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All individuals of the three species of 

 

Pristomyrmex

 

 studied have a Dufour
gland with a conspicuous hammer-shaped distal part, that is connected to a
thin-walled proximal reservoir through a very narrow stalk. The secretory
distal part is formed by high columnar cells that are characterized by a highly
folded apical wall. The lateral cell junctions apically correspond with the
crenel tops, which gives individual cells a peculiar shape with a deep apical
depression. The cytoplasm of the secretory cells contains a very well developed
smooth endoplasmic reticulum and Golgi apparatus, numerous mitochondria
and lysosomes. Histochemical analysis indicates a positive reaction for the
presence of a lipid secretion in the hammer-like part. Gas chromatographic
analysis of glands of 

 

P. pungens

 

 workers reveals the secretion to be formed
of a mixture of simple volatile monoterpene hydrocarbons; 

 

α

 

–pinene, 

 

β

 

–pinene,
limonene and camphene. Similar, but species characteristic mixtures of four
monoterpenes were found in 

 

Pristomyrmex brevispinosus

 

 and 

 

Pristomyrmex

 

 sp.1.
Behavioural experiments did not allow a conclusive determination of the
function of the gland.
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Introduction

 

The exocrine system of ants is formed by an impressive
variety of glands, that vary in their structural, chemical and
functional complexity (Billen and Morgan 1998). The
Dufour gland, that forms part of the sting apparatus and
therefore occurs in all female aculeates (Robertson 1968),
essentially is nothing but a monolayered epithelial sac and
therefore represents one of the structurally most simple
exocrine glands of ants. Also the composition of its secre-
tion in general is chemically rather simple, with mainly satur-
ated and unsaturated hydrocarbons, the profile of which is
very species-specific (Billen and Morgan 1998). Its simple
chemistry and chemotaxonomic value on the one hand
explain the high number of ant species of which the Dufour
gland secretion has been chemically identified, but on the
other hand may also explain why its functional significance
is still poorly understood for most ant species. In some

myrmicine species, the Dufour gland is known as the
source of the trail pheromone, but in these cases, the
secretion is characterized by additional compounds to the
commonly occurring hydrocarbons, such as faranal in

 

Monomorium pharaonis

 

 (Ritter 

 

et al

 

. 1977) and 

 

α

 

– farnesenes
in 

 

Solenopsis invicta

 

 (Vander Meer 

 

et al

 

. 1981).
In the Old World myrmicine ant genus 

 

Pristomyrmex

 

,
we found a Dufour gland with a very peculiar shape,
which we describe here. A crushed gland moreover has
a clearly noticeable smell, which led us to a chemical
analysis and to an examination of its possible behavioural
significance.

 

Materials and Methods

 

We have examined workers of 

 

Pristomyrmex brevispinosus

 

Emery, 1887 (collected from Padang, Indonesia), and 

 

P.
pungens

 

 Mayr, 1866 (from Nagoya, Japan), and also workers
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and alate queens of a so-far unidentified 

 

Pristomyrmex

 

 sp.1
(from Mount Halimon, West Java, Indonesia). Voucher
specimens of the Indonesian species are deposited in the
Bogor Zoological Museum.

Dufour glands were carefully dissected and fixed in
2% cold glutaraldehyde at pH 7.3 in a 50-m

 



 

 sodium
cacodylate buffer (with 150 m

 



 

 saccharose added). After
postfixation in 2% cold osmiumtetroxide in the same buffer,
the glands were dehydrated through a graded acetone
series and embedded in araldite. Semi-thin sections for light
microscopy were stained with methylene blue and thionin,
double-stained thin sections for electron microscopy were
examined in a Zeiss EM900 microscope. Glands for
scanning microscopy were critical point dried and viewed
in a Philips SEM515 scanning microscope.

For lipid histochemistry, cytological details were revealed
using the osmium-ethyl gallate technique of Wigglesworth
(1957). For demonstration of lipids, a group of samples
was dehydrated in a graded ethanol series after application
of the thymol/farnesol procedure according to Wigglesworth
(1988). After this staining and embedding in LRWhite
resin (hard grade) at 50 

 

°

 

C, semithin sections were treated
with ethyl gallate for visualization of lipids.

For chemical analysis, glands of individual workers were
sealed in thin-walled glass capillaries (Morgan and Wadhams
1972), that were introduced into the injector port of a
gas chromatograph. In some cases the glands were separ-
ated into the upper and lower portions, and these parts
were individually sealed in the capillaries. The analytical
separation was carried out with a Hewlett-Packard 5890 Gas
Chromatograph directly coupled to a 5970B mass selective
detector (quadrupole mass spectrometer using 70 eV
electron impact ionization). The system was controlled
and data accumulated, on a Hewlett-Packard series 300
computer with HP 5972/5971 MSD Chemstation. Mass
spectra were scanned from m/z 35 to m/z 550 with a
scanning time of about 2.4 s. Chromatography was per-
formed on an immobilized polydimethylsiloxane phase in a
fused silica column (12 m 

 

×

 

 0.2 mm, 0.33 m film thickness,
SGE, Milton Keynes, UK). The samples were injected in
splitless mode (injection temperature 250 

 

°

 

C) by crushing
the capillary tubes inside the injector port after insertion
(Morgan 1990). The oven was programmed from 30 

 

°

 

C
(2 min) at 8 

 

°

 

C/min to 250 

 

°

 

C. The split valve was closed

before crushing the sample and reopened 30 s. later.
Helium was used as carrier gas at a flow of 1 mL/min. The
compounds were identified by interpretation of their
mass spectra and using MS-Databases. Their identity was
confirmed by coinjection of synthetic standards, which
were also used for measurement of quantity.

Behavioural testing of gland extracts in 

 

P. pungens

 

 was
realized by presenting a piece of filter paper impregnated with
a hexane extract of the Dufour gland in the foraging arena
and comparison with the effect caused by solvent only
(

 

n

 

 = 20) or by a crushed head (which contains the mandibular
glands, 

 

n

 

 = 5). For testing the potential for eliciting trail
following behaviour, ants were offered a Y-shaped choice
test in which the two legs contained either Dufour gland or
venom gland extract made with hexane (

 

n

 

 = 5).

 

Results

 

The Dufour gland in the three species examined has three
distinct portions: (a) a large distal hammer-like portion,
that is connected with (b) a very thin stalk to (c) a proximal
pear-shaped reservoir sac that eventually opens through
the sting base (Fig. 1A). Following our observations in

 

Pristomyrmex

 

 sp.1, it appears this organization is similar in
workers and queens.

The hammer-like portion makes up the most voluminous
part of the gland, and appears as a peanut-shaped structure
with the long axis perpendicular to the body axis. It generally
measures around 300 

 

×

 

 130 

 

µ

 

m, although it may be 50%
larger in the workers of 

 

P.

 

 sp.1, that is the larger of the three
species studied (body length of 

 

P.

 

 sp.1 is approx. 4 mm,
whereas 

 

P. pungens

 

 and 

 

P. brevispinosus

 

 measure approx.
2 mm). The stalk part has a length of up to 250 

 

µ

 

m and a
diameter between 10 and 20 

 

µ

 

m, the pear-shaped reservoir
may reach a length of approx. 500 

 

µ

 

m and a diameter of
approx. 150 

 

µ

 

m. Both the stalk and reservoir are lined with
a squamous epithelium.

The wall of the secretory hammer-like portion is formed
by a monolayered columnar epithelium with a thickness
of up to 60 

 

µ

 

m. Its central lumen is invariably reduced
to a narrow slit, lined by the crenelate apical border of
the epithelium (Fig. 1B). The intercellular membranes are
very much folded in the apical third of the secretory cells.
The site where they reach the apex of the cell generally

 

Fig. 1

 

—

 

A

 

, Scanning micrograph of the Dufour gland of a worker 
of 

 

Pristomyrmex

 

 sp.1, showing large anterior hammer-like part (H), 
thin stalk (S) and proximal reservoir sac (R) that opens into sting 
(st). Inset shows gland in another individual. OV = ovaries. Scale 
bar: 100 

 

µ

 

m. —

 

B

 

, Semi-thin cross section through hammer-like 
secretory part of worker of 

 

Pristomyrmex

 

 sp.1, showing 
conspicuous apical infoldings. scale bar: 100 

 

µ

 

m. —

 

C

 

, Electron 
micrograph of apical region of secretory epithelium of 

 

P. 
brevispinosus

 

 worker. Note position of intercellular junctions 

that coincide with top of crenulations (*). ct = cuticle, 
im = intercellular membrane. Scale bar: 1 

 

µ

 

m

 

. 

 

—

 

D

 

, Detail of 
cytoplasm in secretory cell of worker of 

 

P. pungens

 

, showing 
abundant smooth endoplasmic reticulum (SER), well 
developed Golgi apparatus (ga) and numerous mitochondria (M). 
Scale bar: 1 

 

µ

 

m. —

 

E

 

, Basal portion of secretory epithelium of 

 

P. brevispinosus

 

 worker. Note conspicuous invaginations (bi) of 
basal cell membrane (bm) and lysosomes (L). N = nucleus. 
Scale bar: 5 

 

µ

 

m.
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corresponds with a crenel tip, which results in the occurrence
of a deep apical depression in each secretory cell (Figs 1C, 2),
that may be as deep as the upper two thirds of the cell. The
apical border lining the lumen consists of a thin dark epicu-
ticular layer of 30–40 nm, followed by a uniform greyish
layer with a thickness of approx. 120 nm, and an equally
thin dark internal layer that extends to fill the irregular

spaces underneath crenel tips (Fig. 1C). The apical cell
membrane displays a simple topography without any signs
of microvillar differentiation.

Nuclei of the secretory cells occur in the basal part and
are mostly rounded to ovoid. The cytoplasm of the secretory
cells is characterized by the presence of a very well developed
smooth endoplasmic reticulum, Golgi apparatus, numerous
small electron-lucid vesicles and mitochondria (Figs 1D, 2).
Multivesicular bodies and lysosomes may be found locally
and may reach a diameter of up to 5 

 

µ

 

m (Fig. 1E). The
basal cell membrane shows conspicuous invaginations that
result in a labyrinth-like appearance of the most basal region
of the cells (Figs 1E, 2). Few tracheoles and an occasional
muscle fibre may occur underneath the basement membrane.
Histochemical examination shows a strongly positive reac-
tion for the presence of lipid substances (Fig. 3). This is
especially obvious in the crevices of the hammer-like
glandular body. The extremely obvious blackening of the
secretion present is indicative for a mixture of compounds
containing considerable numbers of double bonds (ter-
penoids). The histochemical reaction is most pronounced
for the secretion in the central lumen, but irregularly shaped
spaces filled with the same material can also be seen
surrounding the central lumen. In addition, inclusions with
variable diameter can already be traced in the cytoplasm of
the secretory cells. Nuclei of the secretory cells remain largely
unstained, except for a weak staining of their nucleoli.

In all three species the gland was filled with a mixture of
four volatile monoterpene hydrocarbons that were char-
acteristic of the species (Table 1). 

 

P. pungens

 

 contained a

Fig. 2—Schematical presentation of secretory cell with deep apical 
depression. bi = basal invaginations, ct = cuticle, ga = Golgi apparatus, 
LI = lamellar inclusions, M = mitochondria, N = nucleus, 
SER = smooth endoplasmic reticulum, tr = tracheole.

Fig. 3—Cross section through hammer-like secretory part of P. sp.1 
worker, stained with ethyl gallate after pre-embedding treatment 
with thymol/farnesol and inclusion in LRWhite resin. Black areas 
indicate presence of lipoid material. Scale bar: 50 µm.
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mixture of 

 

α

 

–pinene, 

 

β

 

–pinene, camphene and limonene
(for structures, Fig. 4), with 

 

β

 

–pinene the major sub-
stance. A typical gas chromatogram is shown in Fig. 5.
The small amount of secretion of approximately 40 ng
per individual worker is consistent with the small volume
of the lumen of the gland. 

 

Pristomyrmex

 

 sp.1 had larger
glands with a mixture of limonene (the most abundant),

 

β

 

–myrcene, terpinolene and 

 

β

 

–pinene (Fig. 4 and Table 1).

 

P. brevispinosus

 

 glands were smaller, with limonene again the
major substance, with terpinolene and 

 

α

 

– and 

 

γ

 

–terpinene
(Fig. 4 and Table 1).

Because of the unusual shape of the gland, for two of the
species we divided some of the glands into the two por-
tions, and analysed them separately, but in each case we
found the same substances present in the same proportions

(Table 2). In 

 

Pristomyrmex

 

 sp.1 there was approximately 2.5
times as much secretion in the anterior part of the gland as
in the posterior part, but the wide variation in the amounts
in individual glands makes this only an indication (limonene
in anterior portion: max. 1210 ng, min. 146 ng, mean
454 

 

±

 

 448 ng; limonene in posterior portion, max. 303 ng,
min. 61 ng, mean 174 

 

±

 

 122 ng). In 

 

P. brevispinosus

 

 there
was about the same amount of secretion in both parts of
the gland.

A Dufour gland extract caused some agitation when pre-
sented in the foraging arena, but this was less pronounced
when compared to the reaction caused by a crushed head.
Direct testing of a Dufour gland extract vs. a venom gland
extract in a choice test showed clear trail following activity
for the venom gland only.

Table 1 Compounds analysed by GC-MS together with graphical presentation of their occurrence in whole Dufour glands of workers of three 
Pristomyrmex species. The diagnostic mass spectral ions for each compound are given and the mean amount of each compound per gland, 
determined by gas chromatography on n individual samples.

Species and component number Compound name Mol. mass  and diagnostic ions ng per gland ± SD

P. pungens (n = 3)
1 α–Pinene 136, 93, 77, 39, 41, 79 6 ± 3
2 Camphene 136, 93, 41, 39, 121, 79 7 ± 3
3 β–Pinene 136, 41, 93, 39, 77, 69 27 ± 10
6 Limonene 136, 68, 67, 39, 93, 41 2 ± 1
P. sp.1 (n = 3)
3 β–Pinene 136, 41, 93, 39, 77, 69 17 ± 2
4 β–Myrcene 136, 41, 93, 69, 39, 79 753 ± 32
6 Limonene 136, 68, 67, 39, 93, 41 1521 ± 177
8 Terpinolene 136, 93, 121, 39, 41, 79 41 ± 8
P. brevispinosus (n = 2)
5 β–Terpinene 136, 93, 121, 91, 39, 77 2 ± 1
6 Limonene 136, 68, 67, 39, 93, 41 39 ± 5
7 γ–Terpinene 136, 93, 91, 77, 39, 41 3 ± 2
8 Terpinolene 136, 93, 121, 39, 41, 79 16 ± 3

Fig. 4—Structures of monoterpenes 
identified in the Dufour glands of workers 
of three Pristomyrmex species.
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Discussion

The Dufour gland generally has a tube- or pear-shaped
appearance, albeit with ultrastructural characteristics according
to the subfamily considered. Doryline army ants, for
example, display an epithelium with typical apical crenula-
tion, Ecitoninae have very folded lateral cell membranes
in the basal part of the glandular cells, while Myrmeciinae
show an epithelium with basal protrusions (Billen 1986).
The ultrastructure of the Dufour gland epithelium in
myrmicine ants generally does not show special characteristics

(Billen 1986), but Pristomyrmex forms a clear exception, and
probably represents the most peculiar appearance this gland
has among the Formicidae. Its general structure with
clearly separated secretory and reservoir portions is a
unique feature, while also the structural organization of
the secretory cells is highly specialized. The structural aspects
reported moreover are identical for all individuals of the
three species studied, which probably makes this unusual
Dufour gland morphology a genus-specific character.

Most conspicuous in the hammer-like secretory part of
the gland is the crenelated appearance of the epithelium.

Fig. 5 —Reconstructed total-ion 
chromatogram (TIC) of a GC-MS 
analysis from injection of the Dufour gland 
of one Pristomyrmex pungens worker by 
solid-sampling technique. 1: α–pinene, 
2: camphene, 3: β–pinene, 6: limonene.

Table 2 Mean proportion [%](± standard deviation) of monoterpenes 1–8 analysed in different compartments of the Dufour glands of 
Pristomyrmex workers on n individual samples (n.d. = not detected).

Tissue analysed α–Pinene Camphene β–Pinene β–Myrcene α–Terpinene Limonene γ–Terpinene Terpinolene

P. pungens:
whole gland 
(n = 3) 14.5 ± 1.1 17.1 ± 1.3 65.3 ± 3.4 n.d. n.d. 3.5 ± 1.4 n.d. n.d

P. sp.1:
whole gland 
(n = 3) n.d. n.d. 0.7 ± 0.1 31.1 ± 3.3 n.d. 67 ± 3 n.d. 1.7 ± 0.2
anterior 
(n = 5) n.d. n.d. 0.3 ± 0.2 25 ± 3 n.d. 74 ± 3.5 n.d. 0.8 ± 0.6
posterior 
(n = 3) n.d. n.d. 0.2 ± 0.1 29 ± 3 n.d. 70 ± 3.1 n.d. 0.5 ± 0.1

P. brevispinosus:
whole gland 
(n = 2) n.d. n.d. n.d. n.d. 0.8 ± 0.2 67 ± 4.1 5.1 ± 2.9 27.2 ± 7.1
anterior 
(n = 2) n.d. n.d. n.d. n.d. 0.7 ± 0.3 73 ± 7 3.3 ± 2 23 ± 2.1
posterior 
(n = 2) n.d. n.d. n.d. n.d. 1.5 ± 0.5 64 ± 4.7 3.5 ± 2.3 31 ± 4.8
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The colocation of the apical intercellular borders with
crenel tips gives the secretory cells a typical shape with a
fairly deep apical depression, which is comparable to the
Dufour gland secretory cells of doryline and aenictine army
ants (Billen 1985; Billen and Gotwald 1988). The cytoplasmic
presence of a well developed smooth endoplasmic reticulum
and Golgi apparatus, as well as the occurrence of numerous
mitochondria is a common character for pheromone
producing glands. The presence of multivesicular bodies
and lysosomes may be interpreted in the context of a high
membrane turnover, which in turn is indicative of high lipid
synthesis. This cytoplasmic composition is in agreement
with the chemical nature of the secretion of P. pungens,
which is mainly formed by terpene compounds (see further),
and is also supported by our histochemical examination.
Basal invaginations increase the contact surface for uptake
of precursor molecules from the haemolymph, and are
common for exocrine glands (Billen and Morgan 1998;
Quennedey 1998). In this context, apical microvilli often
form another feature to facilitate transport of the secretory
products to the outside, although they are hardly found in
the Pristomyrmex Dufour gland. This may eventually be
compensated for by the very folded apical lining, as also the
crenulate Dufour gland of doryline and aenictine army ants
lacks a microvillar differentiation of its apical cell membrane
(Billen 1986; Billen and Gotwald 1988).

A very obvious but constant feature of the Dufour gland
in the three Pristomyrmex species is the extremely small lumen
in the secretory hammer-like portion, which is probably
linked with the presence of a separate reservoir sac.
The functional reason for the compartmentalization with
separate secretory and storage portions, however, remains
unclear. The organization of a gland with separate struc-
tural units for the elaboration and storage of the secretory
products is common in glands that are involved in the
production of toxic defensive substances, in order to protect
them from self-poisoning, for example, in the pygidial
gland of the bombardier beetle (Schildknecht and Holoubek
1961) or the hymenopterous venom gland (Schoeters and
Billen 1995a,b). A compartmental organization is most
exceptional for the Dufour gland, since it generally
produces ordinary hydrocarbon blends with some esters,
alcohols and ketones (Billen and Morgan 1998). The finding
of very volatile monoterpenes in the Dufour glands of ants
is very unusual, but the simple nontoxic nature of these
compounds leaves the peculiar structural organization of
the gland without a clear explanation. Monoterpene hydro-
carbons are common constituents of volatile plant oils, but
are not unknown in insect secretions (for monoterpenes
found in Hymenoptera and Isoptera, see Wheeler and
Duffield 1985).

The finding in the Dufour gland of a secretion domin-
ated by these terpenoids was the more surprising, as the
same compounds were previously reported to occur in the
venom gland (Janssen et al. 1997). We checked and com-

pared cleanly dissected Dufour as well as venom glands,
but could confirm the presence of the terpenoids only in
the Dufour gland. The report by Janssen et al. (1997) there-
fore may be based on contamination, and may also be due
to a possible misidentification of glands. The very peculiar
Dufour gland shape, as here described, may indeed lead to
confusion. Also the small size of P. pungens may give more
difficulties for clean dissections. This is especially the case
when intranidal workers are considered, as these have
well-developed ovaries in this thelytokous ant species (Tsuji
1988, 1995). The report by Janssen et al. (1997) that the
active trail compound 6-n-pentyl-2-pyrone is found in the
venom gland in P. pungens is correct as we could not find
this substance in the Dufour gland. Also the behavioural
testing of venom gland and Dufour gland extracts in a
direct choice experiment clearly confirmed the venom
gland to be source of the trail substance in this species.

Hayashi and Komae (1973) described the presence of
α–pinene, β–pinene, camphene and limonene in solvent
extracts of whole bodies of Pristomyrmex pungens workers,
which evidently came from the Dufour glands. Later they
claimed that the mixture of α–pinene, camphene, β–
pinene, and limonene was the alarm pheromone of P.
pungens (Hayashi and Komae 1977), and claimed that the
trail pheromone of this species was a mixture of fatty acids
(Hayashi and Komae 1977), a claim never substantiated,
and subsequently shown to be incorrect by the work of
Janssen et al. (1997). In these and other papers (see Hayashi
and Komae 1977) they give varying proportions of these
four monoterpenes in extracts of whole bodies, but their
results correspond to our analyses of Dufour gands. No other
species of Pristomyrmex have been studied chemically before.

The function of the Dufour gland in ants remains only
fragmentarily known. In some species it is reported as the
source of the trail pheromone, such as Monomorium pharaonis
(Ritter et al. 1977) and Solenopsis invicta (Vander Meer
et al. 1981), but this function is reserved for the venom
gland in Pristomyrmex. Another possible function for the
Dufour gland secretion may be the production of alarm
substances, although our observations indicate a head extract
(presumably the mandibular glands) elicits the most active
alarm behaviour. The precise function of the Dufour’s
gland in Pristomyrmex therefore still remains unknown.
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