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A new species of neogreparine protezoan, Lymphotropha tribolii

Ashford(l965) is described from the haermocoele of the red flour beetle,

Triboliun castaneun (Herbst). The trophozoites, which live extracellularly

in the haenolymph are large, and have longitudinal striae. There is only

one type of scaizogony, in which about eight merozoites are produced, ond
this is rarely scen. Ganetogony produces 32 ponetes, but instead of the

expected 16, an average of 9 or 10 lenon shaped spores (oocysts)

forned.

Young larvee only of T, castoncun were susceptible, and a dose of 107

spores per .. of culture mediun caused 507 nortality. Larvae of four
other species of Triboliwi were alsou suscertihle, but T,confusun proved

refrretive to infection.

The parasites produced a proncunced host reaction in the forn of
encapsulation, However, as only encysted saietocytes were affected,

little Dbenefit could be had by the insect.

The parasites had remn arkﬂbly little effect on the physiology of th
hostj no gross changes could be discerned in larval oxygen uptake,
susceptilbility +to D.D.T., or activity. The disense caused severe
reduction of the food reserves in the fit body, and slowed the rate of
larval gain in weight.

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

« T

nost’s 'S sten and by a fori: of tissue starvation.
?

Adults, which were not susceptible, sonetines survived larval
infection, About 25% of the survivers hod o decreased longevity and feile
oviposition rate, but the reneinder were apparently unaffected.

The taxonoity of Forinocystis tribelii Weiser, and Triboliocystis

"arnnvnl Dissanaile hwes been investigoated, =nd it is concluded that
—{o4 1

onlyLspecies is involved, wiich must be called Forinocystis tribolii

but that the original description requires considerable amplificotion.
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1.

INTRODUCTION

Inscct 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 warechouses, and the rapid
turnover of produce. Insecticidal methods of control depend mainly on
fumigation, as solid or liquid insecticides tend to leave undesirable
traces. Whatever preventive'hr control methods are used, they are
expensive and require skilled operation.

Stored products insccts, 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 ilnsecticide assays.

The impertance 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 seccondly, laboratery cultures must
be kept disease-free or misleading experimental rcsults may be obtained.

The widespread rearing of stored products pests for laboratory
purposcs had led to the discovery of many pathogens vhich might have passcd
unnoticed in nature.

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

was discovered in culturcs in the Laboratery of Insect Pathology, Prague.

This parasite, Farlnocystis tribolii ileiser, was subsequently found

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

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 tuwo 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 pébrine9 the disease caused by Nosema bombycis Nagli 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 Léger,
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.casta;eum has led to their kecoming 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.

he most widespread sporozoa associated with insects are
the eugregarines, vhich have been reportced as non-pathogenic parasites
from most orders. Steinhaus (1949) found in a brief survey of the
literaturc that 180 species of Colecoptera have been described as
harbouring gregarines. This number compared vith 67 from the
Orthoptera, and smaller numbers from 13 other orders. It is probable
that many more beetles arc hosts to gregarines, kut that only a small
proportion of these havo been described.

Foerster (1938a,b) made an extensive survey of the gregarine
parasitcs of Silesian insccts. Of the 24 specices of stored products
bectles which he investigated, he found 17 to be parasitised by 14
specics of gregaring. The parasites balonged mainly to the large
genus Gregarina, and to the genus Pyxinia.

The specics of Gregaring infecting Tenebrionid bectles have
been listed by Théodorid®s (1955). Among the members of this fanily

infesting stored products, Tribolium confusum harbours G.minuta Ishii

end G.polymorpha Hammerschmidt; T.castancum is infected by G.minuta,

and Tenebrio molitor L. 1s host tec 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

emgregarine from Iribolium ferrugineum Fabr. (=T.cagtaneum (Herbs})

in addition to G.cuncata Stein. Vatson (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 eugregarine parasitising
Tribolium spp. can be enumerated.

Gh3re (1943), in a classic study of the gregarinc parasites
of T.molitor found that ecach was distributed within thc host's gut
according to the pH. of the region. Hc also showed histochemical
differences between associating sporonts (gemctocytes) of G.cuncata,

Sumner (1936) cxperimented on the rate of growth and longevity
of larvac 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), vwho showed that all the 6 known species parasitise

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

P.crystalligera Frenzel has been cxtensively 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 eugregarinoes may also contain ncogreg-
arines, as has been shown by Finlayson (1950) vho found Gregarina

laemcphloeiy Focrster in stocks of Eaemophlowis minutus Olivier infected

with HMettesia dispora Naville, and Tyler (1962} vho found cugrcgarines

in Tribolium confusum infected with Triboliocystis garnhami.

The schizogregarinc parasites of insects (Schizogregarina,
Léger (1900} in part; Ncogregarina, Grassé (1953)) are commonly path-
ogenic and therefore prospective candidates for use as biological
contrzl agents (Weiser 1962, 1963 )

Apart from Tencbrio molitor, Ophryocystis mesnili, mentioned

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

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

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

ncogregarineg, Mattesia trogodurnae, in T.granarium, and imdicated its

differential pathogenicity in different strains of the host.  This

parasite was not infective to the hosts of Kattesia dispora, vhich

include two moths, and the bcetles Cryntolestem rusillus (Schdnherr)

{=Lacmophlocus minutus) and C.ferrugincus Stephen, kbut not C,turcicus

Grouve, from the stored products medium (Finlayson, 1950).
Weiser {1953a) describad the first neogregarine parasite

from Tribolium castancum, vwhich hc named Forinocystis tribolii, and
3 Y 3

vhich he found to decimate laborctory cultures of the bectle. The
life cycle of this parasite was somevhat anomalous in that the gameto-
cytes were plurinucleate on association, and apparently homologous

with the macronuclear schizonts of many other ncogregarines,
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F.tribelii has subsequently been found in the U.S.A. by
Steinhaus and Marsh (1962). Jafri (1961, 1964) found thot T.castaneum
adults exposed to infection with F.tribolii werc hypersensitive to
treatment with gamma radiation. He sﬁpposcd that the parasitc and
the radiation acted synergisticaily to destroy thc host's fat body.

Dissanaike (1955) described another neogregarine, Triboliocystis

garnhami from the same host. T.garnhami vias wmorphologically very
similar to F.tribolii, but differed in that the seccond cycle of
schizogony was complaote, giving rise to uninucleate pregametocytic
merozoltes, and that 8, not 32 oocysts were produced in cach gamctocyst.
Tyler (1962) reported I.garnhami causing heavy mortality in
English cultures of T.castaneum, and infecting 11 strains of T.castaneum,

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

He also found infected bectles in grain imported from China, Kenya
and Jamaica. Laird (1$59) and Stanley (1961, 1964) have repeatedly
found T.garnhami in Canadian labkoratory culiures of T.castaneum. In
the last of the thrce works cited, a perfected method for clcaning
eggs in order to ramove any contaminating spores is described, involving
washing the eggs in H Cl, and also in diastase. The trecatment has
1ittle effect on the viability of the 2ggs, and allows the rearing of
discasa-free culiures of the beectles. Laird {19%9) noting the disastrous
effect of the parasite on laboratorv cultures suggested its potential
as & biological control agent,

In 1963, leciscr stated that T.garnhanl was synonymous with

F.tribolii, kut did not amplify this statecment. In thc same article,
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he noted, also without reference, that F.tribolii causcd a tenfold
increasce in the susceptibility of T.castaneum to D.D.T.

Confavroux {1961) attampted to diffcrentiate betwcen F.tribolii
and T.garnhaml, but was unsuccessful as the large T.castancum larvae
used proved resistant to infection, and her infective materials were
mixed. Shc¢ did, howcver, establish these mixed infections in the

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

T.anaphae Hinton, T.destructor, Latheticus oryzae Waterh., Pclorus

ratzeburgl (Vissm.), P.subdepressus tlollaston, Ghathocerus cornutus

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

Anong the coccidia, the genus Adelina contsins most of the
monoXenous insect parasites. Bhatia (1937) described A.tribolii, a
highly pathogenic parasite of the larvac of T.confusum. Park (1948)
in his important work on competition between T.castaneum and T.confusum,
found that in the presence of A.tribolii, the fermer beetle was at a
considerable disadvantage, owing to its higher susceptibility to the

discase, Adelina tencbricides Sautet is a parasite of Tencbrio molitor.

Regarding other coccidal parasites of stored preducis insects,
Weiscr (1963) states — "Another group of Coccidia infect insects living
in plant debris, detritus and mud...... This group is closcly
asscciated with stored products insccts, but our present knowledge of
all thesc corganisms is not adecuate for a profound evaluation or class-
ification of the many species. There are undoubtcedly many synonyms
among thosc which have been named, and therc arc other problems that

recquire experimontal worz with living specimens for their resclution',



15.

The inclusion of the Microsporidia with the Sporozoa has
recently been disputed (e.g. Grassé 1953, Honigkerg ot al. 1964, Levine
1961, 1960), and they are usually classificd nowadays as an order in
the scparate sub-phylum Cnidospora.  Thempson (1960) has catalogued
the known insect-parasitic specics, 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) cach accompanicd
their neogregarine descriptions with records of spores of microsporidians

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

infections were¢ not common, and life cycle siudies were not attempted.
Thompson (1960) rojected both names owing to the incompleteness of the
descriptions. Vest (1960) described the life cycle of a Noscma specics
from T.castaneum, kut did not attempt to identify or name it. Fisher

and Sanborn (1962) found that a MNosema from T.castancum also infected

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

mellonclla (L.). Other insccts could be infocted 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 cssential to know most of its
life cycle. In spite of this, tho taxonomy of thc group has been the
subject of a number of conflicting reviews, Since Ldger and Duboseq

(1908) divided the Schizogregarines into two tribes characterised by
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the production of one (Monosporeca) or more than one (Polysporea) spore,
Doflein and Reichenow (1953) Weiser (19552,b) and Grass€ (1953) have
produced important contributions to the subject. Doflein and
Reichenow merely listed the known gecnera without attempting to relate
them phylogenetically. Wnile our present knowledge of the group is
insufficient to warrant any definitive classification, the works of
Weiser and Grassé 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 thc number of
distinguishable schizogonic cycles undergone in development. He
divided each of the familics into sub~familics largely on the number
of ococysts (sporos) produced in sporogony.

Grassé, in wider review of the gregarines as a whole,
divides the class Gregarinomorpha into three orderss the Archigregarina
which are parasites of marine invertcbratcs exhibiting primitive
schizogony; the Eugregarina, parasitcs mainly of annelids and arthropods,
in which schizogony has becn lost, and the Neogregarina, parasites of
arthropods (mainly insccts) in which a variety of sccondary mechanisms
of schizogony lave evolved. While it is not absolutely clear how he
differentiates betwcen the primitive schizogony of the archigregarines
and the secondary schizogony of the ncogregarines, this classification
offers certain advantages, particularly as it separates the marine and
terrestrial schizogregarines, and as it implics thc possible poly-
phylogeny of the neogroegarines. Grassé's system is the one acceptoed
at the surra-famial level by the Committec 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, Grassé divides the

neogregarines into five families.

Joyet-lavergne, (1926a), Ghdre (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 other.

Other observations on the histochemistry of the gregarines
have only rarely been made. The reserve food substance, paraglycolen
is characteristic of the group (Bitschli, 1885) and is thought to be
a stabiliscd polymerisation product of glycogen (GhBre, 1943). This
substance reacts strongly with the periodic acid-Schiff technigue, and
Jennings (1962) found this reaction useful in the detection of rarasites
at low infective levels.

The Golgi apparatus of some gregarines has been described
(e.g. by Joyet-Lavergne, 1926b, Tuzet 1931) as consisting of a variable
number of small "dictyosomes'. Cytoplasmic granules of volutin
(Reichenow, 1935), and globules of lipid material have been reported.
Daniels (1938) used ultracentrifugation to separate the cytoplasmic
components within the unbroken cell, and was able *to distinguish fats,

Qolgi body, nucleus, mitochondria, paraglycogen and chromidia
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(=volutin granules). Grassé {1953) has summarised the subject of the

cytology of the grcgarines.

Stcinhaus (1947, 1949) shows that many inscct discascs cause
characteristic symptoms in their hosts.  Fungi may somctimes be
identified spocifically by the external appearance of the dead host,
and viral and bacterial diseascs may commonly be identificd as such by
the liquefaction of the host tissucs on death. Protozoal discascs,
on the other hand cause¢ less distinciive changes. Insects which are
infected with microsporidia may show diagnostic external symptoms, but
those vwhich have died from neogregarine infections are not readily
distinguishable from tnose which have died from other causcs (c.q.
Weiser 1953a, bcLaugnlin, 1965).

A comprehensive study of a protozoan insect discase was
made by Huger (1960) who described the degeneration of the fat body of

Agrotis segetun (Schiff) laxvac infected with Nosema peregioides luger.

The histopathological cffects of neogregarine diseases arc usually
mentioned in conjunction with descriptions of species. Authors such
as Weiser (1953a) Dissanaike (1955), Canning (1964), show how only
infected organs aré visibly affected.  Hypertrophy of the nucleus of
infected cells has been observed with various specics of Nosema, and
eligregarines, but gross nuclear changes have not been reported from

ncogregarine infections.
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In order to infect an insect, a parasite must overcome or
avoid the natural resistance of the host.  Salt (19632) has shown
that the most important resistive mechanism in insccts appears to be
encapsulation, and has summarised the presont knowledge of this
process in the case of metazoan parasites of insects. The hacmocytes
of the affected insect agglomeratc around the perasite under certain
conditions; and may cither seccretc an inner laver of impermeable
substance, or harden, and themselves isolate the parasite from the host
tissues, This process has becn called "giant ccll formation® by
Steinhaus (1947) and others, but Yencapsulation" is the most commonly
accepted term.  Encapsulation of microbiel parasites has besn surmarised
by Stephens (1963). Huger (1960) described the process in the
infections mentioned above, and found that groups of parasites and cven
heavily infected lobes of fat body were isolated in cansules.,  The
chemical nature of capsules in Prisiophora parasitised by the hymenop—
teron, Mesoleius was found by Bronskill (1960) to be a form of muco-
polysaccharide,

Salt (19€3b)has shown that a parasitc 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 insccts. The implication drawn from these facts
is that some property of the surface of a parasitc in its normal host
prevents it from stimulating encapsulation. This surface property,
which might be physical or chemical must be pert of the delicate
balance betwecen host and parasite, and is probably rcsponsible for

many cases of host specificity.
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Where this has been studied, most neogregarines appear to be
capable of infecting a wide range of hosts. Examples found by
Confavreux (1961) and Finlayson (1930) are mentioned above. However,
Canning (1964) was able to reinforce her views on the specific natqre

of Mattesia trogodermae vhen she found Anagasta ¥hiiniella (Zeller),

Plodia interpunctella (Hiibner) and Crvptolestes pusillus, which are

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

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

cf a parasite in a ncw 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 tosts make considerablc replication
nccessary. Variation bctween assays on one stirain of Pscudomonas

acruginosa (Schroeter) iigula in Melanoplus bivittatus (Say) was greater

than that which would be oxpected between rclated strains.  Fisher
(1963) summarising the methods used in the assay of commercial prepar-
ations of bacterial inseccticides again cmphasised the inherent variation

and nced for replication,

Benz (1963) has reviewed present knowledge of the physiology
of inscct diseases. A good indication of physiological cffects may be
ebtained by comparing the respiration ratce of infected and uninfected

insects. Sussuman (1952) found that Platvsamia cecropia L. pupac

infected with the facultative fungal parasite, Arpergillus flavus Link
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had an enormously increased oxygen quotient (QOZ)' Pupac which had
been killed, and vhosc cenazymes had been inactivated by heat did not
show this high oxygen cuotient when the fungus was grown on them.
The increase in (0o was therefore interpreted as being due to the host
and not the parasite.

Lysenkc and Slama {1959) found that the respiration rate of

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

when they were inoculated with suspensions of the hactorium, Serratia
marcescens Bigio. The interval between inoculatiorn 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 ¢n stiresses such as the pressure
of a heavy infection. No attempt was made to differentiate botween

the respiration of the host and that of the parasite,

Apart from Jafri {1941, 1964) mentioned zbove, various
workers have studied the effect of disease on the susceptibility of
iniécts to injurious stimuli. Steinhaus (1956b)stated that microbial
and chemical insecticides are commonly compatible, and sometimes syner-

gistic. Rosicky (1951) found that beetles, Qtiorrhynchus ligustici L.

infected with Nosema otiorrhynchi VWeiser were approximately four times

more susceptible to D.D.T. than healthy cncs.  The discasc also caused

acceleration of knock dovmn and death.
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Vober and Jasit (1961) found that sublethal doses of Nosmma bombycis.

a genevalised parasite, infecting many organs including the ovaries,
grcatly 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 bcen administered tc 4th instar larvae. Similax

results werc obtained using Hyphantrea cunea Drury. They concluded

that for the proper evaluation of the effect of insect infections, not
only mortality, but alsco the general reduction of biological potency

should be considered.

It will be seen from the above notes that many aspects
of inscct pathology have been studied, cach in a feow instances, bhut
there have been fow broad studies of specific host-parasite associations.
It is tc be hoped that the present work rectifies this situation to

some coxtent,
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MATERIALS AND METHODS

1. 0Ozxigins of the Parasites and Beetles.

The T.caqﬁaneum cultures first used in this work came from
the Imperial College Inscctaries, and werc found to be heavily infected
with L.tribolii. Diseasc free insccts were obtained from the Pest
Infestation Laboratories, Slough (P.I.L.). The T confusum cultures at

Imperial College were infected with Adelina tribolii, 2 microsporidian

(probably Noscma whitei), and a cugregarine (prebably Gregarina polymezpha).

Stocks free from pathogenic organisms, but still infected with the
eugregarine were obtained from P.I.L., as were culturcs of T.anaphae,

T.madens and T.destructor, The presence of the cugregarine vias not

thought to affect cxperimental results, and most of the work was done
on T.castaneum which was rarely parasitised by this organism.

Other infective meterial was supplied as follows : T.garnhami
from old infective flour held at Imperial College, originating from the
Cooper Technical Buweau; F.triboliil in dead adults and larvac of
Tribolium sp. from the Leboratory of Inscct Pathology, Praguc; F.tribolii
in groundnuts originating from Gambia, from vhich infected Tribolium
adults had been removed; F,tribolii in decad adults and larvac of
T.castaneum, preserved in salt, from the Department of Primary Industries,
Brisbanc, Australia.

Professor A.S3. Dissanaike was kind enough to give rac seme of
his original slides c¢f 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.castancum and T.confusum. The conditions maintaincd

in the present work were adapted from thosc recommended in these papers,
and from Kanec's (undated) instructions.
(a) HModium.

All the specics of Tribolium used in this work were cultured
satisfactorily in whole mecal flour. The flour was first passed through
a 50 mesh sicve to separate thoc bran, vhich was then ground to the same
particle size as the flour in a Christy-Norris Junior centrifugal mill.
After mixing, the bran and flour was sterilised overnight in a shallow
tray at 110°C, The flour was not uscd for culturing until at lcast
two wecks after this sterilisation, in order to allow its moisturc
content to equilibrate with thoe atmosphere.

Yeast was not added to the culture medium as the keeping
propertics of the flour would be reduced by this addition, and the
beetles were found to live and reproduce satisfactorily in flour alonc.

Also, in natural infestations, thc beetles live in unadulterated flour.

{b) Containcrs
Stock cultures wore maintained in 2 1lb. jars containing about
51b. of flour. A picce of 9 cm. filter paper was stood ver tically for
the beetles to crawl upon, and the jars were covered by a similar picce
of paper sealed in position with vascline. Many hundrods of insacts

could bc maintained in ecach jar, but breeding was not successful under
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these conditions owing to overcrowding and cannibalism, Cannibalism
was reduced by keeping insects of uniforn age together

Smallor numbers of beetles for experimental purposcs viere
kept in 2 X 1 in, flat bottomed glass tubes with cork tops.

All culturcs were kept in an incubator at 23°C, with no

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

(c) Pxocedure.

In order to obtain cgas, a largce number of adults were ox-
tracted from a culture using a 20 mesh sieve, and placed in fresh flour.
After the requisite number of days, allowing about 5 eggsper adult per
day, and allowing for the fact that the first eggs hatched after 3 days,
the adults werce rewmoved in the 20 wesh sieve, the fiour was passed through
a 50 mesh sieve to remove the egys,

The eggs wecre not washod, but looss material was removed
by running thom down a sloping piecc of paper.

Lervae or pupac were isolated as required, by sieving., Larvae

(9]

were cleaned by allowing them to crawl on nouspaper, and blowing off
any debris not runoved by the sieve., Sieving was not obscrved to
damagc eggs, larvec, pupee or adults. Only first instar larvac passcd
through the 50 mesh sicve, but thesc were rarely required, and could be

obtained in sufficicnt numbers by zlloviing them to crawl on newspaper,
and tipping off the surplus flour.
(d) Precautions.
In general, all ccuimment was sterilised; the working pench
-~ H i i 2

was swabbed regularly with 90% alcohol, and coverced with newspaper vhich
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was rejected after use, Although all cultures werc kept in close
proxinity, th¢ only accidental infections vhich occurred could be

accounted for by lapses in the above nrocedure,

{e) Sexing.

Larvac could not bc sexed.  Pupae were distinguished by
examination of their sub-terminal abdominal sternitos, as described Ly
Halstead (1963). The scxing of pupac was casy and rapid, and could
be carried out without risk of injury. Adults were more difficult to
scparate, on the prescnce or absence of a hair-lined pit on the inferior

face of the forc femur (Hinion, 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 aftor 3-5 days. The larval stage, vhich
included an indefinitc numboer of moults onded betwoen 22 and 28 days
after laying, and adults hatched after 33-40 days. A small proportion
of larvae took longer to mature, but adult cclosion rarely extended to
beyond 45 days.

Other spicies 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 thc other specics developed in

intermediate times.,

3. Culturc of Porasites.,

(a)} Genecral.

Farinocystis and Lymvhotronha were cultured similarly.
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Infection takes place as the result of ingestion by larvac of spores
of the parasites. Larvac vhich have died from one or other of the
discases arc packed with infectced snores vwhich remain viable for a long
time,
(b) Procedurea.

Dead larvac were separated from the living, and from the culture
nedium by a combination cf sieving, blowing off unwanted larval skins
and debris, and monual scparation. The dead larvac were kept until
recquired, at room tamperaturc.

New infections wore established by 1lightly grinding dead
larvae and adding thc powder to a culture in the required quantity.
A samplc of the powder was first cxamined afier soaking in a drop of water,
under negative phase contrast (»800) to confim its purity.

(c) Standardisation of infective doses.

Vhen accurately standardiscd povider was required, it was first
ground very finely, then a sample taken to be weiched and estimated.
This sample was ground further in 109 KOH using an ecmulsificr. As the
spores tended to kunch togcther, this process had to be very thoroudh.
The suspension thus obtained was made up to a measured volumc, and samples
of it werc estimated in a haemocytometcr.,  The number of spores per
unit hacmocytometer volume was eXtrapolated to show the number of spores
per unit weight of spore powder. Spare powder usually contained in the
order of 108 spores wer gram,

Yhen less accurate standardisation was required, remembering

)

that the powder containcd approximately 108 spores per gram, powder and
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flour were mixed roughly, as rccuired.

It was assumcd in the oxperiments that the infective dosc
takoen up by larvae was in some way proportional to the concentration
of spores in the flour.

(d) Precautions.

All materials and cquipment were thoroughly sterilised by
dry hcat before and after use.  Buefare eny infoction was established
the spore powder was examinced to confimm the abscnce of contaminating
spores of unwanted organisms.

As no method was found ror accurately measuring tho proportion
of viable spores in any sauple, infective material was not usea for
standardised doses when morc than two months old. Unless otherwise

stated, no spores were usced after slorage for more than a year.

(e) Mass production of infective matcrial.

In order to producc the maximum quantity of infective
material, cither light infoctions viere given, or larvac werc not
infected until they were about ten days old, Thus larvac were large
at the time cf death, and preoduced a comparatively large amount of
spore powder, Vhen eggs wzrc allowod to hatch in hichly infective

1

flour, the reosulting dead larvae werde very small, and besides being

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

(a) Fixation.

After trying a variety of histological fixatives, Heidenhain's
Susa wias found to produce the best reosults. 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 piaced in a flask and the pressure reduced
with a water jet pump until the fixative began to boil. The vacuum
was then rcleased sligntly, and the flask was shaken to sink the larvae,

vhich were left in these conditione for from 6 to 12 hours,

(b) . Embedding and secctioning,

Larvae were embcdded in paraffin wax or ceresin wax, with a
melting point of 58°C.  Threce changes of onc hour cach were given in
a vacuum embedding oven. Cercsin wax was found to produce the best

sections, which were cut on a Relchert rotary microtome, mostly at Su.

(c) Staining.
Heidenhain'!s iron hacmatoxylin vias used according to

Pantin (1946). Slides were kept in iron alum mordant for at least 12
hours, and stained for a similar time. The Gicmsa-colophonium method
of Shertt and Cooper (1948) was uscd in other histological studies.
Feulgen's reaction for D.N.A. was carriced out using deo Thomasi's method
as described by Pearse {1960). The use of Susa fixzative necessitated
hydrolysis for 18 minutes in N.HC1l, at 60°C. The¢ r.sults of this
reaction on the parasites werc vory indistinct, kut the inscct nuclei

recacted strongly, proving that the technique was in order. Positive
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reactions in the parasites werc confirmed using unhydrolysed control
sections.,

The periodic acid-Schiff technicue (P.A.S.) was uscd in the
manner described by Pezrsc (1960). This reaction was particularly usc-
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% cthanol was prepared, and infected laxzvae
were crushed under a cover slip in a drop of the soluticn. The temporary
preparations obtained were satisfactory for tho obscrvation of the fat

content of the parasites.

5. Examination of Material.

Microscopic examinations vierc made using a X20 binocular disscci-
ing microscope, Sections werce cxamined using a Reichert Zctopan binocular
microscopc with magnification up to X800. This microscopc could be
fitted vith 2 negative phasc contrast (anoptral contrast) condenser and
objective lenses, which were particularly usceful in the examination of
fresh smears.

All measurements were madc using an wyeplecc scale, and are
recorded either as units on this scale, or converted to metric units by
calibration vith a stage micromcter slidce,

Drawings werce made on graph paper, using an eyepiece graticulce.

All other techniques used in the work presonted in this thesis

are describod under the relevant hecadings in the Resulis scction.
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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 werc fed on pure spore powder, and werec observed in vhole squashes
in 1$ saline.

Preparations made only 3% hours after exposurc to infection
showed hatching sporozoites, and these were very numercus 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 cmergence of the last two or
three could be obscrved in detail.,  The sporozoites moved within the
spores by bending slowly until onc end was inserted in the already open
micropyle. These movements seemod to be exploratory, and the sporozoites
werce apparently frce 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 te vithdraw within the sporc, and emerge later.
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and contain from two to elght nuclei. As ecarly schizonts were not
seen in fresh preparations, the fate of tho pseudomerite could not be
ascertained. The size of schizonﬁs varies greatly, from 10u by 3p

to 30p by 13, and their nuclei measure 2-3p in diamecter. The cyto-
plasm of schizonts appears similar to that of trophozoites, as do the
nuclci apart from their smaller size. No schizonts were distinguished
in Feulgen stained preparations, and so the reaction of their nuclel

is not known.

There was no cvidence of more than one schizogonic cycle,

The rupture of the schizonts was not obscrved, kut merozoites,
vhich are spherical, measuring 4p to Gu in diameter were frequently seecn
in aggregations, indicating a multiple fission of the parent plasmocdium.

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

Gametocy tes, which presumably develop from merozoites, closcly
resemble large trophozoites, but have no striae or pscudomerite.  They
associate in pairs vhile 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 nuclecar division commences. The nucleus
of cach gametocyte divides into 16 daughter nuclei vhich become peripher—
ally distributed. These gametic nuclei, which measurc 2u in diameter
commonly contain three granules of chromatin material which stain darkly
with Heidenhain's haematoxylin, and red with Feulgen's reaction.

The cytoplasm separates round the gametic nuclel, giving rise

to gamctes of about 4 diameter. Therec is no apparent diffcrence
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between the gametocytes of a pair, nor betwecn the gametes they produce,
Usually a number of nuclei in the gamectocyte do not form gametes, and
remain in a mass of undifferentiated residual cytoplasm.

A proportion of gametocysts arc arrested in their develop-
ment by being encapsulated by the host's haemocytes.  This phencmenon
is discussed at length in a later chapter.

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

Gametes fuse cuite soon after their development; gametocysts
containing gametes arc infrequent. Zygotes are sometimes bunched
towards on¢ end of the gamctocyst, and somctimes bunched at both ends,
suggesting that fusion of gametes from oppositc gametocytes is not
invariable. The zygotes arc initially spherical, becoming ovoid before
the formation of the sporec wall, and measure from Su diameter to about
6p by 4 in sections. Their nucleus, mcasuring 3u diamcter contains
darkly staining granules and filaments which are faintly Feulgen positive,
and represent the chromatin material from the two gametic nuclel.,

Throughout their development, gametocytes contain large
qgantitios of paraglycogen and lipid material. As the development of
zydotes proceeds, however, the paraglycogen granules becoune smaller and
rather more écattered than in the young gametocyte, The young zygote
contains a few small granules of paraglycogen, and a large number of
small fat globules which are concentrated around the periphery.

The spore wall forms before any division of the zygotic
nucleus ocecurs, hindering further observations within the spore. The

spore, or oocyst, is lemon shaped with slight protuberances at cach ond.
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Young spoxe in frosh smear, Nigotive phase.

Mature spore in frosh smear. iegative

Moture spores, longitudinal scetion,
phoniun.

ke ture spours, iransverse section,
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Cametoeyst oncapsulated by hosi's hoauuoytas.
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The poles arc not, however, distinctly plugged as in some other neogre-
garines, but are capped, and surrcunded by slight thickenings in the
vwall. The cap docs 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 larvac. During the
development of thc spores, the residual cytoplasm of the gametocyst
disappears.

The spores, vhich measure 8-9u by 5-6u (fresh) are still
contained within the gamctocyst on the death of the host, but are freed
by slight pressure. In order to count the sporcs in cach gametocyst,
the tissue of moribund or dead larvae vias softened in 10 per cent KOH
for threc hours, then very gently squashed benecath a cover-slip. The
rupture of the host body relecased large numbers of intact gamctocysts
in which the spores could be counted. It may be seen from the histogram,
Fig.35, that while the theorctical 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 thoucht to be due to the
failure of some gametic nuclei to formn gametes, and possibly the failure
of some gamctes to fuse.

Nuclear division within the spore was not observed, but
finally, eicht sporozoites arc femmed. The sporozoltes lie iongitud—
inally within the sporc : four with their nuclei towards cach end.

In fresh nreparations, the sporozoites are not distinguishable
within the spore. The younyg spore is seen to contain a large number of

scattered granules and globules, vhich congregate first around the long
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axis, then asymmctrically towards one end., Finally these inclusions
agglomerate into one to three large bodies winich remain at maturity,
but disappear on hatching.

g) Mode of infection

Decad larvac are packed with infcctive spores, and are readily
caten by healthy larvae (Fig.37 ) vhich thereby ingest spores. Spores
may also be ingested fortuitously vhen larvac eat flour in which dead
larvae have disintegrated. Dead larvae smcll strongly of ycast 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.1l ). In the mid-gut
of the ncw host, the polar caps are removed from the spore, cither 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 3% hours of ingestion. Trophozoitcos took about 6 days
5 develop, and multiplied by schizogony on days 7 and 8. The first
assoclating gamctocytes were seon after 9 days, and zygotes were first
present on day 10.  Spores were mature from day 12,
Parasites werc rare in the first six days after exposure to
infective material, and during that time the infection may be termed pre-

patent. From days scven to twelve, the development of stages is rapid,
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and within an indivicual larvd, well synchronised, even vhen larvae
are cxposced to constant hypcer-infection, Larvae rarely die in less

than tweclve days, but commonly do so in fiftcen to twenty days.



50.

2. The Viability and Meintenance of Virulence of Spores of L.tribolii.

In order te cstimate accurately the viability of spores,
it is desirable to have a modium in vhich they can be hatched in vitro,
so that the cmerging sporozoites may be ccunted,

Spores of both L.tribolii and F.iribolil were subjecticd to
a number of investigations vhich wer:e designed to help develop such a
medium. As hatching denends on the digestion of the sporc plugs, the
chemical nature of these bodies is of grecat importance.

In a histochemical analysis of the sporc walls and ond plugs,
fixed spores in smears were tested with P.A.S5. and moercury bromophenol
blue and unfixcd suspensions of spores were tested with Millon's
rcagent, Alcian blue, Toluildenc bluc and Lugol's Iodine. P.A.S.
stained the spore plugs of F.tribeolii heavily, as did mercury bromophcndl
bluc. The latter stain also colourcd the polar region of thc spore
viall, lcaving a barrcl shaped region round the contral third of the

sporce unstained. Neilther of those stains colourod L.tribolil spores.

Miilon's solution, vhich is a violent rcagent suited to the docmonstration
of proteins in larger masscs of tilssuc destroyed the spores; Alcian

blue, vhich colours acid mucopolysaccharides gave no reaction;

Toluidene blue vhich i1s uscful for distinguishing between proteins by
their metachromatic pronmertics gave no rcaction, and nor did Lugol's
Ilodine vhich would have domonstrated 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 possibie
presence of protective laycrs surrounding the spore valls, and preventing

the penetration of the stains.
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These tests failed to indicate the naturc of the spore cap of
L.tribolii, kut demonstrated that the spore nlugs of F,.tribolii probably
contain a noutral muco-protein.

The oBuotic 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 fod on a mixture of L.itribelii

and F.tribolii sporc powder, vhen sporozoites would normally be hatch-

ing out in large numbers, young T.castaneum larvae werc crushed in saline
of different concentrations. In 0.1% saline, the snorozoites rapidly
swelled out and became immobile; in 10% saline, they shrank and died.

In 1% or 2% saline, houever, hatching occurred nomaally. The hatching
of sporozoites in 2% saline shows their tolerance of conditions hostile
to many parasites. The final medium would thereforc have to have an
uncritical osmotic pressure equivalent to that of about 1% or 29

saline,

Sporozoites hatching in the variable moedium of an insccits
gut would be expected to have moderately high tolerances of osmotic
pressure and pH. It was thought rertinent; however, to attompt to
cstimate the pH of the mid-gut of T.castancum.

To this end, young larvae were allowed to feced on flour which
had been mixed with indicator powders. Neutral rod and Bromo-thymol
bluc were the only indicators vhich the larvae could be induced to eat.

After an hour the larvae were dissccted and the colour of their
gut contents noted. Neutwral rod was dark crimsen in the mid gut, and

Bromo—~thymol bluc was yellow vith a tingc of green. Comparison with
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B.D.H. ceapillator tubes showed that an acid pH of between 6.0 and 6.5
was indicated by those tests.

Having dctermmined the osmotic pressurc and pH suitable for
hatching, and having gained some indication of the chemical nature of
the spore pluys, a number of casily avallable enzymes vhich werc
thought likely to be suitable were tried.  The cnzyme media prepared
were not all of the same pH as the insect gut; it was thought prefer-
oble at this stage to usc the cnzymes closc to their optimum pH in
order to observe effects on the spore plug.

The following media were prepared:

1. Human saliva, clearcd by centrifugation, containing
the starch-cplitting cnzyme, ptyalin,

2. Trypsin, 0.25% in pil 7.1 P04 Lbuffer /5
3. Trypsin, 0.025% in pH 7.5 'PO, buffor /5
4. Trypsin, 0.25% plus Diastase, 1% in p 7.5 'PO, huffor /5

5. Trypsin, 0.25% plus Bile salts, 17 in pH 7.5 'PO4 0
buffor /5

6. Papane, 1% in »H 5.7 'POg buffer /5

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

Trypsin and Papane are protein splitting enzymes with 2 wide range of
activity. The Trypsin plus Bile salts medium was found by Dcran and
Farr (1962) to allow hatching of specrozoites of the coccidian

Eimeria acervulina. Diastasc is a polysaccharide-splitiing onzyme, and

Lysozyme is a broad-spectrum enzyme which broaks dovn mucco-polysac—
charides,
No spore hatching, or degeneration of the sporc plugs or caps

viere obscrved vhen spores werc incubated in these media for up to 12 hours.
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As no success was obtained in developing an artificial medium,
it wae declded to attempt to hatch spores in a medium of crushed insect
gut. Guts of T.casteneum larvae, and also of the larger, taxonomically

and ecologically rclated bectle, Tenebrio molitor were dissected out

and placed on microscope slides. They wcre 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 thils period failed to show any spore
hatching.

Abcout 100 T.castaneum larvae woere howogenised in 10 ml of
1% saline, and the soup was centrifuged. A drop of tho wesulting,
almost clear liculd was sprinkled with spore povdor, and incubaiad as
abave. This final effort also failed to induce hatching.

The above tests show that vhile the emcrgence of the sporozoite
is not controlled by fine limits of osmotic niessure, the caps or
plugs of the differcent spores require a fairly specific stimulus or
digestive medium to be dissolved. it vizs thercfore decided that the
only feasible mcthod in the present circumstances f~r estimating the
viability of spores was by esxtrapolation from a bio-assay of their

maintenance of virulencc,

Estimation of meaintenance of virulence of L.tribolii spores by bic-assay.

A fresh medium of spores in flour was prepared, containiig
about 2 x 10° spores per Gh., which wes cxpected to kiil almost 100%
of larxvae raised in it. After an initial assay to prove this, the
flour was divided into five parts, each to be stored at diffcrent Lempor-

atures. The temperatures were chosen to represont those under vhich
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infective material in flour micht be expected 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 numboer of
adults surviving frow larvae reared in the medium,

This assay method showed in general how long infective

material might be kept vilthout serious loss of potency.

Assay methnod

1 gn. of flour was placed in each of ten two inch by one inch
tubes, and 12 new laid cggs of T.castancum were added, After incub-
ation for five wecks at 28°C, the number of surviving adults was counted.

Control mortality was measured in larvac rearced in non—
infective flour, and was teken into account using Abbott!'s formula.

The results of this experimont are summarised in Takle 1

below.
Table 1 Percentage survival of T.castancum to adult stage vhen
reared in L, tribolii infective flour stored at different
temperatures,
Storage Fresh 3 months 9 months
Time Soores Storage
Obs. Corr. Tomp. Obs. Corr. Obs. Corx,
Uninfected &9 10C oC 39 160 52 100
i5 i.6 2.8 - -
Infected 3.3 4.8 R.T. 4,3 7.0 8.3 16
25 - - 9.2 i8
30 2.5 4.2 21.49 41
Cbhs 1 Obsomynd ercontoge surivol

_ i Ll - P
Corr : Rosults corrocted by Abbotts fommula for control
mortality.

R.T. : Room tommcraturse (=20 + 5°C approx).
4 —
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Note: The flour storcd at 19°C {or ninc months bocamo mouldy and

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

The preliminary assay showed the 95.2% mortality (4.8%
survival) occurrod in the fresh medium.  After storage for three
months, therc was no noticecablc chenge in this figure at any temperature.
After ninc months, a mariked docrease in moxtality occursed; flour
stored at room tomperature was thoe most potent, giving 845 mortality.
After storage at 30°C, only 594 mortality occurrad.

No statistical analysis of the rosults would be valid, as
different larvace wcre used in the scparate tests, and tholr suscopt-
ibility cannot bc assumed to have bown idantical.

The results indicate that althoudh L.tribolii spores may be
stored for a considerable length of time, thoy losc much of thelr
potency 1f stored for ninc months at 30°C.

Extension of this experiment to a wider renge of tomperatures,
and consideration of the effoct of humidity, as well as further ronlic-
ation arc desirablce in order e draw accuratc guantitative conclusions,
tut werce prevented because of the long pericds for which the oxper-

iment had to be sct up.
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3. TheHost Range of L. tribolii in Specics of Tribolium.

50 cggs of each of the five available Trikolium species were
collected by the method described above for T.castaneum, and placed
in two by onc inch tubkes containing 3 oms. of flour with about 106
spores of L.tribolii per gm. Contrel tubes contained S0 eggs of
each of the species, in sterile flour.

The pure flour medium is not very satisfactory for the

development of T.destructor or T.anapha¢, and only 8 and 16 of thesc

species respectively survived to maturity in the control cultures.
0f the other species, 22 T,madens, 27 T.castaneum and 36 T.confusum
adults cmerged. In the infected culturess, no adults developed in
any save that of T.confusum, vhere 22 survived. Examination of those
adults showed no sign of infection.

The decad larvae were removed from the remaining cultures,
and cxamined.  All were infected with L.tribolii, and had died from
the disecase.

The low survival rete in control culturaes was not cdue to
L.tribolii, but probably to cannibalism in the crowded conditions.
The use of large numbers of cggs, which encouraged cannibalisn, would
have allowed any low rate of infection to become apparent,

Thus, all readily available species of Tribolium arc suscept-
ible to the discase, except T.confusum, vhich is highly resistant.

The rosistance of this species to Lymphotropha contrasts with its

sensitivity to NoSema, kut compares with its wcsistance to Adelina.
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B. PATHOLOGY OF L.TRIBOLII IN T.CASTANEUM

1. Macxroscopic Effects of Infection

Larvae which become infected show no exiornal symptoms until
shortly before they die, or until encapsulated parasites become visible
throuch 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 slicghtly less opaque
than ia healthy larvac oi the same age, owiny to tne deyeneration of
the fat body. At death, after twelve or moxre days, the larvae are
straight, laterally shrunken, rigid, and black in colouxn
Dead larvae (Fig.37) dry out, become dorso-ventrally flattened, shrunken and
dark brown in colour. In cultures with old infections, such larvae
arce commonly found to have been partially ecaten. The only stage at
which hcavily infected larvae can be scpareted with certainty from
healthy ones, or from those which have died from other causcs, is-
when they are moribund or just dead, and immobile, shrunken and
blackened.

Larvace vhich have reccived 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, vhon the fat body
becomes opaque and vhite just befere 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.
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Many larvae were found to be intormediate between those
described abovec, and some showed no externally visiblc signs of a light
infection.

Larvae which survive an infection may pupate. Somc 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 con drying out, and retain their live colour, which depcnds
on the state reached by thec doveloping adult inside.  Apart from the
capsules visible in somc specimens, infected pupae vhile still alive
arc indistinguishable externally from healthy onecs.

A large proportion of adults which die ag the result of
discasc do so shortly after emergence. Such specimcens are often
grossly deformed in the development of their wings and c¢lytra (Fig,38).
Capsules may be scen in large numbers through the translucent cuticle
of moribund teneral adults. Thosc vhich dic promaturely after emerging
as perfect insects show no differences from adults vhich die from

other causes.
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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.  Encapsulatced parasites
viere found in larvae, pupac and adults vhich had becn exposed as young
larvac to moderate or light infections. The cansules verce clearly -
visible on external examination cf larvae, pupae and tencral adults,
appearing as brown spheres, often in groups, mostly just below the
cuticle. Those pupae vhich died or would have been expected to give
rise to dcformed adults contained particularly large numbers of capsules,
and a series of such pupac was examined histologically. (Figs. 31, 34)

The capsules consist of tvwio layers, though therc is no cleax
division between them. The outer layer is composed of hacmocyties
vhich have agggegated round the parasite, forming a thick coat. The
inner hacmocytes in this layer are flattened and appear spindle shaped
in sections. As haemocytes are very rarc as frec ceclls in hcealthy
larvac, it was not possible te comparc these in the capsule with normal
ones.

The inner layer of the capsule, vhich is about 5 u thick is
of fibrous texture, and light brown in colour. This layer, vhich some~
times only partially surrounds the parasitc has very much the same
appearancc as insect cuticle. Cell walls and nuclei arc not disting-
uishable in the inner layer of the capsule. It is difficult to say
vhether this layer is composcd of compacted dead haemecytes, or is
secreted by the surrounding layer of living cells. In sections, there

appears to bo a gradation between the outer and inner layers, but in
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frech preparations, the hacmocytes are washed off, and the parasite is
surrounded by the brovm inner layer, vhich then appears to have been
secreted.

The inner layer of the capsule stains very heavily with
Heidenhain's haematoxylin, and brignt blue-green with Giemsa's stain.

The haemocytes of the outer layer also stain heavily with Heidenhain's
hasmatoxylin, and both their cytoplasm and nuclei stain red with Giemsa's
stain. The cell boundaries and nuclei are thercfore 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 bromophonol blue, and while the outer layer is
destroyed by boiling with KOH, the inner layer rcmains intact. After
treatment with KOH, the inncr layer does not stain with lodine.  Those
tests suggest that the inner layer ic 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 cncapsulation 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 ebout 12 days after infection, and
may form in any part of the host!s hacmocoelc. Thoy are mostly,

however, close to the remnants of the fat body, vhere most of the
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parasites occur. The brown inner layers of adjaccnt capsulces may

coalesce, and aggregations of five or more may be formed.
Encapsulation of parasites was observed in all species of

Tribolium which pecame infected, but wes particularly promincent in

T.ananhae.

[4g]

The importance of encapsulation as a dcfensc mechanism against
heavy parasitemia cannot bc great as it rarcly occurs in hcavy infections,
and then only a very small proportion of the parasitcs arc affected.

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

become encapsulated, and effective control of the discase 1s probably

obtained.

b) Effects on host crgans

Besides the phcenomenon of encepsulation described above, the
only histopathological effects of the diseasc vhich were ncticed cceourred
in the fat body. The fat body of healthy T.castancum larvac (Fig. 39)
almost fills the haemocoele from an carly age. In the young larva it
comprises a small group of cells with well defined margins, ccntaining
a few small granules and glokules. As the larva Jrows, the cells svell
with incrcased volunes of reserve vacuoles, and their cell walls become
indistinguishable.  The most conspicucus of the vacucles stain heavily
with Heidenhain's hacmatoxylin, obscuring the nuclei of the cells.

They alse stain with mercury bromophenol blue;, and faintly with P.A.S.
and may thus be interpreted as containing a rucopolysaccharide of high
protein content., These arc preobably the "alkumineid spheres" conmonly

found in large numbers in inscct fat body. In young larvae aged up to
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6 days, the albuminoid spheres arce small or absent, but they develop
rapidly so that by 12 days the fat body 1s largely composed of them.
They are variable in size, from 2 to 9 F in diameter, mostly about
6 p in old larvae.

Globules of lipid substeance develop from an carly age, and
also increase in size and number as the larva grows. the lipid glokules
may best be observed as clear areas of the fat body irr fixed preparations.
In squashes in Sudan Black in 70/ alcohol, they stain heavily, but
cannot be measurcd, as on reclease from the cclls they agglomerate.

Fresh smears in socline of larvace aged over 15 days arc almosi obscurca
by the numerous lipid droplets which float up from the¢ speciluen  to lie
below the cover slin.

The remaining granules in the healthy fat body are of two
kinds; one is proteinaccous, staining heavily with mercury bromophenol
blue, and the other a polysaccharide staining heavily with P.A.S.

These granules are present in the carly fat body, and though they
increasc in number, do not grovi to more than 3 u in diameter. They
arc thercforc obscurcd by the albuminoid sphercs and oil droplets in
older larvac.

The nuclel of the fat body arc 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 nuclel are not affected noticeably by infection; the
cffect of L.tribolil on the fat body may be interpreted mainly as slow-

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

The albuminoid sphores are most affected. Those fail to
develop in infected larvae, or do so to a limited oxtent, and are
almost entirely wanting in moribund spocimens. The lipid globules are
affected mure slowly, persisting in small numbers in quinc heavily
infected larvae, At death, however, there is very iitiic lipid
material in the fat body. The other proteinacous and polysaccharide
granules are decreased in number, but a few may still be present at
death.

thile the fat body of healthy larvac occupies almost the entire
haemocoele, the lack of development of storage vacuoles in infected
larvae causes it to romain of constant size as the larva grows, and thus
to occupy only a small propoertion of the body cavity. The space thus
made available is occupied by parasites.

The effects of infection on the fat body scem to be reversible;
in larvae in which there are a large number of encapsulated parasites,
the alkuminoid 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 Larvac at Different Ages to Infoction

Eggs of T.castaneum viere collected at ten day intervals; and
allowed to begin development. Yhen the third lot wviere beginning to
hatch, batches of 20 larvae were sclected from each age group, and
viere exposed to "massive!, fheavy" and "light" infectichs 20

further larvac of cach age were reared in sterile rlour.
The infectiwR media were prepared as follows:

1. '"Massive" dose :  10% powdered dead larvae in flour

= 107 Sporcs peT gm, approX.

2. '"Hcawvy" dosc : cnw part of the above mixture +
20 parts of flour
=5 X 109 SPOTQeS PEr gm. approx.

3. M"Light" dose : onc part of number 2 above + 50
parts of flour

= 104 spores per gm. approX.

The 20 larvac of each age te be oxposed to cach infective
dosc were put in two inch by one inch tubes with two oms. of the
recquisite medium. The surviving adults were counted as they emerged,
Table 2 shows the results obtaincd.

The oldest larvac pupated within a fow days of exposure. The
other larvae, howcver, were coxposed for long cnough for the infoction to

develop before pupation.
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Table 2 fumbers of T.castancum {/20) rcaching the adult state
after exposure at diffcorent ages to different doses of

L.tribolii.

Dosc
A Control Light Heavy dessive
ge )
4 days 20 10 7
14 days 20 20 20 0]
24 days 20 20 20 20

A clear decreasc in suscepilbility with age is shown by thesc
resultis. Taking the youngest larvac as having the maximum suscepi-
ibility (100%) 24 day old larvac may be said to be 1009 rosistant %o
light, heavy and massive doses. 14 day old larvae are 1005 resistant
to light and hecavy doscs, but 100% susceptible te a massive dosc,

Examination of the adults showed no active stages of the
discasec. Some of those surviving light and heavy doses from 4 day
larvag, and surviving a heavy dose from 14 day larvac did, however,
contain either capsules or gametocysts,

It was not felt necessary to repecat this experiment, as many
independent observations on age resistance supperted the findings.
Larvae aged 15 days cor more from egg laying were very difficult to infect.
Adults could not be infected cven by feeding them on pure spore povder,
nor did they contain actively developing stages remeining from larval

infection.
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4. The Effect of Standard Serial Doses of L.tribolii on the Mortality

of T,castancum Larvac,.

A sexics of flour media vias prepared containing fresh

L.tribolii spores as follows: 107, 106, 105, 104, 103 102, 0 spores
per gram. The media were prepared by the serial dulitior of a 107

spores per gm, medium. Care was taken in each diiution to ensure a
homogenaous mixture of spores in flour; small cuantitits of the sterile
flour were added at a timec to the infective flour, and at each addition
the mixture was stirred and shaken. A control mixiture of powdercd

dye {Bromophencl blue) was prepared in the same way. No heterogenelty
could be detected vhen this control mixture was cxamined under a dis-
sccting microscope.,

Five eggs of T.castaneum werc placed in cach of five tvio inch
by one inch tubes for cach concentration of spores, and onec gram of the
appropriate flour was added. 25 individuals were thus allowed to
develop, exposed to ecach infective level.

In the two repectitions of the experiment, the lO7 Sporcs per
gm. dose was not used, and ten eggs were placed in each tube.

After four to scven wecks, the surviving adults in thesc
cultures were counted as thoy cmerged. Survivors were counted as those
vhich showed no sign of infoction on emergence.

Control mortality was measured similarly, in larvae rcared
in sterile flour. A surprisingly high control mortality was rccorded,
and this was thought to be duc to the infertility of some cggs.  Abbottls

formula was uscd to correct for control mortality.
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Table 3 Numbers of T.castancum surviving to the adult state when
rcarcd in flour containing serial concentraiions of

L.tribolli spores.

Dose: spores

per gm. 7 6 5 4 3 2
No. of 10 10 10 10 10 10 0
¢ggs
25 O 0 1 7 13 21 20
50 - - 15 32 38 38 33
50 - 1 13 37 30 36 34
Total survivors 0 1 29 76 846 a5 87
% {obscrved) 0 0.8 23,2 60.8 ¢8.8 76.0 69.6
% (corrected) 0 1.1 33.3 87.3 98.9 100 100

Tablc 3 shows that there is a relationship between the dose to
vhich larvaé are exposed and their mortality.  There is no "all or none!
response to the diseasc, as might be expected if the organism multiplice
enormously within the host, Exposure to flour contzining 1,000 spores
per gram causes very little mortality attrikutable to tho discasc, but
106 spores per gram cause almost 100% mortality.

The variation between the results of the assays shows that a
fincr series of dosces would not be useful. However, there are not ocnough
results intermediate between 20% and 80% mortality for the median lethal
dose to be calculated with accuracy. Estimating the LDsp obtained from
the graph (Fig.41 ) of percentage mortality against log dosage, gives a
figure of 1048 (= 93,310) spores per gram. In viow of the variation
inherent in this type of experiment, this figure can only be regarded as

accurate within an order of magnitudo.
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5. The Effcct of Diseasc on Jarval Gain in Welcht.

In the cxperiments cn the susceptibility of larvac to D.D.T.
(p.90 ), and on oxygen consumption (p.84 ), larvac infected 10 and 11
days from cgg laying, and uninfected larvae werc weighed., The infectied
larvae wvere expected to dic within 15 days, and uninfected ones to
pupate within thc same time. The weights rocorded are presented here.

Larvae were cleancd of adhering flour particles by allowing
them to crawl on paper and blowing off unwanted matter. In order to
avoid inaccuracies duc to water loss or starvaticn, larvace were weighed
within one hour of rcmoval from the culture.

Larvae vierc not veighed individually, % in groups of 20
oT more, The averagce weight of individual larvae of cach age was
celculatced ana recorczd.

Dry weights woere measuved similarly after the larvae had been
kept in an oven at 110°C overnight.
ables 4 and 5 show the weichts recorded at each age and
statc of infection.

Table 4 Ulcights of uninfected larvac and larvae infected at

10 days from cgg laying (frem D.D.T. experiments).

Agc, days Average live wi. moms. Average dry wt. mgnas.
from cgg
laying. Infected Uninfzcted Infected Uninfected
10 ¢.07 0.06 0.G3 0.03
13 0.15 G.11 0.05 C.04
16 0.29 0.33 0.10 ¢.09
19 0.39 0.74 0.12 0.26
22 C.49 1.35 0.15 0.54
25 1.47 0. 60
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Table 5 flcichts of uninfocted larvae, and larvae infectec 11 days

from egg laying {from Q05 experinents).

Age, days Average live wt. mgms. Average dry wt. ngns.
from cgog . e
laying, Infected Uninfected Infected Uninfected

10 0.04 0.05 03,02

12 0.07 0.08 0.02 0.63

14 0.069 0.1} .03 0.03

16 0.13 0.18 G.04 0.06

18 0.19 G.21 0.06 3.08

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 2.87

Particularly in thc niddle of their development, larvac showed
great variation in sizec. Groups of 20 or more were thougnt adecuate to
give a rair average.

It will be nonticed from the figures, which are represented
graphically in fig. 42, that infected and uninfecied larvae cultured
simultaneously show a distinct rclationship with cach other vhich is not
so clear vhen infected larvac are campared with uninfected ones frem the
other grous. Slight differences in the consistancy of the flour, and
slight variations in thc tomperature of the incubater are thought to be
responsible for this., Only cultuves reared simultancously in identical
media can be critically ccemparcd.

The results demonstrate that the diseasc had no mecasurable
cffect on the rate of larval growth until at least six days after exposuzc

to infection. Aftcr eight days, howover, vhen the uninfected larvac
G Y S, 3

o

were growing rapidly, the rate of increase in weicht of infeocted larvae
j& Yo
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decreasaed, Infected laxvace continuced to grow at a greatly reduced
rate until thoy dicd. Examination of the dry weicht figures showed

nc difference in pattern from live weight recadings.
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6. The Size at peath of rarvee Exposed to Different poses of

&

. tribolii,
In order fully to cstimate the effects of a control measure
on an insect poest, it is important to know howi much development of the
affected insects is allowed heforce death.

An estimate of the size of I.castancum larvae vhich had dicd
following exposure from birthlto different infective doses of thribolii/
was thereforc made. The most convenient measurement was that of head
capsule width, vhich is independent of the shrinkage vhich occurs during

4.

desiccation, The measurcments werc made using a ¥20 binocular microscope

and an eyepicce scale, with units c¢qual to 1/14 mm. Lazvae from Two
7

of the dosage/mortality expeviments {n.71 ) were uscd, and the values
obtained are shown in Table 6 below,
Table 6 The head capsule iidths of T.castaneum larvae vhich

have died following exposure to different donses of

L.tribolii.

Dose No, Head capsule width
spores/gm. measured in eyepiece units
liean Range
0-103 None dead - -
104 7 7.76 6.0-9.0
i0% 40 6.88 4.0-10.0
106 72 5.78 3.0-9.0

The table shows that vhile 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 (mcan) at 104 SpoOTCS PET Oh.
to 3.0 {min.) and 5.78 (mcan) at 100 spores per gm. For comparison,
ncwly emerged larvac have a mean 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.c. wherc mortality and
the time taken to cause dcath arc related to dosage) shows thet ceven
when death eventually occurs, larvae cxposcd fo a lichier dose develop
further, and thereforc causc more damagce than larvae vhich diec from a

heavier dose.
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7. TheE ffoct of L.trikolil Infection on the Activity of T.castancum

Larvac,

Activity in insects may be measured by a varicty of methods,
the results of cach being open to different types of interpretation.

The prime purpose of the present investigation was to detexmine vhether
or not, in the experiments helov,on D.D.T. susceptibility, differences
in activity between larvac of diffezent ages and states of infection
might be vesponsible for different mortalitics on cxposure to dry films
of inszcticide, Inactive larvee micht show deceptively low mortalitics,
and hyperactive larvac would be apparcntly hypersensitive to the
insecticide.

It was theraforc necessary to use a method vhich would be
repeatable for larvee of all sizes.  The distance nioved per unit time is
denendent upon size as well as activity, end is therefore not suitable
vithout considerable adjustment of cach reading. It vias decided after
investigating the merits of a number of alternatives to count the number
of larvae out of a batch of ten vhich moved in a ten scecond peried. This
mecthod had the advantage that conditions cculd be made identical with
thosce of the D.D.T. experiments, and readings could be repeated over a
long time,

Larvae were infccted 10 days from egg laying, and at cach age
and state f infection, four batches of ten infected and healthy larvac
were placed on filter papers, and onclosed in nickel-plated brass rings
one inch in diamcter. The rings viere covered with a plastic petrl dish

h

in order to eliminate disturbance causcd by air movements. T
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obscrvations were carried ocut at a temperature of 20 + 1°9C,

It was found that the number of laorvac moving in a 10 sccond
period was usually more than zere, and almost always less than 10.
This time was thercfore regarded as suitable for repeated comparative
readings. Ten larvace woere used in cach observation as this was the
number used in the D.D.T. cexperiments, 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 rcadings were takon from cach of the cight batches
of larvae (4 infected and 4 control), the rcadings 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
abscrved i.e. the sum of the numbers out of ten larvae moving in twenty
ten sccond intervals, spread in groups of five over four hours.

The percentage activity is exprossed as the average numbor

moving in any group in any toen sccond 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 8 47 64 105 54 44 80 38

> 74 54 58 62 53 51 62 53
Control 3 72 45 71 45 76 €0 43 62

4 63 71 71 69 44 65 63 101

Total 200 217 264 281 227 220 248 254

lMean 4 36 27 33 35 28 27.5 31 32

£
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Table 7 Continued
Culture Group Pays from egg laying

10 12 14 16 18 20 22 24

1 48 68 31 62 43 81 35

Infected 2 54 19 44 T4 59 89 55
day 10. 3 78 69 76 43 7L 49 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

200

Maxinum total = 800

I

Maximum score

mean % = total/8 to necarest vholec 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 274 and
365. The activity of individual batches is between 15.57 and 52.5%.
No pattern or trend is discevnable in these results either in the
figures for any one culture; or between the cultures.

It may be concluded that the discase has little if any effoct
on tho activity of larvae at least until very shortly hefore the time
of death. Differences in activity may therefore be cxcluded as

affecting the results of the insccticide experiments.
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An intercsting observation on the cffect of the disease on
the behaviour of larvae may be reporied here. It was noticed that
small numbers of infected larvac would crawl up on the filticr paper
in culture jars. These larvae were invariably heavily infectca
and close teo dcath. Uninfected larvae only left the culture

medium in cases of very heavy overcrowding.
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9. The Effcct of Discase on the Rate of Larval oxydgen Uptake.

The respiration of T.castaneum larvac was measured using a
Viarburg apparatus with flasks of about 2.5 ml. volumc., Larvae were
placed in the flasks, and the flasks were imceorsed in a water bath at
30.3°C, This tcmperature was chosen because it is suitable for the
larvae, and very convenient in the calculation of the flask constant.
The COp in cach flask was absorbed by 0.02 ml of 20% KOH in the centre
well. A small roll of filter pancr stood in the well increased the
absorbtive surface arca.  For cach reading, three flasks containced
larvae, and two wore usced as thermo-baromziars,

The number of larvace in he flasks had to be varicd according
to thelr size, 20 of the smallest lervae used gave a good deflection
on the manomecter in one hour, end 5 older larvae gave 2 full scale
dcflection in about 40 minutes. As the average oxygen consumption
of a group of larvae was being measurcd, groups of less than five were
not used as individual variation would then lead to great inaccuracy.

20 minutes wore allowed for the ecuilibration of the flasks
with the watcxr bath. Manometer readings werce then takon covery 10
minutcs, for one hour, and after cocrrecting for thermoboromzicr 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, anc showed that cxygon consumption decreased considerably
during thc¢ hour. It was not the intention to investigate the causes of
this non-lincarity, vhich 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 clensest 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 minutc
mark was taken as the cstimated total manometer reading for one hour's
rospivation, and further calculations were based on this figure.

Multiplication by thc relevant flask constant gave the hourly
oxygen consumption for each group of larvae, from vhich, using the dry
weights measurced in larvae from the same culture, the oxyygen cquotient
could be found (Oxygen quotient = GOo = ul1 0o consumed/mam. dry weight
per hour).

Table & shows a sample sot of data, and the treatment of the
figures. The theory of this type of oxperiment and the formulac

involved arce given by Umbreit et.al (1957).

The oxygen quotient was measured throughout the developmont
of four culturcs of larvac:

1. Control, uninfocted a.

2. Infected 15 days from egg laying.
3. Control, uninfected b.
4., Infcctea 11 days from egg laying.

Culturcs 1 and 2 vere from a single batch of eggs, as werce cultures 3
and 4. Only about 60% of larvae in culiure 2 became infected, so the
rosults obtained were rejcected. Table 9, kelow, shovis the threc

cstimates of the Q0p of lervae of each age and state of infection from

the remaining 3 cultures.



v O

Table 8 The measurcient of the oxygen consumption of T.castaneun larvae aged 12 days,
infected 11 days fron egg layiig.

PR

L¥ale

Flask No. 3 6 9 ‘ 10 12
Man. No. 1 2 3 4 5
Conts. KOH+ 20 larvoe (T-b) 20 larvae (T-1) 20 larvae
Flask Vol.; Wl 2698 2384 3093
Cont. Vol,; pl 21 21 21
Diff. = Vg; pl 2677 2363 3072
Flask const. = K 0.241 0.213 0.276
Mins. obs. corTr. obs. COrr. obs. corr. (7-b)
rieon
0 0 0 0 1 0 0 1 0 0
Mar.e 10 -2 7.5 5 -1 7.5 5 -1 7.5 5.5
readings 20 -11 15.5 4 -10 15.5 5 -8 13.5 4,5
1l 30 =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
60 =31 35.5 b =37 b4p,5 5 -28 35.5 k.5
Estt'd total 38 4s . 36
xK (= pl 0p) 9.158 9.585 9,936
Dry wt. mgrs. 0.372 0.372 0.372
Q 0p 24,62 25,74 26.71
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Table 9 (09 of T.castaneum larvac of different ages and states

of infection,

- Days Culture 1 Culture 3 Culture 4
from egg Contrel a Control b Infected 11 days

laving from laying
1 2 3 | Mean 1 2 S | ldean i 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 28 271 24 26
16 33 33 45 37 22 31 20 24 41 48 4] 43
18 36 23 24 28 3% 31 22 30 30 33 29 31
20 22 24 18 21 21 25 22 23 I8 15 20 18
22 18 22 23 2% 24 18 20 21 14 19 14 16
24 11 10 3% 11 21 18 14 18 10 12 12 11

% This reading was made out of intcrest, using larvae vhich had
entered the inactive state vhich occurs just prior to pupation,
and is not relevant to the present discussion.
Figures are shown to the ncerest whole number; means are taken
from original readings which were calculated to onc decimal place.
The table shows that there is considerable variation betwcen
readings made at 2 given time on larvee 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 larvac in any small sample vary consider—
ably in weight, and that the larvee weighed were necessarily not the oncs
used in the Varburg flasks. About day 16, a great increase occurs in

the rate of weight gain, and small variations in this time lead to large

Fy

variations in weight for tho following few days.
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The mean values are plotted graphically in fig.43 , from
thich it can be scen that the readings from the two control culturcs do
show some correlation, and indicate that a rise in Q02 occurs abcut
the middle of larval development, vhich 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 larvac showed a sudden incrcase in (02 on day
16 (5 days after infection), but the figure on this day of 43 is rnot
greatly different from that of 37 for onc of the control cultures at
the same time. In view of the great variation between readings, the
diffcrence between control and uninfected larvae cannot be taken as
significant. As the infection takes a grip on the larvae, their

oxygen cuotient falls. In the present case, the fall is almost

coincident with that observed in uninfccted larvae. the causes,

3

however, arce thought to be different; healthy larvac are nearing the
end of thelr development, and are about to enter the inactive pupal
state, vhile infected larvae arc about to die. In both cases a
slowing down of thc metabolism, and conscquent fall in oxygen consump-~
fion is indicated.

It must ke cmphasised that it was not possible to diffcren-—

tiate between the respiration of the paresite and that of the hosty the

measurements concern the oxygen counsumption of the host parasite system

H

as a vhole.
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9. The Susceptibility to 5.D.7T. of Healthy and Infected T.castancum

Larvac,

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 aftcr 24 hours. Measurcments of thev
mcdian lethal dose (LD5O) were madce throuchout the larval life of
uninfected insects, and throucghout the devalopment of the disecase in
infected ones.

The deposits of D.D.T. werce propared by pipetting selutions
of the requisite ceoncentration of D.D.T. in acctone onto 9em, filter-
papers, and evapourating the acetone in a draught of warm air.  The
filter-peper wvas susponded on the heads of pins to prevent the spread
of the solution beyond iﬁs borders.

A serics of D.D.T. solutions was propared by serially
diluting a 10% solution by a factor of threc. Preliminary tests showed
that deposits from 1 ml. of sclution did not give adequatc dosage response
curves, so intemmediate depesits vere also prepared with 1.73 (\/3)

ml. of cach scluticn. Thus, @ logarithmic series of deposits was
obtained ezch diffcring from the next by a factor of/ 3. This serics
was found to give a dosage responsc regression suitabie for the
calculation of the L.D.sg in larvac of all agcs.

The concentrations of D.D.7. snlutions uscd, and the deposits

obtained are shovn in Table 10 below.
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Table 10 The range of D.L.T. denosits used in experiments on the

susceptibility of larvae.

Dose % D.D.T. Volumec applied c¢ms. of D.D.T. log. lO5 X
Number in acetone in mi. per paper gms. of D.D.T.
1 10.0 1 0.100 4,0000
1.73 0.0576 3.7604
3.33 .
3 1 0.0333 3.5224
4 1.73 0.0192 3.2833
= 1.11
o) 1 0.0111 3.0453
1.73 0.005640 2.8062
0.370
1 0.00370 2.5682
8 o 1.73 0.00213 2.3284
.123
9 1 0.00123 2.0899
10 1.73 0.000714 1.8537
0.0413
11 1 0.000413 1.6160
12 1.73 0.000237 1.3747
0.0137
13 1 0.000137 1.1367
14 1.73 0.0000791 0.8982
Q.C0457
15 1 0.0000457 0.6599
16 1.73 C.0000263 0.4200
0.00152
17 1 ¢.0000152 0.1818

Larvae from four culturcs werec tested; two uninfected cultures,
one exposed to infection at birth, and onc infected 10 days from egg

laying (= 6 days from birth, approximatcly).
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On cach filter-papcr including @ 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 "scriously affected" larvae
viere counted. 8Seriously affected" larvae were defined as those which
showed conwvulsive twitches in the body, or vhich were incapable of
righting thamselves in 30 scconds after being turned on their backs.

The proportions of dead and seriously affected larvac from the 3
replicate rings were pooled, and termed "mortality'.

A series of obscrvations vierc made at intervals during the
development of the larvae but vhon larvae recached the inactive state
just prior to pupation, and when control mortality exceeded 504, the
observations were stopped.

All the cxperiments were carriod out at a temperature of 20°C.

Owing to the high control mortality in infected groups, the
cffective numbers of larvac in a given test were variable.  The rosults
arce not thercforc suitable for statistical anzlysis.

In Tables 11-14 the obsorved nwortalitins nul wicond» for cach
of the tests, as well as the calculated L.D.gg.

The L.D.g55 was calculated as follows : first, observed
mortalities were corrected for control mortality using Abbott!s formula
The corrected tesulis were transformed to angles, vhich were expected
to convert the S shaped regression to a straignt line.  The slope of
this straicht line, and its mean point werc calculated; the L.D.gg

valuc was detcrmined by substitution. The formulae usced are cxplained

in Snedeccor (1956), and were confirmeod as being suitazble by Hague and
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Muzrdie ersonal communication). The L.D. is expressed as log lO5 X
50 i

median lethal D.D.T. deposit in gms. per filtcr—paper.

Table 11 Numbers (/30) of T.castaneum larvae of different ages

and states of infcction dying vhen exposed to different

doscs.
(1) Control : Uninfected A.

Days from Control Dose number
egg laying. Mo LDsg
D.D.T. 15 14 13 12 i1 10 2 8 7

10 1 10 8 23 23 29 30 - - - 0.99
i3 0 3 17 21 28 30 - - - 1.15
16 0 3 1 13 20 26 30 - - - 1l.24
19 0 - 0 3 22 21 28 - - 1.58
22 0] - H 0 19 18 21 - - 1.71
25 0 - - - 2 12 22 25 21 29 1.80
Table 12 Numbers (/30) of T.castancum larvac at differont ages and

states of infection dying vhen exposcd to difforent doses.

(2) Infected at 10 days.

Days from  Control Doso number
cgg laying. o LDgq
D.D.T. 15 14 13 12 11 10 S 3 7
10 1 &6 26 27 30 30 - - = 1.00
13 0 5 18 7 26 29 - - - 1.12
16 0 4 10 17 19 25 - - = l.41
120 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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Tablc 13 Numbers (/30) of T.costaneum larvac of differont ages and
states of infection dying when oxposed to different doses.

(3) Control : Uninfccted B,

Davs Control Dose number
from No LD
cgg D.D.T. . 50
laying. 16 15 14 13 12 11 10 g 8 7 8 5
11 0 4 6 11 12 25 30 - e e = = = 0,93
16 0 - - 2 15 22 926 30 - - - - - 1.23
20 0 - - - 6 12 22 27 25 28 28 - -~ 1.45
24 4] - - = - - 5 14 13 23 16 22 22 2,20
Table 14 Numbers (/30) of T.castancum larvac of difforent ages and

states of infecticn dying vhen exposcd to different doses.

(4) Infected at Birth.

jw)
18]
(9]

Days from Control 0s¢ number
cgg laying. No LDsp
D.D.T. 16 15 14 i3 12 11 10 9

2 8 5 17 30 - - - 0.93

6 0]
12 5 4 4 4 12 25 27 30 - l.23
14 6 7 7 4 15 20 21 30 -~ 1.45
17 14 - 11 0 17 20 20 29 30 2.0

Tables 11 and 13 show the vresults oltained using healthy larvae.
Only thosc doses which were expected to give mortalities between C and

1004 were used, The suscentibility of larvec as measured by this mcthod
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can be seen to decrcase with age.  This is certainly duc in part to
their increcased weight; the cffect of activity is shoun to be ncgligible
by the previous experiment (p.80 ).

The susceptibility of larvae infected from birth (Table 14)
was meﬁsured at irregular intervals, but docs not diffcer considerably
from that of control larvae, even vhen almost 50% of the larvac were
moribund from discasc.

Larvae infected 10 days from cgg laying (Table 12) werc more
convenient for estimation owing to their greater size. A slightv
increase in L.D.gy (decrcase in susceptibility) reclative to uninfected
larvae is recorded six days from cxposure to infection, after which,
susceptibility increases until death occurs after 9 to 15 days.

During this period of increasced susceptibility, the larvae do
not stop growing altogether (sce section on ratc of gain in weight p.74 ),
so assuming that the quantity of D.D.T. absorboed during the 24 hours
exposure is ecual in infected and uninfected larvac, this increascd sus-—
ceptibility mey be rcgarded as genuine, and not due to @ decreasc in the
weight of infected larvae.

The results of the D.D.T. experiments are summarized graphically
in Fig.44 . These experimonts show that the discase has little coffect
upon the susceptibility of larvac to D.D.T., at lcast until the larvac
are morikund.

The L.D.gy of larvec which have been infected for 12 days
and almost 50% of vhich are moribund from disease is only about 4 times
less than that of healthy larvac of the same age, and only very slightly

less than that of hcalthy larvec of the same weight.
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10. The Effect of Disease on Surviviag Adults.

In the following sets of data, the size, sex ratio, oviposition
rate and longevity of surviving T.castancum adults are discussed. The
size and sex ratio figures are supplementary data obtained from the
dosage/mortality exneriments; the oviposition rate and longevity vere
measured in adults surviving from culiurecs in which over 80% of larvae
had died. Survivors arc definoed as adults vhich are alive and normal
in appearance on emerdence 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 basc of the scutcllum to the tip.
ideasurements were made in the same way es these of the head capsule
width of dead larvae, and are shown in table 15 below.

Takle 15 The elytra length of T.castanewn adults surviving

exposurc to ciffercnt doscs of L.tribolii.

Dosc No. Elytra length(eyepicce units)
SpPOres por Onm. measurcd - :
survived. siean Range

0 32 34.89 32.0 - 37.5
102 38 34.86 31.5 ~ 38.0
103 33 34,54 31.0 - 37.0
104 32 34,44 31.5 - 37.0
10° 12 33.96 25.0 - 36.5

106 No survivors - -

There is a distinct trend shown by these figures, indicating

that healthy adults {avcrage elytra length 34.89 units) arc slichtly
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larger than thosc vhich have survived a heavy dosc (average 33.96 units).
The difference betweeon thoe extrome means however is well within the
rangce about either one, and is so small that no significance can be
attached to the results.

It seems therefore that while discase in the larval state

may affect the sizc of surviving adults, the difference is very small.

L} Sex ratio of survivors.,

The sexes of the adults cmerging from onc of the dosage/
mortality studies were detemmined after preservation for one weck in
70/ alcohol.  This trcatment made the hair lined »nit on the fore

femur of males more conspicuocus. Table 16 shows the resulis obiained.

Table 16 The sexes of surviving T.castancum adults.

Dose spores per ¢m.

survived, Males Females
0] 17 16
102 11 27
103 24 13
104 16 16
10° 6 5
106 No survivers
Total 74 77

Tho sex ratic of healthy T.castancum is variable, and usually
siightly biasecd in favour of fomales (Howe, 1956). No difference in

the rates of suxvival of the twe 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 betwcen the

sexes 1t was not fclt necessary to repcat the above obsorvations.

¢} Longevity of survivors

From a culture in which all the larvae had bcen infected, pupae
were removed and separated into scxcs.  On hatching, the adults were
placed in 2 X 1 in, tubcs with about three gms. of flour. Dcformed
adults, vhich died within a few days of hatching wers not usced.

The tubes containing adults were examined at intervals of akout
five days, and dead becetles wore recovered. The flour was changed
every 15 days. The experiment was repeated once, and the longevity of

adults from two uninfocted cultures was mecasured as control.

The results of thls experiment are shown in table 17 below,
with the data converted for clarity to exact five day intcrvels.

The results show that there is no constant difference between
the mortality of males and fcmales. 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 ratc for the first
25-30 days, during wiich time about 25% of adults dicd. After 30 days,
the mortalily rate was approximately equal in surviving and uninfected
adults over the period investigated,

Surviving adults may thus be scparated into two distinct cate-
gories; those which are affected and have a reduced life span {about
25%), and those which are apparently unaffected with respect to their
longevity {about 75%).

The data in table 17, converted to percentages are shown

graphically in fig.45,



Table 17

The longevity of T,czstaneum adults.

181

! 181

Days from hatching
State Sex
o |5 {10 {15 l20 J25 |30 |35 |40 |45 |so |100
3 170 62 59 57 5k 52 51 51 | 51 51 50
Males
22 l22 22 117 17 17 15 15 15 115 15 -
Tnfected
; 77 175 69 65 538 56 Sh 53 55 } 52 5e 51
Females
L R A 14 14 14 4 13 13 13 |13 13 -
76 173 | 69 | 69 | 69 | 69 69 69 | 68 167 | 67 63
Moles
23 | 23 23 23 23 23 23 23 23 | 23 23 -
Uninfected
66 | 66 63 63 63 63 63 63 63 | 63 63 63
Fenales
‘ 26 1 26 26 26 26 26 26 26 26 | 26 26 -
Total Infected 186 | 181 | 167 155 | 146 | 141 )] 134 | 132 132 {131 131
Total Uninfected 191 {188 181 ! 181 i 181] 181 181 181 . 181

"NGT



100

VNG Percert

BEETLES

50

\O O———0 o o
A
A
\A
\A
b b A A
Fig.4S5.
LONGEVITY OF T.CASTANEUM ADULTS
O CONTROLS
A SURVIVORS
| 1 1 1 1 | 1 1 1 S |
S 10 IS 20 25 30 35 40 45 50

AGE: Days From Emergence

"ot



102.

d) Oviposition ratc of survivors.

In order fully to c¢stimatc tho cffect of a discasc on an
insect population, not only thce mortality must bc measured but also
the reproductive potential of thosc individuals vhich survive or
aveid infection,

Pupac from a culturc in vhich akout 90% of larvac had died
were extracted and separated into sexes,  Adults were collected on
the day of cmergence, paired, and incubated in 2 X 1 in. tubes
containing about thrce gms. of flour. Onc pair was kept in each tube.

Every two to‘four days, thc adults werc removed and the

-

flour was sicved to separate cggs. he eggs were counted, and the
adults and flour xcplaced. The flour was changed every ton days.

As adults emerged over a numbcr of days, and it was more
practicablce to make many counts every three days rather than a few
every day, the intervals between counts wexe irrcgular. For clarity
of presentation the results arc tabulated as average egg counts for
three day intervals.

A series of bectles from uninfected culturcs were similarly

treated and the numbers of cggs laid by the two groups wierc compared

(tables 18 and 19, graph, fig.4$).

Table 18 shows that healthy famales lay no cggs in the first
three days after emorgence, then lay at an increasing rate of up to 18
eggs por day (usually about 10) for the vhole length cf the observed

period.



Table 18,

Eggs laid by T. castaneun fenales.

A, Control. Adults fron healthy cultures.
Days fron energence '
Pair No. { 3 6 9 12 1t 18 21 2L 27 20 33 26 29 L2 Total
1 0 6{ 19 25 2% 33 38 20 29 20 28 L9 46 28 399
2 o |2l 13) 28 |38 | ] w6 s2| 43| wo| 3| s3| s3| W3 | up
3 0 ol 13| 21 | 27 371 27| 3 27 2| 26 46 L8 L5 372
4 0 o) 5 11 17 26 26 25 21 23 2k by 39 34 292
5 C 721 18 18 21 2l 37 33 26 29 27 L2 L8 L6 296
& o {181 A 29 31 32 28 27 27 25 24 L2 Lo Ly 336
? 0 {12} 36 Ls L L5 L2 36 L6 51 42 51 52 Lo 551
8 o] 1 6 9 23 21 26 21l 25 26 2k 4o 29 28 299
9 0 {91 16| 14 {19 | 38 bo | 38 { 331 31| 27 | 36 Lo | 39 382
10 0 9] 12 21 30 Ly 25 29 30 21 28 48 Lo %) 294
11 o} L1 26 25 29 Ll 26 27 29 32 29 Lo 4o Ls Lo2
iﬁTotal: O 581185 | 247 302 |hoz | 383 | 339 | 346 | 3h2 | 313 | 496 1 501 | 456 4370

“oOT



Table 19 .

Eggs laid by T. castaneun females

B. Survivors
Days from energence T
Pair No, 3 6 9 12 15 18 21 24 27 30 33 36 39 4o Total

1 0 13 27 36 38 by 37 32 38 4o 29 28 36 33 428
2 0 11 27 3 4o 47 Lo 2l Ly 38 36 35 35 30 Loy
3 0 9 28 4 48 49 26 29 3B 4y 3 3; 42 3 451
L 0 0 5 19 29 36 3k 26 28 34 pal 32 36 2 348
5 0 L 15 31 35 30 21 20 28 29 23 21 19 35 311
6 0 o © o0 c 0 X female died 0
7 0 9 22 35 Ly L8 4o 30 32 32 33 36 41 29 428
& 0 0 X female died. 0
9 0 13 29 4i ks 37 32 2k 31 32 34 37 4o 32 Lp7
10 0 0 X fenale cied 0
11 0 5 3 1 1 L X fenale died 14
12 0 1% 20 19 20 27 22 22 28 Ly 38 3 39 37 364
13 0] X fenale died 0
14 0 5 11 15 15 13 26 27 33 37 33 30 26 23 294
Total: O 83 187 280 312 332 285 248 297 330 289 284 214 268 3519

RO
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As in the longevity oxperiment, the survivors may be clearly
separated into two groups. The females of pairs 0, 8, 10, 11 and 13
2ll dicd within 21 days of emergence having laid no or very fow cggs.
The remeining 9 females lived for the whole poriod of the experiment,
laying an average of 388 eggs cach. This number is very similar to
the averagc of 397 cgys laid by healthy females.

The graph, fig.46 shows the oviposition rates of healthy
and surviving female adults. The two iines for surviving adults arc
basced on average egg counts taken from the number of living survivers,
and from the original number of survivors. It will be seen that therc
is no meaningful difference between the coviposition rates of living
survivors and healthy bectles, but that whoen the total population
surviving at cmergcnce is considered a decrcased oviposition rate is

obscrved.
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PART 2  FARINOCYSTIS TRIBOLII

1. Dcscription of the Stages and Life-cycle of Farinocystis tribolii

deiser.
All parasites rescmbling F.tribolii Veiser (1953) vhich were
examined during this work were identical as far as could be ascertained,
and their life cycles agreed closcly with thet described for

Triboliocystis garnhami Dissanaike (1955). As it was felt possible

that the two descriptilons mignt have arisen from different interpretaticns
of the life cycle of a single specics, and in view of the slight
discrepancies between Dissanailke's obsorvations and my own, it was felt
that a brief re-description of the life cycle, basced on new observations
was called for.

a) Descrintion 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

Lymrhotropha, as within 24 hours of exposure of larvac te infection,

the trophozoite becomes an intracellular micronuclear schizont.

b) Schizogony

There arce two distinct cycles of schizogeny in this species.
The micronuclcer schizonts (Figs.47, 54) dovelop within the fat body and
grow up to 40 X 30 p.  They are usually rounded, but may be flattened
and clongated.  The fully developed plasmodium contains up to 200
nuclei, each measuring 1-2 p in diamcter, and having a conspicucus

endosome. The endosome is spherical, and varies considerably in size,



Explanation of Figs. 47-53,

F,tribolii, Glensa~colophoniun.
L7, Section of 200 nucleate micromiclenr schizont,
L8, Mergz oite.

Lg.a,b. Section of a 13 nucleate uacronuclear schizont.

50. Associating uninucleate gametocytes.
51. Binucleate gametocytes in association.
524 henucleate gametocytes in association.

53. Gametocyst with early gancte formmtion.
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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 scction, the terminal part of

a large plasmodium could easily be taken for the whole organism with
nuclei distributed throughout the cytoplasm.

Micronuclcar schizonts, and furthcer stages of this speclcs
have apparcntly hemogencous cytoplasm vhich stains quite heavily with
mercury bromophenol blue, and contains no granules of P.A.S. - positive
material. The densely proteinaccous naturce of the cytoplasm, without
paraglycogen inclusions is unusual among gregarines, and contrasts

sharply with Lymchotrepha.

lierozoites are produced by budding from the surfaces, or by
the rupture en masse of the plasmodium (Figs. 48,54 ). Thoy are sphericel,
measuring 4 p in diamester, or clongate, 3 X 5 u, and may prcsumably

evelop into micro- or macronuclear schizonts,

Macronucicar schizonts (Figs. 49, 55) arc first seen three
days after infection. They are more uniform in shape than the micro-
nuclear schizonts, being almost spherical, 6 P diam., to 20 X iS5 u, and
containing up to 40 nuclei. The nuclei measure 3}4 in diameter, and
have conspicuous cndosomes cccupying about # of the diameter. The
rupture of the macronuclcar plasmodium was not cbserved, but gives rise
to uninuclcate merozoites, 4 j in diameter, which, without further growth,
bacome ovoid in shape, and assoclate as gamecincytces.

Intermediate schizonts with a few large nuclel and many small

oncs, similar to thosc described by Dissanezike were alsc present.
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c) Gametogeny (Figs. 50-53, 56, 57)

Shortly after association of the gemetocytes, their nuclel
divide. Nuclecar division is accompanied by considerable growth of
the cells, so that the diameter of the pair increases from 5 u to 15 u.
Occasionally one gamctocyte surrcunds the other as a mantle, but usually
both maintain thc samc homi-spherical shape.

The gametocyst, which is very thin, is laid dovin about the
time of the last nuclecar division of the gamet:cytes, vhen growth of
the pair is complete. The cyst wall stains distincily with P.A.S.,
indicating the presence of polysaccharide {Fig. 66)

Eight~nuclear gamctocytes in association werc commonly soen,
but others with smallcr, more numerous nuclei, vhich vicre difficu;t to
count were also common.  Eventually, cach gamctocyte produced 16
gamctes. Thus, the maturc gametncyst contains 32 gamctes vhich can
readily ke counted in well soerieclised scctions.  This is twice theo
number implicd, but not snecifically stated by Dissanaikc, and cquais
the number of "sporonts" obscrved by telser. The gametes erce spherical
and measure 3 p in diamecter.

Feulgen's nuclecar stain was appliced to the gametic and other
stages, but whilc 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 thc nuclei, but that perhaps the small quantitics
present were not adcquately nreserved.

The fusion of the gametscyiic cyteplasm beforce the soparation
of gametes was reported both by Velser and Dissanaike.  This phenomenon

is difficult to confirm with certainty, thouch no membranc was visible
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between the gamctocytes at this timc, and the gametes were not divided

into two groups after differentiation.

d) Sporcgony (Figs. 58-63, 64, 65).

Gametes, presumably from oppositce gametocytes fuse to form
up to 16 zygotes.  This number is rarely rcached, however, and the
number of sporcs produced is usually cight or nine, as obscrved by
Dissanaike, Zygotes are initially spherical, mcasuring 5 p diamcter.
Thelr nucleus 1s large, 3 o diam., and beforc nuclcar division commencces,
the zygote becomes ovold, and grows considerably to 9 u by 4 u.

The formation of the oocyst wall prevented okservation of the
division of the zygotic nucleus. The spore 1s elongated, lemon-
shaped, measuring 13 p X 7 p, 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 thc 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. rcaction.

The gametocyst often breaks during the devclopment of the
zygotes; in light infections, however, the cyst may remain intact until

ingestion by a new host.



Exnlanation cf Figs. 58-63.

58,

63.

F.tribolii, Sporogony.

a,b,c, Three serial sections.of a gametocyst with

develeping zygotes. Gilemsa colophonium.

Young spores. Giemsa colophonium,

-

[iature spore. P.A.S. shows polysaccharide at noles and

in snorozoltes,
Mature spcre.  Fresh smear. Necgative phase.

Empty spore.  Mercury-bromeophenol blue shows
protein in walls.

Mature spore (entire) Hercury-bromophenol hlue
proteln at poles.

shows
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58, 59: 10

60-63; 5,
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2. MNotes on Pathology

The mode of infection of F,tribolii seems to be the same as
that of L.tribolii. The progress of the infection is, however much
mnre rapild; schizonts being produced within 24 hours, gametocysts within
4 days and maturc spores within 7 days. Death commonly occurs after
10 days.

Larvac vhich are suffering, or vhich have died from this
diseasc arc in no way distinguishable macroscopically from thosec
infected with L.tribolii, cxcept by the abscnce of capsules.

Survivors from F.tribolii infections were not noticed; as
adults may become infected, survival would be difficult to confirm,

Encapsulation c¢id not occur in any of the F.tribolii
infections examinod.  As the parasites are intracellular during their
carly development, only later stages could be cncapsulated, and by‘the
time these develop, the larvae are probably too weak to produce the
large numbers of haemocytes rcquired.

In cne experiment where 3 X 10% L.tripolii S;IOTES pPET gm, ,
of flour were mixed with those of F.tribolii in the ratio of 40:1, 100%
mortality occurred in larvae exposcd to the mixture, ond the ratio of

L.tribolii to F.tribolii spores in the resulting dead 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 larvac beforc

many L.tribolii spor<s have maturcd.
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It wes 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 albuminoid spheres and lipid globules fail to
develop. Infected cells degencrate, and the lobes of the fat body

breal 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 vhich permit a re-evaluation of

the taxonomy of Farinocystis tribolii and Triboliocystis garnhami.

Dissanaike (1955) described the life cycle of T.garnhami
in larvac of T.castaneum, beginning with trophozoites entering the fat
body and becoming schizonts. The plasmodia of these micronuclear
schizonts measured 7-25 o in diameter, and thc largest contained over
100 nuclei. Merozoites, released mainly by multiple fission, developed
into macrcnuclear schizonts measuring 5)4 diameter to 15 by 12 p, with
up to 12 nuclel measuring 2 p diam. Intermediate schizonts with a
few large nuclel and many small ones were alsc scen.

The macronuclear merozoites, vhich were budded off from the
surface of the parent plasmodium, were uninucleate, and associated 2s
gamctocytes in this condition. After association, the gametocytes
grew, and their nuclei divided. A thin gametocyst was laid dovn
about the stage when cach gamctocyte contained 8 nuclei. Occasionally
one gamctocyte would enclose the other in a cup-shaped mantle, The
details of gametogony werc not described, but eveprtually cight zygotes
were formed, each of which developed into a spore (ococyst).  Thus
about ceight (occasionally three to ten) spores were formed in cach
gamctocyst.

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 spescies was concerned. Micro-
nuclear schizonts were sometimes larger (up to 40 X 30}4), and contained
up to 200 nucleil. Similarly, macronuclear schizonts measured up to
20 X 15 y, and contained up to 40 nuclei. Gametogony was observed
in more detail in the present work. Nuclear division procceded in
each gametocyte to a l6-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 vierc
regularly counted. The eariy zygotes usually numbercd less than the
expected 16, and during their considerable growth, a number of these
degemnurated. Thus only about & spores were fomsud in the mature gauc-
tocyst {occasionally uptc 12}.

It now rcmains to be shown that thesc parasites de not differ

significantly from Farinocystis tribolii described by leiser (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 slichtly vhen he stated (1953b) that macronuclear
schizonts divided into uninucleate merozoites, vhose nuclei divided
usually to an 8-nuclear stage bofore 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 {UWeiser 1963) clearly

shows entire gamctocysts, each containing about cighti spores.
¢
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From the present additional observations it appecars probable
that Weiser's 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 gomelocysts
in some of his material he was unable to count the number of spores.
The gamctocysts commonly disintegrated in my ovn infections, and only
remained intact when the density of parasites was quite low.

One further aspect of ticiser's description remains to be
accounted for; this is his observation that gamctocytes invariably
assoclated in the asymmetrical manncr described as occaslonal by
Dissanaike and also observed in many of my ovn specimens.  Such
variability in the association of gametocytes is surprising, ku® the
frequency of one or othor type is probably a matter of strain variation,
and the occurrence of the asymnetrical typce of association in all three
scts of observations strongly reinforces the argument that only one
species 1s concerncd. |

In a personal communication, Weiser said, rcgarding his

opinion that Farinocystis and Tribolincystis are identical, that this

was supported by the structurce of the spores, types of gometes, 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 sporcs. The type of gamctes and number of nucleil

forming spores were so specific for Farinccystis that if evor T.garnhami

werce to survive any earnest revision it would only be another species of

the same genus.
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The conclusicns derived from the present work are in agreement
with those of Weiser. 1t is believed that the present work clarifies
the sequence of development at the end of macronuclear schizogony,
and in th2 early stages of sporogony.

By way of summary, fig. 67 shows diagrammatically, and in

simplified form, the life cycle of the organism, Farinocystis triboliil

Weiser, with vhich Triboliocystis garnhami is thought to be synonymous.

The figure shows how, in the licht of new observations, the tvwio original

descriptions have been amplified and combined.

The life cycle of L.tribolii contrasts sharply with that of
F.tribeolii, particularly in the development of large exiracellular
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 fommer of longitudinal striae in the trophozoites,
and the abundant accumulation of paraglycogen arc 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 arec
important in the phylogcnetiic classification within the group.

Grassé's (1953) classification is the onc into vhich both species
fit most naturally. Grassé divided the order Neogregarina into five

families, leaving four genera as incertae sedis.

The family Ophryocystidae Léger and Duboscq compriscs a single

genus, Ophryocystis Schnelder with nine species inhabiting the lumen

of the Malpighian tubules of varicus bectles. The schizonts



Explanation of

Fig.67

Summary
vaticns

of the life cycle of F.tribolii combining the obser-
of Vleiser and Dissanaike with the present work.
IMature spore

Sporozoite

Micronuclear schizont vith merozoites
Macronuclear schizont (lleiser's gamctocytces)
Macronuclecar merozoites

Associating gamctocytes

Gamctocytes, 4 nuclear

Gametocyst with 32 nuclei

Ganmctocyst vith 32 gametes (Veiser's sporonts)
Gametocyst with developing zygotes

Young spore
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in this family ave attached to the walls of the tubule by branching
proccsses which give them a mycetoid appearance. The family is
further characterised by the production of a single spore in each
gametocyst.

The Schizocystidae Léger and Duboscq arc extracellular parasites
in the digestive tract of ilalpichian tubules of Diptera and Hemiptera.

The family as originally erected included cnly the genus Schizocystis

»

L.eger. the subsequent inclusion of Machadoella Reichenow (1935)
necessitated some extension of the familial diagnosis.

The species of the genus Schizocystis arc remarkable among the

Neogregarina in that they exhibit anisogamy. The trophozoites are
large, vermifoxm, and develop dir-ctly into schizonts which are

attached to the gut wails of the host by means of a complex temminal
apparatus. Vhen Reichenow (1935) erected the genus Machadoella, he

proposed that it should include a species of Schizocystis, S.spinigeri

Machado, as well as M.triatomae Reichenow. lMachadoella differed from

Schizocystis in many ways, kut also had vermiform trophozoites with

longitudinal striac anu with an indistinct terminal apparatus.
Schizogony in Machadoella occurred by the irregular multiple fission

of a nwultinucleatce plasmodium, in contrast to Schizocystis, vhere

division is more regular. MAchado {1913) had thought to obscrve

the association of binucleate gametocytes in S(=M) spinigeri, but

Reichenow refuted this, thinking that the binucleate bodies were schizonts,
whereas the gamctocytes were uninucleate on associatlon. He also
pointed out the difficulty in differentiating between ruclei and c;to-

plasmic inclusions of volutin. Mayer & Pifano (1949) in their partial
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description of an unidentified species of lMachadoella also observed

the association of binucleate gametocytes, and were able to distinguish
these from schizonts by their different cytoplasmic reaction to
CGiemsa's 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 awre the stages in
gametogony and sporogony, and the spores. The differences in the
shape of the trophozoite, the indistinciness of the sirize in

Lymphotropha, the prohable association of binucleatc gametocytes in

Machadoella and the difference in habitat (Machadoella inhabits thec

Malpighian tubules of Triatomid lkugs, and Lymphotropha, the haemococle

of beetles) warrant the generic status of Lymphotropha at least until

further related specics are found, and the bases for the taxonomy of
the group are more clearly cstablished.

It is intercsting 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 werc scen for certain,

but these bhore a very closc rescmblance to those of Lymphotropha,

and varied similarly in thelr number per gametocyst.  Bucher tentatively
identified his specimins as being close o Lipotropha.

The members of the family Caullerycllidace Keilin live extra-
cellularly in the intcstine of Diptcera, and have flask-shaped trophozoitcs,

regularly bunched merozoites, and spores vhich differ considerably from
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the species at present under consideration.

Grassé (1953) crected the family Syncystidac to include

Syncystis mirabilis Schneider, vhich has spores furnished with spines
at the ooles, indicating its possible rclationship with the
Acanthosporinae among the Eugregarina.

The family Lipotrophidae Grassé includes three gencra vhose

members, in the same way as Farinocystis, parasitisc the fati body of

insects intraccllularly. HMembers of the genus Lipotropha Keilin
have a single schizogonic cycle, and gematocytes which grow before,
not after association. In the genus Mattesia, there arc two cycles

of schizogony as in Farinocystis, and the gametocytes associate before

being fully gwown, but only two snores are produced in each gametocyst.
Although typically thc spores do not have distinct plugs, Cenning (1964)

has shown that M.trogodermae has spores which closely rescmble thosec

of F.tribolii. The specics of the genus Lipocystis Grell have tuo

schizogonic cycles somewhat similar to those of Farinocystis, but

between 100 and 200 thin wallcd spores are produced in cach gamctocyst,
vhich ruptures shortly after the fusion of gametcs.

Farinocystis must therefore retain its generic status, and

occupy an intermediatc position between ilattesia, with two spores per
gemetocyst and Lipo¢ystis with many.  The occurrence of two cycles

of schizogony indicates rclationships between Farinocystis and both
: Y

of thesz genera; the spore structure resembles that of Mattesia, and
the breakdovm of the gamctocyst indicates ties with Lipocystis.
Weiserts (1955) classification of the Schizogregarina divides

the group (a sub-order in this case) into two families. The
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Ophryocystidae, characteriscd by two distinguishable types of
schizogony arc divided into two sub-families, Ophryocystinae, with

uninucleatc associating gametocytes, and Machadoellinae with pluri-

nuclcate gamctocytes. The laticr sub-family contains both Machadoella

and Farinocystis, Quite apart from the fact that the presence of a

second schizogony in Machadoella is in question (scc above) and that

the present work shows Farinocystis to have uninucleate gametocytes,

the two gencra differ greatly in their habitat, and in the structure

of their trophozoiics., The fortuitous discovery of Lymphotropha,

which is clearly relatcd to Machadoella, but net to Farinocystis

supports the argumcnt that thesc two gencra arc not closely allied.

Weiser basces the sequence of his genera largely upon the
number of spores produced in each gametocyst. The present work has
shovn this number to be variable in both of the species studied, and
not directly rclated to the number of gametic nuclei produced, vwhich
is perhaps more constant.

Therce is a strong correlation between the habitat of ncogre-
garines and their morpholegy, which is cmphasised in Grassé's system.
Vihether or not this is also corrclated with phylegeny is open to question,
as is c¢ven the homophylogeny of the heogregarina as a vhole {Grassé, 1953).
The facility with which the two genera dealt with in the present wozrk
fit into Grassé's systom speaks at least for its practical cenvenience.

The present discovery of a new genus of neogregarine in such

a well-known beetle as Tribolium castaneum suggests chat only a small

proportion of the living members of the order are knovnm. Neogregarines

are usually pathogenic parasites which cause no externally visible
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symptoms in live insects. Ihey arc therefore rare in healthy
pcpulations, and are most likely to be discovered in leboratory cultures
whore conditions are suitable for ithe development of epizoctics.

The discovery of neojregarines in wild inscct populations is an arduous

task, depending largely on fortune, but considerably more will have to be

known before any definitive classification of the group .dAll b. acc ntable.

Cetailed studices on the pathology of necgregarine discascs have
not yet been attempted. In the present work, a broad investidation
was undertaken into the relationships between the parasite, L.triboliil
and its host, T.castaneum, in order to find tho gross effects of one
upon the other, and the clucidate the fields in which more detailed
investigation might be rewarding.

The disease ceused by L.triboliil reached its fullest develop-
ment vhen larvac aged up to about 12 days from egg laying (8-9 days
from hatching) were exposed to infective duses of 106 SpOres DEr gram.
or morc¢., The efifects of this full cxpression of the diseasc will
first be considered; then effccis of smaller doses will be discussed.

During the incubation pericd 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 cculd 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 albumincid cphercs, and the rate of gain in weight

decreasced rclative to that of healthy larvae.
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The parasites accumulate large quantities of paraglycogen which
must bc synthesised from carbohydrate substances in the blood.  The
nature of the food of Tribolium larvae is such that in order to
obtain adcquate protein for development, large excesses of carbohydrate
(starch) must be ingostcd. It seems probable thercfore that the
massive accumulation of paraglycogen by the perasits has little harmful
effect on the host.

While lazrge volumcs of carbohydrate are not stored by the
insect, lipid and proteinaccous matcrials arc. Infection with
L.tribolil has becn shown to disyupt the storage of both these types of
substance., The storage of rcolatively large quantities of lipid
material by thc parasites probably provents their accumulation in the
cells of the fat body. Protcins, however, are not present in large
volumes in the parasite, and the lack of development, and degencrzation
of the albuminoid sphcres of the host fat body requires more clakorate
explanation. Perhaps the parasites in some way disrupt the noxmal
processes of protein synthesis within the host, causing material which
would normally be stored, to be recuired immcdiately.

thile it was not possible to say at what stage feoding ccased,
the reduction of the ratc of larval weight gain may be explained by the
parasites absorbing nutrients from the blood, thus preventing the
accummulation of reserves in the fat body, and causing demands to be
made on that crgan, as happens when uninfected larvac are starved.

During this clinical pericd, vhen, in effoct the laxva 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, vhere a parallel
reduction was obscrved as theoy completed their development and neared
pupation, This lack of change in oxygen consumption, vhich contrasts
sharply with the findings of Sussman (1952) and Lysenko and Slairw (1961)
in the case of fundgal and bacterial diseases, 1s 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
metabelism is slowed dovn by advancing parasitoemia.

The susceptibility of healthy and diseased larvac to D.D.T.
was measurcd by alloving them to crawl on insccticide-coated filter-paper
for a standard time. Ho significant change, not accountable by
differences in weidght, could be detected until shortly before the death
cy discase of infected larvace. Shortly before death, these larvac
did become slightly morc susceptible than healthy larvae of the same
weight. Observailons on the activity of healthy and infecled larvae
confirmed the validity of the D.D.T. experiments, and showed that the
disease has no demenstrable effect on activity until within a fow hours
of death,

Thesce experiments show that the disease caused by L.tribolii in
T.castaneum probably has no marked effect on the ncrvous or muscular
systems of the host until shortly hefore death.,  The degeneration of
the fat body has beoen shown to be reversible, so it is concluded tﬁat
death is caused in part by the physical obstruction of thc hostls

haemococle, and in part by a form of starvation.
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The observation that some larvac crawl up on filter—papcr
vhen heavily infected is of particular intereost as it is the only
indication of any chonge in their bchaviour. it is well knovn that
many insccts crawl upwards before dying from discase (Steinhaus, 1949).
Personal observations have regularly becn made on the cockroaches

Ectobiys lapponicus Lin. and thc cantharid beetlies, Rhagonycha fulva

Scop.; clinging to the tips of grass stoms afier death by mycosis.
In the present case, it has been shown that no increase in activit
y Y

g

occurs in infected larvaec, so the change in behaviour must be duce to
a cnange in orientation. It scems strange that insects suffering

from the effects of starvation should leave the culture medium wherxe

ample food 1is available,

. . e ot
vhen larvae were exposed to doses of 10 ox 10° spores poer gm.

nearly all became infected, but a varying proportion survived, In
some cases the discasc ran about the same ceoursc as above, death being
delayed by a fow days only. In other cases, death was delayed for
up to two weeks. Somc larvac pupated beforc dying, and others
rcached the adult statc in a deformed condition. 0f those which
became externally normal adults, about 25% had greatly reduced longevtiy
and female fecundity. The remeining 75#% of the surviving adults lived
apparently normal lives,

The size of insects at death, as the metemorphic stage,
is only partly contrcllcd by the dose to which thev are cexposed. Thus,
vhile there is 2 minimun size at death, which is only produced by heavy
doses, some larvae cxposcd to hecavy doses develop almost the prepupal.

sizc before dying.
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Survival and the postponcment of death may be partly due to
encapsulation. Capsules are formed round cncysted gametocytes, isolating
them and causing them to degenerate. It is improbable that cncapsul-
ation is the only factor important in survival, as the growing stages of
the parasite; trophozoites, schizonts and merozoites are not affectcd.
The fact that gametocysts isclatoed by encapsulation degenerate implies
that some interchange still exists between the parasite and host, and
by preventing this intexchange the larva bencfits,

The breakdown of the resistance of the parasite to encapsulation
at the time of cncystation is probably duc to the change in the naturc
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.
Why gamctocysts with fully developed spores do not becomc encapsulated
remains unexplained, except that usually the host is moribund at this
stage,

Encapsulation has boen suggested by Salt (1963b) to occur
vhen parasites arc in unnatural hosts. It is possible that the

presence of Lymphotropha in Tribolium is the result of contact between

the parasite and host under thc abnommal conditions of laboratory
culture. The resistance of T.confusum to infectlon might support the
idea that L.tribolii is not complctely suited to the other mcmbers of
the genus.  However, until the hypothetical natural host is discovered
this is mere speculation.

Factors other than uncapsulation must be operative in the

survival of large larvac of T.castaneum and all laxvac of T.confusum,
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Fy

vhere sporozoitcs hatch, but infection does not succeed. Phagocy@osis
was not observed in L.tribolii infections, though both Dissanaike

and Veiscer described it in F.tribolii. It scems that phagocytosis

and encapsulation by insect haemocyltes are closely related phenomena,
being the result of a surface stimulus on the same cells. Only if the
parasite or foreign hody is too large to be ingested by a single cell

is 1t encapsulated.

Some speculation on the ceffccts of L.tribolii on T.castancum

.

populations may be made from the dosage/mortality figures and from the
studies of the effects of disease on survivous. An experimeontal study
along similar lincs was conducted by Park (1948) who accumulated an
cnormous amount of data on T.castancum populations infected with

Adelina tribolii, As this worker rencwed 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 ¢liminated T.confusum
from mixed populations, hut thc presence of the parasite reversed
this trend, and T.confusum survived at the expensc of T,castancum.

t experiments would lead to the following possible
conclusions. In the case of a very low rate of infcction in a well
dispersed population with unlimited feod, the disease would remain

enzootic, causing very fou deaths, but perhaps slightly reducing the

average fecundity of faonalos by avoatly reducing the fecundity and

life span of some of them.



137.

In any sultable natural medium under nermal circumstances,

a peak population of hecalthy T.castancum would be rcached within a
few generations, The high rate of reproduction and low rate of
dispersal would ensurc this. 1ith the build up of a hich population
density, the chances of dead individuals being caton would incrcasc.
The diseasc would thus sprcad, and become cpizootic.

In tho case of a populetion suffering from an epizoctic,
the adults mostly have a normal 1ifc span, and lay the usual number
of «ggs. The eggs arce viable in the normal proportions, but very fow
larvac develop to maturity. 0f those that do, a proportion of the
resulting adults have very low fecundity, and greatly reduced longevity.
The remainder live and roeproduce normally.

In the prescnce of many of their dead fellows, larvae of the
third gceneration have small chance of survival. Thus, even when the
original density of insccts and rete of infection are low, cpizootic
conditions and the cxtinction of the populaticn would be cxpected to
occur within very few generations. The affected substrate would be
considerably altercd by ihe beetles which had developed on it, but
would rcmain contaminated with viable spores for many wmonths, preventing

any further infestation by the bectles.

The work presented in this thesis has shown that T.castancum
is susceptible to a number of pathogenic protozoa. L.tribolii has

been studied in some dotail, and bas bcen shovn to be capablc of
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preventing increase in populatiocns. However, as the insects are
unaffected by the narasite 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 weould only accrue over a

long temn, and stored products pests usually require more rapidly

effective measurces for their ccomomic 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. Lymphkotropha tribolii gen. nov., sp. nov. (Neo-
gregarinida, Schizocystidae) is described from the haemocoele
of Tribolium castaneun: (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

ARVAE of the flour beetle, Tribolium casteneum
(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 7. 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. Nosema whitei Weiser was described from 7.
castanewm and Tribolium confusum (Duval) and N. bucklei
Dissanaike, from 7. 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 7. 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 scctioned at 5 u. 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 7. 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

Reprinted from THE JOURNAL oF PROTOZOOLOGY.
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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

i £ 2o
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,

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

SCALE FIGS.7-11 __Sp__
[[oJ7]

FIGS. 12-15 , N

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

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.

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 10* oocysts
per gram of foodstuff cause 50% mortality, in larvae
reared from the egg in this medium, and 10 spores
per gram cause 95% mortality. In one experiment,
where 3 X 10* oocysts of L. tribelii per gram were
mixed with those of Farinocystis tribolii, in the ratio

SCALE FIGS.16-20 ———— 1 IO p
FIGS21,22 +—— Sp

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 Grassé, 1953(4). Weiser depends largely on the
number of schizogonies, then the number and mor-
phology of the oocysts. Grassé 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 Grassé 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.

Grassé 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. ¢ribolii most closely agrees
is the Schizocystidae which have large trophozoites
with longitudinal striae. There are two known genera,
Schizocystis Léger and Machadoella Reichenow (7).
In Schizocvstis 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 Machadoelle was first used by
Reichenow 1935(7) for a parasite M. triatomae from
Triatoma dimidiate. 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. iriatomae 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 Grassé, 1953). Lymphotropka 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 Machaedoella 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 termlnal projec-
tion, and with faint longitudinal striae. Gametocytes mono-
nucleate on association. Qocysts with 8 sporozoites.

Genotype: Lymphotropha tribolii gen. nov., sp. nov.

Specific diagnosis: Trophozoites measuring 20-30 p by 10-
15 u. Schizonts giving rise to up to 8 merozoites. Gametocytes
with 4-16 lemon-shaped oocysts with indistinct polar caps;
oocysts measuring 8-9 @ by 5-6 u. Sporozoites 8 g by 1 g in
fresh smears.

Locality: Insectaries at Imperial College Field Station, Ascot,
Berkshire.

Habitat: Haemocoele of Tribolium castaneum (Herbst).
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