in this section as well as many Ponerinae are characterized
by a conspicuous metatibial gland in the distal ventral part of their
hindleg tibia (Hölldobler et al., 1996). The gland is externally visible
as an elongated flat area with very numerous small pores (Fig. 5D,E).
A cross section through the tibia in this region shows the presence
of an obvious glandular epithelium with tall columnar cells (Fig. 5F).
In the region overlying the gland, the cuticle is transversed by
irregular pores that open at the apical surface, while the apical cell
membrane displays long and slender microvilli (Fig. 5G). The
cytoplasm contains a well developed smooth endoplasmic retic-
ulum and an abundance of small secretory vesicles. The basal cell
membrane shows numerous invaginations (Billen, 1997). In spite of
its common occurrence in species of five subfamilies, the function of
the metatibial gland remains unknown, except for species of
Diacamma (Hölldobler et al., 1996). In these queenless ants, the
gamergates (¼mated workers) attract males using sex pheromones
from their metatibial glands, which they rub against their gaster
during a peculiar sexual calling behaviour (Nakata et al., 1998). The
metatibial gland also occurs in queens, as we were able to confirm in
Harpegnathos saltator. As bees (Cruz Landim et al., 1998) and
termites (Soares and Costa-Leonardo, 2002) do not have epithelial
glands in their tibia, it appears that other social insects do not
possess an equivalent of the metatibial gland of ants.

2.10. Apicotibial gland

Besides the femoral gland (see Section 2.4), species of Strumigenys
and Pyramica also contain a similar epithelial gland at the poster-
odorsal side of the tibia of the six legs in individuals of all castes
(Bolton, 1999; Billen et al., 2000a; Fig. 5H). It shows the same
anatomical and ultrastructural characteristics, and also has an as yet
unknown function. Apicotibial glands are only known in species of
these dacetine genera, and have not been found in other social insects.

2.11. Distal tibial glands

Hölldobler et al. (1996) describe in the distal part of the hindleg
tibia of Pachycondyla (¼Paltothyreus) tarsata a paired cluster of
approximately 15 glandular class-3 cells at each side, which open
with narrow ducts through the intersegmental membrane between
the tibia and basitarsus. Clusters with 4–8 cells each were found in
the fore- and midlegs (Hölldobler et al., 1996). Similar glandular cell
clusters (Fig. 6A) were also found in Dorylus molestus (Billen, 1997)
and Amblyopone reclinata (Tijskens et al., 2002). In sections through
the distal part of the tibia in D. molestus, however, we also found
class-3 glandular cells that open to the tibial surface through the
thick tegumental cuticle (Fig. 6B). Because of their different
opening site, the two groups probably represent different glands
with different functions, although we mention them here together
until more detailed data are available. Scattered tibial class-3 gland
cells have also been observed in bees (Cruz Landim et al., 1998;
Cruz-Landim, 2002), while a cluster of approximately 20 class-3
glandular units opening through a sunken cuticular pore plate
occurs at the distal portion of the tibia in Rhinotermitidae (Bacchus,
1979; Soares and Costa-Leonardo, 2002). Polistine wasps also
contain scattered class-3 glands in the tibia of both males and
females, with a possible role in flight path marking (Beani and
Calloni, 1991).

2.12. Tibial spur gland

Hölldobler et al. (1992) report on the occurrence of glandular
cells in the tibial spur of the foreleg of Prionopelta amabilis,
although it is not clear whether these correspond to class-1 or
class-3. Tijskens et al. (2002) show a glandular differentiation of the
tegumental epidermis in the tibial spur of the hindleg of Amblyo-
pone reclinata with a thickness around 10 mm (Fig. 6C), while we
also found a thickened epidermis in the hindleg tibial spur of
Odontoponera transversa queens (Fig. 6D). The class-1 cells display
a well developed granular endoplasmic reticulum, and are lined by
a cuticle with small pore canals (Tijskens et al., 2002). Its function
remains unknown. No mention has been made of glandular tissue
inside the tibial spur of other social insects.

2.13. Antenna cleaner gland

Ants spend a considerable amount of time with self-cleaning
activities, for which their forelegs are equipped with a comb-like
tibial spur and a corresponding depression in the basitarsus. A



Fig. 5. (A) Cross section through hindleg tibia of Crematogaster scutellaris with large tibial tendon gland (TG); scale bar 50 mm. (B) Apical region of tibial tendon gland epithelium
and lining cuticle of C. scutellaris, showing microvilli (mv) and cuticular pores (cp); scale bar 1 mm. (C) Cross section through tibial tendon gland in midleg of Formica polyctena,
illustrating how cuticular lining of gland epithelium (ct) is continuous with tibial tendon (TT); scale bar 5 mm. (D) Scanning electron micrograph of the distal ventral hindleg tibia of
Eciton burchellii, showing smooth cuticle overlaying the metatibial gland; scale bar 200 mm. (E) Detail of D, revealing presence of numerous small pores; scale bar 10 mm. (F) Cross
section through hindleg tibia of Cylindromyrmex whymperi. Note epithelial cells of metatibial gland (MTG), and striated cuticular lining due to presence of minute cuticular pores;
scale bar 50 mm. (G) Detail of apical cytoplasm and cuticle of hindleg metatibial gland of Dorylus molestus, showing microvilli (mv) and cuticular pores (cp); scale bar 5 mm. (H)
Hindleg tibia of male of Pyramica benten, arrow indicates apicotibial gland region; scale bar 50 mm.
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Fig. 6. (A) Junction between hindleg tibia and basitarsus of Dorylus molestus, showing cluster of distal tibial gland cells (DTG). Arrow indicates corresponding duct cells opening
through articulation membrane with basitarsus (from Billen, 1997, with permission from R. Belg. Soc. Zool.). PtG ¼ proximal tarsomere gland in basitarsus; scale bar 50 mm. (B) Distal
part of foreleg tibia of D. molestus with cluster of distal tibial gland cells (DTG) and ducts opening through outer cuticle (arrow); scale bar 50 mm. (C) Cross section through tibial spur
of Amblyopone reclinata hindleg, showing epithelial cells of tibial spur gland; scale bar 20 mm. (D) Longitudinal section of hindleg tibial spur of Odontoponera transversa queen with
thickened epithelium of tibial spur gland (arrows); scale bar 100 mm. (E) Longitudinal section through proximal part of foreleg basitarsus of Cataglyphis niger, depicting large
antenna cleaner gland (ACG); scale bar 50 mm. (F) Scanning electron micrograph of proximal part of basitarsal antenna cleaning apparatus on foreleg of Dinoponera quadriceps,
showing basitarsal cleaning brush (cb) and smooth area covering antenna cleaner gland region (ACG); scale bar 100 mm. (G) Detail of smooth area of E, revealing presence of
numerous small cuticular pores; scale bar 1 mm.

J. Billen / Arthropod Structure & Development 38 (2009) 2–15 9
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porous band at the tibial side of this structure with underlying
glandular cells was already noticed in 1894 by Janet as part of his
magnificent pioneer work (Billen and Wilson, 2008). Inspired by
this observation, Schönitzer and Dott (1989) and Schönitzer et al.
(1996) described a glandular epithelium inside the proximal part of
the foreleg basitarsus in Messor rufitarsis. The gland is made up by
500–700 prismatic cells (Fig. 6E), which contain a well-developed
Golgi apparatus, and both granular and smooth endoplasmic
reticulum. Secretion is transported to the outside through a sub-
cuticular space and the apical porous region, which corresponds to
narrow cuticular pores (Schönitzer et al., 1996). Fig. 6F,G illustrate
the antenna cleaner region in Dinoponera quadriceps, with a detail
of the porous region showing small cuticular pores with a diameter
of 0.1–0.2 mm, and a density of 60–70 pores per 100 mm2, which is
very similar to the literature data reported for Messor rufitarsis
(Schönitzer et al., 1996). The gland appears to exist in workers of
many ant species, although it appears to be lacking in other
Hymenoptera (Schönitzer et al., 1996). Because of its position, it has
been called the ‘‘antenna cleaner gland’’, although there is no
experimental evidence to corroborate this function. Without
mentioning about the glandular epithelium itself, Hefetz et al.
(2001) showed a role for the basitarsal brush of the foreleg tibia in
Pachycondyla apicalis in accumulation of hydrocarbons, from where
they are discharged during self-grooming.
Fig. 7. (A) Longitudinal section through distal region of hindleg basitarsus of Onychomyrmex
hindleg basitarsal gland cells of Prionopelta kraepelini (from Ito and Billen, 1998, with permi
beccarii, arrow indicates opening of basitarsal gland; scale bar 50 mm. (D) Detail of basitarsal
cuticular pores; scale bar 5 mm.
2.14. Basitarsal gland

The hindleg basitarsus of workers of the amblyoponine species
Onychomyrmex sp. (Hölldobler and Palmer, 1989a) and both
workers and queens of Prionopelta amabilis (Hölldobler et al., 1992)
contains an exocrine gland, which opens to the outside at the
ventral side of the distal part of the basitarsus. This opening site is
dragged over the substrate by trail-laying workers, making it very
likely that this basitarsal gland is the source of the trail pheromone.
The opening site of the gland in Onychomyrmex sp. appears as
a circular pocket in the cuticle through which ‘‘fine intracellular
ducts penetrate the villiform membrane’’ (Hölldobler and Palmer,
1989a). The illustrations of the gland in this article do not allow
classification of the secretory cells as class-1 or class-3, although
the description of the ducts may be indicative for the latter. Our
own sections of Onychomyrmex confirm the presence of glandular
tissue underneath the circular pocket (Fig. 7A), but otherwise also
do not allow confirmation of its precise structure. In Prionopelta
amabilis, the gland is externally visible as a semi-circular slit. This is
connected to an invaginated cuticular reservoir sac, which is ‘‘lined
by a villiform brush structure’’ (Hölldobler et al., 1992). Their
further description and illustrations of the glandular cells, however,
also do not allow recognition of the precise cellular organization.
Even ultrastructural examination of the limited material we had
sp., showing basitarsal gland cluster (BTG); scale bar 50 mm. (B) Electron micrograph of
ssion from R. Belg. Soc. Zool.); scale bar 5 mm. (C) Distal part of midleg of Melissotarsus
gland opening in midleg of M. weissi, showing toothpaste-like secretion oozing out from
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available of Prionopelta kraepelini (Ito and Billen, 1998) did not
allow us to determine the precise glandular nature of the gland
cells. We could not find with certainty a clear end apparatus, which
would be decisive for class-3 glands, nor could we find convincing
characteristics for the epithelial nature of class-1 (Fig. 7B).

A first mention of a presumed gland in the basitarsus, prior to
the descriptions in Onychomyrmex and Prionopelta but without any
histological evidence, was made by Delage-Darchen (1972) for the
myrmicine Melissotarsus titubans. In workers and queens of this
species, which lives in galleries in tree bark, the distal outer part of
the basitarsus in the three leg pairs contain a crater-like structure
with small pores. These are said to represent gland openings, the
secretions of which may be used in scent marking of the galleries
(Delage-Darchen, 1972). Fisher and Robertson (1999) report on silk
production in Melissotarsus emeryi, where hypostomal glands in the
head produce silk, which is then mechanically distributed with
a tarsal brush on the forelegs. No mention, however, is made by
these authors of the basitarsal glands themselves. We did not have
live material available for histological examination of the basi-
tarsus, but could check specimens of Melissotarsus beccarii and M.
weissi by scanning electron microscopy (Fig. 7C,D). This confirmed
the presence of the rounded crater-like structure on the six legs,
which almost always seemed to be filled up with secretion that
obscured the inside of the crater. In a few cases, however, a partially
clean crater could be seen, showing pores with a diameter of
approximately 0.5 mm, from which toothpaste-like secretory
material appears to ooze out (Fig. 7D). This appearance indeed is
indicative for the presence of class-3 secretory cells. Whether the
Melissotarsus basitarsal gland (in the three leg pairs) is homologous
with that in Onychomyrmex and Prionopelta (occurring in the
hindlegs only) is open for discussion. In all three genera, there is
a fairly comparable opening site with a rounded cuticular structure,
showing a different degree of invagination, into which ducts of
class-3 cells appear to open.

2.15. Proximal tarsomere glands

In the three leg pairs, the proximal tegumental epidermis of the
basitarsus (¼t1) and of tarsomeres t2, t3 and t4 can show a glan-
dular differentiation with a thickness of approximately 20 mm. In
workers of Dorylus molestus (Billen, 1997), this is the case at both
the dorsal and ventral side (Fig. 8A), while in queens of Atta sexdens
rubropilosa (Fig. 8B), workers of Dinoponera quadriceps (Fig. 8C) and
both female castes of Odontoponera transversa, the glandular
epithelium occurs only at the dorsal side. The position of the glands
is suggestive of a lubricant function, as each of them occurs
underneath the distal edge of the previous leg segment, with which
it articulates. In this regard, they have a comparable appearance to
the basicoxal glands (see Section 2.1), the trochanter glands (see
Section 2.3) and the proximal tibial gland (see Section 2.7). In some
Trigona and Nannotrigona stingless bee species, the epidermis of
the entire basitarsus (but not of the other tarsomeres) can show
a glandular differentiation, although no function for this has been
put forward (Cruz Landim et al., 1998).

2.16. Tarsomere glands

Inside the three middle tarsomeres (t2–t3–t4) of the three leg
pairs, hitherto unknown class-3 glandular cells can be found, from
which the accompanying duct cells open through the upper
cuticular surface. In workers of Dinoponera quadriceps, the gland
cells appear embedded among the upper layer of the epidermal
cells (Fig. 8D), while in Atta sexdens rubropilosa queens, they occupy
the central portion of the tarsomere (Fig. 8E). In workers of the
army ant Eciton burchellii, we found similar class-3 cells also in the
pretarsus (t5, Fig. 8F). The functional significance of the tarsomere
glands remains unknown. Bees do not seem to contain these
glands, as Cruz Landim et al. (1998) report for the Meliponini that
‘‘it seems clear that the three median tarsomeres do not present
any glandular cell’’. Polistine wasps, on the other hand, have class-3
secretory cells in the femur and tibia, and especially in the various
tarsomeres of all legs in males as well as females. These wasps
display clear leg rubbing behaviour linked with scent-marking,
with a presumed involvement of the leg glands in this behaviour
(Beani and Calloni, 1991). Scanning microscopy of termites reveals
the existence of sunken pore plates with 10–30 pores at the ventral
surface of the first and second tarsomere in Rhinotermitidae
(Bacchus, 1979) and Serritermitidae (Costa Leonardo, 1994), which
correspond to the presence of glandular cells inside these tarso-
meres. This is also the case in t1, t2 and also t3 in all 13 species of
Termitidae that were studied (Soares and Costa-Leonardo, 2002).
Besides a speculative guess on its involvement in defence (Bacchus,
1979), the function of these glands is unknown. Class-3 gland cells,
also with unclear function, have equally been reported to occur
among the dorsal tegumental cells of the three distal tarsomeres of
the male desert locust Schistocerca gregaria (Kendall, 1972).

2.17. Third tarsomere gland

The third tarsomeres of the hindlegs of both workers and
queens of Nothomyrmecia macrops contain a cluster of approxi-
mately 30 glandular cells, from which secretory ducts lead to the
outside through clustered pores at both sides of the ventrodistal
inner tip of the tarsomere (Fig. 8G). This gland has not been found
in other ant species (Billen et al., 2000b), and differs from the other
tarsomere glands (see Section 2.16) by its different opening site. The
gland cells contain numerous clear vesicles and a well developed
Golgi apparatus, but lack a typical endoplasmic reticulum. The
function of the gland is not yet known, but may eventually be
linked with substrate marking (Billen et al., 2000b). According to
Hölldobler and Taylor (1983), Nothomyrmecia workers are indeed
known to mark their nest entrance, although the glandular origin of
such marking substances could not yet be determined.

2.18. Distal tarsomere glands

At the mediodistal side of the four proximal tarsomeres (t1–4) in
the three leg pairs of both workers and queens of Nothomyrmecia
macrops and Myrmecia pyriformis (Fig. 9A), a glandular differenti-
ation of the tegumental epithelium occurs (Billen et al., 2000b). The
same is also observed in queens of the leaf-cutting ant Atta sexdens
rubropilosa (Fig. 9B). The cells of the glandular epithelium are
characterized by a clear apical microvillar border (Fig. 9C), scattered
mitochondria and strands of granular endoplasmic reticulum. The
location at the articulation between tarsomeres and the repetitive
occurrence in the tarsus may indicate a lubricant function. We did
not find any reports on the eventual occurrence of these glands in
other insects.

2.19. Footprint gland

Two decades ago, Hölldobler and Palmer (1989a) described
a ‘‘footprint’’ gland under the dorsal wall of the hindleg pretarsus of
Amblyopone australis workers, of which the suggestive name was
the result of pilot experiments indicating the involvement of pre-
tarsal secretions in trail marking. We were able to further explore
the morphology of this footprint gland and its behavioural prop-
erties in the queenless Amblyopone reclinata (Billen et al., 2005).
The gland consists of cylindrical epithelial cells with a thickness of
15–20 mm lining the dorsal tegument of the hindleg pretarsi
(Fig. 9D), with very narrow pores running through the overlaying
cuticle. Bioassays with extracts of the upper part of the hindleg



Fig. 8. (A) Longitudinal section through midleg tibia-basitarsus junction of Dorylus molestus, showing cluster of distal tibial gland cells (DTG) and epithelium of proximal tarsomere
gland (PtG); scale bar 50 mm. (B) Longitudinal section through junction between tarsomeres t1 and t2 in hindleg of Atta sexdens rubropilosa queen with proximal tarsomere gland
(PtG); scale bar 50 mm. (C) Longitudinal section through junction between tarsomeres t1 and t2 in foreleg of Dinoponera quadriceps with proximal tarsomere gland (PtG); scale bar
50 mm. (D) Dorsal tegument of tarsomere t2 of D. quadriceps, showing tarsomere glands (tG), arrow indicates ducts; scale bar 50 mm. (E) Tarsomere t2 in hindleg of A. sexdens
rubropilosa queen, showing tarsomere gland secretory cells (tG) and ducts (arrows); scale bar 50 mm. (F) Longitudinal section through hindleg pretarsus of Eciton burchellii, showing
cluster of tarsomere gland cells (tG) and epithelial arolium gland (AG); scale bar 100 mm. (G) Longitudinal section through hindleg tarsomere t3 of Nothomyrmecia macrops, filled
with secretory cells of third tarsomere gland. Arrows indicate ducts. DtG ¼ distal tarsomere gland epithelium. Note opening of third tarsomere gland ducts through anterior ventral
region, in contrast to tarsomere glands that open through dorsal tegumental cuticle. Scale bar 50 mm.
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pretarsi clearly illustrated the production of trail substances. The
apparently unusual dorsal position of a gland producing a trail
pheromone could be understood by detailed observation of the
ants during trail laying. This revealed that the hind pretarsus is
twisted in a peculiar way to allow its dorsal surface to touch the
substrate and thus to deposit its secretion (Billen et al., 2005). Apart
from Amblyopone species, we do not know of the existence of this
gland in any other insects.

2.20. Arolium gland

In his pioneer article, Arnhart (1923) provides a description of
the pretarsal morphology of the honeybee, in which he found
a conspicuous epithelial gland in the distal part. The glandular sac
appears as an invagination of the tegumental epidermis, and is
distally connected to a ventral groove that separates the pretarsus
from the arolium (Chauvin, 1962; Cruz Landim and Staurengo,
1965). Its occurrence among ants was first mentioned by Höll-
dobler and Palmer (1989a) and Billen (1990b). This arolium gland is
the most common of all leg glands, as it occurs in all legs of all
species and all castes investigated (Figs. 8F and 9A,D). Several
ultrastructural papers (Lensky et al., 1985 for honeybees; Billen,
1986 for wasps; Pouvreau, 1991 for bumblebees) report on the
occurrence of apical microvilli, granular endoplasmic reticulum,
and a covering cuticle formed by endocuticle only (Fig. 9E). Func-
tions attributed to the arolium gland include the production of
waxy substances (Chauvin, 1962), inhibition of queen cell forma-
tion by honeybee queens (Lensky and Slabezki, 1981), marking of



Fig. 9. (A) Longitudinal section through midleg tarsomeres t2–5 of Myrmecia pyriformis, showing arolium gland (AG) in pretarsus and repeated occurrence of distal tarsomere gland
epithelium (DtG); scale bar 500 mm. (B) Longitudinal section through tarsomeres t2–5 in foreleg of Atta sexdens rubropilosa queen with repeated occurrence of distal tarsomere
gland (DtG); scale bar 200 mm. (C) Electron micrograph of distal tarsomere gland epithelium of hindleg 3rd tarsomere of Nothomyrmecia macrops (from Billen et al., 2000b, with
permission from Aust. J. Zool./CSIRO Publishing), ct ¼ cuticle, mv ¼microvilli; scale bar 5 mm. (D) Longitudinal section through hindleg pretarsus of Amblyopone reclinata (from
Billen et al., 2005, with permission from Arthropod Structure and Development/Elsevier), showing arolium gland (AG) and footprint gland (FG); scale bar 100 mm. (E) Electron
micrograph of apical region of arolium gland epithelium in hindleg pretarsus of Myrmecia forficata, ct ¼ cuticle, mv ¼microvilli; scale bar 5 mm.
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nest entrance or food sources by foraging bumblebees (Goulson
et al., 2000) or adhesion to smooth surfaces in ants (Orivel et al.,
2001).

Although its association with the ventral pretarsal groove has
been suggestively interpreted as the opening site of the gland
(Lensky et al., 1985; Pouvreau, 1991), others have concluded from
the absence of openings or pore canals that the reservoir sac is not
connected to the outside (Billen, 1986; Jarau et al., 2005). Jarau et al.
(2004) were the first to bring convincing evidence that the marking
substances that were previously supposed to originate from the
arolium gland find their origin in the femoral and tibial tendon
glands. In this regard, the results of Goulson et al. (2000) can be
understood, as they worked with extracts of legs that included the
tarsi but also approximately half the tibia. The absence of an
opening to the outside implies that the arolium gland secretion
remains confined within the arolium. This is in line with
a presumed hydraulic function, in which the arolium movements,
and hence the adhesion to smooth surfaces, are caused by liquid
from the gland reservoir being pumped into the arolium (Federle
et al., 2001). This results in partial unfolding of the arolium to
increase contact surface with the substrate, and hence adhesion,
without external appearance of arolium gland secretion. The
photographs of presumed arolium gland secretion (Orivel et al.,
2001) are therefore hard to understand, considering the lack of
structural contact between the gland lumen and the outside.

3. Conclusions

It is common knowledge that social insects in general, and ants
in particular, can be considered as walking glandular batteries
(Hölldobler and Wilson, 1990). The present review further illus-
trates the impressive variety of exocrine glands in ants, as also their
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legs can contain up to 20 different glandular structures. Some of
these glands are very common and occur in the six legs of all
species, such as the pretarsal arolium gland. Others are restricted to
ants of a certain phylogenetic group, such as the metatibial gland in
ants of the doryline section (Hölldobler et al., 1996). Some glands
are only known in a particular genus or species, such as the foot-
print gland in Amblyopone (Hölldobler and Palmer, 1989b; Billen
et al., 2005), the apicofemoral and apicotibial glands in Strumigenys
and Pyramica (Bolton, 1999; Billen et al., 2000a) and the third tar-
somere gland in Nothomyrmecia macrops (Billen et al., 2000b). On
the other hand, glands that have been considered to be unique to
species of a particular taxon may not be that restricted, as is the
case for the tibial tendon gland. This gland has long been thought to
occur only in the hindlegs of Crematogaster ants (Leuthold, 1968),
though we here report on its existence also in Amblyopone and
Formica (see Section 2.8).

Although the morphological organization of most glands is fairly
well understood, the function of most leg glands still remains
unknown. Among the known functions, we find for a number of
glands they are the source of trail pheromones. This is the case for
the tibial tendon gland of Crematogaster (Leuthold, 1968), the
basitarsal gland of Onychomyrmex sp. (Hölldobler and Palmer,
1989a) and Prionopelta amabilis (Hölldobler et al., 1992), and the
footprint gland of Amblyopone (Hölldobler and Palmer, 1989a;
Billen et al., 2005). In each case, trail pheromone production is
restricted to the hindlegs only, as it is these that can conveniently
be dragged over the substrate, or that perform peculiar twist
movements (Billen et al., 2005) during trail laying. A very special
function is the elaboration of a sex pheromone in the hindleg
metatibial glands of gamergates of Diacamma sp. to attract males
(Nakata et al., 1998). The foreleg basitarsus in several species
contains the antenna cleaner gland (Schönitzer and Dott, 1989;
Schönitzer et al., 1996). Its name as well as its presence in the
forelegs only hints at its possible function, although experimental
proof that the gland secretion is effectively used for antenna
cleaning is lacking. The most often hypothesized function for leg
glands is the production of lubricant substances, although it is hard
to directly prove this. Indirect evidence, however, can be found in
the location of such glands at articulation points and in the
occurrence of repetitive series in subsequent leg segments. We can
thus find thickened tegumental epithelia in comparable anatomical
positions in the basicoxal gland, the trochanter gland, the proximal
tibial gland, and the proximal tarsomere glands. Also the more
prominent occurrence of such glands in heavily sclerotized species
(Billen and Ito, 2006) and the absence of caste differences support
their possible lubricant function. Another possible mechanical
function is that of adhesion to smooth surfaces through the
hydraulic pump system as suggested for the arolium (Federle et al.,
2001). The leg glands reported here in general occur in both
workers and queens, while also males can have a number of them.
This apparent lack of caste differences provides another argument
for their often mechanical function.

A striking peculiarity in the structure of leg glands is the lack of
a reservoir. Among the 20 leg glands, only the tibial tendon gland,
the distal femoral sac gland and the arolium gland have a reservoir.
This explains why data on the chemical composition of the leg
glands are extremely scarce, as reservoirs provide an accumulation
of secretory products that considerably facilitate chemical analysis.
The only known chemical report is the identification of (R)-2-
dodecanol as the major component of the trail pheromone from the
reservoir-containing tibial tendon gland of Crematogaster castanea
(Morgan et al., 2004). The lack of chemical information on the
reservoir-containing arolium gland may be due to its supposed
hydraulic function (Federle et al., 2001), for which the chemical
nature of the secretion may be of a kind that does not readily allow
analysis by routine gas chromatography.
The number of 20 possible glands in the legs of ants surely
illustrates the variety of the exocrine system in this insect family,
although we are convinced that even more leg glands will be found
in future. The discovery of leg glands can be the result of various
approaches:

(1) Observation of a peculiar behaviour involving legs. Leg-drag-
ging behaviour during trail laying, for example, led to the
discovery of the tibial tendon gland in Crematogaster (Leuthold,
1968), of the hindleg basitarsus of Onychomyrmex (Hölldobler
and Palmer, 1989a) and Prionopelta (Hölldobler et al., 1992),
and of the footprint gland in Amblyopone (Hölldobler and
Palmer, 1989b; Billen et al., 2005). Also, the discovery of the
antenna cleaner gland followed the observation of grooming
behaviour (Janet, 1894; Schönitzer and Dott, 1989; Schönitzer
et al., 1996).

(2) Observation, especially through scanning electron microscopy,
of peculiar external features on the legs, such as pore areas.
This approach resulted in the discovery of the basitarsal gland
in ants of the doryline section (Hölldobler et al., 1996) and the
apicofemoral and apicotibial glands in Strumigenys and Pyra-
mica (Bolton, 1999; Billen et al., 2000a).

(3) Systematic sectioning of leg segments and active searching for
the presence of glandular structures. This can be an almost
endless approach, but can nevertheless be the case for species
of particular importance or phylogenetic position, for which
any morphological work could be novel and valuable. In this
regard, we discovered the third tarsomere gland and the
epithelial distal tarsomere glands in Nothomyrmecia macrops
(Billen et al., 2000b).

(4) Coincidental discoveries. Histological sectioning of the thorax
for the labial gland in the anterior part or for the metapleural
gland in the posterior part resulted in the discovery of the coxal
(Schoeters and Billen, 1993), the basicoxal (Billen and Ito, 2006)
and the trochanter glands (Billen, 2008), thanks to the presence
of the proximal leg segments in the embedded tissue blocks.

The number of known glands in the legs of ants will likely
increase in future, although besides expanding the information on
the glandular repertoire as such, it will also be worthwhile to link
the structural variety with a better knowledge of the functional
dimension through behavioural observations. Also, the develop-
ment and application of more sensitive analytical chemical equip-
ment may be promising, and may add to our understanding of
these fascinating insects.
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