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1.
Introduction

The multitude of insects, which make up about two thirds of all known animal species, is distinguished by an extremely high potential rate of increase. Since the possibilities of increase under optimal conditions should be regarded as a given quantity, it is no wonder that in the last decade in the course of applied entomological and pure ecological studies the most interest has been paid to mortality factors. Primary significance is accorded to the climate and weather, which affect insects either directly, or indirectly through, for example, the host-plant or natural enemies. After this, insects themselves also play an important role among causes of death, as parasitoids and predators (ichneumons, tachinids, coccinellids, etc).


The estimation of the individual causes of mortality has undergone changes. From an overestimation of natural enemies followed one such (change) to purely abiotic factors, at which it was commonly disregarded that (a) it is risky to generalize from successfully clarified individual cases, and (b) that studies hitherto have concentrated selectively on species that produce economically significant impacts, and have demonstrated therefore a priori that control by parasitoids does not always work.


For an ichneumon parasitoid to engage with the population dynamics of its host effectively, various conditions must be fulfilled. Apart from the ratio of the numbers of hosts to parasitoids at any particular moment, and the potential rate of increase of both parties, their distribution in space, mainly population density, is also of the highest significance. The parasitoid population is able to influence the population dynamics of the host only effectively when they can attack throughout the range [lit. face no space resistance: “sie keinem allzugrossen Raumwiderstand gegenüber steht”] (Schneider 1939) and the limited egg production of parasitoids does not matter much as an inhibitory factor.


The purpose of the following arguments is to show that not only ecological but also purely physiological responses can place the result of a parasitism in question. The ichneumonid genus Diplazon is specialised to predatory hoverflies (syrphids), and the hosts themselves are well-known destroyers of aphids. In 1948-9 I tried to move the normally univoltine Diplazon fissorius into unfamiliar polyvoltine and oligovoltine hosts in order to show whether the parasitoid would maintain its univoltine cycle or accommodate to the phenology of the new host. The rearings soon showed great complications where in spite of successful oviposition, flies rather than wasps emerged from the puparia.


The hosts go through three instars before forming the puparium. The Diplazon eggs are normally laid in the L1 or L2 instars. The hoverfly larvae are so transparent underneath that the number of eggs laid into them is easily determined, and also their subsequent fate can be followed. It was soon established that the eggs of Diplazon fissorius in the normal host Epistrophe bifasciata [=eligans] developed without a hitch, but in Episyrphus balteatus (polyvoltine) and Syrphus ribesii (oligovoltine) they often fell victim to a powerful defence reaction on the part of the host. [Note: the laboratory temperature at the time of the experiments on parasitism were usually 20-23 (C]


Here I would like to thank .....

2.
Cases of defence reactions published hitherto

Looking through the literature, I can agree with Escherich (1942) when he mentioned that the area of the phagocytotic defence of the host against the parasitoid is still very underdeveloped, and these processes take on a very particualrly significance in an ecological view as also with respect to  the question of the preference for individual host, as generally the question of monophagy, polyphagy and pantophagy. Actually there is still a lack today of such an overview of tha ecological significance of these phenomena, and also opinions on individual points vary widely.


It is a generally recognized fact that eggs and young larvae of parasitoids, particularly when in exotic unusual hosts, sometimes become encased in thick layers of blood cells, and can develop no further. These haemocytes were usually called amoebocytes (Timberlake 1912, Sweetman 1936) or phagocytes (Cuenot 1896, Thompson 1930, Meyer 1926, Boese 1935). Lartschenko (1932) saw in his no true blood components, but rather mesenchyma cells that had been displaced from their own home structures in the course of the defence reaction. Steinhaus (1946) described analogous encapsulation as a consequence of bacterial infection. In his terminology he supported Cameron (1934), who distinguished three types of free haemocytes in insect blood, namely (1) lymphocytes (primary blood cells with little cytoplasma and relatively large chromophilous nuclei; (2) leucocytes (larger cells with relatively smaller nuclei); (3) ball cells (cytoplasm with larger, spherical acidophilous inclusions). Phagocytosis in the narrow sense was observed in leucocytes, more rarely by lymphocytes and only rarely by ball cells. A bacterial infection could cause a rapid rapid mitotic multiplication of lymphocytes, and with it a change in the blood count. The lymphocytes encapsulate clumps of bacteria and other foreign bodies. Boese (1935) also observed mitoses in the encapsulating cells. Since phagocytosis occurs in all three types of blood cell, and the defence reaction against parasites does not produce phagocytosis in the narrow sense - it often resembles very much a wound reaction with a seal, in the following I will not call the encapsulating cells phagocytes, but instead use ‘lymphocytes’ after Steinhaus.


Today humoral immunity against bacteria is credited with a greater significance than that purely from phagocytosis. It is therefore also prudent in studies of the defence reaction against parasitoids always to keep returning to the question of the primary cause of the death of the parasitoid; for it is still possible that the parasitoid egg or the young larva becomes debilitated or indeed dies in an unaccustomed medium caused by the effects of a humoral poison or the lack of  some physiological harmony, and that the lymphocyte reaction represents merely a secondary accompaniment. From a literature review Thompson (1930) cautiously suggested that encapsulation might not be the true defensive reaction of the host, but merely the elimination of dead or weakened parasitoids. He accounted for one thing with this, with the interpretation which Pantel (1910) had provided in his studies on tachinids. On the other side was the majority assumption that an active and often effective defence of the host was present against the invader, and that the actually viable parasitoid is killed by the lymphocyte sheath (Timberlake 1912, Paillot 1928, Meyer 1926, Boese 1936). The reasoning might cause considerable difficulties in individual cases, but more than once it has been successfully shown that viable parasitoids do become encapsulated.


As a rule a parasitoid is able to develop in its normal host, otherwise it would be condemned to die out. Particular species of ichneumonid are able to breed en masse during biological battle actions without encountering insurmountable complications. Often for practical reasons we do not use the natural host, but for example available pests easily propagated in the laboratory or in “natural enemy factories” (Flanders et al 1930, 1947). Often, however, a parasitoid becomes encapsulated by lymphocytes in an exotic host, so that rearing and practical utilization are not the issue (Timberlake 1912, Lartschenko 1932). With this we come to the important further question: why does in one case the lymphocytes become mobilised, but not in another ? One could imagine that the normal parasitoid behaves like an organ of the host, and is chemotactically neutral to the blood cells (Cuenot 1896, Thompson 1930, Boese 1935). The onset of the defence reaction would then be stimulated by substances given out from the parasitoid into the blood. The last author also stated the supposition that the lymphocytes would be hindered by the excretion of the products of metabolism. On this basis the eggs and young larval instars might be especially exposed to attack by blood cells because of their low metabolic rate. In contrast, however, Timberlake (1912) believed - without in any way being able to prove it - that the defence reaction was connected with particular secretions of the parasitoids.


This digression was necessary in order to sketch out the state of our knowledge. In the light of the experimental results with Diplazon fissorius, the following experiments provide a contribution to the clarification of these questions  We can prove comparatively easily that in exotic hosts the parasitoid actually stimulated a very effective defence reaction. We also addressed the second problem, the release and blocking of the defence reaction, although experimentally it is much more difficult to tackle.

3.
Normal development of Diplazon fissorius in Epistrophe eligans
The egg of fissorius immediately after oviposition has the form of a spindle 0.4 mm long and 0.2 mm wide, filled with fine-grained material. After 5 hrs the nuclei have already immigrated into the rather powerful skin germline cells, making a still rather loose layer of blastoderm, continuous from pole to pole. After 8 hrs the blastoderm already consists of a layer of densely packed cells. The egg gradually swells and begins to rounds off. After 16 hrs it is oval in outline, about 0.47 mm x 0.25 mm. The embryo [“germ anlage”] consists at this point of a thin inner and large outer layer under the chorion, cap-like at both poles and also at the equator - all but for a long dorsal oval gap. Under the gap the thick epithelium of the embryonic husk or serosa has already formed, which inserts itself between the embryo and the chorion, and is wedge-shaped at the edges. The two poles are just reached by the advancing serosa, while the equator is not yet fully enclosed. Only 1/3 to ½ of the total surface of the egg is enclosed by the serosa. The polygonal cells of the epithelium contain four nuclei and show no signs of any secretary activity. 


After 24 hrs the developing egg is 0.5 mm x 0.3 mm, and already contains a thin, clearly segmented, inrolling embryo. Under the chorion now lies a gapless serosa, a fairly thick single-layered epithelium with mostly 4-nucleate cells. The cytoplasm of the serosa is mostly homogenous with occasional cells with groups of small colourless vacuoles indicating the beginnings of secretion. After 36 hrs the embryo has differentiated further. The serosa shows striking affinity to haemotoxylin. Its binucleate cells are as tall as broad, taller at the posterior pole. The nuclei lie at the inner half of the serosa cells, commonly overlapping, and in their immediate neighbouthood groups of large, colourless vacuoles appear (Fig 1). An active secretion seems to be present inside the egg. The rest of the peripheral cytoplasm is rather homogeneous and in some places appears immediately under the chorion to be slightly loosened into ‘foam’ and finely vacuolised. After 2 days the egg is 0.7 mm x 0.38 mm, and after 3 dasy fissorius ecloses.

[ Fig 1. Tangential section through the secretory [sezernierende] serosa of the egg of Diplazon fissorius 36 hours after oviposition in Epistrophe eligans, 1000 x ]


Within the body of the young larva, there develops within a few days large crystal-clear protein spheres without food intake through the mouth. By that time the host has reached the final instar and emptied its gut. Host and parasitoid then enter diapause. In the following spring after about 9 months, when the host forms the puparium, the young larva of Diplazon fissorius begins taking in food, ecdyses four times, and effects a parasite-induced histolysis of the contents of the puparium. Pupation follows in the puparium of the host. The female wasp can begin ovipositing immediately after eclosion.

4.
Failed defence reactions of Epistrophe eligans against Diplazon fissorius
Diplazon fissorius is a normal parasitoid of the syrphid Epistrophe eligans, and mortality in this host is relatively low. The entire embryonic development seems to proceed without interference, and the eggs are hardly attacked at all by lymphocytes. However, occasionally during the months-long diapause, gelatinous coatings are formed around immobilized fissorius larvae, derived from a lymphocyte reaction.


Twenty 2-day old larvae of E.eligans were each parasitized with one egg of fissorius. After 15 days on the dissection of some hibernating larvae, immobilized fissorius larvae were found stuffed with protein spheres. No trace of any defence reaction was seen. After 50 days they gave the following picture: 3 immobilized fissorius with clear protein spheres inside a complete thick gelatinous coating; 5 activated, slightly coiled, without protein spheres or gelatinous coating. The milky opaque layer of gelatinous substance covers the whole body or sticks to the body in loose shreds; it can easily be loosened and consists of a homogeneous mass with granular or drop-shaped inclusions. In addition it contains cell nuclei and merges into thick clusters of round blood cells.


This lymphocyte reaction occurs also very slowly during the diapause of the host. A syncytium with a gelatinous consistency forms around the completely immobilized young larva. Perhaps as a consequence of this coating, the parasitoids become somewhat activated and are capable of casting this coat again off again by purely mechanical means. It is striking that in parallel with this activation, the characteristic protein spheres almost completely disappear.


In a further study, we transferred active fissorius larvae from larvae of Episyrphus balteatus about to pupate into diapause larvae of eligans, and great mortality was observed. Most parasitoids shrivelled and died. A thin gelatinous mantle surrounded the larvae. This observation shows therefore that during diapause Epistrophe eligans is capable of a lymphocyte reaction, even if slowed down.

5.
Defence reaction of Syrphus ribesii against Diplazon fissorius
As a rule the first phases of embryonic development of Diplazon fissorius proceed in the first and second instars of Syrphus ribesii without any interference. A blastoderm and embryonic tissues form. However, already after 24 hrs eggs are enclosed in a thin, somewhat opaque milky gelatinous layer, and after 2-3 days we established that the approximately 1-day old embryo had not grown any further, and that the shrivelled and collapsed eggs had been enclosed in a thick, partly villous, gelatinous mass. The defence reaction therefore proceeds very vigorously and ends with a blocking of development and the liquidation of the small, still scarcely segmented embryo. Occasionally a further differentiation occurs, or indeed a pitiful young larvae can sometimes develop which ecloses as soon as the shell splits, as with the egg immediately becomes surrounded by a thick layer of gelatinous material. A thick globule of white material forms around the egg shell and embryo (Fig 3a).


From the outside inwards, we can distinguish four layers in such a capsule around the egg of Diplazon fissorius:- 

1. Lymphocyte layer, where the partly vacuolized blood cells accumulate before they run together into a syncytium

2. Gelatinous layer. Here the nuclei together with their nucleoli increase in size, lose their affinity for haemotoxylin, and degenerate into an initially roughly foamy but later homogeneous gelatinous ground mass, which behaves like cytoplasm towards haemotoxylin (Fig 9). A few giant nuclei remain in the gelatin. This layer can overlie the chorion directly, or be underlain by one of the following layers (Figs 2a,b).

3. Chromophilous layer with gelatinous granular or more lamellar-less character. The nuclei are more or less broadened and flat, and are characterized by their dense granular structure and an extraordinary affinity for haemotoxylin (Fig 2c).

4. Lamellar layer, which always lies directly on the chorion, and consists of one or several thin, virtually unstainable lamellae. The lymphocytes here are broadened and flat on their under surface, and are covered by a relatively large expanse of a thinner layer. The nuclei endure the same changes in shape and degenerate into a neutral staining ground substance. This layer is often somewhat brownish, I presume as a consequence of the laying down of melanin (Fig 2d).

[ Fig 2. Encapsulation around the egg of Diplazon fissorius in Syrphus ribesii. Longitudinal section, 850 x. C = chorion, S = serosa, G = gelatinous layer. (a) homogeneous fine gelatinous layer, most nuclei have already disintegrated; (b) gelatinous layer with large vacuoles over the chorion as the remnants of the disintegrated nuclei; (c) chromophilous layer (CS) between chorion and gelatin layers, to the lamellar base. Nuclei (K) flattened out and coarse-grained, N = nucleolus; (d) lamellar layer (LA) between chorion and gelatin layers. The serosa here still contains large vacuoles (V) ]


How does the Diplazon egg behave during the defence reaction ? The serosa can show a secretory activity after 24 hours, despite the gelatinous coating. Especially at the hind pole, the serosa cells are enlarged in a series of sections (Fig 2d) and project with foamy vacuolized swellings into the egg. In places on the outer edge of the serosa cells there appear fine, light-coloured vacuoles and strongly coloured small inclusions. In later stages irregularities in thickness and activity of serosa become noticeable. Only isolated small clusters of vacuolated cells remain behind. The development of the embryo is at a standstill, and after two days the individual cells of the serosa and embryo begin to decay.


The very active cell divisions of the 17-hr-old embryo, the intensive secretory activity of the serosa under the gelatinous coat after 24 hrs, and in addition the sporadic cases of normal development of embryos even after 48 hrs, in spite of the uninterrupted gelatinous coat, allows us to conclude that not only dead or in any way abnormal, but also perfectly normal eggs ready to develop become encased by lymphocytes. The developmental interference normally has already begun at a moment when the gelatinous material is still thin. On the other hand from serial sections one gains the impression that there is also an effect of the serosa on the lymphocyte encapsulation, since the parts next to the chorion, in contrast to those at the periphery, are often incapable of transforming into the homogeneous gelatinous material, but stand still at various intermediate stages of degeneration.


Very commonly the still active young larvae are immediately encased by lymphocyte masses after leaving the egg shell, but they usually succeed in getting rid of their [eggshell] with winding movements (see also Epistrophe eligans). We find the remains of this gelatinous material almost always on the clusters of the exterior, thin-walled tentacular sensilla on both sides of the mouth opening. Entire clumps of gelatinous material hang here, and it is not impossible that the function of this sensory organ is seriously impaired. It is difficult to determine whether as in the case of the micropyle of Diplazon fissorius eggs (see below) these thin-walled places on the body are especially vulnerable to the defence reaction, or whether the gelatin can no longer be cast off from here by the parasitoid. 


To study the connections between egg number per host and mortality of the parasitoid eggs, 50 one-day-old larvae of Syrphus ribesii were set up with 1-5 eggs of Diplazon fissorius, and dissected after 3 days. The hosts were all the descendants of one single female. The mortality of the parasitoid eggs amounted to 91% for 1 egg per host, 50% for 2 eggs per host, and 0% for 3 and 4-5 eggs per host.


In another test, one egg each was laid in freshly eclosed larvae. The mortality in this case was only 70%. On the other hand, I found time and again that larger larvae (L2 and L3) were capable of a much more effective defence reaction, to which fell victim even the entire batch of parasitoid eggs of those parasitized by 3-5 eggs. The success of the defence reaction of Syrphus ribesii is clearly reduced by increasing numbers of eggs per host, and increases with the size of the host larva.


In contrast to Epistrophe eligans and Episyrphus balteatus, the parasitization of Syrphus ribesii by Diplazon fissorius often leads to severe injury of the host, even when the parasitoid has still not yet started taking in food, or the defence reaction of the host has run successfully. In trifling cases this amounts to a deepening of the diapause retardation in the mature larva. Larvae of Syrphus ribesii that have been parasitized by two or more eggs often show severe developmental interference, growth period is extended, the ecdyses become delayed, and the animals suffer an extraordinarily high mortality even under otherwise optimal conditions. The defence reaction does not fail to appear in such cases, but it is normally not really effective since individual parasitoids complete their embryonic development and eclose.

6.
Defence reaction of Episyrphus balteatus against Diplazon fissorius
The defence reaction of Episyrphus balteatus shows many peculiar features different from those of Syrphus ribesii. The parasitoid egg is also here encapsulated, but the capsule material does not consist of colourless gelatin, but of a brown nuclei-free substance. The capsule in Episyrphus balteatus is also thinner and tougher than that of Syrphus ribesii (Fig 3b).

[ Fig 3. Encapsulation of the egg of Diplazon fissorius in Syrphus ribesii (a, 110 x) and Episyrphus balteatus (b, 130 x). S= serosa, E = embryo, G = gelatin layer, CI = primary homogeneous layer, L = layer of lymphocytes. Both eggs are two days old, and embryonic development is blocked in (a) and progressing normally in (b). The capsule in (b) is very incomplete [“gappy”]  ]


A further characteristic is that the embryo is normally not killed although the coating often already completely encloses the egg after 24 hours. Of course the encrusted chorion loses its ability to stretch, the egg remains small and the young larva achieves only miserable dimensions with head capsule widths of 0.26 - 0.31 instead of 0.35 mm. If the eggshell is completely covered with brown encapsulating material, it can no longer be shed from the parasitoid and the young larva remains enclosed in its prison, whilst the host undergoes normal development. The brownish-black capsule - often with a living but stunted larva - is found later still in the abdomen of the eclosing adult fly.


In sections through one such capsule, one can distinguish from the inside outwards the following layers:

1.  A lymphocyte layer, consisting of rounded lymphocytes stuck together and expanding construction of many large vacuoles in the cytoplasm.

2.  A honeycomb layer. Here the lymphocytes have joined together into a vacuole-rich syncytium, the chromatin conglomerates together in clumps in the nuclei, and often the vacuolised plasma coagulates together with the degenerated nuclei into the honeycomb brown encapsulating material (Fig 4). 

3.  Homogeneous layer. This consists of nuclei-free, homogeneous brown material with a tough quality, sticking firmly to the chorion.

[ Fig 4. Honeycomb layer in a capsule from Episyrphus balteatus. Lymphocytes (L) degenerated, loose honeycomb layering of dark capsule substance over the homogeneous primary layer (CI) two days after oviposition. S=serosa, E=embryo. 450x ]

Since the encapsulation material is coloured brown and it is not easy to loosen it from the eggshell, the course of encapsulation was followed easily in vivo or using serial sections. The reaction always begins at the anterior pole of the egg over the micropyle. Here the chorion is pierced in an irregular roundish area about 0.02 mm thick, allowing a much more active exchange of material between egg and host haemolymph than over the rest of the egg surface. The lymphocytes therefore are not drawn first of all to the chemoreceptively inert chorion, but to the egg contents that are in the most direct contact with the haemolymph via the micropyle. The blood cells subsequently settle on other places of the egg surface and quickly transform into encapsulation material. The material that is laid down immediately within about the first 24 hrs, later creates the homogeneous layer. Lymphocytes that join later produce more honeycomb-like coarse structures over the primary layer. After the first phase when there are still gaps over the chorion, these are filled in by groups of vacuolised lymphocyte masses, and then the blood cells here retain their original character for a long time and the degeneration of the encapsulating material is strikingly inhibited.


In section (Fig 3b, 5) the primary insular brown lumps laid down are joined together by bridges of light, undegenerated lymphocytes. It looks totally as if from a particular specified time until the formation of the capsule the path from the egg to the haemolymph [the “humoral path”] is blocked, or at least inhibited, and it is no accident that the start of this inhibition coincides roughly with the beginning of the secretory activity of the serosa.

[ Fig 5. Restriction of encapsulation in Episyrphus balteatus two days after oviposition of the fissorius egg. The primary homogeneous layer (CI) makes islands on the chorion (C) with the coarse-honeycombed layer (Z). In the spaces the transformation of the lymphocytes (L) into encapsulation substance is hindered. 450 x. ]


Fig 6 illustrates the connection between encapsulation and the number of eggs per host. From 1 to 5 Diplazon fissorius eggs were laid in small L2 larvae. All hosts were descendants of the same fly, and the eggs came from the same Diplazon females. After 2 days, all syrphid larvae were dissected and the eggs drawn under the microscope. The parts with brown encapsulation material are marked in black. The upper row shows the situation where there was one egg per host; the central row is for two eggs per host, and the third row for 3-5 eggs per host. From this picture it is easily to see that with increasing numbers of eggs per host, encapsulation becomes ever more incomplete, and finally is confined to the small cap over the micropyle or fails to appear at all. The total amount of encapsulation material that is laid down on average in each host clearly decreases.

[ Fig 6. Relationship between the number of eggs per host and encapsulation in Episyrphus balteatus (see text). Black = encapsulation material; upper row = 1 egg per host; central row = 2 eggs per host; lower row = 3-5 eggs per host. Notice the caps over the micropyle ]


It becomes less a question of whether the number of available lymphocytes is just sufficient to encapsulate a single egg successfully, but rather that encapsulation is very significantly inhibited with increasing numbers of eggs (instead of being stimulated !). If one assumes that this inhibition derives from the eggs themselves and its penetrating power gradually increases, then with the increase of these quanta of inhibition encapsulation becomes arrested at an ever earlier stage. This is obviously a matter of a quantitative blocking of the defence reaction of the host by the eggs of the parasitoid.


This connection between the number of eggs and the extent of encapsulation is always evident in the various rearing studies, although the outcome of the defence reaction is dependent upon the provenance of the rearing material and perhaps also the rather large variation in rearing conditions. This regularity became evident through comparing sibling hosts and parasitoids of the same lineages under identical rearing conditions. 


After oviposition of one-day-old larvae [into hosts], the success of parasitization can be very large (14 wasps, 3 flies) or also fail completely. On average as in Syrphus ribesii the reaction clearly increases with the size of the host. The degree of perfection in the encapsulation after the first phase is often determined by the life and death of the host. If spaces are left in the tough coating, then this flaw can usually no longer be remedied and the eggshell expands excessively at this point and finally is broken through by the parasitoid [hatching]. 


The egg is often completely encrusted up to a short narrow strip. The young larva manages to burst out from the eggshell at this point, but it is left hanging with its head in the capsule. The parasitoid carries a kind of “muzzle”. In one experiment 2-4 eggs were laid in young L2 larvae. After five days there were seven complete capsules, five “muzzled” larvae and five normal young Diplazon fissorius larvae in the fully grown L3 larvae.


In another experiment, four female Diplazon fissorius laid 1-3 eggs in each of 68 freshly eclosed L2 larvae of Episyrphus balteatus. After six days the syrphid larvae were fully grown: those that had been parasitized by a single egg mostly contained perfect capsules; in larvae with 2-3 eggs the parasitoids had already eclosed from incomplete capsules, or still lay enclosed within asymmetrically bulging eggs. After 13-14 days, 13 flies emerged, and in four cases the brownish black capsule was visible from the outside as a darker spot on the ventral side of abdominal segments 3-4. Sectioning of the animals brought capsules to light in all cases, mostly in the central or posterior part of the abdomen, with the following characteristics: 5 capsules were without holes, and inside were stunted young larvae that were sometimes still moving in physiological saline; 3 capsules had a small fissure from which the tail or a bulge of the central part of the body of a living young larva projected; 5 torn capsules with a protruding young larva where only the head still remains attached, a typical “muzzled” larva.


After a further three days, apart from many uniform brown normally parasitized puparia, there were two remaining puparia from which the adult flies obviously were unable to eclose. One fly was completely coloured, but in the other only the head and thorax were pigmented. One of them was already dead, but in the other the heart still beat in physiological saline. The abdomen in both cases was completely stuffed with separate chalky white urate cells, and also the Malpighian tubules were swollen up and overloaded with urate material. Fat- and protein reserves were exhausted. In the abdomens of both flies were found living “muzzled” larvae of Diplazon fissorius whose guts were already filled but they had not yet ecdysed (Fig 7). In both cases there was a connection between the mouth opening and host haemolymph. Either only the side of the head was clamped in, or the tail was also clamped in next to the head, and between them there was a gap in the capsule.

[ Fig 7. Young larvae of Diplazon fissorius that have been left hanging with their heads in the egg capsule. Left: sealed conclusion, host developed normally. Centre & Right: food uptake and saliva secretion possible, host and parasitoid die in the puparium ]

On the basis of these and other experiments, we were able to distinguish between the following developmental possibilities of host and parasitoid:

	No.
	Capsule
	Parasitoid
	Host

	1
	fully formed and remains intact
	remains alive in the capsule for a long time in spite of stunted development
	adult fly ecloses normally

	2
	formed defectively and splits
	head cut off from rest of body, no protein mobilisation, no ecdysis
	adult fly ecloses normally

	3
	formed defectively and splits
	head becomes clamped but not cut off; no connection between parasitoid mouth opening and haemocoel of host, and hence neither food uptake nor ecdysis occur, but protein is mobilised
	adult fly ecloses normally

	4
	formed defectively and splits
	head is clamped in, closure not sealed, food uptake and salivary secretion [occur] but no ecdysis
	fly differentiates in the puparium, normally or with defective pigmentation, eclosion blocked, exhaustion of reserves, buildup of urate material, dies [exitus] in puparium

	5
	not formed, or formed defectively and shed early by the young parasitoid larva
	normal development, ecdyses, metamorphosis in host puparium
	normal development to puparium formation, then ecdysis and pupation blocked, dies and parasite-induced histolysis


From this tabulation it follows that the host-parasitoid relationship ends in favour of the host when the either the entire young larva or its head remain sealed into the egg capsule, but both die as soon as the clamped parasitoid can secrete saliva into the blood of the host.

7.
Defence reaction of Episyrphus balteatus against Diplazon laetatorius
Diplazon laetatorius is a normal and very common parasitoid of Episyrphus balteatus. In contrast to the arhenotokous Diplazon fissorius, here females develop from unfertilised eggs. In our studies over 4-5 generations males were never produced. Kelly (1914) mentioned that this species lays its eggs in syrphid eggs. Kamal (1927) observed that in addition to oviposition in young syrphid larvae, they also laid in eggs, but he specified that a successful parasitization would only be possible if the embryonic development of the host was already far advanced and the egg was nearly ready to hatch. I can confirm these statements of Kelly and Kamal with reference to Diplazon laetatorius, but I never succeeded in inducing Diplazon fissorius to oviposit in the eggs of its own or exotic hosts.


The eggs of Diplazon laetatorius are much thinner than those of fissorius, and their development lasts only one instead of three days. The young larvae start immediately to take in food. During superparasitism only one individual develops per host, and all competitors die in eggs or freshly hatched L1 larvae. The parasitoid is polyvoltine, just as its host Episyrphus balteatus. The wasps show a great reluctance to lay more than one egg per host.


The following examples show that even eggs of Diplazon laetatorius in its normal host can become encapsulated. One-day-old young larvae of Episyrphus balteatus were parasitized with eggs. Of 30 puparia it was shown later that 26 were parasitized, but adult flies eclosed from four of them each with a brown-black egg capsule (0.8 x 0.27 mm) in the abdomen. The capsules contained normally developed but dead young larvae.


A further experiment served to determine the parasitisation success in relation to the age of the host and the number of eggs per host. In all cases of unsuccessful parasitization, the eggs were immediately encapsulated. In contrast to the experiments with Diplazon fissorius, here we could not determine the egg mortality caused by the defence reaction alone since the first parasitoid to hatch had often already killed their competitors in the egg stage.


The percentage of larvae of Episyrphus balteatus successfully parasitized by Diplazon laetatorius at 24 (C was:

	Age of the host at oviposition
	Number of eggs laid per host

	
	1
	2
	3-6

	freshly hatched young larvae
	100
	100
	-

	second-instar larvae
	21
	60
	100


In this case also the parasitization success [increased] in the larger rather than smaller host individuals, and with larger numbers of eggs per host.


In a further experiment, an egg was laid in each [of a number] of L2 larvae of Episyrphus balteatus, and in most cases immediately they formed a sturdy dark-brown capsule. Apart from these intact capsules, there were found in 3 of 10 cases scattered pieces throughout the body, one individual appeared spotted with brown-black exteriorly and more full of shreds of capsule material. The formation of capsule material was obviously strongly stimulated by being parasitized, and we must suppose that Episyrphus balteatus has at its disposal a considerable potential to lay down such encapsulating material.


Our experiments contradict the widespread opinion that a parasitoid in its normal host elicits no defence reaction or puts up an effective resistance to it [the host defence] in all cases. The reaction proceeds very fiercely also against Diplazon laetatorius. However because of its extremely short embryonic development, the parasitoid is very often able to escape complete encapsulation. Also it prefers to oviposit in the youngest larvae in which the defence reaction proceeds relatively slowly. From this angle the characteristic of Diplazon laetatorius in taking every chance of laying its eggs into the about-to-hatch eggs of the host, does not seem out of place since by it the parasitoid increases not only its chances of actually being able to lay its eggs, but at the same time it avoids the defence reaction of the host.

8.
Results of further studies and conclusions

We return again to the fundamental questions set out in section 2. Can we actually talk of a defence reaction of the host, or does encapsulation follow secondarily after the parasitoid has already been weakened or indeed killed by other causes (Thompson 1930)? In Episyrphus balteatus we have seen that the embryo develops further in spite of encapsulation. The parasitoid is capable of bursting out from an incomplete capsule, or also remaining alive in captivity for a long time. Nothing was noticed of any prior weakening. Furthermore we do not see why Diplazon laetatorius should not be viable in its normal host Episyrphus balteatus when the second larval instar is parasitized instead of the first, the more so since via superparsitism successful parasitization could be increased dramatically. Generally the connections between parasitoid mortality and host age or number of eggs per host would be difficult to understand under the supposition of a mortality factor other than encapsulation. Encapsulation is therefore not a simply a symptom but is a primary cause of death.


Encapsulation begins over the micropyle in Episyrphus balteatus and indeed also in Syrphus ribesii during the first phase of embryonic development, and only later the rest of the egg surface becomes covered in lymphocytes. It [encapsulation] is obviously stimulated less by foreign bodies as such, but by particular materials that reach the host blood.


In Syrphus ribesii and Episyrphus balteatus the lymphocytes are transformed by autolysis into homogeneous capsule material. In fact large vacuoles appear in the blood cells that have been laid down, and surely these are exclusively used for autolysis. No secretion seems to be produced that exerts a toxic or special histolytic effect on the parasitoid egg. In Episyrphus balteatus the embryo undergoes its development in spite of encapsulation. In Syrphus ribesii development is actually blocked, but the serosa and embryo only start to degenerate much later. In contrast to Episyrphus balteatus, the thick gelatin obviously inhibits here the exchange of material, particularly respiration.


Above we have already indicated several times that something comes out from the Diplazon fissorius egg that has the effect of inhibiting encapsulation in the syrphid larva. This problem is of fundamental significance. It is not insignificant for the outcome of the host-parasitoid relationship whether the parasitoid endures passively a more or less successful defence reaction by the host, or whether it comes out to do battle. In the second case it is not just the ability of the host to mount a reaction, but just as much that of the parasitoid that will determine the life or death of both partners. 


The following observations support the hypothesis of an inhibitory effect from the egg on the lymphocytes taking part in encapsulation:

1.  Egg mortality reduces with increasing numbers of eggs per host. In Episyrphus balteatus we can easily show that also the total amount of preciptated encapsulation substance is significantly reduced (Fig 6).

2.  If gaps remain in between the primary layer of encapsulating substance in Episyrphus balteatus, then as a consequence encapsulation is strikingly inhibited (Fig 3b, 5).

3.  The formation of capsule material does not occur continuously in Episyrphus balteatus. over the homogeneous primary layers are laid down vacuole-rich coarse-honeycombed masses (Fig 4), in which autolysis of the lymphocytes stalls at an intermediate stage.

4.  When L2 larvae of Syrphus ribesii or occasionally also L1 larvae are parasitized with an egg, and the defence reaction quickly sets in, capsules form of very homogeneous structure (Fig 2a), or large vacuoles remain behind solely near the chorion (Fig 2b). In L1 larvae which do not have the maximum defence readiness at their disposal, the egg is often covered by a lamellar or chromophile layer and only later by typical homogeneous gelatin. This amounts to an inversion of the capsule structure, in which the outermost youngest layers are transformed much further than the inner ones (Fig 2c, 8). This appearance is only explicable under the supposition that the normal autolysis of nuclei is inhibited by the start of the lymphocyte reaction, and that in parallel with the increasing shielding and with the gradual impairment of egg activity this inhibition constantly decreases.

5.  Figure 9 shows that in the capsule of Syrphus ribesii the disintegration of nulcei can occur in several ways. On the left lies a swollen giant nucleus with normal chromatin parts and a large nucleolus. Then next to this is a cloudy zone in which an entire series of nuclei have just degenerated. Each light halo corresponds to a nucleus. In the centre there is only the nucleolus left of a nucleus, the surrounding chromatin having transformed into stain-neutral masses. On the right next to it another nucleus has degenerated into strongly coloured granular masses, and in the future will form a component of the adjacent chromophile layer. Such a section means likewise as a result that near the chorion the formation of the typical homogeneous gelatin is neutralized by some kind of inhibitory factor coming from the egg.

[ Fig 8.  Inversion of the capsule structure in Syrphus ribesii. S=serosa, C=chorion, CS=chromophile layer, GG=coarse gelatin layer containing nuclei, FG=fine homogeneous gelatin without nuclei. 700 x ]


The active secretory activity of the serosa is connected with the nutrition of the embryo as in the case of the trophamnion in polyembryonic Hymenoptera. The inhibition of the lymphocyte reaction must derive from this epithelium enclosing the entire embryo and into the blood [the humoral channels]. As long as the serosa has not yet formed or is not yet capable of functioning, homogeneous capsule material is laid down onto the eggshell (primary capsule material). Thus the cap over the micropyle, which is laid down first of all, also consists of typical homogeneous capsule substance in Episyrphus balteatus, and also in Syrphus ribesii. Hence the characteristic interference with encapsulation sets in with the start of serosal activity, which in Episyrphus balteatus usually stops because embryo and serosa respectively develop further and remain active, but in Syrphus ribesii after a short time is removed completely again with the progressive coating and isolation of the egg. The defence reaction of the host is therefore all the more effective, the quicker and more massively it is employed after oviposition, and the more completely the capsule is already formed by the beginning of serosal activity. In the subsequent race between host and parasitoid, the prospects of success for the former are all the greater, the fewer the parasitoid eggs present and the larger the host individual, in other words, the less inhibitory material produced in its body and the more these are diluted in the blood. This interpretation lets us arrange our experimental results easily.


In drawing together the cases hitherto observed of a defence reaction of insect blood against parasitic Hymenoptera and Diptera (see Table), the Lepidoptera represent by far the best as hosts. Examples from other Orders are at the moment still very sparse. Mostly the defence is directed against eggs, more rarely against young larvae. The final column [of the Table] gives the reaction type to which the host concerned probably is to be allocated: “r” means that encapsulation is similar to Syrphus ribesii, “b” applies to Episyrphus balteatus.

	
	ribesii type
	balteatus type


	Disintegration of the capsule nuclei
	often continuous and incomplete
	simultaneous by layer


	Encapsulating material
	colourless, gelatinous, initially and also often later containing nuclei
	brown, tough and without nuclei (dead)


	Capsule
	mostly very thick
	thin



The ribesii type obviously overwhelmingly predominates. According to some authors, such capsules together with the dead parasitoids, in contrast to those of the balteatus-type, could be reabsorbed by phagocytosis at the latest during the course of metamorphosis (Lartschenko 1932).

9.
Summary

1. The ichneumonid Diplazon fissorius is a normal parasitoid of the univoltine hoverfly Epistrophe eligans. Its embryonic development at 20 (C lasts for three days. About 24 hrs after oviposition an active centripetal secretion begins in the embryonic membranes (serosa).

2. The young larva of Diplazon are gradually enclosed by lymphocytic material during diapause from which they free themselves again mechanically.

3.  In the alien hosts Episyrphus balteatus and Syrphus ribesii, the parasitoid eggs trigger a defence reaction by which lymphocytes attach themselves to the eggshell and transform themselves into a adhering capsule.

4.  In larvae of Syrphus ribesii a thick capsule of gelatinous, light-coloured and mostly granular substance is formed around fissorius eggs, and embryonic development becomes blocked at an early stage.

5.  Episyrphus balteatus forms a thin resistant brown and homogeneous capsule around parasitoid eggs which usually does not halt development but which presents young larvae with mechanical difficulties of emerging from the eggshell and hatching.

6.  The formation of the capsule begins above the micropyle

7.  If the capsule of Episyrphus balteatus has gaps in it, it can be split by the parasitoid. The head of the parasitoid frequently remains in the capsule. If the trapped parasitoid can nevertheless inject saliva into the blood of the host, the host and parasitoid die during the pupal stage.

8.  In larvae of Syrphus ribesii and Episyrphus balteatus the speed and effectiveness of the defence reaction appreciates considerably with the size of the host. On the other hand, its impact is lowered with increasing numbers of eggs per host.

9.  The parthenogenetic Diplazon laetatorius also suffers from a powerful defence reaction in its normal host Episyrphus balteatus, but it frequently escapes encapsulation as a result of its very short development and because the wasp often lays its eggs in the host either before or immediately after the host has hatched [from its egg]. In older larvae the parasitization is more successful according to the number of eggs laid per host.

10.  From various observations one may conclude that the defence mechanism is not triggered only by dead or weakened parasitoids but it also eliminates healthy parasitoids.

11.  The primary desposited capsule substance is homogeneous in Syrphus ribesii and Episyrphus balteatus. As soon as the serosa begins to secrete, noticeable anomalies and inhibitions appear in the formation of the capsule substance. In the case of Syrphus ribesii these inhibitions disappear again once the egg is fully enclosed and the parasitoid’s development is blocked. An inversion of capsule structure results, in which the outermost youngest layers are much more transformed than the inner ones.

12.  In Episyrphus balteatus not only does the success of parasitism rise with the number of eggs per host, but also the total mass of capsule substance formed on average per host decreases considerably as more eggs are laid.

13. From 8, 11, 12 and further observations, it can be deduced that in Diplazon fissorius, toxins reach out from the actively secreting serosa - toxins which block the defence reaction of the host and particularly the transformation of lymphocytes into capsule substance. The smaller the hosts and the more toxin quanta that reach the host, the sooner the parasitoid succeeds in stemming the defence reaction.

14. From an analysis of previously observed defence reactions of insects against parasitic Hymenoptera and Diptera, it can be concluded that the ribesii type is much more common than the balteatus type.
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