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poison apparatus. Earlier contributions in this series refer to the Dorylinae and Ecitoninae
(Billen 1985), the Dolichoderinae (Billen 1986a), and the representative myrmicine ant,
Myrmica rubra (Billen 1986b). Comparative data on the formicine ant Camponotus rufipes
are provided by Gama and Cruz Landim (1977).

Material and Methods

Adult foraging workers of Myrmecia gulosa were collected in the Royal National Park, Sydney,
N.S.W., Australia, and transported live to Belgium. The sting apparatus with associated glands of
several tens of ants was dissected and fixed in 2% cold glutaraldehyde, buffered at pH 7-3 with 50-mm
sodium cacodylate and 150-mm saccharose. After postfixation in 2% osmium tetroxide in the same
buffer, tissues were bloc-stained in a 2% uranyl acetate solution, and dehydrated in a graded acetone
series before being embedded in Araldite. Thin sections, obtained with a Reichert Ultracut microtome,
were stained with uranyl acetate and lead citrate, and examined in a Philips EM 400 electron micro-
scope. Serial semi-thin sections, stained with methylene blue and thionin, were used for general
orientation and light microscopy. Measurements of the gland size were obtained by microscopic
projection and drawing with a curvimeter.

Table 1. Correlation between size of sting apparatus components and head width in five individual
M. gulosa workers

All measurements in millimetres. r, correlation; P, probability level

Values for individual of head width: r P
17-1 21-7 22-4 28-3 31-4

Sting length 1-85 2-00 2-01 2-30 2-47 0-99 0-0008
Length Dufour’s gland 0-80 1-51 2-21 3-02 3-39 0-98 0-0040
Diameter Dufour’s gland 0-16 0-20 0-25 0-23 0-27 0-84 0-0753
Length venom gland
filaments 4-41 4-41 6-82 12-56 11-29 0-91 0-0327
Diameter venom gland
filaments 0-08 0-07 0-09 0-11 0-08 0-38 0-5284
Diameter venom gland
" reservoir® — 0-80 — 1-75 1-65 0-92 0-2637
Length venom gland duct 1-25 1-88 1-96 2-07 2-41 0-93 0-0213
Diameter venom gland duct  0-13 0-13 0-13 0-21 0-18 0-82 0-0893

A The poison reservoir often collapses after killing and dissection of the ant.

Dufour’s gland

Fig. 1. General appearance of the sting and the venom and Dufour’s gland in a worker of M. gulosa.
The cellular organisation of both glands is illustrated in the circular insets.
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Results

General Anatomy

The Dufour gland in myrmeciine ants is an elongated tubiform sac, lined with a glandular
epithelium and opening through the sting bulb. Two long and slender filaments constitute
the major secretory part of the venom gland. Both filaments join and form a relatively
long unpaired filament (mean length 1 mm, diameter 40 pm). Its opening into the bulbous
reservoir sac goes through the so-called convoluted gland, and a wide duct carries the
secretion into the sting bulb, where the gland opening is dorsal to that of the Dufour’s gland
(Fig. 1). The upcurved sting is composed of a heavily sclerotised sting shaft and two ventral
lancets. The length of both the sting and the respective glandular components is proportional
to the worker’s size, as is illustrated in Table 1. The diameters also seem, although not
significantly, to be in relation to the size of the individual, except for the fairly uniform
diameter of the venom gland filaments.

Dufour Gland Ulfrastructure

The secretory cells of the Dufour gland form a monolayered epithelial wall, with a
thickness that can range from 1 to 40 um between individuals. Within the same ant,
however, the epithelium has a more or less constant thickness (except for the regions with
basal protrusions, see below). The lumen is lined with a cuticular layer approximately
1-5 pm thick, and a thin basement membrane (50 nm} and a layer of muscle fibres border
it basally (Fig. 2). Tracheoles can occasionally be seen to penetrate between adjacent
gland cells.

The cuticular lining comprises a thin, electron-dense epicuticle (10 nm) and a much
thicker and electron-lucid procuticle, in which the fibrillar arrangement is more packed in
the most apical region (Fig. 3). The apical plasmalemma is differentiated into numerous
microvilli, which on average are 0-5 um long and 0-1 um wide. Extensions of smooth
endoplasmic reticulum often occur inside the individual microvilli (Fig. 3).

Nuclei are slightly polymorphic, and are more or less centrally located in the cells
(Fig. 2). The cytoplasm is characterised by abundant vesicles of smooth endoplasmic
reticulum (Fig. 3), numerous small mitochondria, and large amounts of membranous
inclusions (Figs 2, 4). The latter are spherical bodies with a diameter between 1 and 2 pm,
and are composed of membranes with a sometimes parallel but usually concentric arrange-
ment (Fig. 4). Each cell contains a few Golgi complexes, and a moderate number of free
ribosomes randomly scattered in the cytoplasm. Microtubules are mostly found in the
apical region near the base of the microvilli.

The basal region of the Dufour gland epithelium in Myrmecia is characterised by the
occurrence of rounded outward protrusions that can measure up to several tens of micro-
metres in diameter (Fig. 5). The muscle layer bordering the epithelium is typically interrupted
in these protruding areas. The basement membranes of the epithelial cells and of the muscle
fibres closely adhere to each other, but do not become confluent.

Venom Gland Ultrastructure .

The main secretory body of the venom gland is situated in the secretory cells of the two
long and slender free filaments, and in the convoluted gland, which is a bulbous con-
tinuation of the filaments within the reservoir sac (Fig. 1).

The filaments have a relatively wide central lumen, which is lined with a cuticular layer
approximately 1 um thick. The cuticle is formed by the narrow underlying duct cells, which
also form the narrow cuticular ducts (internal diameter 0-35 um) that drain secretion from
the surrounding glandular cells (Fig. 6). The cytoplasm of these duct cells is much restricted,
and mainly contains microtubules and a few mitochondria.

Most characteristic in the secretory cells are the very extensive granular endoplasmic
reticulum, the well developed Golgi apparatus and the small, elongated mitochondria
(Figs 6, 7). Small electron-lucid vesicles, with a diameter around 0-5 pm, are locally
observed, especially surrounding the end apparatus, which is the intracellular collecting
ductule for secretion. It eventually makes contact with the extracellular collecting duct, and
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only onto the ventral side, and originate as two lateral bundles from the seventh abdominal
sternite. The dorsal wall is much more sclerotised and forms an arched roof over the lumen
of the duct (Fig. 12). A second set of muscles, although not directly in contact with the
venom gland duct, connects a chitinous extension, dorsally located inside the sting base, on
either side with the seventh sternite (Fig. 12), and probably indirectly affects the opening and
closing of the venom gland duct. '

The attachment of the directly inserting muscle fibres for both glands requires the pulling
forces to be transmitted onto the cuticular intima through the epithelial cells. In this most
posterior region of the ducts, the epithelial cells become irregularly arranged because of the
abundant muscle fibres that wedge between them in order to come close to the cuticular
lining of the duct lumen (Fig. 13). The cytological organisation of these capricious epithelial
cells is clearly different from that of the glandular cells situated more anteriorly. Few
cytoplasmic organelles are found, except for the conspicuous bundles of microtubules that
cross the cell from the basal to the apical side (Fig. 13). By this arrangement, the micro-
tubules appear to form a directional continuation of the underlying myofilaments.

Discussion

The primitive Australian ant subfamily Myrmeciinae comprises some 90 species (Taylor
1987), all in the single genus Myrmecia, with M. gulosa the genotype. They are all notorious
and aggressive insects, with a most effective and slightly upcurved sting (Kugler 1980). This
powerful mechanical instrument is associated with a pair of specialised exocrine glands,
of which the venom gland produces the toxic substances that are injected during the act
of stinging.

Although the function of the Dufour gland in Myrmecia remains unknown at present,
its structural appearance in the sting base region clearly provides evidence for its ability to
discharge secretion independent of the venom gland activity. According to Robertson (1967),
however, in M. gulosa both glands appear to be innervated by branches of one common
nerve, which indicates a coupled discharging activity of the two glands. Independent activity
of both glands, on the other hand, was assumed by Cavill and Williams (1967), and is
consistent with our morphological findings. Each gland possesses its own specialised
muscular apparatus, in which contraction of the myofilaments opens the duct lumen, closure
being achieved by a return of the rigid cuticular lining to a rest position when muscle fibres
relax. The same arrangement is found in other ants (Billen 1986¢), and relies on the common
ultrastructural organisation for arthropods in general, in which muscular pulling forces
onto a cuticular layer are transmitted through epidermal bundles of microtubules (Lai-Fook
1967). )

The most conspicuous cytoplasmic character of the venom gland secretory cells is the very
extensive granular endoplasmic reticulum, which is in direct agreement with the elaboration
of a proteinaceous secretion. Chemical analysis of Myrmecia venom revealed the existence
of at least seven protein fractions to which the painful biological activities can be attributed
(Wanstall & De la Lande 1974). The corresponding granular ER, compared with that in a
wide variety of other ant species (Billen 1985, 1986a, 1986bh, unpublished data), is clearly
most extensive in the venom gland of Myrmecia, and thus reflects the powerful sting of
these ants. Only very few exceptions to this relationship between appearance of granular ER
in the venom gland secretory cells and effect of the sting are known, and mainly refer to
the fire ants, which lack the granular endoplasmic reticulum and in which the painful effects
of a sting are caused by alkaloids rather than proteinaceous compounds (Billen 1989).

Fig. 12. Semi-thin cross-section through sting base (SB), showing muscular supply of the ducts of the
venom (VD) and Dufour’s gland (DD). The Dufour gland is affected both dorsally and ventrally by
muscle fibres, the venom gland shows directly inserting muscles only ventrally (*); lateral muscle
bundles (arrows) inserting onto a dorsal cuticular extension (CE) affect the venom gland duct indirectly.
SL, sting lancets. Scale bar, 50 pm.

Fig. 13. Ultrastructural detail of muscular attachment to the ventral Dufour gland wall. c#, cuticle;
EP, epidermal cells; MF, muscle fibres; MT, microtubules. Scale bar, 5 ym. :
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The toxicity of their venom, on the other hand, faces the bulldog ants with the additional
problem of self-protection. For this purpose, the conspicuously thick cuticular lining of the
reservoir wall probably acts as a successful mechanical barrier between the stored venom
substances and the internal tissues. The convoluted gland may also contribute, as it forms
the ultimate secretory portion of the venom gland through which secretion passes before
being stored in the reservoir sac. The cytological organisation of the convoluted gland
clearly demonstrates its secretory capacity, with glandular cells having a well developed end
apparatus. Final toxification of the main secretory products from the free filaments could
thus be eventually achieved in the convoluted gland cells, in a way comparable to the safe
production of formic acid in the formicine venom gland (Hefetz & Blum 1978).

The Dufour gland secretion of M. gulosa, as in other ants, is mainly composed by a
series of aliphatic hydrocarbons (Cavill & Williams 1967; Jackson et al. 1989), the function
of which still remains conjectural. This chemical nature is consistent with the cytological
organisation of the glandular cells, which have a well developed smooth endoplasmic
reticulum, Golgi vesicles and numerous mitochondria. The great abundance of multilamellar
inclusions is most characteristic, and may possibly be related with the secretory activity.
Lamellar inclusions are, moreover, a common cytoplasmic element in the numerous glands
that form the social insect’s exocrine system (Billen 1987). In the Dufour gland of formicine
ants these lamellar ‘secretory micelles’ contain the hydrocarbons and carry them to the lumen
of the gland (Hefetz & Orion 1982). Additional evidence for a secretory function of the
lamellar bodies is provided by their abundance in vertebrate pneumocytes, where they
contain the lipidic lung surfactant molecules (Gil & Riess 1973; Boudreau ef al. 1983).

Characteristic of the Dufour gland in M. gulosa are the apical microvilli and the basal
protrusions of the epithelium. Both characters are shared by the Myrmeciinae, and dis-
tinguish this group from other ant subfamilies (Billen 1986¢). Only the rare Australian
Nothomyrmecia macrops, which was considered as a myrmeciine species before it became
a subfamily by itself, displays a similar fine structure of the Dufour gland (Billen 1988).
Chemotaxonomic analysis of the Dufour gland hydrocarbons also suggests a closer relation-
ship between Myrmecia (Jackson et al. 1989) and Nothomyrmecia (Billen ef al. 1988), than
is reflected by their current classification (Taylor 1978).
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