
&p.1:Abstract The primordia of the sclerites associated with
the venom gland appear in third-stage larvae. The study
aims to link the structure and function of this specialised
venom structure in Formicinae, together with glandular
ontogeny, and puts emphasis on the relevance of the dis-
tinguished glandular subunits contributing to the final se-
cretion. The most conspicuous changes in glandular de-
velopment occur in the pharate pupa. At this stage, all
subunits of the venom gland (the tubule, the convoluted
gland and reservoir) are visibly present. Formation of the
glandular cuticle starts around day 4 of the pupal stage.
Luminal cells in the convoluted gland are provided with
abundant free ribosomes and apical microvilli that re-
main during adult life. Stacks of granular endoplasmic
reticulum are also frequently found in these cells. The
convoluted gland contains relatively few scattered secre-
tory cells, belonging to type 3 according to Noirot and
Quennedey (1974), which contain electron-dense materi-
al in their extracellular spaces during adult life. These
cells strongly contrast with the apparently general non-
glandular nature of the convoluted gland tubule. Histo-
chemical investigation of the secretory cells in the pulvi-
nate convoluted gland reveals that these cells contain li-
poid material, most likely to correspond with lipoids
demonstrated in earlier chemical analyses. This lipoidal
material in minor quantities strongly contrasts with the
bulk of acid constituting the secretion. The substances
produced in the convoluted gland could act as insulators,
thus protecting the insect against its corrosive venom.&bdy:

A. Introduction

Aggressiveness and defensive strategies are obviously
used by ants. Representatives of the Formicinae do not
possess a sting, but are the only ants characterised by the

presence of a venom apparatus for the elaboration, stor-
age and spraying of formic acid (Stumper 1951, 1952;
Hefetz and Orion 1982; Hermann 1983). Hefetz and
Blum (1978) investigated the biosynthesis of formic acid
by the venom glands of formicine ants and found the
gland accumulated formic acid in a very high concentra-
tion and yet avoided its cytotoxicity. The major precursor
turned out to be serine. The same authors demonstrated
that the enzymes, catalysing the reactions needed for for-
mic acid formation, are present in the venom gland in
much higher concentrations than in any other tissue. The
precise site of high enzyme concentration, however, has
not been specified (free tubules or convoluted gland).
Achieving highly concentrated formic acid is possible by
a combination of biochemical pathway characteristics
and the special morphological features of the venom
gland and the convoluted gland in particular.

The morphology of the venom gland in ants has been
studied before (Forel 1878; Beyer 1891; Berlese 1909;
Blum and Wilson, 1964; Hermann and Blum 1968; Rob-
ertson 1968; Hermann et al. 1975). The production of
formic acid goes along with a very peculiar morphologi-
cal organisation of the venom gland in species belonging
to the Formicinae. The convoluted gland especially,
which represents the part between the two free secretory
tubules and the reservoir, is extremely conspicuous and
appears as a large cap laying on top of the reservoir sac.

In ants, as far as is known, three types of venom gland
occur. Forel (1878) previously reported on two types, the
pulvinate (with convoluted gland on the venom sac’s
dorsum, as found uniquely in Formicinae) and the bour-
releted type (with the convoluted gland inside the venom
sac, in all other subfamilies). Our research on venom
systems in ants recently showed that a third type also ex-
ists, as was found in Amblyoponini and probably also in
Leptanillinae, in which no convoluted gland is found at
all (Schoeters et al. 1999).

Apart from an early report on venom gland develop-
ment in Formica rufaLinné, 1761 by Beyer (1891), no
information is available on the ontogenesis of the venom
gland in members of the Formicinae. In the present
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study, the following questions are answered: (1) where
does the venom gland primordium originate and how
does the convoluted gland develop, (2) what is the struc-
tural relation between the free tubule and the convoluted
gland, (3) which ultrastructural changes occur during the
pupal stage and (4) what is the secretory capacity of the
secretory units in the convoluted gland.

B. Materials and methods

For the ontogenetic study, two species of formicine ants were
studied, Formica polyctenaFoerster, 1850 and Camponotus vagus
(Scopoli, 1763), collected in Genk (Belgium) and Marseille
(France), respectively. The same species were also investigated ul-
trastructurally, together with Formica sanguineaLatreille, 1798.
For the histochemical work, six species were studied: Camponotus
aethiops(Latreille, 1798) (Montpellier, France), C. piceus(Leach,
1825) (Luberon, France), C. vagus(Scopoli, 1763) (Marseille,
France), Cataglyphis cursor(Fonscolombe, 1846) (Bagnols-sur-
Cêze, France), Formica fuscaLinné, 1758 (St.-Joris-Weert, Bel-
gium) and Lasius fuliginosus(Latreille, 1798) (Bonheiden, Bel-
gium).

I. Morphology and ultrastructure

Glandular reservoirs, cut open for better fixation, were fixed for
2–20 h in 2% glutaraldehyde (4°C, pH 7.3 and buffered with
0.05 M sodium cacodylate). Postfixation in a buffered osmium te-
troxide solution (1 h) was followed by dehydration in an acetone
series and embedding in Araldite. Semithin sections (1µm thick-
ness) for light microscopy were made with a Reichert OmU2 ul-
tramicrotome and stained with methylene blue and thionin.

Thin sections for TEM, made with a Reichert Ultracut E ultra-
microtome were double stained with uranyl acetate and lead ci-
trate in an LKB 2168 Ultrostainer. They were examined in a Zeiss
EM 900 microscope. Tissues for SEM were dehydrated in an etha-
nol series after postfixation and were critical-point dried. They
were coated with gold and viewed in a Philips SEM 515 micro-
scope.

II. Histochemistry

For the histochemical analysis, we focused on the detection of li-
poid material in all subunits of the venom apparatus, since the
presence of molecules belonging to that category had previously

been suggested for the convoluted gland by Cruz López et al.
(1993). For this purpose, we have chosen a lipid-unmasking tech-
nique according to Wigglesworth (1988).

III. Ontogeny

Larvae of F. polyctenawere taken from the nest and reared in sep-
arate nest boxes, accompanied by ten workers. When the pharate
pupal stage was attained, these pupae were isolated and controlled
daily until pupation occurred. Starting from pupation, the individ-
ual pupae were dissected at 1 day intervals. For C. vaguswe were
especially interested in primordial anatomy since these large ants
are fairly easy to dissect. For this species we related the develop-
mental stages to the externally visible pigmentation process (Ta-
ble 1).

C. Results

I. Venom gland morphology in adult formicines:
new structural findings

In adult formicines, the venom apparatus consists of an
elongated sac with an extremely thin wall formed by po-
lygonal cells and associated muscles (Figs. 1, 2). These
muscles also cover the glandular portion (or convoluted
gland; Fig. 2), but not the bifurcating free tubule. The
convoluted gland is attached to the dorsal wall of the
venom reservoir. The glandular tubule forming this pul-
vinate convoluted tubule (recognisable as an elliptical
and flattened, slightly coiled cushion) is a very narrow
and extremely elongate tubule (Fig. 2). Its length can
reach several centimetres when uncoiled, depending up-
on the species investigated. It opens anteriorly into the
venom reservoir, whereas it is continuing posteriorly as
the bifurcated (only two branches) free tubule. The lining
of the free tubules consists of secretory cells with their
own end apparatus opening in the axial cuticular tubule,
but this part of the gland is of no further importance in
the present paper. We confirmed the presence of scat-
tered secretory cells along the tubule of the convoluted
gland. Remarkably, these cells were always found to
contain electron-dense material in their extracellular
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Table 1 Subdivision of differ-
ent developmental stages in
Camponotus vagus, following
pigmentation&/tbl.c:&tbl.b:

Stage Description AGE
(days)

0 Larva without cocoon 0
I Larva in cocoon, breakthrough of midgut, rectum brown
II Pupa, beginning of differentiation of appendages 1
IIa Pupa, intermediary phase of development of appendages. Pharate pupa
III Pupa, appendages fully developed
IIIa Pupa, white cuticle, no eye pigmentation 3
IIIb Pupa, white cuticle, beginning eye pigmentation
IV Pupa, white cuticle, pink eyes
IVa Pupa, white cuticle, pale brown eyes
V Juvenile adult, pale cuticle, brown eyes 8
VI Juvenile adult, white-yellowish cuticle, black eyes
VII Juvenile adult, yellow cuticle, segments hardened
VIII Juvenile adult, brownish cuticle, beginning of melanisation 11
IX Juvenile adult, brown cuticle, melanisation phase grey
X Juvenile adult, cuticle partly hardened
XI Adult, cuticle completely hardened, melanisation phase black 16

&/tbl.b:



spaces after fixation in glutaraldehyde and treatment
with osmium tetroxide (Figs. 3, 4).

II. General anatomy of primordial development

The primordia forming the sclerites of the venom gland
orifice occur in larvae starting from the third larval stage
(Fig. 5). At this stage there are only simple imaginal
discs, formed by a thickened and invaginated epithelium.
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Fig. 1 Ventral view of the venom gland in Formica sanguinea,
showing the muscular supply of the reservoir&/fig.c:

Fig. 2 Transversely cut convoluted gland (CG) in Formica san-
guinea&/fig.c:

Fig. 3 Formica polyctena. Secretory cell (SC) of the embedded
tubule in the convoluted gland. lu, Lumen of the tubule&/fig.c:

Fig. 4 Formica polyctena. Secretory cell (SC) of the embedded
tubule in the convoluted gland. The extracellular space of the end
apparatus contains electron-dense material (asterisk) &/fig.c:



During the next larval stage, the apparently unpaired pri-
mordial venom gland develops as an invaginated imagi-
nal disc. In the fifth larval stage the primordium is slight-
ly rotated. Dissections of larvae at this stage show that
the venom gland originates between two adhering pri-
mordia that give rise to the later sclerites of the closing
apparatus of the venom gland: starting from the posterior
end of the body we have the primordial gonostyli and
stylet parts, between them the rami (segment VIII) and
the origin of the genital tract. When the larva starts spin-
ning its cocoon, the primordia of the sclerites of the ven-
om apparatus almost fuse. At that point the stage of pha-
rate pupa is reached. At a later stage, the gonostylar pro-
cesses end freely under the body, but they still remain
rather short when compared with the primordial halves
of the stylet. In the late pharate pupa (stage III), when
the appendages have fully developed, the primordia of
the vagina and oviduct, the Dufour’s gland and the ven-
om gland are situated very close together (Figs. 6, 7).
The primordial convoluted gland is then entirely situated
on top of the venom reservoir (Figs. 8, 9). The latter is
wider than the convoluted gland. At this moment the
glandular mass that constitutes the convoluted gland
starts flattening the reservoir. Folding of the convoluted

gland tubule has already occurred, but the tubule can
hardly be distinguished. Sections of what corresponds
with a wrinkled tubule can be distinguished. When the
pigmentation process of the pupa starts, the reservoir
size increases remarkably. The convoluted gland no lon-
ger remains entirely on top of the reservoir, but sinks
down into it as a result of the enlargement of the reser-
voir cells. The glandular mass gives the impression of
flattening the venom reservoir along its horizontal axis.
The free tubule can already be distinguished very obvi-
ously. In the pupa with light brown eyes (stage IVa), the
venom gland already has its final shape. The venom res-
ervoir is depressed, as a consequence of an enlarged con-
voluted gland. Instead of a rounded reservoir, we now
observe a concave reservoir, with the concave side up.
As in the adult, the convoluted gland has a more oval
shape. Black-eye white pupae (juvenile adults) have fully
developed glandular structures (Fig. 10). When the pu-
pae start darkening, the gland looks even more like that
of the adult (Fig. 11).

Thus there are several developmental stages of the
venom gland based on the position of the convoluted
gland in relation to the reservoir. In the stages earlier
than II, the convoluted gland cannot be distinguished
from the reservoir in dissections. In stages II and III,
the pharate pupae showed a slightly enlarged reservoir
with the beginnings of the convoluted gland on top of
it. In stages IIIa and IV, corresponding to the ‘real’ pu-
pal stage, the convoluted gland is not situated on top of
the reservoir, but only its apical half extends from the
reservoir. This is mainly due to an increased growth of
the reservoir when compared with the growth of the
convoluted gland. Starting from stage IVa, the convo-
luted gland again comes more and more on top of the
venom reservoir. The difference of these four stages is
in the position of the convoluted region, but the orienta-
tion of the convoluted tube in relation to the reservoir is
also subject to changes during development. Changes in
orientation of the wrinkled tubule mainly correspond
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Fig. 5 Consecutive steps (A–F) in the formation of the venom
gland in formicine ants. CG Convoluted gland, ft free tubule, R
reservoir. Grey areascorrespond with primordial convoluted gland&/fig.c:

Fig. 6 Two adhering primordia, that of the venom reservoir on top
(pVG) and the Dufour’s gland (pDG) in Camponotus vagus(pha-
rate pupa). Both primordia open into a common cavity&/fig.c:

Fig. 7 Primordium of the convoluted gland in early pharate pupa
of Formica polyctena&/fig.c:

Fig. 8 Formica polyctena. Convoluted gland of early white pupa,
showing enlarged lumina of convoluted tubule (arrows). R Reser-
voir &/fig.c:

Fig. 9 The convoluted gland lies entirely on the reservoir’s dor-
sum in the pharate pupa of Camponotus vagus. The convoluted
gland tubule opens almost at the anterior end of the reservoir (ar-
row) &/fig.c:

Fig. 10 Convoluted gland of late white pupa in Camponotus va-
gus, showing enlarged lumina of tubule (arrows). R reservoir&/fig.c:

Fig. 11 Convoluted gland of a white pupa in Formica polyctena,
showing enlarged lumina of tubule (arrow) &/fig.c:

Fig. 12 Histochemical results of the convoluted gland in Cata-
glyphis cursor, showing very dark droplets of secretion in these
cells&/fig.c:

▲
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Fig. 13–18 Venom gland ontogenesis in Formica polyctena

Fig. 13 Pupal stage day 1. The luminal cells show very few organ-
elles. N Nucleus&/fig.c:

Fig. 14 Pupal stage day 2. The chromatin in the nuclei of the lu-
minal cells is more pronounced and lipid-like inclusions (L) occur
in the cytoplasm. N Nucleus&/fig.c:

Fig. 15 Pupal stage day 3. Free ribosomes are abundant. lu Lu-
men of convoluted gland tubule&/fig.c:

Fig. 16 Pupal stage day 6. The formation of the epicuticle by the
luminal cells of the convoluted gland has been completed. The cu-
ticular lining is not always in contact with the cells&/fig.c:

Fig. 17 Pupal stage day 9. Cuticular formation is completed. In
the secretory cell, an end apparatus (EA) can be observed. lu Lu-
men NSC, nucleus of a secretory cell&/fig.c:

Fig. 18 Pupal stage day 11. The luminal cells obviously have a
flattened appearance (arrow). Note interstitial (secretory) cells
with rounded nucleus

with the four developmental phases of the whole gland
mentioned previously. During the first phase, the con-
voluted tubule may be wrinkled perpendicular to the
curved reservoir wall. During the second phase we ob-
served an increase in length of the convoluted gland tu-
bule, resulting in a change of orientation of the tubule.
During the third phase, most parts of the wrinkled con-
voluted gland tubule follow a longitudinal orientation
when compared with the more transversal one in the
first phase. They then extend from the reservoir apex
towards the free tubule. The convoluted gland tube then
undergoes a further increase in length in the juvenile
adult.

III. Histochemistry of the pulvinate convoluted gland
in adult ants

After application of the staining procedure according to
Wigglesworth (1988) for unmasking lipids, we observed
different staining conditions depending on the physiolog-
ical conditions of the tissue, but the complete set of re-
sults indicates the same: the secretory cells in the convo-
luted gland produce lipids. Sometimes mitochondria in-
tervening in the lipid synthesis process are stained,
whereas dark spherules of secretion are especially obvi-
ous (Fig. 12). This secretory material is subsequently se-
creted along the cuticular walls of the convoluted gland
tubule.

IV. Ultrastructural changes of the convoluted gland
during the pupal stage

On day 1, the cells forming the lining of the tubules of
the convoluted gland have oval nuclei. These nuclei pos-
sess only a few chromatin condensations. The apical lin-
ing of the cells is provided with very small apical in-
foldings. The cytoplasm contains a few mitochondria
and numerous free ribosomes (Fig. 13). On the 2nd day,
the cells lining the convoluted gland tubules also pos-
sess several inclusions, resembling lipid inclusions.

However, their exact nature remains unknown. The nu-
cleoli have increased in size and vacuolar structures
were also more frequently encountered (Fig. 14). Twen-
ty-four hours later, very few ultrastructural changes
seem to occur, but free ribosomes become particularly
evident all over the cytoplasm. The cells that line the
convoluted gland tubules are still provided with micro-
villar processes. On day 4, there seems to be an enor-
mous relative increase in the diameter of the tubule lu-
men. At this time, secretion of the cuticular lining starts.
Free ribosomes are still frequently found, but well-or-
ganised stacks of granular endoplasmic reticulum start
to appear. These characteristics become very evident by
the 5th day of the pupal stage (Fig. 15). At this time, the
formation process of the cuticle has not yet finished.
Very obvious cellular junctions and the stacks of granu-
lar endoplasmic reticulum are observed (Fig. 15). Two
days later, the cytoplasm still contains stacks of granular
endoplasmic reticulum. The lumen cells are more flat-
tened and their entire apical part is provided with short
microvilli. Nuclei have changed very little in their ap-
pearance. We often observed that the epicuticular lining
is not firmly attached to the cells (Fig. 16). The forma-
tion of cuticle continues during day 7 and is completed
by day 8. The cuticular lining is then composed of two
layers: the electron-dense epicuticle and the more elec-
tron-lucent endocuticle. On day 11, the venom gland al-
ready possesses all the characteristics of that in the
adult. Even the interstitial cells can be observed, each of
these provided with numerous mitochondria (Figs. 17,
18). The cytoplasm of the luminal cells is much more
reduced.

Most of the ultrastructural changes observed refer to
the cells that line the wrinkled convoluted gland tubule.
The secretory cells that can be found rarely in the con-
voluted gland in between the wrinkled tubule were ex-
tremely difficult to detect during ontogeny. Neverthe-
less, some signs of the ducts of these secretory units
were observed in pupae of 9 days old. In adults
(Figs. 3, 4) it was easier to detect secretory cells in the
convoluted gland because of the electron-dense materi-
al in the extracellular space of their end apparatus, an
aspect which is lacking in pupae of 9 days old
(Fig. 17).

D. Discussion

I. General morphology and ultrastructure

The free tubules of the venom gland in the Formicinae
are organised similarly to those of other ants. They con-
tain several enzymes catalysing the chemical reactions
needed for formic acid formation. The convoluted
gland, however, is very different from that found in ants
belonging to other subfamilies because of its position on
top of the reservoir in adult ants. The scattered secretory
units that are usually found in the convoluted gland pos-
sess cells where apparently active metabolic processes
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occur, since these cells are provided with numerous mi-
tochondria, located near the microvillar sheath of the
end apparatus. The occurrence of numerous mitochon-
dria in these cells is not restricted to the convoluted
gland cells of the Formicinae, since we also observed
this feature in representatives of other groups within the
Hymenoptera.

II. Histochemistry

The presence of electron-dense material in the extracel-
lular spaces of the end apparatus strongly suggests that
the secretory cells of the convoluted gland are responsi-
ble for the production of the lipophilic components that
were recently demonstrated chemically in the convolut-
ed gland (Cruz López et al. 1993). These authors inves-
tigated five randomly selected species of Formicinae
and found that their convoluted glands (but not the ven-
om reservoir) invariably contain microgram quantities
of hexadecanol, hexadecyl formate and hexadecyl ace-
tate in varying proportions. They also suggested that the
molecules involved could possibly form ordered mono-
layers of closely packed molecules (Langmuir-Blodgett
films), hence inhibiting evaporation and acting as insu-
lators or protecting cells against corrosive venom com-
pounds. In addition to that, contact of hexadecanol with
the venom could convert it partially into formate and
acetate, two compounds they also identified. Our histo-
chemical observations, therefore, fit well with the
chemistry, since the hexadecanol (and derived mole-
cules) found by Cruz López et al. (1993) in the convo-
luted gland of Formicinae would be considered lipoidal.
The additional presence of chemicals other than formic
acid is important for protection against self-intoxica-
tion. The major function of formic acid is to act as a de-
fensive allomone, although it is also reported to act as
an alarm pheromone (Blum and Brand 1972). The oc-
currence of formic acid is not restricted to the defensive
secretion of Formicinae, it is also reported for the de-
fensive gland secretion of some caterpillars belonging
to the Notodontidae (Attygalle et al. 1993). According
to these authors, formic acid is also accompanied by a
series of alcohols and aliphatic ketones, together with
acetic acid.

III. Ontogeny

According to D’Rozario (1942) primordia of the genita-
lia occur in the eighth and ninth segments in larvae of
stage III in Symphyta and in the first larval stage in the
advanced Apocrita. The venom gland invaginates at the
base of the inner valvae of the ninth segment. A more an-
teriorly located invagination of the ninth sternite corre-
sponds to what will become Dufour’s gland. Here we see
correspondence concerning parts of the reproductive ap-
paratus and the venom apparatus in Hymenoptera. The
chitinous sting parts are obviously derived from the ovi-

positor. In addition to that, the venom and Dufour’s
gland have an origin similar to that of the accessory
glands of the female reproductive tract. In the species we
studied, the sclerotised parts of the venom apparatus
have undergone reduction, but the same developmental
pattern as in other Hymenoptera with well-developed
stings can be observed. Although the sclerites of the ven-
om apparatus have undergone reduction, the venom
gland itself, and the convoluted gland particularly, are
very well developed.

The free tubule in Formicinae corresponds with the
comparatively rather short distal part of the entire secre-
tory tubule. For understanding the development of the
gland it is important to note that the convoluted gland
consists of one extremely long tubule. According to Her-
mann et al. (1975) the proximal part, which constitutes
the convoluted gland, can measure almost 380 mm in
Camponotus pennsylvanicusand is fundamentally an ex-
tremely wrinkled tube, located dorsally upon the reser-
voir. The area of junction between the convoluted gland
and the reservoir and that between the free tubules and
the convoluted gland tubule have already been deter-
mined by Hermann et al. (1975). According to Dewitz
(1875), the venom gland originates from paired primor-
dia. However, Beyer (1891) found that it originates from
an unpaired primordium. The data obtained in our study
correspond with the latter.
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