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3.2 Brachcera: Cyclorrhapha

3.2.1  Lonchopteridae (Lonchoptera sp.)

The Lonchopteridae are generally seen as the most ancestral of the Cyclorrhapha (eventually by Griffiths 1972). De Meijere (1901) designated them as the 'atriate cyclorrhapha' because of the tiny remains of the head capsule lying before the frontal sac at the anterior end.  Owing to this, the larva lacks an atrium.  On the basis of this study, de Meijere (1901) contrasted them against all the rest of the Cyclorrhapha.  However it is granted that Hennig (1976) in his study of the adults came to the opinion that the Platypezidae rather than the Lonchopteridae were the sister group of the rest of the Cyclorrhapha.  According to this interpretation the Lonchopteridae are still very primitive within the rest of the Cyclorrhapha.

a)  Anatomy of the anterior head;  position of the stemmata

In the region of the cephalopharyngeal skeleton we find a combination of characters typical of the Cyclorrhapha (see 4.2).  The floor of the pharynx is modified into cuticular T-ridges, functioning as a filtering apparatus.  The side-walls of the pharynx are produced into the tentorial phragmata:  these in turn end dorsally in a sclerite that Schremmer (1956) and Hartley (1963) homologise with the clypeus and the frons.  The epithelium from which this sclerite is constructed coincides with the innner epithelium of the tentorial phragmata.  The dilator muscles of the pharynx insert here.  Dorsally to the epithelium we can see a lumen in Fig 7A, which is delimited dorsad to a further cuticle by their matching epitheium.  It is a matter of an outer slice of the frontal sac.

     The dorsally lying epitheium has a piece drawn out laterally right over the tentorial phragmata, reversed, and then goes over into the outer epithelium.  In the middle of the lamella, which spring up here, one can recognise the now fused cuticulae of the frontal sacs.  In principle there is no difference to the condition in Rhagio.  The turning in of the epidermis in Rhagio is extended slightly more laterally and ventrally.

     The stemma of Lonchoptera lies directly on the outer epithelium and stretches dorsally right under the above mentioned lamella of the frontal sacs.  It has already therefore that position that it has in all cyclorrhapha so far studied (Bolwig 1946; Roberts 1970a, 1971; Hartley 1963).

b.  Fine structure of the stemmata

The retinula cells. [...]

The pigment cup.  The retinula cells of the stemma of Lonchoptera are, as in all Cyclorrhapha, completely free of pigment granules.  Lonchopterids do not possess a tapetum.  Reduction of pigment has resulted from the following amongst other preconditions: in Lonchoptera the pigment granules become functionally replaced by the tentorial phragmata.  The latter can be recognised in all cyclorrhapha already in the living object as strongly sclerotised melanin-containing structures.  The tentorial phragmata thus create in the area of the stemma an inwardly projecting sinus (Fig 7C), which from its form also reminds one of a pigment cup.  The tentorial phragmata therefore provide all the properties of a pigment cup (see 3.2.2).  Because of this the selection pressure for the production of pigment granules falls away.

3.2.2  The larval eyes of the Syrphidae

3.2.2.1  Anatomy of the cephalopharyngeal skeleton; position of the stemmata

The cephalopharyngeal skeleton of syrphids corresponds in its principle structure to the ground-plan of the Cyclorrhapha (see 4.2). The form of the sclerotised section of the tentorium is however very variable, even within a subfamily.  Roberts (1970a) clarified the different life-cycles of particular taxa.  Syrphid larvae include phyto-, sapro- and aphidophagous, as well as commensal and parasitic forms, for which in each case specific muscle groups are strongly enlarged or reduced (see 4.3).

     The visual organs of syrphid larvae are located on the outer side of a strongly sclerotized depression of the tentorium (Hartley 1963; Roberts 1970a).  Roberts writes that the depression functions as a dark background which is necessary to perceive the direction of the light.  He records that it is not a structure that belongs to the eye itself, but an external one.  In Lonchoptera (4.3.1) the notion of a 'functional pigment cup' is used in this connection.  However, this view is applicable to most of the Cyclorrhapha,  but it must be treated with care in the case of the Syrphidae, as will be shown in the following.

3.3.2.2  [Episyrphus] balteatus (Syrphinae, Syrphini)

The larval eyes of Episyrphus balteatus, an aphidophagous syrphid, is a spherical pigment-free structure on the outer side of the tentorium. As in most Brachyceran stemmata there is formed no dioptric apparatus. It has a narrow contact with the outer epidermis of the tentorium (Fig 8A).  Clearly recognizable is the bilayered nature of the cuticula leading dorsally to the frontal sac.  A lateral diverticulum of the dorsal pocket is not present.

a) Fine structure of the stemmata

We have here an inverted eye before us.  The rhabdomeres are located in the region of the stemma, which has immigrated to the tentorium.  The cell bodies of the retinula cells lie to the outside, with the nuclei.  There, the axons form into line successively and meet with the Nervus stemmaticus (Fig 8A).  The stemma contains all told about 120 retinula cells (see below).

     On the side of the larval eye facing away from the light, in the region of the outer epithelium, one can see a whole row of tracheoles. We have here also [as in Therevids] a tapetum lucidum.  In the other Syrphidae studied (see below) this character occurs even more strongly. This will be analysed in greater detail below.

The Rhabdom.  This fills almost completely the space between the outer epidermis and the cell zone, only interrupted by narrow offshoots of the sense-cell plasma.  The layout of the plasma zone allows the 3-D reconstruction of the structure of the rhabdom (Fig 11B):

     1.  The rhabdom is closed. 

     2.  Offshoots set up microvilli on all sides 200-400 nm thick.

The rhabdomeres are consequently aligned parallel to one another, and are more or less perpendicular to the surface of the tentorium.  In longitudinal cross-section the rhabdom therefore forms a lattice. This structure cannot itself be deduced directly from a multiply branched rhabdom. 

Glial cells.  In the region of the axon bundles, but also at the base of the retinula cells, we find in many sections smaller longer glial cells.  There, where they are present, they contribute to the creation of the basal lamina surrounding the entire larval eye.  Since they themselves do not sheath the whole eye, and since also that nowhere is there a recognizable fusion to the outer epithelium, they are very probably not homologous with the sheath cells of the Orthorrhapha.

b.  Number of retinual cells; path of the stemma nerve to imaginal discs

The larval optic nerve runs horizontally to begin with, along the cephalopharyngeal skeleton.   At the rear end of the stemma it is composed of 119-120 axons.  The number of retinula cells contributing to the stemma is also unusually high.  One starts from five stemmata on each side of the head in the ground plan of the Diptera (Paulus & Bauer, in prep), and thus an anticipated maximum number of 5 x 8 = 40 retinula cells, when one estimates that there are eight retinula cells as ommatidial homolgues in each stemma.

     From the tail end of the tentorial phragma the nerve continues on its way to the supra-oesophageal ganglion along the dilator muscles of the pharynx.

c.  The stemmatic nerve in the area of the imaginal discs and the supra-oesophageal ganglion

The imaginal discs of the compound eyes lie at the rear end of the frontal sacs.  The thin epithelium surrounding the imaginal discs is therefore to be understood as epidermis of the frontal sacs (Fig 8A).  The imaginal discs are domed forwards a little into the lumen, beginning at the hind end of the frontal sacs.  The only weakly differentiated imaginal discs consist of a large number of still undifferentiated, more elongated and radially orientated cells.  The outer nuclei-free area corresponds to the proximal section of the ommatidia (Campos-Ortega 1980).

     The larval optic nerve of both sides of the head presses very close to the imaginal discs, and then, after about 30 um, bends inwards to them (Fig 8A).  They pull through to the inner side of the peripodial membrane, through the imaginal discs, as shown in for example Drosophila melanogaster by Steller et al (1987).  The embryonic cells in their surroundings are diffusely spread out.  This area detaches immediately from the imaginal discs and thereby provides the recognition for the ancestral type of optical stalk that builds the connection with the protocerebrum (Fig 8C).

     The surroundings of the stemmatic nerve are characterized by the following (Fig 8C & D):

1    The basal membrane which surrounds the nerve on its way from the larval eye to the imaginal discs disintegrates in part.

2    In these places we find axon-like structures outside the optic nerve.

3    As Fig 8D shows, the nerve contains 220 axons at the beginning of the optic stalk, which is about 100 more than in front of the imaginal discs.

The imaginal discs must contain therefore, in addition to slightly differentiated cells, also those which give rise to, or have previously given rise to axons.  Axons which are not yet fully differentiated lie in the periphery of the optic stalk.  Campos-Ortega (1980) states that the thickness of the optical stalk of Drosophila melanogaster increases during the 3rd instar, and therefore new retinula cell-axons develop and join the nerve.  Trujillo-Cenoz & Melamed (1973) made similar remarks for Phoenicia sericata (Muscidae). It is true that Meinertzhagen (1973) observed that the new additional axons in Lucilia clearly differ from the axons of the larval eyes.

     After entry of the optical stalk into the brain, the axons go on in the direction of relatively undifferentiated prospective Lobus-opticus cells.  The form of the cell aggregation is crudely reminiscent of the Lamina ganglionaris and medulla (Fig 8E & F).

3.2.2.3   Volucella bombylans (Milesiinae, Volucellini)

The larvae of this species, from which all three larval instars have been studied, live commensally in the nests of various species of bumblebee.  Considering their dark surroundings, the question arises as to whether the larval eyes generally still perform an essential function.  The stemmata turn out to be in no way rudimentary organs.  Volucella bombylans possesses, as all syrphid larvae, an inverse pigment-free stemma with a tracheal tapetum lucidum.

a.  2nd instar

The Tapetum lucidum.  The tapetum is much more spacious than in Episyrphus balteatus (Fig 9).  Tracheoles surround the entire side of the stemma away from the light in 3-4 layers.  They are made from cells which join directly to the retinula cells (Fig 9C).  This holds true very probably also for Thereva and Episyrphus balteatus.  Mostly there lies one tracheole in a cell-body section, but sometimes there are up to four.  From the modest thickness of the tracheoles (0.5 - 1  um) one can deduce that they are made from finger-like branched end-cells of tracheae.  Each section of a tracheole and its surrounding plasma area corresponds to a 'finger' of the end cell (see below).  Some tracheoles continue between the retinula cells, where they ramify right to the smallest dimensions.  They fulfil the primary task of the tracheae, namely the oxygen absorption of the retinula cells.  The creation of a tapetum by tracheoles can be interpreted as an enlargement of function (see 4.1.3).  In addition to gaseous exchange a further function is taken up, that of light reflection.

The retinula cells.  The rhabdom is in cross-section lattice-like and closed, its microvilli in cross-section measure about 100 nm.  The perikaryon of the retinula cells lies on the lighted side of the stemma (Fig 9A).  Their axons insert in a narrowly defined area.  The rhabdom-forming sections are not perpendicular to the surface of the outer epithelium as in Episyrphus balteatus, but run outward-bound from the rear end of the stemma parallel to this surface to the rostrum.  In the front region of the stemma which always makes up one quarter of its elongated extension, there develop no rhabdoms.  The larval optic nerve contains 44 axons (Fig 9B).

b.  1st instar

The spatial arrangement of the retinula cells and the tapetum lucidum, and therefore the underlying character of this stemma, are already fully developed in the first instar.  Also the number of retinula cells corresponds in some measure to the number found in the 2nd instar.  Because of this the larva ecdyses with the full complement of retinula cells relevant for an older larva.

The tapetum lucidum.  Fig 9B shows definite identifiable tracheal end cells in various levels of the branching.  Below this a cell is found which only contains a single trachea of a relatively large width.  Two cells have each developed five tracheoles.  A fourth cell develops finger-like branchings.  Each of the cell endings that comes from these surrounds an intracellular tracheole.

The rhabdom.  The crucial difference to the second instar larva lies in the structure of the rhabdom.  In the first instar the microvilli appear only relatively restricted in area.  They are surrounded by roundish or elongated membrane outgrowths of clearly larger width.  Perhaps the creation of the microvilli is ushered in in this region.  The enlargement of the (?receiving) surface follows therefore over a at first still very coarsely outfolding of the plasmalemma.  Thereupon the cell membrane becomes always turned out more finely, until the typical form of the microvilli is reached (see in this context Trujillo-Cenoz 1982).  In the later 3rd instar the rhabdomeres become probably dismantled again.  We observe here similar conditions as in the first instar.

3.2.2.4   Eristalis tenax (Eristalinae: Eristalini)

a.  Fine structure of the stemma

The tapetum lucidum.  The tracheal tapetum of Eristalis tenax is more voluminous than that of Volucella bombylans.  The depression in which the stemma lies is mostly clothed in 7-8 layers of tracheoles (Fig 10).  The nuclei of the tracheal end cells lie, as in Volucella bombylans, in the caudal region of the stemma.  The tracheae of the tapetum lucidum merge at the rear end of the larval eye into one single trachea, which runs first of all towards the rear, and then turns dorsally and after it has united with two further tracheal branches, it leads to the region of the anterior stigma in the dorsal longitudinal trunk of the tracheal systems.  According to Hennig (1973) it is supposed that these tracheae correspond to the anterior cervical tracheae, which supply the anterior region of the cephalopharyngeal skeleton.  Tracheae are not only met on the side of the stemma facing the skelton, but also on the exterior side, in the caudal region.  At 5 um, the tracheae lying there have a greater width in comparison with the 1-3 um of those lying face to face with them.  The cup formed form the tracheoles does not open to the side as in other syrphids studied, but obliquely forwards (Fig 11D).  This attribute is refelected in the structure of the rhabdom.

The retinula cells.  In its front third the larval eye of Eristalis tenax certainly has a few cell nuclei and perikarya, but no rhabdomeres.  The stemmatic nerve which is about in the middle of the stemma sends off most of the axons to this front zone.  From the perikarya the parallel-arranged sensory sections set off horizontally towards the rear (Fig 11A).  At first rhabdomeres are only constructed on the side facing the tapetum (thickness of microvilli ca. 100 nm).  The moment the tracheoles begin, so as to cover the stemma from the outside, there occurs a lattice-like single-stage (?) rhabdom constructed entirely from about 35 retinula cells, which occupies the entire cross-sectional surface (Fig 11C) and extends into the depth of the stemma.  The larval eye of Eristalis tenax is adapted therefore especially to the light, so that the rhabdom branches and tapetum are arranged in such a manner that the light falls at the front or obliquely at the front.

3.2.3  Drosophila spec. 

[...]

Discussion

4.1  Review of the character complex

4.1.1  Dioptric apparatus

4.1.2  Pigment cup

4.1.3  Tapetum lucidum

A tracheolar tapetum lucidum could be proved in Thereva and in all the syrphid larvae studied.  Such a tapetum has not been found before in the larval eyes of insects.  The possession of a tapetum is widely distributed in the animal kingdom: [ list of other possessors ].  That a tracheolar tapetum is present in many distantly related taxa is the consequence of multiple independent evolution.  This holds good also for the larval eyes of therevids and syrphids, the more so as in both cases it is a matter of a larval character which is to our knowledge not apparent in the adults.  [...]

4.1.4  The sensory parts of the photosensitive cells

The photoreceptors of all the studied larvae with the exception of the Schizophora, could be identified with out difficulty as light-sensistive cells of the rhabdomere type on the basis of their possession of microvilli and lack of flagellar bases.  Nothing else is to be expected on phylogenetic grounds.  The light sensitive cells of the Schizophora, here represented by Drosophila, Fannia and Musca domestica, are shown by the possession of lamellae.  [...]  The lamellae characterise no special type of light-sensitive cell, but they must be considered as developments from or reductions of the microvilli.  The clearest evidence of this is that the closest relative of the Schizophora, the Syrphidae, whose larval eyes already have the same position in the tissue, still possess typically constructed rhabdomeres. [...]

     In this respect the lamellae are to be taken as microvilli rather than rhabdom rundiments.  A further pointer to this occurs in the construction of microvilli during ontogeny.  By comparing the larval instars of Volucella we observed that the cell membranes of the retinula cells at first fold over relatively coarsely, and then create always finer diverticula and microvilli.  According to Trujillo-Cenoz (1982) short parallel-arranged folds develop in the creation of microvilli in the ommatidia of Phaenicia sericata.  Lamella-like structures appear also during the development of microvilli more or less regularly.

     The width of the microvilli lies between 50 and 100 nm in all the taxa studied, with the excpetion of Episyrphus balteatus.  Its microvilli measure between 200 and 400 nm.  They lie in the region of the lamellae of Fannia and Musca domestica (100-400 nm and 200-300 nm respectively).  Whether here a functional difference has come to light cannot always be answered from morphological data.  The smallest lamellae appear in Drosophila (50-80 nm).

4.1.5  Fusion of the stemmata; the number of retinula cells

4.1.6  Clues to the homology with ommatidia

4.2  On the homology of the Brachyceran stemmata

4.2.1  The criterion of the position

4.2.2  The criterion of specific quality

4.2.3  The criterion of continuity;  a transformation series in the ground plan of the Brachycera of Bolwig's organ; consequences of head capsule reduction

4.2.4  Result

4.3  Thoughts on the functional morphology of the Brachyceran stemmata

The reduction of stemma-specific characters follows in Diptera in the order: pigment cells - Semper cells - crystalline lens - retinula pigment & mantle cells - rhabdom.  In this respect the evolution of the Diptera, and in particular the Brachyceran stemmata, shows a sequence of steps of reduction.  Alongside this were gained also special adaptations which effected an enhanced performance of the larval eyes.  As a result characters were evolved which are very unusual for stemmata, since the appaearing characters in a typical case had already been reduced.  Relevant here are the tracheal tapetum, the inverted position of the retinula cells, the external pigment cup, the immense increase of the retinula cells, and further others to account for. Their adaptive character should be illuminated in this case by the ecology of the larvae.

     Almost all studied species are substrate dwellers.  Habitat choice occurs mostly because of egg-laying by the adults.  The entire larval development right to metamorphosis occurs in the substrate which - at least in most cyclorrhapha (exceptions see below) - also serves as the food.  Substrate dwellers live in dark surroundings; the requirements of a light-sensitive organ are therefore modest.  If the substrate by chance is left, then a simple negative phototaxis is sufficient to seek it again.  The larval eye should therefore only be able to detect light intensity and the rough direction of the light.  Selection pressure on the structure of complex characters falls away with this, and leads to reduction.

     In the 'Orthorrhapha' the stemmata of both sides of the head or the part of the stemmata of one side become optically isolated from one another through pigment granules (Homeodactyla) or a tapetum (Therevidae).  The direction of opening of the pigment cup 

[ ... ]

4.4  Consequences for Dipteran phylogeny

[ ... ]

[ FIG 17.  Dendrogram of the Diptera, according to Hennig (1969, 1973, 1976) and Griffiths (1972);  the stemma-specific characters serve not to establish sister groups (they will be studied exclusively as appendages to the already given cladograms), but rather they test the derived or primitive states.  Paraphyletic taxa are marked by quotation marks.  It yields the following list of (some) derived and (in brackets) primitive characters:

1 =  
(4-part, eucone crystalline cone)

2 =  
5 stemmata; reduction (R.) of the secondary pigment cells; [larval compound eye from typical ommatidia (Mecoptera)]

3 =  
refraction cells

4 =  
3 stemmata; reduction of vitreous bodies (5 stemmata with refraction cells and/or crystalline cone)

5 =  
fusion of the stemma; 30-40 retinula cells (separated stemmata)

6 =  
stemmata on an epidermal invagination; reduction in the crystalline lens (stemmata on lateral plates)

7 =  
reduction in pigment, mantle, lens (these 3 present)

8 =  
stemmata on the epithelium of the frontal sacs and tentorial phragmata; functional pigment cups (stemmata on lateral plates)

9 =  
maximisation of the rhabdom surface ? (normal extent of rhabdom)

10 =  
lattice-like rhabdom; inverted retinulae (rhabdom multiply branched; retinulae everted)

11 =  
Tapetum (functional pigment cup)

12 =  
Lamellae; covering of epidermal cells ?; no preferred orientation (microvilli; no covering; inverted)

The evolution of the syrphid stemmata.  All the representatives studied possess a tracheolar tapetum.  The degree of conformity makes a convergent evolution rather unlikely.  This character could be considered therefore as already in the groundplan of the Syrphidae.  Whether it can be taken as their autapomorphy could be established by an outgroup comparison with other 'Aschiza'.  For the time being this is not possible.  The number of tracheoles and the number of layers out of which the tapetum is put together increases in the order Syrphinae - Volucellinae - Eristalinae.  An inverse eye is characteristic for all representatives.  In Episyrphus balteatus the rhabdomeres are at right angles to the depression of the tentorial phragmata; in Eristalis tenax they stand parallel dependent upon the form of the tapetum.  Volucella bombylans takes an intermediate position.  The Eristalinae and Volucellinae appear to have a very ancestral number of retinula cells, with about 35 or about 40 respectively.  In Episyrphus balteatus we find an unusually large number, at 120 retinula cells.  A trebling of the number of retinula cells from 40 to 120 seems not at all improbable, when we remember that this needs only two additional intervening cell divisions to accomplish.

     Phytophagous larvae (Cheilosia, Merodon) could not be studied.  Roberts (1970) considers these the most primitive hoverfly larvae.  Definitive statements about the larval eye in the ground plan of the Syrphidae are therefore only possible after a study of the phytophagous larvae.  The last common ancestor of all the aphidophagous and saprophagous larvae should already have possessed a tracheal tapetum and 30-35 retinula cells.  In aphidophagous larvae the number of retinula cells has secondarily been increased.  It cannot yet be unequivocably established whether the relatively weakly distinct tapetum is to be taken as the ancestral condition, or as a derived reduction.  In saprophagous and commensal larvae the ancestral number of retinula cells has been retained.  The tapetum is strongly developed in saprophagous forms (Eristalis tenax), while in commensal (Volucella bombylans) and parasitic forms we presume it has been more and more reduced.

