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A. Introduction

Our knowledge of the relationships between insects and their parasitoids, between useful and harmful species, is generally confined to the exterior phases of parasitisation. We incline to the supposition that as soon as the parasitoid has found its host and has been able to lay its eggs, the only course of events to be expected is the killing and dissolution of the host individual. This is certainly not always correct. Rather the deposition of eggs begins a physiological interplay which is often very finely differentiated and which is the decisive factor in the fate of both partners and the speed of development of the parasitoid. The question of the possible hosts of a parasitoid species is decided not only by ecological considerations and the ovipisiting adult, but to an equal extent by the physiological relations between the early stages of the parasitoid and the host.


The predaceous hoverfly larvae of the genera Syrphus, Episyrphus and Epistrophe are specially suited for the study of host-parasitoid relationships because of their transparency, which means that the development of the parasitoids and certain physiological reactions can be observed continuously without dissection of the hosts. In our experiments we used mainly the hosts Episyrphus balteatus (multivoltine), Syrphus ribesii (olgivoltine) and Epistrophe eligans [=bifasciata] (univoltine) (Fig 1), and the parasitoids Diplazon laetatorius, D.fissorius and D.pectoratorius (Ichneumonidae). D.laetatorius is a frequent parasitoid in E.balteatus, and the other two are found in E.eligans. In the following I should like to give a short summary of previous findings (Schneider 1948, 1950a,b) (B1, 2; C1, 2) and follow this with some new experimental findings (C3).

[ Fig 1.  Three hoverflies with differing life cycles (a) Episyrphus balteatus (b) Syrphus ribesii (c) Epistrophe eligans
All three Diplazon species lay their eggs for preference in the young larvae of their hosts. D.laetatorius also lays in host eggs that are ready to hatch. In all cases parasitoid-induced histolysis is so far delayed that the L3 syrphid larvae can still form its puparium. Then the contents of the puparium are removed by the mature larva of the parasitoid (5th instar), and the rigid puparium serves as a pupal case for Diplazon, which must gnaw an opening in it to eclose. As a rule Diplazon deposits only one egg per host, but in the laboratory this inhibition of super-parasitism can often be overcome. The young larvae, armed with dagger-like mandibles, fight with one another so that in each host individual only a single parasitoid finally develops.

B. Effects of the hosts on the parasitoids

1. Haemogenic defence reaction. 

The eggs of D.fissorius are exposed to a haemogenic defensive reaction, particularly in unusual hosts. Blood cells are laid down onto the eggshell, swell and fuse together. In Syrphus ribesii by dissolution of the lymphocyte nuclei they form a thick gelatinous shroud around the parasitoid egg, by which embryonic development is arrested; in Episyrphus balteatus a dark-coloured, thinner but somewhat tougher capsule forms around the egg and prevents the young larva from hatching purely by mechanical means. The capacity to encapsulate parasitoid eggs in good time becomes greater with increasing size of the host larva. In the usual host E.eligans the egg of D.fissorius produces scarcely any defensive reaction.

2.  Diapause and activation. 

It can be experimentally demonstrated that the developmental cycle of D.fissorius is synchronised with that of its host, because the young parasitoid larva only ecdyses and develops further when the host forms its puparium. In the multivoltine E.balteatus the signal constituted by puparium formation is given only a few days after the parasitoid has deposited eggs, in S.ribesii also after a few days or not for some weeks depending on whether a diapause occurs in the L3 larva; in E.eligans diapause of host and parasitoid lasts for about 9-10 months. The parasitoid is in close hormonal coupling with its host, and diapause and reactivation are dictated by the medium in which it is living. D.pectoratorius too enters diapause at the same time as its host E.eligans. The young larva of both Diplazon species have a skin that is permeable to water and various dissolved substances (so probably also to certain hormones).

C. Effects of the parasitoids on the hosts

1. Blockage of the haemogenic defence reaction. 

The defence reaction against the egg of D.fissorius begins at the point where the exchange of substances between egg and haemolymph is most intensive - namely over the micropyle. As soon as a serosa has been formed under the eggshell, the formation of homogeneous encapsulating material is inhibited in E.balteatus and S.ribesii. A substance moves from the egg into the host which opposes the defence reaction. It is thus not strange that there is a close connection between the number of eggs per host, the size of the host, and parasitization success. The smaller the syrphid larva is at the time of oviposition, and the more eggs (quanta of inhibiting material) in the host, the earlier and more successfully can the haemogenic defence reaction be halted. Similar relationships exist for D.laetatorius in its normal host E.balteatus.

2. Blockage of pupation of the host by Diplazon fissorius and D.pectoratorius. 

The final phase of the effect of the parasitoid on the host is formed by complete parasitoid-induced histolysis and ingestion of the liquidised content of the puparium by the mature larva of Diplazon.  In all cases so far investigated this happens only after puparium formation but before actual pupation of the host. We are especially concerned with the way in which the parasitoid prevents the formation of the fly pupa without interfering with the immediately preceeding puparium formation. A quite precise and species-specific mechanism seems to be at work here. As we have seen, the young larva of D.fissorius is mobilised in general only at the time of puparium formation, and only then begins to ingest food and secrete saliva. It winds its way into an area of the brain and imaginal discs, and brings about a brutal interruption of the development of embryonal formations. Ecdysis of the host in the puparium is also blocked. The toxic effect of the saliva of the mobilised young larva is also shown in another situation. The parasitoid is often able to hatch despite the haemogenic defence reaction of E.balteatus, in which case however its head remains stuck in the egg capsule (muzzled larva). The parasitoid thus hindered is unable to ecdyse or to induce histolysis. Yet the host dies in the pupal stage, so long as the ‘muzzle’ is not sealed and the parasitoid is able to ingest some food and secrete saliva into the host haemolymph. D.fissorius accordingly reaches its aim by means of the young larva reacting with great sensitivity to the signal of puparium formation, and immediately on receiving it poisons the growing embryonic tissue with its saliva.


The young larva of D.pectoratorius already begins to take up ingestion of food and secretion of saliva during the larval development and diapause of its host E.eligans. The saliva slows down the growth of the brain and imaginal discs. Host and parasitoid enter together a diapause lasting for months. The intervention of the parasitoid has obviously deprived the host to a large extent of its normal hormonal autonomy, and it can no longer even form a puparium on its own initiative. Finally the cooler weather of autumn mobilises the Diplazon larva, which ecdyses and at the same time gives the hormonal impetus for the host to form a puparium and ecdyse. Experiments begun recently hint that the ‘ecdysis hormone’ penetrates the highly permeable skin of the parasitoid. The fact that D.pectoratorius brings about puparium formation and ecdysis of E.eligans can easily be demonstrated by ligation experiments. However, the imaginal discs are so stunted that a metamorphosis is out of the question from the beginning.

3.  Toxic damage to the imaginal formative cells of E.balteatus by D.laetatorius.  

(a) Normal course of parasitization. 

D.laetatorius deposits its eggs for preference in ready-to-hatch eggs or young larvae of E.balteatus. With growth in size of the host, the haemogenic defence reaction gets gradually more violent, so that for this if for no other reason, parasitization of the L2 or L3 larvae is scarcely practicable. The parasitoid hatches after only one day at 20 (C and at once begins ingesting liquid food. Shortly before, or at the time of the puparium formation of the host, the parasitoid ecdyses for the first time, and there probably follow as in the case of D.fissorius three intermediate larval instars and finally the mature L5 instar. The contents of the puparium begin to liquify (parasitoid-induced histolysis) quite early, after the first moult, and at 21 (C can be ingested by the parasitoid after a lapse of 1.5 to 2 days.


The host suffers at first only a very small loss of blood, that is, in the course of the growth of the young parasitoid larva. As the following experiment shows, however, the parasitoid secretes toxins even during the host larval development which inhibit dramatically the development of the imaginal discs.


In the laboratory, 36 one-day-old balteatus larvae were parasitized by a single egg each. After feeding on the hosts on potato aphids (Rhopalosiphoninus latysiphon) at about 21 (C, the balteatus larvae had already completed their growth after 6 days, and finally emptied their guts. Dissection of two fresh puparia gave the following measurements for brain and eye discs (mm): brain lateral 1.2/1.2, vertical 0.65/0.75, eyes vertical 0.45/0.65.


After seven days we dissected five more newly formed puparia and one L3 larva just before forming the puparium. [Table of data]. In one more L3 larva the parasitoid was caught by the head in the egg capsule; it was still alive, though unable to ingest food or secrete saliva. Parasitoid young larva about 1 x 0.25 mm, host brain lateral 1.2, vertical 0.75, eyes vertical 0.8.


Unparasitized hosts of the same provenance and age shows the following dimensions just before puparium formation [Table of data]. It follows from these measurements that at the point of puparium formation the brain sizes of parasitized and normal balteatus larvae are identical. But the eye discs are decidedly smaller than normal, as is particularly apparent in Figure 2.


A corresponding developmental lag is shown by the antenna, leg and wing discs. The saliva of the laetatorius young larva thus has a selective growth-inhibiting effect on the imaginal discs but leaves the brain largely unaffected. This finding was later confirmed by other experiments. The hypodermis of the host separates later from the puparium without forming a fresh solid chitin lamina. The process of ecdysis is disturbed, and also the extrusion of the head and the stunted discs of the extremities does not occur. The host dies and is dissolved by the rapidly succeeding intermediate and old larval instars, without having pupated.

(b) Behaviour of the host in the case of early neutralization of the parasitoid

In various experiments we killed the young larva of D.laetatorius long before the onset of parasitoid-induced histolysis in order to follow the subsequent behaviour of the hosts with their stunted imaginal discs. The balteatus larva were laid for this purpose with a drop of water on a specimen holder and lightly pressed against the bottom of the holder with a fine wire mesh. Thus the very mobile parasitoid larva could be fixed in the interior of the host and fatally wounded with a fine glass rod, without harming the host itself.


In the first series of experiments, 17 one-day-old balteatus larvae each had one laetatorius egg laid in them. After 4 days the hosts had almost reached their final size, but had not yet emptied their guts. At this point the parasitoids (all young larvae with no sign of ecdysis) were killed. Example [measurements].


Two days after killing the parasitoids, three hosts formed normal puparia, and by three days half of them had done so, and after 6 days only one L3 larva was left. Unparasitized controls formed puparia 1-2 days earlier. 


On the 6th day we carefully opened one puparium: the host had ecdysed and was trying by violent contractions of the abdomen to extrude the head and extremities, which it managed only halfway. Eventually the skin tore on the left side between the head and thorax, and the orange-red larval intestine and parts of the fatbody were pressed out into the puparium together with blood. Dissection of the other puparia showed the same picture in every case. The white pupae with stunted head and extremities were lying shrivelled and bleeding to death in the puparium. The wounds were on the boundary of the head and prothorax, or on the pro- and mesothorax: not a single host survived the transformation to the pupal stage.


Despite the parasitoid-induced backwardness of the imaginal discs, the host forms a puparium, sheds its skin within it, and even tries to change into the pupa. But the serious defects cannot be remedied and at the critical phase of pupal formation when the individual components of the adult have to be harmoniously fitted into one another, the body with its still tender skin tears and bleeds to death.


The next obvious step was to bring the killing of the parasitoids forward in a further series of experiments, in order to lessen the damage to the host. Ready-to-hatch eggs of E.balteatus had D.laetatorius eggs laid in them. In a control series kept at 21 (C the parasitoids ecdysed after 9 days, just before puparium formation. In a first experimental group A of three balteatus larvae, the small laetatorius young larvae (2.2 x 0.25 mm) were killed immediately after the second ecdysis on the 4th day (5 days before ecdysis of the parasitoid). One balteatus larva showed the following dimensions at this point: brain width 0.57, height 0.3, eye height 0.31. The second group B of 7 balteatus larvae was treated 18 hours later (about 4 days before ecdysis of the parasitoid) in the same way. Parasitoids at the point were 2.1 x 0.35 mm; the hosts - half-size L3 instars - showed the following stage of development: brain width 0.75, height 0.36, eye height 0.5.


All individuals of series B formed apparently normal puparia, ecdysed and tried to enter the pupal stage. The head could often be extruded almost completely, whilst the legs, wings and antennae were at best stunted appendages. All pupae tore open and bled to death. The wounds were mainly on the head (frons and inner eye edge) or at the base of the stunted wings and legs (Fig 6a).


Series A formed puparia and pupae. After 18 days, two viable female flies eclosed, at the same time as unparasitized controls, with rudimentary wings and other minor defects which can be summarised as follows:

Fly 1: left side of A1 deformed and rolled in; on left side of A5 hair is missing and triangular black macula is asymmetrically widened. Halteres rudimentary, especially on right side; rudimentary wings on both sides (Fig 3). Costal periphery, anal region, cross-veins between radius-media and media-cubitus and the adjacent distal wing extension missing symmetrically on both sides.

Fly 2: eye protuberances asymmetrical, left ocellus pushed forward and combined with middle one (Fig 4a); ;eft haltere stunted, practically symmetrical wing reduction as above.

[ Fig 3. Wing of Episyrphus balteatus. top, normal; below, stunted by short-term effect of young larva of D.laetatorius on the imaginal discs. R=radius. The dotted line on the normal wing shows approximate extent of wing reduction. Scale 2mm ]

[ Fig 4. Frons of Episyrphus balteatus with ocelli (a) experimentally obtained parasitoid-induced coalescence of ocelli; (b) normal arrangements. Scale 1 mm ]

The stunting of the wings is very noticeable in both individuals. It may be connected with the wing cells being a priori more prone to the effect of the toxins from the parasitoid saliva than those of the legs, the head and appendages; alternatively the poisoning comes at a critical phase of wing development. The damaged flies remind one of stunted-wing mutants of Drosophila except that the defects are not attributable to genetic changes (phenocopies).

(c) Microscopic examination of the normal imaginal discs and those damaged by parasitoid secretions.

The serious inhibition of growth of the eye discs of Episyrphus balteatus presented above (3a) in tabular form and illustrated in Fig 2 seem to show an antimitotic effect of the parasitoid saliva. If we examine eye formation and brain of normal and parasitized individuals at the point of puparium formation under the microscope, we do indeed see characteristic cytological differences. In normal animals, numerous divisions of nuclei at various phases can be observed in the ganglia of the brain and the eye discs (Fig 5a). In particular, division patterns of metaphase and anaphase are common, the imaginal tissues are growing intensively. In parasitized individuals serious disturbances can be seen in places. In the anterior thin laminae of the eye discs the cells are indeed intact but there are no traces of cell division. The posterior thicker layer of the eye discs directly backing onto the brain is notable for an increased affinity to haematoxylin in pockets. The nucleoli are often noticeably enlarged here and chromatin has collected around them in large lumps or layers. Here too nuclear patterns are absent. What looks pathological is not so much the appearance of these lumps of chromatin, which appear sporadically even in normal individuals, as the enormous accumulation of this phase with the absence of any chromosomal differentiation. One could interpret the illustration (Fig 5b) as showing that the nuclei have entered the first phase of prophase and remained in it under the effect of the antimitotic saliva of the parasitoid. Probably not all cells are still capable of development.

[ Fig 5. Sections of eye cells of Episyrphus balteatus at the point of puparium formation. (a) unparasitized, normal tissues with mitosis (b) blockage of mitosis and advanced damage to nuclei in a parasitized individual. Scale 0.01mm ]

In the brain too, which has grown in an apparently normal manner up to the time of puparium formation, differences compared with the normal case are now visible. Chromosomes appear in some cells, but mitosis has generally stopped at prophase in most cases. The chromosomes are often short and form irregular knots. Systematic investigation of large quantities of material would be needed to explain the effect of parasitoid saliva on mitosis fully. But the present preparatory look suggests that the antimitotic toxin suppresses nuclear division completely or in an earlier or later stage of prophase, according to the concentration or exposure of the cells and the sensitivity of the tissues.

[ Fig 6. Pupa of Episyrphus balteatus with parasitoid-induced defects. (a) ventral view; the wings (K) and legs could not be freed normally, the skin is torn in the frons region (W) and the specimen bled to death in the puparium. R=creases with melanised products of decay of damaged cells of the imaginal discs. Scale=1 mm. (b) section through a crease of cells with necrotic focus (A); C=chitin lamina, H=creased and adherent hypodermis. Scale=0.01 mm ]

Also informative is a closer examination of the stunted pupa (Fig 6a), gained by killing the parasitoids one day after the second moult of the host (experimental series B, section 3b). At the base of the stunted legs and wings, fine dark lines are seen on the white body, collections of melanised material from dead cells of the imaginal discs. Fig 6b shows a section through such a deposit of necrotic material (dark masses) in a fold of the hypodermis at the base of the head. The hypodermis here is adherent and can no longer develop, particularly as a coherent chitin lamella has formed over the area of the wound even before the extrusion of the whole head area. Thus the hypodermal cells in the fold are shifted to below the surface and cannot participate in the building of the body’s exterior wall. Such necroses, often combined with adherence of the hypodermis, are found at various places of the body, especially head and thorax. The melanised material may lie in the folds between the hypodermal cells or under the hypodermis. Thus the genesis of the stunted specimens and the imaginal defects is understandable. The antimitotic saliva of D.laetatorius not only inhibits cell division in the imaginal discs, but damages the embryonic tissues fatally in pockets, and because of the malformation and adherence of the creases of the hypodermis, the extrusion of particular parts of the head, of the wings and the legs and other parts of the body can be completely hindered.


Our observations suggest that puparium formation in E.balteatus takes place autonomously despite parasitization by D.laetatorius, rather than being set off by secretions of the parasitoid, as in the case of E.eligans - D.pectoratorius. Evidence for this assumption is seen by the fact that the parasitoid can be killed 2,4 or 5 days before its ecdysis inside the host, but puparium formation still takes place at the right time and in a normal manner. A preliminary ligature experiment also supplied no proof of a parasitoid-induced puparium formation. Despite the severe stunting of the imaginal discs, the hormonal system of the host concerned with puparium formation and ecdysis seems to remain capable of functioning, since the brain - ring gland system obviously suffers no major damage.

4.  Comparison of the behaviour of Diplazon pectoratorius, laetatorius and fissorius
The three parasitoids of syrphids so far investigated show the following characteristics in common in their behaviour towards their hosts: killing, and parasitoid-induced histolysis are so far delayed that the host can still develop a puparium. On the other hand, the extrusion of the imaginal organs, that is actual pupation, is always inhibited by growth-inhibiting toxins of the young larva, often long before parasitoid histolysis begins. The rigid puparium serves the parasitoid as a pupal case. It is further to be assumed that histolysis and resorption of the puparium contents after complete extrusion of the legs, wing cases and head appendages is more difficult than if the protein is still deposited in an easily available form in the fat-body. In E.balteatus the time between puparium formation and transformation to the pupal stage takes only about two days in summer, and a fair degree of precision is required in the behaviour of the parasitoid if both aims are to be achieved.


D.pectoratorius stops the growth of brain and imaginal discs and thus deprives the host of its hormonal autonomy. At the time of its first ecdysis it itself triggers puparium formation and ecdysis of the host. An actual formation of a pupa is impossible because the imaginal organs are stunted.


D.laetatorius too is already active during the larval growth of the host. But it inhibits the development of the imaginal organs selectively without putting the brain and the hormonal system connected with the brain out of action. Puparium formation is carried out automatically without the parasitoid doing anything, but actual formation of the pupa is here again impossible because of stunting of the imaginal discs.


D.fissorius is in general only stimulated to ingest food and secrete saliva by puparium formation by the host (or the corresponding hormones). The parasitoid now moves to the head area of the host and blocks quite suddenly with its saliva the imaginal organs (which have so far grown normally). Only after the end of this procedure does the parasitoid ecdyse and set about the dissolution of the contents of the puparium.


Thus these three examples show how the same aims are achieved in three different ways in relatively closely related parasitoids and host species.

D. Summary

(a) Members of the genus Diplazon (Ichneumonidae) are common parasitoids of predacious hoverflies

(b) In the blood of the hoverfly larvae the eggs of Diplazon risk being encapsulated by blood cells (haemogenic defence reaction) but they themselves secrete inhibiting agents which oppose this encapsulation.

(c) A considerable physiological dependence of the parasitoid is observed in that the young larvae of Diplazon enter diapause together with their host and are reactivated similarly (D.fissorius). The developmental cycles of host and parasitoid may be largely synchronized.

(d) Before parasitoid-induced histolysis sets in, the young larva of Diplazon secretes toxins (saliva) into the blood of the host which inhibit growth and differentiation of the imaginal discs. In D.fissorius this operation takes place immediately after puparium formation. D.laetatorius damages the imaginal discs earlier, during larval development (antimitotic inhibition), but the host can still form its puparium autonomously. Posioning by D.pectoratorius leads to a far-reaching loss of the host’s hormonal autonomy, and the fly larva can only form its puparium under the influence of the parasitoid (parasitoid-induced puparium formation and ecdysis).

(e)  If the young larva of D.laetatorius in E.balteatus is killed, the host does form a puparium, but it tears open and bleeds to death at the time of extrusion of its stunted imaginal organs.

(f) After early artificial neutralisation of this parasitoid, flies hatch with serious defects such as stunted wings, coalescence of ocelli, etc. Microscopic examination shows that under the influence of the saliva of the young larva of D.laetatorius pockets of necrosis occur in the imaginal discs of E.balteatus, leading to complete degeneration of the cells. The defects of the adults are apparently an effect of such necroses and a consequence of the limited regeneration potential of the imaginal discs at this advanced stage of development.

