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Materials and Methods

[ all reconstructions are of the right-hand antenna ]

Results

1. Pipunculus sp. (Pipunculidae)

[...]

2. Eristalis pertinax (Syrphidae)

A. Position and shape of the antennae

1. The position of the antenna on the head capsule

In its central region the frons is expanded, creating a bulge-like thickening over two deep pits, from which emerge the two scape segments next to one another (see Vd in Fig 10a,b). Underneath the roots of the antenna the frons recedes again and a large indentation develops as a simple antennal pit.

2. The external shape of the antennal segments

The scape has a slightly bent cylindrical shape, becoming somewhat narrowed proximally (Fig 10d). The pedicel has a bell-shaped form as in Calliphora (Gewecke 1967), and on its dorsal side there is a distal indentation starting very broadly, which narrows proximally into a narrow gutter-like depression (Fig 10c). The joint from the pedicel to the postpedicel creates a conical peg of the pedicel (PZ, Fig 11) which fits into a funnel-shaped depression of the postpedicel (Ppt, Fig 11).


The elongated postpedicel has an elliptical cross-section and dorsolaterally fits snugly into the distal part of the pedicel gutter with a proximal projection (Fig 10c). In a depression of this dorsal proximal process near the pedicel-postpedicel joint the arista arises with a small basal segment (Fig 10c). It then reaches about twice the length of the postpedicel, and is provided with two rows of uninnervated long hair-like chitin projections.

B. The internal structure

1. The circulation and tracheal system of the antenna (Fig 11)

Under the frons centrally over the bulge-like thickening (Fig 10b) between the dorsal region of the antennal bases lies the roughly triangular antennal ampulla (Amp - the pulsatile organ). From it a blood vessel (Ag) leads to each antenna, which ends in the postpedicel, having previously sent a branch into the arista (AgA). Four muscles insert onto the ampulla. Two (the M. frontoampullaris ventralis - Mfav) have their origin in each case on the frons dorsolateral to the articulating membrane between the head and the scape. From the point of insertion to their origination, the course [of these muscles] is lateral, as well as somewhat ventral and caudal. The two other ampulla muscles (M. frontoampullaris dorsalis - Mfad) pull somewhat dorsally from their point of insertion to their origination on the frons.


Upon contraction the latter muscles could expand the ampulla (dilatator ampullae dorsalis). An expansion of the ampulla laterally is possible with the M. frontoampullaris ventralis (dilatator ampullae ventralis). Although the points of origination of the M. frontoampullaris ventralis lie proximal to the ampulla, they could perhaps also work as antagonists to the dilatator ampullae dorsalis muscles, which to be sure dilate the ampulla wall proximally. A lateral pull by the muscles could move the wall of the ampulla (when maximally moved in the proximal direction) laterally to a certain extent. Using the suitable elastic properties of the ampulla wall, the M. frontoampullaris ventralis could also function as a compressor ampullae.


A relatively thin tracheal branch from the tracheal system of the head divides up into each antenna and ends in the postpedicel, also giving off a very small branch into the arista.

2. The antennal nerve

Before entering the antenna, branches of the antennal nerve supply the ampulla muscles. The antennal nerve divides before or just after the head-scape joint into a smaller lateral (N1, Fig 11) and a larger medial (N2, Fig 11) branch. Both nerve branches run roughly medially through the scape. In the pedicel nerve N1 then runs dorsally, innervating first the pedicel hairs (NB) and then the dorsal half of Johnston’s organ (N1 JO). The nerve N2 lies in the ventral pedicel, and equally first innervates pedicel hairs (NB) and then the ventral half of Johnston’s organ (N2 JO). In the postpedicel nerve N1 divides into a medial and a lateral branch which innervate the proximal postpedicel. A branch runs into the arista (NA). Nerve N2 ramifies in the distal part of the postpedicel.

3. The sensory organs of the antenna

a) Johnston’s organ

All round [in a circle] from the wall of the pedicel about 450 scolopidia run to an infolding (E, Fig 13) of the third articulating membrane of the antenna [between pedicel and postpedicel]. In section, the scolopidia are arranged radially 4-5 next to one another. The scolopales [Stiftkörper] lie relatively far away (SK, Fig 12) so that the terminal threads (Ef) are comparatively short. The scolopidia are inserted onto the articulating membrane between pedicel and postpedicel as ca. 150 scoloparia. Fig 13 shows a detailed picture of the articulation. A sclerotised strip (‘Sl’, [actually PpS in Fig 14]) runs exteriorly right round the opening of the articulation in the direction of the postpedicel, which merges into the harder distal final layer (epicuticle) of the articulating membrane (Gma). This layer rests right against the connecting ring [which is] developed a short distance from the postpedicel. Between the sclerite strip of the postpedicel and the connecting ring, the exterior layer of the articulating membrane is folded proximally (E). The terminal threads of the scolopidia insert here. In angled front sections one can see that the terminal threads insert through fissures of the proximal articulating membrane to its exterior layer, as has been described in more detail in Tabanus (Dudel 1977). In area of insertion is indicated (In) from the front in Fig 14. 


Cross-sections of the scolopales show that each scolopidium probably contains three sensory cells. In cross-section there are three triangularly placed points recognisable which could be cilia. If one follows proximally the scolopales in cross-section one corner of the triangle of points disappears, and only two remain. In agreement with the findings of Schmidt (1972) in Bibio, this could mean that only two of the cilia have developed long root threads [Wurzelfäden]. 

b) Bristles and campaniform sensilla

Bristles

On the antenna, bristles are to begin with on the in the dorsal part of the distal scape (Fig 10c). During dorsally directed  movements of the scape, some of these bristles could come into contact with bulge of the frons. Other bristles are further on the scape edge and are longer and directed distally. They could record dorsal movements of the pedicel. A further set of bristles are found on the lateral edge of the pedicel gutter. These bristles could partly come into contact with the distally directed bristles of the scape (Fig 10d). 


Further bristles occur individually on the medial sides of the pedicel, but bilateral contact [with the other pedicel] is hardly possible (Fig 10d). The ventral bristles on the distal edge of the pedicel (Figs 10a,d) could in contrast make contact with the frons or with individual bristles of the frons.

Campaniform sensilla

A campaniform sensillum is developed on the pedicel peg dorsal to the pedicel-postpedicel joint (SC, Fig 12). The distal structure of the sensillum in the region of the cuticle is relatively complex, and resembles the phase-contrast photo of a horizontal section of this sensillum in Calliphora (Dudel 1962, Gewecke 1967). A sagittal section of the Eristalis sensillum (Fig 15) was studied in order to homologise the structures with the findings from the electron microscope (Schmidt 1972). One recognises the tubular body (Tu) which no longer occupies its original position, as in the other proximal structures. The structure proximally adjacent to the tubular body could be the sensory cilium (C), which merges into the only partly maintained processes (H) of the sensory cell and the covering cell [thecogen, trichogen or tormogen cell - “Hüllzelle”]


Distal to the tubular body lies the cuticular dome (D) which seems to develop a special hood-like structure around the tubular body. The less sclerotised layer of the cuticular dome merges at the edge into a broad drawn out sclerotised ring (Sr) derived from the central part of the pedicel cuticle.


The outer section of the pedicel cuticle continues into a less sclerotised cuticular dome (sensory done, Gewecke 1967) (Kc). This dome has another zone of particularly soft cuticle around it, drawn in sagittal section as white quadrate cutout in the chitin of the dome. 


In other insects (Schmidt 1969, 1972) this cuticular dome  over the sensillum is often only a thin sclerotised layer (Chrysopa: Planipennia) or a slight swelling (Cleon: Ephemeroptera). The results are however very consistent with the findings from Gryllus (Schmidt & Gnatzy 1971); similar differentiated sensilla were described in Machilis (Archaeognatha: Schmidt 1972) and for various insect order by Snodgrass (1935).


The structure of the campaniform sensillum in Eristalis could be interpreted functionally in that the broad sclerotised ring increases tensions in the pedicel cuticle like a lever, and thus transmits particularly effectively to the tubular body.

c) Hair-like and peg-like sensilla

Sensory pits

A frontal section through the postpedicel shows (Fig 16a) that in the proximal region of each there are two especially striking complex sensory pits made up of numerous sensilla, a larger medial (Sm) and a smaller lateral sensory pit (SL). The layer of sensory cells is outlined around the medial sensory pits (Sz). The opening to these complex sensory pits lies further distally than the base of the pit, and is therefore directed forwards. The position of the pits corresponds to the findings of Liebermann (1926) in Muscidae. It is interpreted as the organ of olfactory orientation during flight.


By the medial sensory pit, the cuticle of the pit wall shows from the outside many round openings, the exit positions of the sensory hairs (Fig 16c,d). In tangential sections of the pit wall, one recognises that the cuticle under the openings creates a honeycomb structure towards the inside, whose six-sided elements surround each of the processes of the sensory cells. In frontal sections (Fig 16b) it becomes clear that numerous sensory cells (Szk) belong to the sensory hairs. The sensory hairs have rounded tips and are very thin-walled. The part of the sensory pit leading to the outside is created from the withdrawn thicker cuticle of the postpedicel (Fig 16a). Looked at via the light microscope, it contains the same type of sensilla as the central thinner cuticle of the sensory pit (Sb1, Sb2, Fig 16b). The lateral sensory pits are substantially smaller, and have in the central inner part only a small zone of thinner cuticle (Fig 16a). Both type of cuticle are more strongly distinct than in the two medial pits (Fig 16e), and the number of sensory cells is much smaller. The very small sensory hairs are tapered and sunken in the cuticle. The sensory hairs in the region of the thicker cuticle (Sc 1, Fig 16e) are somewhat larger, and project with their wall still under the cuticular surface. In the thinner chitin, however, the sensory hairs (Sc2, Fig 16e) resemble small pointed cones in cuticular depressions. Whether the various sensilla types of the medial and lateral sensory pits have different functions is not known.

Individual hair-like and peg-like sensilla

Between the powerful hair-like trichomes of the outer wall of the pedicel there are numerous individual sensilla (Fig 17).

Hair-like sensilla (HS)

The longest (type HS1) reaches about 17 (m with an average width of 1 (m, narrowing uniformly from 2 (m at the base to 0.7 (m under the cone-like tip. As in all the following sensilla, this type has various lengths and widths. The two following types are similar in their roughly similar width, about 1.4 (m on average. The type HS2 is 15 (m long, whilst HS3 is only 10 (m long; both are about 2 (m wide at the base, and about 1 (m wide under the rounded tip (HS2 somewhat less). Probably these are two developments of a sensilla basiconica. A further type of this sensillum (HS4) is about 7 (m long and on average 0.5 to 0.9 (m wide (base 1.8 (m, tip 0.7 (m wide). A modification of this sensillum is also 7 (m long; the 5 (m high hairlike sensory process (mean width 1 (m, base 1.8 (m, tip 0.9 (m) stands on a flat 2 (m high swelling 5 (m wide at the base (HS5). Sensillum HS6 narrows from a 3-(m wide slightly expanded (to the outside) base to 1.8 (m, being 1 (m wide in the middle and 0.4 (m before the sharply tapering tip: it is about 8 (m high. The types HS1 and HS6 could be sensilla trichodea.

Cone-shaped sensilla (KS)

One type (KS1) is about 6 (m high, 2 (m wide at the base and becoming uniformly narrower in the middle at 1.3 (m. The 1.3 (m high end piece of the sensillum tapers like a cone at the tip (sensillum styloconicum).


From the cuticular surface sunken 3.6 (m deep is the 2.5 (m wide base of sensillum KS2, which is narrows uniformly like a cone at the tip, and is 3.6 (m high (probably a sensillum coeloconicum).

The distribution of the isolated hairlike and cone-shaped sensilla

On the arista there are only very few hairlike sensilla of type HS5. Around the distal postpedicel are almost exclusively sensilla of type HS2. We find many HS1 and HS2 of the hairlike sensilla on the median half, and in between the always shorter HS4 are present, commoner proximally. Types HS5 and HS6 are isolated; HS5 is also present densely crowded in the central median area of a small sensory pit. On the lateral half, after a more distal region with many HS1, more proximally there are mainly HS1 and HS3, between which the other HS types are always interspersed. Of the cone-shaped sensilla, KS1 is present on the medial half in a few fields or more frequently in small flat sensory pits, but is also found individually, as is KS2. Laterally we find individual KS1, mainly more distally on the postpedicel, whilst KS2 occurs as isolated sensilla in the middle and proximally.

4. Musculature and articulation of the antennal segments

a) The musculature

Two muscles insert on the base of the edge of the scape. One (M. orbitoscapalis: Mos) arises from the eye capsule and inserts dorsally and a bit laterally on the base of the scape. The other (M. tentorioscapalis: Mts) has its basis on the dorsal tentorial arm and its insertion on the ventral vase of the scape. Both muscles were described also by Schiemenz (1957) in Eristalis arbustorum.


From the scape to the pedicel, according to Schiemenz (1957) for Eristalis arbustorum there are only two muscles, inserting medially and laterally on the base of the pedicel. In Eristalis pertinax, however, there are four muscles. One (M. scapopedicellaris dorsalis major: Mspd ma) has its origin next to the head-scape joint on the dorsolateral wall of the scape; it inserts dorsally on the basal edge of the pedicel. Next to the dorsomedian side of the joint, like a reflected image, lies the almost half-sized base of a second muscle (M. scapopedicellaris dorsalis minor: Mspd mi), which inserts medial to the previous one on the pedicel base.


On the ventral proximal wall of the scape, extending somewhat medially, a weaker muscle (M. scapopedicellaris ventralis minor: Mspv mi) has its origin, and which inserts directly onto the ventral base of the pedicel. The most powerful muscle (M. scapopedicellaris ventralis major: Mspv ma) arises on the distal dorsomedial wall of the scape and inserts directly medial to the latter muscle, ventrally on the base of the pedicel.

b) The joints

As sagittal (Fig 19) and frontal (Fig 20a) sections show, the round head-scape socket is sunk deep into the frons. Almost the whole wall of this depression is membranous (Gm 1). Dorsally the joint membrane has the narrowest width (Fig 19), laterally its width sharply increases, ventrally it decreases again somewhat (Fig 19), and medially between the bases of the scapes there is a purely membraneous connection (Fig 20a).


Between scape and pedicel the joint membrane is roughly the same width all the way round. Ventrally and medially it is a bit thicker than dorsally and laterally. The joint membrane itself is slightly elliptical. 


At the pedicel - postpedicel joint the distal pedicel wall is double the normal width, caused by a circular internal thickening (PV, Fig 14). The joint membrane contains a sclerotised ring [as well]. As in Calliphora (Stadtmüller 1955), in the plane of the joint a forward arch comes out from the postpedicel funnel towards the pedicel, the postpedicel collar (PpK, Fig 14). The dorsal edge of the postpedicel collar starts with a distal indentation (PpE, Fig 13) of the postpedicel funnel. This indentation extends ventrally as a gutter around the postpedicel collar, becoming flatter on both sides. The joint opening itself is elliptical in shape. Measured to the membrane fold proximally between the ring and the postpedicel collar, the joint opening has a circumference of about 297 (m, with a major axis of 133 (m and a minor axis of 19 (m.


The articulating membranes between the postpedicel and arista, and between the first aristal segment and the end segment are substantially wider medially than laterally.

C. How the antennae move

1. The head-scape joint

From the structure of the joint, with its broad membranous connection on all sides to the frons, passive movements of the antenna are possible in all directions. Of the muscles, the M.orbitoscapalis moves the scape mainly to raise it (levator scapi). On the grounds of its somewhat lateral insertion, it could perhaps also shift the scape laterally (rotator scape). As its antagonist, the M. tentorioscapalis depresses the scape (depressor scapi). The function of both muscles could therefore mainly consist of maintaining the antennae in a particular position, since the wide articulating membrane could probably not do this alone [because of] the relatively large collective antenna. 

2. The scape-pedicel joint

Four muscles can move the pedicel. The M.scapopedicellaris dorsalis major can function to raise and turn the pedicel laterally (levator et rotator pedicelli). The scapopedicellaris dorsalis minor can then raise and turn the pedicel medially (levator et rotator pedicelli). A further muscle, the M.scapopedicellaris ventralis minor, depresses the pedicel (depressor pedicelli), whilst the M.scapopedicellaris ventralis major turns the pedicel medially and perhaps also can depress it (rotator et depressor pedicelli).


The main direction of movement is therefore the raising and lowering of the pedicel, as well as turning it laterally and medially. For the latter function, a special muscle is developed (Mspv ma). It should above all play a role during flight, because the antennae are turned laterally by the air stream (adjustment of the angle to the flow: Gewecke 1967).

3. The pedicel-postpedicel joint and the flagellar [arista] joint

From the structure of the pedicel peg, the postpedicel funnel, the lateral position of the joint opening on the pedicel peg, and its elliptical shape, passive movements of the postpedicel are translated into [werden zu] turning movements around the pedicel peg. Tipping movements of the postpedicel at right angles to the long axis of the antenna are possible on a small scale because of the distance between the pedicel peg and the postpedicel funnel (Fig 13), and the elasticity of the articulating membrane. The fact that they [the movements] are also of significance functionally is also suggested by the scoloparia inserted on the dorsal and ventral edges of the joint. As in Calliphora (Gewecke 1967), the arista can be passively bent inwards medially towards the postpedicel, whilst it is hardly able to move laterally relative to the postpedicel and hence should function to turn the postpedicel.

4. Functional evidence

a) Experimental results

At rest the pedicel and postpedicel are directed slightly at an angle downwards and a bit lateral. With a needle, the scape could be moved easily towards the head, and also the pedicel is easily moveable towards the scape. Occasionally one could observe that as the scape becomes more drawn in to the frons ... somewhat bulges out from the frons.


In individuals fixed by their thorax, the antennae were raised a bit at the scape-pedicel joint. Oscillations of the postpedicel were visible. 

b) Discussion of the morphological findings with regard to the experimental results

The scape movements towards the frons show that the two head-scape muscles play an active role in antennal posture, and without their function the normal position of the scape relative to the frons could not be maintained. In the flight readiness posture, the antennae can be raised by the M.scapopedicellaris dorsalis major and minor. A further lateral turning and additional raising of the antenna at the scpe-pedicel joint during flight can be counteracted via the M.scapopedicellaris ventralis major and minor. Probably they are similar in their function to the M.rotator pedicelli in Calliphora (Gewecke 1967), and actively adjust the angle of the antennae to the flow.

D.  Conclusion

1. 
Under a pad-like projection, the antenna begin in two deep frontal pits. The flagellum is divided into a strongly enlarged postpedicel and an arista.

2. 
A common antennal ampulla supplies each antenna with an antennal vessel. Four muscles insert onto the ampulla. Only a small tracheal branch runs into each antenna

3. 
In the region of the head-scape joint, the antennal nerve divides into two branches: one innervates the dorsal and one the ventral part of Johnston’s organ

4. 
Johnston’s organ consists of about 450 scolopidia, inserted as about 150 scoloparia into funnel-shaped intrusions of the articulating membrane.

5. 
Many bristles occur on the scape and the frons, which could partly be positional receptors of the antenna. There are two large sensory pits on the postpedicel, and numerous isolated hairlike and cone-shaped sensilla.

6. 
On the base of the scape, one muscle each is inserted dorsally (M.orbitoscapalis) and ventrally (M.tentorioscapalis) as raiser and depressor of the scape.

7. 
On the base of the pedicel, two muscles insert dorsally (scapopedicellares dorsales) and two muscles ventrally (scapopedicellares ventrales). They can raise, depress and turn the pedicel. 

8. 
At rest the antennae are held pointing a bit laterally, but in the flight readiness posture they are slightly raised. Air flow causes the arista together with the postpedicel to vibrate.

3. Micropeza corrigiolata (Micropezidae)

[...]

4. Diasemopsis fasciata (Diopsidae)

[...]

5. Limnia fumigata (Sciomyzidae)

[...]

6. Carnus hemapterus (Carnidae)

[...]

Concluding discussion of the results

A. The antennal joints and Johnston’s organ

1.  Evolution of the antennal joints

2.  Functional groups

B.  The antennal musculature and movement
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