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2. 

ABSTR2,CT 

A new species of neogregarine protozoan, Lymphotropha tribolii  

Ashford(1965) is described from the haemocoele of the red flour beetle, 

Tribolium castaneum (Herbst). The trophozoites, which live extracellularly 

in the haemolymfa are larse, and have longitudinal striae. There is only 

one type of schizogony, in which about eight merozoites are produced, and 

this is rarely seen. Gametogony produces 32 gametes, but instead of the 

expected 16, an average of 9 or 10 lemon shaped spores (oocysts) are 
formed. 

Young larvae only of T. castaneum were susceptible, and a dose of 105  

spores per sL. of culture medium caused 50 mortality. Larvae of four 

other species of Tribolium were also cuseerti111,?, but T.confusum proved 

refractive to infection. 

The parasites produced a pronounced host reaction in the form of 

encapsulation. However, as only encysted gametocytes were affected, 

little benefit could be had by the insect. 

The parasites had remarkably little effect on the physiology of the 

host; no gross changes could be discerned in larval oxygen uptake, 

susceptibility to D.D.T., or activity. The disease caused severe 

reduction of the food reserves in the ft body, and slowed the rate of 

larval gain in weight. 

Death was thought to be caused by the physical obstruction of the 

host/ssystem, and by a form of tissue starvation. 

Adults, which were not susceptible, sometimes survived larval 

infection. About 25% of the survivors had a decreased longevity and feale 

oviposition rate, but the remainder were apparently unaffected. 

The taxonomy of Farinocystis tribolii Weiser, and Triboliocystis 

garnhami Dissanaike has been investigated, and it is concluded that 
clete 

onlykspecies is involved, which must be called Farinocystis tribolii 

but that the original description requires considerable amplification. 
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7. 

INTRODUCTION  

Insect pests regularly cause heavy losses in stored produce 

throughout the world. 	Control of pest outbreaks usually depends on 

preventive measures such as the cleanliness of warehouses, and the rapid 

turnover of produce. 	Insecticidal methods of control depend mainly on 

fumigation, as solid or liquid insecticides tend to leave undesirable 

traces. 	Matever preventive `or control methods are used, they are 

expensive and require skilled operation. 

Stored products insects, particularly the beetles of the genus 

Tribolium are well suited to mass laboratory rearing, and arc commonly 

cultured for use in studies on such basic subjects as genetics and 

population dynamics, as well, as for insecticide assays. 

The importance of pathogens in these insects is thus two—fold. 

First, they may constitute a potential biological accessory method for 

the control of pest outbreaks, and secondly, laboratory cultures must 

he kept disease—free or misleading experimental results may be obtained. 

The widespread rearing of stored products pests for laboratory 

purposes had led to the discovery of many pathogens which might have passed 

unnoticed in nature. 

In 1953, a neogregarine pathogen of Tribolium castaneum (Herbst) 

was discovered in cultures in the Laboratory of Insect Pathology, Prague. 

This parasite, Farinocystis tribolii 'deiser, was subsequently found 

destroying cultures in many other insectaries, and also in wild populations 

of T.castaneum. 	A rather similar protozoan was described from the same 
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host species by Dissanaike (1955) as Triboliocystis garnhami. 

The original purpose for the work presented in this thesis 

was to sort out the taxonomic position of these two organisms, and 

to investigate the nature of their pathogenicity in Tribolium spp. 

However, early attempts to produce infections were diverted 

by the discovery of a third, and new, neogregarine in the Imperial 

College cultures of T.castaneum. This protozoan, which was described 

as Lymphotropha tribolii Ashford was easily cultured and after elucidat- 

ing its life cycle, it was decided to investigate various aspects of its 

pathogenicity. 

Infective material of F.tribolii later became available for 

study, and it was possible to clarify some points in its life cycle. 

The conclusions drawn from the life cycles of the two species studied 

have general relevance to the taxonomy of the neogregarines, which is 

discussed at the end of this thesis. 
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INTRODUCTORY REVIEW 

A fine review of the history of insect pathology is given by 

Steinhaus (1956a), in which the predominance of early observations on 

fungal and bacterial diseases is stressed. 	The first record of a 

protozoal insect disease probably came from Aristotle, who observed 

honey bees, Apis mellifera L., dying as a result of infection with 

what may have been Nosema apis Zander. Recognition of the importance 

of protozoa as insect disease agents came with Pasteur's work in the 

mid 1800's on pebrine„ the disease caused by Nosema bombycis Nggli in 

silkworms, Bombyx mori L. 

The first discovery of a pathogenic sporozoan infecting a 

stored products beetle came at the turn of the century when Leger, 

publishing a series of important works on the gregarine parasites of 

insects included the description of Ophryocystis mesnili from the larvae 

of the yellow meal worm, Tenebrio molitor L.  

Since that time, stored products insects have been the subjects 

of intensive research. 	Cotton (1956) gives a review of the species 

of importance in the United States, and Hinton (1945) extensively 

reviews the beetles of 12 families occurring in stored products. 	The 

completion of this monograph would represent a milestone in stored 

products entomology. 	Munro (1966) has given a popular review of the 

most important stored products pests, in which he mentions 47 beetles 

belonging to 15 families. 	The most important families are the 

Dermestidae and Tenebrionidae, though species of major importance belong 

also to the Anobiidae, Ptinidae, Cleridae, Nitidulidae, Cucujidae, 

Mycetophagidae, Bruchidae and Anthribidae. 
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Good (1933, 1936) has summarised the biology of the flour beetles, 

Tribolium  spp. (Tenebrionidae), and has shoun how the preadaptation 

of T.confusum  and T.castaneum  has led to their becoming the most 

serious pests of stored grain products throughout the warmer parts of 

the world. 	Even in such a well known group of beetles, there has 

been very little work on their protozoan parasites. 

The most widespread sporozoa associated with insects are 

the eugregarines, which have been reported as non—pathogenic parasites 

from most orders. 	Steinhaus (1949) found in a brief survey of the 

literature that 180 species of Coleoptera have been described 4S 

harbouring gregarines. This number compared with 67 from the 

Orthoptera, and smaller numbers from 13 other orders. 	It is probable 

that many more beetles are hosts to gregarines, but that only a small 

proportion of these have been described. 

Foerstor (1938a,b) made an extensive survey of the grogarine 

parasites of Silesian insects. 	Of the 24 species of stored products 

beetles which he investigated, he found 17 to be parasitised by 14 

species of gregarinc6 	Thu parasites belonged mainly to the large 

genus Gregarina,  and to the genus Pyxinia.  

The species of GregarinoLinfecting Tenebrionid beetles have 

been listed by Thdedorides (1955). Among the members of this family 

infesting stored products, Tribolium confusum  harbours G.minuta  Ishii 

and G.polymorpha  Hammerschmidt; T.castaneum  is infected by G.minuta,  

and Tenebrio molitor  L. is host to G.steini  Berndt, G.polymorpha,  and 
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G.cuneata  Stein. 	Steineina ovalis  Stein is a less common parasite 

of this last beetle. 	Ishii(1914) described three species of 

ettgregarine from Tribolium forrugineum  Fabr. (=T.castaneum  (Herbs)) 

in addition to G.cuneata  Stein. 	Watson (1916) split one of his 

species, and questioned the validity of the others. 	Laird (1959) 

pointed out that all the descriptions are incomplete, and that further 

work is required before the species of eigregarine parasitising 

Tribolium  spp. can be enumerated. 

Gh6m (1943), in a classic study of the gregarine parasites 

of T.molitor  found that each was distributed within the host's gut 

according to the pH.of the region. 	He also showed histochemical 

differences between associating sporonts (gametocytes) of G.cuneata.  

Sumner (1936) experimented on the rate of growth and longevity 

of larvae of T.molitor  infected with G.steini,  and claimed that the 

gregarines were essential for the normal growth of the larvae. Her 

observations were however made on very small numbers of insects in 

poorly controlled conditions, and her conclusions are open to further 

examination. 

The species of the genus Pyxinia  have been summarised by 

Vincent (1922), who showed that all the 6 known species parasitise 

stored products beetles (Dermestes  spp. and Anobium paniceum  (L.)). 

P.crystalligera  Frenzel has been extensively studied in Dermestes  

vulpinus Fabr. by Kozloff (1958, Kozloff and Brown, 1963) who succeeded 

in obtaining in vitro  hatching of sporozoites both in media prepared 

from the host gut and in preparations containing the enzyme trypsin. 
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Beetles infected with ougregarinos may also contain neogreg—

arines, as has been shown by Finlayson (1950) who found Gregarina  

laemephloei\ Foerster in stocks of Laemophlocas minutus Olivier infected 

with Mattesia dispo-ra Neville, and Tyler (1962) who found eugregarines 

in Tribolium confusum infected with Triboliocystis garnhami. 

The schizogregarine parasites of insects (Schizogregerina, 

L6ger (1900) in part; Neogregarina, Grasso: (1953)) are commonly path—

ogenic and therefore prospective candidates for use as biological 

contr-1 agents Miser 1962, 1963 ) 

Apart from Tenebrio molitor, Ophryocystis mesnili, mentioned 

above, has been found by Steinhaus and Marsh (1962), and Lipa and 

Steinhaus (1962) also to infect Trogodorma granarium Everts, and four 

other beetles of the same genus. 	Canning (1964) described another 

neogregarine, Mattesia trogodrmae, in T.granarium, and imdicated its 

differential pathogenicity in different strains of the host. 	This 

parasite was not infective to the hosts of Mattcsia dipora, which 

include two moths, and the beetles Cryptolestem_sisillus (Schtinherr) 

(=Laemophloeus minutus) and C.ferrugineus Stephen, but not C.turcicus  

Grouve, from the stored products medium (Finlayson, 1950). 

Weiser (1953a) described the first neogregarine parasite 

from Tribolium castaneum, which he naoaed Farinocystis tribolii, and 

which he found to decimate labola',ory cultures of the beetle. 	The 

life cycle of this parasite was somewhat anomalous in that the gameto—

cytes were plurinucleato on association, and apparently homologous 

with the macronucloar schizonts of many other neogregarines. 
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F.tribolii  has subsequently been found in the U.S.A. by 

Stcinhaus and Marsh (1962). 	Jafri (1961, 1964) found that T.castaneum  

adults exposed to infection with F.tribolii  were hypersensitive to 

treatment with gamma radiation. 	Ho supposed that the parasite and 

the radiation acted synergistically to destroy the hostt s fat body. 

Dissanaike (1955) described another neogregarine, Triboliocystis  

garnhami  from the same host. 	T.garnhami  was morphologically very 

similar to F.tribolii,  but differed in that the second cycle of 

schizogony was complete, giving rise to uninucloato pregametocytic 

merozoites, and that 6, not 32 oocysts were produced in each gamotocyst. 

Tyler (1962) redooted T.garnhami  causing heavy mortality in 

English cultures of T.castaneum,  and infecting 11 strains of T.castaneurn, 

T.confusum,  T. madens  (Charpentier), and T.destructor  Uyttenboogaart. 

He also found infected beetles in grain imported from China, Kenya 

and Jamaica. 	Laird (1959) and Stanley (1961, 1964) have repeatedly 

found T.garnhami  in Canadian laboratory cultures of T.castaneum. 	In 

the last of the three works cited, a perfected method for cleaning 

eggs in order to remove any contaminating spores is described, involving 

washing the eggs in H Cl, and also in diastase. 	The treatment has 

little effect on the viability of the eggs, and allois the rearing of 

disease—free cultures of the beetles. 	Laird (1959) noting the disastrous 

effect of the parasite on laboratory cultures suggested its potential 

as a biological control agent. 

In 1963, Uoiser stated that T.garnhami  was synonymous with 

F.tribolii,  but did not amplify this statement. 	In the same article, 
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he noted, also without reference, that Fotribolii caused a tenfold 

increase in the susceptibility of T.castaneum to D.D.T. 

Confavreux (1961) attempted to differentiate between F.tribolii  

and T.garnhami, but was unsuccessful as the large T.castancum larvae 

used proved resistant to infection, and her infective materials were 

mixed. 	She did, however, establish these mixed infections in the 

following stored products beetles: T.castaneum, T.confusum, T.madens  

T.anaphae Hinton, T.destructor, Latheticus oryzae Vlaterh., Palorus  

ratzoburgi (';tissm.), P.subdcpressus Wollaston, Gnathocerus cornutus  

(Fab.) and G. maxillosus (Fab.). 

Among the coccidia, the genus Adelina contains most of the 

monoxenous insect parasites. Bhatia (1937) described A.tribolii, a 

highly pathogenic parasite of the larvae of T.confusum. 	Park (1948) 

in his important work on competition between T.castaneum and T.crnfusum, 

found that in the presence of A.tribolii, the former beetle was at a 

considerable disadvantage, owing to its higher susceptibility to the 

disease. 	Adelina tenobricides Sautet is a parasite of Tenebrio molitor. 

Regarding other coccidal parasites of stored products insects, 

Weiser (1963) states — "Another group of Coccidia infect insects living 

in plant debris, detritus and mud 	This group is closely 

associated with stored products insects, but our present knowledge of 

all these organisms is not adequate for a profound evaluation or class— 

ification of the many species. 	There are undoubtedly many synonyms 

among those which have been named, and there are other problems that 

require experimental wor.r. with living specimens for their resolution". 
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The inclusion of the Microsporidia with the Sporozoa has 

recently boon disputed (e.g. Grass6 1953, Honigberg et al. 1964, Levine 

1961, 1966), and they are usually classified nowadays as an order in 

the separate sub-phylum Cnidospora. 	Thompson (1960) has catalogued 

the known insect-parasitic species, but for the sake of completeness 

mention will be made here of the two species described as infecting 

Tribolium spp. Weiser (1953) and Dissanaike (1955) each accompanied 

their neogregarine descriptions with records of spores of microsporidians 

which they named Nosema whitci and N.buckleyi respectively. These 

infections were not common, and life cycle studies were not attempted. 

Thompson (1960) rejected both names owing to the incompleteness of the 

descriptions. 	West (1960) described the life cycle of a Nosema species 

from T.castaneum, but did not attempt to identify or name it. 	Fisher 

and Sanborn (1962) found that a Nosema from T.castaneum also infected 

newly moulted larvae of Tenebrio molitor, Bombyx mori, and Galleria  

mellonella (L.). 	Other insects could be infected from implants. 

They considered that the absence of a peritrophic membrane in T.castancum  

was responsible for the high susceptibility of the beetle to the micro-

sporidian. 

The study of the systematics of the neogregarines has been 

assisted by the fact that in order to place an organism within the 

group with certainty, it is usually essential to know most of its 

life cycle. 	In spite of this, the taxonomy of the group has been the 

subject of a number of conflicting reviews. 	Since I.Ciger and Duboscq 

(1903) divided the Schizogrogarincs into two tribes characterised by 
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the production of one (Monosporea) or more than one (Polysporea) spore, 

Doflein and Reichenow (1953) Weiser (1955a,b) and Grasse' (1953) have 

produced important contributions to the subject. 	Doflein and 

Reichenow merely listed the known genera without attempting to relate 

them phylogenetically. Wlile our present knowledge of the group is 

insufficient to warrant any definitive classification, the works of 

Weiser and Grasse are useful tentative systems which may form a basis 

for discussion. 

Weiser divides the suborder Schizogregarina into two families, 

Caulleryellidae and Ophryocystidae, on the basis of the number of 

distinguishable schizogonic cycles undergone in development. 	He 

divided each of the families into sub-families largely on the number 

of oocysts (spores) produced in sporogony. 

Grasse, in wider review of the gregarines as a whole, 

divides the class Gregarinomorpha into three orders: the Archigregarina 

which are parasites of marine invertebrates exhibiting primitive 

schizogony; the Eugregarina, parasites mainly of annelids and arthropods, 

in which schizogony has boon lost, and the Neogregarina, parasites of 

arthropods (mainly insects) in which a variety of secondary mechanisms 

of schizogony !Lave evolved. 	While it is not absolutely clear how he 

differentiates between the primitive schizogony of the archigregarines 

and the secondary schizogony of the neogregarines, this classification 

offers certain advantages, particularly as it separates the marine and 

terrestrial schizogregarines, and as it implies the possible poly— 

phylogeny of the neogrogarines. 	Grasse's system is the one accepted 

at the sutra—famial level by the Committee on Taxonomic Problems of 

The Society of Protozoologists (Honigberg et al., 1964). 	Largely on 
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the basis of the morphology of the trophozoite and spores, as well as 

on the habitat of the parasites within the host, Grasse divides the 

neogregarines into five families. 

Joyet-Lavergne, (1926a), Gh5re (1943) and othere have reported 

histochemical differences between gametocytes of eugregarines, 

associated with differences in redox potential, and regarded as 

indicating a sort of cytoplasmic sexual differentiation. 	Such 

observations have not been repeated in the neogregarines, where sexual 

differentiation is only known in Schizocystis, which is anisogamous, 

and perhaps in Farinocystis, where one gametocyte encloses the othe. 

Other observations on the histochemistry of the gregarines 

have only rarely been made. 	The reserve food substance, paraglycoken 

is characteristic of the group (BUtschli, 1885) and is thought to be 

a stabilised polymerisation product of glycogen (Clare, 1943). 	This 

substance reacts strongly with the periodic acid-Schiff technique, and 

Jennings (1962) found this 

at low infective levels. 

The Golgi apparatus of 

(e.g. by Joyet-Lavergne, 1926b, 

number of small "dictyosomes". 

(Reichenow, 1935), and globules  

some gregarines has been described 

Tuzet 1931) as consisting of a variable 

Cytoplasmic granules of volutin 

of lipid material have been reported. 

reaction useful in the detection of parasites 

Daniels (1938) used ultracentrifugation to separate the cytoplasmic 

components within the unbroken cell, and was able to distinguish fats, 

4o1gi body, nucleus, mitochondria, paraglycogen and chromidia 
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(=volutin granules). 	Grass& (1953) has summarised the subject of the 

cytology of the gregarines. 

Stoinhaus (1947, 1949) shows that many insect diseases cause 

characteristic symptoms in their hosts. 	Fungi may sometimes be 

identified specifically by the external appearance of the dead host, 

and viral and bacterial diseases may commonly be identified as such by 

the liquefaction of the host tissues on death. 	Protozoal diseases, 

on the other hand cause less distinctive changes. 	Insects which are 

infected with microsporidia may show diagnostic external symptoms, but 

those which have died from neogregarine infections are not readily 

distinguishable from those which have died from other causes (e.g. 

Weiser 1953a, McLaughlin, 1965). 

A comprehensive study of a protozoan insect disease was 

made by Huger (1960) who described the degeneration of the fat body of 

Agrotis segetum (Schiff) larvae infected with Nosema porezioides Huger. 

The histopathological effects of neogregarine diseases are usually 

mentioned in conjunction with descriptions of species. 	Authors such 

as Weiser (1953a) Dissanaiko (1955), Canning (1964), show how only 

infected organs are visibly affected. 	Hypertrophy of the nucleus of 

infected cells has been observed with various species of Nosema, and 

eugregarines, but gross nuclear changes have not been reported from 

neogregarine infections. 
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In order to infect an insect, a parasite must overcome or 

avoid the natural resistance of the host. 	Salt (1963a) has shown 

that the most important resistive mechanism in insects appears to be 

encapsulation, and has summarised the present knowledge of this 

process in the case of metazoan parasites of insects. 	The haemocytes 

of the affected insect agglomerate around the parasite under certain 

conditions, and may either secrete an inner layer of impermeable 

substance, or harden, and themselves isolate the parasite from the host 

tissues. 	This process has been called "giant cell formation" by 

Stainhaus (1947) and others, but "encapsulation" is the most commonly 

accepted term. 	Encapsulation of microbigl parasites has been summarised 

by Stephens (1963). 	Huger (1960) described the process in the 

infections mentioned above, and found that groups of parasites and even 

heavily infected lobes of fat body were isolated in capsules. 	The 

chemical nature of capsules in Pristophora parasitised by the hymenop—

teron, Mesoleius  was found by Eronskill (1960) to be a form of muco—

polysaccharide. 

Salt (1963b)has shown that a parasite artificially placed 

in an unnatural host may stimulate encapsulation, though it is unaffected 

by its normal host. 	He also showed that inert foreign bodies are 

encapsulated by many insects. 	The implication drawn from these facts 

is that some property of the surface of a parasite in its normal host 

prevents it from stimulating encapsulation. 	This surface property, 

which might be physical or chemical must be part of the delicate 

balance between host and parasite, and is probably responsible for 

many cases of host specificity. 
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liAlere this has been studied, most neogregarines appear to be 

capable of infecting a wide range of hosts. 	Examples found by 

Confavreux (1961) and Finlayson (1950) are mentioned above. However, 

Canning (1964) was able to reinforce her views on the specific nature 

of Mattesia trogodermae when she found Anagasta khiliniella (Zeller), 

Plodia interpunctella (Hubner) and Cryptolestespusillus, which are 

hosts of the related Mattesia dispora, to be refractive to infection. 

Thus, while host specificity is sometimes fairly strict, the discovery 

of a parasite in a new host does not imply a new species of parasite. 

The problems involved in estimating dosage—mortality curves 

for insect diseases have been pointed out by Bucher and Morse (1963), who 

emphasised that the many variable factors involved in this type of assay 

compared with chemical insecticide tests make considerable replication 

necessary. 	Variation between assays on one strain of Pseudomonas  

aeruginosa (Schroeter) Migula in Melanoplus bivittatus (Say) was greater 

than that which would be expected between related strains. 	Fisher 

(1963) summarising the methods used in the assay of commercial prepar—

ations of bacterial insecticides again emphasised the inherent variation 

and need for replication. 

Benz (1963) has reviewed present knowledge of the physiology 

of insect diseases. 	A good indication of physiological effects may be 

obtained by comparing the respiration rate of infected and uninfected 

insects. 	Suesumen (1952) found that Platysania cocropia L. pupae 

infected with the facultative fungal parasite, Arpergillus flavus Link 
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had an enormously increased oxygen quotient (Q02). 	Pupae which had 

boon killed, and these enzymes had been inactivated by heat did not 

show this high oxygen quotient when the fungus was grown on them. 

The increase in Q02 was therefore interpreted as being due to the host 

and not the parasite. 

Lysenko and Slama (1959) found that the respiration rate of 

diapausing pronymphs of the sawfly, Cephaleia abictis L. rose similarly 

when they were inoculated with suspensions of the bacterium, Serratia  

marcescens Bigio. 	The interval between inoculation and the onset of 

the rise in oxygen uptake was inversely related to the dose administered. 

The authors concluded that the prepatent period was inversely related 

to dose, and that this supports the theory that the development of 

pathogenicity in an infection depends on stresses such as the pressure 

of a heavy infection. 	No attempt was made to differentiate between 

the respiration of the host and that of the parasite. 

Apart from Jafri (1961, 1964) mentioned above, various 

workers have studied the effect of disease on the susceptibility of 

irAects to injurious stimuli. 	Steinhaus (1956b)stated that microbial 

and chemical insecticides are commonly compatible, and sometimes syner— 

gistic. 	Rosicky (1951) found that beetles, ptiorEllynchus liguatici L. 

infected with Nosema  otiorrhynchi Ueiser were approximately four times 

more susceptible to D.D.T. than healthy ones. 	The disease also caused 

acceleration of knock down and death. 
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Veber and Jai (1961) found that sublethal doses of Nosnma bombycis. 

a generalised parasite, infecting many organs including the ovaries, 

greatly reduced the fecundity of surviving females of Bombyx mori. 

The normal average egg production of 453 was reduced to 341 by an 

infection of 5 x 103  spores in 5th instar larvae, and to 209 after 

the same dose had been administered to 4th instar. larvae. 	Similar 

results were obtained using Hvphantrea cunea Drury. 	They concluded 

that for the proper evaluation of the effect of insect infections, not 

only mortality, but also the general reduction of biological potency 

should be considered. 

It will be seen from the above notes that many aspects 

of insect pathology have been studio?, each in a few instances, but 

there have been few broad studies of specific host—parasite associations. 

It is to be hoped that the present work rectifies this situation to 

some extent. 
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MATERIALS AND METHODS  

1. Origins of the Parasites and Beetles. 

The T.cas-Eaneum  cultures first used in this work came from 

the Imperial College Insectaries, and were found to be heavily infected 

with L.tribolii. 	Disease free insects wore obtained from the Pest 

Infestation Laboratories, Slough (P.I.L.). 	The T cenfusum cultures at 

Imperial College were infected with Adelina tribolii,  a microsporidian 

(probably Nosoma whitei),  and a eugregarine (probably Gregarina polymorpha). 

Stocks free from pathogenic organisms, but still infected with the 

eugregarine wore obtained from P.I.L., as were cultures of T.enaphae, 

T.madens  and T.destructor. 	The presence of the eugregarine was not 

thought to affect experimental results, and most of the work was done 

on T.castaneum  which was rarely parasitised by this organism. 

Other infective material was supplied as follows : T.garnhami  

from old infective flour held at Imperial College, originating from the 

Cooper Technical Bureau; F. tribolii  in dead adults and larvae of 

Tribolium  sp. from the Laboratory of Insect Pathology, Prague; F.tribolii  

in groundnuts originating from Gambia, from which infected Tribolium  

adults had been removed; F.tribolii  in dead adults and larvae of 

T.castaneum,  preserved in salt, from the Department of Primary Industries, 

Brisbane, Australia. 

Professor A.S. Dissanaike was kind enough to give me some of 

his original slides of T.garnhami,  and Professor P.C.C. Garnham lent 

some similar slides from his personal collection. 
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2. Culture of the Beetles. 

Good (1933, 1936) has summarised the biology of Tribolium spp., 

and Howe (1956, 1960, 1962) has determined the optimal conditions for 

development of T.casteneum and T.confusum. The conditions maintained 

in the present work were adapted from those recommended in these papers, 

and from Kane's (undated) instructions. 

(a) Medium. 

All the species of Tribolium  used in this work were cultured 

satisfactorily in whole meal flour. 	The flour was first passed through 

a 50 mesh sieve to separate the bran, which was then ground to the same 

particle size as the flour in a Christy-Norris Junior centrifugal mill. 

After mixing, the bran and flour vies sterilised overnight in a shallow 

tray at 110°C. 	The flour vas not used for culturing until at least 

two weeks after this sterilisation, in order to allow its moisture 

content to equilibrate with the atmosphere. 

Yeast was not added to the culture medium as the keeping 

properties of the flour would be reduced by this addition, and the 

beetles were found to live and reproduce satisfactorily in flour alone. 

Also, in natural infestations, the beetles live in unadulterated floui. 

(b) Containers  

Stock cultures wore maintained in 2 lb. jars containing about 

-271b. of flour. 	A piece of 9 cm. filter paper was stood vertically for 

the beetles to crawl upon, and the jars wore covered by a similar piece 

of paper sealed in position with vaseline. 	Many hundreds of insects 

could be maintained in each jar, but breeding was not successful under 
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these conditions owing to overcrowdino and cannibalism. 	Cannibalism 

was reduced by keeping insects of uniform age together. 

Smaller numbers of beetles for experimental purposes were 

kept in 2 x 1 in. flat bottomed glass tubes with cork tops. 

All cultures were kept in an incubator at 20°C, with no 

humidity control. 	All containers were sterilised overnight at 110°C. 

(c) Procedure. 

In order to obtain eggs, a large number of adults were ex—

tracted from a culture using a 20 mesh sieve, and placed in fresh flour. 

After the requisite number of days, allowing about 5 eggrper adult per 

day, and allowing for the fact that the first eggs hatched after 3 days, 

the adults were removed in the 20 mesh sieve, the flour was passed through 

a 50 mesh sieve to remove the eggs. 

The eggs were not washed, but loose material was removed 

by running them down a sloping piece of paper. 

Larvae or pupae were isolated as required, by sieving. 	Larvae 

were cleaned by allowing them to crawl on newspaper, and blowing off 

any debris not removed by the sieve. 	Sieving was not observed to 

damage eggs, larvae, pupae or adults. 	Only first instar larvae passed 

through the 50 mesh sieve, but those were rarely required, and could be 

obtained in sufficient numbers by allowing them to crawl on newspaper, 

and tipping off the surplus flour. 

(d) Precautions. 

In general, all equipment was sterilised; the working bench 

was swabbed regularly with 90% alcohol, and covered with newspaper vhich 
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was rejected after use. 	Although all cultures were kept in close 

proximity, the only accidental infections vhich occurred could be 

accounted for by lapses in the above procedure. 

(e) Sexing. 

Larvae could not be sexed. Pupae were distinguished by 

examination of their sub-terminal abdominal sternitox, as described by 

Halstead (1963). 	The sexing of pupae was easy and rapid, and could 

be carried out without risk of injury. 	Adults were more difficult to 

separate, on the presence or absence of a hair-lined pit on the inferior 

face of the fore femur (Hinton, 1942). 

(f) Timing. 

As all the cultures were maintained at 28°C, in similar 

constant conditions, the life cycles were of almost constant duration. 

Eggs of T.castancum hatched after 3-5 days. 	The larval stage, v.hich 

included an indefinite number of moults ended between 22 and 28 days 

after laying, and adults hatched after 33-40 days. 	A small proportion 

of larvae took longer to mature, but adult eclosion rarely extended to 

beyond 45 days. 

Other species of Tribolium were not cultured in large numbers 

T.confusum developed in a slightly longer time than T.castancum; 

T.destructor took about 3 months, and the other species developed in 

intermediate times. 

3. Culture of Parasites. 

(a) General. 

Farinocystis and Lymphotropha were cultured similarly. 
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Infection takes place as the result of ingestion by larvae of spores 

of the parasites. 	Larvae vhich have died from one or other of the 

diseases arc packed with infected spores thich remain viable for a long 

time. 

(b) Procedure. 

Dead larvae were separated from the living, and from the culture 

medium by a combination of sieving, blowing off unwanted larval skins 

and debris, and manual separation. 	The dead larvae were kept until 

required, at room temperature. 

New infections were established by lightly grinding dead 

larvae and adding the powder to a culture in the required quantity. 

A sample of the powder was first examined after soaking in a drop of water 

under negative phase contrast (x800) to confirm its purity. 

(c) Standardisation of infective doses. 

then accurately standardised powder was required, it was first 

ground very finely, then a sample taken to be weighed and estimated. 

This sample was ground further in 10,; KOH using an emulsifier. 	As the 

spores tended to bunch together, this process had to be very thorough. 

The suspension thus obtained was made up to a measured volume, and samples 

of it were estimated in a haemocytometer. 	The number of spores per 

unit hacmocytameter volume was extrapolated to show the number of spores 

per unit weight of spore powder. 	Spore powder usually contained in 	the 

order of 108  spores per gram. 

when less accurate standardisation was required, remembering 

that the powder contained approximately 108  spores per gram, powder and 
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flour wore mixed roughly, as required. 

It was assumed in the experiments that the infective dose 

taken up by larvae was in some way proportional to the concentration 

of spores in the flour. 

(d) Precautions. 

All materials and equipment were thoroughly sterilised by 

dry heat before and after use. 	Before any infection was established 

the spore powder was examined to confirm the absence of contaminating 

spores of unwanted organisms. 

As no method was found for accurately measuring the proportion 

of viable spores in any sample, infective „arterial was not used for 

standardised doses when more than two months old. 	Unless otherwise 

stated, no spores were used after storage for more than a year. 

(e) Mass production of infective material. 

In order to py:oduce the maximum quantity of infective 

material, either light infections were given, or larvae were not 

infected until they were about ten days old. 	Thus larvae were large 

at the time of death, and produced a comparatively large amount of 

spore powder. 	Uhen eggs were allowed to hatch in highly infective 

flour, the resulting dead larvae were very small, and besides being 

difficult to isolate, produced comparatively little infective material. 
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4. 	Preparation of Sections. 

(a) Fixation. 

After trying a variety of histological fixatives, Heidenhain's 

Susa was found to produce the best results. 	The fixative was prepared 

according to Pantin (1946). 	Larvae were immersed in fixative, and 

their heads and terminal abdominal segments were then cut off. The tube 

containing the larvae was placed in a flask and the pressure reduced 

with a water jet pump until the fixative began to boil. The vacuum 

was then released slightly, and the flask was shaken to sink the larvae, 

which were left in these conditions for from 6 to 12 hours. 

(b) Embedding and sectioning. 

Larvae were embedded in paraffin wax or ceresin wax, with a 

melting point of 58°C. Three chanT2s of one hour each were given in 

a vacuum embedding oven. 	Coresin wax vas found to produce the best 

sections, Ohich were cut on a Reichert rotary microtome, mostly at 

(c) Staining. 

Heidenhain's iron haematoxylin was used according to 

Pantin (1946). 	Slides were kept in iron alum mordant for at least 12 

hours, and stained for a similar time. 	The Giomsa—colophonium method 

of Shortt and Cooper (1948) was used in other histological studies. 

Feulgen's reaction for D.N.A. was carried out using do Thomasi's method 

as described by Pearse (1960). 	The use of Susa fixative necessitated 

hydrolysis for 18 minutes in N.HC1, at 60°C. The results of this 

reaction on the parasites were very indistinct, but the insect nuclei 

reacted strongly, proving that the technique was in order. 	Positive 
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reactions in the parasites were confirmed using unhydrolysed control 

sections. 

The periodic acid-Schiff technique (P.A.S.) was used in the 

manner described by Pearse (1960). This reaction was particularly use-

ful in the detection of light infections of L.tribolii. 

Mercury bromophenol blue was used to stain proteins according 

to Pearse (1960). This general protein stain was found to be rapid 

and efficient in the present circumstances. 

Sudan black was used for determining fats. 	A saturated 

solution of the dye in 70% ethanol was prepared, and infected larvae 

were crushed under a cover slip in a drop of the solution. 	The temporary 

preparations obtained wore satisfactory for the observation of the fat 

content of the parasites. 

5. 	Examination of Material. 

Microscopic examinations were made using a X20 binocular dissect- 

ing microscope. 	Sections were examined using a Reichert Zetopan binocular 

microscope with magnification up to X800. 	This microscope could be 

fitted with a negative phase contrast (anoptral contrast) condenser and 

objective lenses, ithich were particularly useful in the examination of 

fresh smears. 

All measurements were madc using an eyepiece scale, and are 

recorded either as units on this scale, or converted to metric units by 

calibration ‘dth a stage micrometer slide. 

Drawings wore made on graph paper, using an eyepiece graticule. 

All other techniques used in the work presented in this thesis 

are described under the relevant headings in the Results section. 
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RESULTS  

PART 1 LYMPHOTROPHA TRIBOLII  

A. THE PARASITE 

1. Description of the Stages and Life—cycle of Lymphotropha tribolii  

a) Spore hatching (Figs. 1, 2) 

The use of negative phase contrast greatly facilitated the 

observation of the emergence of sporozoites. 	Larvae aged about ten 

days were fed on pure spore powder, and were observed in whole squashes 

in 15; saline. 

Preparations made only 3 hours after exposure to infection 

showed hatching sporozoites, and these were very numerous after 24 hours. 

Empty spores in the anterior half of the mid—gut indicated the zone of 

hatching. 

The sporozoites were not distinguishable within the spores 

until at least one had emerged, but the emergence of the last two or 

three could be observed in detail. 	The sporozoites moved within the 

spores by bending slowly until one end was inserted in the already open 

micropyle. 	These movements seemed to be exploratory, and the sporozoites 

were apparently free to move all around the spore. A small clear pro—

jection was first pushed through the micropyle; this soon became opaque, 

and was followed by the rest of the sporozoite, which glided out quite 

rapidly. 	The whole process of emergence sometimes took as little as 

five seconds, but occasionally, a sporozoite would come partly, or even 

completely out, only to withdraw within the spore, and emerge later. 
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T.castancum, t. s. mU—gut of young larva, with empty 

spares of  	haematoxylin. 
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Once emerged, the sporozoite usually remained attached to the 

spore for a few moments, bending and rotating slowly about its fixed 

end, before breaking away and floating off. 

No bending was observed during emergence, which seemed to be 

controlled by reversible peristaltic contractions. 	All the movements 

of the sporozoite except the actual emergence were very slow. 

There was no observable difference between the ends of the 

sporozoite except in function. 	Both ends of the spore were used for 

emergence, and it was common to see one sporozoite coming out at each 

end simultaneously. 

b) Description of the ^Dorozoite (Figs. 3, 4, 29, 30). 

Free sporozoites were never found in fixed preparations; the 

description is based on observations of free sporozoites in fresh smears, 

and on those within spores, in fixed and stained sections. 

The sporozoites of the neogregarines show considerable uniform- 

ity, and those of 1..tribolii are no exception. 	They are vermicular, 

tapering towards both ends, and measure Bp in length by 1p in central 

diameter. 	The nucleus occupies the entire cross section towards one 

end, and is slightly longer than broad. 	It stains darkly with 

Heidenhain's haematoxylin, and is coloured dark red with Giemsa's stain, 

While intranuclear granules are faintly positive to the Feulgen reaction. 

The cytoplasm, which is opaque in the fresh smears, but without visible 

granular inclusions, stains brightly with Heidenhain's haematoxylin, and 

more heavily, blue with Giemsa's stain. 	The cytoplasm and nucleus stain 

heavily with mercury-bromphenol blue, but no part of the sporozoite stains 

with P.A.S. or with Sudan black. 	The cytoplasm is therefore protein- 

aceous with no visible inclusions of polysaccharide or lipid material. 



Explanation of Figs. 2-6. 

L.tribolii,  asexual stages, Fresh smears, Negative phase. 

2. .Sporozoites emerging. 

3. Young sporozoite. 

4. Elongate sporozoite, 

5 Sporozoite broadening. 

6. Trophozoite with vacuolate cytoplasm and longitudinal 
striae. 
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c) Development of the trophozoite (Figs. 5-13) 

Penetration of the gut by the sporozoite was not observed, 

and no evidence was found that the Malpighian tubules are used in the 

route to the haemocoele, as suggested by Canning (1964) in the case of 

Mattesia trogodermae in Trogoderma granaria. On reaching the haemo-

coele the sporozoite first elongates to about 151a, without change in 

shape, and a few granules develop in the cytoplasm. 	This elongation 

is later accompanied by lateral growth until the fully developed tropho-

zoite measures up to 3Op by l5p and is ovoid or spindle shaped. The 

developmental stages of the trophozoite were only seen in unstained fresh 

smears. 	One end of the fully developed trophozoite is more rounded 

than the other, which has a small clear projection or pseudomerite. 

The pseudomerite is usually visible in fresh preparations, hut was 

rendered indistinguishable by fixation. 	The cytoplasm of the tropho-

zoite is almost entirely composed of granular and globular inclusions 

of varying refractivity and sizei and stains very weakly with the histo-

logical stains used. Mercury-bromphenol blue stains a fine protein-

aceous network filling the interstices between the granules and globules. 

Proteins are therefore present in small quantities only, and restricted 

to these areas. 	The majority of the granules stain intensely with 

P.A.S. and brown with Lugol's iodine, but not with Best's carmine, 

indicating their paraglycogen content. 	The remaining inclusions in the 

cytoplasm are large randomly dispersed globules of lipid material which 

stain with Sudan Black. 	All the trophozoites seen contained large 

quantities of paraglycogon, but the lipid globules were only present in 

the larger specimens. 
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56.  

L.tribolii  trophozoito showing striae in cross section. 

Heidenhain's haematoxylin. 
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The surface of the trophozoite is marked by a number of long- 

itudinal striae. 	Those are seen in fresh smears as faint, finely 

granular lines, and are visible in sections as equally faint lines of 

differential refractivity in the surface cytoplasm. 	None of the methods 

of preparation used stained the striae differentially. 

The single nucleus is laterally central, and usually situated 

towards one end. 	It is large, 5p diameter, with a clearly marked 

membrane on Which a few small granules may be seen. The endosome 

occupies about half of the nuclear diameter, and may be spherical or 

connected by thin strands to the granules on the membrane. The endosorne, 

granules and membrane stain heavily with Heidenhain's haomatoxylin, and 

purple with Giemsa's stain. Mercury-bromphenel blue indicates proteins 

in the same areas. 	Feulgen's nuclear stain gave no visible reaction in 

the trophozoite nucleus. 

Although no movement coulJ be observed in the trophozoites, 

they become distributed throughout the haemolymph, and may even be 

found developing in the legs of the host. 	This distribution is probably 

effected by passive transportation in the haemolymph rather than by 

active migration of the parasites (see Fig.23). 

d) Schizogony (Figs.14-17). 

During the development of an infection, there is a considerable 

increase in the number of parasites, which cannot be accounted for by 

hyperinfoction as the stages are well synchronised. 	However, schizogony 

was only rarely observed, which suggests that the division stages are 

passed through very rapidly. 	Schizonts are roughly rounded in shape, 



Explanation of Figs. 8-16. 

L.tribolii, asexual stages. 

8. Trophozoite, Heidenhain's haematoxylin. 

9. Trophozoite showing striae, side view, Heidenhain's 
haematoxylin. 

10. Trophozoite showing striae, end view, Heidenhain's 
haematoxylin. 

11. Trophozoite. 	P.A.S. shows distribution of paraglycogen. 

12. Trophozoite. Fresh smear, Sudan black shows distribution 
of lipids. 

13. Trophozoite. Mercury bromophenol blue shows distribution 
of protein. 

14. Schizont. 	Fresh smear. 	Negative phase. 

15, 16. 	Schizonts. 	Hcidenhain's haematoxylin. 
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tv.-4-h,zoitLs anc' schizrnts. 	ibiacnhaints 
haomnLcxylin. 
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and contain from two to eight nuclei. 	As early schizonts were not 

seen in fresh preparations, the fate of the pseudomerite could not be 

ascertained. 	The size of schizonts varies greatly, from lqp by 5p 

to 30p by 15p, and their nuclei measure 2-3p in diameter. 	The cyto- 

plasm of schizonts appears similar to that of trophozoites, as do the 

nuclei apart from their smaller size. 	No schizonts were distinguished 

in Feulgen stained preparations, and so the reaction of their nuclei 

is not known. 

There was no evidence of more than one schizogonic cycle, 

The rupture of the schizonts was not observed, but merozoites, 

which are spherical, measuring 4p to 6p in diameter were frequently seen 

in aggregations, indicating a multiple fission of the parent plasmodium. 

e) Gametogony (Figs.18-21, 25, 26). 

Gametocytes, which presumably develop from merozoites, closely 

resemble large trophozoites, but have no striae or pseudomerite. 	They 

associate in pairs while still uninucleate, and becoming flattened along 

the junction between them, together form a spherical body measuring about 

20p in diameter. 	The gametocyst wall, which is very thin forms shortly 

after the association, when nuclear division commences. 	The nucleus 

of each gametocyte divides into 16 daughter nuclei which become peripher- 

ally distributed. 	These gametic nuclei, which measure 2p in diameter 

commonly contain three granules of chromatin material which stain darkly 

with Heidenhainis haematoxylin, and red with Feulgents reaction. 

The cytoplasm separates round the gametic nuclei, giving rise 

to gametes of about 4p diameter. 	There is no apparent difference 



Explanation of Figs. 12-25. 

 

	 soxual sta:7ios. 

 

18. 	Associatd uninuci-ate gamotucytes. 
hamatoxylin. 

1-Mc'Honhain's 

19. 4-nucluato gamotocyst. 	lioidonhaf.n's haomatoxylin. 

20. 32-nucloate g,,otocyst. 	Ecidnhainls haomatoxylin. 

,:!ct -i-,ns of a gamotocyst L'ith c.amotos 
and rs7sidua1 gamotic nucloi. 	lloidonhain's ha2w.tc:,!ylih, 

22.a,b,c. Soria! sections of a cpmatocyst with 13 zygotos. 
Heidonhainls haomatoxylin. 

23. Gamotocyst with young spur: s, 	Sudan black shows 
distribution of lipids. 

24. Gametocyst with young spores. 	P.A.S. shows distribution 
of polysaccha:idos. 

Gz',:letocyst with camotic nucioi. 	 roaction snows 
distl-ibution of D.N.A. 
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Fig. 26. 

L.tribolii,  sexual stages; binucleate gametocyst, 

multinucleate gametocyst, gametocyst with gametes, gametocyst 
with zygotes. Heidenhainis haematoxylin. 

L2. 
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between the gametocytes of a pair, nor between the gametes they produce. 

Usually a number of nuclei in the gametocyte do not form gametes, and 

remain in a mass of undifferentiated residual cytoplasm. 

A proportion of gametocysts are arrested in their develop- 

ment by being encapsulated by the host's haemocytes. 	This phenomenon 

is discussed at length in a later chapter. 

f) Sporogony (Figs.23, 24, 26-30, 32). 

Gametes fuse quite soon after their development; gametocysts 

containing gametes arc infrequent. 	Zygotes are sometimes bunched 

towards one end of the gametocyst, and sometimes bunched at both ends, 

suggesting that fusion of gametes from opposite gametocytes is not 

invariable. 	The zygotes are initially spherical, becoming ovoid before 

the formation of the spore wall, and measure from 511 diameter to about 

6i by 4j in sections. 	Their nucleus, measuring a diameter contains 

darkly staining granules and filaments which are faintly Feulgen positive, 

and represent the chromatin material from the two gametic nuclei. 

Throughout their 

quantities of paraglycogen 

zygotes proceeds, however, 

rather more scattered than 

development, gametocytes contain large 

and lipid material. 	As the development of 

the paraglycogen granules become smaller and 

in the young gametocyte. 	The young zygote 

large number of 

periphery. 

contains a few small granules of paraglycogen, and a 

small fat globules which are concentrated around the 

The spore wall forms before any division of the zygotic 

nucleus occurs, hindering further observations within the spore. 	The 

spore, or oocyst, is lemon shaped with slight protuberances at each end. 



Explanation of Fis. 27-3J, 

L. ribolii  

27. Young spore in frosh 	g-tivo 1.hase. 

28. Mature spore in fresh smear. 	No,,Aative 1-)hasr_. 

29. Maturka spores, lengitudinal secti(;n. 	Ciatsa oole- 
phonium. 

30. Mturu spur, transvers,e octin. 	Giemsa 

31. Gamotecyst encapsulated by hos'c's hamircytc,s. 
Giemsn-celephonium. 
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The poles are not, however, distinctly plugged as in some other neogre-

garines, but are capped, and surrounded by slight thickenings in the 

wall. 	The cap does not stain differentially with any of the methods 

used, and could be demonstrated with certainty only by its absence 

from spores in the mid-gut of newly infected host larvae. 	During the 

development of the spores, the residual cytoplasm of the gametocyst 

disappears. 

The spores, which measure 8-9p by 5-91 (fresh) are still 

contained within the gametocyst on the death of the host, but are freed 

by slight pressure. 	In order to count the spores in each gametocyst, 

the tissue of moribund or dead larvae was softened in 10 per cent KOH 

for three hours, then very gently squashed beneath a cover-slip. 	The 

rupture of the host body released large numbers of intact gametocysts 

in which the spores could be counted. 	It may be seen from the histogram, 

Fig.35, that while the theoretical number of spores (half the number of 

gametic nuclei) per gametocyst is 16, this number is rarely reached, 

and the most usual number is 9 or 10. 	This is thought to be due to the 

failure of some gametic nuclei to form gametes, and possibly the failure 

of some gametes to fuse. 

Nuclear division within the spore was not observed, but 

finally, eight sporozoites are formed. 	The sporozoites lie longitud- 

inally within the spore : four with their nuclei towards each end. 

In fresh preparations, the sporozoites are not distinguishable 

within the spore. 	The young spore is seen to contain a large number of 

scattered granules and globules, which congregate first around the long 
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L.tribolii, rure spores. 	Giemsa colophonium. 



Fig. 33. 

soy  

T.castaneum oblique section, posterior mid—gut region. 

P.A.S. shorts distribution of L.tribolii trophozoites 
and young gametocysts. 
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axis, then asymmetrically towards one end. 	Final,ly these inclusions 

agglomerate into one to three large bodies which remain at maturity, 

but disappear on hatching. 

g) Mode of infection  

Dead larvae are packed with infective spores, and are readily 

eaten by healthy larvae (Fig.37 ) thich thereby ingest spores. 	Spores 

may also be ingested fortuitously then larvae eat flour in which dead 

larvae have disintegrated. 	Dead larvae smell strongly of yeast which 

may have an attractive influence on live larvae and enhance the chances 

of continued infection. 

The gametocyst wall breaks down during the process of ingestion 

releasing spores into the lumen of the gut (Fig.1). 	In the mid-gut 

of the new host, the polar caps are removed from the spore, either by 

the host's digestive enzymes, or from within, as the result of some 

precipitative stimulus. 	The sporozoites are thus released, and a new 

infection begins. 

h) Duration of the stages  

Under the conditions maintained in this study, sporozoites 

hatched within 32 hours of ingestion. 	Trophozoites took about 6 days 

t-) develop, arid multiplied by schizogony on days 7 and 8. 	The first 

associating gametocytes were seen after 9 days, and zygotes were first 

present on day 10. 	Spores were mature from day 12. 

Parasites were rare in the first six days after exposure to 

infective material, and during that time the infection may be termed pre- 

patent. 	From days seven to twelve, the development of stages is rapid, 
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and within an individual larVe, well synchronised, even when larvae 

are exposed to constant hyper-infection. Larvae rarely die in less 

than twelve days, but commonly do so in fifteen to twenty days. 
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2. The Viability and Maintenance of Virulence of Spores of L.tribolii. 

In order to estimate accurately the viability of spores, 

it is desirable to have a mediuci in which they can be hatched in vitro, 

so that the emerging sporozoitcs may be counted. 

Spores of both L.tribolii and F.tribolii were subjected to 

a number of investigations which were designed to help develop such a 

medium. 	As hatching depends on the digestion of the spore plugs, the 

chemical nature of those bodies is of great importance. 

In a histochemical analysis of the spore walls and end plugs, 

fixed spores in smears were tested with P.A.S. and mercury bromophenol 

blue and unfixed suspensions of spores were tested with Millon's 

reagent, Alcian blue, Toluidenc blue and Lugolts Iodine. 	P.A.S. 

stained the spore plugs of F. tribolii heavily, as did mercury bromophenol 

blue. 	The latter stain also coloured the polar region of the spore 

wall, leaving a barrel shaped region round the central third of the 

Spore unstained. 	Neither of those stains coloured L.tribolii spores. 

    

Millon's solution, vJhich is a violent reagent suited to the demonstration 

of proteins in larger masses of tissue destroyed the spores; Alcian 

blue, which colours acid mucopolysaccharides gave no reaction; 

Toluidene blue which is useful for distinguishing between proteins by 

their motachromatic properties gave no reaction, and nor did Lugol's 

Iodine which would have demonstrated the presence of starch or glycogen 

(including paraglycogen). 	The negative results of histochemical tests 

such as those used cannot be regarded as conclusive, owing to the possible 

presence of protective layers surrounding the spore walls, and preventing 

the penetration of the stains. 
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These tests failed to indicate the nature of the spore cap of 

L.tribolii, but demonstrated that the spore nlugs of  F.tribolii probably 

contain a neutral muco—protein. 

The os.no tic pressure of any hatching medium would have to be 

within the range suitable for the viability of sporozoites. 	In order 

to estimate this, six hours after being fed on a mixture of L.tribolii  

and F. tribolii spore powder, when sporozoites would normally be hatch—

ing out in large numbers, young T.castaneum larvae were crushed in saline 

of different concentrations. 	In 0.1% saline, the sporozoites rapidly 

swelled out and became immobile; in 10% saline, they shrank and died. 

In 1% or 2% saline, however, hatching occurred normally. 	The hatching 

of sporozoites in 2% saline shows their tolerance of conditions hostile 

to many parasites. 	The final medium would therefore have to have an 

uncritical osmotic pressure equivalent to that of about 	or 2% 

saline. 

Sporozoitos hatching in the variable medium of an insect's 

gut would be expected to have moderately high tolerances of osmotic 

pressure and pH. 	It was thought 1-,ertinent, however, to attempt to 

estimate the pH of the mid—gut of T.castaneum. 

To this end, young larvae were allowed to feed on flour which 

had been mixed with indicator nowders. 	Neutral rod and Bromo—thymol 

blue were the only indicators vhich the larvae could be induced to eat. 

After an hour the larvae were dissected and the colour of their 

gut contents noted. 	Neutral rod was dark crimson in the mid gut, and 

Bromo—thymol blue was yellow with a tinge of green. Comparison with 
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B.D.H. capillator tubes showed that an acid pH of between 6.0 and 6.5 

was indicated by these tests. 

Having determined the osmotic pressure and pH suitable for 

hatching, and having gained some indication of the chemical nature of 

the spore plugs, a number of easily available enzymes which were 

thought likely to be suitable were tried. 	The enzyme media prepared 

were not all of the same pH as the insect gut; it was thought prefer-

able at this stage to use the enzymes close to their optimum pH in 

order to observe effects on the spore plug. 

The following media were prepared: 

1. Human saliva, cleared by centrifugation, containing 
the starch-splitting enzyme, ptyalin. 

2. Trypsin, 0.25% in pH 7.1 1 PO4 buffer m/5 

3. Trypsin, 0.025% in pH 7.5 1PO4 buffer m/5 

4. Trypsin, 0.25% plus Diastase, 1% in pH 7.5 'PO4  buffer 

5. Trypsin, 0.25% plus Bile salts, 1/, in pH 7.5 'PO4 
buffer 	

m/5 
 

I11/5  

6. Papane, 1% in pH 5.7 'PO4 buffer m/5 

7. Lysozyme, 1% in pH 6.3 'PO4  buffer m/5 

Trypsin and Papane are protein splitting enzymes with a wide range of 

activity. 	The Trypsin plus Bile salts medium was found by Doran and 

Farr (1962) to allow hatching of sporozoites of the coccidian 

Eimeria acervulina. 	Diastase is a polysaccharide-splitting enzyme, and 

Lysozymo is a broad-spectrum enzyme which breaks dom nil:coo-polysac-

charides. 

No spore hatching, or degeneration of the spore plugs or caps 

were observed when spores were incubated in these media for up to 12 hours. 
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As no success was obtained in developing an artificial medium, 

it was decided to attempt to hatch spores in a medium of crushed insect 

gut. 	Guts of T.castaneum larvae, and also of the larger, taxonomically 

and ecologically related beetle, Tenebrio molitor wore dissected out 

and placed on microscope slides. 	They were then sprinkled with spore 

powder and crushed under a cover-slip. 	The slide was put in a Petri 

with moist filter paper, and incubated at 30°C for up to 12 hours. 

Repeated observations during this period failed to show any spore 

hatching. 

About 100 T.castaneum larvae were homogenised in 10 ml of 

1% saline, and the soup was centrifuged. 	A drop of the resulting, 

almost clear liquid was sprinkled with spore powder, and incubated as 

above. 	This final effort also failed to induce hatching. 

The above tests show that While the emergence of the sporozoite 

is not controlled by fine limits of osmotic pressure, the caps or 

plugs of the different spores require a fairly specific stimulus or 

digestive medium to be dissolved. 	It was therefore decided that the 

only feasible method in the present circumstances f-r estimating the 

viability of spores vies by extrapolation from a bio-assay of their 

maintenance of virulence. 

Estimation of maintenance of virulence of L.tribolii spores by bio-assay. 

A fresh medium of spores in flour was prepared, containing 

about 2 	105 spores per gm., .which was expected to kill almost 100% 

of larvae raised in it. 	After an initial assay to prove this, the 

flour was divided into five parts, each to be stored at different temper- 

atures. 	The temperatures were chosen to represent those under which 
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infective material in flour might bc• oxpectod to be stored in practice; 

15°C,Room temperature (= 20°C approx.), 25°C and 30°C. 

The virulence of the spores in these five media was assayed 

after three months and after nine months by determining the number of 

adults surviving from larvae reared in the medium. 

This assay method showed in general how long infective 

material might be kept without serious loss of potency. 

Assay method 

1 gm. of flour was placed in each of ten two inch by one inch 

tubes, and 12 new laid eggs of T.castancum we.•e added. 	After incub-

ation for five weeks at 28°C, the number of surviving adults was counted. 

Control mortality was measured in larvae reared in non-

infective flour, and was taken into account using Abbott's formula. 

The results of this experiment are summarised in Table 1 

below. 

Table 1 	Percentage survival of T.castaneum to adult stage dlen 

reared in L.tribolii infective flour stored at different 

temperatures. 

Storage 
Time 

Fresh 
Spores Storage 

Temp. 

3 months 9 months 

Obs. 	Corr. Ohs. Corr. Obs. Corr. 
Uninfected 69 100 °C 59 100 52 100 

15 1.6 2.8 - - 
Infected 3.3 4.8 R.T. 4.3 7.0 8.3 16 

25 - - 9.2 18 
30 2.5 4.2 21.8 41 

Ohs : 	•cref:2nt• cy suv7ival 

Corr : Results corrected by Ahbotes formula for control 
mortality. 

R.T. : Room tomperature (=20 	5°C approx). 
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Note: The flour stored at 15°C for nine months became mouldy and 

was not assayed. 	The 25°C, three month assay was not made. 

The preliminary assay showed the 95.2% mortality (4.8% 

survival) occurred in the fresh medium. 	After storage for three 

months, there was no noticeable change in this figure at any temperature. 

After nine months, a marked decrease in mortality occurred; flour 

stored at room temperature was the most potent, giving 84% mortality. 

After storage at 30°C, only 592 mortality occurred. 

No statistical analysis of the results would be valid, as 

different larvae were used in the separate tests, and their suscept—

ibility cannot be assumed to have been identical. 

The results indicate that although L.tribolii spores may be 

stored for a considerable length of time, they lose much of their 

potency if stored for nine months at 30°C. 

Extension of this experiment to a wider range of temperatures, 

and consideration of the effect of humidity, as well as further replic—

ation arc desirable in order to draw accurate quantitative conclusions, 

hut were prevented because of the long periods for which the cxpor—

iment had to be set up. 



56. 

3. 	The Host Range of L.tribolii  in Spocis of Tribolium.  

50 eggs of each of the five available Tribolium  species were 

collected by the method described above for T.castaneum,  and placed 

in two by one inch tubes containing 3 gms. of flour with about 106  

spores of L.tribolii  per gm. 	Control tubes contained 50 eggs of 

each of the species, in sterile flour. 

The pure flour medium is not very satisfactory for the 

development of Tedestructor  or T.anaphae,  and only 8 and 16 of these 

species respectively survived to maturity in the control cultures. 

Of the other species, 22 T.madons,  27 T.castaneum  and 36 T.confusum  

adults emerged. 	In the infected cultures, no adults developed in 

any save that of T.confu5 .2  vhere 22 survived. 	Examination of these 

adults showed no sign of infection. 

The dead larvae were removed from the remaining cultures, 

and examined. 	All were infected with L.tribolii,  and had died from 

the disease. 

The low survival rate in control cultures was not due to 

L.tribolii,  but probably to cannibalism in the crowded conditions. 

The use of large numbers of eggs, which encouraged cannibalism, would 

have allowed any low rate of infection to become apparent. 

Thus, all readily available species of Tribolium  arc suscept—

ible to the disease, except T.confusum,  which is highly resistant. 

The resistance of this species to Lymphotropha  contrasts with its 

sensitivity to Nosama,  but compares with its resistance to Adelina.  
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B. PATHOLOGY OF L.TRIBOLII  IN T.CASTANEUM  

1. Macroscopic Effects of Infection  

Larvae which become infected show no external symptoms until 

shortly before they die, or until encapsulated parasites become visible 

through the integument. 

About ten days after infection, some of those larvae which 

have received a massive dose show slight darkening of the posterior 

abdominal segments. 	The rest of the body is slightly less opaque 

than in healthy larvae of the same age, owing to toe degeneration of 

the fat body. 	At death, after twelve or more days, the larvae are 

straight, laterally shrunken, rigid, and black in colouL 

Dead larvae (Fig.37) dry out, become dorso—ventrally flattened, shrunken and 

dark brown in colour. 	In cultures with old infections, such larvae 

are commonly found to have been partially eaten. 	The only stage at 

Which heavily infected larvae can be separated with certainty from 

healthy ones, or from those which have died from other causes, is' 

when they are moribund or just dead, and immobile, shrunken and 

blackened. 

Larvae which have received a sub—lethal dose of spores 

develop normally, but more slowly than healthy ones. 	Pupation may be 

delayed for as much as a month. 	In these larvae, when the fat body 

becomes opaque and white just before pupation, the capsules surrounding 

the parasites become clearly visible externally as brown spots below 

the integument. 	This symptom does not become noticeable until at 

least 12 days after infection. 



58. 

Many larvae 'ere found to be intormediate between those 

described above, and some showed no externally visible signs of a light 

infection. 

Larvae which survive an infection may pupate. 	Some of the 

pupae are speckled with capsules, while others show no external signs 

of infection. 	Pupae which die do not blacken, they shrivel dorso—

ventrally en drying out, and retain their live colour, which depends 

on the state reached by the developing adult inside. 	Apart from the 

capsules visible in some specimens, infected pupae while still alive 

are indistinguishable externally from healthy ones. 

A large proportion of adults which die ac the result of 

disease do so shortly after emergence. 	Such specimens are often 

grossly deformed in the development of their wings and elytra (Fig,38). 

Capsules may be seen in largo numbers through the translucent cuticle 

of moribund teneral adults. 	Those which die prematurely after emerging 

as perfect insects show no differences from adults which die from 

other causes. 
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L.tribolii in T.castaneum moribund pupa. 	Unstained, negative 
phase, shows encapsulated gametocysts, tau_ gametocysts with 
mature spores unaffectee. 
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Fig.37. 	T.castaneum larva:„ dead from L.t-Hbolii infection. 



6 2 . 

T.castaneum adult, dead shortly after emergence with deformed 

elytra due to L.tribolii infi,ction. 
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2. Histopathology of Infection  

a) Encapsulation of parasites by the host  

A conspicuous feature of L.tribolii infection is the host 

reaction, encapsulation, which it provokes. 	Encapsulated parasites 

were found in larvae, pupae and adults which had been exposed as young 

larvae to moderate or light infections. 	The capsules were clearly 

visible on external examination cf larvae, pupae and teneral adults, 

appearing as brown spheres, often in groups, mostly just below the 

cuticle. 

	

	Those pupae which died or would have been expected to give 

rise to deformed adults contained particularly large numbers of capsules, 

and a series of such pupae was examined histologically. (Figs. 31, 34) 

The capsules consist of two layers, though there is no clear 

division between them. 	The outer layer is composed of haemocytes 

which have agggegated round the parasite, forming a thick coat. 	The 

inner haemocytes in this layer are flattened and appear spindle shaped 

in sections. 	As haemocytes are very rare as free cells in healthy 

larvae, it was not possible to compare those in the capsule with normal 

ones. 

The inner layer of the capsule, which is about 5 )t1 thick is 

of fibrous texture, and light brown in colour. 	This layer, which some— 

times only partially surrounds the parasite has very much the same 

appearance as insect cuticle. 	Cell walls and nuclei are not disting— 

uishable in the inner layer of the capsule. 	It is difficult to say 

whether this layer is composed of compacted dead haemocytes, or is 

secreted by the surrounding layer of living cells. 	In sections, there 

appears to be a gradation between the outer and inner layers, but in 
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fresh preparations, the haemocytes are washed off, and the parasite is 

surrounded by the brown inner layer, which then appeaxs to have been 

secreted. 

The inner layer of the capsule stains very heavily with 

Heidenhaints haematoxylin, and bright blue-green with Giemsa's stain. 

The haemocytes of the outer layer also stain heavily with Heidenhain's 

haematoxylin, and both their cytoplasm and nuclei stain red with Giemsa's 

stain. 	The cell boundaries and nuclei are therefore difficult to 

distinguish. 	The outer haemocytes stain strongly with P.A.S. which 

has a fainter reaction in the inner layer. 	The entire capsule stains 

deeply with mercury bromophenol blue, and while the outer layer is 

destroyed by boiling with KOH, the inner layer remains intact. 	After 

treatment with KOH, the inner layer does not stain with iodine. 	Those 

tests suggest that the inner layer is composed of a protein polysac-

charide complex of high inertia, which does not contain chitin. 

Proteins and polysaccharides are also present in large quantities in 

the cytoplasm of the surrounding haemocytes. 

A remarkable feature of encapsulation is that it only occurs 

round developing gametocysts of the parasite, which degenerate, their 

nuclei becoming indistinguishable, until the capsule finally contains 

only amorphous matter. 	Trophozoites, and gametocysts containing 

mature spores are not affected. 

Capsules are found from about 12 days after infection, and 

may form in any part of the host's haemocoele. 	They are mostly, 

however, close to the -remnants of the fat body, whore most of the 
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parasites occur. 	The brown inner layers of adjacent capsules may 

coalesce, and aggregations of five or more may be formed. 

Encapsulation of parasites was observed in all species of 

Tribolium which became infected, but was particularly prominent in 

T.anaphae. 

The importance of encapsulation as a defense mechanism against 

heavy parasitemia cannot be great as it rarely occurs in heavy infections, 

and then only a very small proportion of the parasites are affected. 

In light infections, however, a large proportion of the parasites may 

become encapsulated, and effective control of the disease is probably 

obtained. 

b) Effects on host organs 

Besides the phenomenon of encapsulation described above, the 

only histopathological effects of the disease which were noticed occurred 

in the fat body. 	The fat body of healthy T.castaneum larvae (Fig. 39) 

almost fills the haemocoele from an early age. 	In the young larva it 

comprises a small group of cells with well defined margins, containing 

a few small granules and globules. 	As the larva grows, the cells swell 

with increased volumes of reserve vacuoles, and their cell walls become 

indistinguishable. 	The most conspicuous of the vacuoles stain heavily 

with Heidenhaints haematoxylin, obscuring the nuclei of the cells. 

They also stain with mercury bromophenol blue, and faintly with P.A.S. 

and may thus be interpreted as containing a nucopolysaccharido of high 

protein content. 	Those arc probably the "albumineid spheres" commonly 

found in large numbers in insect fat body. 	In young larvae aged up to 
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Fig. 39 	T.castaneurn. Section of healthy larval fat body. 
Heidenhaints haematoxylin shows albuminoid spheres. 	Empty 
spaces are lipid vacuoles. 

Fig. 40 	T.castaneum. 	Section of infected larval fat body. 
Heidenhainls haematoxylin. 
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6 days, the albuminoid spheres are small or absent, but they develop 

rapidly so that by 12 days the fat body is largely composed of them. 

They are variable in size, from 2 to 9 p in diameter, mostly about 

6p in old .larvae. 

Globules of lipid substance develop from an early age, and 

also increase in size and number as the larva grovzs 	The lipid globules 

may best be observed as clear areas of the fat body in fixed preparations. 

In squashes in Sudan Black in 701, alcohol, they stain heavily, but 

cannot be measured, as on release from the cells they agglomerate. 

Fresh smears in saline of larvae aged over 15 days are almost obscure 

by the numerous lipid droplets which float up from the specimen to lie 

below the cover slip. 

The remaining granules in the healthy fat body arc of two 

kinds; one is proteinaceous, staining heavily with mercury bromophenol 

blue, and the other a polysaccharide staining heavily with F.A.S. 

These granules are present in the early fat body, and though they 

increase in number, do not grow to more than 3p in diameter. They 

are therefore obscured by the albuminoid spheres and oil droplets in 

older larvae. 

The nuclei of the fat body are uniform and constant in structure 

throughout the larval development. 	They are spherical, 5-6 p in diameter, 

and contain from 2 to 6 darkly staining granules. 

The nuclei are not affected noticeably by infection; the 

effect of L.tribolii on the fat body may be interpreted mainly as slow- 

ing down its normal development, arresting it, and causing degeneration 
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in heavy infections. (Figs. 39, 40) 

The albuminoid spheres are most affected. 	Those fail to 

develop in infected larvae, or do so to a limited extent, and are 

almost entirely wanting in moribund specimens. 	The lipid globules are 

affected more slovay, persisting in small numbers in quii:e Leavily 

infected larvae. 	At death, however, there is very :little 1;pid 

material in the fat body. 	The other proteinacous and polysaccharide 

granules are decreased in number, but a few may still be present at 

death. 

chile the fat body of healthy larvae occupies almost the entire 

haemocoole, the lack of development of storage vacuoles in infected 

larvae causes it to remain of constant size as the larva grows, and thus 

to occupy only a small proportion of the body cavity. 	The space thus 

made available is occupied by parasites. 

The effects of infection on the fat body seem to be reversible; 

in larvae in which there are a large number of encapsulated parasites, 

the albuminoid spheres and lipid globules may develop, and in surviving 

pupae the fat body has a normal appearance. 
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3. The Succeptibility of_Larvae at Different Ages to Infection  

Eggs of T.castaneum were collected at ten day intervals, and 

allowed to begin development. 	Then the third lot were beginning to 

hatch, batches of 20 larvae were selected from each age group, and 

were exposed to "massive", "heavy" and "light" infeetif/N 	20 

further larvae of each age were reared in sterile ii.our 

The infecting media were prepared as follows: 

1.  "Massive" dose lO% powdered dead lavae in flour 

= 107  spores per gm. approx. 

2.  "Heavy" dose on,: part of the above mixture 

20 parts of flour 

3.  "Light" dose 

= 5 x 105  spores per gm. approx, 

one part of number 2 above + 50 

parts of flour 

= 104  spores per gm. approx. 

The 20 larvae of each age to be exposed to each infective 

dose were put in two inch by one inch tubes with two gms. of the 

requisite medium. 	The surviving adults were counted as they emerged. 

Table 2 shows the results obtained. 

The oldest larvae pupated within a few days of exposure. 	The 

other larvae, however, were exposed for long enough for the infection to 

develop before pupation. 
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Table 2 

  

Numbers of T.castancum (/20) reaching the adult state 

after exposure at different ages to different doses of 

L.tribolii. 

   

       

       

Dose 

Age 
	Control 	Light 	Hear,: 	m—sive 

4 days 20 10 7 0 

14 days 20 20 20 0 

24 days 20 20 20 20 

A clear decrease in susceptibility with age is shown by these 

results. 	Taking the youngest larvae as having the maximum suscept-

ibility (100%) 24 day old larvae may be said to be 100% resistant to 

light, heavy and massive doses. 	14 day old larvae are 100% resistant 

to light and heavy doses, but 100% susceptible to a massive dose. 

Examination of the adults showed no active stages of the 

disease. 	Some of those surviving light and heavy doses from 4 day 

larvae, and surviving a heavy dose from 14 day larvae did, however, 

contain either capsules or gametocysts. 

It was not felt necessary to repeat this experiment, as many 

independent observations on age resistance supported the findings. 

Larvae aged 15 days or more from egg laying wore very difficult to infect. 

Adults could not be infected even by feeding them on pure spore powder, 

nor did they contain actively developing stages remaining from larval 

infection. 
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4. The ffect of Standard Serial Doses of L.tribolii on the Rortality 

of T.castaneum Larvae. 

A series of flour media was prepared containing fresh 

L.tribolii spores as follows: 	107, 106, 10
5
, 104, 103 102, 0 spores 

per gram. 	The media were prepared by the serial dApticy,  of a 107  

spores per gm. medium. 	Care was taken in each dilution to ensure a 

homogeneous mixture of spores in flour; small quantitits of the sterile 

flour were added at a time to the infective flour, and at each addition 

the mixture was stirred and shaken. 	A control, mixture of powdered 

dye (Bromophenol blue) was prepared in the same way. No heterogeneity 

could be detected when this control mixture was examined under a dis—

secting microscope. 

Five eggs of T.castaneum were placed in each of five two inch 

by one inch tubes for each concentration of spores, and one gram of the 

appropriate flour was added. 	25 individuals were thus allowed to 

develop, exposed to each infective level. 

In the two repetitions of the experiment, the 107 spores per 

gm. dose was not used, and ten eggs were placed in each tube. 

After four to seven weeks, the surviving adults in these 

cultures were counted as they emerged. 	Survivors were counted as those 

which showed no sign of infection on emergence. 

Control mortality was measured similarly, in larvae reared 

in sterile flour. 	A surprisingly high control mortality was recorded, 

and this was thought to be due to the infertility of some eggs. 	Abbott's 

formula was used to correct for control mortality. 
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Table 3 	Numbers of T.castancum surviving to the adult state then 

concentrations of reared in flour 

L.tribolii spores. 

containing serial 

Dose: spores 
per gm. 

No. of 
eggs 

107  106  105  104 103 102 0 

25 0 0 1 7 13 21 20 

50 — — 15 32 38 38 33 

50 — 1 13 37 30 36 34 

Total survivors 0 I 29 76 86 95 87 

(observed) 0 0.8 23.2 60.8 68.8 76.0 69.6 

% (corrected) 0 1.1 33.3 87.3 98.9 100 100 

Table 3 shows that there is a relationship between the dose to 

which larvae are exposed and their mortality. 	There is no "all or none" 

response to the disease, as might be expected if the organism multiplied 

enormously within the host. 	Exposure tJ flour containing 1,000 spores 

per gram causes very little mortality attributable to the disease, but 

106  spores per gram cause almost 100% mortality. 

The variation between the results of the assays shows that a 

finer series of doses would not be useful. 	However, there are not enough 

results intermediate between 20 and 80% mortality for the median lethal 

dose to be calculated with accuracy. 	Estimating the LD50 obtained from 

the graph (Fig.41 ) of percentage mortality against log dosage, gives a 

figure of 104°8  (= 90,310) spores per gram. 	In view of the variation 

inherent in this type of experiment, this figure can only be regarded as 

accurate within an order of magnitude. 
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5. 	The Effect of Disease on Larval Gain in InAght. 

In the experiments on the susceptibility of larvae to D.D.T. 

(p.90 ), and on oxygen consumption (p.84 ), larvae,  infected 10 and 11 

days from egg laying, and uninfected larvae were weighed. 	The infected 

larvae were expected to die within 15 days, and uninfected ones to 

pupate within the same time. 	The weights recorded are presented here. 

Larvae were cleaned of adhering flour particles by allowing 

them to crawl on paper and blowing off unwanted matter. 	In order to 

avoid inaccuracies due to water loss or starvation, larvae were weighed 

within one hour of removal from the culture. 

Larvae Wore not weighed individually, but in groups of 20 

or more. 	The average weight of individual larvae of each age was 

calculated and recorded. 

Dry weights wore measured similarly after the larvae had been 

kept in an oven at 110°C overnight. 

Tables 4 and 5 show the weights recorded at each age and 

state of infection. 

Table 4 '21cights of uninfected larvae and larvae infected at 

10 days from egg laying (from D.D.T. experiments). 

Age, days 	Average live at. mgms. 	Average dry wt. mgms. 
from egg 
laying. 	Infected 	Uninfected 	Infected 	Uninfected 

10 0.07 0.06 0.03 0.0:3 
13 0.15 0.11 0.05 C.04 
16 0.29 0.33 0.10 0.09 
19 0.39 0.74 0.12 0.26 
22 0.49 1.35 0.15 0.54 
25 1.47 0.60 
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Table 5 	Weights of uninfected larvae, and larvae infected 11 days 

from egg laying (from Q02 experiments). 

Age, days 
from egg 
laying. 

Average live wt. mgms. Average dry wt. mgrs. 

Infected Uninfected Infected Uninfected 

10 0.04 0.05 0.02 
12 0.07 0.08 0.02 0.03 
14 0.09 0.11 0.03 0.03 
16 0.13 0.18 0.04 0.06 
18 0.19 0.21 0.06 0.08 
20 0.26 0.55 0.08 0.17 
22 0.46 1.18 0.13 0.41 
24 0.56 1.64 0.12 0.60 
26 0.54 2.14 0.16 0.87 

Particularly in the,  middle of their development, larvae showed 

great variation in size. 	Groups of 20 or more were thought adequate to 

give a fair average. 

It will be noticed from the figures, which are represented 

graphically in fig. 42, that infected and uninfected larvae cultured 

simultaneously show a distinct relationship with each other which is not 

so clear when infected larvae are compared with uninfected ones from the 

other group. 	Slight differences in the consistency of the flour, and 

slight variations in the temperature of the incubator arc thought to be 

responsible for this. 	Only cultures reared simultaneously in identical 

media can be critically compared. 

The results demonstrate that the disease had no measurable 

effect on the rate of larval growth until at least six days after exposure 

to infection. 	Aft‘.r eight days, however, when the uninfected larvae 

were growing rapidly, the rate of increase in weight of infected larvae 
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deceased. 	Infected ialvae continued to grow at a greatly reduced 

rate until they died. 	Examination of the dry weight figures showed 

no difference in pattern from live weight readings. 
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6. 	The Size at Death of Larvae Exposed to Different Doses of  

L.tribolii. 

In order fully to estimate the effects of a control measure 

on an insect pest, it is important to know how much development of the 

affected insects is allowed before death. 

An estimate of the size of T.castaneum larvae which had died 

following exposure from birthi to different infective doses of L.tribolii  

was therefore made. 	The most convenient measurement was that of head 

capsule width, which is independent of the shrinkage which occurs during 

desiccation. 	The measurements were made using a X20 binocular microscope 

and an eyepiece scale, with units '-qual to 1/14 mm. 	Larvae from two 

of the dosage/mortality experiments (p.71 ) were used, and the values 

obtained are shown in Table 6 below. 

Table 6  The head capsule .lidths of T.castaneum larvae which 

have died following exposure to different doses of 

L.tribolii. 

  

Dose 	No. 
spores/gm. 	measured 

Head capsule width 
in eyepiece units 

  

Mean 	Range 

0-103 	None dead 	— 	— 

104  7 7.76 6.0-9.0 

105  40 6.88 4.0-10.0 

106  72 5.78 3.0-9.0 

The table shows that while the maximum size reached by larvae from any 

dosage level is constant, the minimum and mean sizes both decrease with 
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increasing dose from 6.0 (min.) and 7.76 (mean) at 104 spores per gm. 

to 3.0 (min.) and 5.78 (mean) at 106  spores per gm. 	For comparison, 

newly emerged larvae have a moan head capsule width of about 2 units, 

and those about to pupate, 10 units. 

This result, which would be expected from a disease relying 

partly on cumulative infection to cause death (i.e. there mortality and 

the time taken to cause death a2e related to dosage) shows that even 

Olen death eventually occurs, larvae exposed to a lighter dose develop 

further, and therefore cause more damage than larvae which die from a 

heavier dose. 
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7. 	The E ffect of L.tribolii Infection on the Activity of T. castaneum  

Larvae. 

Activity in insects may be measured by a variety of methods, 

the results of each being open to different types of interpretation. 

The prime purpose of the present investigation was to determine uhether 

or not, in the experiments belovi,on D.D.T. susceptibility, differences 

in activity between larvae of different ages and states of infection 

might be responsible for different mortalities on exposure to dry films 

of insecticide. 	Inactive larvae might show deceptively low mortalities, 

and hyperactive larvae would be apparently hypersensitive to the 

insecticide. 

It was therefore necessary to use a method v.hich would be 

repeatable for larvae of all sizes. 	The distance moved per unit time is 

dependent upon size as well as activity, and is therefore not suitable 

without considerable adjustment of each reading. 	It was decided after 

investigating the merits of a number of alternatives to count the number 

of larvae out of a batch of ten v.hich moved in a ten second period. This 

method had the advantage that conditions could be made identical with 

those of the D.D.T. experiments, and readings could be repeated over a 

long time. 

Larvae were infected 10 days from egg laying, and at each ago 

and state cf infection, four batches of ten infected and healthy larvae 

were placed on filter papers, and enclosed in nickel—plated brass rings 

one inch in diameter. 	The rings were covered with a plastic pctri dish 

in order to eliminate disturbance caused by air movements. 	The 
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observations were carried out at a temperature of 20 	1°C. 

It was found that the number of larvae moving in a 10 second 

period was usually more than zero, and almost always less than 10. 

This time was therefore regarded as suitable for repeated comparative 

readings. 	Ten larvae wore used in each observation as this was the 

number used in the D.D.T. experiments, for ease of calculation of the 

results, and as ten was the greatest number of larvae which could be 

observed accurately at one time. 

Twenty readings were taken from each of the eight batches 

of larvae (4 infected and 4 control), the readings being taken in 

four groups of five, the groups separated by intervals of 1 hour. 

Table 7 shows the total score for each group of larvae 

observed i.e. the sum of the numbers out of ten larvae moving in twenty 

ten second intervals, spread in groups of five over four hours. 

The percentage activity is expressed as the average number 

moving in any group in any ton second period. 

Table 7 	The activity of infected and uninfected T.castaneum  

larvae of different ages. 

Culture Group Days from egg laying 

10 12 14 16 18 20 22 24 

1 81 47 64 105 54 44 80 38 

2 74 54 58 62 53 51 62 53 
Control 3 72 45 71 45 76 60 43 62 

4 63 71 71 69 44 65 63 101 

Total 290 217 264 281 227 220 248 254 

Mean i; 36 27 33 35 28 27.5 31 32 



82. 

Table 7 Continued 

Culture Group Days from egg laying 

10 12 14 16 18 20 22 24 

1 48 68 31 62 43 87 35 

Infected 
day 10. 

2 

3 

54 

78 

49 

69 

44 

76 

74 

43 

59 

71 

89 

49 

55 

69 

4 46 63 62 52 68 51 80 

Total 226 249 213 231 241 276 239 

Mean % 28 31 27 29 30 36 30 

Maximum score = 200 

Maximum total = 800 
mean % = total/8 to nearest vtiole number. 

The table shows that there may be considerable difference 

between the activity of groups of larvae from identical cultures, under 

identical conditions. 

In all cases the mean percentage activity is between 27 and 

36%. 	The activity of individual batches is between 15.5% and 52.5%. 

No pattern or trend is discernable in these results either in the 

figures for any one culture, or between the cultures. 

It may be concluded that the disease has little if any effect 

on the activity of larvae at least until very shortly before the time 

of death. 	Differences in activity may therefore be excluded as 

affecting the results of the insecticide experiments. 
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An interesting observation on the effect of the disease on 

the behaviour of larvae may be reported here. 	It was noticed that 

small numbers of infected larvae would crawl up on the filter paper 

in culture jars. These larvae were invariably heavily infected 

and close to death. 	Uninfected larvae only left the culture 

medium in cases of vary heavy overcrowding. 
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9. 	The Effect of Disease on the Fate of Larval  Oxygen Uptake. 

The respiration of T.castaneum  larvae was measured using a 

Warburg apparatus with flasks of about 2.5 ml. volume. 	Larvae were 

placed in the flasks, and the flasks were in,ersed in a water bath at 

30.3°C. 	This temperature was chosen because it is suitable for the 

larvae, and very convenient in the calculation of the flask constant. 

The CO2 in each flask was absorbed by 0.02 ml of 20% KOH in the centre 

well. 	A small roll of filter paper stood in the well increased the 

absorbtive surface area. 	For each reading, three flasks contained 

larvae, and two wore used as thermo—baromAers. 

The number of larvae in the flasks had to be varied according 

to their size, 	20 of the smallest larvae used gave a good deflection 

on the manometer in one hour, and 5 older larvae gave a full scale 

deflection in about 40 minutes. 	As the average oxygen consumption 

of a group of larvae was being measured, groups of less than five were 

not used as individual variation would then lead to great inaccuracy. 

20 minutes wore allowed for the equilibration of the flasks 

with the water bath. 	Manometer readings were then taken every 10 

minutes, for one hour, and after correcting for taermobarometer changes, 

the readings were plotted on graph paper. 	The graphs of corrected 

manometer readings against time were of almost constant shape for larvae 

of all ages, and showed that oxygen consumption decreased considerably 

during the hour. 	It was not the intention to investigate the causes of 

this non—linearity, which may have been due for instance to the 

accomodation of the larvae to their new surroundings or to the absence 
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of food. 	Therefore, the closest fitting straight line was drawn by 

eye through the points. 	This line usually crossed the plotted curve 

near the 35 minute mark. 	The point at which it crossed the 60 minute 

mark was taken as the estimated total manometer reading for one hour's 

respiration, and further calculations wore based on this figure. 

Multiplication by the relevant flask constant gave the hourly 

oxygen consumption for each group of larvae, from v,hich, using the dry 

weights measured in larvae from the same culture, the oxygen quotient 

could be found (Oxygen quotient = Q02 =ill 02 consumed/mgm. dry weight 

per hour). 

Table 8 shows a sample sot of data, and the treatment of the 

figures. 	The theory of this typo of experiment and the formulae 

involved are given by Umbrcit et.al  (1957). 

The oxygen quotient was measured throughout the development 

of four cultures of larvae: 

1. Control, uninfected a. 

2. Infected 15 days from egg laying. 

3. Control, uninfected b. 

4. Infected 11 days from egg laying. 

Cultures 1 and 2 were from a single batch of eggs, as were cultures 3 

and 4. 	Only about 60(i; of larvae in culture 2 became infected, so the 

results obtained were rejected. 	Table 9, below, shows the three 

estimates of the Q02 of larvae of each age and state of infection from 

the remaining 3 cultures. 



Table 8 The measurement of the oxygen consumption of T.castaneun larvae aged 12 days, 
.I.nIM•••IM.••••••••••••• 

infected 11 clays frog egg layirg. 

Flask No. 

Man. No. 

Conts. KOH+ 

3 
1 

20 larvae 

6 

2 

(T-b) 

9 
3 

20 larvae 

10 

4 

(T-b) 

12 

5 
20 larvae 

Flask Vol.; gl 2698 2384 3093 

Cont. Vol.; pl 21 21 21 

Diff. = Vs; gl 2677 2363 3072 

Flask const. = K 0.241 0.213 0.276 

v 
Mins. obs. corr. obs. corr. obs. corr. (T-b) 

mean 

0 0 0 0 1 0 0 1 0 0 

Man. 10 -2 7.5 6 0 -1 7.5 5 -1 7.5 5.5 

readings 20 -11 15.5 4 -10 15.5 5 -8 13.5 4.5 

mra. 3o -14 20.5 6 -15 22.5 7 -11 18.5 6.5 

4o -18 24.5 6 -21 28.5 7 -16 23.5 6.5 

50 -22 30.5 8 -29 38.5 9 -20 29.5 8.5 

6o -31 35.5 4 -37 42.5 5 -28 33.5 4.5 

Estid total 38 45 . 	36 

xK (= Ill 02) 9.158 9.585 9.936 

Dry wt. mcms. 0.372 0.372 0.372 

Q 02 24.62 ____ 
25.74 26.71 
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Table 9 	Q02 of T.castaneum  larvae of different ages and states 

of infection, 

Days 
from egg 
laying 

Culture 1 
Control a 

Culture 3 
Control b 

Culture 4 
Infected 11 days 

from laying 

1 2 3 Mean 1 2 3 Mean 1 2 3 Mean 

10 - - - 23 19 19 20 23 26 26 25 

12 - - - 27 21 20 23 25 26 27 26 

14 29 30 - 29 31 28 26 28 28 27 24 26 

16 33 33 45 37 22 31 20 24 41 48 41 43 

18 36 23 24 28 35 31 22 30 30 33 29 31 

20 22 24 10 21 21 25 22 23 18 15 20 18 

22 18 22 23 21 24 18 20 21 14 19 14 16 

24 11 10 3x 11 21 18 14 18 10 12 12 11 

X This reading was made out of interest, using larvae 1/i-  doh had 
entered the inactive state Lich occurs just prior to pupation, 
and is not relevant to the present discussion. 

Figures are shot to the nearest whole number; means are taken 

from original readings which were calculated to one decimal place. 

The table shows that there is considerable variation between 

readings made at a given time on larvae from the same culture. 	This 

is particularly true of the 16 and 18 day readings, and is probably 

largely due to the fact that the larvae in any small sample vary consider-

ably in weight, and that the larvae weighed were necessarily not the ones 

used in the Uarburg flasks. 	About day 16, a great increase occurs in 

the rate of weight gain, and small variations in this time lead to large 

variations in weight for the follov;ing few days. 
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The mean values are plotted graphically in fig.43 from 

which it can be seen that the readings from the two control cultures do 

show some correlation, and indicate that a rise in Q02 occurs about 

the middle of larval development, which is followed by a drop from 

about 30 to about 15 in the last 6 days. 	Prepupal larvae have a 

comparatively low oxygen quotient of about 3. 

The infected larvae showed a sudden increase in Q02 on day 

16 (5 days after infection), but the figure on this day of 43 is not 

greatly different from that of 37 for one of the control cultures at 

the same time. 	In view of the great variation between readings, 	the 

difference between control and uninfected larvae cannot be taken as 

significant. 	As the infection takes a grip on the larvae, their 

oxygen quotient falls. 	In the present case, the fall is almost 

coincident with that observed in uninfected larvae. 	The causes, 

however, are thought to be different; healthy larvae are nearing the 

end of their development, and are about to enter the inactive pupal 

state, while infected larvae are about to die. 	In both cases a 

slowing down of the metabolism, and consequent fall in oxygen consump-

tion is indicated. 

It must be emphasised that it was not possible to differen-

tiate between the respiration of the parasite and that of the hosts the 

measurements concern the oxygen consumption of the host parasite system 

as a whole. 
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9. The Susceptibility to D.D.T. of Healthy and Infected T.castaneum  

Larvae. 

Susceptibility to D.D.T. of T.castaneum was estimated by 

allowing the larvae to crawl on filter paper impregnated with D.D.T., 

and counting the number dead after 24 hours. 	Measurements of the 

median lethal dose (LD50) were made throughout the larval life of 

uninfected insects, and throughout the development of the disease in 

infected ones. 

The deposits of D.D.T. were prepared by pipettino solutions 

of the requisite concentration of D.D.T. in acetone onto 9cm. filter- 

papers, and evapourating the acetone in a draught of warm air. 	The 

filter-paper was suspended on the heads of pins to prevent the spread 

of the solution beyond its borders. 

A series of D.D.T. solutions was prepared by serially 

diluting a 10% solution by a factor of three: 	Preliminary tests showed 

that deposits from 1 ml. of solution did not give adequate dosage response 

curves, so intermediate deposits were also prepared with 1.73 (-IN 

ml. of each sdution. 	Thus, a logarithmic series of deposits was 

obtained each differing from the next by a factor of/ 3. 	This series 

was found to give a dosage response regression suitable for the 

calculation of the L.D.50 in larvae of all ages. 

The concentrations of D.O.T. solutions used, and the deposits 

obtained are shun in Table 10 below. 
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Table 10 	The range of D.D.T. deposits used in experiments on the 

susceptibility of larvae. 

Dose 
Number 

D.D.T. 
in acetone 

Volume applied 
in mi. 

gms. 	of D.D.T. 
per paper 

log. 105 x 
gms. 	of D.D.T. 

1 10.0 1 0.100 4.0000 

2 1.73 0.0576 3.7604 
3 3,33 

1 0.0333 3.5224 

4 1.73 0.0192 3.2833 
1.11 

5 1 0.0111 3.0453 

6 1.73 0.00640 2.8062 
0.370 

7 0.00370 2.5682 

8 1.73 0.00213 2.3284 
0.123 

9 1 0.00123 2.0899 

10 1.73 0.000714 1.8537 
0.0413 

11 0.000413 1.6160 

12 1.73 0.000237 1.3747 
0.0137 

13 0.000137 1.1367 

14 1.73 0.0000791 0.8982 
0.00457 

15 1 0.0000457 0.6599 

16 1.73 0.0000263 0.4200 
0.00152 

17 1 0.0000152 0.1818 

Larvae from four cultures were tested; two uninfected cultures, 

one exposed to infection at birth, and one infected 10 days from egg 

laying (= 6 days from birth, approximately). 
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On each filter—paper including a control paper without D.D.T., 

three batches of ten larvae were allowed to crawl for 24 hours. 	Each 

batch was enclosed in a nickel plated brass ring of one inch diameter. 

After this period of exposure, the dead and "seriously affected" larvae 

were counted. 	"Seriously affected" larvae were defined as those which 

Showed convulsive twitches in the body, or which were incapable of 

righting themselves in 30 seconds after being turned on their backs. 

The proportions of dead and seriously affected larvae from the 3 

replicate rings were pooled, and termed "mortality". 

A series of observations were made at intervals during the 

development of the larvae but when larvae reached the inactive state 

just prior to pupation, and when control mortality exceeded 50'A; the 

observations were stopped. 

All the experiments were carried out at a temperature of 20°C. 

Owing to the high control mortality in infected groups, the 

effective numbers of larvae in a given test were variable. 	The results 

are not therefore suitable for statistical analysis. 

In Tables 11-14 th 	rtortalities 	rLcol )! for e7Ich 

of the tests, as well as the calculated L.D.50. 

The L.D.50  was calculated as follows : first, observed 

mortalities were corrected for control mortality using Abbott's formula. 

The corrected results were transformed to angles, which were expected 

to convert the S shaped regression to a straight line. 	The slope of 

this straight line, and its mean point were calculated; the L.D.50  

value was determined by substitution. 	The formulae used are explained 

in Snedecor (1956), and wore confirmed as being suitable by Hague and 
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Murdie (personal communication). 	The L.D.50  is expressed as log 105 x 

median lethal D.D.T. deposit in gms. per filter-paper. 

Table 11 	Numbers (/30) of T.castaneum larvae of different ages 

and states of infection dying uhen exposed to different 

(1) 	Control 
doses. 

: Uninfected A. 

Days from 
egg laying. 

Control 
No 

Dose number 
LD50 

D.D.T. 15 14 13 12 11 10 9 8 7 

10 1 10 8 23 23 29 30 - - - 0.99 

13 0 4 3 17 21 28 30 - - - 1.15 

16 0 3 1 13 20 26 30 - - - 1.24 

19 0 - 0 3 6 22 21 28 - - 1.58 

22 0 - 1 i 0 5 19 18 21 - - 1.71 

25 0 - - - 2 12 22 25 21 29 1.80 

Table 12 	Numbers (/30) of T,castaneum larvae at different ages and 

states of infection dying then exposed to different doses. 

(2) 	Infected at 10 days. 

Days from 
egg laying. 

Control 
No 

D.D.T. 

Dose number 

15 	14 	13 	12 	11 	10 9 
LD50  

8 	7 

10 1 5 	6 	26 	27 	30 	30 - - 	- 	1.00 

13 0 0 	5 	18 	27 	26 	29 - - 	- 	1.12 
16 0 1 	4 	10 	17 	19 	25 - - 	- 	1.41 
19 2 - 	5 	8 	13 	27 	29 27 - 	- 	1.38 

22 12 - 	15 	25 	27 	29 	30 - - 	- 	1.09 
25 - Over 50';:; control mortality - - 	- 
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Table 13 	Numbers (030) of T.castaneum larvae of different ages and 

states of infection dying when exposed to different doses. 

(3) Control : Uninfected B. 

Days 
from 
egg 

laying. 

Control 
No 

D.D.T. 

Dose number 

LD50 
16 15 14 13 12 11 10 9 8 7 5 5 

11 

16 

20 

24 

0 

0 

0 

0 

4 

- 

- 

- 

6 

- 

- 

- 

11 

2 

- 

- 

12 

15 

6 

- 

25 

22 

12 

- 

30 

26 

22 

5 

- 

30 

27 

14 

- 

- 

25 

13 

- 

- 

28 

23 

- 

- 

28 

16 

- 

- 

- 

22 

- 

- 

- 

22 

0.93 

1.23 

1.45 

2.20 

Table 14 	Numbers (/30) of T.castanoum  larvae of different ages and 

states of infection dying when exposed to different doses. 

(4) Infected at Birth. 

Days from 
egg laying. 

Control 
No 

Dose number 
LD50 

D.D.T. 16 15 14 13 12 11 10 9 

6 0 2 8 5 17 30 - - - 0.93 

12 5 4 4 4 12 25 27 30 - 1.23 

14 6 7 7 4 15 20 21 30 - 1.45 

17 14 - 11 10 17 20 21 29 30 2.20 

Tables 11 and 13 show Lhe results obtained using healthy larvae. 

Only those doses which were expected to give mortalities between 0 and 

100 were used. 	The susceptibility of larvae as measured by this method 
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can be seen to decrease with age. 	This is certainly duo in part to 

their increased weight; the effect of activity is shown to be negligible 

by the previous experiment (p.80 ). 

The susceptibility of larvae infected from birth (Table 14) 

was measured at irregular intervals, but does not differ considerably 

from that of control larvae, even when almost 50% of the larvae were 

moribund from disease. 

Larvae infected 10 days from egg laying (Table 12) were more 

convenient for estimation owing to their greater size. 	A slight 

increase in L.D . 50 

 (decrease in susceptibility) relative to uninfected 

larvae is recorded six days from exposure to infection, after which, 

susceptibility increases until death occurs after 9 to 15 days. 

During this period of increased susceptibility, the larvae do 

not stop growing altogether (see section on rate of gain in weight p.7.4 

so assuming that the quantity of D.D.T. absorbed during the 24 hours 

exposure is equal in infected and uninfected larvae, this increased sus-

ceptibility may be regarded as genuine, and not due to a decrease in the 

weight of infected larvae. 

The results of the D.D.T. experiments arc summarized graphically 

in Fig.44 . 	These experiments show that the disease has little effect 

upon the susceptibility of larvae to D.D.T., at least until the larvae 

are moribund. 

The L.D.50  of larvae vhich have been infected for 12 days 

and almost 50% of Ouch are moribund from disease is only about 4 times 

less than that of healthy larvae of the same age, and only very slightly 

less than that of healthy larvae of the same weight. 
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10. 	The Effect of Disease on Surviving Adults. 

In the following sets of data, the size, sex ratio, oviposition 

rate and longevity of surviving T.castaneum adults are discussed. 	The 

size and sex ratio figures are supplementary data obtained from the 

dosage/mortality experiments; the oviposition rate and longevity were 

measured in adults surviving from cultures in which over 80; of larvae 

had died. 	Survivors are defined as adults rhich are alive and normal 

in appearance on emergence from the pupa. 

a) The size of survivors  

Estimates of the sizes of survivors were made by measuring 

the length of their elytra from the base of the scutollum to the tip. 

Measurements were made in the same way as those of the head capsule 

width of dead larvae, and are shown in table 15 below. 

Table 15 	The elytra length of T.castaneum adults surviving 

exposure to different doses of L.tribolii. 

Dose 	No. 
Spores per gm. 	measured 

survived. 

Elytra lonoth(eyopic.xe units) 

Mean Range 

0 32 34.89 32.0 — 37.5 

102  38 34.36 31.5 — 38.0 

103  33 34,54 31.0 — 37.0 

104  32 34.44 31.5 — 37.0 

105  12 33.96 25.0 — 36.5 

106  No survivors — — 

There is a distinct trend shown by these figures, indicating 

that healthy adults (average elytra length 34.89 units) are slightly 
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larger than those which have survived a heavy dose (average 33.96 units). 

The difference between the extreme means however is well within the 

range about either one, and is so small that no significance can be 

attached to the results. 

It seems therefore that Ithile disease in the larval state 

may affect the size of surviving adults, the difference is very small. 

b) Sex ratio of survivors. 

The sexes of the adults emerging from one of the dosage/ 

mortality studies wore determined after preservation for one week in 

70;, alcohol. 	This trectaent made the hair lined pit on the fore 

femur of males more conspicuous. 	Table 16 shows the results obtained. 

Table 16 	The sexes of surviving T.castaneum  adults. 

Dose spores per gm. 
survived. Liales 	Females 

0 	 17 	16 

102 	 11 	 27 

103 	 24 	13 

104 	 16 	16 

105 	 6 	 5 

106 	No survivors 

Total 
	

74 	77 

The sex ratio of healthy T.castaneum is variable, and usually 

slightly biased in favour of females (Howe, 1956). 	No difference in 

the rates of survival of the two sexes can be detected here. 
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Many other counts were made, mainly on surviving pupae; as 

there was never any suggestion of differential mortality between the 

sexes it was not felt necessary to repeat the above observations. 

c) 	Longevity of survivors  

From a culture in which all the larvae had been infected, pupae 

were removed and separated into sexes. 	On hatching, the adults were 

placed in 2 x 1 in. tubes with about three gms. of flour. 	Deformed 

adults, vihich died within a few days of hatching were not used. 

The tubes containing adults were examined at intervals of about 

five days, and dead beetles were recovered. 	The flour was changed 

every 15 days. 	The experiment was repeated once, and the longevity of 

adults from two uninfected cultures was measured as control. 

The results of this experiment are shown in table 17 below, 

with the data converted for clarity to exact five day intervals. 

The results show that there is no constant difference between 

the mortality of males and females. 	Adults from uninfected cultures 

had a high rate of survival for the first 50 days. 	Those from infected 

cultures, however, had a distinctly lower survival rate for the first 

25-30 days, during which time about 25% of adults died. 	After 30 days, 

the mortality rate was approximately equal in surviving and uninfected 

adults over the period investigated. 

Surviving adults may thus be separated into two distinct cate-

gories; those which are affected and have a reduced life span (about 

25A)  and those which are apparently unaffected with rospect to their 

longevity (about 75A. 

The data in table 17, converted to percentages are shown 

graphically in fig.45. 



Table 17 The longevity of T.castaneum adults. 

Males 

63 

155 

181 

Ctate 

4o 45 50 loo 

Males 

%infected 

Females 

1 76 73 69 69 69 69 69 69 

2 	23 23 	23 1 23 	23 	23 	23 	23 

1 66 66 63 63 63 63 63 63 

2 26 26 26 26 26 26 26 26 

6ninfected 

Total Infected 	1186 

Total Uninfected 	191 

181 167 

188 181 

146 141 134 132 132 

181 , 181 181 181  181 

Days from hatching 

50 

63 

Females 
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d) Oviposition rate of survivors. 

In order fully to estimate the effect of a disease on an 

insect population, not only the mortality must be measured but also 

the reproductive potential of those individuals which survive or 

avoid infection. 

Pupae from a culture in which about 90% of larvae had died 

were extracted and separated into sexes. 	Adults wore collected on 

the day of emergence, paired, and incubated in 2 1 in. tubes 

containing about three gms. of flour. 	One pair was kept in each tube. 

Every two to four clays, the adults were removed and the 

flour was sieved to separate eggs. 	The eggs were counted, and the 

adults and flour replaced. 	The flour was changed every ten days. 

As adults emerged over a number of days, and it was more 

practicable to make many counts every three days rather than a few 

every day, the intervals between counts were irregular. 	For clarity 

of presentation the results are tabulated as average egg counts for 

three day intervals. 

A series of beetles from uninfected cultures were similarly 

treated and the numbers of eggs laid by the two groups Wore compared 

(tables 18 and 19, graph, fig.46). 

Table 18 shows that healthy females lay no eggs in the first 

three days after emergence, then lay at an increasing rate of up to 18 

eggs per day (usually about 10) for the vhole length cf the observed 

period. 



Days from emergence 

21 

38 

46 

27 

26 

24 

30 

42 

31 

25 

27 

29 

43 

27 

21 

36 

27 

46 

25 

30 

30 

4o 

24 

23 

29 

25 

51 

26 

31 

31 

32 

402 

18 

33 

41 

37 

26 

34 

32 

45 

31 

38 

41 

44 

3 

4 

5 

0 

7 

8 

9 

lo 

11 

Total: 

19 

13 

13 

5 

18 

al 

16 

12 

26 

0 58 185 

Table 18. Egos laid by T. castaneun  fenales 

A. Control. Adults from healthy cultures. 

12 15 

26 27 

28 31i 

21 27 

11 17 

18 23. 

29 31 

45 44 

9 23 

14 19 

21 30 

25 29 

247 302 

33 36 I 	39 42 Total 

28 49 46 38 399 

34 53 53 43 477 

26 46 48 45 372 

24 41 39 34 292 

27 42 48 46 396 

24 43 47 44 386 

42 51 52 49 551 

24 4o 39 28 299 

27 36 40 39 382 

28 48 4o 4o 394 

29 47 49 45 422 

313 496 501 456 437o 



Table 19. Eggs laid by T. castaneum  females 

B. Survivors 

Days from emergence 

Pair No. 3 	6 	9 	12 	15 	18 	21 	24 	27 	30 	33 	36 	39 	42 	Total 

1 	0 13 27 36 38 41 37 32 38 40 29 28 36 33 428 
2 	0 11 27 36 40 47 47 41 41 38 36 35 35 30 464 

3 	0 9 28 44 48 49 26 29 3 44 32 31 42 31 451 
4 	0 0 5 19 29 36 34 26 28 34 31 32 36 23 338 
5 	0 4 15 31 35 30 21 20 28 29 23 21 19 35 311 

0 	0 	0 	0 	0 	0 	X female died 	 0 
7 	0 9 22 35 41 48 40 30 32 32 33 36 41 29 428 
8 	0 	0 X female died. 	 0 
9 	0 13 29 44 45 37 32 21 31 32 34 37 40 32 427 

10 	0 	0 X female eied 	 0 
11 	0 	5 	3 	1 	1 	4 	X female died 	 14 
12 	0 14 20 19 20 27 22 22 28 44 38 34 39 37 364 

13 	0 	X female died 	 0 
14 	0 5 11 15 15 13 26 27 33 37 33 30 26 23 294 

Total: 0 83 187 280 312 332 285 248 297 330 289 284 314 268 3519 
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As in the longevity experiment, the survivors may be clearly 

separated into two groups. 	The females of pairs 6, 8, 10, 11 and 13 

all died within 21 days of emergence having laid no or very few eggs. 

The remaining 9 females lived for the whole period of the experiment, 

laying an average of 388 eggs each. 	This number is very similar to 

the average of 397 eggs laid by healthy females. 

The graph, fig.46 shows the oviposition rates of healthy 

and surviving female adults. 	The two lines for surviving adults are 

based on average egg counts taken from the number of living survivors, 

and from the original number of survivors. 	It will be seen that there 

is no meaningful difference between the oviposition rates of living 

survivors and healthy beetles, but that when the total population 

surviving at emergence is considered a decreased oviposition rate is 

observed. 
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PART 2  FARINOCYSTIS TRIBOLII  

1. Description of the Stages and Life—cycle of Farinocystis tribolii  

Uei ser. 

All parasites resembling F.tribolii Ueiser (1953) which were 

examined during this work were identical as far as could be ascertained, 

and their life cycles agreed closely with that described for 

Triboliocystis garnhami Dissanaike (1955). 	As it was felt possible 

that the two descriptions might have arisen from different interpretations 

of the life cycle of a single species, and in view of the slight 

discrepancies between Dissanaikels observations and my own, it was felt 

that a brief re—description of the life cycle, based on new observations 

was called for. 

a) Description of the trophozoite  

The sporozoite hatches in the mid—gut of the host, and 

migrates by an unknown route to the fat body. 	The development of the 

trophozoite in this species differs considerably from that of 

Lymphotropha, as within 24 hours of exposure of larvae to infection, 

the trophozoite becomes an intracellular micronuclear schizont. 

b) Schizogony  

There are two distinct cycles of schizogony in this species. 

The micronuclear schizonts (Figs.47, 54) develop within the fat body and 

grow up to 40 X 30 p. They are usually rounded, but may be flattened 

and elongated. 	The fully developed plasmodium contains 	to 200 

nuclei, each measuring 1-2p in diameter, and having a conspicuous 

endosome. 	The endosome is spherical, and varies considerably in size, 



E)cplanation of Figs. 47-53.  

F.tribolii. 	Giemsa-colophonium. 

47. Section of 200 nucleate micronliclear schizont. 

48. Meraz oite. 

49.a.b. Section of a 13 nucleate macronuclear schizont. 

50. Associating uninucleate Gametocytes. 

51. Binucleate gametocytes in association. 

52. 4-nucleate gametocytes in association. 

53. Gametocyst with early gamete formation. 
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F.tribollij  the rupture of a micronuclear achizont. 
Giemsa colophonium. 
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occupying almost the entire nuclear diameter in the undivided plasmodium, 

but becoming much smaller during the separation of merozoites. 	The 

majority of the nuclei are distributed peripherally in the plasmodium, 

but a few are scattered throughout. In section, the terminal part of 

a large plasmodium could easily be taken for the whole organism with 

nuclei distributed throughout the cytoplasm. 

Micronucloar schizonts, and further stages of this species 

have apparently homogeneous cytoplasm which stains quite heavily with 

mercury bromophenol blue, and contains no granules of P.A.S. — positive 

material. 	The densely proteinaceous nature of the cytoplasm, without 

paraglycogen inclusions is unusual among gregarines, and contrasts 

sharply with Lymohotrepha. 

Merozoites are produced by budding from the surfaces, or by 

the rupture en masse of the plasmodium (Figs.48,54). 	They are spherical, 

measuring 4p in diameter, or elongate, 3 x 5p, and may presumably 

develop into micro— or macronuclear schizonts. 

Macronuclear schizonts (Figs. 4'7,1 , 55) aro first seen three 

days after infection. 	They are more uniform in shape than the micro— 

nuclear schizonts, being almost spherical, 6p diem., to 20 x 15p, and 

containing up to 40 nuclei. 	The nuclei measure 3p in diameter, and 

have conspicuous endosomes occupying about of the diameter. The 

rupture of the macronucloar plasmodium was not observed, but gives rise 

to uninucleate merozoites, 4 p in diameter, which, without further growth, 

become ovoid in shape, and associate as gametocytes. 

Intermediate schizonts with a few large nuclei and many small 

ones, similar to those described by Dissanaike were also present. 
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Fig. 55. 

TE,Icronuclear schizont. 	Giemsa colophonium. 
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c) Gametogenv (Figs. 50-53, 56, 57) 

Shortly after association of the gametocytes, their nuclei 

divide. 	Nuclear division is accompanied by considerable growth of 

the cells, so that the diameter of the pair increases from 5 p to 15 p. 

Occasionally one gametocyte surrounds the other as a mantle, but usually 

both maintain the same hemi-spherical shape. 

The gametocyst, which is very thin, is laid down about the 

time of the last nuclear division of the gamet)cytes, when growth of 

the pair is complete. 	The cyst wall stains distinctly with P,A.S., 

indicating the presence of polysaccharide (Fig. 66) 

Eight-nuclear gametocytes in association were commonly seen, 

but others with smaller, more numerous nuclei, which were difficult to 

count were also common. 	Eventually, each gametocyte produced 16 

gametes. 	Thus, the mature gametocyst contains 32 gametes which can 

readily be counted in well serialised sections. 	This is twice the 

number implied, but not specifically stated by Dissanaike, and equals 

the number of "sporonts" observed by Weiser. 	The gametes are spherical 

and measure 3 F  in diameter. 

Feulgen's nuclear stain was applied to the gametic and other 

stages, but while it gave a good reaction in the insect tissues, no 

reaction was visible in the parasites. 	This is not taken to imply an 

absence of D.N.A. in the nuclei, but that perhaps the small quantities 

present were not adequately preserved. 

The fusion of the gametocytic cytoplasm before the separation 

of gametes was reported both by Weiser and Dissanaike. 	This phenomenon 

is difficult to confirm with certainty, though no membrane was visible 
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Fir,  56. 

10 

F.tribclii. 	Uninucleate and plurinucloa's.o gamctocytes in 

association. 	Giemsa colophonium. 
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 	F.tribolii. 	Thr 	sections of a gamotocst 
with 32 ga.notes. 
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between the gametocytes at this time, and the gametes were not divided 

into t.•!o groups after differentiation. 

d) :Sporogonv (Figs. 58-63, 64, 65). 

Gametes, presumably from opposite gametocytes fuse to form 

up to 16 zygotes. 	This number is rarely reached, however, and the 

number of spores produced is usually eight or nine, as observed by 

Dissanaike, 	Zygotes are initially spherical, measuring 5 p diameter. 

Their nucleus is large, 3 p diem., and before nuclear division commences, 

the zygote becomes ovoid, and grows considerably to 9 p by 4 N. 

The formation of the oocyst wall prevented observation of the 

division of the zygotic nucleus. 	The spore is elongated, lemon-

shaped, measuring 13 p x 7)u, with prominent thickenings at the poles, 

which are distinctly plugged, not merely capped as in Lymphotropha. 

In fresh preparations, the sporozoites are not visible within 

the spore. 	The only internal structures visible under these conditions 

are small vacuoles at either end, just within the spore plug. 	Sections 

of mature spores show eight sporozoites lying longitudinally, with four 

pointing each way. 	The sporozoites at this stage contain elongated 

granules of polysaccharide as indicated by the P.A.S. reaction. 

The gametocyst often breaks during the development of the 

zygotes; in light infections, however, the cyst may remain intact until 

ingestion ly a new host. 



Explanation  of Figs. 58-63. 

F.tribolii, Sporogony. 

58. a,b,c. 	Three serial sections.of a gametocyst with 
developing zygotes. 	Giemsa solophonium. 

59. Young spores. Giemsa colophonium. 

60. Mature spore. 	P.A.S. shows polyr,accha:ido at poles and 
in sporozoites. 

6l. Mature spore. 	Fresh smear. 	Negative phase. 

62. Empty spore. 	Mercury—br•ernophenol blue shows 
protein in walls. 

63. Mature spore (entire) Mercury—bromophenol blue shows 
protein at poles. 
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58, 59 : 10p 

60-63 : 5p 
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Fig. 64. 

a 

•"" 

10p 

F. ty.1 bAii, zygotes. 	Note also separating gamctes. 	Ciemsa 
Colophonium. 
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Fig. 66. 

10/1 

F.tribolii. 	F.A.S. shows polysaccharide in gamotocyst —all. 
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2. Notes on Pathology  

The mode of infection of F.tribolii seems to be the same as 

that of L.txibolii. 	The progress of the infection is, however much 

more rapid, schizonts being produced within 24 hours, gametocysts within 

4 days and mature spores within 7 days. Death commonly occurs after 

10 days. 

Larvae which are suffering, or vbich have died from this 

disease are in no way distinguishable macroscopically from those 

infected with L.txibolii,  except by the absence of capsules. 

Survivors from F.tribolii infections were not noticed as 

adults may become infected, survival would be difficult to confirm. 

Encapsulation did not occur in any of the F.tribolii  

infections examined. 	As the parasites are intracellular during their 

early development, only later stages could be encapsulated, and by the 

time these develop, the larvae are probably too weak to produce the 

large numbers of haemocytes required. 

In one experiment where 3 X 104  L.tribolii spores per gm., 

of flour were mixed with those of F.tribolii in the ratio of 40:1, 100% 

mortality occurred in larvae exposed to the mixture, end the ratio of 

L.tribolii to F.tribolii spores in the resulting load larvae was about 

1:3. 	F.tribolii may thus rapidly supersede L.tribolii in mixed 

infections. 	This is probably accounted for by the rapid multiplication 

of F.tribolii within the host, and by the death of the larvae before 

many L. tribolii spores have matured. 
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It was hoviever, more difficult to produce infections using 

old F.tribolii spores, than using L.tribolii spores of the same age. 

As in the case of L.tribolii infections, the fat body is 

the only host organ noticeably affected. 	This degenerates as in the 

former case, and the alburninoid spheres and lipid globules fail to 

develop. 	Infected cells degenerate, and the lobes of the fat body 

break up. 	Reversal of the process was not observed in this case. 
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DISCUSSION  

In any biological investigation, it is important that the 

taxonomic positions of the organisms studied should first be established. 

Data were obtained in the present work which permit a re-evaluation of 

the taxonomy of Farinocystis tribolii and Triboliocystis garnhami. 

Dissanaike (1955) described the life cycle of T.garnhami  

in larvae of T.castaneum, beginning with trophozoites entering the fat 

body and becoming schizonts. 	The plasmodia of these micronuclear 

schizonts measured 7-25 p in diameter, and the largest contained over 

100 nuclei. 	Merozoites, released mainly by multiple fission, developed 

into macronuclear schizonts measuring 5p diameter to 15 by 12 p, with 

up to 12 nuclei measuring 2p diam. 	Intermediate schizonts with a 

few large nuclei and many small ones were also seen. 

The macronuclear merozoites, which were budded off from the 

surface of the parent plasmodium, were uninucleate, and associated as 

gametocytes in this condition. 	After association, the gametocytes 

grew, and their nuclei divided. 	A thin gametocyst was laid down 

about the stage when each gametocyte contained 8 nuclei. 	Occasionally 

one gametocyte would enclose the other in a cup-shaped mantle. 	The 

details of gametogony were not described, but eventually eight zygotes 

were formed, each of which developed into a spore (oocyst). 	Thus 

about eight (occasionally three to ten) spores were formed in each 

gametocyst. 

The morphology and development of the organism described 

in the present work (as Farinocystis tribolii) conform closely to 
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Dissanaike's description, and examination of some of his original 

slides convinced me that only one species was concerned. 	Micro—

nuclear schizonts were sometimes larger (up to 40 x 30p), and contained 

up to 200 nuclei. 	Similarly, macronuclear schizonts measured up to 

20 x 15 p, and contained up to 40 nuclei. 	Gametogony was observed 

in more detail in the present work. 	Nuclear division proceeded in 

each gametocyte to a 16—nucleate stage, the gametic nuclei becoming 

very small, and difficult to distinguish against the dense surrounding 

cytoplasm. However, arising from the two gametocytes, 32 gametes were 

regularly counted. 	The early zygotes usually numbered less than the 

expected 16, and during their considerable growth, a number of these 

degenerated. 	Thus only about 8 spores were foeeeed in the mature g:sec—

tocyst (occasionally upto 12). 

It now remains to bc shown that these parasites do not differ 

significantly from Farinocystis tribolii described by :'riser (1953a). 

Weiser's description does not include division of the macro—

nuclear schizonts into merozoites; rather, they were thought directly 

to become gametocytes, and were thus plurinucleate on association. 

This view was modified slightly when he stated (1953b) that macronuclear 

schizonts divided into uninucleate merozoites, whose nuclei divided 

usually to an 8—nuclear stage before they associated as "gametes". 

A further contrast between Weiser's description and those outlined 

above is his statement that 32 sporonts were formed in each gametocyst, 

after which the wall broke down, and each developed into a spore. 

However a photograph published in a later work (Weiser 1963) clearly 

shows entire gamctocysts, each containing about eight spores. 
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From the present additional observations it appears probable 

that Weiserls observations on the last stages of schizogony and on the 

early association of gametocytes were incomplete. 	Also his "sporonts" 

were presumably gametes, and owing to the breakdown of the gametocysts 

in some of his material he was unable to count the number of spores. 

The gametocysts commonly disintegrated in my own infections, and only 

remained intact When the density of parasites was quite low. 

One further aspect of IAAserls description remains to be 

accounted for; this is his observation that gametocytes invariably 

associated in the asymmetrical manner described as occasional by 

Dissanaike and also observed in many of my own specimens. 	Such 

variability in the association of gametocytes is surprising, but the 

frequency of one or other type is probably a matter of strain variation, 

and the occurrence of the asymmetrical type of association in all three 

sets of observations strongly reinforces the argument that only one 

species is concerned. 

In a personal communication, Weiser said, regarding his 

opinion that Farinocystis and Triboliocystis are identical, that this 

was supported by the structure of the spores, types of gametes, and all 

other facts including the host and locality. 	The cysts in Farinocystis  

had not been described, as in some materials they autolysed before the 

maturity of the spores. 	The type of gametes and number of nuclei 

forming spores wore so specific for Farinocystis  that if ever T.garnhami  

were to survive any earnest revision it would only be another species of 

the same genus. 
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The conclusions derived from the present work are in agreement 

with those of Weiser. 	It is believed that the present work clarifies 

the sequence of development at the end of macronuclear schizogony, 

and in the early stages of sporogony. 

By way of summary, fig. 67 shows diagrammatically, and in 

simplified form, the life cycle of the organism, Farinocystis tribolii 

Weiser, with vhich Triboliocystis garnhami is thought to be synonymous. 

The figure shows how, in the light of new observations, the two original 

descriptions have been amplified and combined. 

The life cycle of L.tribolii contrasts sharply with that of 

F.tribolii, particularly in the development of large extracellular 

trophozoites, the single type and low rate of schizogony, and the 

association of large gametocytes which do not grow after pairing. 

The presence in the former of longitudinal striae in the trophozoites, 

and the abundant accumulation of paraglycogen are additional contrasting 

features. 	Some of these differing characteristics are no doubt 

associated with the extracellular habitat of the one, and the intra—

cellular habitat of the other, and it is not clear which factors are 

important in the phylogonetic classification within the group. 

Grassels (1953) classification is the one into which both species 

fit most naturally. 	Grasse divided the order Neogregarina into five 

families, leaving four genera as incertao sedis. 

The family Ophryocystidae Leger and Duboscq comprises a single 

genus, Ophryocystis Schneider with nine species inhabiting the lumen 

of the Malpighian tubules of various beetles. 	The schizonts 



Explanation of Fig.67  

Summary of the life cycle of F.tribolii combining the obser—
vations of Weiser and Dissanaike with the present work. 

a. Mature spore 

b. Sporozoite 

c. Micronuclear schizont with merozoites 

d. Macronuclear schizont (V!eiser's gametocytes) 

e. Macronuclear merozoites 

f. Associating gametocytes 

g. Gametocytes, 4 nuclear 

h. Gametocyst with 32 nuclei 

i. Gametocyst with 32 gametes ('Zoisor's sporonts) 

j. Gametocyst with developing zygotes 

k. Young spore 



Weiser ._._._._._. 	F 
_Dissanclike 	CV 
Ashford 	c 
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in this family are attached to the walls of the tubule by branching 

processes which give them a mycetoid appearance. 	The family is 

further Characterised by the production of a single spore in each 

gametocyst. 

The Schizocystidae Leger and Duboscq are extracellular parasites 

in the digestive tract of Malpighian tubules of Diptera and Hemiptera. 

The family as originally erected included only the genus Schizocystis  

Leger. 	The subsequent inclusion of Machadoella Reichenow (1935) 

necessitated some extension of the familial diagnosis. 

The species of the genus Schizocystis are remarkable among the 

Neogregarina in that they exhibit anisogamy. 	The trophozoites are 

large, vermiform, and develop directly into schizonts which are 

attached to the gut walls of the host by means of a complex terminal 

apparatus. 	When Reichenow (1935) erected the genus Machadoella, he 

proposed that it should include a species of Schizocvstis, S.spinigeri  

Machado, as well as M.triatomae Reichenow. 	Machadoella differed from 

Schizocystis in many ways, but also had vermiform trophozoites with 

longitudinal striae and with an indistinct terminal apparatus. 

Schizogony in Machadoella  occurred by the irregular multiple fission 

of a multinucleate plasmodium, in contrast to Schizocystis, where 

division is more regular. 	MAchado (1913) had thought to observe 

the association of binucleate gametocytes in S(=M) spinigeri, but 

Reichenow refuted this, thinking that the binucleate bodies were schizonts, 

whereas the gametocytes were uninacleate on association. 	He also 

pointed out the difficulty in differentiating between nuclei and cyto— 

plasmic inclusions of volutin. 	Mayer E. Pifano (1949) in their partial 
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description of an unidentified species of Machadoella also observed 

the association of binucleate gametocytes, and were able to distinguish 

these from schizonts by their different cytoplasmic reaction to 

Giemsats stain. 

The organism described in the present work as Lymphotropha  

tribolii appears to be closely related to Machadoella. 	The tropho-

zoites While not vermiform, are large, and have longitudinal striae. 

The schizonts are very similar in appearance, as are the stages in 

gametogony and sporogony, and the spores. 	The differences in the 

shape of the trophozoite, the indistinctness of the striae in 

Lymphotropha, the probable association of binucleate gametocytes in 

Machadoella and the difference in habitat (Machadoella inhabits the 

Malpighian tubules of Triatomid bugs, and Lymphotropha, the haemocoele 

of beetles) warrant the generic status of Lymphotropha at least until 

further related species are found, and the bases for the taxonomy of 

the group are more clearly established. 

It is interesting to note in this context that Bucher (1965) 

recently found a neogregarine in the fat body of the grasshopper 

Melanoplus bivattatus Say. 	Only the spores Were seen for certain, 

but these bore a very close resemblance to those of Lymphotropha, 

and varied similarly in their number per gamotocyst. 	Bucher tentatively 

identified his specimens as being close to Lipotropha. 

The members of the family Caulleryellidae Keilin live extra-

cellularly in the intestine of Diptcra, and have flask-shaped trophozoites, 

regularly bunched merozoites, and spores which differ considerably from 
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the species at present under consideration. 

Grasse (1953) erected the family Syncystidae to include 

Syncystis mirabilis Schneider, which has spores furnished with spines 

at the poles, indicating its possible relationship with the 

Acanthosporinac among the Eugregarina. 

The family Lipotrophidae Grasse includes throe genera whose 

members, in the same may as Farinocystis, parasitise the fat body of 

insects intracellularly. 	Members of the genus Lipotropha Keilin 

have a single schizogonic cycle, and gematocytes which grow before, 

not after association. 	In the genus Mattesia,  there are two cycles 

of schizogony as in Farinocystis, and the gametocytes associate before 

being fully grown, but only two spores are produced in each gametocyst. 

Although typically the spores do not have distinct plugs, Canning (1964) 

has shown that M.trogodermae has spores which closely resemble those 

of F.Lribolii. 	The species of the genus Lipocystis Grell have two 

schizogonic cycles somewhat similar to those of Farinocystis, but 

between 100 and 200 thin walledspores are produced in each gametocyst, 

which ruptures shortly after the fusion of gametes. 

Farinocystis must therefore retain its generic status, and 

occupy an intermediate position between  Mattesia,  with two spores per 

gametocyst and Lipocystis with many. 	The occurrence of two cycles 

of schizogony indicates relationships between Farinocystis  and both 

of these genera; the spore structure resembles that of  Mattesia, and 

the breakdown of the gametocyst indicates ties with Lipocystis. 

Weiser's (1955) classification of the Schizogregarina divides 

the group (a sub—order in this case) into two families. 	The 
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Ophryocystidae, characterised by two distinguishable types of 

schizogony arc divided into two sub—families, Ophryocystinae, with 

uninucleatc associating gametocytes, and Machadoellinae with pluri— 

nucleate gametocytes. 	The latter sub—family contains both Machadoella 

and Farinocystis. 	Quite apart from the fact that the presence of a 

second schizogony in Machadoella is in question (see above) and that 

the present work shows Farinocystis to have uninucloate gametocytes, 

the two genera differ greatly in their habitat, and in the structure 

of their trophozoites. 	The fortuitous discovery of Lymphotropha, 

which is clearly related to Machadoella, but not to Farinocystis 

supports the argument that these two genera arc not closely allied. 

Weiser bases the sequenc(e, of his genera largely upon the 

number of spores produced in each gametocyst. 	The present work has 

shown this number to be variable in both of the species studied, and 

not directly related to the number of gametic nuclei produced, which 

is perhaps more constant. 

There is a strong correlation between the habitat of neogre— 

garines and their morphology, which is emphasised in Grassers system. 

Whether or not this is also correlated with phylogeny is open to question, 

as is even the homophylogeny of the heogregarina as a whole (Grass4, 1953). 

The facility with which the two genera dealt with in the present work 

fit into Grass6Is system speaks at least for its practical convenience. 

The present discovery of a new genus of neogregarine in such 

a well—known beetle as Tribolium castaneum suggests that only a small 

proportion of the living members of the order are known. 	Neogregarines 

are usually pathogenic parasites which cause no externally visible 
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symptoms in live insects. 	They are therefore rare in healthy 

populations, and are most likely to be discovered in laboratory cultures 

where conditions are suitable for the development of epizootics. 

The discovery of neogregarines in wild insect populations is an arduous 

task, depending largely on fortune, but considerably more will have to be 

known before any definitive classification of the group 	b ace 'table. 

Detailed studies on the pathology of neogregarine diseases have 

not yet been attempted. 	In the present work, a broad investigation 

was undertaken into the relationships between the parasite, 	 

and its host, T.castaneum,  in order to find the gross effects of one 

upon the other, and the elucidate the fields in which more detailed 

investigation might be rewarding. 

The disease caused by L.tribolii reached its fullest develop-

ment when larvae aged up Lo about 12 days from egg laying (8-9 days 

from hatching) were exposed to infective doses of 106  spores per gram. 

or more. 	The effects of this full expression of the disease will 

first be considered, then effects of smaller doses will be discussed. 

During the incubation period of about six days following 

exposure to infection, there were very few parasites to be found in the 

haemocoele of the host, and no pathological effects could be detected. 

During the following ten days, the parasites multiplied by schizogony 

and increased in size. 	The fat bodies of infected larvae ceased to lay 

down fat globules and albuminoid Fpheres, and the rate of gain in weight 

decreased relative to that of healthy larvae. 
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The parasites accumulate large quantities of paraglycogen which 

must be synthesised from carbohydrate substances in the blood. 	The 

nature of the food of Tribolium larvae is such that in order to 

obtain adequate protein for development, large excesses of carbohydrate 

(starch) must be ingested. 	It scorns probable thorofore that the 

massive accumulation of paraglycogen by the parasite has little harmful 

effect on the host. 

Mile large volumes of carbohydrate are not stored icy the 

insect, lipid and proteinaceous materials are. 	Infection with 

L.tribolii has been shown to disrupt the storage of both these typos of 

substance. 	The storage of relatively large quantities of lipid 

material by the parasites probably prevents their accumulation in the 

cells of the fat body. 	Proteins, however, arc not present in large 

volumes in the parasite, and the lack of development, and degeneIation 

of the albuminoid spheres of the host fat body requires more elaborate 

explanation. 	Perhaps the parasites in some way disrupt the normal 

processes of protein synthesis within the host, causing Taterial which 

would normally be stored, to be required immediately. 

Vthile it was not possible to say at what stage feeding ceased, 

the reduction of the rate of larval weight gain may be explained by the 

parasites absorbing nutrients from the blood, thus preventing the 

accumulation of reserves in the fat body, and causing demands to be 

made on that organ, as happens when uninfected larvae are starved. 

During this clinical period, whon, in effect the larva is 

suffering from starvation, changes in its physiology are remarkably slight. 
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The oxygen quotient falls gradually as death approaches, and at no time 

differs significantly from that of healthy larvae, where a parallel 

reduction was observed as they completed their development and neared 

pupation. 	This lack of change in oxygen consumption, which contrasts 

sharply with the findings of Sussman (1952) and Lysenko and Slairu (1961) 

in the case of fungal and bacterial diseases, is simultaneous with the 

decrease in growth rate, and is consistent with the absence of,.•profound 

physiological changes. 	The indication simply is, that the host's 

metabolism is slowed down by advancing parasitemia. 

The susceptibility of healthy and diseased larvae to D.D.T. 

was measured by allowing them to crawl on insecticide—coated filter—paper 

for a standard time. 	No significant change, not accountable by 

differences in weight, could be detected until shortly before the death 

by disease of infected larvae. 	Shortly before death, these larvae 

did become slightly more susceptible than healthy larvae of the same 

weight. 	Observations on the activity of healthy and infected larvae 

confirmed the validity of the D.D.T. experiments, and showed that the 

disease has no demonstrable effect on activity until within a few hours 

of death. 

These experiments show that the disease caused by L.tribolii in 

T.castaneum probably has no marked effect on the nervous or muscular 

systems of the host until shortly before death. 	The degeneration of 

the fat body has been shown to be reversible, so it is concluded that 

death is caused in part by the physical obstruction of the host's 

haemocoele, and in part by a form of starvation. 
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The observation that some larvae crawl up on filter—paper 

when heavily infected is of particular interest as it is the only 

indication of any change in their behaviour. 	it is well known that 

many insects crawl upwards before dying from disease (Steinhaus, 1949). 

Personal observations have regularly been made on the cockroaches 

Ectobius lapponicus Lin. and the cantharid beetles, Rhagonycha fulva  

Scop., clinging to the tips of grass stems after death by mycosis. 

In the present case, it has been shown that no increase in activity 

occurs in infected larvae, so the change in behaviour must be due to 

a change in orientation. 	It seems strange that insects suffering 

from the effects of starvation should leave the culture medium where 

ample food is available. 

Uhen larvae were exposed to doses of 104  or 105  spores per gm. 

nearly all became infected, but a varying proportion survived. 	In 

some cases the disease ran about the same course as above, death being 

delayed by a few days only. 	In other cases, death was delayed for 

up to two weeks. 	Some larvae pupated before dying, and others 

reached the adult state in a deformed condition. 	Of those which 

became externally normal adults, about 25% had greatly reduced longovtiy 

and female fecundity. 	The remaining 75% of the surviving adults lived 

apparently normal lives. 

The size of insects at death, as the metamorphic stage, 

is only partly controlled by the dose to which they are exposed. 	Thus, 

while there is a minimum size at death, which is only produced by heavy 

doses, some larvae exposed to heavy doses develop almost the prepupal. 

size before dying. 
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Survival and the postponement of death may be partly due to 

encapsulation. 	Capsules are formed round encysted gametocytes, isolating 

them and causing them to degenerate. 	It is improbable that encapsul— 

ation is the only factor important in survival, as the growing stages of 

the parasite; trophozoites, schizonts and merozoites are not affected. 

The fact that gametocysts isolated by encapsulation degenerate implies 

that some interchange still exists between the parasite and host, and 

by preventing this interchange the larva benefits. 

The breakdown of the resistance of the parasite to encapsulation 

at the time of encystation is probably due to the change in the nature 

of the surface at this time, from a living cell wall to the dead cyst, 

and possibly also to the fact that the parasites are no longer motile. 

Vihy gametocysts with fully developed spores do not become encapsulated 

remains unexplained, except that usually the host is moribund at this 

stage. 

Encapsulation has been suggested by Salt (1963b) to occur 

when parasites are in unnatural hosts. 	It is possible that the 

presence of Lymphotropha in Tribolium is the result of contact between 

the parasite and host under the abnormal conditions of laboratory 

culture. 	The resistance of T.confusum to infection might support the 

idea that L. tribolii is not completely suited to the other members of 

the genus. 	However, until the hypothetical natural host is discovered 

this is mere speculation. 

Factors other than encapsulation must be operative in the 

survival of large larvae of T.castaneum and all larvae of T.confusum, 
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where spo:ozoitcs hatch, but infection does not succeed. 	Phagocytosis 

was not observed in L.tribolii infections, though both Dissanaike 

and 1Jeiser described it in F.tribolii. 	It seems that phagocytosis 

and encapsulation by insect haemocytes are closely related phenomena, 

being the result of a surface stimulus on the same cells. 	Only if the 

parasite or foreign body is too large to be ingested by a single cell 

is it encapsulated. 

Some speculation on the effects of L.tribolii on T.castaneum  

populations may be made from the dosage/mortality figures and from the 

studies of the effects of disease on survivors. 	An experimental study 

along similar lines was conducted by Park (1948) who accumulated an 

enormous amount of data on T.castaneum populations infected with 

Adelina tribolii. 	As this worker renewed the culture medium and 

removed all dead insects every 30 days, he placed the coccidian at a 

considerable disadvantage. 	Nevertheless, 8 out of 40 of his 

T.castaneum populations died out during the four year study period. 

Under sterile conditions, T.castancum usually eliminated T.confusum  

from mixed populations, but the presence of the parasite reversed 

this trend, and Toconfusum  survived at the expense of T.castaneum. 

The present experiments would lead to the following possible 

conclusions. 	In the case of a very low rate of infection in a well 

dispersed population with unlimited food, the disease would remain 

enzootic, causing very feu deaths, but perhaps slightly reducing the 

:7.verage fecundity of feals by sQ.:,)atly reducing the fecundity and 

life span of some of them. 
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In any suitable natural medium under normal circumstances, 

a peak population of healthy T.castancum would be reached within a 

few generations. 	The high rate of reproduction and low rate of 

dispersal would ensure this. 	nth the build up of a high population 

density, the chances of dead individuals being eaten would increase. 

The disease would thus spread, and become epizootic. 

In the case of a population suffering "frill an epizootic, 

the adults mostly have a normal life span, and lay the usual number 

of eggs. 	The eggs are viable in the normal proportions, but very few 

larvae develop to maturity. 	Of those that do, a proportion of the 

resulting adults have very low fecundity, and greatly reduced longevity. 

The remainder live end reproduce normally. 

In the presence of many of their dead fellows, larvae of the 

third generation have small chance of survival. 	Thus, even when the 

original density of insects and rate of infection are low, epizootic 

conditions and the extinction of the population would be expected to 

occur within very few generations. 	The affected substrate would be 

considerably altered by the beetles which had developed on it, but 

would remain contaminated with viable spores for many months, preventing 

any further infestation by the beetles. 

The v:ork presented in this thesis has shown that T.castancum 

is susceptible to a number of pathogenic protozoa. 	L.tribolii has 

been studied in sone, detail, and has been shown to be capable of 
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preventing increase in populations. 	However, as the insects are 

unaffected by the parasite from the age of 15 days from egg laying, 

economic application of spores of the protozoan would not be expected 

to be profitable except as introducing an additional natural control 

factor into a population. 	The benefit would only accrue over a 

long term, and stored products pests usually require more rapidly 

effective measures for their economic control. 
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Lymphotropha tribolii gen. nov., sp. nov., Neogregarinida, Schizocystidae, 
from the Haemocoele of Tribolium castaneum (Herbst) 

R. W. ASHFORD 

Imperial College Field Station, Silwood Park, Sunninghill, Berkshire, England 

SYNOPSIS. Lymphotropha tribolii gen. nov., sp. nov. (Neo-
gregarinida, Schizocystidae) is described from the haemocoele 
of Tribolium castaneunz (Herbst) (Coleoptera, Tenebrionidae). 
The trophozoites are large, ovoid and uninucleate with distinct 
longitudinal striae. Schizogony occurs in one type of cycle 
only, each schizont giving rise to up to 8 merozoites. Gameto-
cytes are uninucleate when they associate. Up to 16 oocysts 

LARVAE of the flour beetle, Tribolium castaneum 
	 (Herbst) in cultures at the Imperial College 
Field Station were found to be heavily infected with 
Lymphotropha tribolii gen. nov., sp. nov., a schizo-
cystid neogregarine, which caused high mortality 
among young larvae. The life cycle of the parasite is 
here described, along with some discussion of its 
pathogenicity. 

Five sporozoan diseases have been described from 
larvae of T. castaneum: Adelina tribolii Bhatia, 1937 
(1) ; Nosema whitei Weiser, 1953 (9) ; Nosema bucklei 
Dissanaike, 1955; Farinocystis tribolii Weiser, 1953; 
and 	Triboliocystis garnhami Dissanaike, 1955 (3 ) . 
Thompson, 1960(8) questioned whether the two No-
sema species are in fact valid,' and Weiser, 1963(12) 
has stated his belief that the two schizogregarines, F. 
tribolii and T. garnhami are identical. It was never-
theless surprising to find yet another sporozoan disease 
affecting this beetle. 

In the present paper, oocysts resembling those of 
F. tribolii and T. garnhami, cultured from material 
from Czechoslovakia and Gambia, are mentioned 
under the name F. tribolii. 

1  At least one species of microsporidian does occur in 
Tribolium spp. Nosenza whitei Weiser was described from T. 
castaneum and Tribolium confusum (Duval) and N. bucklei 
Dissanaike, from T. castaneum. These descriptions are in-
complete, and therefore invalid (Thompson, 1960) (8). West 
(1960) (13) described part of the life cycle of a Nosema species 
from T. confusum, but did not identify or name it.  

each with 8 sporozoites are formed in each gametocyst. The 
oocysts are lemon-shaped, and sporozoites emerge from the 
poles. 

The parasite causes considerable mortality in young larvae, 
though its pathogenicity is probably inferior to that of 
Farinocystis tribolii Weiser. 

MATERIALS AND METHODS 

Cultures of T. castaneum were fed on wholemeal flour with 
a small quantity of yeast added and kept in an incubator at 
28°C. Infected cultures were maintained by feeding young 
larvae on the ground-up bodies of others which had died of 
the disease. 

Infected larvae were examined by the following methods: 
(a) Larvae were fixed in Heidenhain's Susa, embedded in 
58°C paraffin wax and sectioned at 5 /A. Alcoholic Bouin, 
Carnoy and formalin proved unsatisfactory as fixatives. Sec-
tions were stained with Heidenhain's iron haematoxylin, 
Giemsa, and the periodic acid-Schiff technique. Heidenhain's 
haematoxylin was the best nuclear stain, Giemsa penetrated 
mature oocysts to show sporozoites, and P.A.S. gave a strong 
reaction throughout the cytoplasm of trophozoites, schizonts, 
gametocytes, gametes and zygotes, showing dense reserves of 
carbohydrate in these bodies, but not in maturing oocysts or 
sporozoites. Feulgen's nuclear stain gave indistinct reactions 
in gametic and zygotic nuclei. (b) Fresh smears were made 
in normal saline, and examined under negative phase contrast. 
This method was particularly useful for early stages which 
were too rare to find in sections. Iodine stained trophozoites, 
schizonts and gametocytes deep brown in fresh smears. 

All drawings were made with the help of a squared eyepiece 
grid, on graph paper. 

Description of the Neogregarine 

In contrast to the other two neogregarines previ-
ously described from T. castaneum, the present species 
has only one type of schizogony. The description will 
trace the life cycle, from the infection of a new host 
larva. 

Infection. Infection follows ingestion of mature 
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Fig. 1. L. tribolii spores in mid-gut of T. castaneum. hh.: 
spore with two sporozoites still contained. Heidenhain's haema-
toxylin ; X 1,000. 

Fig. 2. Section of T. castaneum larva, with moderate infec-
tion of L. tribolii. PAS stain shows distribution of parasite 
in host. X 200. 

oocysts by a young larva. The gametocyst wall prob-
ably breaks down before or during ingestion. The caps 
at both poles of the oocyst are digested either by the 
host's digestive enzymes or from within, as a result 
of some stimulus from the host, allowing the sporozo-
ites to escape into the gut (Fig. 1). The sporozoites 
(Figs. 7, 8) are vermicular and crescent-shaped, meas- 
uring 8 X 1 	and they emerge, often from both 
poles at once, by a gliding movement, without ap-
parent change in shape. The cytoplasm of the newly 
emerged sporozoite is entirely non-granular. 

Development of trophozoite. The sporozoite must 
at some stage penetrate the host's gut, and enter the 
haemocoele. There is no evidence that the Malpighian 
tubules are used in the route to the haemocoele. The 
sporozoite elongates to about 15 p. (Fig. 9), and then 
becomes broader at one end (Fig. 10). The cytoplasm 
becomes steadily more granular. The fully developed 
trophozoite (Figs. 3, 11) measures up to 30 X 15 e, 
and is usually ovoid in shape with a clear terminal 
pseudomerite. The trophozoite cytoplasm contains nu-
merous granules and globules of various sizes, which 
stain heavily with PAS, and its outer wall is marked  

with a number of longitudinal striae (Fig. 13a) which 
appear as ridges in cross sections (Fig. 13b). These 
have a fine granular appearance under negative phase 
contrast. The striae do not stain in sections, only 
being visible as pellicular thickenings. 

The nucleus of the trophozoite is often situated near 
the centre of the body, to one side of the long axis; 
it is large (5 µ diam.) and has a well marked endo-
some which may either be spherical, or connected by 
darkly staining processes to small granules on the 
nuclear membrane (Fig. 12). 

No movement has been observed in the trophozoite; 
its penetration to all parts of the haemocoele (Fig. 2), 
including even the legs, may be helped by circulation 
of the haemolymph, or possibly by small movements 
of the pseudomerite. 

Schizogony. Schizonts, which develop from tropho-
zoites, are very variable in size: 10 X 5 p. to 30 X 
15 /A. They are not common, and are hard to find, 
even in very heavy infections. Their cytoplasm is 
rather more heavily granulated than that of the 
trophozoite, and they have no pseudomerite or longi-
tudinal striae (Fig. 14). The schizont nucleus divides 
into 2-8 daughter nuclei (Figs. 4, 15), and cytoplasmic 
division then takes place, releasing spherical merozo-
ites, measuring 4 to 6p. in diameter. These grow into 
further trophozoites and schizonts, or into gametocytes. 

Gametogony. Gametocytes are spherical or ovoid in 
shape, and vary in size between 12 X 8 p. and 20 X 
15 p. They associate in uninuclear pairs (Figs. 5a; 
16). During nuclear division of the gametocytes (Fig. 
17), a thin membrane envelopes them, forming a 
gametocyst, 20 /A in diameter. Each gametocyte nu-
cleus divides into 16 gametic nuclei which migrate to 
the periphery of the gametocyte (Figs. 5b; 18). These 
nuclei often contain 3 darkly staining granules, ar-
ranged on the nuclear membrane. 

Gametes are budded off from the surface of each 
gametocyte (Figs. 5c; 19a, b, c). They measure 3-4 p, 
in diameter, and have lightly staining cytoplasm. 
There are usually a number of residual nuclei in the 
cytoplasm of the gametocytes, which now coalesces as 
residual cytoplasm. The volume of residual cytoplasm 
in the gametocyst is considerable. 

In some gametocysts, some gametes will probably 
join with others from the opposite gametocyte, but 
zygotes are sometimes restricted to one end of the 
gametocyst, indicating that they have all developed 
from the same gametocyte (Figs. 20a, b, c; Fig. 5d). 

Sporogony. The zygotes are ovoid or lemon-shaped, 
measuring about 6 X 4 p., and form round the periph-
ery of the gametocyst, often in two groups, one at each 
end. Their cytoplasm stains more darkly than that 
of any other stage, and their nuclei are more clearly 
defined than those of gametes, being sub-terminal, and 
containing numerous darkly staining granules. Shortly 
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after formation, the zygote becomes enclosed in a 
resistant wall which impedes fixation and staining. 
The development of the oocyst as observed under 
negative phase involves a concentration of the cyto-
plasmic granules into 1-4 large. highly refractile bodies 
in the mature oocyst (Figs. 21a, b). These bodies 
are unaffected by KOH, and usually disappear during 
hatching. Nuclear division and sporozoite formation 
are not visible by this method. 

Giemsa staining of the mature oocyst shows two 
sub-terminal groups of four elongated nuclei, and 
eight faintly distinguishable sporozoites (Figs. 22a, 
b). The oocyst wall is invariably distorted during 
fixation.. 

The number of oocysts per gametocyst varies be-
tween 4 and 16 (average 9-10), depending on the 
number of gametic nuclei which form gametes. Twice 
the number of zygotes plus the number of residual 
nuclei is almost invariably 32. 

As the oocysts develop, the residual cytoplasm dis-
appears. 

The mature oocysts are broadly lemon-shaped, and 
are slightly thickened and pointed at the poles (Fig. 
21). The polar caps are not distinguishable in fresh 
smears from the rest of the oocyst wall. The oocysts 
measure 8-9 X 5-6 

Relationships with Host 

Visible eflects. Larvae which have been infected for 
a long time are darkened, particularly in the posterior 
half. Moribund larvae are dark brown or black in 
colour; they are straight, immobile, and laterally 
shrunken. On death they rapidly dry out, become 
dorso-ventrally flattened, and dark brown in colour. 

Effects of infection on the behaviour of the host 
have not been studied. 

Host reaction. In old infections, a fresh smear of 

Fig. 3. L. tribolii trophozoites 
haM's haematoxylin; X 1,250. 

Fig. 4. L. tribolii schizonts (sch. 
hain's haematoxylin; X 1,250. 

Fig. 5. L. tribolii sexual stages 

in section of host. Heiden- 

), in section of host. Heiden- 

in section of host. a. mono- 

nucleate, associating gametocytes. b. multinucleate gameto-
cytes in gametocyst. c. gametocyst with gametes. d. gametocyst 
with zygotes. Heidenhain's haematoxylin; X 1,250. 

Fig. 6. Mature spores of L. tribolii showing sporozoites. 
Giemsa stain; X 1,750. 



SCALE FIGS.7-II ,5e____, 
FIGS. 12-15 	10$ 

A NEW NEOGREGARINE FROM Tribolium 

the larva will often show round brown capsules sur-
rounding trophozoites or gametocytes. The encapsu-
lated parasites appear to degenerate. These capsules 
seem to be constructed of successive layers of cells 
which have encrusted the parasites. Encapsulation 
is rare in very heavy, but common in light infections, 
and possibly effects considerable resistance to small 
doses of the disease. No other defence reactions by 
the host have been observed. 

Habitat and internal effects. The parasite occupies  

the entire haemocoele of the host, packing it with 
mature gametocysts before causing death (Fig. 2). 
Death is certainly caused in part by the physical 
obstruction of the host systems. 

The only tissue in which any change has been ob-
served is the fat body, which atrophies and degener-
ates considerably. The parasite does not actually in-
vade the cells of the fat body; it presumably uses 
nutrients in the haemolymph, causing demands to be 
made on the fat body, and leading to the degeneration 

Figs. 7-15. L. tribolii, asexual stages. Figs. 7-11, 14. As seen 
in fresh smears with negative phase contrast. Figs. 12, 13, 15. 
In haematoxylin stained sections. Fig. 7. Sporozoites emerg-
ing from oocysts. Fig. 8. Sporozoites in gut of host. Figs. 9,  

10. Developing trophozoites. Figs. 11, 12. Trophozoites. Fig. 
13. Trophozoites showing striae. a. Lateral view. b. Trans-
verse section. Figs. 14, 15. Schizonts. 
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of this organ. Stored food reserves in the fat body 
are lost, and not replaced. Starvation is probably an 
additional cause of death. 

Infectivity and mortality. Lymphotropha tribolii is 
characteristically a parasite of larvae; it has very 
rarely been found in pupae, and only occasionally in 
adults. Young larvae are more susceptible than old; 
but those which receive a small dose at an early age 
may retain the infection for many weeks until they  

die, or recover and pupate. The life cycle of the para-
site is completed in about 15 days, and death occurs 
from massive doses after around 20 days. 

Preliminary experiments indicate that 104  oocysts 
per gram of foodstuff cause 50% mortality, in larvae 
reared from the egg in this medium, and 106  spores 
per gram cause 95% mortality. In one experiment, 
where 3 X 104  oocysts of L. tribolii per gram were 
mixed with those of Farinocystis tribolii, in the ratio 
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Figs. 16-22. L. tribolii, sexual stages. Figs. 16-20. Haema-
toxylin stained sections. Fig. 21. Fresh smear; negative phase 
contrast. Fig. 22. Giemsa stained section. Fig. 16. Associating 
mononucleate gametocytes. Fig. 17. Binucleate gametocytes in 
gametocyst. Fig. 18. Section of 32-nucleate gametocyst. Fig. 

SCALE FIGS.16-20 	I0 
F1GS21,22 	 p 

19. Serial sections of a gametocyst with gametic nuclei and 
gametes. Fig. 20. Serial sections of a gametocyst with residual 
nuclei and zygotes. Fig. 21. Oocyst development. a. Imma-
ture oocyst. b. Mature oocyst. Fig. 22. Sporozoites in mature 
oocysts. a. Lateral view. b. Terminal view. 
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of 40:1, 100% mortality occurred, and the ratio of 
Farinocystis to Lymphotropha oocysts in the resulting 
dead larvae was about 3:1. Farinocystis thus rapidly 
supersedes Lymphotropha in mixed infections, prob-
ably because it causes the death of the host before 
many Lymphotropha oocysts have matured, but 
Lymphotropha could be of importance in limiting 
populations where Farinocystis does not occur. 

L. tribolii has been found to infect larvae of Tri-
bolium anaphae as well as T. castaneum, but not T. 
confusum or Tribolium madens. 

DISCUSSION 

Various classifications have been proposed for the 
neogregarines, but in all there is difficulty in deciding 
on which factors to place most emphasis. The most 
recent classifications are those of Weiser, 1955 (10,11), 
and Grasse, 1953(4). Weiser depends largely on the 
number of schizogonies, then the number and mor-
phology of the oocysts. Grasse places more importance 
on the morphology of trophozoites and schizonts, and 
their habitat. 

The present discovery of a new neogregarine in such 
a comparatively well studied insect as T. castaneum, 
would seem to indicate that only a small proportion 
of the living members of this group have been de-
scribed, and in view of the possible complications of 
polyphyletic and convergent evolution within the 
group, it is considered that all existing classifications 
must be regarded as tentative. With this in mind, it 
is proposed to follow that of Grasse in the present 
work, as this is the one followed at the supra-familial 
level by the Committee on Taxonomy and Taxonomic 
Problems of the Society of Protozoologists (2), and 
as Lymphotropha tribolii can be fitted into this system 
more naturally. 

Grasse divides the Neogregarinida into five families: 
The Ophryocystidae are a compact group with 

mycetoid trophozoites, inhabiting the malpighian tu-
bules of various Coleoptera. They have two schizo-
gonic cycles, and each gametocyst has only one oocyst. 

The Caulleryellidae have flask-shaped trophozoites, 
regularly bunched merozoites, and a thin-walled oocyst. 

The Lipotrophidae show one or two cycles of intra-
cellular schizogony, and differ from the present species 
in many other important ways. 

The Syncystidae have large numbers of merozoites 
and oocysts, the oocysts being spined. 

The family with which L. tribolii most closely agrees 
is the Schizocystidae which have large trophozoites 
with longitudinal striae. There are two known genera, 
Schizocystis Leger and Machadoella Reichenow (7). 
In Schizocystis the trophozoite quickly becomes multi-
nucleate and nematoid and develops an adhesive or-
ganelle at the anterior end. The gametes are ani-
sogamous. 

The present species most closely resembles Macha-
doella. The name Machadoella was first used by 
Reichenow 1935(7) for a parasite M. triatomae from 
Triatoma dimidiata. Schizocystis spinigeri described 
by Machado (1913) (5) from Spiniger sp. was trans-
ferred to the genus Machadoella by Reichenow (1935). 
Reichenow observed the association of mononucleate 
gametocytes only of M. triatomae and pointed out 
that the multinucleate stages termed gametocytes by 
Machado were most likely schizonts. Mayer and 
Pifano (1949) (6) in their partial description of an 
unidentified species of Machadoella believe that the 
gametocytes are binucleate before association. They 
also show the nematoid shape of trophozoite charac-
teristic of the genus. Weiser depicts Machadoella 

. . . after drawings in original descriptions" as hav-
ing multinucleate gametocytes, and creates a subfamily 
based on this phenomenon (10,11). 

In Lymphotropha gametocytes are mononucleate 
on association and stages of sporogony follow a course 
similar to that of Machadoella. 

However Machadoella has nematoid trophozoites 
which undergo nuclear division while still elongate 
and thus resemble the multinucleate trophozoites of 
Schizocystis. Lymphotropha trophozoites are ovoid 
and do not begin nuclear division until they become 
distinguishable as schizonts by their irregular form. 

The two known species of Machadoella inhabit the 
Malpighian tubules of triatomid bugs whereas 
Lymphotropha is found in the haemocoele of a tenebri-
onid beetle. 

It is therefore proposed to place the present parasite 
in a new genus, in the family Schizocystidae (classifica-
tion of Grasse, 1953). Lymphotropha is an appropri-
ate generic name in view of the habitat of the parasite; 
tribolii as a specific name indicates the host genus. 

According to Weiser, the number of nuclei in the 
gametocytes on association is more important than 
similarities in the morphology of the trophozoites and 
schizonts. Thus Machadoella is placed in the family 
Ophryocystidae characterized by 2 cycles of nuclear 
division prior to association of gametocytes. Lympho-
tropha, having only one schizogony would belong to 
the other family, Caulleryellidae. A new sub-family 
would have to be created to include it. 

Generic diagnosis: Trophozoites ovoid with terminal projec-
tion, and with faint longitudinal striae. Gametocytes mono-
nucleate on association. Oocysts with 8 sporozoites. 

Genotype: Lymphotropha tribolii gen. nov., sp. nov. 
Specific diagnosis: Trophozoites measuring 20-30 A by 10-

15 A. Schizonts giving rise to up to 8 merozoites. Gametocytes 
with 4-16 lemon-shaped oocysts with indistinct polar caps; 
oocysts measuring 8-9 µ by 5-6 	Sporozoites 8 µ by 1 µ in 
fresh smears. 

Locality: Insectaries at Imperial College Field Station, Ascot, 
Berkshire. 

Habitat: Haemocoele of Tribolium castaneum (Herbst). 
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