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Abstract

The present study describes the fibers occurring in
the space extending behind the frons plate, or the region
between the ocelli and the clypeal plate of the Oriental
hornet. These fibers connect to the brain in the anterior
part of the head in a zone which is demarcated by an
imaginary line traversing the upper part of the two om-
matidia. Static fibers are present in the upper part and
in the center of the space. These static fibers do not
move with acceleration of the structures attached to the
head. They are perpendicular to the frons plate, are rel-
atively numerous and usually short. In contrast, the fi-
bers in the lower part are directed toward the organ with
which they connect, are few in number, have triangular
fastenings and are longer. All of the fibers are
branched, especially near their point of attachment to the
substrate. On the surface of these fibers, there are occa-
sionally coin or bob-like protuberances or other dila-
tions. As seen in serial sections, proceeding from the
top down to the base of the space, the fibers are longer
at the center of the frons and gradually shorten toward
its margins. We propose that the interaction between the
fibers and the various structures in the head to which
they are attached, having a harp-like appearance, is re-
sponsible for the proprioceptive sensing in hornets in-
cluding the detection of gravity in the course of comb
building.

Key Words: Geotactic organ, comb building, statoliths,
acoustic box, frons plate, Oriental hornet, laser irra-
diation.
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Introduction

Hornets and wasps are social insects that build their
combs underground, in complete darkness (Ishay er al.,
1967; Wilson, 1971; Guiglia, 1972; Spradbery, 1973;
Edwards, 1980; Matsuura and Yamane, 1990). Comb
construction is guided by Earth’s gravitational force with
the orientation of the comb dependent on the direction of
this force (Ishay and Sadeh, 1975). The present work
presents our continuing efforts to elucidate the morphol-
ogy and mode of action of the prime organ that enables
these insects to sense the direction of the gravitational
force during comb building. It follows our description
of the external micromorphology of the frons plate and
its adjacent areas in workers of the Oriental hornet
(Vespa (V.) orientalis, Hymenoptera Vespinae), (Ishay
and Ganor, 1992) and the internal micromorphology of
the frons plate in females of this hornet species (Arcan
and Ishay, 1993). To our knowledge, no investigators
of hornet head structure (Kirmayer, 1909; Crampton,
1921; Buckhurst er al., 1923; Schroder, 1925-1929;
Bischoff, 1927; Snodgrass, 1928; Duncan, 1939; Short,
1952; Imms, 1960; Howse, 1972) have described the
morphology or function of this organ. We reported on
the acoustic box and the neural fibers associated with it
(Ishay er al., 1983a; Ishay and Shimony, 1986; Ishay er
al., 1986; Ishay and Ganor, 1992; Arcan and Ishay,
1993), but, those early publications dealt mainly with the
structures located on both sides of the frons plate and
especially with the conus that intrudes into the box from
the center of the plate, i.e., in the lower side of the
coronal suture. In the present study, however, we cen-
tered on the frons plate and the acoustic box with its
contents (e.g., the various fibers) as an integral organ of
orientation with respect to gravity. We named this
geotactic organ "Ishay’s organ.” The structures on the
frons are very complex and unique in that they include
not only the basic components such as the setae, cuticle
and various epithelia, but also layers containing special-
ized structures such as ciliated cells (stereocilia),
weighted bobs, yellow granules and statoliths. The
frons, however, is not adjacent to the brain but, rather,
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Figure 1. A scheme of the homet (Vespa orientalis)

head with indication of the various directions of section-
ing used in the subsequent figures.

is at some distance from it, leaving a space (the acoustic
box) that is crossed by bob-bearing nerve fibers and
lined with a specialized epithelium. The nerve fibers
that normally traverse the front part (the frons plate) to
the hind part (the membrane over the brain) of the
acoustic box afford Ishay’s organ a tri-dimensional harp-
like appearance. A glossary of relevant terms is
provided in Appendix 1.

Materials and Methods

Oriental hornet (Vespa orientalis) females (queens
and workers) and males were collected from fields
around Tel-Aviv, as earlier described (Ishay, 1967,
1975) and either used after diethylether anesthesia or
kept frozen at -20°C until use. The frons plates of 55
workers, 15 queens, and 6 males were observed. Vespa
heads were cut in the frons area into sagittal, horizontal
and frontal sections (Fig. 1), so as to expose the interior
structure of the acoustic box and the various fibers trav-
ersing the cavity between the frons plate and the proto-
cerebrum. After quench-freezing in liquid nitrogen to
-150°C by insertion into a stainless steel cryostat (Ricor,
Kibbutz Ein-Harod, Israel), the sections were freeze-
dried for 24 hours at -80°C in a high vacuum device.
For morphological examination, the specimens were at-
tached to an aluminum stub with silver paint and coated
with 20 nm of gold or carbon in a sputtering device and
viewed in the secondary emission mode in a T300 JEOL
(Tokyo, Japan) scanning electron microscope (SEM) op-
erated at accelerating voltages of 10-20 kV.
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Figure 2. The manner by which the hornets (totaling 45
workers at 0-24 hours of age) were irradiated with a
CO, laser beam. The beam (power = 1 watt; pulse du-
ration = 0.1, 0.5 seconds) emerges from the CO, laser
instrument (1); and proceeds towards the lens (2) which
1s comprised of ZnSe and undergoes amplification, and,
at a distance of 125 mm, impinges upon the center of
the hornet frons (3), which is fastened via a rubber band
in order to prevent it from moving.

To determine the elemental composition of the spec-
1mens, energy-dispersive X-ray analysis was used. The
specimens were secured to carbon planchettes with a thin
carbon paint, irradiated with an electron beam, and then
the resulting X-rays, produced by this electron-specimen
interaction, were analyzed. The EDS (energy dispersive
X-ray system) included an energy dispersive silicon/lithi-
um detector connected to a multichannel analyzer and to
a personal computer for processing. Elements of atomic
mass less than that of sodium cannot be observed in the
EDS spectra because of instrumental limitations. Thus,
major elements of the cuticle, such as H, C, N, and O,
remained undetected. Additionally, the chemical analy-
sis was limited to a surface layer of about 5 um of sam-
ple that the electrons could penetrate.

Acrylic casts of the acoustic box were prepared by
direct injection of acrylic artist molding paste into
freshly thawed female heads (7 queens, 26 workers).
The injection site was at the frons plate superior to the
antennal base. The specimens were then left to dry for
48 hours before removal of the cuticle.

Groups of hornets, 0-24 hours old, were irradiated
with a CO, beam laser directed to the frons plate (1
mW, 1 milliseconds) (Fig. 2). Their comb building was
compared with that of a control group. Ten hornets of
the test group and 10 hornets of the control group were
anesthetized after 14 days, and their heads were pre-
pared for viewing by SEM, as described in Ishay and
Ganor (1992).

Results

General planes

Figure 3A is a diagram indicating the location of the
sections presented in the following figures.
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box from the frons to the protocerebral membrane. At
the base of the box are muscular protrusions (4CS and
4C6) with the associated V-shaped muscular insertion on
the frons plate (4C12). The descending branch to the
lower mouthparts (4C7) is the dilator pharynx muscle.
To the right is a longitudinal section of the pharynx
(4C8) extending upwards from the oral cavity and trav-
ersing under the base of the acoustic box to reach the
opening of the esophageal entrance (4C9). Anterior to
the pharynx and its associated muscles extends a pleated
depression (4C10), indicating the junction between the
frons plate and the clypeus. Inferior to this depression
lies the anterior tentorial pit and clypeal salivary glands
(4C11).

In a sagittal section in the region between the lateral
ocellus and the compound eye (Fig. 4D), on the left,
setae cover the frons and on the top are the three ocelli
(4D1). At center left is the acoustic box (a.b.) close to
its lateral termination, containing the previously de-
scribed fibers. Dorsally below the ocelli, the frons plate
contacts with the cerebral ganglion, thus forming the
dorsal postero-lateral boundary of the acoustic box
(4D2). At center is an oval space in the right cerebral
ganglion. A similar space is present in the left cerebral
ganglion and both contain hemolymph in live hornets.
These are the sinus vessels of the protocerebrum. Fig-
ure 4E 1s a dorsal view of the two masticatory muscular
protrusions (see Fig. 4A) with associated vibratory
sensors on their surface (4E1). These protrusions are
part of the pharyngeal diverticula and in addition provide
points of attachment for the dynamic fibers traversing
the acoustic box (Fig. 4B). Figure 4F (viewed 90°
counterclockwise) is a sagittal section of a worker’s head
lateral to the median ocellus. This section provides a
general view of the structures and their relative sizes.
At the upper left corner one may see the setae, and the
median ocellus (4F1) on the external surface of the frons
plate. The cavity behind the plate is the acoustic box
(4F2) and to the right is the cerebral ganglion (4F3). At
the base of the box is the pharyngeal diverticulum (4F4)
with the muscles to the lower mouthparts (4F5). The
clypeal plate (4F6) forms the continuation of the frons
plate and its ventral end is the labral fold (4F7).

In a dorsal view of a horizontal section at the level
of the antennal base (Fig. SA), at top center, the frons
plate (5A1) is seen at a level inferior to the cone fol-
lowed by the antennal base (5A2) and compound eye
(5A3). Below the frons plate, is the crossed muscular
structure (5A4), as described in Figures 4A8, 4A9,
4A10, with the branches to the antennal base (SAS) and
lower mouthparts (not seen here). As mentioned before,
the two branches to the lower mouthparts (vertical
branches) contain cuticular supporting strips that extend
dorsally to the muscular protrusions (Fig. 4A8). These
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Figure 4 (on the facing page). (A) Median section
through the frons plate showing the large volume of the
"acoustic box." For details, see text. (B) A similar
section to previous one but more sagittal and near the
right antenna. The following features are discernible:
the basis of the antenna, then the frons plate (1) up to its
juncture with the frons (2); the muscles of the antenna
(A.M.); the dorsal hypopharyngeal muscle (D.H.M.)
and apparently also the adductor mandibularis (AD.M.).
At the top right of the figure, one discerns fibers (nerve
fibers) which fan out between the frons plate and the
fibers that emerge from, and are perpendicular to, the
muscles. These attached muscle fibers are motile.
Noteworthy are the fastenings, occasionally of triangular
shape, between the fibers extending from the frons and
those originating from the muscles, which are perpendic-
ular to them. The majority of fibers unite underneath
the conus (co), which is behind the frons plate. Note
also that from a point beneath the conus, there is a
fanning out of fibers to two different distances, with
most fibers extending to a nearby broad muscle, but
some connecting to a more distanced broad fiber. (C)
View (rotated 90° counterclockwise) of the frons plate
(1) and its juncture with the clypeus (2), forming the
epistomal suture (10). From the frons plate protrudes
the anterior dilator pharynx (12) (according to Short,
1952) and farther on there is a space, occupying struc-
ture (at the top right) which is the pharyngeal cavity. At
the top left, behind the frons, one can see several fibers
which pass between the frons plate and the membranes
above the cerebroganglion and apparently connect to the
antennal lobe; this is the deutocerebrum. See text for a
more complete description. (D) Sagittal section through
the head capsule. At the left and center is the frons
plate, and towards the right is the acoustic box (a.b.)
with its numerous fibers. In the middle of the frons is
the conus (C) and also fibers which pass from the frons
plate in the direction of the facing cerebroganglion. At
the center, a large cavity is seen in the brain. This cav-
ity 1s the aorta. Above and outside this cavity are the
two ocelli (paired). (E) At center of figure, the two
pharyngeal diverticula (p.d.) are prominent, with their
sensors (1) which are probably geared to detect vibra-
tions (for higher magnification, see Fig. 8E). At the
bottom right is a section through pharynx (P). At the
top right are various muscles whose function is probably
to dilate the various regions of the pharynx. (F) A
sagittal section (rotated 90° counterclockwise) through
the entire head intended to enable a general orientation
of the described organ. At the top left are the setae (1)
on the exterior of the frons (f) and below the frons is the
cavity of the acoustic box (2) and the fibers which con-
nect to the brain (3). See text for details of 4F4, 4F5,
4F6 and 4F7. Bars (A-E) = 100 um; bar (F) = | mm.
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Figure 5D (at left). A diagram of successive horizontal sections through the frons plate intended (o display the number
and relative length of the fibers in the acoustic box. These sections represent the horizontal levels shown in the inset
on the bottom right. Of note is the fiber length compared to the brain width at each level. In the upper part (1), the
fibers are short and numerous; in the middle (2), they are longer; and at the base (3), the fibers are the longest and least
numerous. Also see text.

Figure 5E (at right). (A) Schema of a sagittal section throughout the frons plate transversing the acoustic box. Note
that in this direction the base of the box forms an angle of 60° with the frons plate, a feature which could possibly serve
to measure angles in hornets engaged in building comb cells. (B) Schema of a horizontal section through the base of
the acoustic box. From this aspect, as well, one can visualize a 60° angle formed by passing imaginary lines from the
antennal bases to the brain.

ocelli and the cerebral ganglion are approximately 62.5 plate (6E1) with the coronal suture (6E2). The conus
pm in diameter. In a sagittal section, in the region (6E3) is visible on the internal surface of the frons with
where the frons plate enters the ommatidial fold (i.e., at a few static fibers emanating from it. Inferior to the
the level of the ocular sinus) (Fig. 6D), the support conus, extend several dynamic fibers (6E4) associated
strands of the fibers traversing the acoustic box attach to with the air sac. These fibers form a unique structure
the epithelial membrane superior to the cerebral gang- with triangular support strands and branches to both the
lion. In a sagittal section lateral to the median ocellus, basal and protocerebral membranes. At the base of the
(Fig. 6E), to the left, is the external surface of the frons acoustic box (bottom) are the masticatory muscles (6E5)
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Figure 10. (A) EDS analysis data of the "bob" shown in Figures 9A and 9B. Calcium is present in a relatively large
quantity. Also present are chlorine, silicon and potassium. The gold peak is a result of specimen coating and is
therefore an artifact. (B) EDS analysis data of a base of a single nerve bundle in the acoustic box. The major
elements are potassium, phosphorus and sulfur. (C) EDS analysis of the epithelium lining the inner surface of the
acoustic box in the region opposite the frons plate. The major elements here are sulfur, phosphorus and potassium.
(D) EDS analysis of the epithelium lining the inner surface of the acoustic box adjacent to the frons plate. The major
elements detected are potassium, sulfur, and phosphorus. Also detected in relatively smaller quantities are silicon,
sodium, chlorine and calcium. (E) EDS analysis of a fiber at its bifurcation in the acoustic box. The major elements
are potassium, sulfur and phosphorus. Elements detected in relatively small quantities are chlorine and sodium. (F)
EDS analysis of the epithelium lining the acoustic box adjacent to the conus. The major elements are potassium, sulfur
and phosphorus. Elements detected in relatively smaller quantities are calcium, silicon, and sodium.

distension depicted in Figures 9A and 9B is shown in parts of the fiber. This specimen was coated with gold
Figure 10A. In this specimen, there was a higher con- (Au) unlike all others which were coated with carbon
centration of calcium and silicon than in the adjacent and, therefore, the Au peak in this figure is an artifact
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and not present naturally in the specimen. Figure 10B
provides the elemental composition in the base of a sin-
gle nerve bundle in the acoustic box. Figure 10C refers
to the epithelium opposite the frons plate covering the
brain. In this region, sulfur, phosphorus, chlorine and
potassium are detected. Figure 10D refers to the epithe-
lium adjacent to the frons plate, where silicon, phospho-
rous, sulfur, and potassium are present. Figure 10E fo-
cuses on the point of fiber bundle bifurcation, here phos-
phorous, sulfur and potassium are abundant. Figure 10F
is from another area of epithelium close to the frons;
here Fe, Ti, Cr, Ca, K, S, P, Si, and Al are evident.

Damage due to irradiation

Figures 11A to 11D present scanning electron mi-
crographs of damaged epithelial membranes covering the
internal surface of the frons plate; the damage was pro-
duced by direct irradiation of the frons plate with a CO,
beam laser. The affected areas are seen as dark tracks
imprinted in the epithelium, a feature not found in the
control hornets (Fig. 8B). Figures 11E and 11F are two
examples of combs: a normal balanced comb with a cen-
tral stalk built by the control group of hornets (Fig. 11E)
and an abnormal, asymmetric comb without a stalk and
fewer cells (Fig. 11F). This abnormal comb was built
by hornets irradiated with the CO, beam laser (Fig. 2).
After two weeks of nest building, samples from the irra-
diated and control groups were prepared for viewing by
SEM (displayed in Figs. 8B: controls; and 11A-11D:
irradiated).

Discussion

The present work deals primarily with structures lo-
cated between the frons plate and the anterior of the cer-
ebroganglion, with the shape, size and density of the fi-
bers and their junctions, with the borders that confine
and delimit the space which we have named the acoustic
box, and with the relative size of the conus which pro-
jects into the acoustic box from the frons plate. An at-
tempt was made to depict the entire "organ" designated
by us as Ishay’s geotactic organ, dwelling on its varying
proportions in different regions of the head.

The "organ" is located in the space between the
frons plate and the anterior part of the cerebroganglion.
In this region are located, in addition (from the outside),
the compound eyes (on both sides), the three ocelli (in
the upper region) and a pair of antennae (in the lower
region). In addition, the region is traversed at its base
by nerves from the salivary glands and on both sides by
muscles, the largest of which are the adductor mandibu-
laris, the lateral pharyngealis, and the antennal muscles.
For more details on hornet and wasp musculature, refer
to Duncan (1939), and for structure and function of the
nervous system in invertebrates refer to Bullock and
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Horridge (1965), for mechanoreception see Schwartz-
kopff (1974), Siegler and Burrows (1986) and Gorb et
al. (1993). In young specimens, this entire space is
immersed in hemolymph, but in mature specimens, it
contains only a scant amount of hemolymph (Ishay, un-
published observation). Because it is difficult to obtain
sections of the "organ" without severing fibers, we are
not certain whether all the specimens possess the same
exact number and arrangement of fibers but, in general,
the observation is essentially the same in all specimens
of females examined, i.e., workers or queens.

It is tempting to look for some analogy between the
function of the pair of the semicircular canals in the in-
ner ear of vertebrates and this single organ in wasps and
hornets: here, it is bilateral and the distribution of the
various strings may reflect sensitivity to up and down
inclination: pitch, as well as sideways: yaw, and of
course to roll, while the bobs hanging in the middle or
bifurcation of fibers may act like plumb rules. On the
basis of mobility of the fibers, the acoustic box can be
divided into two portions: an upper portion which con-
tains fibers that are static and a lower portion extending
from the conus downwards where part of the fibers are
dynamic, either folding or elastically contracting and
stretching in harmony with the muscles of the organs
they innervate (see in this context mainly Figs. 6E, 6G
and 6H).

The conus (see Arcan and Ishay, 1993), with its as-
sociated structures (bobs, hair cells with cilia), is promi-
nent and well-developed in female homets (Figs. 7A, 7D
and 7F), but small and hardly developed in the males
(Figs. 7B, 7C and 7E). Of note is the fact that the male
hornets do not engage in comb building, which is per-
formed in the dark and in the direction of the gravita-
tional force. This lends support to our contention that
the detection of gravitation in the course of comb build-
ing is a main or one of the main functions of the acous-
tic box. Moreover, circumstantial support for this idea
is provided by the fact that irradiated hornets with dam-
aged epithelia in the acoustic box have built a non-sym-
metrical comb (see Fig. 11F).

The membrane which borders the acoustic box inter-
nally, is mostly uniform in appearance containing longi-
tudinal strips and a few perforations (Fig. 8B, bottom
left). If this membrane, the basal membrane, is peeled
off (Fig. 8B, top right), the single layer of epithelium
covering the endocuticle is revealed. This single layer
is markedly different in structure, containing numerous
fibers (nerves), and perforations (tracheae). The basal
membrane overlies the structures in the acoustic box as
can be seen clearly in Figures 4A-D.

The basal membrane occasionally bears protuber-
ances, as in the region above the pharyngeal diverticula
(Fig. 8E). The most protrusible here is a projection
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In the past, whenever we described the gravitationally-
oriented comb building of hornets (and all the other so-
cial wasps-Vespinae), it was apparent to us that these
hornets must rely on some organ(s) to determine the
direction of the gravitational force (Ishay and Sadeh,
1975; Ishay, 1976; Ishay et al., 1979; Ishay er al.,
1983b), and the perpetual question was what and where
in hornets are the structures analogous to the plumb and
level of human constructors? As we now know, stato-
liths occur in hornets in several places. First, in the
center of the frons within the coronal suture, there are
excretions that contain minerals such as Ca and Si,
which are static and are, most probably, ultimately ex-
pelled (see Ishay and Ganor, 1992). Similarly, we have
examined the mineral secretions from the glands on the
frons, including those in the bases of the hairs (Ishay er
al., 1983a, 1986; Ishay and Shmuelson, 1994). On the
other hand, while exploring the interior of the frons
plate in hornets and focusing on the structure of the
conus, which intrudes inward from the sutura coronalis,
we detected in the various layers overlying one another,
yellow granules, stereocilia, bobs, and disc-like plates,
with the latter proceeding into the space of the acoustic
box. The mentioned configurations are capable of some
mobility and are thus not strictly statoliths but also
kinetoliths. The disc plates are found to be iminersed in
hemolymph. Referring back to the various "swellings”
or bobs depicted in Figures 8F and 9A-F, we have
found that they are on brief fibers which attach at one or
both ends to the substrate (the epithelium, the inner site
of the basement membrane) or to a convoluted and
branched network of other fibers.

We now propose that these bobs and other swellings
fulfill several purposes:

(1) Due to their weight, they bend in the direction
of gravitation when the hornet is stationary, but start
vibrating in the direction of gravitation when the hornet
becomes mobile. Contributory to this end is their great-
er mass, greater Ca content and the degree of freedom,
especially of these bobs which function like a plumb.

(2) Concerning the plumb-like bobs (those discov-
ered so far), they are found on fibers which are struc-
tured either to assist or to amplify the vibratory sensa-
tion initiated by them.

(3) The structures inside the acoustic box are
coated with very specialized and sensitive epithelium
(the basement membrane) (see Figs. 8E, 8F, 9C and 9F)
which is apparently endowed with piezoelectric proper-
ties (see Arcan and Ishay, 1993).

(4) The entire cavity of the acoustic box is im-
mersed in hemolymph which, in a very complex and
specialized way, provides the "plumbs" with the neces-
sary fluid, but, at the same time, also regulates the
mobility of all of the fibers including those with attached
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bobs. In addition, the fact that the various vibrating
nerve fibers are immersed in hemolymph (which most
probably has a high relative viscosity) will not dampen
the frequency of forcing oscillation, which contains the
information, but will alter the amplitude of the whole
fiber. In this manner, there is little or no interference
between the information provided by the various adja-
cent fibers. It stands to reason that, at the maturation
of the worker hornets, the amount of immersed hemo-
lymph decreases. With diminution of the hemolymph,
each bodily movement of the building workers will cause
a part of the described structures to become submerged
in hemolymph and another part to become exposed,
thereby creating a sensory gradient. Also noteworthy is
the fact that, prior to comb building, hornets invariably
imbibe water or a nutrient fluid (Ishay, 1973, 1976).
In conclusion, the acoustic box is a very complex
organ with weighted bobs of various configurations that
may aid in gravity detection. The fibers and bobs are
located within hemolymph and is bordered by epithelium
that may be piezoelectric. In insects, the acoustic box
may serve a similar function that mechanic receptors
serve in other invertebrates. The two components that
could detect gravity are: (a) the external sensors of the
head and especially those on the frons plate which are
dry and static, and (b) those inside the acoustic box that
are static but are immersed in hemolymph. Finally, the
fibers and bobs inside the box may also serve a mech-
ano-receptive function that deserves further analysis.

Appendix I: Glossary

Acoustic box: the cavity behind the frontal plate, i.e.,
between the frontal plate and the protocerebrum (the
brain).

Adductor mandibularis: the muscle that lifts the mandi-
ble.

Air sacs: a cavity, apparently an enlargement of a
trachea.

Bob: a small terminal object such as a plumb line.
Cerebral ganglion: the insect brain.

Clypeus: the area of the facial wall of the insect’s head
between the frons and the labrum.

Conus: a protrusion into the acoustic box that starts at
the lower end of the coronal suture.

Coronal suture: a depressed line in the center of the
frontal plate of social hornets and wasps (Vespinae).
Cuticle: the integument of insects and other arthropodes.
Dilator pharynx: the muscle that dilates the pharynx.
Diverticulum: a blind, tubular sac, branching off from
the pharynx.

Dynamic fibers: the fibers in the lower side of the
acoustic box that move with the movement of some of
the muscles that line the cavity.

Females: workers or queens in a Vespid nest.
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Fibers: the nerve fibers that are connecting between the
inner side of the frons plate and the membrane that
covers the brain in the acoustic box.

Frons plate: the cuticular plate in the frons of the
hornet.

Hemolymph: blood in insects and other invertebrates.
Males: the drones in a Vespid nest.

Mouthparts: the appendages associated with the mouth.
Ocellus (plural: Ocelli): one of the three simple eyes on
the head of the insect.

Ommatidium (plural: Ommatidia): one of the elements
composing a compound eye of the insect.

Penultimate: the one before the last one.
Perpendicular muscle: the muscle that is vertical to the
other one.

Pharynx: the tube or cavity that connects the mouth
with the esophagus.

Piezoelectric material: a semiconductor or a noncon-
ductor that reacts to stress by producing electricity or
electric polarity.

Pores: minute openings in the cuticle.

Protocerebral membrane: the membrane(s) that covers
the brain.

Proto-, deuto- and tritocerebrum: first, second and
third pair of enlarged cerebral ganglia that compose the
brain of the insects (cerebrum).

Seta (plural: setae): a stiff hair, bristle or bristle-like
standing up from the cuticle.

Static nerve fibers: nerve fibers that do not move
together with a muscle (but vibrate).

Statolith: any of the granules made of some metals
contained within a statocyst.

Supporting strip: stripes of cuticle to which muscles are
attached for support.

Vibratory sensors: a sensor that reacts to acceleration
by vibration.
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Discussion with Reviewers

C.D. Fermin: Why are standard histological or trans-
mission electron microscopy (TEM) results on the bobs
not being included to further illustrate their morphology
and/or artifactual nature?

Authors: In the present paper, we present only the
SEM results; we intend to continue TEM studies. How-
ever, a section through one of the strings, studied by
TEM, has been published in Ishay et al. (1986), where
we present, among other things, a cross-section of an
axon bundle originating from the protocerebrum and en-
tering the floor of the acoustic box. The individual
axons were shown to penetrate the various strings. In
the same paper, we provided additional data and results
on the strings obtained by SEM.

Reviewer II: Which type of controls were performed to
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ensure that the bobs are not an artifact of fixation?
Authors: The (various) bobs are not an artifact of fixa-
tion because: (a) The bobs were encountered in 55
workers and 15 queens but not in the 6 males examined,
despite the identical processing. (b) Only females
(workers and queens), never males, engage in comb
building. (¢) The bobs are in the middle or end of a
(nerve) fiber. Close scrutiny of the external surface of
a bob reveals it to be continuous with the fiber. (d)
The exact same preparations have been repeatedly exam-
ined by us and other researchers via SEM; in future, we
plan to prepare bobs for TEM. (e) The bobs occurred
invariably at the same site of the various specimens:
always on short fibers, either static or dynamic.

V.C. Barber: How can the author be certain that arti-
fact preparations will not affect the result described?
Authors: The results described were not affected by ar-
tifact preparation, because since 1972 different prepara-
tions and sections of the organ have been examined by
numerous researchers without significant morphological
changes. Some of the preparations were carbon-coated
while others were gold-coated. Some were processed
for SEM examination and others for TEM, some were
prepared in Tel-Aviv University’s electron microscopy
laboratory (Life Sciences Faculty), and others in the
Volcany Institute, The Beit Dagan Agricultural Research
Center.  Still others were prepared in Italy at the
Department of Zoology of the University of Florence
and the results obtained were identical. The late Prof.
Leo Pardi, head of that department corroborated the ex-
istence of bobs and fibers and confirmed the complexity
of the fibers (Ishay and Shimony, 1986).

C.D. Fermin: Please comment on the significance that
direct contact with the endocuticle of a single epithelial
layer may have in relation to the fibers described.
Authors: The obvious reason seems to be sensitivity of
this membrane, which is in fact a single epithelial layer.
Previously (Arcan and Ishay, 1993), we showed that any
light touch of this membrane results in a sort of contrac-
tion and the formation of nodules, apparently temporary.
The membrane in question displays piezoelectric proper-
ties and is apparently affected by the mechanical tension
in the fibers that connect to it or pass through it.

C.D. Fermin: What is the significance of the presence
and/or absence of minerals in the various components
described?

Authors: The various mineral elements divide into two
groups: those that occur in statoliths and those that occur
in every organic tissue (including statoliths). Silicon is
an example of an element that is likely to be found in
statoliths mainly, and indeed Si is encountered in the
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epithelium lining the acoustic box (Figs. 10D and 10F).
On the other hand, in many places, we find a relatively
high concentration of Ca, as in the bob, or near the
cones. Interestingly, there are small amounts of Al, Ti,
Cr and Fe also in the epithelium. Other elements: P, S,
Cl, K and Na are also present in the tissue but their ex-
act composition, i.e., either in ordinary form, or as part
of complex molecules whose precise identity has yet to
be ascertained, is not yet known. Even so, it is clear
that these elements, including the heavy metals, are not
an artifact of external contamination. Rather, their com-
position is similar to that we encountered and reported
previously as occurring either on the exterior or interior
of the frons plate. Their composition generally varies
appreciably, percentage-wise, from the composition cus-
tomarily found in living tissues of hornets in other re-
gions of the body. We expect to be devoting closer and
more in-depth attention to the elemental composition in
the bobs and epithelium.

Reviewer IV: Do the fibers vibrate in live animals? If
the fibers vibrate in live animals, how would the vibra-
tions be sensed?

Authors: The fibers, consisting of nerves (axons and
neurons) enwrapped in a vibration sensitive piezoelectric
membrane, likely vibrate in live animals; mechano-re-
ceptors in the fibers transmit the stimuli to the brain.

Reviewer 1V: Where is the transducer for the vibration
and what would be the magnitude of the gravity vector?
Authors: The transducers of this vibration is likely lo-
cated in any or all of the following: (a) the attachment
point of the fibers to the epithelium lining the acoustic
box (AB) around the frons plate and the cerebrum; (b)
at the various bifurcations; (c) at the synapses of the
various nerve junctions inside the fibers. The magnitude
of the gravity vector of these vibrations should be 10-
15% of the amplitude (or the degree of freedom) of the
fibers inside the cavity of the AB (otherwise, there is a
danger that the various fibers will interfere with one
another). The main obstacle to such an interference is
the hemolymph whose viscosity restricts the degree of
freedom of the fibers and dampens their amplitude.

V.C. Barber: Can functional attributes be derived from
purely morphological observations?

Authors: We provide evidence that hornets whose in-
ternal epithelial membranes and fibers are destroyed by
laser-irradiation do not build in accordance with gravity;
only females, which have a developed cone, build combs
in the direction of the gravitational force, whereas
males, which either lack or have a smaller cone, do not
build combs at all. The cone and the acoustic box with
the fibers and all its complex structures behind the frons
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plate are present only in the subfamily Vespinae which
build combs in the direction of gravity while the whole
structure is absent in the Polistinae which build combs
by about 90° to the substrate (i.e., not directed towards
the gravity pull of the earth) and always in the open
(i.e., in light, and not like Vespinae, which build combs
only in dim light, or even in complete darkness).

V.C. Barber: Why did the authors not consider other
extensively cited papers on the statocyst?

Authors: Papers on the presence of statoliths were not
considered here, but were considered in earlier papers
(Ishay er al., 1983a, 1986; Arcan and Ishay, 1993).

W. Thornton: Were the natural frequencies of the
fibers left unchanged by viscous stamping?

Authors: The natural frequency of the fibers is not af-
fected by the viscosity of the hemolymph but the ampli-
tude of their vibrations is dampened by the hemolymph
in order to: (a) obviate interference between adjacent
fibers; and (b) reduce the duration of vibration to avoid
interfering with a new stimulus which may arrive.

W. Thornton: Can the authors sort out (from "embar-
rassment of riches" and potential functions) the reso-
nance and properties of the so-called sensors?
Authors: As for the natural frequency: the results have
not yet been summarized, but it appears that the natural
frequency is around 500 Hz in adult hornets and around
800 Hz in younger ones (Ishay, unpublished observa-
tions). This natural frequency appears to be influenced
by physical factors such as temperature and is very im-
portant on the one hand for coordination of communica-
tion between the various colony members; on the other
hand, for the building hornets who gauge with their an-
tennae the physical quality of the building material (in-
cluding strength, mixture, thickness, position, electrical
properties and probably many others).

As for the various sensors, these are dispersed
throughout the acoustic box, and it is very difficult at
this point to provide details on their properties or
functions.

W. Thornton: Would the presence of a statocyst elimi-
nate the possibility of a redundant gravito-inertial
sensory modality?

Authors: Functionally, the statocysts outside the frons
plate and those inside the frons plate on the cone consti-
tute an extension and reinforcement of the sensors pres-
ent on the fibers, and are not redundant but, rather,
complementary. The whole structure works as one unit
and the fibers that are attached to the protocerebrum
handle the various stimuli arriving through the antennae,
statoliths and mouthparts.
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W. Thornton: Are the fibers described in this paper
for the wasp, similar or analogous to the hair on the
mosquito antennae for acoustic tracking?

Authors: Perhaps the fibers in the acoustic box are
somewhat analogous in their vibration to the hairs on the
antennae of mosquitoes but, since hormets and mosqui-
toes belong to two different orders of insects, the fibers
and hairs may be different in structure and function.

W. Thornton: Could the box membrane associated
with the trachea in the ventral area serve as an acoustic
function in a similar fashion analogous to the cricket?
Authors: The acoustic box has also a function associat-
ed with detection of vibrations and, in this respect, it is
reminiscent of the cricket. However, it has several
additional functions, such as detection of gravity while
building a comb in the dark. This function, too, is
initiated by vibrations but its purpose is different.

W. Thornton: Is the hemolymph in the acoustic box
depleted with age?

Authors: It is well known that the amount of hemo-
lymph in adult hornets 1s depleted in their body and,
accordingly, also in the acoustic box.

W. Thornton: Do we have a system here that is anal-
ogous to the human cochlea in which the hair cells and
the tectorial membrane are replaced by inherently fre-
quencyselective sensors?

Authors: As to similarities with the Vertebrate cochlea,
we have been looking for similarities between the two
for a long time. In one of our previous papers (Arcan
and Ishay, 1993), we described hair aggregates (stereo-
cilia) on one of the inner-layers of the cone. The hairs
in this case are arranged in groups and it was tempting
to classify them as similar to those in the Vertebrate
cochlea. For instance, we could not discriminate with
certainty kinocilia from stereocilia. Work is now in
progress to elucidate their precise structure and function.

W. Thornton: Is it possible that in the case of the
hornet the antennae are used to transmit vibrations into
the so-called Ishay’s organ, which in turn might detect
the amplitude and time profile by frequency selected
sensors in the formal strength?

Authors: It is very likely that the antennae transmit
vibrations into Ishay’s organ. The linkage between
nerve fibers and the acoustic box (AB) is evident from
Figure 4B where one clearly sees interconnections be-
tween several dynamic fibers and the antennae, between
the fibers and the tip of the cone on the inner side of the
frons and between the fibers and the membrane covering
the protocerebrum.
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W. Thornton: Have you attempted to calculate or
estimate the strength of resonance frequencies?
Authors: The resonance frequencies were around 500
Hz in adult homets and much higher (around 800 Hz) in
young ones (Ishay, unpublished observations).

W. Thornton: Are the sensory fibers used to shift the
resonance of a large array of fibers?

Authors: It is too early to conclude with certainty that
there is a "hierarchy"” among the fibers, but judging by
the number of interconnections on the fibers, it would
seem that some of them are more active or "more
involved" than others.

W. Thornton: Is it possible that the cyclops "pink
hole" at the tip of the conus is an infrared sensor?

Authors: It appears that the "cyclops eye" is an infra-
red (IR) sensor. It is not easy to detect IR radiation on
such a small area by the usual instrumentation available
in the laboratory, but we certainly have tried and will
continue to try to find an answer to this question.

W. Thornton: Will you comment on any plan follow-
up investigations on this array or structure such as
stimulus and response studies, selective ablation,
frequency response of the structure, especially strings,
evoked potential, etc.?

Authors: We think it works in the following way: the
stimulus associated with change in the gravitational vec-
tor is of brief duration, hence there is need to organize
a system that picks up and transmits all along the way,
from the exterior of the frons to the interior of this
plate, then to the tip of the cone, the various strings and
then to the point where the strings connect to the proto-
deuto and tritocerebrum. From the cerebrum, we sup-
pose that impulses emerge on their way to the subesoph-
ageal ganglion to activate the leg muscles, and likewise,
the mandibles. On the other hand, there are probably
impulses that emerge directly from the protocerebrum to
the antennae. Elucidation of the system is a complex
task that will probably require years to work out.

W. Thornton: Finally, what will be the behavior of the
bobs at the end of the string at the microscopic level,
with regard to weight versus surface tension?

Authors: At very high magnification (60,000x), the
bobs seem to be structured like an enlarged string.
Their specific weight is apparently greater than that of
the hemolymph in which they are immersed, probably
owing to their relatively high calcium content, inter alia.
It is reasonable to assume that the bobs can move in a
certain amplitude during changes in the posture of the
head (and body) of the homet, thereby briefly triggering
the appropriate stimuli.
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transducer organs, Ishay’s organ is single but appears to
be bilaterally symmetrical.

While there is no direct evidence for functions at
this time, the following is suggestive. The so called
Ishay’s organ may be structurally divided into: (a) the
interior part, a peculiarly shaped cavity filled with
endolymph and crossed by heavily innervated fibres with
a regular distribution of fiber lengths; and (b) the
envelope of the organ, extending from the basal mem-
brane outwards, incorporating the frons plate, the conus
with its various components including the ciliated epithe-
lium and all the inner statoliths (in the conus), and the
outer statoliths (in the frons) (Ishay and Ganor, 1992;
Arcan and Ishay, 1993).

The interior part (a) has some 120 "strings,” each
a nerve and a sleeve, comprised by epithelium resem-
bling a basal membrane and between sleeve and string
(nerve) there is hemolymph (Ishay unpublished). There
is a regular distribution of string lengths so suggestive of
a harmonic structure that the array was dubbed a "harp”
by some observers. Some of the longer strings have
small masses of dense material (dubbes bobs) and the
array is immersed in hemolymph. Frequency selectivity
(resonance) of a string is a function of its length, tension
and mass and its response time sensitivity or function of
resistive damping, such as provided by a surrounding
fluid. Physically, such an arrangement is compatible
with a sound or vibration sensor comprised of an array
of individual frequency selection transducers (string-
nerve combination) with a fairly wide spectrum (based
on string length). If this is the case, it appears to use
mechanisms for frequency selectivity inherently different
from the combination of location and transducer stiffness
seen in vertebrate sound transducers.

This array is mechanically coupled to the frons
plate, antennae and an air sac, any of which might cou-
ple sound or vibration to the array.

A possible second function of this insect organ is
that of a gravity inertial sensor. The statolith and
innervated epithelium especially of the conus would be
compatible with such a function. There are also inner-
vated cilia (stereocilia) on walls of this organ (see Arcan
and Ishay, 1993) immersed in hemolymph which appears
to be channeled into compartments. It is possible that
acceleration might force a preferential flow of hemo-
lymph over the cilia to provide acceleration signals.
The bobs act to divide the frequency into shorter har-
monic frequencies. In this respect, the cords are anal-
ogous to the cochlea in vertebrates where there is also a

* " d the frons plate in Vespa orientalis
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stereotactic division of the sensitivity to various fre-

quencies. In vertebrates, the acoustic reception is af-
fected via a tectorial membrane which moves following
the picki “sou - whe a tis
thec tha ve. " | the

cavity of the acoustic box acts as an attenuator, so that
motion of the cords terminates immediately after the
sounds are reproduced. In this manner, there is an en-
hanced ability to discriminate between adjacent fre-
quencies and also a faster reception of discrete sounds.
The hemolymph thus becomes analogous to the peri-
lymph which surrounds the organ of Corti in verte-
brates.

The sensitivity to sounds is essential for intercom-
munication within the hornet’s nest, and we can presume
that there is also sensitivity to further sounds from the
external environment of the nest. The special structure
of the described sensory organ enables discrimination
between various frequencies, and each frequency which
is, of course, produced under different circumstances
has different * ~ iional-communicative significance.

Numerous previous investigations have suggested
that subgenual organs are the auditory organs of (some
species of) insects. However, a subgenual organ lacks
the structure suitable for discrimination between various
frequencies, and consequently, even if it can serve as a
primitive organ for mere sound detection, it certainly
cannot function in more complex communication needs.
We are still in the dark regarding the range of wave-
lengths the cords in the acoustic box are capable of re-
sponding to, but it may be presumed that the large num-
ber of fibers (at least 120) is suited for sensing a wide
gamut of sounds.

In a previous description of sounds produced sponta-
neously by social wasps (Ishay and Sadeh, 1982), there
is mention of frequencies of 118 and 130 Hz produced
by the awakening dance of workers, and frequencies up
to 600 and 637 Hz produced by workers facing the
queen. Of course, it would be of equal interest to iden-
tify other wasp-related frequencies, like that of a sentinel
worker at the entrance to the nest as it probes a foraging
worker returning from the field or that of a building
worker as it builds a new cell wall and examines the
physical properties of the freshly deposited building ma-
terial overlying the previous layer by tapping repeatedly,
i.e., evoking harmonic sounds, concomitantly or consec-
utively with the tips of both antennae. In the latter in-
stance, information is gleaned by the building worker
through antennal vibration on both sides of the cell wall
and can entail directional data (building in the direction
of the gravitational force) or qualitative data (e.g., wall
thickness, strength, electric conductivity, acoustic prop-
erties, etc.). Antennal tapping of a similar nature was
observed when eating.
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The envelope of the organ (b) is located between the
basal membrane, which at least in its anterior part (i.e.,
the frons region) separates between the contents of the
organ (the hemolymph in the acoustic box) and the cili-
ated epithelium which overlies the endocuticle.

As in vertebrates, the cilia, {called in Arcan and
Ishay (1993) "rods"} are stereocilia; they are the mecha-
no-electric transducer elements that are very important
to the proper function of a vestibular organ. The role of
the envelope is to sense acceleration. The space of the
envelope is filled with hemolymph. The plates arising
from the basal membrane towards the ciliated epithelium
partition the envelope into different compartments.
When the hornet is in motion, there is inertial movement
of the hemolymph and the function of the partitions is
probably to direct the flow of hemolymph so as to be
maximal in regions where the direction of the plate (the
plates at the tip of the conus, see Arcan and Ishay,
1993) is also the direction of flow, and minimal in re-
gions where the plate is at a 90° angle to the direction
of the flow. Hemolymph flow results in stimulation of
the ciliated epithelium through the movement of the
statoliths located on the epithelium. As described here-
in, the envelope of the organ can suitably serve for sens-
ing linear acceleration in areas where there are no
plates, and in such instances, it is analogous to the sac-
culus and utriculus of vertebrates. The sensing of linear
acceleration enables the hornet (or wasp) to sense the di-
rection of gravitation, and thereby, enables it also to di-
rect or orient its comb building towards the gravitational
force. The region in which plates are located can serve
as a sensory organ for sensing radial acceleration, and
thereby, is analogous to the semicircular canal of verte-
brates. In turn, the hemolymph within the envelope be-
comes analogous to the endolymph in the vestibular or-
gan of vertebrates. The cilia (rods) are in fact stereocil-
ia that line the entire cavity of the acoustic box, over the
frons plate.

Externally to the acoustic box, around the conus (on
the frons plate), an air sac separates between part of the
envelope and the anterior of the frons plate. This air
sac can serve both for the production of sounds intend-
ed to stimulate the substrate or the colony as well as for
the transmission of sound waves into the acoustic box.
To the air sac attaches a trachea which is analogous to
the eustachian tube of vertebrates and whose function is
to enable air exchange within the air sac as well as the
production of sounds. The air exchange and sound
production are probably achieved by movement of the
muscles which are attached to the sac, movement which
results in changes both in the sac volume and the interior
air pressure. Stretching of these sac muscles leads also
to stretching of the cords within the acoustic box and
probably also the rise in the pressure within the air sac,
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and thereby, augments the stiffness within the system
while reducing its sensitivity conditions which are suita-
ble for situations involving strong environmental noise
(as prevail in the populated hornet nests). From this
standpoint, the air-sac’s muscles are analogous to the
muscles in the vertebrate muiddle ear, namely, the
stapedial muscle and the tensor tympani.

Studies are now under way to investigate the func-
tional properties of this organ including theoretical cal-
culation on observed physical properties and dimensions.

Additional Reference
Ishay JS, Sadeh D (1982) The sounds of honeybees

and social wasps are always composed of a uniform
frequency. J Acoust Soc Am 72: 671-675.
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