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Abstract. In the ant genus Diucamma, all workers eclose
from their cocoons with little clublike thoracic ap-
pendages, called gemmae. Whether these gemmac arc
mutilated determines individual behaviour, and ultimate-
ly reproductive role, in two of the three species examined.
The gemmae are covered with sensory hairs, which prob-
ably serve a mechanoreceptive function. The sensory af-
ferents arising from these hairs were stained and traced
into the central nervous system (CNS). They feature
widely distributed collaterals invading all three thoracic
ganglia as well as the suboesophageal and the second
abdominal ganglia. The multisegmental arborization
pattern of the gemma afferents is very similar to that of
wing-hair afferents of other ants (queens and males) or
other insects in general. This implies that gemmae and
wings are homologous structures. We discuss the motr-
phology of the gemma afferents with respect to their pos-
sible involvement in the behavioural changes associated
with mutilation. The neuronal processing may be modu-
lated by (1) the decrease of sensory input onto interneu-
rons (suggested by the afferents’ extensive arborizations),
or (2) by the effect of neuromodulatory substances (sug-
gested by the finding that terminals occur within the cell
body rind of the ganglion).

Key words: Insect hair sensilla — Mechanoreception —
Thoracic ganglia — Wings — Neuromodulation - Diacam-
ma australe, D. rugosum, D. vagans (Insecta)

Introduction

The ants (together with the termites, some bees and some
wasps) are unique among animals because of the occur-
rence of two morphological classes of female adults,
queens and workers, that differentiate during larval de-
velopment. The morphological differences between
quecns and warkers are associated with division of lahor
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within the colonies. Ant queens are specialized to estab-
lish new colonies and to reproduce; in most species they
have wings that they shed after being mated. Ant
workers are usually sterile and they always are wingless.
In a small number of specics belonging to the phylogen-
etically primitive ant sublamily Ponerinae, queens have
disappeared and some of the workers mate and repro-
duce instead (Pecters 1991). Thus in the tropical genus
Diacamma (comprising 20-30 species), queens never ex-
ist. A unique characteristic of the workers in Diacamma
is the occurrence of a pair of tiny clublike mesothoracic
appendages (Tulloch 1934; Bitsch and Peeters 1991).
These structures, which have not been found in any
other ant genus, have been termed ““ gemmae™ (Peeters
and Billen 1991).

All warkers of Digcamma have gemmae when they
eclose from their cocoons, and in D. vegans these are
retained throughout adult life (Peeters et al. 1992). In
contrast, in D. rugosum (the only spceies oceurring in
Japan; currently under taxonomic revision) and in D.
ausirale, the gemmae are bitten off soon after emergence.
Only one worker retains them in each colony, and this
individual is inseminated and monopolizes egg laying
(Fukumoto ct al. 1989, Peeters and Higashi 1989). She
aggressively removes the gemmae in all newly eclosed
workers. Mutilation of the gemmae is associated with
changes in individual behaviour. Unmutilated workers
behave aggressively towards nestmates, but if their gem-
mae are surgically removed, they become timid and lose
their dominant position in the social hierarchy (Peeters
and Higashi 1989). The retention of the gemmae also
appears to be essential for mating: mutilated workers
are always virgin, and during Jaboratory experiments
males copulated only with workers having gemmae.
While it is clear that the gemmae play a crucial role
in reproductive control in D). australe and D. rugosum,
the physiclogical basis far the behavioural changes trig-
gered by mutilation remain poorly understood.

Tn ). australe, the gemmae are completely filled with
about 500 unicellular glands, which are individually con-
nected via minuie ducts to pores on the outer surface
of the gemma (Biilen and Peeters 1991; Peeters and Bil-
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len 1991). These glandular cells presumably release pher-
omones to the outside, which have been speculated to
function as male attractants. However it has not vet
been possible to analyze the chemical composition of
these pheromones, and the functional significance of the
putative gemma pheromones awaits further investiga-
tions.

Although the inlernal and external morphology of
the gemma has been described in some detail, no men-
tion has been made of one fact that is obvious from
the various published scanning eleclron micrographs:
the gemmae are covered with hairs. As in other insects,
these might be sensory hairs with chemorceeptive or me-
chanoreceptive functions. If they are indeed sensory
structures, then we cxpect that the sensory cclis associat-
ed with them send their axons {sensory afferents) into
the central nervous system (CNS). Mutilation of the
gemmae would then change the ongoing sensory input
to the CNS of an individual. Furthermore, mutilation
would doubllessly cause degeneration of the sensory ax-
ons since their cel! bodies are located inside the gemma.
Thus mutilation of the gemma is associated with two
distinct effects: an altered sensory input to the CNS,
and a halt in the release of a pheromone. Both effects
may result in behavioural changes.

Here we demonstrate that (1) the hairs on the gemmae
are indeed innervated, (2) the axons of these putative
mechanaosensory cells exhibit a characteristic pattern of
arborization within the CNS thal is reminiscent of the
afferent projections from sensory hairs on the wings of
other ants, and (3) some collaterals of the gemma affer-
ents project into the cell body layer surrounding the
neuropil of the CNS.

Materials and methods

Experimental animals

Specimens of D. australe originated from a colony excavated near
Townsville, north Queensland, Australia. D. rugostn was collected
in Nakijin castle, Okinawa Island, Japai; D. vagans was collected
i Masunigodi, Tamil Nadu, south India. To produce unmutilated
workers, cocoons of D. wusirule and 1. rugoswm were placed to-
gether with small groups of mutilated workers, thus avoiding muti-
lation by he dominant reproductive worker. In addition, males
and quecns of Eetatonuna ruidum (collected at Barro Colorado,
Costa Rica) and Camponaotus ligniperda (collected in forests around
Wiirzburg, Germany) were examined to compare afferents of wing
sensiila with the gemma afferents.

Counting of sensilla

Sensitla on the gemmae were counted from scanning electron mi-
crographs (D. australe, D. vagans, D. rugosum) or directly under
the microscope employing the green autoflucrescence of the cuticu-
lar structures under blue epifiuorescence excitation (D. vagans, D.
rugosum). For scanning electron microscopy (SEM), ants were im-
mobilized by cooling, fixed in phosphate-buftered (pH 6.8) 2.5%
glutaraldehyde, dehyvdrated in a graded series of acetones, and crili-
cal-point dried (acetone/carbon dioxide). Some specimens that had
been kept in 70% ethano! for more than a year were airdricd
at 30° C. All specimens were gold-coated and observed using a
Zeiss DSM 962 SEM.

Staining procedures

Workers of D. rugosin and D. vagans were immobilized by cooling
and mounted sideways with a wax/resin mixturc so as to allow
access to the gemma. Some of the hairlike structures on the cemma
were carefully scraped off with a sharpened insect pin or with
a broken glass microelectrode, avoiding any other damage to the
fragile appendage. Next, the gemma and surrounding cuticle were
covered with vaseline except for a small area on the gemma, thus
enclosing 4-15 bases of the cut sensilla in a vaseline well. This
well was then filled with an aqueous solution of either cobult-
chloride (5%) or 2% -5% Biocytin (Fluka) or Neurcbiolin (racer
(Vector). A positive current was routinely applicd to the tracer
well for 1-3 h using a thin silver wire connected to a constant
current source (90 nA) or to a 9V battery (negative electrode on
the ant’s gaster). Alternatively, the dye solutions were applied using
glass capillary micropipettes. The overall diffusion times ranged
from 2-12 h, typically § h. The longer diffusion periods sometimes
produced good staining event without the use of current. Subse-
quently, the ants were processed according to the tracer used (co-
balt or Biocytin).

Male Digcammea and males and queens of Eclatonuma werc
mounted and treated as above in order (0 stain the hairlike sensilla
on the wings.

Cobualt histelogy. The thoraces of ants that had been treated with
cobalt-chloride were cut open and immersed for 3 min in 70%
ethanol containing ammonium sulphide (about 0.5%) to precipi-
tale cobalt as sulphide. Afterwards the thoraces were fixed in
Bouin’s fixative or Carnoy’s fixative, the ganglia were dissected
out and silver-intensified (Strausfeld and Obermayer 1976; Bacon
and Altman 1977). The ganglia were then dehydrated in graded
gthanols, embedded in Durcupan (Fluka) and sectioned at 10~
25 um on a sliding microtome.

Biacytin histelogy. The histological procedure (o visualize the affer-
ents filled with Biocytin (or Neurobiotin tracer) was based on Ilor-
tkawa and Armstrong’s (1988) criginal methed and on a protocol
for marine crustacea (Schmidt and Ache 1990). The present proce-
dure wus developed to work on intact insect CNS (Gronenberg
and Strausfeld 1992} and has been adapted for backfitling sensory
afferents from their sensilla.

After the tracer diffusion period the thorax was opencd and
immersed in 4% formaldehyde in 0.2 M Sorensen’s phosphate
buffer orin 0.16 M Karnovsky's cacodylate buffer (buffer osmolar-
ity adjusted with 3% sucrose; pH 7). Afler 2-4 h fixation at room
temperature (or overnight at 4° C) the ganglia were removed and
washed in buffer for at least 4 h. Then the tissue was incubated
for 824 h in buffer containing the avidin-conjugated horseradish
peroxidase (HRP; Vectlastain ABC-kit; Vector Labs.) and 0.5%
Triton-X-100. Instead of using a high concentration of Iriten X-
100, in some cases the ganglia were dehydrated in ascending etha-
nols, transferred into xylene and then rehydrated in descending
ethantols before incubation in the avidin-conjugate.

After this incubation the tissue was rinsed thoroughly in buffer
for 4 12 h before it was presoaked in the DAB solution (0.05%
diaminobenzidine and 0.5% Triton X-100 in 0.2 M phosphate
bufter or 0.16 M cacodylate bulfer, pH 7). After presoaking for
3 in the dark at 4° C the tissue was transferred to the same
DAB solution containing 0.01% hydrogen peroxide in which it
was processed in the dark for 3 h at 4° C and then for an additioenal
I b at 20° C. Subscquently the tissue was rinsed in buffer overnight
and (hen incubated in the dark in 1% osmium tetroxide in 0.16 M
cacodylate buifer for 1 h at 4° C and for an additional hour at
20° C. Tissue was afterwards rinsed in buffer, then distilled water,
dehydrated in graded ethanols, transferred into Araldite (Fluka
Durcupan]) and affer polymerization blocks were serially scctioned
at 1020 pm on a sliding microtome. Reconstructions of material
containing cobalt or DAB reaction product were made [tom scrial
sections vsing a camera lucida attachment to the microscope at
an initia] magnification of 560- 1400 x .



Alternatively, the fixed tissue was incubated in a solution of
avidin conjugated to either Lucifer yellow or Cascade bluc (Molee-
ular Probes). The conjugates were reconstituted in 0.1 M bicarbon-
ate buffer with 2 mM sodium azide added Lo give *stock solutions’
of 0.1%. When frozen, these stock solutions worked well for more
than a year. For usc, they were diluted in phosphate- or cacodylate
bulfer containing 0.5% Triton X-100 to give a final concentration
of 0.0023% conjugate. (Ganglia were incubated in this solution
for 8-20 h, repeatedly washed in buffer, dehvdrated in ethanols,
embedded in Spurr’s (1969) embedding medium, polymerized and
sectioned at 10 um-15 pm. Neurons labelled with Lucifer yellow
or Cascade blue were viewed under epifluorescence illumination
using the appropriate excitation and barrier filters (Zeiss Axio-
phot), photographed on Kodak Ektachrome 400 and graphically
reconstructed (rom the slides.

Results
External morphology

The gemmae are clublike appendages of the dorsolateral
mesothorax (Fig. 1a-{) that are reminiscent of dipteran
or strepsipteran halteres. They fit smoothly into a thor-
acic cavity (“gemmarium,” Billen and Peeters 1991;
Fig. tc, ). The length of the main body ol the gemma
ranges from 290 um (D. rugosum) to 360 pm (D. aus-
trate), the width from 190 pm to 230 pm, and the stalk
length from 125 pm to 140 um.

In all three Digcamma species examined, the gemma’s
surface facing the gemmarium has soft and membranous
cuticle whereas the cuticle on the stalk and upper surface
of the gemma 1s sullf and much thicker. In D. rugosum
and D. qusirale the inner surface of the gemma is ridged
(Fig. 1¢) while in D. vagans this membrane looks rather
smooth (arrow in Fig. 1f). In the region of the mesono-
lum/mesopleurum transition, the stalk is connected to
the lateral mesothorax by flexible cuticle so that it can
(passively) be bent outwards by about 60° (Fig. 1d) with-
out breaking (it has been bent too far in Fig. 1e, hence
the stalk is partly broken). In the pupae the pemmae
protrude from the body wall (Peeters and Billen 1991),
but in adults they are always recessed in their gemmar-
ium. No muscles insert at the gemmac, hence they cannot
be moved voluntarily.

The ventral edge of the gemmarium carries thin, hair-
like structures in the vicinity of the stalk {(arrows in
Fig. 1c). Thesc structures do not cxhibit any specializa-
tion at their bases, and we infer that they are trichomes,
i.c. noninnervated cuticular structures, Simitar trichomes
were found inside the gemmarium: only one trichome
in D). rugosum, about 1015 trichomes in D. vagans, and
20-30 in D. ausirale. Attempts to backfill these struc-
tures in the same way as sensory hairs {(see Materials
and methods) did not reveal any afferent sensory fibres
originating from those structures, thus confirming that
they are trichomes.

Hairlike sensilla

Unlike the gemmarium and the gemma surlace facing
it, the outward surface of the gemma carries hairlike

403

structures, on which we focus in this paper. The length
of these structures ranges from 40 pm to 150 wm, most
being about 60 pm long. Since their hases are cuplike
(arrows in Fig. 1h-j), they seem to be mechanoreceptive
sensilla. They are bent lowards the gemma and run par-
allel to its surface (Fig. 1f-h). The sensilla on the anten-
nae and on other regions ol the body surface have simi-
lar directional characteristics, which is normal for me-
chanoreceptive sensilla in other insects.

All sensilla in D. rugesum and some sensilla in D,
australe feature recurved endings pointing towards the
gemma (Fig. 11). The tips of all sensilla on the gemmae
in the three species end in a little swelling (Fig. 11, ).
Neither on the rounded ends of the sensilla nor on their
shafis did we find any pores that would supgest a chemo-
sensory [unction. The cuticle in the vicinity of the gemma
also carries hairlike sensilla that look similar to those
on the gemma. Some of these, however, are much longer
(200350 pm; Fig. 1c¢, d). Digeamma carries simiiar long
sensilla all over her body, as can be scen in Fig. 1b.

In the three species examined, the stalk of the gemma
carries 6-16 sensilla. In the present context, the numbers
of sensilla on the main body of the gemma are of particu-
lar interest because in D). rugosum and in D. australe
ihis part is lost during mutilation (in some workers the
stalk of the gemma remains on the thorax). We counted
77413 sensilla (mean 4+ standard deviation) in D, rugo-
sum (n=7), 73+13 in D. australe (n=>5), and 97+19
in D. vagans (n=4).

Sensory projeciions

In both D. rugosum and D. vagans, backfills with cobalt
chloride, Lucifer yellow, and Biocytin or Neurobiotin,
reveal that all the sensilla on the gemmac give rise to
afferent axons, thus confirming their sensory nature.
Howcever, we could not unambiguously detect the posi-
tion of most cell bodies or show the path of the sensory
axons within the main part of the pemama for two rea-
sons: (1) sectioning of the gemma was difficult because
of an often insufficient impregnation of this tiny, cuticle-
enclosed structure by the embedding medium; and (2)
the gemma’s surface was often contaminated with tracer,
and in most cases internal structures could not be seen
through the cuticle. Some of the successful sections re-
vealed the same unicellular glands found by Billen and
Peeters (1991) in D. australe, as well as sensory axons
ingide the stalk as demonstrated in Fig. 2b. Fig. 3f in
Billen and Peeters (1991) shows a cross section through
the nerve in the stalk region of the gemma of D. ausirale.
From this transmission electron micrograph kindly pro-
vided by Johan Billen, we were ablc to count about 70
axons in this region, which is consistent with the
numbers of sensilla mentioned abave.

The bundle of afferent axons from the gemma pro-
jects ventroposteriorly towards the thoracic ganglia
(which are unfused in ants). Together with other axon
bundles that supply dorsolateral cuticle regions and
probably also mesothoracic muscles, the gemma affer-
enis contribute to a nerve that enters the pro-mesotho-
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Fig. 2. Schematized horizontal cross sce-
tion of the thorax (a) ol a D. rugosum
worker showing relative size and posi-
tion of the gemma (G) and of the thor-
acic ganglia T7 (prothoracic ganglion),
72 (mesothoracic ganglion), and T3
(metathoracic ganglion). Nerve connect-
ing gemma and CNS indicated by hold
line; box in a represents area depicted in
b. Co Coxae of the hindlegs; G/ glandu-
lar cells inside the gemuma; S hairlike
sensilla

racic connectives about 100 wm anteriorly with respect
to the mesothoracic ganglion (Fig.2a). This nerve,
which we will here refer Lo as the gemma nerve, is homol-
ogous to the wing nerve in male Diacamma (see below).

Afferent arborizations in the thoracic ganglia

Aflter entering the pro-mesothoracic connectives the af-
ferent axons project intc the mescthoracic ganglion
where they branch profusely (Figs. 3, 4a, b), giving rise
to a plexus of densely interwoven collaterals (Figs. 3,
4d) with bleblike swellings. These tangles of Iibres
{(Fig. 4d, e, g) are so dense that from the preparations
{each comprising at least four or five afferents), single
fibres cannot be resolved. The [ibre plexus reaches up

Fig. 1a—j. Scanning electron micrographs of gemmae and sensilla
of Digeamma. Side view of a D. australe worker (a) and of its
thorax (b), arrows point at the gemma. Gemma of D. rugosum
inside its gemmarium with aerrows pointing at a region covered
by trichomes (c); gemmae of D, ausrrale, bent out of the gemmar-
ium and showing the surface facing outwards (d) and the structured
surface facing the gemmarium (e) of the gemma; side view of the
gemma of D. vagans with the hair-covered outer cuticle of the
gemma and its smooth cuticle facing the gemmarium {(arrow) (f);
sensilla on the gemmae of . vagans (g, j) and of D. rugosum
(h, i} at different magnifications; arrows in h—j point at cup-shaped
hair bases, double-headed arrows point at the tips of the sensilla.
Calibration bars: 1 mm in a; 500 pm in b; 100 pm in of; 50 pm
ing; 10 uminh; Syminiandj

to the dorsoanterior margin of the mesothoracic neu-
ropil. From this dense plexus arise varicose collaterals,
some of which extend ipsilaterally to the lateral margins
of the ganglion (Fig. 3), others project to the contralater-
al side of the neuropil. The coliaterals that extend to
the metathoracic ganglion also originate from the plexus
but generally they are not a simple continuation of the
affererit axons that enter the mesothoracic ganglion. The
plexus also gives rise to collaterals that project up to
the prothoracic ganglion (Figs.3, 5, 7b; arrow in
Fig. 44d).

The path of a single gemma afferent could be traced
through the mesothoracic ganglion (Fig. 7¢). This par-
ticular axon was easily recognized and thus resolved
from accompanying afferents by its larger diameter and
beadlike varicosities. Unlike its companion axons
{Fig. 7b) it remained in the ipsilateral hemiganglion and,
in contrast to the majority of afferents described so far,
one collateral of this thick axon continued dircctly to-
wards the metathoracic ganglion. Similar direct meso-
metathoracic axonal projections are shown in the color
photomontage (Fig. 6); here axons emerge from the
mesothoracic plexus, which is only partly shown.

In the metathoracic ganglion the axon collaterals are
generally more restricted to the central neuropil and do
not extend laterally as far as they do in the mesothoracic
ganghon. In particwlar, contralateral branches are short-
er or are missing altogether (Fig. 3, §, 6). In ants, the
metathoracic ganglion is fused with the first abdominal
neuromere (Markl 1966). As can be seen 1n Figs. 3 and
6, beaded collaterals project posteriorly into the neuropil
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D. rugosum

Fig. 3. Horizontal rcconstruction of 5-7 affercnts arising from sen-
silla on the gemma of D. rugosum and stained with cobalt chloride.
Dorsal view; abbreviations as in Fig. 2

pertaining Lo the [irst abdominal neuromere. In the pro-
thoracic ganglion we found a similar arhorization pat-
tern as in the metathoracic ganglion (Figs. 3, 5, 8): axon
collaterals arise {rom the mesothoracic plexus and pro-
ject through the pro-mesothoracic connectives, passing
the entry point of the gemma nerve and proceeding up-
wards to the prothoracic ganglion. Again, thosc ascend-
ing collalerals are not simple extensions of the incoming
primary afferent fibres or of the branches descending
to the metathoracic ganglia. The ascending collaterals
mainly branch within the ipsilateral prothoracic hemi-
ganglion (Figs. 3, 5, 8). Generally, we found fewer collat-
crals in the prothoracic ganglion than in the mesothorac-
ic or in the metathoracic one. This is most probably
due to the fact that the pro-mesothoracic connectives

are substantially longer than those between the meso-
and melathoracic ganglia (Fig. 2a); hence the dyes have
to be transported over much longer distances.

Though there is no direct evidence, we assume that
the majority, if not all, of gemma afferents project to
all three thoracic ganglia. In the prothoracic as well as
in the metathoracic ganglion we found densely interwo-
ven tangles like those described for the mesathoracic
ganglion (compare Fig. 4¢, prothoracic, and Fig. 4g,
metathoracic, with Fig. 4d, e, mesothoracic). As in the
mesothoracic ganglion (Fig. 9), in the first and third
thoracic ganglia varicose axon collaterals arc widely dis-
tributed in the dorsoventral plane and reach up to the
dorsal margins of the neuropil (see below).

In some of the preparations we found prothoracic
axon collaterals ascending through the cervical connec-
tives (Figs. 4¢, 8a) or metathoracic collaterals descend-
ing through the connective to the petiolus ganglion (the
second abdominal ganglion; Fig. 8b), indicaling an ¢x-
tension of gemma afferents within the ganglia of at least
six body segments (suboesophageal to second abdominal
ganglion). For the technical reasons stated above, we
assume that many more collaterals extend farther than
actually revealed by this staining technique.

Collaterals in the cell bady rind

" The afferent branches and terminals are not only con-

fined to the neuropil of the thoracic ganglia but they
reach the proximal somata of the cell body rind of the
ganglia. Fig. 9 illustrates the dorsoveniral extenl of
mesothoracic neuropil contacted by the gemma affer-
ents. The arrowheads in Fig. 9b also indicate regions
of putative contact among affcrent collaterals and ecll
bodies in the ventral and lateral regions ol the ganglion.
The same is illustrated for the prothoracic (Fig. 10a,
b) and the metathoracic panglion (Fig. 4h, 10d). In some
cases, the visualization of extrancuropilar collaterals was
facilitated by the fact that strong silver intensification

— >
Fig. 4. Photomicrographs (b, g, h) and photomoniages (a, ¢—f) of
horizental scetions (15-20 pm) featuring gemma allerents stained
with cobalt chloride (a—g; D. rugosum) or Bioeytin (h: D. vagans;
HRP-conjugated avidin). a Path of the afferent axons through the
gemma nerve (gr) and terminaling in the mesothoracic ganglion
(72). Collaterals ascending to the prothoracic ganglion (ac); box
outlines area depicted in e. b Same section as in a viewed with
Nomarski optics and showing the neuropil (#p) and cell body (cb)
regions of the ganglion and afferent axons entering the pro-meso-
thoracic connective (con). ¢ Arborizations in the prothoracic gangli-
on (T1) and a single collateral arrows ascending through the cervi-
cal connective (¢e). d Plexus of bilateral mesothoracie colfalerals
in dorsomedial neuropil (midline indicated by broken line); arrow
marks collaterals ascending to prothoracic ganglion. e Higher mag-
nification (Nomarski oplics) of the mesothoracic area hoxed in
a; details of varicose axon collalerals close to the cell body rind
in the mesothoracie f and in the metathoracic ganglion g, h. Open
triangles in e-h mark seme of the cell bodics and point at regions
of close proximity (and putative contact) among sensory afferents
and ccll bodics. Calibration bars: a, b 100 um; ¢ 30 pm; d 40 pm;
e 30 pm;f, g20 pm; h 15 um
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D. vagans

Fig. 5. a Horizontal reconstruction of 3-3 afferents arising from
sensilla on the gemma of D. vagans and stained with Biocytin
{Lucifer-yellow conjugated avidin); b-d details of the areas boxed
in a. Abbreviations as in Fig. 3

led to an unspecific silver deposit around many cell bod-
ies, thus simultaneously revealing cell bodies and axon
collaterals using normal bright-field illumination
(Figs. 41, g; 10a, b). Fig. 10c gives an example of the
depth of cell body layer penctration by the afferent ax-
ons. While collaterals do mot reach as far into the cell
body rind as has been shown for some interneurons in
crustaceans {Sandeman et al. 1990), it is ¢lear from the
drawings and photomicrographs (Fig. 4¢-h) that affer-
ent branches were not resiricted to the neuropil proper
but travel in the intercellular space between neuronal
somata (Fig. 4g) and occasionally seem to make contacts

with cell bodies as indicated by the bleblike terminals
on {(or near) the cell body membrane (Fig. 4e, h).

Interspecific similarities

So far we have not discriminated between the two species
examined neurcanatomically. In spite of their behav-
ioural differences (mutilation occurs in D, rugosum, but
not in 0. vagans} we did not find any significant anatom-
ical variation. The size of the gemma, the number and
shape of the sensilla, the path of the gemma nerve, and
the overall arborization pattern of the gemma afferents
are all quite similar. Also, we did not ohserve any not-
able differcnces between preparations stained with co-
balt or with Biocytin. Although some of the mesothorac-
ic collaterals of D. rugosum gemma afferents depicted
in Fig. 3 seem to reach more laterally than those shown
for D. vagans in Figs. 5, 6, and 7, this does not indicate
significant dissimilarities. We have other preparations
of D. rugosum featuring collaterals of more restricted
lateral extent. Regarding the paitern of axonal arboriza-
tion, there was more variation within each species than
between species. Because we did not stain all the sensil-
lum afferents in their entirety in any preparation, we
ascribe the differences among preparations to variation
among the different sensillar projections, Generally, the
similarities were much more striking than the dissimilari-
ties. Compare, for instance, the mesothoracic plexus in
Fig. 3 (D. rugosum) and in Fig. 7 (D. vagans). The same
is true for the amount and nature of putative contacts
between gemma alferents and neuronal cell bodies found
in D. rugosum as well as in D. vagans (compare Fig. 10b

and 10c¢).

Similarities with wing afferents

The ‘gemma nerve’ of unmutilated Diacamima workers
was also present in mutilated workers. In the latter the
unstained nerve could be recognized by the distinctive
way in which it joins the pro-mesothoracic connectives
rather than the mesothoracic ganglion proper. The
‘gemma nerve’ receives other tributary nerves in the pe-
riphery, which may explain why it is still present in muti-
lated Diacarmma workers in which the gemma aflerents
presumably are degenerated. Tt suggests that the nerve
carries many more fibres than those of the approximate-
Iy 70-100 sensilla on the gemma. The term ‘gemma
nerve’ would thus strictly apply only for the distalmost
part of the nerve as it emerges from the gemma and
before it joins any other tributary nerve.

In addition, we found a comparable nerve in malc
Diacamma, as well as in the two other species examined
(Camponotus ligniperda and Ecratomma ruidun). This
nerve is particularly prominent in alate ants (males and
queens) and appears to be the wing nerve. Mark! (1966)
shows a similar nerve in Formtica polyctena, which he
tentatively homologizes with the wing nerve of Apis mel-
lifica (nerve II N1). In male Diacamima and other alate
ants this nerve extends more anteriorly than it does in
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Fig. 6. Montage of phetomicrographs (dorsal view)
showing meso- and metathoracic collaterals of 4 sen-
sory afferents arising from the gemma of D. vagans
and simultaneously stained with Biocytin (Cascade-
blue conjugated avidin). Con Pro-mesothoracic con-
neelive; GN gemma nerve; 72, 73 meso- and meta-
thoracic ganglion, respectively
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Fig. 8. Aflfcrents from sensilla on the gemma of D. vagans in the
prothoracic (77) and mcetathoracic (73) ganglia showing collaterals
ascending to the subocsophageal ganglion (SOG) in a (dorsal view)
or descending Lo the ganglion of the petiole (PG) in b (sagittal
view). Directions dorsal, luteral and anterior indicated by arrows

the worker because it projects around the big dorsoven-
tral flight muscles (Fig. 11a). There can be no doubt,
however, thal il is the same as the ‘gemma nerve.’ This
nerve is substantially larger in diameter in the winged
forms because it carries the sensory axons of the many
wing sensilla as well as at least part of the wing muscle
motor ncurons that are presumably absent in ant
workers. No obvious size differences of this particular

Fig. 7a—¢. Mesothoracic (72) arbori-
zations of sensory afferents from the
gemma of 1. vagans. Reconstructed
fdorsal view) from Biocytin avidin —
Lucifer-yellow conjugated material.
a Combinadon of the many fine col-
laterals situated centrally and ven-
trally in the neuropil and drawn sep-
arately in b and of the dorsalmost
thick branches drawn in ¢

nerve have been found between Diacamma workers and
workers of Camponotus.

The two examples of afferents originating from hair-
like sensila on the wings of male Diacamma or an Lcta-
fomma queen (depicted in Fig. 11b and ¢, respectively)
demonstrate that the wing afferents share their basic
pattern of arborization within the thoracic ganglia with
gemma. afferents. This has been confirmed for all the
scxes and species studied. While the wing hair afferents
do not invade the neuropil as extensively as do the gem-
ma afferents and, particularly, do not project contrala-
terally within the mesothoracic ganglion (Fig. 11b, ¢),
their regions of arborization are comparable to those
of gemma afferents. Moreover, they also send collaterals
to the prothoracic ganglion that originate from a densely
interwoven fibre plexus in the dorsoanterior region of
the mesothoracic ganglion, as has been established ear-
lier for the gemma afferents. In the prothoracic ganglion,
too, wing afferents arborize more sparsely than do gem-
ma afferents (compare prothoracic arborizations of two
fibres in Fig. 3 or of three fibres in Fig. 5 with the few
collaterals of the many wing afferents in Fig. 12). As
demonstrated for gemma afferents in Fig. 8a, afferents
supplying hair scnsilla on the wings may also project
through the cervical connectives and probably up to the
subocsophageal ganglion (Fig. 12), again revealing the
similarity between the two groups of sensory afferents.
In addition, the axon terminals of afferents originating
from hairs on the wings often terminated in the vicinity
of cell hodies. So far, we could not, however, unambigu-
ously establish the actual penetration of the cell body
rind by these wing alferents of malc and female ants.

Discussion

Similarity of gemma and wing afferents

In general, most insect mechanosensory afferents send
their axonal projections into the neuromere correspond-

ing to the body segment on which they are located. This
has comprehensively been documented for various types
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Fig. 9a, b. Mesothoracic arborizations of
afferents from sensilla on the gemma of
D, rrugosum. sagiltal view. a Reconstruc-
tion in four different sagittal plancs and
progressing from lateral to medial, he
first one incorporating the lateralmost
four sections (15 um each, 60 wm togeth-
cr), the following ones combining two
sections cach (hence 30 pm). b Com-
bined reconstruction; box indicates area
depicted in a; triangles point at regions
of putative contacts between sensory af-
ferents and cell bodies

Fig. 10. Regions of putative contact
between cell bodies and sensory affer-
ents of the gemma in ihe protheracic
(a, b), mesothoracic (¢}, and mctatho-
racic ganglia (d); dorsal views. Cell
body rind in a schematized, in b and ¢
reconstructed (cell bedies harched in ).
Dotted appearance of somata in b (un-
specific silver precipitation) resulted
from strong silver intensification. Area
depicted in b boxed in a. Triangles in d
point towards putative contact regions.
a, b, and 4 D. rugosum, reconsiructed
from cobalt-fills; ¢ D. vagans, recon-
structed from Biocytin/HRP fill
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D. rugosum

d

Fig. 12. Reconstruction of about 10 afferent projections originating
from hairlike sensilla on the left front wing of a male D. rugosum
and stained with cobalt chloride; dorsal view of the prothoracic
ganglion T1. The axans ascend through the cervical connective
ta the suboesophageal ganglion SOG

of sensilla on the legs of different insect species, e.g.,
Tocusts (Pfliiger et al. 1981, 1988; Newland 1991), crick-
ets (Fibl and Huber 1979; Hustert 1985), lettigoniids
(Oldfield 1983), or Tenebrio (Breidbach 1990). Like af-
ferents originating {rom the cerci (Murphcy 1981), the
projections of sensilla on different leg segments are so-
matotopically organized within the corresponding gan-
glion, proximal leg segments {coxae) projecting morc
centrally than distal ones (tarsi; Pfliiger etal. 1981;
Johnson and Murphey 1985; Newland 1991). Most affer-
ent arborizations originaling [rom scnsilla on the legs
reside in ipsilateral neuropil of the corresponding neu-
romerc. Only some chordotonal organs (propriorecep-

Fig. 11. Basic layout (horizontal
views) of the thoracic nervous
system of a male Digcamma (2)
and af the afferents of hair sensil-
la on the left [ront wing of a
male D. rugosien (b) and of an
Eciatomma queen (¢). M Dorso-
ventral flight muscle; WA wing
nerve; other abbreviations as in

Ectatomma Fig. 2

tors) feature multisegmental and bilateral arborizations
(Hustert 1978; Braunig et al. 1981, 1983 ; Pfliiger et al.
1988). Many tactile or wind-sensitive hairs on the thorax
also fcature axonal projections that are restricted to a
single ncuromere (Pfliiger 1980; Pfliger and Tautz 1982).
The same is true for Digcamma as revealed by a few
(fortuitous) stainings of mesothoracic hair sensilla situ-
ated close to the gemma (not shown in the figures). They
exhibited the unilalerally restricted projection pattern
characteristic for tactile hairs in other insects.

Sensory struclures on wings (as well as on wing-ho-
mologous halteres) differ in this respect. While some
bristles on the edge of dipteran wings show a simple
uniganglionic and unilateral arborization pattern (Palka
and Ghyscen 1982), all other scunsory structures related
to wings (and examined so lar) do not. In Dresophila,
affcrents from campaniform sensilla on the wing surface
or close to the wing joint send collaterals into all three
thoracic neuromeres and up to the brain (Palka and
Ghysen 1982). Sensilla on the (metathoracic) dipteran
halteres show similar multisegmental projections that
reach up to the brain and also feature contralateral thor-
acic collaterals (Sandeman and Markl 1980; Palka and
Ghysen 1982). Breidbach (1990) documented projections
of hindwing sensilla afferents (Tenebrio; revealed from
wing nerve backfiils) that invade mesothoracic neuropil
although they are most prominent in the (corresponding)
metathoracic ganglion. In locusts, sensory alferents orig-
inating from hair plates at the wing base (tegula; Brdu-
nig et al. 1983), from the wing hinge stretch receptors
(Altman and Tyrer 1977), or from the wing itself (Bridun-
ig et al. 1983), also feature multisegmental axon collater-
als. So the multisegmental nature of wing afferents seems
to be a general feature in hemimetabolous as well as
in holometabolous insects. As demonstrated in this
study, ants arc no exception. There are only minor dif-
ferences belween the examples given here (Figs. 11, 12)



and those published for other imsects. While in most
other insect families examined, the sensory wing nerve
enters the CNS at the meso- or metathoracic ganglion,
in ants the wing ncrve merges with the pro-mesothoracic
connective, which leads to a different overall pattern
of arborizations in the mesothoracic ganglion, Upon
closer inspection, however, the branching points of sec-
ondary axon collaterals as well as the dorsoventral ex-
tent within each ganglion is similar to those exhibited
in other insects.

The general resemblance belween gemma alferents
and wing afferents of ants has already heen pointed out
in the Results section. When gemma aflerents are com-
pared with locust sensory wing afferents such as those
shown in photomicrographs ol whole-mount prepara-
tions from wing nerve backfills (Briaunig et al. 1983),
the similarity is striking. In anls, there is no general
description of the internal organization of the thoracic
CNS available, as exists for some other insccts (e.g.,
locusts: Tyrer and Gregory 1982; Pfliiger et al. 1988;
stick insect: Kittmann et al. 1991 ; the sphinx moth Aan-
duca sexta: Suder et al. 1992). Thus the different regions
in the thoracic ganglia of Diacamma where axon termi-
nals of gemma afferents have been found cannot be re-
laled to any known (racts or ncuropil regions. Hence
it is not possible to match known sensory wing projec-
tions of other insects Lo the gemma afferents on a point-
to-paint basis. However, from their distribution within
the ganglia, it is obvious that gcmma afferents arc very
similar to afferents from wing sensilla not only in ants
but in other insect species. This is certainly a strong
criterion for homologizing the hairlike sensilla on the
two structures and, accordingly, homologizing the entire
appendages, fronl wings and gemmae.

How could the loss of sensory input
Jrom the gemmae affect behaviour?

Regardless of the functional significance of the sensory
hairs on the gemma, mutilation will have several conse-
quences on the information processing in the CNS: elec-
irical actvity in the gemma afferents {probably caused
by touch stimuli) causes transmitter release at terminals
that are presynaptic to central neurons (e.g. spiking and
nonspiking interneurons and motor neurons). Once the
gemmae are removed, any input from the missing sensil-
la would stop immediately. Morcover, it is most likely
that the axonal arborizations of the gemma would de-
generate after mutilation because the sensory neurons
have their cell bodies within the gemma. Hence all the
axon collaterals and their synapses described in this
paper would disappear from the CNS within hours or
days.

These physiological and morphological changes in
the CNS might underlie the transition from aggressive
to timid behaviour. These behavioural changes are com-
plex (they undoubtedly are composed of many different
motor programs), they are relatively unspecific (as com-
pared to simple reflexes), and they are long-lasting. Here
we want to speculate upon two neuronal mechanisms
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lhat can account for the observed behavioural transfor-
mation.

In other animals, complex long-term behavioural
changes may involve the action of so-called ncuromodu-
latory substances. Unlike ““classical” neurotransmitters,
such neuromodulators may act on many target cells si-
multaneously. In the lobster it has been demonstrated
that antagonistic biogenic amines bring about the post-
ural changes associated with dominance or submission
of competitors after a single or a few fights (reviewed
by Kravitz 1988). These behavioural changes seem com-
parable to those seen in Digecamma.

Neuromodulatory substances may bring about long-
term changes in cellular chemistry and physiology, which
might explain the profound behavioural modifications
that occur in mutilated Diacamma workers. The oniy
evidence yet Lo supporl this idea is the [act that atferent
gemma axons contact the cell body rind of the ganglia.
Similar, though more pronounced, arborization charac-
teristics have been described for interneurons, but not
for sensory afferents, in some other arthropods. In the
bee brain, Schiirmann et al. (1989), Schifer and Rehder
{1989), and Schirmann and Erber (1990) characterized
fibres with synapses (bhoutons) terminating among cell
bodics of diffcrent protocerebral soma clusters. In erus-
taceans, giant interneurons with terminals among olfac-
tory cell bodics have also been shown (Sandeman et al.
1990; Johansson 1991). All these neurons have been re-
vealed by immunocytochemistry that indicated that they
contain cither biogenic amines (dopamine: bee; seroton-
in: crustaceans) or neuropeptides (FMRFamide: bee;
substance P: crustaceans), respectively. While neuropep-
tides as well as biogenic amines can have neuromodula-
tory cffects in different animals, in Digcarema iImmuno-
cytochemical evidence suggesting the involvement of
neuromodulators remains to be demonstrated.

There is an alternative explanation of the behavioural
changes that follow mutilation that is not based on the
action of ncuromodulatory substances. Immediately
after mutilation the interngurons and motor neurons
that are postsynaptic to the gemma afferents would re-
ceive less excitatory input. Hence the equilibrium of
these neurons (e.g. the resting potential, input resistance,
or threshold for activation) would be altered. In locusts,
small shifts in the membrane potential of spiking and
nonspiking interneurons resulting from mechanosensory
input (Laurent and Burrows 1988) can dramatically
change the output characteristics of sensory-motor path-
wayvs (Laurent 1990). Thus it is reasonable to assume
that in Diacammma the decrease in sensory input onto
inlerneurons may result in a shift to a different motor
program.

Nevertheless, we need to consider the thousands of
other sensory inputs simultaneously impinging onto the
thoracic interncurons at any time. Is it possible that the
missing input from those 70-100 sensory afferents (per
gemma) onto their postsynaptic elements could directly
account for the behavioural changes triggered by mutila-
tion? Even though relatively few allerent neurons are
involved, their impact onto postsynaptic neurons may
be substantial because of the afferents’ extensive axonal
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arborizations and synapses in all thoracic ganglia. These
characteristics would be expected to strongly amplify
the sensory input, the cessation of which could certainly
alter the neuronal processing responsible for the behav-
ioural output.

The homology of gemmae and wings is interesting
in this context. When ant quecns have mated they shed
their wings and their behaviour then changes conspicu-
ously. While virgin, their behaviour is [ocussed on the
nuptial flight and on mating, whereas after the wings
are shed, queens of many ant species burrow a hole
and start living underground. Their motor output is
modified; they metabolize the flight muscles and start
to lay eggs. If in D. rugosum and D. australe the presence
or absence of gemma allerents controls the behavioural
state, is it possible that the degeneration of wing sensil-
lum afferents in queens causcs analogous behavioural
changes? We propose that the halt in sensory input and
the physical disruption of scusory cell axous associated
with dealation in gueens may underlie the profound he-
havioural changes observed. In Diacamma, the loss of
the gemmae certainly causes the behavioural changes
observed (we even have circumstantial evidence [rom
a few laboratory ohservations in which the loss of only
one gemma leads to an intermediate level of agpressive-
ness; these individuals dominated mutilated workers but
were submissive when confronted with unmutilated
workers). [t remains to be demonstrated, however, that
in queen ants the Joss of wings is the actual cause for
the behavioural changes described above.

Adaptive significance of the gemmae

The gemmae are unknown in all other ant genera. Gem-
mae are homologous with the wings in males and queens
of ather species, but ant workers never have wings. Thus
the existence of gemmae seems to represeni the novel
expression of varions genes normally associated with the
development of queens. Although there are some mor-
phological simularitics between wings and gemmae, in-
cluding (1) site of articulation on (he thorax, (2} sensory
hairs, and (3) central projections of sensory neurons,
there are also differences. For example, there is only
one pair of gemmae, and they contain cxocrine glands
and are not movable. What may have been the initial
adaptive significance of these new structures?

More details are needed on the behavioural signifi-
cance of the gemma hairs {¢.g. ablation e¢xperiments).
We postulate that sensory hairs are present on the out-
side of a gemma as a consequence of the homology with
wings (i.c., a proportion of the “wing genes’ are ex-
pressed during gemma development). These hairs, which
serve to detect local air currents when present on wings,
may instead have a general tactile function on the gem-
mae¢ {similar to that of other mechanoreceptors elsc-
where on the thorax). However, what is of evolutionary
interest is that, because of the extensive central projec-
tions of their sensory afferents, the existence of gemmae
represents a preadaptation for the modulation of bechav-
iour. They are not involved in D. vagans, because all

adults retain them. Tn D. australe and D. rugosum how-
cver, mutilation of the gemmae has become an essential
componenl of the mechanism of reproductive control.
Future research must determine whether the situation
in P. vagans represenis the ancestral condition, or is
derived.
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