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ABSTRACT

The characterisation of genes coding for a 235kDa rhoptry protein of the malarial 

parasite Plasmodium yoelil

The highly virulent rodent malaria parasite, Plasmodium yoelil strain YM is 

capable of invading both mature erythrocytes and reticulocytes throughout the course 

of the infection. YM had been reported to have arisen abruptly from the avirulent P. 

yoelii strain 17X which is reticulocyte-restricted for most of the course of infection. A 

genetic cross between YM and an avirulent parasite strain derived from 17X indicated 

that the two parasites differed only at a single genetic locus, which was considered to 

confer the virulent phenotype.

Monoclonal antibodies directed at a complex of 235 kiloDalton (kDa) proteins, 

present in the rhoptries of the pre-invasive P. yoelii merozoites had been reported to 

convert a virulent YM infection into an avirulent, reticulocyte-restricted, 17X-like 

disease. This indicated that the rhoptry protein complex might mediate virulence. DNA 

clones encoding three different 235kDa rhoptry proteins had been isolated and 

sequenced.

In this thesis electrophoretic karyotypes were produced for P. yoelii strains YM 

and 17X, and where possible individual chromosomes have been identified as 

homologues of those of other malaria species by their hybridisation with specific DNA 

probes. Four chromosomes of strain 17X were shown to migrate at appreciably 

different rates from their YM homologues, indicating that they differed in size.

The genomic location of members of the 235kDa rhoptry protein gene family 

and the gene copy number have been examined in both strains. A two-dimensional 

Southern blot technique was used to visualise the restriction fragments containing 

members of the rhoptry protein gene family derived from resolved chromosomes. 

These blots permitted the localisation of the cloned rhoptry protein genes within 

individual chromosomes. In strain YM the gene family was demonstrated to be present 

on six chromosomes and to have an estimated minimum copy number of forty. On 

individual chromosomes, the gene family members are organised in tandem arrays 

which occur almost exclusively in sub-telomeric locations. Two chromosomes have 

rhoptry protein genes at each end.

A series of subclones derived from strain YM, which exhibited different levels 

of virulence, were also examined. No differences were detected in the distribution of 

the major loci for the rhoptry protein gene family in these parasite clones but a 

difference was observed in the rhoptry complex proteins immunoprecipitated from one 

of the clones using anti-rhoptry protein monoclonal antibodies.
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The major rhoptry protein gene loci which had been identified in YM were also 

present in strain 17X, in additional two major loci were also detected in this parasite 

which do not occur in YM. One of these loci was present on a chromosome (13 or 14) 

which does not contain rhoptry protein genes in YM. Immunoprécipitation experiments 

indicated that there was differential expression of the rhoptry protein genes in strains 

YM and 17X.

Hybridisation with rhoptry protein gene probes demonstrated the presence of 

homologous sequences on at least six chromosomes in another rodent malaria 

parasite, P. berghei. The extent and the organisation of the gene family appeared to 

be similar in P. yoelii and P. berghei. Initial experiments appeared to link a single 

genetic locus of the gene family with reticulocyte-restriction in both species. However 

analysis of the progeny of a genetic cross between virulent and avirulent parasites 

indicated that this was not the case.

While all of the data collected supported a very close relationship between P. 

yoelii strains YM and 17X, the fact that the strains had been demonstrated to differ at 

more than one genetic locus, and possessed four differently sized chromosomes 

indicated that YM could not have evolved directly from 17X as the result of an abrupt 

mutation. No evidence was found to support the hypothesis that the rhoptry protein 

complex is responsible for the virulent phenotype.
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CHAPTER 1 - INTRODUCTION 

Malaria

Malaria infections are caused by protozoan parasites of the genus 

Plasmodium, which multiply within the red blood cells of humans and other 

vertebrates. The disease is transmitted by mosquitoes, which may be considered to 

be the primary host of the parasite because sexual recombination occurs within the 

insect, while only mitotic divisions occur within vertebrates. However the 

consequences of infection are far more devastating to vertebrates. Each malaria 

species has a very narrow host range; four species are infective to man. Plasmodium 

falciparum is the species responsible for the most human deaths. While only an 

estimated 1% of clinical attacks of falciparum malaria prove to be fatal, the sheer 

numbers of people infected by this parasite each year (Sturchler, 1989, estimated that 

there were 245 million cases of falciparum malaria in 1986) mean that that malaria is a 

significant cause of death in the developing world. As a result, P. falciparum has been 

the most intensely studied, and is the best characterised of all of the malaria species. 

P. vivax, while almost as prevalent as P. falciparum (Sturchler, 1989), is less lethal, 

but produces a chronic disease with high levels of morbidity. P.ovale and P. malarias 

are far less common.

Although the incidence of malaria was steadily decreasing up to the late 

1960s, reported cases of malaria have now begun to rise due to a combination of 

factors, the most significant being the emergence and spread of chloroquine 

resistance (first reported by Kean et ai, 1979, and Phillips et ai, 1984). Drug 

resistance, while spreading rapidly throughout a parasite population, has also been 

demonstrated to arise independently in isolated foci, indicating the malaria parasite’s 

capacity for rapid evolution (see below). The emergence of insecticide resistant 

mosquitoes has also been a problem. Due to the high cost and length of time required 

to develop any new anti-malarial drug, and the fact that resistance to any novel drug 

is likely to develop rapidly, strategies other than the use of medicines to treat and 

control malaria infections must be considered.

The genomic organisation and many aspects of the biology of Plasmodia are 

not yet well characterised. Basic research on the parasite is essential if parasite 

processes which differ from those of the host are to be identified and exploited as the 

basis of novel intervention strategies.
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Life cycle of the malaria parasite

Plasmodia are obligate parasites, with a two host life-cycle (see Figure 1.1). 

Infections are transmitted through the bite of a female anopheline mosquito, 

introducing sporozoites into the circulation of a vertebrate which carries them to the 

liver. Sporozoites possess specialised invasive organelles, typical of members of the 

phylum Apicomplexa (see following section), which enable them to invade 

hepatocytes and initiate the infection. Once inside a hepatocyte, each sporozoite 

develops first into a trophozoite, and then through a series of mitotic divisions into a 

multinucleate syncytium called a schizont. Segmentation of the schizont results in the 

formation of a large number of invasive merozoites. Hepatocyte rupture releases 

mature merozoites into the liver sinusoidal circulation. The parasites adhere on 

contact with the surface of red blood cells. A complex series of molecular interactions 

then follows which may culminate in erythrocyte invasion (see following section).

Inside the red blood cell, erythrocytic schizogony occurs giving rise to a new 

population of invasive merozoites. Repetition of the erythrocytic cycle is the means by 

which the parasite population expands within the host. With each cycle a proportion of 

the merozoites develops along an alternative pathway giving rise to either male or 

female gametocytes. Further development to produce viable gametes will not occur 

unless the gametocytes are ingested by a mosquito taking a blood meal. Conditions in 

the insect gut trigger gamete maturation and fertilisation can occur if both sexes of 

gamete are present. Each gamete is haploid, the zygote resulting from fertilisation is 

diploid. Each zygote transforms into a motile ookinete which embeds into the insect gut 

wall and develops into an oocyst. At some stage after fertilisation a meiotic division 

occurs giving rise to haploid parasites. This division is the only point in the parasite 

life-cycle when recombination can occur between homologous chromosomes, 

because the parasite is haploid at all other times. Mitotic divisions give rise to a large 

number of sporozoites within each oocyst, and when mature these burst out and 

migrate to the salivary glands of the insect and are injected when the mosquito 

takes its next blood meal. Each parasite has only a narrow range of susceptible host 

organisms, for example the human malaria parasite P. falciparum is only able to infect 

a few species of monkeys which share common blood cell antigenic determinants with 

humans, and transmission to these hosts may not occur at all in the wild.

The characteristic pathology of malaria results from the erythrocytic cycle of 

the parasite. As the merozoites emerge from the erythrocytes, parasite waste 

products and red blood cell components are released into the circulation and these 

trigger the release of cytokines, particularly tumour necrosis factor (TNF), which

15



Figure 1.1

Life cycle of a malaria parasite such as Plasmodium yoelii, which undergoes only a 
single stage of exo-erythrocytic schizogony, and which does not give rise to

recrudescences.

The diagram shows erythrocytic invasion by merozoites in the context of the complete 
life cycle of Plasmodium, including the mammalian and arthropod forms.
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iinduces fever. P. falciparum and P. vivax each give rise to synchronous infections 

where on the third day following erythrocyte invasion, a new batch of merozoites is 

released. The characteristic ‘febrile paroxysms’ coincide with the emergence of the 

parasites. In P. falciparum, late erythrocytic stages including schizonts are rarely 

found in circulation, but sequester in the deep vascular capillary beds of organs such 

as the liver, heart and brain. It may be that sequestration is a means to avoid immune 

clearance by the spleen, because mutant P. falciparum parasites which are unable to 

sequester do not cause persistent infections (Berendt et al., 1990). Congestion of 

blood vessels, and in particular those of the brain can have serious consequences for 

the host, including coma and death. Sequestration is mediated through parasite 

proteins expressed on the erythrocyte surface interacting with receptors present on 

the endothelial cells which line capillaries, although the precise interactions of the 

process have not yet been characterised. Severe anaemia resulting from depletion of 

the host erythrocyte population is also dangerous, particularly in young children.

Because of the pathology associated with the erythrocytic stages of malaria 

parasites, there is much interest in characterising the mechanism by which malaria 

parasites enter erythrocytes. If this process could be blocked, there could be no 

further expansion of the parasite population in the host following hepatic schizogony 

the symptoms of malaria infections would not develop. In addition sexual stages 

would not be produced and so transmission could not occur.

Malarial merozoites

Merozoites are oval cells approximately 1.5pm long and 1.0pm in diameter, 

although the size does vary with species. The apex of each merozoite is more pointed 

and contains a system of organelles common to the invasive stages of all members of 

tie phylum Apicomplexa. These are also present in the sporozoites, the other 

extracellular invasive stage of Plasmodia within vertebrates. Most prominent are two 

VP2s of gland, the rhoptri es and the micronemes. Rhoptries are paired, sac-shaped 

Slaids which converge into a single duct. The micronemes are narrower, more 

runerous, and do not appear to converge (see Figure 1.2). Rhoptries and 

nicronemes have been demonstrated to contain complex mixtures of many proteins, 

«ne the rhoptries following certain staining procedures, also appear to contain ‘whorls’ 

cf either lipid or a lipid and protein mixture (Mitchell and Bannister, 1988). The 

characteristic conoid shape of the apex of the merozoite is maintained by the 

presence of concentric circles of protein material, termed the polar rings. Each 

nerazoite contains a nucleus and a single mitochondrion, and also numerous
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Figure 1.2

Diagram showing the structure of a malarial merozoite 

Part of the cell surface has been enlarged to show the the coat and pellicular membranes.
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membrane bound vesicles known as the dense granules. A thick fuzzy coat covers 

the pellicle of the merozoite which may be composed of glycoprotein.

invasion of erythrocytes by malarial merozoites.

Merozoites are only able to exist freely in circulation for at most a few minutes, 

after which they lose their capacity for invasion. The process by which the parasite 

gains entry into the erythrocyte is not completely understood, but is known to consist 

of multiple stages. Dvorak etal. (1975) used video microscopy, to examine 

erythrocyte invasion by P. knowlesi and a drawing of the different stages of invasion 

observed is reproduced in Figure 1.3.

The initial interaction between the parasite and a potential host cell involves an 

association between the erythrocyte surface and any part of the outer coating of the 

merozoite. Even brief contact between the two cells is sufficient for attachment to 

occur. The basis of the attachment is not known but the erythrocyte membrane 

becomes deformed and enfolds around the merozoite which sinks into a depression 

formed on the blood cell surface. This type of interaction is reversible and merozoites 

can be seen to detach from one erythrocyte and subsequently attach to, and invade, 

a second cell. As contact between the membranes of the merozoite and the 

erythrocyte increases, the membranes become more closely associated. The parasite 

then manoeuvres itself so that its apex is directly apposed to the red cell plasma 

membrane, and a tight junction forms between the tip of the merozoite and the 

erythrocyte plasma membrane. At this point the attachment process ceases to be 

reversible and the merozoite becomes committed to invading the cell. The next 

sequence of events occurs in such rapid succession that the precise order of each 

stage is not known. Immediately after tight junction formation, the contents of the 

rhoptries (and possibly the micronemes) are discharged and the parasite moves 

forwards into the blood cell, entering a membrane lined compartment. The tight 

junction travels backwards over the surface of the parasite and seals the erythrocyte 

membrane behind. During the process of invasion the material covering the merozoite 

membrane is sloughed off, possibly to prevent antibodies bound to the merozoite from 

being internalised with the parasite. (Dvorak et al., 1975). The signal which induces 

the discharge of the contents of the apical glands is not known but this is presumed to 

be the result of a signal transduction event (Coppel, 1992). The origin of the 

parasitophorous vacuole membrane (PVM) formed at invasion, and which completely 

encloses the internalised merozoite is not entirely clear. The surface of this membrane 

is not identical to the erythrocyte plasmalemma in freeze-fracture sections, so it
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Figure 1.3

Diagram showing the different stages of erythrocytic invasion by a malarial merozoite
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A. Intial attachment
B. Reorientation of merozoite with bending of the attached red cell
C. Apical contact
D. Invagination of the invasion pit
E. Closure of the parasitophorous vacuole
F. Extrusion of the microsphere contents
G. Further expansion of the parasitophorous vacuole membrane
H. Final transformaton into the ring stage

Source: Critical reviews in oncology/hematology 8(4) 255-311; G.H. Mitchell, and L.H. Bannister.



seems unlikely that the PVM is formed by a simple invagination of the erythrocyte 

membrane. It may be that at least a proportion of the materials used to form this 

membrane is of parasite origin, and may include the ‘membranous whorls’ seen inside 

the rhoptries of free merozoites on staining with tannic acid (Bannister et al., 1986b). 

These structures could constitute either preformed membranes or membrane 

components used in the construction of the PVM. Once internalised the dense 

granules are discharged into the parasitophorous vacuole and the transformation of 

the merozoite into a trophozoite begins.

Electron microscopic examination of fixed preparations of P. knowlesi 

merozoites in the process of invading erythrocytes has permitted examination of the 

attachment between the merozoites and erythrocytes in this species (Bannister et al., 

1986a). On initial attachment, the membranes can be seen to be joined by thin 

filamentous threads 20-40nm long and around 2nm in diameter. This type of bond is 

readily broken. As contact between the two cells increases, thicker fibres 15-20nm in 

length, join the membranes. Extensive areas of the erythrocyte membrane may be 

involved in this type of interaction, which may be the cause of the erythrocyte 

membrane deformation. This interaction is thought to assist merozoite reorientation. 

Although the attachment remains reversible at this stage, any parasite which fails to 

form a satisfactory tight junction can remain bound to the surface of the red blood cell 

for quite long periods of time. Tight junction formation results in very close apposition 

of two membranes (within 4nm of each other), joined by the thick fibres (Bannister et 

al., 1986a).

Malarial apical complex proteins implicated in merozoite invasion.

Because the contents of the apical organelles are released at the point of 

erythrocyte invasion they are assumed to be intimately connected with the process.

To date, a large number of rhoptry and microneme proteins have been characterised, 

and the genes for many of these proteins have been cloned (reviewed Perkins, 1992; 

Sinha, 1992). The molecular structures deduced from many of the sequenced genes 

have not indicated a clear function for the majority of the proteins but now 

homologous proteins with specific functions are beginning to be identified in different 

malaria parasites.

As the invasion process consists of multiple stages, it is likely that each stage 

is mediated through specific interactions between parasite proteins and erythrocyte 

surface molecules. The basis of the initial interaction between the parasite outer 

membrane and the erythrocyte remains unclear but proteins present within, or
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associated with, the apical organelles, have been identified which appear to mediate 

events occurring after the initial attachment. It has been known for a number of years 

that Duffy blood group determinants (antigens present on the surface of some 

erythrocytes) were a requirement for the successful invasion of red blood cells by P. 

vivax and P. knowlesi (Miller et al., 1975, 1976). Soluble proteins which bound to 

Duffy antigens (Duffy binding proteins - DBFs) were subsequently isolated from the 

culture supernatants of these parasites and were characterised as a 135kDa protein 

of P. knowlesi (Haynes et al., 1988) and a 140kDa protein of P vivax (Wertheimer and 

Barnwell, 1989). The genes encoding these proteins were cloned by Adams et al., 

1990 (P. knowlesi) and Fang et al., 1991 (P. wVax). The P. knowlesi protein gene was 

demonstrated to be a member of a family of three closely related genes (a, p and y), 

present on distinct chromosomes, of which at least two members are expressed. Two 

proteins, identified as products of these genes were characterised, and demonstrated 

to bind to different antigenic determinants on the Duffy antigens. The binding site of 

one of these proteins was only present on rhesus monkey erythrocytes; these 

monkeys are the natural host of P. knowlesi. The other protein bound to a determinant 

common to human and rhesus monkey erythrocytes. The P. vivax gene was cloned by 

using a DNA sequence conserved among the three P. knowlesi genes, and its 

product was found to be immunologically cross-reactive with the P. knowlesi protein 

(Fang et a!., 1991). As suggested by these data, there was a high degree of 

conservation between the P. wVax gene and the P. knowlesi gene family, and in 

particular the Pkp gene. In fact the P. wVax gene was more similar to Pkp than this 

gene was to the other two P. knowlesi genes. The P. wVax DBP bound to an antigenic 

determinant common to both monkey and human Duffy antigens. Why the P. knowlesi 

parasite should require two or three very similar Duffy binding proteins with 

overlapping specificities is not yet clear. The products of these genes were localised 

within the micronemes of late segmented schizonts and free merozoites by 

immunoelectron microscopy (Adams etal., 1990,1992).

P. falcipanjm was known to be able to invade erythrocytes which did not 

possess Duffy antigens, but in many strains, invasion of erythrocytes could be 

abrogated by pre-treatment of the erythrocytes with neuraminidase (Miller et al., 1977, 

Hadley et al., 1986). This enzyme cleaves sialic acid residues, which are almost 

exclusively present on the glycophorin molecules of red cells. A 175kDa P. falciparum 

protein binding to the sialic acid residues was identified by Camus and Hadley (1985), 

and the gene for this sialic acid binding protein (SABP) was cloned by Sim et al..

22



((1990). Comparison of the gene encoding the PfSABP with those encoding the DBPs 

«of P. knowlesi and P. vivax indicated that this protein was also a member of the same 

•gene family (Adams etal., 1990, 1992). The P. falciparum SABP is also located in the 

micronemes of the merozoite prior to invasion (Sim et ai, 1990). The SABP gene and 

all of the DBP genes had a very similar organisation, containing at least three introns 

at conserved locations. Introns are rare in Plasmodial genes, and if present most 

commonly occur at a single site very near to the start of the coding sequence (Brown 

and Coppel, 1991). All of the P. knowlesi and the P. vivax genes have introns 

immediately after their putative signal sequences, with the exception of the Pkp gene 

copy in which the first intron appears to have been deleted; all have three additional 

introns towards the 3’ end of the gene. The SABP gene does not contain the most 5’ 

intron, but contains all three 3' introns. In all of the genes, the introns appear to 

delineate functional domains. When translated the sequence of each gene indicates 

the presence of a 5’ signal sequence, followed by a cysteine rich domain (which has 

undergone an ancestral duplication event in P. falciparum). Another cysteine rich 

domain occurs in all sequences towards the 3' end of the gene, followed by what 

seems to be a hydrophobic transmembrane domain. All of the deduced amino acid 

sequence before and after the putative transmembrane domain is highly hydrophilic. 

The two cysteine rich regions represent the most highly conserved sequence 

domains, with more than 60% identity between all species. The position of the 

cysteine residues in particular is an example of extreme conservation (Fang et al., 

1991; Adams etal., 1992). Considering the propensity of cysteine residues to form 

disulphide bonds and confer secondary structure it is very likely that these domains 

result in each of the proteins having a very similar three dimensional structure (Fang 

et al., 1991). With reference to the common erythrocyte binding function of the 

proteins, these regions are thought to represent the attachment sites. Between the 

two cysteine rich domains is the region of highest diversity. The second intron occurs 

immediately after the second putative erythrocyte binding domain, and the following 

exon encodes the transmembrane sequence. The last two exons together encode 

what appears to be a short cytoplasmic tail (Adams et al., 1992). All of the sequences 

predict proteins which are, with the exception of the cysteine rich domains, largely a- 

helical in structure and hydrophilic. All appear to have a hydrophobic putative 

transmembrane region followed by a second, much shorter hydrophilic sequence. This 

type of structure indicates an integral membrane protein, possibly with a receptor 

function. If this is the case, the large hydrophilic region is presumably the extracellular 

domain, and the other hydrophilic region extending into the cell could have a signal
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transduction function (Coppel, 1992). It seems likely then that these proteins, on 

binding to their specific ligand, trigger some subsequent stage of the invasion 

process.

The P. vivax DBF gene is more similar to the one copy of the P. knowlesi DBF 

gene family (p) than this gene is to the other P. knowlesi genes (a and y). The P. 

falciparum gene is less well conserved. The relationship of the gene family members 

to one another reflects the evolutionary relatedness of the species. Fhylogenetic 

analysis based on the sequences of ribosomal RNA genes indicates that P. 

falciparum has evolved separately for a much longer period of time, while the 

divergence of P. knowlesi and P. vivax occurred much more recently (Waters et al., 

1991).

There is cross-reactivity between the P. vivax DBF genes and sequences 

present in the genome of P. cynomolgi, a simian malaria parasite which shares many 

similarities with P. vivax in terms of parasite morphology, host cell preference, and 

disease characteristics. Waters et ai., (1991) found that in their study P. cynomolgi 

and P. wVax were more closely related than P. wVax and P. knowlesi and this is 

reflected in cross-reactivity between the 'non-conserved' region of the gene between 

the two cysteine-rich domains, indicating a higher degree of conservation between the 

P. vivax and P. cynomolgi homologues than between members of the P. knowlesi 

gene family, or the P. vivax gene and the Fkp gene (Fang et al., 1991).

The sialic acid dependent nature of P. falciparum differs from the absolute 

Duffy antigen dependence of the other two parasites because some P. falciparum 

parasite strains can invade sialic acid depleted cells quite well (Mitchell et al., 1986). 

Also other P. falciparum strains which invaded neuraminidase treated erythrocytes to 

a very small degree were induced to abruptly transform into very efficient invaders of 

sialic acid depleted cells when they were cultured in these cells alone over several 

generations. The transformed parasites entered both treated and untreated 

erythrocytes with the same high efficiency that the parents invaded intact 

erythrocytes. The modified phenotype of the parasites was stably maintained even 

after extended culture in normal erythrocytes (Dolan et al., 1990).

In a recent abstract presented at the Wood's Hole Molecular Parasitology 

Meeting, 1993, Wellems et al. described data which indicated that the P. falciparum 

SABF belonged to a multigene family comprising at least six members. It was also 

suggested that differential expression of these genes occurred in a parasite clone 

which had been induced to broaden the range of erythrocyte surface phenotypes
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which it was able to enter, by culture with neuraminidase treated cells. It appears from 

these data that in P. falciparum, as well as in P. knowlesi a family of conserved 

protein SABP-DBP homologues exists which recognise alternate ligands for the 

attachment of the parasite to the erythrocyte surface. The P. falciparum system 

appears to be regulated by differential expression. No data have been published 

concerning the possible identity of the alternate erythrocyte ligand utilised by the 

modified P. falciparum parasite in this study. A similar mechanism has not yet been 

identified in other species.

The cysteine rich domains of the SABP-DBP genes are potentially very 

interesting because they could contain conserved binding sequences common to all 

receptor variants which would make them an ideal target for an intervention strategy. 

The presence of analogous proteins with closely related structure in such 

evolutionarily distant parasites as P. falciparum and P. vivax indicates that the 

proteins, and particularly these conserved structural motifs must play an important role 

in the biology of the parasite. Perhaps these regions could be used as the target of an 

intervention strategy. For example vaccines which could direct immune responses 

against these regions may interfere with merozoite binding to erythrocytes and 

prevent invasion. Alternatively oligopeptide molecules with the same sequence as 

either the target erythrocyte sequence, or the parasite receptor could be used in an 

attempt to block the interaction (Cwirla et ai, 1990, Ellington et ai, 1990), or provoke 

a neutralising immune response.

Other proteins involved with the recognition of erythrocytes prior to invasion 

have been described by Galinski et ai (1992). Two co-migrating P. wVax proteins with 

apparent molecular masses of 280 and 250kDa were identified which bound to the 

surface of reticulocytes (immature erythrocytes), but not to mature erythrocytes. The 

proteins were named P. vivax reticulocyte binding protein (PvRBP)l and PvRBP2 

respectively. DMA clones representing the complete sequence of the gene encoding 

PvRBPI and 3.8kbp (an estimated 45%) of the sequence of the gene encoding 

PvRBP2 were characterised. The sequences of the two genes did not appear to be 

closely related, and did not cross hybridise under conditions of moderate stringency. A 

comparison of the available sequences, indicated a 22% amino-acid identity. On the 

basis of these data, the genes could share a common ancestry, but if this was the 

case, it was likely that they had evolved independently for a considerable period of 

time. Neither gene appeared to be a member of a multigene family. There was no 

similarity to the DBFs or SABF. The gene encoding FvRBFI, indicates a protein with 

the characteristics of an integral membrane receptor (large | hydrophilic ‘extracellular
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domain’, C-terminal putative transmembrane domain and short ‘cytoplasmic tail’). The 

sequence of the gene includes a single short intron immediately following the 17 

amino acid putative signal sequence. The sequence indicates a protein of 325.8kDa, 

which is larger than the 280kDa size predicted by the mobility of the protein on 5% 

polyacrylamide gels. PvRBPI does not appear to contain any repetitive amino acid 

motifs. The protein does contain three clustered groups of cysteine residues, one of 

which includes the RGD (arginine-glycine-aspartate) amino acid motif which is the 

basis of integrin binding in other proteins (Ruoslahti and Pierschenbachter, 1986; 

Hynes, 1987). Another RGD motif occurs shortly before the ‘transmembrane’ 

sequence. The sequence of the PvRBP2 partial gene done did not encode any 

cysteines. The sequence of the PvRBPI gene, and the known sequence of the 

PvRBP2 gene indicate proteins with a largely a-helical conformation. PvRBPI 

appears to be non-covalently linked to at least one other protein on the parasite 

surface, or may occur naturally as a dimer, because parasite extracts run on 

acrylamide gels under non-reducing conditions indicate a native protein of BOOkDa. 

The large protein was not tested for reactivity to PvRBP2, and so the two proteins 

could be associated at the parasite surface. Immunofluorescent staining of the 

proteins in situ indicated that they colocalised on the surface of the apex of P. vivax 

merozoites, not within the apical organelles, but forming a cap. No immunoelectron 

localisation of these proteins has been performed, but the immunofluorescence 

patterns were not consistent with the proteins being present within the rhoptries or 

micronemes, and so it appears that these proteins are located at a site distinct from 

any of the other apical membrane proteins examined to date. It remains unclear 

whether the two proteins function independently or in association. Conceivably a 

cysteine-rich domain outside the known sequence of PvRBP2 could be used to link 

the proteins to form a single reticulocyte-binding moiety. No other receptor protein 

previously identified in Plasmodia has been found to comprise of multiple subunits.

Hybridisation studies indicate that homologues of both PvRBPI and PvRBP2 

are present in| -̂ cynomolgi, but that no homologous sequences are present in P. 

knowlesi. P. vivax malaria merozoites, primarily invade reticulocytes (Kitchen et ai, 

1938). The closely related simian parasite P. cynomolgi also exhibits a similar cell 

preference (Warren et ai, 1966). P. knowlesi garasWes like those of P. falcipamm 

invade mature and immature erythrocytes equally readily. When P. vivax parasites are 

observed invading susceptible erythrocytes in vitro, merozoites can be seen to form 

initial attachments to mature as well as immature cells, however the close apposition 

of the membranes and tight junction formation never occurs to mature red blood cells
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(Galinski et al., 1992). Erythrocytes of ail ages express Duffy antigens on their 

surface, and so binding of a merozoite to these proteins could constitute the initial 

recognition signal. Only reticulocytes express the protein(s) binding to PvRBPI and 

PvRBP2 and so these proteins may play a role in a process preceding tight junction 

formation. Galinski at a/, suggest that these proteins could represent a discriminatory 

mechanism which prevents excessive expenditure of energy by merozoites attempting 

to enter ‘unsuitable’ cells. However the surface location of these proteins would seem 

to make them more immediately available for participation in merozoite-erythrocyte 

binding than the microneme-sequestered DBPs, even though the Duffy binding 

proteins would appear to mediate a preceding stage of invasion. It is likely that 

analogous proteins exist in other ‘reticulocyte-preferring’ Plasmodia, such as the 

rodent malaria parasites, P. berghei and P. yoelii, but the evolutionary distance 

between these parasites might mean that the genes encoding these proteins may not 

cross-hybridise with those of the simian malaria analogues.

The gene family which is the subject of this thesis, encodes one or more 

235kDa proteins present within the matrix of the rhoptries of the rodent malaria 

parasite P. yoelii, prior to invasion (Holder and Freeman, 1981; Keen et ai, 1990), 

and is described in detail later (see below). While the work presented in this thesis 

was in progress, genomic DMA clones representing what is probably the entire 

sequence of one of the members of the gene family (E3/S8) were characterised. The 

complete sequence extended for 7.0kbp, translated in a single reading frame, and 

contained no detectable introns. The coding sequence terminated with three in frame 

stop codons, followed by non-coding sequence. At the 5’ end of the cloned DMA, 

there was what appeared to be a signal sequence, but the coding sequence extended 

upstream of this point. Efforts to isolate sequence further 5’ have not yet been 

successful, and so it cannot be known whether the gene is complete. The gene was 

found to share significant homology with only one other sequence, that of the 3.8kbp 

clone which encoded part of PvRBP2 (Keen et ai, 1994). The region of homology 

between the two sequences extended from the start of the P. wVax clone, which was 

aligned close to the putative N-temimus of the P. yoelii gene, and continued for 

1.3kbp. Over the identified region of homology, which extended for more than 30% of 

the length of the P. vivax clone, there was 23% amino acid identity and 47% amino 

acid similarity when the sequences were translated. Within this region, a SOObp 

stretch had 30% nucleotide identity and 52% amino acid similarity (Keen et ai, 1994). 

This represented a very significant level of similarity between the two proteins, 

particularly considering the evolutionary distance between P. wVax and P. yoelii.
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Phylogenetic studies indicate that P. vivax has evolved separately from the rodent 

malaria parasites for millions of years (McCutchan et al., 1984). A very weak similarity 

of the P. yoelii sequence to that of PvRBPI was also detected but this was not found 

to be statistically significant, and probably reflected the supposed relatedness of 

PvRBP2 to PvRBPI. A large proportion of a second P. yoeliirhoptry protein gene 

(E8/S6) has also been sequenced (J. Keen, K. Sinha, pers. com ). Initial data from 

this gene indicates this sequence translates into a protein which has 25% identity and 

48% similarity with that predicted for PvRBP2 , over the same region as in E3/S8 (K. 

Sinha, pers com.), see Figure 1.4. Wild-type P. yoelii parasites are reticulocyte 

restricted throughout most of the course of an infection, and so P. yoelii must also 

possess a mechanism by which to distinguish between eythrocytes of different 

developmental stages. If the P. yoelii rhoptry protein genes described by Keen et al., 

do represent homologues of PvRBP2, one or more of these proteins could also 

mediate binding to reticulocytes by these parasites. It is conceivable that the P. yoelii 

gene family represents a family of erythrocyte binding proteins which all bind to 

different determinants on the same molecule, like the DBP family of P. knowlesi. 

Alternatively they could bind to different molecules as seems to be the case for the 

SABP related genes in P. falciparum. The identification of a PvRBP2 homologue in 

another malaria parasite with the same type of host cell preference supports the 

hypothesis that PvRBP2 is involved in the specific recognition of young erythrocytes. 

None of the proteins described above, (the DBPs, SABP and the RBPs) appear to be 

glycosylated, which may be the case for all blood stage proteins of P. falciparum, and 

by extrapolation, all Plasmodia (Dieckmann-Schuppert et ai, 1992).

The P. yoelii rhoptry complex protein genes which are the subject of this thesis 

were considered to be interesting because monoclonal antibodies which recognised 

these proteins dramatically protected mice against the lethal effects of a virulent 

P. yoelii infection (see below). For this reason attempts were made to identify any P. 

falciparum homologues of these proteins which might exist, but these were not 

successful (Sinha, 1992). Because it seems likely that the P. yoelii rhoptry complex 

proteins are involved in the specific recognition of reticulocytes, and because P. 

falciparum parasites exhibit no erythrocyte developmental-stage preference, it may be 

that there are no P. falciparum homologues of the P. yoelii rhoptry protein complex 

genes, or PvRBP2. Alternatively homologous proteins might exist with different 

binding specificities in P. falciparum.
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Figure 1.4
Diagram showing the relationship of the cloned elements of the P.yoelii rhoptry protein gene family,
and the region of similarity of clone E3 with the known sequence of the P. vivax apical merozoite protein PvRBP2
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None of the P. falciparum rhoptry proteins which have been identified to date 

are immediately reminiscent of the P. yoelii proteins, although at least three distinct 

protein complexes have been identified. No function has been ascribed to any.

One complex of rhoptry proteins has each been described fully, or in part, by a 

number of researchers. The largest protein of this complex is known as rhoptry 

associated protein (RAP)1. This complex is of interest because, like the P. yoelii 

rhoptry protein complex it was the target of protective monoclonal antibodies, which 

were capable of protecting Saimiri monkeys against P. falciparum blood-stage 

challenge (Ridley ef a/., 1990b) and blocking erythrocyte invasion in vitro (Schofield et 

al., 1986). The complex consists of an association of proteins with apparent molecular 

masses of 80 (RAP1), 77, 70, 65, 42 (RAP2), and 40kDa. The 77 and 70kDa proteins 

appear to be minor components. In its entirety the RAP1 complex has been described 

by Ridley et al., (1990a), who suggested that the complex is processed from two 

precursors which give rise to the 80, 77, 70, and 65kDa, and 42 and 40kDa proteins 

respectively. The complex has also been described by: Campbell et ai, 1984; Howard 

et ai, 1984; Bushell et ai, 1988; Crewther ef a/., 1990

Another P. falciparum rhoptry protein complex was the target of mAbs which 

inhibit erythrocyte invasion in vitro (Cooper et ai, 1988), and which when used to 

imunise Aotus monkeys gave partial protection against blood-stage challenge 

(Siddiqui et a i, 1987). This complex consists of proteins with apparent molecular 

masses of 155, 140, and IIOkDa, and has been described independently by Holder 

et ai, (1985), Lustigman et ai, (1988), and Sam-Yellowe et ai, (1988). Ridley et ai, 

(1990a) reported that what are possibly the largest of the two proteins in this complex 

may be associated with the RAP1 complex. This complex bound to determinants on 

the inner (cytoplasmic) face of human and other erythrocyte membranes, and so may 

participate in the latter stages of erythrocyte invasion (Sam-Yellowe et ai, 1991).

P. falciparum rhoptries also contain apical membrane antigen (AMA)1 

(Peterson et a i, 1989). This 80kDa protein is the P. falciparum homologue of a P. 

knowlesi 66kDa protein which is the target of mAbs which block merozoite invasion 

into blood cells in vitro (Thomas et ai, 1984). The same P. falciparum protein has also 

been described by Thomas et ai, (1990). Crewther et ai, (1990) reported that the 

80kDa protein was a precursor to a 62kDa protein, and Deans et a i, (1982) reported 

that the 66kDa P. knowlesi protein is cleaved into a 42/44kDa doublet. Homologues 

have also been described in P. /rag//e(Peterson et ai, 1990) and P. chabaudi 

(Marshall ef a/., 1989).
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other rhoptry proteins identified in P. falciparum are: A 240kDa protein which 

is processed into a 225kDa product was identified by Roger et ai. (1988), located in 

the neck of the rhoptries; and a 76kDa serine protease which was processed from an 

83kDa membrane-bound precursor (Braun-Breton eta!., 1988).

The genomic organisation of the malaria parasite

The genome of all Plasmodia contains approximately 2.7 x 10  ̂bp (27Mbp) of 

DNA (Weber, 1988). In contrast to humans which have approximately equal amounts 

of the two alternative pairings of bases in their DNA, Plasmodia have much higher 

levels of adenine and thymidine (A + T) base pairs than cytosine and guanidine (C + 

G). Physical reassociation and chemical studies indicate that P. falciparum has a G + 

C content of only 18% (Weber, 1988). This estimation is in good agreement with the 

published P. falciparum coding and intergenic DNA sequences. In the only study 

which examined P. yoelii, the base composition is given as 26% G + C (by Chance et 

al., 1972), but estimations made for other rodent Plasmodia in the same study appear 

to be 6-8% higher G + 0  than other researchers found later (McCutchan et al., 1984). 

The available sequence data would seem to indicate that McCutchan et al. provided 

the more accurate determination and so it seems likely that P. yoelii will also be 

demonstrated to have greater then 80% A + T.

The Plasmodial genome has been demonstrated to be haploid at all times 

except for a short period following zygote formation (Walliker et al., 1987; Janse et al.,

1986). Because the chromosomes of Plasmodia do not condense prior to cell division, 

conventional cytological methods could not be used to visualise and count the 

chromosomes. However it is possible to produce images of the kinetochores (the 

attachments of centromeres to mitotic spindles) using electron microscopy and using 

this technique a chromosome number of fourteen was determined for P. falciparum by 

examining serial sections of dividing nuclei (Prensier and Slommiany, 1986). The 

advent of pulsed-field gel electrophoresis (PFGE) enabled the chromosomes of P. 

falciparum and other Plasmodia to be completely separated and counted directly. The 

chromosome number in all Plasmodia species examined to date is fourteen (Foote 

and Kemp, 1989).

PFGE studies have shown that malarial chromosomes range in size from 0.6 

to around 3.5Mbp (Kemp et ai, 1987, Langsley et ai 1987, Ponzi ef a/. 1990,

Wellems et ai, 1987). For many parasite strains it has been possible to completely 

resolve all of the chromosomes as discrete bands which has enabled individual
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chromosomes to be Identified and has facilitated mapping studies. All of the 

chromosomes of malaria parasites are autosomal; there are no sex chromosomes 

because a single haploid parasite is able to give rise to gametocytes of both sexes 

(Sinden and Hartley, 1985). This is a common phenomenon among lower eukaryotes.

For a linear chromosome to be functional it must contain three types of cis- 

acting sequence elements; a centromere, at least one origin of replication and 

telomere sequences at each chromosome end. Centromeres are the structures which 

join each pair of sister chromatids. During meiotic and mitotic cell division the 

centromeres form the attachment between each chromatid and the spindle, ensuring 

accurate segregation of the genetic material and a uniform ploidy in all cells following 

division. The origin of replication is the point at which duplication of the DNA molecule 

commences prior to cell division. Neither of these two sequence elements have been 

identified in any species of Plasmodia. Telomeres function to stabilise the genetic 

material by preventing fusion of the chromosome ends, which can result in the 

formation of unstable structures. They also ensure that the entire length of each 

chromosome is completely replicated with each cycle of cell-division, preventing the 

loss of essential genes (Blackburn, 1991). Plasmodial telomeres were first 

characterised in P. berghei (Ponzi et a/., 1985) and the sequence has been shown to 

be conserved throughout the genus. Telomeres consist of a highly reiterated simple 

DNA repeat unit. In Plasmodia the telomeres are composed of random arrays of two 

repeat variants, GGGTTTA and GGGTTCA (Pace et al., 1987). At each end of each 

chromosome the G-rich strand of the telomere protrudes for 12 -16  nucleotides 

beyond its complementary strand, and this extension is believed to interact with 

proteins which form a cap like structure protecting the chromosome end against the 

action of nucleases, and chemical damage. The length of each telomere is not 

constant but is maintained within a fixed range as the result of a dynamic equilibrium 

between processes acting to increase and decreases its length. Repeated rounds of 

semi-conservative DNA replication tend to result in a gradual decrease in the length of 

the chromosomal DNA molecule. This is because some of the polymerase molecules 

which synthesise the chromosomal DNA molecules will dissociate before replication is 

complete. In addition telomeres are sometimes shortened or lost when double strand 

breaks are introduced into chromosomes accidentally during normal cellular 

processes, or when the organism is subjected to physiological stress. The addition of 

telomere repeats to broken chromosome ends is an important rescue mechanism for 

damaged cells. Only those fragments containing centromeres will be stably 

maintained following the next round of cell division, but if no essential DNA sequences
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have been lost, which is more likely if the breaks occur close to the ends of a 

chromosome, then the organism will be viable. New telomeres are added to broken 

chromosome ends, and length is added to existing telomeres by the action of specific 

enzymes. These telomerases incorporate an RNA template for the heptad repeat 

which allows telomere repeats to be added de novo where none previously existed 

(Blackburn, 1991). Because malarial telomeres are composed of two telomere repeat 

variants each must be the product of distinct telomerase enzymes with different 

templates (Ponzi at ai, 1985). In P. berghei each telomere consists of around 60-80 

reiterations of the heptad repeat unit, longer telomeres (of 150-300 reiterations) have 

been reported in P. falciparum (Ponzi et ai, 1985; Lanzer et al., 1994). Restriction 

enzyme studies of the ends of Plasmodial chromosomes indicated a conserved 

architecture adjacent to the telomere repeats. Analysis of cloned P. berghei and P. 

falciparum chromosome ends has revealed the presence of ordered arrays of 

species-specific complex repeat sequences. In P. berghei immediately adjacent to the 

telomere sequence is a 1.4 kbp non-reiterated sequence element followed by up to 

several hundred copies of a 2.3kbp tandem repeat which includes a 160bp telomere- 

related element (Dore et ai, 1990). In P. falciparum, there appears to be a number of 

different subtelomeric repeat elements, with a highly conserved order (Lanzer et ai, 

1994). These sequences are generally found at both ends of all chromosomes, but 

their complete absence has not been associated with chromsomal instability (Foote 

and Kemp, 1989; Dore et ai, 1990). Those chromosomes which lack subtelomeric 

repeats can subsequently acquire them through illegitimate recombination events 

between the ends of non-homologous chromosomes, during mitosis. No 

transcriptional activity has been associated with these sequences in either parasite. In 

yeast, similar subtelomeric elements have been identified as containing origins of 

replication for the chromosomes, and acting as buffers between the telomeres and the 

transcriptionally active sequences upstream (Biessman and Mason, 1992). This may 

also be the case in Plasmodium. It has been estimated that the sub-telomeric repeats 

comprise 2-5% (0.5-1 4Mbp) of the total parasite DNA (Foote and Kemp, 1989). The 

telomeres and the subtelomeric repeats are known collectively as the telomere 

complex. It appears that the telomere complex of P. falciparum occupies 

approximately 60kbp (Lanzer et ai, 1994)

There are two extrachromosomal elements also present in malaria parasites, 

these are the 35kbp organellar circular DNA molecule (Gardner et a i, 1988), and a 

6kbp tandemly repeated mitochondrial DNA element (Vaidya and Arasu, 1987).
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Chromosomal polymorphism in Plasmodia

Plasmodial chromosomes have been described as being very plastic, because 

the karyotypes of cloned lines have been observed to alter following mitosis and 

meiosis (Foote and Kemp, 1989). Size variations of up to O.SMbp have been recorded 

between chromosomal homologues from different isolates (Janse 1993). Inter- 

chromosomal recombination and independent chromosomal segregation occurs as in 

higher eukaryotes and large discrepancies in the sizes of homologous chromosomes 

do not prevent successful hybridisation and recombination at meiosis (Walliker et al.,

1987). There is debate as to whether P/asmocf/a/chromosomal polymorphisms occur 

accidentally, or are programmed events, which might either regulate stage specific 

gene expression, or have developed to promote the creation of novel antigenic 

variants through intergenic recombination. In some ciliated protozoans such as 

Paramecium chromosomal fragmentation occurs at fixed points in the cell cycle which 

results in the developmental regulation of certain stage-specific genes (Yao et ai, 

1990). Corcoran et ai, (1986) examined the karyotypes of different Plasmodium 

developmental stages but failed to detect any evidence of this type of occurrence in 

malaria parasites. Hommel et ai, (1991) also found no correllation between the 

occurrence of chromosomal polymorphisms and the emergence of novel antigenic 

variant types in a cloned line of P. falciparum. It is possible that local or small-scale 

rearrangements might occur to regulate the expression of certain genes in Plasmodia, 

which cannot be detected at current levels of resolution.

The relatively small size of the Plasmodial genome allows it to be readily 

resolved using PFGE, whereas the much larger chromosomes of higher eukaryotes 

cannot be examined directly in the same way. Because of the conservation in the 

form of malarial chromosomes and those of higher eukaryotes, it seems reasonable to 

suppose that cellular mechanisms by which the chromosomes replicate and 

recombine might also be the same. Because of the ease with which P. falciparum 

erythrocytic stage parasites can be maintained in in vitro cultures, many of the studies 

to characterise chromosomal polymorphisms were conducted using these parasites, 

with the effect that a great many more observations have been made about mitotically 

induced polymorphisms, than those resulting from meiosis. The mutations arising from 

this kind of division in higher eukaryotes are frequently the result of accidents when 

normal cellular recombination has failed to occur correctly. Chromosomal 

misalignment, 'illegitimate' recombination between non-homologous chromosomes, 

failure for DNA ends to religate following recombination, and slipped replication can 

result in genomic deletions, insertions, inversions and chromosomal translocations
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and breakages (Meuth 1989). All of these phenomena have been detected in malarial 

[parasites (Janse 1993). The vast majority of the polymorphisms detected in 

Plasmodia involve the subtelomeric complex repeat sequences. The presence of 

identical sequences at the ends of each chromosome in most parasites encourages 

recombination between the ends of unrelated chromosomes. This might occur to 

ensure a uniform distribution of the subtelomeric repeats among all chromosomes to 

ensure that each has an adequate buffering system to protect essential sequences 

should the end of a chromosome be lost. Altematively the sequences might function 

to encourage instability at the ends of the chromosomes to encourage 

interchromosomal recombination which while frequently giving rise to deleterious 

mutants might occasionally give rise to a novel functional antigenic variant and confer 

a selective advantage to the parasite.

Mapping studies have shown that the ends of Plasmodial chromosomes are 

compartmentalised into highly conserved central regions with polymorphic 

chromosome ends. The polymorphic regions extend internally from the telomeres for 

approximately lOOkbp (Sinnis and Wellems, 1988; Lanzer ef a/., 1994). A 

transcriptional mapping study indicated that there were no active genes within the 

polymorphic domain (Lanzer et al., 1993). This region, which includes the telomere 

complexes, may represent a region which has evolved to be a recombinational 

hotspot, or may merely reflect the fact that the absence of coding sequnces means 

that DNA rearrangements are better tolerated in this region where there do not seem 

to be any coding sequences to be disrupted. A large porportion of the polymorphic 

domains, at least in P. falciparum is composed of the telomere complex, and these 

sequences have been shown to mediate a large number of chromosomal 

polymorphisms (Corcoran at ai, 1988; Patarapotikul and Langsley, 1988). It may be 

that large sequence disruptions in the central regions of chromosomes prevent correct 

chromosome hybridisation at meiosis (Janse, 1993). There is no evidence that any of 

the chromosomal polymorphisms detected are the result of programmed DNA 

rearrangements.

Other polymorphisms which have been detected in malaria parasites are a 

translocation event in P. berghei (Janse et ai 1989), and two instances of aneuploidy 

in response to drug pressure (Cowman and Lew, 1989; Tanaka et ai, 1990 ). The low 

rate of detection of these types of mutations indicate that these occurrences must be 

rare or deleterious to the parasite. The fact that translocations are rare is supported by 

the fact that when four distinct species of rodent Plasmodia were examined, the 

genetic linkage groupings of twenty unrelated genes were conserved in all (Janse,
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1993). However some duplication and translocation events appear to have occurred 

ancestrally to have given rise to the ‘sub-telomerically’ located families encoding 

antigenic proteins that have been detected in P. falciparum, such as the three 

histidine rich proteins, MRP I, MRP II and MRP III, which are located on three distinct 

chromosomes in P. falciparum (Wellems etal., 1987). The proteins encoded by these 

genes are essential for parasite survival in vivo, but in vitro, in the absence of 

selective pressure, parasites which have deleted these genes possess a selective 

advantage over wild-type parasites. Under these conditions chromosome breakage 

and rehealing frequently results in mutant parasite clones which have lost 

subtelomeric fragments from one or more chromosomes resulting in parasites with 

altered phenotypes (Kemp et al., 1987). Initially it was thought that these deletions 

could have occurred as a programmed response to exploit the absence of selective 

pressure, perhaps mediated by the same sequence elements which catalyse DNA 

fragmentation in the ciliated protozoa. Scherf and Mattei (1992) examined the 

chromosomes of parasites which had incurred partial deletions affecting the sequence 

of two of the HRPs. They amplified parasite DNA using the polymerase chain reaction 

(PCR - Saiki at ai, 1985). One primer was designed to hybridise to telomere 

sequences and initiate DNA replication upstream towards the coding sequence. The 

other primers used separately in conjunction with the telomeric primer hybridised to 

internal sequences in HRPI and HRPII. In wild-type parasites these genes occur more 

than 10Okbp from the chromosome ends, and so amplification beteen the two primers 

would not occur. Sequences of a suitable length for amplification would only occur in 

those cases where a chromosome had broken and telomerase healing had occurred 

placing telomeric sequences at an amplifiable distance from the MRP internal primers. 

Amplification was carried out using template DNA that had been made from an in 

v/Yro-maintained laboratory parasite line. A series of the DNA products were cloned 

and sequenced. The results indicated that breakage had occurred at multiple sites 

within the gene in an apparently random fashion, implying that the chromosomes had 

been broken accidentally. The dinucleotide CA was generally found at or near the 

breakpoints indicating that this motif might represent a preferred template for 

telomerase. When the same experiment was repeated using DNA isolated from a 

natural parasite isolate, no amplification was detected indicating that this type of 

mutation is not tolerated in vivo (Scherf and Mattei, 1992). One large chromosomal 

deletion which has been detected in many natural populations involves a large region 

(480kbp or 25% of the chomosome length) of P. falciparum chromosome 9 (Shirley at 

ai, 1990). This deletion was indistinguishable in laboratory {in wYro-maintained)
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parasite clones, and from those isolated from geographically distant natural foci. At 

the resolution used (1% chromosome length, 20kbp), the breakpoints in all clones 

mapped to identical positions, indicating that there might be a highly labile site in this 

chromosome. No characterised genes have been localised within the fragment.

Rodent models of human malaria infections

Plasmodial infections maintained in laboratory animals in some respect 

constitute better models of of human malaria infections than P. falciparum cultures 

maintained in vitro. However care must be taken when extrapolating data produced 

using any model system. Despite the fact that rodent malaria models are generally not 

maintained in their natural hosts, the use of these models continues to be of 

importance for a number of reasons:

The genomic plasticity of Plasmodium and the unique character of many of its 

antigens may have evolved because the organism has been under relentless 

immunological pressure. Studying malaria parasites in culture removes selective 

pressure.

Phylogenetic analysis of malaria species infecting vertebrates other than 

humans provide contradictory evidence concerning which non-human species is most 

closely related to P. falciparum and P. vivax. In terms of the base composition of the 

DNA, and similarity of the parasites, it has been claimed that the simian malarias, 

such as P. knowlesi are the most closely related to the human parasites, and might be 

expected to provide the best models of these malarias if the parasites had evolved 

simultaneously with their hosts over a long period of time. However It is now thought 

that P. falciparum is only a fairly recent parasite of man and arose by lateral transfer 

from an avian parasite (Waters at a/., 1991). The same study indicated that the rodent 

malarias might be be no more distantly related to P. falciparum than the primate 

malarias.

Rodent models of malaria infections permit the parasites to be studied in the 

context of a functional immune system. The murine immune system is at least as well 

characterised as that of humans, with the added advantage that through the use of 

inbred strains, infections can be followed in mice strains that differ at single genetic 

loci. For example BIO and B10.D2 strains differ only at the MHC H2 locus, which 

corresponds to the human leucocyte antigen (HLA) locus. In B10.D2 mice the native 

H2b locus has been replaced with H2d (Sayles and Wassom, 1988). Such strains of 

mice allow the immune responses to malaria parasites to be dissected. Rodent
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models are also useful in the preliminary testing of anti-malarial drug and vaccine 

candidates.

The fact that laboratory mice are relatively inexpensive to maintain, and easily 

handled, makes them an attractive host. Murine models have also proved to be 

particularly valuable in experiments to examine the genetics of the malaria parasite. 

Genetic techniques which can generally be applied to free living organisms are much 

more difficult to apply to a parasite having a complex life-cycle within two distinct 

hosts. To perform a genetic cross on P. falciparum, the two parasites of interest must 

be cloned and stimulated to produce gametocytes in culture, which are then fed to 

mosquitoes. The sporozoites produced are then inoculated into chimpanzees, and 

subsequently erythrocytic parasites are isolated, recloned and characterised. Only two 

such crosses have ever been performed (Walliker et a/., 1987; Wellems et al., 1990). 

In contrast, similar experiments using parasitised mice can be performed on large 

scale at relatively little cost, and can be readily repeated if necessary. The use of 

dilution cloning also means that it is possible to generate a statistically significant 

quantity of cloned progeny for analysis with comparatively little effort (see Chapter 7). 

Genetic crossing is a powerful method to localise and identify the genes implicated in, 

for example, drug resistance or parasite virulence. As the genomes of human and 

rodent malarias are characterised itjwill become clear whether the overall genetic 

organisation of parasites which are quite distantly related is conserved. If this is the 

case, the isolation of genes in human parasites corresponding to those identified as 

being important in rodent malarias should be simplified because searches could be 

concentrated on one region of the genome.

Plasmodium yoelii

Plasmodium yoelii, in common with all of the rodent malaria species currently 

in use was isolated from a thicket rat {Thamnomys spp), trapped in Central Africa 

(Landau and Chabaud, 1965). The uncloned parasite was adapted into laboratory 

mice where it produced a slowly multiplying, chronic infection. Most mice were 

capable of spontaneously resolving the infection but 5% of the mice infected 

developed increasing parasitaemias and died within two weeks (Wery, 1966). 

Inoculation with 10® -10® parasites usually resulted in parasitaemias of 2-5% after 

four days, which gradually increased to around 10 - 20% by day twelve, before slowly 

reducing. Parasites disappeared from circulation by four weeks. P. yoelii appeared to 

be restricted for most of the course of the infection to parasitising only immature 

erythrocytes (reticulocytes), which are morphologically distinct from mature cells. For

38



the first three days of the infection no parasites were observed within mature 

erythrocytes. From the fourth day all available reticulocytes were parasitised and the 

parasite could also be observed within a small proportion of erythrocytes also, 

although those parasites developing within mature erythrocytes have been described 

as appearing ‘unhealthy’ - smaller and with a crenellated surface- when compared 

with equivalent developmental stages within reticulocytes. From day six, reticulocyte 

restriction was absolute once more and no parasites were seen in mature erythrocytes 

for the remainder of the infection (Walliker et al. 1976, Knowles and Walliker 1980, D. 

Walliker pers. com.). Many isolates of this species were collected, and all produced 

similar infections in laboratory mice (Carter 1973, Killlick-Kendrick 1974)

An isolate of P. yoelii called 17X was inoculated into sixteen mice, one of 

which died, the other fifteen recovered from mild infections. Parasitised blood from 

one of these mice was stored in liquid nitrogen before it was thawed and inoculated 

into four naive mice. All four mice developed rapidly increasing parasitaemias which 

were around 80% by day five, and all mice had died by day seven. Parasites 

transferred from one of the mice to fresh animals produced identical infections with 

uncontrollably rising parasitaemias, and death also occurred in these mice within one 

week of inoculation. Repeated transfer to other animals demonstrated the virulence to 

be stable on syringe passage, and the character was also found to be stable on 

mosquito passage to other mice (Yoeli et al. 1975). When stained blood smears were 

examined, the parasites could be seen to be restricted to reticulocytes for the first 

three days of the infection, after which the parasite was present in both mature and 

immature cells. Parasite development proceeded in cells of all ages, for the remainder 

of the infection. The infections caused by the ‘altered’ parasite differed from the small 

proportion of 17X wild-type fatal infections because in these cases, after the sixth day 

of infection, parasites were once again confined to reticulocytes. Although the 

parasitaemias in these mice continued to rise, the rate of increase was far slower than 

in the altered parasite, and death occurred at least two weeks post-inoculation 

(Walliker ef a/. 1976).

Another rodent malaria parasite P. vinckei,\produces a mild recoverable 

infection in mice, but in this case parasite growth is restricted to within mature 

erythrocytes. On prolonged syringe passage to mice, an isolate of P. vinckei was 

observed to gradually increase in virulence until it produced a fulminating, lethal 

infection (Yoeli, 1966). However this alteration in the phenotype differed from that 

observed here in P. yoelii because, the transformation to virulence was not abrupt, but 

was a very gradual process. Also the cell preference of the parasite did not switch,
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and when the altered P. vinckei parasite was passaged through mosquitoes, there 

was a complete reversion to the original phenotype.

The virulent (YM) and avirulent (17X) parasites were each cloned, the growth 

characteristics of each clone conforming to that described for each parental type. 

Morphological and biochemical characterisation of both clones indicated that each 

parasite was P. yoelii, eliminating the possibility of contamination with a different, 

naturally virulent rodent malaria species. The possibility of viral or bacterial co- 

infection was also eliminated (Yoeli et al. 1975).

Subsequently it was demonstrated that a resolved infection with 17X parasites 

naturally immunised mice against an otherwise lethal inoculation of strain YM 

(Freeman and Parish, 1981). Immunity against rodent malaria parasites has been 

demonstrated to be strain-specific (Jarra and Brown, 1985) and so the cross

protection between P. yoelii strains YM and 17X, indicates the degree of relatedness 

compatible with YM having developed from 17X through a mutation event. Because 

the original P. yoelii parasite isolate had not been cloned prior to the phenotypic 

switch the possibility remained that the two morphologically indistinguishable parasites 

represent distinct strains of the same species and exhibiting different growth 

characteristics, could have both been present in the original isolate. If this was the 

case, outgrowth of the virulent YM must presumably have been suppressed, perhaps 

because of the presence of a large excess of the avirulent parasite. This explanation 

seemed unlikely because the avirulent parasite had been maintained in mice for a 

long period of time prior to the emergence of virulence. However, when virulent and 

avirulent parasites were mixed in variable proportions there was some evidence that 

the presence of a very large excess of 17X parasites could suppress the growth of YM 

(D. Walliker unpublished observations). However strong evidence that YM was not 

previously present as a mixed infection was provided by the fact that repeated 

attempts to isolate virulent YM-like clones from samples of 17X stored prior to the 

emergence of virulence were unsuccessful.

Thus in contrast to the increased virulence of P. vinckei, the phenotypic 

alteration of P. yoelii appeared to have occurred as the result of a stable genetic 

change which had become fixed within the parasite genome. It was considered most 

likely that the genomic alteration was the result of a mutation (Yoeli et al 1975). 

Landau and Boulard (1978) hypothesised that such mutants might arise sporadically 

in natural populations of P. yoelii, but might not persist in this environment because it 

was likely that the host would die before transmission could occur. If a mutation event 

did give rise to the virulent parasite then this must have occurred, but have been
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undetected, during asexual multiplication prior to freezer storage of the parasitised 

blood, because all of the mice subsequently inoculated with this blood developed 

virulent infections. This would not have been the case if a single parasite had altered 

during storage, for example through chromosome fracture induced by freezing.

In a genetic cross of P. yoelii strain YM and an avirulent reticulocyte-restricted 

strain (A/C), which had been derived by crossing a clone of 17X with another P. yoelii 

clone in order to introduce a drug resistance marker, the virulent phenotype appeared 

to segregate independently in agreement with Mendelian rules, among the progeny.

53 of 56 recombinant clones isolated could be unequivocally classified as either 

virulent or avirulent. The remaining three clones entered mature erythrocyte from the 

third day post-inoculation, but the resultant parasitaemias were lower than were 

generally seen in YM infections (Walliker etal. 1976). In a control experiment where 

YM was self-fertilised and used to infect mice, twenty mice infected all developed high 

parasitaemias (of around 70% on day five), in mature and immature erythrocytes, but 

one of the mice survived. The researchers concluded that the virulent phenotype did 

seem to be the result of mutation at a single genetic locus, and that it would be 

theoretically possible to identify the gene which mediated the expression of the 

virulent character and from this identify its product, in order that its function in the 

expression of virulence might be addressed. Although the vast majority of the progeny 

clones from the cross could be clearly categorised as being either virulent or avirulent, 

three of the fifty-six recombinant identified were of intermediate virulence. Of the other 

fifty-three progeny clones which could be classified as being of either parental 

virulence type, 37 were virulent and 16 were avirulent. These results were consistent 

with the expected equal Mendelian ratios produced when a single gene segregates 

independently. The reason why three clones should exhibit non-parental levels of 

virulence could not be explained and it was attributed to 'external factors probably 

within the host', which influenced the disease produced by each clone.

Further evidence to support the hypothesis that YM arose from 17X as the 

result of a mutation event was,provided by another virulent strain (33X) which arose 

cloned 17X parasites. A single mutation might not be the cause of the virulencëin 

this strain, because the parasites were being exposed to incremental doses of the 

dihydrofolate reductase inhibitor, pyrimethamine, in order to encourage the 

development of drug-resistant parasites (Morgan, 1974). This treatment may have 

resulted in a gradual amplification of a genetic locus responsible for the virulence. 

Strain 33X resembles YM in that it is capable of parasitising all erythrocytes from the 

third day post-inoculation, and while it expands more slowly than YM within the host
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(typically producing parasitaemias of 50% on day five), it is invariably fatal, with most 

mice dying within one week of infection (Morgan, 1974).

P. yoelii strains YM and 33X were subsequently crossed, and the mutations 

were demonstrated to have occurred at different loci because approximately one 

eighth of the progeny clones exhibited the avirulent (double recessive) phenotype. If 

both mutations involved the same gene, all progeny would have exhibited virulent 

phenotypes (Walliker, 1981).

When brain smears were taken from mice which had died following P. yoelii 

YM infection, the cerebral capillaries were found to be heavily congested with 

parasites (Yoeli j and Hargreaves, 1974). This, in conjunction with the high 

parasitaemias observed in mature and immâture erythrocytes, was reminiscent of P. 

falciparum cerebral malaria, and was the first evidence of sequestration of a rodent 

malaria parasite. Strain 17X on the other hand resembled the milder human malaria
I

i parasite P. vivax, because the infection was predominantly reticulocyte restricted, 

although the infection does not recrudesce. P. yoelii v̂ as therefore considered to be of 

great interest because it appeared to present a murine model of the two most 

common human malaria parasites and seemed to offer the promise that if the gene(s) 

responsible for the virulent'phenotype could be detected, then this might lead to the 

1 discovery of the P. falciparum homologue(s).

The reason why strain YM was apparently able to increase its host cell range, 

to invade and develop within erythrocytes of all ages is not known. It has been 

hypothesised that the membrane of mature erythrocytes presents a physical barrier to 

entry by 17X merozoites because it is very densely packed with protein and tightly 

linked to the underlying cytoskeleton in order to prevent deformation of the red cell at 

low oxygen tensions (Mons, 1990). When reticulocytes are released into the 

circulation they are much larger than mature red blood cells and amoeboid As the cell 

matures the membrane is gradually condensed and attached to the cytoskeleton, a 

process which takes a period of several days (Rapoport 1986). Even towards the 

completion of the process, areas of amoeboid membrane persist and it is thought that 

these would present far less resistance to invasion than normal erythrocyte 

membrane. It could be that YM parasites possess a modified enzyme which enables 

them to decouple erythrocyte membranes from the intracellular scaffolding, and thus 

enter these cells riiore readily. However, it has been well documented that 17X 

parasites have a transient phase where they are able to enter erythrocytes, even 

though subsequent development within this cell type does not appear possible. 

Considering these observations it may be that membrane deformability is not the
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basis of the difference in cell preference of the two P. yoelii strains, and that some 

other factors are involved. Perhaps 17X parasites are able to invade mature 

erythrocytes but are prevented from further development within these cells. The 

internal environment within reticulocytes differs from that of mature erythrocytes in a 

number of ways. The differences include the presence of nuclei and the synthetic 

machinery required to synthesise haemoglobin in reticulocytes, and these cells also 

have a higher intracellular ATP concentration. Whether any of these factors is 

significant remains unclear.

Although feasible explanations can be put forward for the type of host cell 

preferred, based on tphysiological differences between immature and mature 

erythrocytes, no proof has been advanced that this is the case. Fahey and Spitalny 

(1984) put fon/vard evidence which suggested that both virulent and avirulent P. yoelii 

strains were capable of invading and developing within erythrocytes of all ages. It was 

claimed that the apparently different reticulocyte preferences of the two parasites 

merely reflected the state of the host erythron during each infection, which was 

affected by the growth characteristics of each clone. Infections of either YM or 17X 

parasites were followed in mice made reticulocytaemic or depleted of reticulocytes. 

The results suggested that all P. yoelii parasites would preferentially invade 

reticulocytes throughout infection if sufficient cells were available. Fahey and Spitlany 

claimed that the reason that both parasites switched to invading mature erythrocytes 

after three days was due to the fact that all available reticulocytes had been 

parasitised. The slow rate of growth of the 17X parasites permitted them to switch 

back to exclusive parasitisation of this immature erythrocytes when new reticulocytes 

were released into circulation in response to the infection. The much faster growth 

rate of the YM parasites, however, meant that the new reticulocyte population was 

insufficient to sustain the requirements of the parasite population and parasitisation of 

all erythrocytes continued until the host died.

The 235kDa P. yoelii rhoptry protein gene family

Two monoclonal antibodies (mAbs) raised against P. yoelii YM parasites, were 

demonstrated to be capable of converting a lethal P. yoelii YM infection into a mild, 

reticulocyte-restricted 17X-like infection, from which the mice recovered (Freeman et 

al., 1980). Immunisation using protein affinity-purified from P. yoelii YM parasites 

using one of mAbs also conferred protection against blood-stage challenge with YM 

parasites (Holder et al., 1981). The course of P. yoelii 17X infections was not affected 

by either the mAbs or immunisation with the protein. Both of the mAbs, 25.37 and
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25.77 immunoprecipitated a protein band of 235kDa from solubilised parasite extracts 

(Holder and Freeman, 1981, Freeman et a i 1980). The protein recognised by the 

mAbs was localised within the rhoptries of both YM and 17X merozoites from the late 

schizont stage, by immunoelectron microscopy, but could not be detected in 

association with either the parasite or the infected erythrocyte post-invasion (Oka et 

ai 1984). When the parasite proteins affinity purified using the mAb 25.77 were 

electrophoresed on 5% polyacrylamide gels, the protein band could be seen to 

resolve into at least three distinct bands, of unequal intensity. These bands could 

represent the differentially processed products of a single gene, or the products of 

multiple genes. When western blots of size fractionated total parasite proteins were 

probed with the mAbs, the same multibanded pattern was produced, indicating that 

all, or several of the proteins present in the complex contain the antigenic determinant 

recognised by the protective antibodies (A. Holder, unpublished observation).

A clone containing a 145bp P. yoe//7 YM genomic DNA insert was 

subsequently isolated from a Xgtl 1 expression library screened with P. yoelii 

hyperimmune serum (Keen etal. 1990). Antibodies affinity-selected using this clone 

recognised protein within the rhoptries in immunofluorescence studies. The insert from 

the clone (J7), hybridised with multiple bands on a Southern blot of P. yoe//7 YM 

genomic DNA, restricted with Psal, indicating that multiple copies of this sequence 

existed in the parasite genome. Subsequently a Oral genomic DNA recombinant 

library was screened using J7, and four 500bp positive clones were identified. The 

inserts of these clones, S6, S7, S8 and S I2 were sequenced, and found to represent 

the 3’ termini of three highly conserved but distinct genes. S12 was identical to S6. In 

each of the clones the sequence could be translated into a single open reading frame 

ending with in-frame stop codons followed by non-coding sequence. S6 was cloned 

into a bacterial expression vector and expressed as a fusion protein. Anti-serum 

raised against this protein in rabbits immunoprecipitated a 235kDa P. yoelii protein 

from solubilised parasite extracts, and reacted with rhoptries in immunofluorescence 

assay. S6, was used subsequently used to screen an EcoRI library and two large 

clones, E3 (6.8kbp), and E8 (5.6kbp) were identified (Holder et ai, 1990; Keen et a i 

1990).

Clones E3 and E8 were characterised and completely sequenced by Jane 

Keen and Katharine Sinha while the work presented in this thesis was in progress. 

Both clones had open reading frames (ORFs) throughout, with no introns present. E3 

was identified as comprising an almost entire coding sequence which overlapped 

with 88. E8 represents the majority of a corresponding gene overlapping with the 86
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sequence (see Figure 1.4). E3/S8 contains an open reading frame throughout 

encoding a protein of 268kDa. There is a methionine residue encoded by the twenty- 

sixth codon of the translated E3 sequence, and this is followed by what appears to be 

a 19 amino acid signal sequence (Keen etal., 1994). This could constitute the start of 

the gene, but as no in-frame stop codons occur prior to the putative initiating 

methionine residue it cannot be stated that this is the true start. If this methionine did 

represent the start of the gene, the predicted size of the protein would be 265kDa,

13% larger than the observed size of the rhoptry proteins present in the 235kDa 

complex. The proteins predicted by the sequences E3/S8and E8/S6, appear to 

contain little structure. Generally the proteins were predicted to be fairly hydrophilic, 

with the exception of a 16 amino acid putative transmembrane domain, present 

towards the C-terminus in both sequences. This region was followed in both predicted 

proteins by a 45amino-acid hydrophilic ‘cytoplasmic tail’ sequence. The E3/S8 

sequence contained eleven encoded cysteine residues, while the E8/S6 sequence 

predicted only seven cysteines, all of which were conserved in E3/S8. The conserved 

cysteine residues were not tightly grouped, although the additional cysteines did 

contribute to a cluster of six residues in E3/S8. There are a large number of potential 

N-glycosylation sites in each clone (38 in E3/S8, 27 in E8/S6) but there is no evidence 

to suggest that any are used in the native rhoptry protein (Sinha, 1992). Almost 

immediately N-terminal of the transmembrane domain of each clone are very short 

reiterated sequences. In E8/S6 the sequence is longest, consisting of seven tripeptide 

repeats, five of the repeats have the sequence aspartate-isoluecine-asparagine, while 

the third and sixth copies are degenerate comprising aspartate-valine-isoluecine, and 

aspartate-threonine-isoluecine respectively. In E3/S8 the sequence is as in E8/S6, 

except that the third repeat has been deleted. 87, the partial copy of a third member 

of the gene family contains the shortest repeat sequence consisting of two aspartate- 

isoluecine-asparagine repeats separated by a glutamate-isoluecine-asparagine 

sequence.

Because no upstream sequences are available for the genes represented by 

E3/S8 and E8/S6, it is still unclear whether both represent the complete sequences of 

functional genes, and if so whether either or both of these genes is expressed.

As the work in this thesis progressed it became apparent that there were more 

copies of the gene-family than had been anticipated. In order to provide a minimum 

copy number for the gene-family, Martin Borre amplified, from P. yoelii YM genomic 

DNA a Ikbp central region of the gene, using primers based on sequence conserved 

in E3/S8 and E8/S6. This region of the gene was chosen because the amplified
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sequence contained unique Hinf\ restriction sites in E3/S8 and E8/S6. The products, 

which formed a single band on agarose gels, were cloned and the clones grouped 

according to the restriction patterns produced from their inserts. Seven different 

patterns were observed, providing a revised minimum copy number for the gene 

family. Among the seven restriction pattem types, three variants appeared most 

frequently: one was recognised as being E3-like, another was E8-like and the third 

clone, for which no cloned gene existed was termed 5. When clones within these 

groups were sequenced, variation was observed among members of each group, as 

well as between the different restriction pattem groupings. In total sixteen clones were 

sequenced, and of these eleven were demonstrated to be different. This result 

appeared to indicate that the minimum copy number of the gene family was eleven.

Aims of this project

The aim of this project was to establish the genomic organisation of the gene 

family encoding the 235kDa rhoptry protein complex of P. yoelii virulent strain YM, in 

order to establish a minimum copy number for the gene family and to investigate 

whether the members of the gene family occur independently, or in association. A 

further aim was to investigate the distribution of the gene family in the avirulent 

parasite strain 17X from which YM was believed to have evolved as the result of a 

single mutation event. Comparison of the genomes of the two parasite would permit 

an assessment of whether a single mutation event could separate the two parasites. 

Initially this would require the production of an electrophoretic karyotype for the 

species, including determination of whether the chromosome number of this parasite 

was the same as other in other Plasmodia. It was hoped that this work would also 

permit the question whether chromosomal rearrangements or polymorphisms affecting 

the rhoptry protein gene family could form the basis of the differentially expressed 

virulent character.
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CHAPTER 2 : MATERIALS AND METHODS

2.1 Preparation of parasite DNA and plasmids

2.1.1 Preparation of intact P. yoelii chromosomal DNA

Parasitised erythrocytes were obtained by bleeding infected mice into 

heparinised PBS (37mM NaCI, 2.7mM KOI, 4.3mM NazHPO .̂ 1.4mlVI KH2PO4, 

lOmgml  ̂ heparin). The blood cells were washed three times with ice-cold PBS, 

pelleted in between by centrifugation, (2000g, 4°C). As much as possible of the 

(leucocyte) buffy coat was removed with the supernatant following each wash. The 

remainder of the white blood cells were then removed by passing the blood through 

columns packed with fibrous cellulose powder (CF11, Whatman). The eluted cells 

were pelleted by centrifugation (2000g), and resuspended in an equal volume of RPMI 

1640 medium (Gibco), at room temperature (RT). The erythrocytes were lysed by 

adding a 1.5% solution of white saponin (Sigma, U.K.) in PBS, to a final concentration 

of 0.015% saponin. The suspension was mixed gently until red blood cell lysis was 

complete, and then ten volumes of PBS were added to dilute the saponin. The free 

parasites were collected by centrifugation (3000g) and the pellet dispersed in an 

equal volume of PBS. After equilibration to 42°C, the parasite suspension was mixed 

with an equal volume of 2% low melting temperature GeneLine agarose (Beckman 

U.K.), prepared in PBS, at the same temperature. The mixture was poured into 

moulds, or as thin layers in petri dishes, and set at 4°C. The blocks were 

deproteinised by shaking gently overnight in SE buffer (500mM ethylene-diamine 

tetra-acetic acid (EDTA), pH 8.0, 1% sodium lauryl sarcosine (Sigma) in water, at 

37°C. The blocks were stored in fresh SE buffer at 4°C.

2.1.2 Preparation of P. yoelii genomic DNA

Free parasites were prepared as above. The parasite pellets were taken up 

into ten volumes of lOmM Tris-CI pH7.5, ImM EDTA pHB, 1% w/v sodium dodecyl 

sulphate (Sigma), containing 500 mgmM proteinase K (Boehringer). The mixture was 

incubated at 56°C for 3hrs. The mixture was then extracted twice by gentle mixing 

with phenol-chloroform-isoamyl alcohol (24:24:1, pre-equilibrated with buffer at pH7) 

and once with chloroform (AnalaR)-isoamyl alcohol (24:1). The nucleic acids were 

precipitated by adding 0.1 volume of 3M sodium acetate (Sigma), pH5.2, and 2.5 

volumes of absolute ethanol, incubated at-20°C for 15min, and recovered by 

centrifugation (12,000g, 5min, RT). The pellet was washed with 70% ethanol and
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dried. To remove RNA, the sample was dissolved in a small volume of TE-R buffer 

(10mM Tris-CI pH8, 1mM EDTA, SOpgmf  ̂ DNase-free RNase A (Boehringer)), and 

incubated at 37°C for 1 hr. The DNA was phenol-chloroform extracted and precipitated 

as before, before resuspension in TE and quantification by measument of the ultra 

violet (UV) absorption spectrum of the solution.

2.1.3 Small scale preparation of plasmid DNA (mini-preps)

This was carried out essentially as described by del Sal et ai, 1988. Single 

colonies of transformed bacteria were picked into 2ml L-Broth containing ampicillin 

(50pgml \  and grown for 12-16hrs at 37°C, with shaking. 1.5ml aliquots of these 

cultures were centrifuged in microfuge tubes (Eppendorf, Germany), for 30s at 

12,000g. The supernatants were discarded and the pellets resuspended in 200pl of 

STET (80gr’ sucrose (Analar, BDH U.K.), 0.1% v/v Triton-XlOO (BDH), 50mM EDTA, 

50mM Tris-CI, pH8), plus Imgml’  ̂ lysozyme, and incubated at room temperature for 

5min. The samples were then boiled for Smin, and then centrifuged at 12,000g for 

20min. The resulting soft pellets were removed using sterile wooden toothpicks, 8pi of 

a 5% w/v solution of cetyl-trimethyl ammonium bromide (CTAB, Sigma) were added, 

and the tubes mixed thoroughly. The samples were then spun at 12,000g for Smin, 

and the supernatants discarded. The pellets were resuspended in 300pl of 1.2M NaCI 

by warming the tubes to 50°C and vortexing vigorously, and then the DNA was 

precipitated from this solution by the addition of 1ml of absolute ethanol. Following 

centrifugation (12,000g, 5 min), the pellet was washed with 70% ethanol, and dried at 

room temperature. The pellets were resuspended in 20pl of TE-R buffer.

2.1.4 Large scale preparation of plasmid DNA (maxi-preps)

Two millilitre cultures were grown for 6hrs as in Section 2.1.3, and used to 

inoculate 500ml cultures in the same medium. After incubation overnight at 37°C, with 

shaking, the cells were pelleted (4500g, lOmin, 4°C) and then suspended in 10ml of 

Solution I (25mMTris-CI, lOmM EDTA, 50mM glucose, pH8). Lysozyme was added 

from a frozen stock solution to 5mgml'\ and the mixture was allowed to stand at room 

temperature for 5min. Twenty ml of Solution II (200mM NaOH, 10% SDS) were added, 

and the samples placed on ice for 5min. The lysate was then mixed with 15mI of ice- 

cold Solution III (5 Molar \C, OMCOOH"), and the mixture was placed on ice for a 

further 5min. Bacterial debris and nuclear material were pelleted by centrifugation 

(20000g, 20min, 4°C), and the plasmid DNA was precipitated by mixing the 

supernatant with 0.6 volumes of isopropanol (5min, RT). The precipitated DNA was
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pelleted (12000g, 30min,RT), washed with 70% ethanol, dried, resuspended in an 

small volume of TE-R buffer, and quantified.

2.2 Restriction enzyme digestion of DNA Species

2.2.1 Free genomic DNA, and plasmids

These digestions were performed exactly as directed, in suitable volumes of 

the buffer specified by the manufacturer of the restriction enzymes.

2.2 Intact chromosomes in agarose

Blocks containing chromosomal DNA, and strips of pulsed-field electrophoresis 

gels containing resolved chromosomes were soaked for several hours in large 

volumes of distilled water (dH20), to dialyze out the SE buffer which may have 

affected the activity of the enzymes. The blocks were then equilibriated in the 

appropriate restriction enzyme buffer, (plus 10% v/w of the gel, of lOx buffer), for at 

least 30 min. The buffer was then replaced with a suitable volume of fresh buffer. The 

enzyme was then added at a very high concentration (200-400 unitsmi \  plus 

endonuclease-free BSA (Pharmacia) at lOOpgml \  and the reaction incubated for at 

least ten hours at the appropriate temperature.

2.3 DNA Electrophoresis

2.3.1 Electrophoresis of small DNA species

DNA species smaller than 20 kilobase pairs (kbp) were resolved in 1 % low 

electro-endo-osmotic (EEO) agarose (Sigma) gels in IX  TBE buffer (lOOmM Tris-CI, 

lOOmM sodium borate, 5mM EDTA, pH8), using conventional submarine tanks.

2.3.2 Electrophoresis of large DNA species

DNA molecules longer than 20kbp including entire chromosomes of greater 

than 3Mbp, were resolved using either a Biorad model DR II CHEF machine, another 

CHEF assembly made by the engineering department of NIMR according to the 

specifications of Chu et ai, (1986), or a FIGE aparatus, also made in-house. 

Separations were generally carried out in 0.5X TBE, at 10 -14°C, but the field 

strengths and pulse times used varied greatly and have been specified on figures and 

in the text.
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2.4 Removal of DNA species from agarose gels

2.4.1 Freeze-squeeze preparation of small fragments

Gel slices containing restricted DNA species of less than 4kbp were placed in 

0.5ml microcentifuge tubes on a small plug of sterile nylon wool. A hole was punched 

into the bottom of the tubes using a needle, and the tubes were immersed in liquid 

nitrogen for two minutes. The small tubes were then placed within 1.5ml 

microcentrifuge tubes and spun (12,000g, 5min, RT). The DNA in the solution 

collected in the larger tube was then precipitated with ethanol as described in 

Section 2.1.3.

2.4.2 Electro-elution of large DNA species

Gel slices containing restricted DNA fragments excised from gels were placed 

in dialysis membrane bags in IX  TBE and the DNA was electrophoresed into the 

solution. The liquid contents of the bag were collected and the free DNA precipitated. 

Recoveries using this method were typically quite low, but for DNA species larger than 

4kbp this method gave much better yields than the freeze-squeeze technique.

2.5 Hybridisation of radiolabelled probes to immmobilised DNA species

2.5.1 Transfer of resolved DNA species to nitrocellulose membranes

After testing several types of membrane, nitrocellulose was found to give the 

best signal-to-background ratio, and the use of a membrane which incorporated a 

nylon webbing support (NC-Extra, Sartorius) overcame the problems of fragility 

associated with this type of membrane. Transfer was essentially as described by 

Panyim etal., 1985. The DNA was first depurinated by soaking the gel in 0.25M MCI 

(20min, RT). After rinsing in distilled water the gels were then soaked in 1.5M NaCI, 

0.5M NaOH (5x volume of gel), for 2 x SOmin. The gels were rinsed with distilled water 

and then incubated twice, for SOmin, in 1M Ammonium acetate, 20mM NaOH. The 

membrane was wetted with distilled water and capillary transfer of the nucleic acids 

was performed without the use of a transfer buffer. A significant proportion of the DNA 

in the gel was transferred within Shrs, but generally blots were left overnight. The 

membranes were rinsed with 2xSSPE, 30s, before UV cross-linking using a 

'Stratalinker* machine (Stratagene: 254nm, 300s, 120 mJcm'\ Blots were stored 

dried, enclosed in filter paper and wrapped in foil, at room temperature.

50



2.5.2 Preparation of radiolabeiled DNA species for use as gene probes

Ten-25ng of purified template DNA in 10pl of water, were heated (100°C, 2 

min) and then immediately cooled on ice. Five pi of OLB-A buffer (1M HEPES, 0.242M 

Tris-CI, 0.024M MgCl2, 0.17M p-mercaptoethanol, 9.6pM dCTP, dGTP, dTTP, and 

0.135 OD units of random hexanucleotide primers (Pharmacia)) were added plus Ipl 

of lOmgml  ̂of nuclease-free bovine serum albumin (Pharmacia), 0.925-1.85 MBq of 

[a^^P] dATP (Amersham, catalogue no. PB10204), and 1 unit of Klenow (large 

fragment of DNA polymerase 1) enzyme (Gibco), in a final volume of 25pL The 

reaction mixture was incubated at 37^0 for 3hrs. lOOpI of TE buffer (lOmMTris-CI pH 

7.5, ImM EDTA) was then added and unincorporated radioactive nucleotides 

separated from the probe by passing the mixture through a Nick column (Pharmacia). 

The probe was eluted from the column with 400pl aliquots of TE and the fractions 

containing the first peak of radioactivity were pooled. The collected probe was boiled 

for 3min to denature the DNA and then added to prehybridized blots.

2.5.3 Hybridization with radiolabelled probes

Blots were prehybridized for a minimum of 30min at 41 °C in a buffer 

comprising 720mM NaCI, 90mM tri-sodium citrate, 78mM KH2PO4, 0.6mM EDTA, 

pH7.2 (6X SSPE), 0.1% w/v Ficoll, 0.1% polyvinyl pyrrolidine, 0.1% BSA, fraction V 

(5X Denhardts solution), 0.5% w/v SDS, 50% v/v deionised formamide, lOOpgmM 

salmon sperm DNA (all reagents Sigma). The hybridization buffer was heated to 80°C 

for 30 min, and then chilled on ice to ensure that the salmon sperm DNA was 

denatured. Hybridizations were generally for 12hrs at 41 °C. The membranes were 

washed 3 times at 3X SSPE, 0.1% SDS, 3 times at IX  SSPE, 0.1% SDS, and twice at 

0.5X SSPE, 0.1% SDS, all washes were at 60°C for 15min in large volumes of wash 

buffer, with agitation. The washed membranes were wrapped in SaranWrap (Dow), 

and exposed to Kodak X-Ray film at -80°C with two intensifying screens to enhance 

signals.

2.6 Polymerase chain reaction amplifications

These reactions were carried out using proceedure of Saiki et a/., 1985 

reactions were generally performed in lOOpI reaction volumes containing 30pmol of 

each primer, lOOpM each of dATP, dCTP, dGTP, dTTP (Pharmacia), and 1 unit Taq 

polymerase (Promega), in lOmM Tris-CI pH8.3, 50mM KCI, 0.01% gelatin. The 

samples were overlaid with lOOpI white mineral oil (Sigma). The amount of template
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DNA added depended on the abundance of the target sequence; 0.1 ng of cloned 

DNA was used, or up to 30ng of genomic DNA. The optimal concentration of MgCb 

was titrated for each reaction. If plugs of agarose gel containing resolved 

chromosomes were used, the plugs were washed for several hours in several large 

volumes of dH20, and then weighed. The mass of each plug was considered as an 

equivalent volume of water.

2.6.1 Polymerase chain reaction amplification using primers DA50 and DA51

The primers used for this reaction are described in Chapter 4. The program of 

amplification involved; Step 1: 98°C, 2min. Step 2: 98°C, 30sec; 52°C, 30sec; 72°C, 

2min, this step repeated 30 times. Step 3: 72°C lOmin, and a MgCb concentration of 

I.SmM was used.

2.6.2 PGR amplification using primers 1 and 2

The primers are described in Chapter 4. Amplification was as described in 

Section 2.6.1, except that the temperature of the annealing step was reduced from 

52°C to 38°C, and 3mM MgCl2 was used.

2.7 Immunoprécipitation of biosynthetically-labelled parasite proteins

2.7.1 Labelling of parasite proteins using ^S-methionine.

Blood was collected from infected mice with parasitaemias of 5 -15%. The 

blood cells were suspended in methionine-free RPM11640 medium containing 

3.7Mbqml'^ of ^%-methionine (Amersham, catalogue no. SJ204). The cells were 

incubated in this medium (3 hrs, 37°C, 5% CO2) in a humidified incubator. 

Incorporation of the labelled amino acid was monitored by removing aliquots of the 

culture periodically and precipitating the proteins using 10% trichloroacetic acid (TCA). 

At the end of the labelling period, the blood cells were pelleted (2000g, 5 minutes,

RT), washed in medium supplemented with Imgml'^ cold methionine, repelleted, and 

rapidly frozen on dry ice. When all of the samples had been collected, each was 

solubilized on ice in 10 volumes deoxycholate-protease inhibitor (DPI) buffer (SOmM 

Tris-HCI pH 8.3, 5mM EDTA, 5mM EGTA, 0.5% deoxycholate, plus protease 

inhibitors; ImM phenyl methyl sulphonyl fluoride (PMSF), 5mM iodoacetamide, 20pM 

leupeptin, 200pM tosyl lysine chloromethyl ketone (TICK), (all reagents Sigma). The 

lysates (kept cold at all times), were cleared by centrifugation (100,000g, 45 minutes, 

4°C), aliquoted and rapidly frozen on dry ice. A fraction of each sample was retained
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and counted with aqueous liquid scintillant in a scintillation counter to allow the activity 

of each sample to be determined.

2.7.2 Immunoprécipitation of proteins from the labelled parasite extracts

Sepharose beads conjugated with protein A (CL5, Pharmacia) were 

rehydrated in DPI buffer on ice, for one hour. The beads were collected by 

centrifugation (10,000g, 3min), and washed twice in the same buffer before being 

suspended in an equal volume of fresh buffer and stored at 4°C. Each labelled 

parasite protein extract was diluted with sufficient ice-cold DPI buffer to give 1.0 xIO^ 

counts min ^ml \  One hundred lOOpI aliquots of these extracts, were mixed with 50pl 

aliquots of the beads on a mechanical rotator (4°C, Ihr). After incubation, the beads 

were pelleted and the supernatants retained. This step was to remove as far as 

possible parasite proteins binding non-specifically to the beads. Purified monoclonal 

antibodies or ascitic fluids were added to each aliquot of the pre-absorbed extracts to 

give a final antibody concentration of lOOng ml \  and mixed (4°C, 2hrs). The beads 

were then pelleted as before and washed four times with 1ml Wash Buffer 1 (500mM 

NaCI, SOmM Tris-CI pH8, 5mM EDTA, 0.5% v/v NP40 detergent (Sigma), Imgml’  ̂

BSA), with thorough mixing, on ice. The beads were then washed four times with 

Wash Buffer 2 (as Wash Buffer 1, with no NaCI or BSA). The beads were then 

resuspended in 20pl of sodium dodecyl sulphate-polyacrylamide (SDS-PAGE) 

reducing loading buffer (6mM Tris-CI pH6.8, 2% SDS, 10% glycerol, 0.1M 

dithiothreitol), and heated (100°C, Smin), to release the immunoprecipitated proteins 

from the beads. The beads were then pelleted as before and the released proteins 

were resolved using polyacrylamide gels.

2.7.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

The immunoprecipitated proteins which had been boiled in the loading buffer 

were loaded onto 5% SDS-PAGE gels (5% w/v acrylamide, 0.13% w/v bis-acrylamide, 

0.37M Tris-CI, pH8.8, 0.1% SDS, set by the addition of 0.1% TEMED, 0.03% 

Ammonium persulphate) with 3% stacking gels (3% w/v acrylamide, 0.08% bis- 

acrylamide, 0.13% Tris-CI pH6.8, 0.1% SDS, plus TEMED and ammonium 

persulphate as before). The lowest possible concentration of acrylamide was used to 

allow maximal resolution of the high molecular mass species. The gels were run at 

30mA constant current in glycine running buffer (glycine 28.8gl'\ 0.05M Tris-CI pH8.3, 

2% SDS), alongside prestained high molecular mass protein markers (Gibco) until the 

lOOkDa band had just run off the gel. After staining with Coomassie blue, the gels
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with soaked in Amplify (Amersham), and dried before exposure to film at -80 C, with 

intensifying screens.
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CHAPTER 3 : GENOME ORGANISATION OF PLASMODIUM YOELII STRAIN YM

3.1 PFGE Separations of the genome of P. yoelii strain YM

DNA molecules carry a negative charge which is proportional to their length, 

and this will cause them to migrate towards the (positive) anode when subjected to an 

electric field. Because all DNA molecules will have similar charge-to-mass ratios, all 

would migrate through solutions at similar rates (Clivera eta!., 1964). Conventional 

agarose gel electrophoresis systems utilise a sieving principle to size-fractionate DNA 

molecules through the pores of the gel matrix. Agarose gels have pores of varying 

sizes which are of the same order of magnitude as the DNA molecules, which when 

isolated exist as randomly coiled masses. Small DNA species are able to pass readily 

through almost all of the pores, but longer molecules are forced to navigate more 

circuitous routes through the larger pores which impedes their progress. Thus with 

increasing size, the proportion of negotiable pores decreases and the rate of 

migration is reduced, with the result that the net mobility of the DNA species through 

agarose approximates to.a logarithmic function of their molecular weight (Cantor and 

Schimmel, 1980).

Above approximately SOkbp, the coiled DNA molecules are larger than the 

largest pores in the agarose, and so to move through the matrix the molecules are 

forced to distort, and the most positively charged end separates out and leads the 

molecule through the pores with a snake-like motion described as reptation. As all 

molecules are travelling end-on, and each contains a DNA helix of the same diameter 

which is smaller than the vast majority of the pores in the matrix, the agarose will no 

longer serve as a sieve and all molecules will comigrate, at anomalously fast rates 

(Fangman, 1978). The use of very low percentage gels (which have a larger net pore 

size) extends the useful range of conventional systems up to approximately 750kbp, 

but the fragility of these gels and the extended electrophoresis times required have 

limited their use (Sen/ver, 1981).

Separation of molecules larger than 750kbp, required the introduction of a 

different physical parameter. Schwartz and Cantor (1984) discovered that if reptating 

DNA molecules were subjected alternately to two electric fields applied in directions 

perpendicular to each other, then a size-dependent component was introduced into 

the migration. The DNA species continued to migrate under each field at comparable 

rates, but when the direction of the field was switched, the molecules were forced to 

reorientate before commencing movement. The time required for the process of 

reorientation is longer for larger molecules, and although the differences in
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reorientation times represent only tiny fractions of seconds, over the period of 

electrophoresis multiple switching events amplify the differences. Because larger 

molecules spend a proportionally shorter period of time migrating under the influence 

of each pulse, they travel a shorter net distance than smaller molecules. By altering 

the pulse times, the angle of the applied fields, and also the introduction of pauses 

between the pulsed fields, the size range of the DNA species that were resolved could 

be varied.

All pulsed-field gel electrophoresis (PFGE) systems resolve large DNA 

molecules according to the same principles. Schwartz and Cantor originally used one 

uniform and one non-homogeneous field, produced by using a set of perpendicular 

electrodes to generate the first field, and a straight cathode and a point anode to 

produce the second. Although this electrode configuration effectively separated DNA 

molecules over a wide range of sizes, the tracks were distorted, with differently sized 

species being displaced to the left and right of the well. Subsequently other workers 

refined the system to incorporate two homogeneous fields, thereby producing straight 

tracks which facilitated the comparison of similarly sized species.

The most widely used PFGE array is the contour-clamped homogeneous 

electric field (CHEF) system developed by Chu, Vollrath, and Davis (1986). This 

involves the use of a hexagonal arrangement of twenty four electrodes with 

interconnected resistors. The fields are applied at sixty degrees to one another, and 

the function of the resistors is to ensure that the field is uniform over the entire area 

enclosed by the electrodes. The gel can be placed anywhere within the hexagon. The 

electric pulses are always equal, as are the pulse durations. DNA species 

electrophoresed using these systems follow a zigzag path in the plane of the gel, with 

the net effect that they move along the angle bisecting the two fields. The distance 

that the DNA molecules migrate is inversely proportional to their size. More 

sophisticated commercially-available versions of these machines now incorporate 

microprocessors which continually monitor the field and correct local fluctuations in 

field-strength. The tracks produced by these systems are very straight, and generally 

reproducibility is good. These systems have the greatest range for separation, in our 

hands producing clear bands of DNA of up to 5Mbp. The only drawback to the use of 

CHEF systems is that because a large proportion of the run time is required for DNA 

reorientation, migration tends to be relatively slow. Resolution of the largest malarial 

chromosomes (estimated to be around 3.5Mbp in mapping studies) requires ninety-six 

hour runs, in our laboratory. Separation of malarial DNAs generally requires longer 

runs than those used for comparably sized DNA molecules derived from other
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organisms which have a higher proportion of the bases guanidine (G) and cytosine 

(C). Some malarial DNAs are composed of in excess of 80% adenine (A) and 

thymidine (T) residues, while human DNA contains only 40% A + T. AT-rich DNA 

species migrate more slowly than those containing a high proportion of G + C. When 

P. falciparum chromosomes are electrophoresed alongside those of the fungus 

Candida albicans, with approximately 60% G + C, the largest (5.5Mbp) C. albicans 

chromosome migrates significantly faster than the largest malaria chromosomes, 

although mapping studies have indicated that the largest P. falciparum chromosomes 

are only around 3.5Mbp.

Other PFGE systems are capable of producing faster separations of DNA 

molecules, although these machines tend to have a lower molecular mass cut-off than 

those producing CHEFs. Field inversion gel electrophoresis (FIGE) systems use only 

a single pair of electrodes in a conventional parallel array. The relatively high electric 

fields are applied first in the forward direction, and then for a shorter period of time the 

field is reversed (or alternatively a weaker field is applied for an equal length of time). 

DNA movement is still carried out in the plane of the gel, and because there is no 

side-to-side component to the motion the tracks are always extremely straight. This 

type of gel requires cheaper, less sophisticated equipment than those required for the 

production of CHEFs, and can separate ‘smaller* DNA species relatively rapidly. In our 

hands DNA molecules of up to 2Mbp can be resolved in eighteen hours. One 

peculiarity of the FIGE system is that depending on the conditions used, the net 

distance migrated under an electric field can either be a direct or reciprocal function of 

the pulse length. For each given set of conditions there is a transitionary size, below 

which molecules migrate a distance proportional to their length, and above which the 

distance migrated is inversely proportional to the length. Provided that the molecules 

of interest do not span the transition zone, either phase of the separation curve can 

be used for resolution. Because CHEF and FIGE systems use differently applied 

fields the separation characteristics of each are different and each will have particular 

applications for the separation of different DNA species. We found FIGE to be 

particularly useful for the resolution of the smallest P. yoelii chromosomes, and that 

relatively large amounts of DNA could be rapidly and reproducibly separated. For both 

CHEF and FIGE systems DNA molecules of all sizes move under identical fields 

throughout the run.

A third variant of PFGE is transverse alternating gel electrophoresis (TAFE) 

where gels are suspended vertically within a buffer-filled tank, and the two electric 

fields act through the depth of the gel causing the DNA to move downwards through
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the gel in a zigzag motion from the front of the gel to the back. Because of the way 

the electrodes are arranged, DNA molecules further down the gel are subject to 

weaker fields, with the effect that migration of the smaller species is reduced. This has 

the effect of retarding the smaller DNA bands so that DNAs spanning a large size 

range can be examined on a single gel. TAFE systems cannot be used to resolve very 

large molecules because the extended pulse times required would result in at least 

some of the DNA species migrating out of the plane of the gel and being lost All DNA 

molecules migrate a distance which is a reciprocal function of their size in TAFE 

systems, which we found useful for the accurate determination of the size of the 

smaller chromosomes.

3.1.1 Transverse alternating field electrophoresis (TAFE) analysis

Despite considerable experimentation with different pulse-times, field 

strengths, and gel concentrations, complete resolution of the P. yoelii genome was 

not possible using the TAFE system (Geneline, Beckman) available in our laboratory. 

The most effective protocol developed (90 second pulses, 100V, 100mA, 40hrs, 0.5% 

Beckman Geneline agarose), resulted in the resolution of seven discrete bands. A 

typical gel, stained with ethidium bromide is shown in Figure 3.1.1, panel a.

The five most rapidly migrating bands of DNA were all of approximately equal intensity 

and so were estimated to contain equivalent amounts of DNA, although it would not 

be possible to determine whether these bands represented single chromosomes until 

the entire complement of chromosomes had been resolved. The sixth band was much 

more intense, and was judged to definitely contain multiple chromosomes; the 

seventh band (which contained unresolved species of greater than 2Mbp) was still 

more intense.

By comparison with the Saccharomyces cerevisiae (yeast) chromosome 

standards the resolved bands were estimated to range in size from 0.88 - 1.6Mbp.

In ascending order of size, the six smallest bands were estimated to be the following 

sizes: band 1, 0.84Mbp; band 2, O.SOMbp; band 3 ,1.04Mbp; band 4, 1.12Mbp; band 

5, I.ISMbp; band 6 ,1.32Mbp. Band 7 comigrated with the two largest yeast bands of

1.6 and 2.2Mbp, which were not resolved. S. cerevisiae has been demonstrated to be 

an ideal standard marker in studies of other Plasmodia because mapping studies
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Figure 3.1.1.

Pulsed-field gel electrophoresis (PFGE) separations of P. yoelii YM Chromosomes.
a. Transverse alternating field electrophoresis (TAFE)
b. Field inversion gel electrophoresis (FIGE)
c. and d. Control-clamped homogenous electric field (CHEF) electrophoresis.
DNA Molecular mass marker= Sacc/7aromyces cerevisiae strain YNN295.
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have accurately determined the sizes of the chromosomes of each and have 

confirmed that the DNAs are of similar size and have equivalent mobilities.

3.1.2 Resolution of the smaller chromosomes using field inversion gel 

electrophoresis (FIGE)

Using a program designed to resolve DNA molecules of between 0.8 and 

I.SMbp (kindly suggested by D. Williamson, NIMR), the same seven bands produced 

using TAFE could be separated using FIGE (15s forward, 5s reverse, 19hrs, 200V, 

100mA, 1% Geneline agarose) in less than half the time (see Figure 3.1.1, b). 

Although there was no improvement in the resolution of the genome, far greater 

quantities of DNA could be resolved in each lane of the FIGE gels as compared to the 

TAFE gels, a property which was found to be extremely useful for the work described 

in the following chapter. Under the conditions used the chromosomes migrated a 

distance which was a direct function of their size, and so the order of the 

chromosomal bands was reversed, with the smaller bands ending the run closest to 

the well. The yeast size standards could not be used on these gels because the 

transition size (of approximately 0.4 - 0.5Mbp) fell within the range of their molecular 

sizes, with the result that at the end of the program, the medium sized chromosomes 

were closest to the well.

The genomic DNA bands resolved using TAFE and CHEF systems were 

numbered from one to seven in ascending order of size.

3.1.3 Contour-clamped homogeneous electric field (CHEF) electrophoresis

Generally the separations produced using CHEFs were less reproducible than 

those produced by FIGE and TAFE, but when it worked well, this system could be 

used to separate the largest P. yoelii chromosomes. The program which resolved the 

genome most successfully (6min pulses, 72hr, 12min pulses, 24hrs, 100V, 100mA 1% 

Biorad Chromosomal Grade agarose) permitted the resolution of nine distinct bands 

(See Figure 3.1.1, panel c). Examination of CHEF and TAFE/FIGE separations and 

comparison with the yeast size-standards, allowed common bands to be identified. 

The smaller chromosomal bands were less well resolved by this CHEF protocol, and 

TAFE/FIGE bands 1 and 2 comigrated, as did bands 3 and 4. Band 5 ran separately, 

just distinct from band 6. Band 6 was not further resolved and remained refractory to 

separation when subjected to a range of different electrophoresis conditions and so 

the chromosomes within this band appear to have identical electrophoretic motilities.
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Figure 3.1.2

Diagram of the P. yoe//7 YM chromosomal separations using the two  
different pulsed-field gel electrophoresis systems

The bands have been labelled In ascending order of size

1) Separated using FIGE
2) Separated using CHEF

11

10
9
8

1) 7+ 2)

4,5
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Band 7, the largest band seen on the TAFE/FIGE gels was resolved into five bands, 

which were numbered (from seven to eleven, in ascending order of size). These 

bands appeared to be of equal intensity, except for bands 9 and 11 which were 

approximately twice the intensity of the other large chromosomal DNA bands.

The largest S. ceævisiae (strain YP148) chromosome is 2.2Mbp, and this was 

the only marker DNA band which ran in the vicinity of the four largest P. yoelii 

chromosomal DNA bands. PFGE gels do not tend to result in the distance migrated by 

a species being a direct function of its length. Different pulse times tend to open out 

different regions of a particular karyotype. For these reasons, the sizes of the large P. 

yoelii DNA bands could only be estimated. The bands were judged to be, 

approximately, band 7 , 1.75Mbp; band 8, I.SOMbp; band 9, 2.0Mbp; and band 10, 

2.1Mbp (see Figure 3.1.1, panels c and d). The size of band 11 could not be 

determined because it ran clearly above all of the yeast markers indicating a size well 

in excess of 2.2Mbp. Accurate sizing of the larger chromosomes in other species has 

only been achieved by physical mapping, following restriction enzyme digestion.

The genetic material of P. yoelii is therefore distributed among at least eleven 

chromosomes, ranging in size from 0.8 to more than 2.2Mbp. Based on the density of 

staining of the chromosomes, bands 9 and 11 appear to be doublets, and band 6 a 

doublet, or possibly a triplet. This indicates that P. yoelii could have a chromosome 

number of 13 -15. For P. yoelii, and other rodent malarias in general, estimations of 

the chromosome number performed by physical means, such as the counting of the 

kinetochore bodies present in cells at metaphase, as Prensier and Slomianny 

published for P. falciparum (1986) have not been attempted. The bands seen 

following CHEF and TAFE/FIGE separations, and the numbering system used to 

identify each band, have been drawn out on a schematic (Figure 3.1.2).

3.2 Comparison of the chromosomes of P. yoelii with those of other 

Plasmodia

Samples of PFGE blocks containing the chromosomes of other Plasmodia, 

were obtained from colleagues in other laboratories, and run alongside P. yoelii 

chromosomes in a CHEF gel (see Figure 3.2).

The smallest chromosomes of P. yoelii appear to migrate at a significantly 

slower rate than the smallest chromosomes of other Plasmodia for which karyotypes 

have been published (e.g. P. falciparum', Kemp etal., 1992, P. chabaudf, Langsley et 

al., 1987, P. berghef, Janse etal., 1989), which are in all cases around O.GMbp. When
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Figure 3.2 
CHEF resolution of the chromosomes of P. yoelii and 
other rodent malaria parasites
Pb = P. berghei Pc = P chabaudi Pv = P vinchei

PyH = P yoe//7 isolate of unknown ancestry from another laboratory
PyYM = P yoelii Py17x = P yoelii 17x

Chromosome 
band No. 
(Pyoe///YM)



compared with other malaria chromosomes, P. yoelii showed a much less even 

distribution of chromosome migrations, with all chromosomes migrating more slowly 

than the chromosomes of the other species (See Figure 3.2). The only exception is 

the largest band of DNA which migrates to approximately the same position as those 

of the other rodent malarias. In P. chabaudi, P. berghei, and P. vinckei, this band is 

known to be a doublet containing chromosomes 13 and 14 (Sheppard et a/., 1989). 

Judging by the density of ethidium bromide staining, this band is probably also a 

doublet in P. yoelii. Despite the use of altemate PFGE protocols designed to open up 

specific areas of the karyotype, resolution of additional bands was not possible, 

indicating that some chromosomes had identical electrophoretic motilities. The 

chromosome 13/14 doublet has been estimated to be 3.5Mbp in other malaria species 

(Foote and Kemp, 1989), which gives an estimation of the size of this band in P. 

yoelii, although because of the condensation of the karyotype observed over this 

region, there could be differences between the sizes of the bands which are not 

apparent on these gels.

As stated previously, the rate at which DNA species migrate through pulsed- 

Ifield gels is dependent on their size and base composition. DNA with a high G + C 

content migrates more rapidly than DNA with a high A + T content. In the only study in 

which the base composition of P. yoelii DNA was analysed, it was found to be 24% G 

+ C, the same as the other rodent malarias (Chance et al., 1972). As stated in 

j Chapter 1, these estimations have been subsequently shown to be erroneously high, 

and the G + C content of the DNA in these parasites appears to be around 18% 

(McCutchan et al., 1984). P. yoelii was not included in this later study, but the fact that 

it was found to be the same as the other rodent malarias by Chance et al., and also 

on the basis of comparison of the sequence of known genes, indicates that all rodent 

malarias have a similar base composition. In this case the different mobilities of the 

chromosomes of P. yoelii, as compared with those of the other rodent malarias is 

probably a result of their being larger.

All of the malarias which have been examined to date have fourteen 

chromosomes (Janse et al., 1989, Kemp et al., 1992). This may also be the case for 

P. yoelii, but alternatively, because most chromosomes appear to be significantly 

larger than those of the other species, while the DNA contents of the nuclei of each 

species appear to be similar (Weber, 1988) the chromosome number for P. yoelii, 

may be less than fourteen. Until a comprehensive study examining the number of 

genetic linkage groups is published for this species, or a kinetochore count is 

performed, or the chromosome number is determined by other means, it cannot be
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assumed that the chromosome number for P. yoelii, will be the same as for the other 

Plasmodia.

P. yoelii is believed to be a close relative of P. berghei, and was originally 

classified as a subspecies of this species (Landau and Chabaud, 1965), but it can be 

seen that the karyotypes of these parasites are quite different. Whether this is an 

indication that the evolutionary distance between these two parasites is greater than 

has been previously believed remains to be investigated.

3.3 Chromosome quantitation

One method of quantifying the chromosome number of an organism is to 

restrict genomic DNA and examine the number of fragments containing telomere 

repeat sequences. The reiterated telomere repeat sequence is refractory to digestion 

by all known restriction enzymes, and so each chromosome will give rise to two 

telomere-containing sequences following restriction. This technique was first applied 

to P. falciparum (Biggs et al., 1989), by using the restriction enzyme EcoRI to digest 

separated chromosomes, which were then electrophoresed in standard submarine 

gels, transferred to membranes and hybridised with a telomeric repeat probe. This 

two-dimensional approach was developed to avoid the superimposition of similarly 

sized fragments arising from different chromosomes. For P. falciparum chromosomes 

the telomeres are bounded by repetitive regions refractory to restriction, with adjacent 

subtelomeric regions containing interspersed recognition sites for EcoRI and other 

enzymes (Dore etal., 1986). Two differently sized fragments, both under ISkbp, were 

observed for all P. falciparum chromosomes, giving a maximal size for the telomeres. 

Dore et al., (1990) compared the DNAs of P. falciparum, P. chabaudi and P. yoelii 

digested with three different restriction enzymes (Haelll, H/ndlll, and EcoRI) and 

concluded that the number of telomere repeats added to each chromosome end was 

much more variable for P. yoelii than for the other species, so much so that when the 

P. yoelii DNA was restricted with EcoRI as described by Biggs et al., (1986), only 

smears resulted on the telomeric probe autoradiographs. In an attempt to circumvent 

this problem, infrequently cutting enzymes were selected in this study.

3.3.1 Hybridisation of telomeric probe P.tell to Apa\ restricted genomic DNA

In one-dimensional TAFE test blots, Apal (recognition site GGGCCC) 

produced telomere-containing fragments of SOkbp - I.SMbp. Under the PFGE 

conditions used to separate DNAs in this range, fragments differing by several tens of 

kilobase pairs comigrate, the effect of large variations in telomere length is minimised,
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and the telomere fragments form discrete bands. When a Southern blot of P. yoelii 

genomic DNA that had been restricted with Apal and resolved using TAFE, was 

hybridised with the telomeric probe P.teH (for the origin of this probe see Table 3.1), 

a series of discrete fragments, ranging in size from 10 to 1 SOkbp could be observed 

(data not shown). The presence of these bands indicated that if the same technique 

were to be applied to resolved chromosomes, then two discrete telomere-containing 

fragments might be distinguished from each chromosome.

3.3.2 Hybridisation of P.tell to Apal-digested FIGE-resolved P. yoelii YM 

chromosome fragments, resolved in the second dimension by CHEF

A strip of a FIGE gel in which the six smallest P. yoeiii DNA bands were well 

resolved, was restricted with Apal and then set across the top of a second (CHEF) 

gel, which was used to resolve the Apal restriction fragments from each band. A 

CHEF gel was used for the second dimension because TAFE gels were not wide 

enough to permit inclusion of all of the resolved chromosomes at once. After transfer 

of this gel to nitrocellulose, the blot was hybridised with the telomeric probe. Following 

autoradiography, two clear telomere signals could be seen from each of bands 1-5, 

indicating that each must have contained a single chromosome (see Figure 3.3.2). 

Four spots could be distinguished from band 6 (which must therefore contain at least 

two chromosomes). Seven clear bands were derived from band 7+ (indicating a 

minimum of four chromosomes). One of the spots derived from bands 7+ was much 

more intense, which was probably the result of superimposition of more than one 

band. When the chromosomes within band 7+ had been resolved using CHEF, five 

bands were seen (see above), and so this result was not surprising. Thus P. yoelii 

must have a minimum of twelve chromosomes. Weaker hybridisation signals arising 

from each band may be due to the presence of telomere-related sequences present 

internally within the chromosomes. Such sequences have been implicated in 

homologous recombination events, one of the mechanisms used by Plasmodia for the 

generation of genetic diversity (Janse, 1993).
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Figure 3.3.2

Southern blot of P. yoelii YM FIGE-resoived 
chromosomes restricted with Apa I and resolved in a 

second dimension by CHEF. Probed with the telomeric 
repeat insert of p.tel 1
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The sizes of the bands seen following the second dimension CHEF gels in this 

and the next section, were determined by comparison with H/ndlll restricted, or 

concatenated, bacteriophage X DNA run on the same gels. The sizes marked on the 

figures should be considered as a guide but should not be taken as the absolute sizes 

of the restricted DNA species, because variation was observed in the distances 

migrated by the marker DNAs relative to the Apa\ chromosome fragments on different 

gels. In particular, comparison with the TAFE gel including the S. cerevisiae size 

markers in the preceding section indicates that the positions of the X DNA may have 

resulted in an underestimation of the size of the restriction fragments on these gels.

No satisfactory explanation could be advanced for the anomalous migration 

characteristics of either the Apa\ fragments or the marker DNAs. In all cases the 

restriction was judged to have proceeded to completion and there was no apparent 

degradation of either type of DNA because all bands were sharp.

3.3.3 Hybridisation of the telomeric probe to CHEF-resolved and Apal-digested 

chromosomes

When a CHEF separation with the fullest possible PFGE separation of the five 

largest P. yoelii chromosomal DNA bands was obtained, these chromosomes were 

then restricted in situ with Apal and then electrophoresed in the second dimension as 

before. On blotting and hybridisation with the telomeric probe, fourteen bands could 

be distinguished. See Figure 3.3.3. Because it is only possible to resolve relatively 

small quantities of DNA on CHEF gels, the amount of DNA loaded onto the second 

dimension gel was small, and the signal seen after a blot of this gel was hybridised 

with the telomeric probe was much weaker than that shown in the previous section. 

Longer exposure to film was necessary, and this meant that the background signal 

resulting from non-specific binding of the probe to the blot membrane was higher. The 

size of the bands was estimated by comparison with the X DNA markers on the same 

gel. Four bands were derived from band 7, indicating that this band contained two 

chromosomes. Two bands, were derived from band 8. Another two bands were 

derived from band 9, and a further two bands from band 10. Finally four bands were 

derived from band 11. The largest five bands of P. yoelii DNA gave rise to fourteen 

distinct telomere-containing bands, indicating that band 7 contained two 

chromosomes, band 8 one chromosome, band 9 two chromosomes, band 10 one.
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Figure 3.3.3.

Southern blot of the largest P.yoelii YM DNA bands resolved using 
CHEF electrophoresis, restricted with Apa I resolved In the second 

dimension using CHEF and hybridised with p.tel 1.
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and band 11 two chromosomes; a total of seven chromosomes in the five largest 

chromosomal DNA bands.

Combining the results of the FIGE and CHEF separations it would appear that 

the genomic DNA of P. yoelii is organised into fourteen chromosomes, which is the 

case for all other malaria parasites for which determination has been possible.

3.4 Chromosome identification

Chromosome specific probes were obtained from a number of laboratories in 

order that the chromosomes within each PFGE DNA band might be identified. Table

3.1 includes each of the probes used to identify the chromosomes of P. yoelii, and 

their sources. Probes derived from rodent malaria parasites were used whenever 

possible because many of the genes which have been localised in P. falciparum 

encode antigens and the homologues of these genes are either not present in the 

rodent malaria species, or sequence conservation is so poor, that the probes do not 

cross-hybridise. Also the smaller evolutionary distance between the different rodent 

malarias as compared to the human malarias means that it is more likely that 

homologous genes will be present on homologous chromosomes within each species 

group. 'House-keeping' genes encoding proteins such as respiratory enzymes appear 

to be generally well conserved throughout the genus. Although a P. berghei parasite 

clone in which a chromosomal translocation had occurred was identified in one study 

(Janse et ai, 1991). The chromosomes of many strains have now been mapped and 

no evidence of translocation has ever been detected in any other Plasmodium isolate, 

suggesting that this phenomenon is very rare in the genus. In a recent study the 

location of twenty independent genes in several isolates of four different rodent 

malaria parasites was determined, and the linkage groups for the probes were found 

to be the same in all of the parasites (Janse, 1993). This result does not constitute 

exhaustive proof, but indicates that translocation events are extremely rare in malaria 

parasite, and suggests that hybridisation to a single gene probe should be sufficient 

grounds to identify chromosomes in different rodent malaria parasites as homologues.

The probes were obtained as plasmid clones within transformed bacterial 

hosts. Plasmid preparations were made for each and then the cloned insert DNAs 

were isolated following restriction digestion, from agarose gels, generally by using 

th^ freeze-squeeze technique. Each probe was hybridised to Southern blots containing 

resolved chromosomes using standard hybridisation conditions (see Methods). The 

hybridisation patterns of the small and large chromosomes with the resolved

70



Table 3.1

Sources of the DNA probes used for chromosome identification

Probe Species 
of origin

Chromosome No. Band recognised 
in P. yoelii YWÏ

Reference

7.1 P. berghei 1 1 Ponzi et al., 1990
Ca^^ATPase P. yoelii 2 3 Murakami et al., 1990
Spll P. berghei 3 - Ponzi etal., 1990
4.1 P  berghei 4 4 Ponzi etal., 1990
2.2 P. berghei 5 6 Ponzi etal., 1990
1.9 P. berghei 6 6 Ponzi etal., 1990
3.1, 3.50, 3.2 P. berghei 7 5 Ponzi etal., 1990
MSP1 P. chabaudi 8 8 Lewefa/., 1989
9.2 P. berghei 9 - 1 0 - 1 1 11 C. Janse, unpublished
9.11 P. berghei 9 - 10 - 11 10 C. Janse, unpublished
SSUribo ' P. berghei 5 - 6 - 7 - 1 2 5 - 6 - 1 0 Dame etal., 1983
13.33, 13.45 P. berghei 13-14 11 C. Janse, unpublished
Actini P. falciparum 13-14 11 Wesseling etal., 1988
EP7clb P. berghei 13-14 11 0. Janse, unpublished



chromosomes of P. yoelii YM are shown in Figures 3.4.1 and 3.4.2 respectively. Ail of 

the probes hybridised with a single chromosome band except probes 7.1, SSUribo, 

and Spll. Probe 7.1 is an anonymous DNA clone from P. be/y/îe/which identifies 

chromosome 1 in P. berghei an6 a strain of P. yoe/// (described as virulent 17X’ but 

no details were provided as to the ancestry of this clone) which was maintained in a 

Dutch laboratory (C. Janse, pers. com.). This species hybridised predominantly to the 

smallest chromosomal band of DNA on our P. yoeiii Southerns, but also less strongly 

to all other bands except band 4. The SSUribo probe is a fragment of the small 

subunit ribosomal RNA gene of P. berghei, which is known to be present on 

chromosomes 5, 6, 7, and 12 of P. berghei and the Dutch P. yoelii (C. Janse pers. 

com.) This probe hybridised to bands 5, 6 and 8 in our P. yoelii sample. Because the 

locations of chromosomes 5, 6, and 7 had been determined by using other probes, 

chromosome 12 seems to constitute the single chromosome band 8. The anonymous 

P. berghei chromosome 3 probe Spll did not hybridise to any chromosomal DNA 

bands in our P. yoelii line.

Probes 9.2 and 9.11 were both derived from the band which contained 

chromosomes 9, 10, and 11 in the Dutch P. yoe/// isolate. In our P. yoe//7 YM sample, 

probe 9.2 hybridised with chromosome band 10, and probe 9.11 hybridised with band 

9. Both of these bands appear to contain single chromosomes. Because there was no 

precedent to number these chromosomes in P. yoe///YM, the chromosome within 

band 9 was labelled chromosome 10, and that within bandIO was labelled 

chromosome 11. There was no probe available which hybridised with the second 

chromosome identified as being present in band 7 (chromosome 8 was known to be 

present in this band) in Section 3.3.3, but as all of the other large chromosomes had 

been identified, this was called chromosome 9. The hybridisation data shown in 

Figure 3.4.2, panels b, c, d, and e, is not very clear, but has been verified. The bands 

of interest have been arrowed. What appears to be small chromosome hybridisation 

to probe 9.2 is artifactual (probably an edge effect, because it does not extend the full 

width of the chromosomes in the blot) and was not seen on any other occasion with 

this probe. A hybridisation using the same probe to parasites which include YM is 

shown in Figure 6.3, and there is no evidence of hybridisation to the small 

chromosomes on that autoradiograph.
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Figure 3.4.1

Identification of P. yoelii YM chromosomes by hybridisation with specific DNA probes 
Probes used : aB:7.1 bC,D:yH4 cA:4.1 cB:7.1 dB:1.9 dC:2.2 dD:4.1 dE:3.1
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Figure 3.4.2
Hybridisation of P. yoelHYM large chromosomes with specific probes
a. and f. Ethidium bromide stained chromosomes before blotting
Southern blots were hybridised with : b. MSP 1 c. SSUribo d. 9.11 e. 9.2
g. 13.33 h. 13.45 j. Actin 1 k. EP7clb g h
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Direct identification of chromosomes 13 and 14 was not possible because 

these chromosomes could not be resolved separately. However, four different probes 

which were derived from the most slowly migrating band of P. berghei DMA, which is 

known to contain chromosomes 13 and 14 in this species, hybridised with the 

equivalent band in P. yoelHYM. While there is no proof that both of these probes are 

not derived from the same chromosome, it seems probable that both chromosomes 

13 and 14 are represented by at least one probe, and that the P. yoelii homologues 

of chromosomes 13 and 14 are present in the most slowly migrating band of DMA in 

this species.

The only other band for which it was not possible to obtain a specific probe 

was the single chromosome within band two. All of the other small chromosomes 

apart from chromosome 3 had been identified, and so it is likely that this is 

chromosome 3, despite the fact that it did not hybridise with the chromosome 3 probe 

we obtained from C. Janse.

Figure 3.4.3 is a schematic drawing of the resolved P. yoelii YM chromosomal 

DMA bands and the chromosomes which have been identiied within them by using 

chromosome specific probes.
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Figure 3.4.3

Diagram to show the electrophoretic karyotype of P. yoe//7 YM

The chromosomes which have been positively identified by the use of 
chromosome specific probes are numbered.

"  Denotes the two chromosomes which could not be directly 
identified but which hybridised with probes made from P. berghei 
chromosomes 9 ,10 , and 11.

□ Denotes the two chromosomes which did not hybridise with any 
of the available probes, for which an identity has been inferred.

1) Separated using TAPE
2) Separated using CHEF
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3.5 Discussion

The results presented in this chapter represent the fullest characterisation of 

the genome of P. yoelii YM performed to date. It has been demonstrated that this 

parasite has fourteen chromosomes, the same number as all other Plasmodia, but 

that most chromosomes of P. yoelii appear to be significantly larger than their 

homologues present in other members of this genus. It is not known whether the 

larger size of the chromosomes is due to an increased amount of coding sequence, or 

whether P. yoelii parasites have more non-coding DMA.

Because of the lack of cross-hybridising markers it has not been possible to 

obtain specific probes which hybridise to each of the chromosomal DNA bands of P. 

yoelii. A large number of probes are available for P. falciparum but the genomes of 

rodent malaria species in general and P. yoelii in particular have been little 

characterised. Also the relatively early divergence of the rodent malaria parasites from 

those species parasitising humans and primates, and from the avian parasite which is 

believed to have been the parent of P. falciparum (Waters et al., 1991, Weber, 1987), 

and also the antigenic variability of malaria parasites in general, means that few of the 

characterised malaria genes cross-hybridise with their P  yoelii homologues. Some 

specific genes encoding proteins involved in metabolic processes do cross-react 

throughout the genus, for example the P. falciparum SSUribo DNA gene probe used 

here. P. falciparum probes derived from antigen genes do not generally cross react 

with those of rodent parasites. This is not surprising when the sequences of 

analogous genes are compared. The P. falciparum and P. yoelii merozoite surface 

protein 1 (MSP1) genes have been demonstrated to share less than 30% sequence 

identity (Lewis, 1989), even though the structure, processing and the function of the 

proteins encoded by these genes is highly conserved in the two species. The cross 

reactivity exhibited between analogous genes of P. berghei and P. yoelii has been 

very useful during these studies as most of the probes used were derived from this 

species. However this species is only now beginning to be characterised, and in some 

cases we found it possible to achieve a more complete separation of the P. yoelii 

genome than had been published for P. berghei. For this reason two probes produced 

for this species which hybridised with a single P. berghei DNA band containing 

chromosomes 9, 10, and 11, hybridised with two distinct bands in P. yoe//7 YM.

Ten chromosomes were positively identified as homologues of those present 

in other species on the basis of their cross-reactivity with specific DNA probes. These 

were chromosomes 1, 2, 4, 5, 6, 7 ,8 ,12,13 and 14. Two of the four remaining 

chromosomes each hybridised with one of two different probes derived from a
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chromosome 9/10/11 triplet band in P. berghei. The smaller of these two bands has 

been arbritrarily called chromosome 10, and the larger chromosome 11. There 

remained two bands which did not hybridise with any available probes. These were 

band 2 (estimated size O.GMbp), and one of the two chromosomes within band 7 

(estimated size 1.75Mbp). The small band is most probably the chromosome 3 

homologue of P. yoelii even though it failed to react with the P. berghei probe for this 

chromosome, because homologues of all of the small chromosomes except 

chromosome 3 were identified in P. yoelii YM in this study. The large band has been 

called chromosome 9, although the identification of those chromosomes referred to 

here as numbers 9,10, and 11, may have to be revised when more probes allow true 

comparison of homologous chromosomes between species. As the identification of 

most of the DNA bands was achieved by hybridisation of a single short DNA 

sequence, it is possible that translocation events may have caused the sequences 

which hybridise to each of the probes to jump chromosomes. It will only be through 

the hybridisation of multiple probes that it will be possible to state which represent true 

chromosomal homologues.

As the plasmodia! genome becomes increasingly well characterised, many 

genes are being sequenced. It may be that housekeeping genes will be identified from 

the homologues of these chromosomes in other species, and that these genes will be 

sufficiently well conserved to be of use. Alternatively P. yoelii homologues of genes 

already identifed on these chromosomes in other parasites may be identified.

Studies to characterise the malarial genome are very important. A long term 

project to sequence the genome of P. falciparum has recently been initiated as a 

cooperative project between five laboratories world-wide, and to this end the 

chromosomes of this species are being mapped at increasingly high resolution. To 

sequence the entire genome will take a number of years but will be of enormous 

value, because the data produced may reveal ways in which the metabolic processes 

of the parasite differ from those of humans, which could provide clues to novel targets 

for chemotherapy, and may reveal the mechanism of Plasmodial antigenic variation. A 

number of interesting genes, encoding proteins which appear to be important in the 

mediation of such factors as parasite virulence (incuding the gene family which is the 

subject of this thesis) have been identified in rodent malaria parasites. If the proteins 

encoded by the homologues of these genes are not immunologically cross-reactive, 

and are to be sought in P. falciparum, the task of searching for them would be 

simplified if the organisation of the genome was demonstarted to be conserved in all
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members of the genome. In this case mapping studies could be directed to a single 

chromosome or region of that chromosome.

As the genomes of different malaria parasite species are characterised, it will 

be possible to examine the relatedness of each species and evaluate the frequency 

that events such as translocation occur in the different members of the genus.
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CHAPTER 4 : ORGANISATION OF THE RHOPTRY PROTEIN GENE FAMILY IN P. 

YOELII YM

It was known from the cloning studies of Keen (1989), that three different 

versions existed of the 3’ terminus of the gene that was believed to encode the 

235kDa rhoptry protein of P. yoelii YM. However it was not known whether these three 

genes represented the complete gene family. It was also not known whether these 

genes occurred independently, or in association. The aim of the work presented in this 

chapter was to examine the distribution of the gene family and to estimate the copy 

number.

4.1 Hybridisation of rhoptry protein gene probes to whole separated 

chromosomes.

In order to examine the distribution of the rhoptry protein gene family members 

among the chromosomes of P. yoelii YM, a series of hybridisations was performed. 

The probes used were cloned rhoptry protein gene DNA fragments described by Keen 

et al., 1990 and by Sinha, 1992 (see Figure 1.4)

4.1.1 Hybridisation of E8 to CHEF-resolved chromosomes

The full-length E8 EcoRI clone was labelled by incorporation of and used 

to probe a Southern blot of CHEF-resolved P. yoelii YM chromosomes. On this 

particular separation, chromosome bands 9 and 10 were not resolved. Three strong 

regions of hybridisation were observed corresponding to bands 1/2, band 6, and 

bands 9/10. See Figure 4.1.1, panel b. This result indicated that there were at least 

three sequences which hybridised to E8 within the genome of P. yoelii YM, and that 

these sequences were present on distinct chromosomes. The observation of the three 

loci was in agreement with the isolation the 3’ termini of the gene corresponding to E8, 

and two different, similar genes (Keen et al., 1990).

4.1.2 Hybridisation of 86 to CHEF-resolved chromosomes

A hybridisation to demonstrate the chromosomal location of the 235kDa 

rhoptry protein gene family had initially been performed using S6 because when this 

work was commenced, the full length sequences of E8 and E3 had not been 

compiled. It was known from restriction mapping studies that the sequences diverged 

further upstream, but the extent of this variation could not be known. The three clones 

S6, S7 and S8 representing the 3' termini of three rhoptry protein genes had been
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Figure 4.1.1

Southern blot of P. yoelii YM CHEF resolved chromosomes

a. Ethidium bromide stained chromosomes

b. Hybridised with E8

c. Hybridised with 86

a. b.
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sequenced, and were known to share 96-98% nucleotide homology (Keen et al., 

1990). Any one of these probes could be predicted to cross react with the other genes 

under conditions of high stringency. S6 was arbitrarily chosen, and hybridised with a 

different blot. On comparison with the pattern produced on hybridisation with EB, it 

was noticed that although the same loci were identified, the relative intensity of the 

signals produced from each of the three bands appeared different. To enable 

comparison, the same Southern blot used in section 4.1.1 was hybridised with 86.

See Figure 4.1.1, panel c. It can be seen that the signal from bands 1/2 was much 

more intense than that seen from band 6, and that band 9/10 produced a still weaker 

signal.

This result indicated that there may be some variation among the members of 

the gene family because if all of the E8-like sequences identified in section 4.1.1 

shared a common structure, then hybridisation with the 3’ gene probe S6 would also 

produce the same pattem. Bands 6 and 9/10 had hybridised strongly with E8, but 

hybridised much less strongly with S6. This result indicated that some members of the 

gene family might share a greater degree of homology to sequences within E8 which 

occur upstream of the start of S6, than to S6 itself. This could be an indication that a 

separate group of E8-related genes might exist which are more highly conserved at 

the 5’ end and more divergent at the 3' end. If this is the case, the three Dra\ clones 

(S6, S7 and SB) identified by Jane Keen, might not represent the full extent of the 

235kDa rhoptry protein gene family but rather a sub-class of sequences.

4.1.3 Hybridisation of E8 to FIGE-resoived P. yoelii YM chromosomes

In order to examine more closely the hybridisation of EB to the smaller P. yoelii 

YM chromosomes, a FIGE blot was probed. Three bands of hybridisation were 

observed, from the chromosomes within bands 1, 6, and from band 7+ (i.e. from band 

9/10). See Figure 4.1.2, panels a and b.

Thus with improved resolution of the smaller chromosomes it was possible to 

localise the rhoptry protein gene sequences to band 1 (chromosome 1), and band 6 

(chromosomes 5 and 6).

4.1.4 Hybridisation to a more complete CHEF resolution of P. yoelii YM 

chromosomes

When a better separation of the largest P. yoelii chromosomes had been 

produced, a Southern blot was hybridised with EB and it was demonstrated that only
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Figure 4.1.2

FIGE and CHEF-resolved P. yoe lii YM  chromosomes

a. Ethidium bromide stained FIGE gel
b. FIGE Southern, hybridised with E8
c. Ethidium bromide stained CHEF gel
d. CHEF Southern, hybridised with E8
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band 9 hybridised. See figure 4.1.3, panels c and d. This band had been 

demonstrated to contain a single chromosome which has been called chromosome 

10, see Section 3.4.

Among the larger chromosome bands of P. yoelii YM, rhoptry protein gene 

sequences were only detected within chromosome 10.

Thus to summarise the results of section 4.1, there are members of the 

235kDa gene family present on chromosomes 1,10 and 5 and/or 6. Some members 

of the gene family may have 3' sequences which differ from the three previously 

identified sequences S6, S7, and S8.

4.2 Hybridisations to a FIGE-Rsal two-dimensional Southern blot

Because one of the bands (6) which hybridised with the 235kDa rhoptry 

protein gene family probes contained multiple chromosomes which could not be 

resolved using PFGE, it was decided that a two dimensional Southern blot technique 

which permitted examination of the sequences within individual bands might provide 

more information as to the number of different sequences within each band. Also it 

was envisaged that this technique would permit tentative localisation of the genes 

corresponding to the cloned DNA species by comparison with the known restriction 

maps of E3/S8 and E8/S6.

FIGE was the system of choice for the initial chromosomal resolution because 

relatively large quantities of genomic DNA could be rapidly separated. Although the 

larger chromosomes were not resolved by FIGE separations, only one chromosome , 

(chromosome 10) which contained 235kDa rhoptry protein gene sequences was 

known to be present within the unresolved material, and so any signals observed 

within the band 7+ smear would be known to be derived from this chromosome.

A strip of a FIGE gel containing all chromosomal bands was digested with a 

large excess of the restriction enzyme Rsal, and then the resulting fragments were 

resolved in a second dimension using a conventional submarine agarose gel system. 

The gel was then blotted and probed sequentially with a series of DNA species 

derived from the 235kDa rhoptry protein gene family.

A schematic representation of the location of the different 235kDa protein 

gene probes relative to the cloned gene family elements, is shown in Figure 4.2.
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Figure 4.2
A schematic representation of the 235kDa protein gene probes and cloned gene family elements
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4.2.1 Hybridisation with the rhoptry protein gene 3’ terminus (probe A)

Probe A was produced by PCR amplification from P. yoelii genomic DNA using 

primers designed from E3/E8, and S6/S7/S8. The probe was designed so that it 

would hybridise with the same 3’ region of the rhoptry protein genes as S6/S7/S8, but 

being slightly shorter would avoid the inclusion of an Rsa\ recognition site present in 

S6 and S8. The shorter product would then hybridise to a single Psal restriction 

fragment from E3/S8 and E8/S6.

The sense primer used represented nucleotides 6386 to 6404 of E3 (one 

difference between E3 and E8). This primer was directed against sequence 70bp 

upstream of the Oral restriction site delineating the start of S6, S7, and S8, and so it 

was not known whether the primer sequence would be present in the gene 

corresponding to S7. However, based on the high degree of homology between the 

known regions of the three genes, and the fact that E3 and E8 continued to be very 

similar further upstream it seemed reasonable to suppose that the gene 

corresponding to S7 would continue to be very similar at least a short distance further 

upstream. The antisense primer was conserved between S6, S7, and S8, and 

represented nucleotides 6790 - 6805 of E3.

It was known that probe A would hybridise with Psal restriction fragments of 

2.40 and 1.06kbp in the genes represented by E3 and E8 respectively. S7 contained 

no Psal recognition sites and so it could only be assumed that in the gene copy 

represented by this clone, a fragment at least as large as the cloned DNA insert (i.e. 

greater than 0.53kbp) would hybridise. It could be that in this gene copy an Psal 

recognition site would occur in the unknown sequence between the recognition site of 

the sense primer, and the start of S7. If this was the case then two Psal restriction 

fragments derived from the S7-containing gene would hybridise with probe A.

Six spots of hybridisation were observed, two arising from each of three 

different chromosome bands previously identified as hybridising with 86 (see Figure 

4.2.1). One very strong spot of 1.1 kbp and another much fainter spot of 3.2kbp arose 

from band one, two strong spots of 2.4 and 3.5kbp from band six, and spots of 1 2kbp 

(strong) and 4.5kbp (less strong) were seen from band 9. Thus tentative assignments 

for the location of S6/E8 on chromosome one (the smaller of the two spots of 

hybridisation) and S8/E3 on a chromosome within band 6 (the larger spot) were made. 

Any of the remaining four spots could represent the sequences corresponding to 87, 

the 3.2kbp fragment from band 1, the 2.4kbp fragment from band 6, or either or both
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Figure 4.2.1

Southern blot of R yoelii YM FIGE-resolved chromosomes, 
restricted with Rsa I and hybridised with probe A
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of the fragments derived from chromosome 10. The spot from chromosome 1 which 

corresponded to E8 was much more intense than any other spot.

The two spots of hybridisation arising from band 6 were apparently derived 

from different chromosomes because the spots were not aligned directly above one 

another. The second-dimension field had been applied perpendicular to the axis 

containing the digested chromosomes, and so sequences derived from a single 

chromosome should have been aligned on the second dimension gel. It was known 

that chromosome six migrated slightly further than chromosome five in FIGE gels, 

from hybridisations with the chromosome specific probes (see Chapter 3). Thus it 

appeared that sequences hybridising with the rhoptry protein sequence represented 

by probe A, were present on both chromosomes 5 and 6. The characteristic restriction 

fragment from E3 indicated that the gene from which it was derived was present on 

chromosome five.

Because probe A had been prepared by PCR from genomic DNA using 

primers common to E3/S8 and E8/S6, both genes should be represented in the probe 

in the same proportion that they occur in the genome (and in any case the homology 

of the two genes is so high that had the probe been derived from any one gene copy 

it would probably hybridise equally well to all genes). The fact that the E8/S6 

sequence produces a much stronger signal than the E3/S8 sequence could be an 

indication that this gene is represented at higher copy number than E3/S8 and the 

other genes. The non-E8/S6 spot from chromosome one is considerably fainter than 

the E8/S6 spot. This could represent a difference in copy number, or could indicate 

that the sequence which hybridises is much less homologous to S6/S7/S8 than they 

are to each other. The two spots derived from band 6 were of similar intensities, but 

as the sequence of the non-E3/S8 species present at this locus is not known, whether 

this is indicative of the relationship of the two DNA fragments or their relative 

abundances can only be the subject of speculation.

No signal was detected using probe A for any other DNA bands, even after 

prolonged exposure, indicating that no sequences with homology to S6, S7, and S8 

are present on other chromosomes.

These results indicate that the rhoptry protein gene family includes a minimum 

of five, or six genes with S6/S7/S8-like 3' termini, distributed among at least four 

chromosomes (two genes on chromosome one, one on chromosome five, one on 

chromosome six, and one or more copies on the chromosome within band nine).
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Figure 4.2.2

Southern blot of P. yoelii YM FIGE-resolved chromosomes, restricted
with Rsa I and hybridised with probe B
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E8/S6 was tentatively identified as being present on chromosome one, E3/S8, 

on chromosome 6.

4.2.2 Hybridisation with the E8 5’ gene sequence (probe B)

As the project to fully sequence clones E3 and E8 continued data accumulated 

concerning the sequence of the 5’ regions of these clones. Both were demonstrated 

to consist of sequences with a single continuous open reading frame, and were 

judged to be coding. The sequence data confirmed the observation made during 

mapping studies that the sequences of the genes were more divergent towards their 

5’ termini (Keen et al., 1990). In order to examine whether the 5’ sequence of each 

clone was unique to each gene copy, hybridisations were performed using fragments 

of each clone.

Because E8 had been best characterised, this sequence was used first. The 

probe sequence (probe B) was a 697bp Rsal-EcoRI restriction fragment at the 5' 

extremity of the E8 sequence. Over this region, E8 shares approximately 80% 

nucleotide sequence identity with E3 (Sinha, 1992). An Rsal recognition site was 

known to occur 1.3kbp upstream of the start of E8 which meant that on the Rsal 

Southern blot, a fragment of 2kbp would be expected from the gene corresponding to 

E8.

When probe B was hybridised with the Rsal Southern blot under the usual 

stringent conditions, a single spot of hybridisation is observed of 2.0kbp, derived from 

chromosome one, confirming the location of E8 within this single chromosome (see 

Figure 4.2.2). On longer hybridisations, a very much weaker spot of 1.4kbp could be 

seen. This fragment probably represented the corresponding region of E3, 

demonstrating the limited cross-reactivity between this region of the two genes at 

conditions of high stringency. This restriction fragment therefore represents a probe 

for the rhoptry protein gene family which predominantly hybridises with E8.

4.2.3 Hybridisation with the E3 5’ gene sequence (probe C)

Probe C is an 824bp PCR product representing the extreme] 5' region of E3 

between nucleotides 111 and 935. This fragment contains no internal Rsal restriction 

sites, and occurs upstream of the known sequence of the gene corresponding to E8.

On hybridisation with the Rsal southern blot, a strong spot of 3.5kbp, located 

in the rear of band six was observed, confirming the presence of E3 within 

chromosome five, and representing a E3-containing gene-copy specific probe. (See
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Figure 4.2.3

Southern blot of P. yoelii YM FIGE-resolved chromosomes,
restricted with Rsa I, hybridised with probe C
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figure 4.2.3). On long exposures, a much weaker spot of 2.5kbp could also be seen 

from chromosome 1, probably representing the corresponding sequences of another 

gene, possibly E8.

4.2.4 Hybridisation with a rhoptry protein cDNA clone (probe H)

Probe H was a O.Skbp Rsal fragment isolated from a P. yoelii YhA cDNA library, 

and characterised by Henry Bayele. The sequence of this clone was found to be as 

different from E3 and E8 as they were to each other, and so was ascribed to a third 

distinct gene. The sequence of clone H corresponded to nucleotides 1584 - 2112 of 

E3. Because no data had been obtained as to whether E3 and E8 are expressed, this 

copy, being of cDNA origin, was the only member of the gene family known to be 

transcribed.

When clone H was used to probe the two-dimensional blot, a single band of 

1.6kbp hybridised, in the distal region of band 6 (see Figure 4.2.4), indicating that this 

third gene-family member is present on chromosome six, distinct from E3 and E8, and 

does not cross-hybridise under stringent conditions with either. This DNA fragment 

could represent sequences upstream of the 2.4kbp gene-fragment which hybridises to 

the 3’ probe in the same region of band six, (see Section 4.2.1). The other spot that 

could be seen on the autoradiograph was the result of non-specific binding of the 

probe to a damaged section of the autoradiograph.

The fact that the E3 3' gene probe did not cross hybridise with any sequence 

from chromosome one indicates that the trend of gradual sequence divergence 

towards the start of the genes corresponding to E3 and E8 continues upstream of the 

start of clone E8. The failure of clone H to hybridise with sequences from E3 and E8, 

although the probe sequence is derived from a region some way into E8 is probably 

because more than half of the probe sequence comprises a region delineated by two 

Rsal restriction sites in E8 (nucleotides 697-944), where the sequences of E3 and E8 

are most divergent (77% nucleotide identity), a region in which E3 and E8 have been 

demonstrated not to cross-hybridise on Southern blots (Sinha, 1992). The same 

degree of sequence variation was observed in clone H (H. Bayele, pers. com ).

The fact that probes C and H hybridised to single spots within the Rsal- 

restricted DNA was a useful indication that digestion of the resolved chromosomes 

had proceeded to completion. The presence of partially digested sequences could 

have given misleading indications concerning the complexity of the gene family.
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Figure 4.2.4

Southern blot of R yoelii YM FIGE-resolved chromosomes,
restricted with Rsa I, hybridised with probe H
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4.2.5 Hybridisation with a probe derived from the central region of E8/E3 (probe 

D)
The probe sequence used for this investigation (probe D) was a PCR product 

produced from P. yoelii strain YM genomic DNA, using the primers DA50 (nucleotides 

3179 - 3202 of E3) and DA51 (4138 - 4162 of E3). The primer sequences are 

conserved in both E3 and E8. The predicted sizes of the amplified regions in E3 and 

EB are 983 and 985bp respectively. Following PCR amplification a single band of 

approximately 1 Okbp was observed when the product was electrophoresed on an 

agarose gel (data not shown).

When probe D was hybridised with the Psal 2D Southern blot, nine spots of 

hybridisation were observed (see Figure 4.2.5). The spots were derived from band 1 

(a strong spot of 2.6kbp derived from E8, and a weaker band of 3.8kbp), band 2 (a 

single spot of 1.3kbp), band 4 (a single band of 2.0kbp), band 6 [front] (a single spot 

of 3.6kbp derived from E3, six [rear] (two spots of 2.0 and 2.1 kbp), and band nine 

(two spots of 2.1 and 5.1 kbp). Thus probe D-related sequences were present on all of 

the chromosomes which hybridised with E8, indicating that this element of the E3/E8 

sequence was more universal among members of the 235kDa rhoptry protein gene- 

family than the S6/S7/S8-like 3' gene terminus. There are no internal Psal sites within 

the regions of E3 and E8 which correspond to probe D, but they may be present in 

other genes. Internal Psal restriction sites cannot be present in the sequences which 

hybridise from chromosomes three and four because only single cross hybridising 

species are seen. The two spots seen from chromosome bands 6 and 9 could each 

have arisen from a single gene, if Psal sites were present. Thus hybridisation of the 

Psal 2D Southern blot indicated a minimum copy number of seven for the gene family

If all of the gene-copies which contain a region corresponding to probe D differ 

from one another by the same degree as E3 from E8, (which may be the case if clone 

H is representative of other members of the gene family), then all genes should 

contain sequences which would hybridise with the primers used to generate the 

probe, and should amplify with equivalent efficiency. If this is the case, then all genes 

containing this element should be represented in the probe in the proportion that they 

are present in the genome. Assuming equivalent amplification and labelling with of 

these species, then the relative intensity of each spot should reflect the relative 

abundance of each fragment rather than its relationship to a semi-conserved probe 

derived from a single copy of the gene. Thus if it could be demonstrated that the
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Figure 4.2.5

Southern blot of R yoelii YM FIGE-resolved chromosones,
restricted with Rsa I, hybridised with probe D
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probe D element was present in all members of the gene family then this probe could 

be used to estimate the copy number of the gene family.

While this work was in progress, a parallel experiment was performed by 

another worker in order to examine the extent of the 235kDa rhoptry protein gene- 

family. For this determination, the same 1kbp element was amplified from P. yoelii YM 

genomic DNA by PCR, and was cloned into the plasmid vector pUC19. After 

transformation of Escherichia coli bacteria with the recombinant DNA, individual 

colonies were isolated and the P. yoe///-derived DNA inserts were characterised. Initial 

characterisation involved digestion with the enzyme Hinf\ which was known to produce 

distinct restriction fragment pattems from the corresponding regions of E3 and E8.

Among a total of 104 clones examined, seven different Hinfl restriction patterns were 

observed. Three pattems occurred most frequently; one was E8-like, and one was E3- 

like. The third commonly occurring pattem was called Ô. Sixteen of the clones were 

then further characterised by sequencing and of these, eleven distinct sequences 

were observed (M. Borre, pers. com.). The discovery of so many sequence variants 

among the small number of clones examined indicated that the gene family (which 

must from this data contain at least eleven members) might be far more extensive 

than had been previously envisaged.

Each of the different clones sequenced by Borre contained sequences at each 

end which included the sequences of the primers DA50 and DA51, (this had been 

expected, because each had been amplified using the same primers). Thus it 

appeared that at least eleven different genes contained an internal sequence element 

which was very similar in form to E3 and E8, indicating that a large proportion of the 

members of the rhoptry protein gene family appear to have a similar organisation over 

at least part of their length. Because the sequence composition and length of each 

was very similar, there was no apparent reason why each should not be amplified with 

equal efficiency. Thus the assumption that each variant of this sequence which 

existed should amplify with an equivalent efficiency seemed to be valid, and if this 

was the case, then probe D was eminently suitable for use for estimation of copy 

number.

Nine distinct Rsal fragments were identified on the Rsal 2D Southern blot as 

containing probe D-related sequences. Borre's data indicate a minimum copy number 

of eleven, which would indicate that at least one of the spots identified must contain 

sequences from more than one gene. Because the spots of hybridisation derived from 

the different chromosomal DNA bands were of diverse shapes (the spots derived from 

band 7 (chromosome 9) were more diffuse than those from bands 1 and|6). For this reason
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conventional densitometric estimation of the number of species within each spot was 

not possible, and so comparison of the relative intensities of the spots was performed 

by eye. Considering the spots derived from chromosome one, the fragment identified 

as being of ‘non-E8’ origin hybridised with probe D to produce a signal which was at 

least ten times less intense than that produced by the ‘E8’ fragment. Three other 

spots (from chromosome bands 2, 4, and 7 appeared to have the same intensity as 

the non-E8 spot from chromosome one indicating that this could represent the 

hybridisation signal produced by a single separate gene. Thus it appears that there 

could be at least eleven genes containing probe D-related sequences present on 

chromosome one. The ‘E3-derived’ spot from chromosome five is approximately 

double the intensity of the E8 spot, which by the same analogy would indicate the 

presence of twenty equivalent genes within this band. From band six, the 2.Okbp spot 

is approximately the same intensity as the 'E8' spot, the 2.1 kbp spot appears to be 

roughly half as intense, as does the 2.1 kbp spot from band 7+. Thus it appears that 

based on the data of this hybridisation there could be around forty to fifty copies 

different members of the 235kDa gene family in the genome of P. yoe///YM parasites.

If the E8 and E3 derived sequences are present as multiple copies, the genes 

must all share common Psal restriction sites, which is consistent with the presence of 

tandemly arrayed genes.

4.2.6 Hybridisation with E8

When Southern blots of Psal-restricted P. yoelii YM genomic DNA were 

probed with the clone E8, a total of seven bands were detected, which represented a 

total of 14.7kbp of sequence (Keen eta!., 1990; Sinha, 1992). This was considered to 

agree well with the estimation of at least four copies of the 235kDa rhoptry protein 

gene. This determination had been based on the finding of three distinct 3' gene 

termini, and on hybridisations performed using this region of the gene. The results 

described in Section 4.2.1 indicated that there were at least five genes with S6/S7/S8- 

like 3’ ends.

When the entire E8 sequence was used to probe the Psal-2D Southern blot, a 

complex pattem of spots representing at least 52kbp of sequence hybridised, among 

at least six chromosomes. Spots of hybridisation were seen from two chromosomal 

DNA bands (bands 2 and 4) from which hybridisation with E8 had not been detected 

previously. See Figure 4.2.6. Not all of the spots which were identified from this
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Figure 4.2.6

Southern blot of P. yoelii YM FIGE-resolved chromosomes,
restricted with Rsa I hybridised with E8
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hybridisation are obvious on the autoradiograph shown in this figure because some 

which occurred close together cannot be separately resolved on this exposure. The 

major signals were derived from: band 1, 7 spots : a total of 14.5kbp; band 2, 2 spots : 

3.1kbp; band 4, 1 spot : 2.1kbp; band 6 (front, chromosome 5), 1 spot : 3.6kbp [see 

note below]; band 6 (rear, chromosome 6), 10 spots : 16.1kbp; band seven, 4 spots, 

7.8kbp. .[note: a single spot of 3.6kbp is seen from the rear of band 6 (E3), but it is 

known from mapping data that an Rsa\ restriction fragment of 3.6kbp is derived from 

the 3’ end of E3 and another of at least 3.1kbp is derived from the 5’ end of E3. As a 

single band of 3.6kbp is seen these bands must both be of the same size and be 

superimposed]. As E8 is not a complete gene sequence, (the 5' start of the gene is 

missing), and due to the known lack of cross reactivity between the starts of E3 and 

E8, it is probable that sequences representing the 5' regions of corresponding genes 

are not seen. The intensity of the spots seen varied widely, however because the 

sequence of a significant proportion of only two members of the gene family is known, 

whether the differences in intensity represent differences in homology or relative 

abundance of each fragment cannot be judged. By comparing the 2D-Rsal blot 

(Figure 4.2.6) with the conventional genomic DNA Southern blots produced previously 

(Keen etal., 1990; Sinha, 1992), all of the spots from the individual chromosomes can 

be superimposed to give rise to the relatively simple pattern of seven bands observed 

in these previous studies.

As stated before, some areas of the autoradiograph shown in Figure 4.2.6 are 

overexposed resulting in an inability to distinguish closely juxtaposed spots, but this 

exposure was included because the weakly hybridising species can be seen.

The horizontal streaking (between the spots, not the elongated spots derived 

from band seven) seen on this long exposure is an artefact of the two dimensional 

Southern technique, and not the result of a poor FIGE separation of the 

chromosomes. When resolved chromosomes are digested in agarose, long incubation 

periods are necessary to ensure that the digestion proceeds to completion. The small 

size of the P. yoelii YM-Rsa\ restriction fragments appeared to result in the diffusion of 

a proportion of the fragments out of the gel. The presence of these fragments on the 

surface of the gel strip resulted in their introduction into the second dimension gel, at 

low concentration with the result that hybridisation signals were detected from these 

species on long exposures. Because the fragments covered the surface of the gel 

strip they are seen across all bands with stronger signals arising from the more 

abundant fragments. This effect not detected when the chromosomes were restricted 

with infrequently cutting enzymes, presumably this is due to the much slower diffusion
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rate of the large DNA species produced by these enzymes. Vertical lines could also 

be detected when a three dimensional Southern blot was produced from digestion of 

a strip from a 2D gel (data not shown).

All of the Rsa\ restriction fragments known to be derived from E8 can be 

identified within band 1 (chromosome one), except for the 246kbp fragment. Small 

DNA fragments tend to give rise to relatively weak signals on Southern blots because 

cross linking of smaller species to the membrane is less efficient. The front of band six 

(chromosome 5) is the only region which contains a 3.6kbp spot, characteristic of E3. 

These results agree with the putative localisation of the two genes corresponding to 

E3 and E8 within these chromosomes.

The spots of hybridisation derived from chromosomes three and four (bands 2 

and four), gave the first indication that there were 235kDa rhoptry protein gene-related 

sequences on these chromosomes. The spots were very faint, but they probably do 

represent sequences with a close homology to E8 because these Southern 

hybridisations were performed at very high stringency. This observation is underlined 

by the fact that the E8-derived probe B does not cross-hybridise to any significant 

extent with the corresponding region of E3 at the same level of stringency, despite an 

80% nucleotide homology between the two genes at this point. The probe A 

hybridisation results indicated that there are no detectable 86/87/88 related 

sequences present on these chromosomes (Section 4.2.1). Perhaps these sequences 

represent truncated copies of 235kDa protein genes, or genes for other proteins, or 

psuedogenes, with an ancestral relationship to E8/E3. The fact that these sequences 

were not detected when Southern blots containing whole FIGE-resolved 

chromosomes were hybridised with E8, probably reflects the difference in signal 

intensity from these two chromosomes, as compared with the many hybridising 

sequences present within bands 1, 6, and 9. The detection of these sequences, the 

assignment of restriction fragments to particular chromosomes, and the detection of 

similarly-sized fragments derived from distinct chromosomes which would have been 

superimposed on conventional genomic DNA 8outhem blots, reflects the sensitivity of 

the 2D-8outhern technique. The presence of tandem arrays of identical or similar 

genes sharing common restriction sites would not, however, be revealed on this type 

of blot. Because of the large difference in intensity between the signals seen from 

some chromosomes, the possibility remains that some of the gene loci identified could 

contain 235kDa rhoptry protein genes in multiple arrays.

In addition to the E8-derived spots, there was an additional 7.7kbp of 'non-E8' 

sequence from band one. The rhoptry protein gene corresponding to E3 contains at
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least 7kbp of coding sequence, and so the non-E8 sequence could represent a single 

additional member of the rhoptry protein gene family also present on this 

chromosome. The probe A hybridisation indicates the presence of an additional 

S6/S7/S8 like 3’ gene terminus.

There is no evidence of other rhoptry protein genes present on the same 

chromosome as E3. The other chromosome within band 6 contains more than 16kbp 

of E8 related sequence which indicates the presence of at least one member of the 

gene family, probably at least two copies. Only a single spot of hybridisation was seen 

from this Rsal-restricted chromosome hybridised with probe A, although the presence 

of more than one superimposed restriction fragment cannot be eliminated.

The 7.8kbp of E8 related sequence present on chromosome 10 is sufficient to 

encode a complete E3/E8-like gene.

These results indicate a minimum of six members of the gene family if they are 

assumed to have a similar form to the genes represented by E3/S6 and E3/S8. The 

weakly hybridising sequences within chromosomes three and four appear to represent 

shorter sequences corresponding to E8 5’ of S6, or sections of related genes. If some 

of the other signals detected are also derived from similar genes, the copy number of 

the gene family could be much greater.

The E8-related sequences are present on at least six distinct chromosomes in 

P. yoelii strain YM. These are chromosomes 1,5,6, and 10 which give rise to strong 

hybridisation signals, and chromosomes 3 and 4 which give rise to weak signals.

4.2.7 Hybridisation with E3

Initially E8 was used as the 'whole gene' probe because this was the best 

characterised of the two large clones when the hybridisation work was begun. The 

initial characterisation studies concerning the gene family had indicated that E3 and 

E8 were each likely to be single copy genes, and so it was believed that either would 

be equally useful as a probe for the gene family. However when E3 and E8 were 

hybridised with the blot containing CHEF-resolved intact P. yoelii chromosomes, 

differences were seen in the patterns produced (data not shown). On this blot with E3, 

the same three chromosome bands hybridised, but the signal from band six was much 

stronger than those from bands one and nine. In order to investigate this difference 

the Rsa\ blot was hybridised with E3.
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Figure 4.2.7

Southern blot of P. yoelii YM FIGE-resolved chromosomes,
restricted with Rsa I, hybridised with E3
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Generally the pattern produced was very similar to that with E8 except that the 

spots derived from both chromosomes 5 (E3) and 6 (non-E3) were more intense. (See 

Figure 4.2.7). Among the spots derived from each of the FIGE chromosome bands, 

slight differences were detected in the relative abundance of spots which had been 

previously identified with E8; most probably this is a reflection of the different 5’ 

sequence present in E3. However what was most interesting was that in this 

hybridisation all of the spots derived from each major locus differed in the intensity of 

the signal, to that produced with E8. The spots from both chromosomes within band 6 

were more intense than those from chromosome 1. To enable comparison between 

the different hybridisations, the 1.1 kbp spot from band one was considered, because 

this sequence, representing the 3' terminal region of E8, is the region of the gene 

known to be most highly conserved between E3 and E8, and might be expected to 

hybridise with similar avidity to this region of either gene. Using this region as a 

standard, it confirmed the observation that the signals from the genes within band 6 

did hybridise more strongly with E3 than E8. The increase in signal was accompanied 

by the presence of a single additional restriction fragment which, as stated, probably 

represented 5’ sequences of E3 which would not have hybridised at high stringency 

with E8. The increase in the relative amount of E3-related sequence without an 

apparent increase in the number of spots detected is a strong indication that this gene 

is present as multiple copies in a tandem array. The fact that the Rsa\ restriction 

fragments derived from chromosome 6 (which looked very different from those known 

to be derived from E3), also all produced a signal of higher intensity with E3 than E8, 

indicated that these genes were more E3-like than E8-like. Thus this hybridisation 

suggests that there are considerably more E3-like members of the 235kDa rhoptry 

protein gene family than E8-like genes, in the P. yoelii YM genome.

An additional spot (of 1.2kbp) which had not been seen with E8 was detected 

from chromosome three (band 2), making a total of 4.7kbp of detectable rhoptry 

protein gene family sequence on this chromosome. This indicates that the sequence 

on this chromosome is probably more ‘E3-like’ than ‘E8-like’. No additional bands 

were detected from chromosome four. The signals from the species on chromosomes 

three and four were very much weaker than those from bands 1, 6 and 9 with both E3 

and E8, indicated a relatively poor conservation of sequence between the gene family 

members on these chromosomes, or a much lower copy number at these loci.

103



Figure 4.3

Southern blot of P. yoeliiYhA chromosomes, resolved by FIGE and
restricted with Eco Rl, hybridised with E3
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4.3 Hybridisation of EcoR1-digested FIGE resolved chromosomes with E3

A second two-dimensional Southern blot was produced. In this case the FIGE- 

resolved chromosomes were restricted with EcoRI. On hybridisation with E3, eleven 

spots of hybridisation were observed (see Figure 4.3). The hybridisation revealed that 

there had been air bubbles between the gel and the membrane which had prevented 

the complete transfer of all of the DNA in the gel. The signals from chromosome 

bands 1 and 7 were affected, but because the position of these bands was known 

from other similar blots, and some of the signal remained at each loci, this 

autoradiograph was included, because it was othen/vise very clear. The spots of 

hybridisation that were seen were: one of 5.8kbp from chromosome 1 (which must 

include E8 which is known to give rise to an EcoRI fragment of this size), one faint 

spot of 6.1 kbp from chromosome 3 (band 2), one spot (of 2.5kbp) from chromosome 4 

(band 4), eight bands (of 1.6, 2.4, 4.0, 4.7, 5.2, 6.8[E3], 8.6 and a faint band of 

9.2kbp) from band 6 (chromosomes 5 and 6). On very long exposures, a band of an 

estimated llkbp was also seen from band 6. All of these spots, except for the 6.8kbp 

E3-containing band from chromosome 5, appeared to be derived from chromosome 6 

because they emanated from the rear of broad band 6. Two bands (of 1.6 and 

6.5kbp) were seen from band from band 7+ (chromosome 10). In all a total of 67.9kbp 

of hybridising sequence was detected. The variation in intensity of the spots was very 

wide. However because the E3- and E8-containing spots were the most intense and 

these are the two members of the gene family which have been most fully 

characterised and compared, it cannot be known whether the other hybridising 

sequences are less well conserved, or at different copy number.

4.4 Hybridisation of E8 with Apal-digested FIGE-resolved chromosomes

In order to investigate the chromosomal location of the genes encoding the 

rhoptry protein gene family, the FIGE-Apal Southern blot hybridised with the telomeric 

probe in Section 3.3.2 was hybridised with E8.

A number of spots of hybridisation were observed, see Figure 4.4, panel b.

One clear spot of approximately 75kbp was derived from chromosome one, and two 

clear spots of 55 and 60kbp from chromosome 10. There was strong hybridisation to 

four distinct sequences from within band 6 (estimated to be of 120, 100, 80, and 

62kbp) but is was not clear from this separation which were of chromosome 5 origin 

and which were from chromosome 6.
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Figure 4.4

Southern blot of P. yoelii YM FIGE-resolved chromosomes, restricted with Apa I and resolved in a second 
dimension using CHEF
a. Hybridised with the 1.4 kbp insert of p.tel 1
b. Hybridised with E8

a. Chromosome
band no. 7+ 6 5 4 3 2 1

b. Chromosome 
band no. 7+ 6 5 4  3 2 1

DNA Mr Mass (kbp) 

145.5 -

DNA Mr Mass (kbp) 

1 4 5 . 5 -

#  »

9 7 . 0 - #  # 9 7 . 0 -

4 8 . 5 -

2 3 . 0 -

4 8 . 5 -

2 3 . 0 -

9 . 4 - 9 . 4 -



On comparison with the hybridisation pattern produced with the telomeric 

probe (see Figure 4.4 panel a) it could be seen that all but one of the seven spots of 

hybridisation observed with the rhoptry protein gene family probe corresponded to 

fragments containing telomeric sequences. The one fragment which did not hybridise 

with the telomeric probe was the 60kbp spot from chromosome 10, which was the 

weakest spot detected.

This result suggests that the majority of the rhoptry protein genes detected 

occur in subtelomeric locations, within 120kbp of the chromosome ends. E8 and the 

other gene present on chromosome one may both occur together within 75kbp of one 

of the ends of chromosome one, although due to the reduced signal from the non-E8 

gene this might be present on another fragment of chromosomal DNA, and be too 

weak to be detected.

There are rhoptry protein gene-family members at each end of chromosomes 

five and six, located within 60 - 120kbp of the chromosome ends. One or more rhoptry 

protein gene occurs within 55kbp of one end of chromosome 10. The other non- 

telomeric band which contains rhoptry protein gene sequences may be separated 

from these sequences by the presence of an Apa\ restriction site, or may be present 

at another location within this chromosome. The signal produced on hybridisation with 

this blot was very weak, the autoradiograph shown in Figure 4.4b was exposed for 

more than one week. No signal was detected from chromosomes three and four, but 

judging by the relatively weak intensity of the signal from these bands this is not really 

surprising. These data indicate that the 235kDa rhoptry protein gene family is present 

at at least six different loci within the P. yoelii YM genome; if the fragments derived 

from chromosomes three and four which could not be detected on this blot are 

included, the total rises to a minimum of eight; with the possibility of a ninth or tenth 

locus because the second band hybridising from chromosome band 9, and the non- 

E8 sequences detected from chromosome 1, could each represent distinct loci.

The FIGE-Psal 2D Southern blot hybridisation indicated that there were only 

E3 containing genes (or closely related species) on chromosome 5. The identification 

of four telomeric fragments which also contain rhoptry protein gene sequences from 

the band which contains only chromosomes 5 and 6 indicates that there must be 

similar genes at each end of chromosome 5. There must also be rhoptry protein gene 

related species at each end of chromosome 6.
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4.5 PCR amplification of resolved P. yoelii YM chromosomes and 

identification of the products using diagnostic restriction digestion

Before the technique for the production of clear 2-dimensional Southern blots 

(as shown in section 4.2) had been perfected, it was decided that a particular copy of 

the 235kDa rhoptry protein gene family could be assigned to a certain chromosomal 

DNA band, if a unique copy specific DNA sequence could be demonstrated to be 

present only within one band. To this end a method was developed whereby the 

235kDa gene sequences were amplified from the resolved bands of DNA produced by 

PFG electrophoresis. Plugs of agarose were removed using sterile glass Pasteur 

pipettes from all DNA bands in FIGE gels. The volume of the plugs was then 

estimated and these were used as templates in PCR reactions, replacing an 

equivalent quantity of water.

4.5.1 PCR from resolved P. yoelii chromosomes using a 3’ rhoptry protein 

gene-family probe

The primers for this amplification were those derived from the 3’ region of the 

gene family, which had been used to produce probe A, (see Section 4.2.1). They were 

chosen because this region had been sequenced in three versions of the gene and 

had been demonstrated to be the region of highest homology between the known 

gene variants. The antisense primer was known to be present in E8/S6, 87, and 

E3/S8. The sense primer was known to be present in E3/S8 and E8/S6, and it 

was thought that the primer would also very probably be present in sequences 

upstream of 87. When the sequence datajwere examined, it could be seen that the 

restriction enzymes Hinc\ and Dde\ would result in differential restriction patterns from 

the E3/88-, E8/86-, and 87-containing copies of the gene family.

PCR amplification was possible directly from the agarose plugs, with no 

additional treatment of the blocks found to be necessary. Plugs were taken from each 

of the DNA bands produced on FIGE gels but products were only seen from bands 

one, six and seven. (8ee Figure 4.5 a and b). All of the PCR products were of equal 

size (approximately 430bp), which was as predicted by the known sequence data.

4.5.2 Digestion of the band-specific PCR products to distinguish different 

copies

The PCR products were purified by electroelution of the bands from the gel, 

followed by ethanol precipitation. Each DNA was then restricted separately with Hinc\,
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Figure 4.5

Single chromosome PCR amplification of rhoptry protein genes
a. Bhidium bromide stained chromosomes
b. PCR products
c. Restriction map of the amplified fragments
d. Digested PCR products

a.
Well 1 2 3 4 5 6 7(1) 7(ii)

b.
DNA Mr (kbp) 

-5 0 0

-4 0 0
-3 0 0

Band No. 1 2 3 4 6 5 7(i)7(ii)

88 (E3) 

86 (E8)

H

25
H

334

87

25 268
End 87 

 t ________
200

H

DH
86

10
D

151

161

DNA Mr 
(kbp)

-5 0 0
-4 0 0
-3 0 0
- 2 0 0
-1 5 0

U H D U H D U H D  U H D



and Dde\, and then resolved on an agarose gel. The restriction maps of E3, E8 and 

S7 for these enzymes are shown on Figure 4.5, panel c. Panel d of the figure shows 

the patterns produced by each fragment. The restriction map for the gene 

corresponding to S7 is incomplete because amplification was begun around 70bp 

before the start of the clone.

Band 1 contained only E8/S6-like 3’ rhoptry protein gene sequence, band 6 

only E3/S8 like sequence, and band 7+ only a pattern consistent with a third single 

type of gene. The restriction pattern from band nine was consistent with it having 

arisen from the same gene as S7. Two different regions of the band 7+ smear were 

used to obtain template, both produced products which gave rise to identical 

restriction fragments with both enzymes. On other occasions, plugs were taken from 

each end of band 6, and these too gave rise to products which could not be 

distinguished (data not shown).

These data confirm the location of the E3/S8 and E8/S6, and indicate that S7 

sequences are confined to chromosome 10. These results appear to indicate that 

among the P. yoelii rhoptry protein gene family, only three types of S6/S7/S8-like 3' 

sequence exists, and that S6- and S7-like sequences are confined to single loci, while 

S8-like sequences must be present on both of chromosomes 5 and 6.

4.5.3 Band specific PCR amplification of DNA sequence further upstream.

After successful amplification of the 3’ terminus of rhoptry protein genes from 

agarose plugs it was decided to try and localise the other five (non-E3, non-E8) 

rhoptry protein gene variants identified by Borre (see Section 4.2.6) by amplification 

using primers DA50 and DA51.

Repeated attempts to amplify from individual chromosome bands in agarose 

plugs using these primers were unsuccessful. Priming proceeded very efficiently from 

purified P. yoelii genomic DNA used as a control but no products were seen from the 

PCR reactions which included agarose plugs (data not shown). Because this type of 

amplification had been demonstrated to work with the 3’ sequence, it did not seem 

that the presence of agarose could have affected the reaction, and amplification of 

genomic DNA was not affected by the presence of a DNA-free agarose plug. However 

the target sequence for this reaction was, at 1 kbp, more than twice the length of the 3’ 

target, and this may have reduced the efficiency of priming. Aliquots of each reaction 

were amplified (using the same primers), in an attempt to reveal the presence of any 

sequences amplified with low efficiency in the first reactions, but no products were 

seen.
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Because amplification worked well from genomic DNA, attempts were made to 

purify the DNA from isolated chromosomal bands. Because each band contained 

intact chromosomal DNA, it was thought that most of the methods generally used to 

purify DNA species from agarose gels might not efficiently remove the DNA from the 

gel matrix. A proprietary kit (GeneClean, Bio101) in which the DNA released by 

melting the gel is adhered to a powdered glass emulsion at conditions of high ionic 

strength, and then released into a low ionic strength solution, was tried, but no 

detectable amplification resulted. When aliquots of the GeneCleaned DNA samples 

were run on agarose gels, chromosomal bands could not be seen, but this does not 

mean that no DNA was present because quite a large quantity of DNA would be 

required to produce a visible band and it would be expected that some shearing of the 

chromosome would occur during the isolation procedure, causing the band to become 

more diffuse. Isolation of the DNA from the gel might have been more efficient if the 

chromosomal DNA had been restricted prior to isolation into fragments of around 

10kbp or less, but because only limited sequence data exists concerning this region of 

the gene family it was decided that any restriction enzyme which cut with the required 

frequency might also cut within one of the template sequences, and so produce 

misleading results.

4.6 Restriction of P. yoelii YM chromosome one with progressively more 

infrequently cutting restriction enzymes

Because E8, which was at the time of this work the best characterised of the 

235kDa rhoptry protein gene family sequences, was known to be present on a 

chromosome which could be isolated as a single band by FIGE, it was decided that 

the first attempts to be made to map the gene family would begin with this 

chromosome. The aim of this experiment was to digest P. yoelii YM chromosome one 

DNA with a range of restriction enzymes with recognition sites of different length and 

nucleotide composition. The enzymes Not\ and Fok\ which each have recognition 

sites containing eight G/C nucleotides, could not be expected to cut chromosome one 

more than once (there is a single A/ofl recognition site in the P. falciparum genome). 

Several enzymes with different 6G/C sites were chosen, and the remaining enzymes 

had a progressively higher proportion of A/T nucleotides. In this way it was envisioned 

that chromosome one would be restricted into progressively smaller fragments. It was
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Figure 4.6a

Southern blet of restricted P.yoe///YM chromosome 1
a. Hybridised with E8
b. Hybridised with p.tel 1
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Figure 4.6b

Southern blot of restricted Ryoelii YM chromosome 1 a. Hybridised with E8 b. Hybridised with p.tel 1
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Figure 4.6c

Southern blot of restricted Ryoelii YM chromosome 1 a. Hybridised with E8 b. Hybridised with p.tel 1
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hoped that it would then be possible to detect the smallest fragment which contained 

both the rhoptry protein genes and the telomere, and the largest fragments which 

contained each of these sequence elements independently. This information would 

allow a preliminary map of the chromosome to be constructed.

Preparative FIGE gels of P. yoelii YM chromosomes were run from which 

chromosome one was excised, dialysed and cut into pieces, and each piece digested 

with a different restriction enzyme. Because the sizes of the fragments expected with 

each enzyme could only be guessed at, the restricted DMAs were run on CHEF gels 

using a program designed to separate fragments ranging in size from 10 - SOOkbp. 

After Southern blotting, the blots were hybridised first with E8, and then with the 

telomeric probe.

The Southern blots produced dre shown in Figures 4.6 a, b and c. Generally 

the I signals produced on hybridisation of these blots with both probes were jvery poor, 

indicating that perhaps more chromosome one DNA should have been restricted with 

each enzyme. The digest with BamHI did not appear to have proceeded to completion 

because multiple bands were detected with both probes. No E8 hybridising bands 

were seen with Xho\ although there was hybridisation to the telomeric probe. It may 

be that this enzyme restricted the chromosome upstream of the telomere complex to 

produce fragments of less than, 5kbp which were not retained on the CHEF gel.

The most striking feature in those cases where clear bands could be detected, 

was that a range of enzymes with such different recognition sites should all give rise 

to fragments which differed in size by such a small amount. When the CHEF gels 

were stained with ethidium bromide prior to transfer, the ‘infrequently cutting’ enzymes 

gave rise to a smear containing fragments much larger than those produced by the 

more ‘frequent cutters’ which indicated that there had not been cross-contamination 

among the digests. However in the Not\ track in which the apparently unrestricted 

chromosome one could be detected, 48 and 20kbp telomere-containing bands were 

detected.

The presence of a single band (of around 20-30kbp) which hybridised strongly 

with E8 from the majority of the digests indicates that if the gene is present as multiple 

copies it is probably arranged in a tandem array and that the coding or intervening 

sequences appear to have regularly repeating sites for a number of restriction 

enzymes.

Although the panel of digests did not produce much information concerning 

the structure of chromosome one, the experiment did provide a maximum size for the 

telomere complex of P. yoelii YM (of 20kbp), which must also be the minimum
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distance between the end of the chromosome and the first possible location of the 

rhoptry protein genes.

4.7 Discussion

The results in this chapter are concerned with the localisation of the members 

of the 235kDa rhoptry protein gene family in P. yoelii strain YM. The data produced 

were consistent with the rhoptry protein gene family being present on six different 

chromosomes in this parasite. The gene family is multicopy and could be represented 

by as many as 40-50 genes. The genes appear to occur primarily in subtelomeric 

locations, within 55 -120kbp of the chromosome ends, and are present at both ends 

of two chromosomes.

Examination of the rhoptry protein gene family-derived restriction fragments 

suggests that the genes corresponding to the clones E3/S8 and E8/S6 appear to be 

reiterated many times.

E8/S6-like sequences are present at one end of chromosome 1. E3/S8-like 

sequences are present at both ends of chromosomes 5 and 6. The minimum 

separation of the rhoptry protein genes on chromosome 1 from the end of the 

chromosome is at least 20kbp. S7-like sequences are present within chromosome 

band 9 (chromosome 10), and are amplified by the primers used to produce probe A 

(see Section 4.6), indicating that homology of the 87-containing gene with those 

corresponding to E3/S6 and E8/S8 continues at least a short distance upstream of the 

cloned fragment which includes the gene terminus. The probe A hybridisation signal 

from band 9 is due to S7-like sequences, and by comparison with the other spots 

detected in the blot of Figure 4.2.1, the 87 sequence, and by extrapolation the gene 

which contains it, must also be present at multicopy. There are rhoptry protein related 

sequences which may be pseudogenes, present at lower copy number, on 

chromosomes 3 and 4.

Although sequences corresponding to 86/87/88 do not appear to be universal 

among all members of the gene family (they were not detected within the gene family 

members on chromosomes 3 and 4), they do appear to be present in a high 

proportion of the genes.

The genes which are present at multiple copy appear be in the form of tandem 

arrays, because many within each particular locus seem to contain conserved Rsal 

restriction sites. These sequences could be identical, or could represent related 

genes. It was only possible to identify nine distinct Rsal restriction fragments which 

hybridised with probe D, while other data presented in this chapter indicated a
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possible copy number of at least forty. In separate work, Martin Borre identified eleven 

different sequence variants of the same region of the gene among a sample of 

sixteen amplified and cloned gene fragments. Some of these clones, while differing at 

the primary sequence level, shared common {Hinf\) restriction sites. The fact that such 

a high proportion of the randomly cloned sequences were different, indicates that 

there could be a very large number of different versions of the gene in the genome of 

the parasite. The identification of only nine restriction fragments (from six 

chromosomes) hybridising with the region indicates that multiple genes must be 

present, on at least some of these chromosomes. The relatively small number of 

restriction fragments identified from each chromosome suggests that most copies of 

the genes on each share common Rsal and EcoRI restriction fragments. The 

presence of conserved restriction enzyme recognition sites among related genes is a 

feature commonly associated with genes arranged in tandem arrays.

As stated previously the hybridisation of specific probes from cloned members 

of the gene family to Southern blots of the parasite DNA suggest that there could be 

40-50 members of the rhoptry protein gene family. A gene family of this size encoding 

an antigenic parasite protein complex would be unprecedented in Plasmodia.

Although the genes themselves are relatively large, the parasite genome would not 

have any difficulty accommodating a gene family of these proportions. The average 

size of the coding sequence of each of the genes appears to be no more than 7kbp. 

Fifty copies of a 7kbp gene represents 350kbp of sequence, which in turn represents 

less than 0.2% of the 27Mbp P. yoelii genome.

The fact that the rhoptry protein gene family members occupy predominately 

subtelomeric locations is interesting. The genes for many Plasmodial antigens have 

been shown to map to the regions proximate to the telomere complexes (Foote and 

Kemp, 1989, Lanzer et ai, 1994). Conversely housekeeping' genes, such as 

enzymes involved in respiratory processes and for protein manufacture occupy 

internal sites, generally at least 150 - 200kbp from the telomeres, which are far less 

prone to alteration through recombinational events. It has been speculated that 

recombination events during mitosis and meiosis, mediated through the complex 

subtelomeric repeat sequence elements, or through the repetitive elements present in 

many Plasmodial antigens (Kemp et a/., 1987, Lanzer et ai, 1994), may result in the 

production of new antigenic variants, or combinations of antigens which in turn may 

confer a selective advantage to the parasite (Kemp et ai, 1990). Because of their 

subtelomeric location, intergenic recombination may be a mechanism by which some 

of the rhoptry protein gene variants have arisen. This might also explain one of the
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findings of Borre, that the sequence of some of the variant gene fragments that he 

cloned had elements which closely resembled E3 and E8.

Members of gene families may have all evolved from a single ancestral gene. 

There is evidence to suggest that the three histidine rich proteins (HRPs) of P. 

falciparum all evolved from such an ancestral gene, which twice in its history 

underwent a duplication event (Kemp et a/., 1987). The three variants of this gene 

HRP I, HRP II, and HRP III, are located in the subtelomeric regions of three distinct 

chromosomes, and the dispersal of the genes is believed to have been mediated 

through recombination between non-homologous chromosomes (Lanzer ef a/., 1994). 

Another P. falciparum gene, RESA has a non-functional psuedogene homologue 

present on a discrete chromosome (Cappai at a/., 1992). The amplification and 

dispersal of the rhoptry protein gene family from a single ancestral gene copy might 

have begun in a similar manner, with subsequent duplication of the dispersed genes 

giving rise to clusters of genes with more related sequences. However it is difficult to 

explain the presence of E3-like gene sequences at both ends of a single chromosome 

(as indicated by the presence of a 3.6kbp Psal restriction fragment), but not at any 

other location in the genome.

Attempts to identify suitable restriction enzymes to facilitate mapping of the 

rhoptry protein gene family genes on a single chromosome failed, apparently due to 

the presence of regions of sequence containing clustered recognition sites for all of 

the enzymes tested in the vicinity of both the telomeres and the rhoptry gene family 

members. In order to investigate different gene loci individually, a more effective 

approach might be to construct a yeast artificial chromosome (YAC) library from Apal 

restricted P. yoelii DNA. | YAC vectors have been demonstrated to allow the i 

stable propagation of large elements of Plasmodial DNA (Triglia and Kemp, 1991, 

Triglia et al., 1991). Hybrid YACs containing one yeast and one Plasmodial telomere 

have been shown to be stable in this system (Lanzer et ai, 1993) and so clones 

derived from those fragments identified in Section 4.4 which contained rhoptry protein 

gene family members could be identified and individually characterised.

The parasites from which the DNA was prepared for the PFGE studies and for 

the PCR analysis had been recently cloned; this was also the case for the DNA which 

was used by Borre in the experiment to examine variation of the Ikbp central element 

of the gene (delineated by primers DA50 and DA51). The fact that the parasite 

population was clonal and had only been expanded for a limited number of asexual 

cell divisions means that the presence of multiple copies at each identified locus for
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the gene family was not responsible for giving an inaccurately high indication of the 

extent of the gene family.

The restriction pattern data of Borre indicated that there were more E8-, E3-, 

and 5-like sequences in the P. yoelii YM genome than the other restriction pattern 

variants. This result agrees with the observation here that the three gene copies 

represented as having S6/S7/S8-like 3’ termini appear to be present at high copy 

number, and are all more prevalent than other members of the gene family which 

have deleted or altered 3' termini.

Another observation by Borre was that some of the gene fragments producing 

E3- or E8-like restriction fragments patterns differed from these clones at the 

sequence level by varying degrees. This might give an indication of why so many 

different copies of a gene are present in the genome of the parasite when the 

protein(s) encoded by the gene constituted such a minor component of the total 

parasite. Perhaps the parasite possesses a large repertoire of similar genes, of which 

only a small proportion are expressed at any given time. If this was the case this 

situation would be reminiscent of the expression of the variable surface glycoprotein 

(VSG) genes of Trypanosoma brucei. There are an estimated 10̂  VSG genes per T. 

brucei genome, but only one of these genes is usually expressed by any one parasite, 

at a given time (Van der Ploeg, 1990).

As discussed in Chapter 1, recently it has been demonstrated that the two long 

P. yoelii rhoptry protein gene clones, E3 and E8, appear to be homologues of an 

apical merozoite protein of P. wVax, PvRBP2. From what is known about the 

sequences of the other members of the gene family (from sequence data of Borre and 

Bayele), there appears to be a high degree of similarity between the other members 

of the gene family and so the entire P. yoelii rhoptry protein gene family, could 

represent PvRBP2 homologues. The reason why so many similar genes might exist in 

P. yoelii is discussed further in Chapter 8.
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CHAPTER 5 : INVESTIGATION OF VIRULENCE POLYMORPHISMS OF P. YOELII 

STRAIN YM

As stated in Chapter 1, investigation of the virulent parasite strain P. yoelii YM 

had indicated that these parasites did seem to have arisen from the avirulent 

reticulocyte-restricted parasite 17X. The altered phenotype expressed by the mutant 

YM was stable following both syringe and mosquito passage, and enabled the 

parasite to enter and develop within mature erythrocytes, while the avirulent parasite 

was only transiently capable of invading, and did not appear competent at developing 

within this cell type. The emergence of virulence appeared to be the result of an 

abrupt transition in the parasite, and could be distinguished from a previously 

described propensity of rodent malaria parasites to gradually become more virulent 

during prolonged syringe passage (Yoeli etal., 1966), because unlike this 

manifestation of virulence, the virulent phenotype was not reversed following passage 

through mosquitoes (Yoeli et al., 1975). Analysis of the products of a genetic cross 

between YM and 17X parasites indicated that it was highly likely that the virulence of 

YM was the result of a mutation which had occurred at a single genetic locus. The 

virulent trait segregated among a very high proportion of the progeny according to 

Mendelian laws and did not appear to be linked to either of the two phenotypic 

characters (glucose phosphate isomerase isoenzyme type, and pyrimethamine 

sensitivity) which had been used as genetic markers of recombination. The ‘virulence 

factor" identified by this cross was not however the only determinant of virulence, 

because three of the fifty-three progeny of the cross examined could not be 

unequivocally classified as being either virulent or avirulent. The mouse hosts were 

from an inbred stock, were of similar ages, and no concomitant infections which could 

have accounted for the atypical virulence of these three infections were detected 

(Walliker et al., 1976). Subsequently it was found that if the virulent stain YM was 

subcloned, clones could be isolated which were significantly less virulent than the 

parent, and which occurred at a frequency of approximately one in ten. Subcloning 

these parasites permitted the isolation of clones exhibiting even further reduced 

virulence. One such clone exhibited 17X-like levels of parasitaemia, however this 

clone differed from 17X in two important respects. Despite the fact that the 

parasitaemia which resulted from infection with this clone was very low, the parasite 

was capable of invading and developing within mature erythrocytes from the third day 

post-infection. Also when this clone was passaged through mosquitoes, the parasite 

subsequently exhibited restored virulence and produced the high levels of
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parasitaemia typical of a YM infection within a week of inoculation of 10® parasites into 

mice (Knowles and Walliker, 1980).

Possible explanations put forward for the atypical virulence exhibited in both of 

these investigations were that the virulent phenotype was the product of more than 

one gene and that a small proportion of the progeny only inherited some of the genes 

required for full expression of the virulent phenotype. If two or more genes which each 

contributed to the expression of virulence were clustered on a chromosome, then the 

probability that random crossing-over events during meiosis would occur within the 

gene cluster would be low. As a result, progeny would either inherit the entire locus or 

none of it, and that only rarely would a progeny inherit part of a locus. This could be 

an explanation of the fact that in the majority of the progeny of the cross, virulence 

appeared to segregate according to Mendelian principles, while for a small proportion 

of the progeny this was clearly not the case. An alternative explanation is that some 

unaccountable variation among the host population was affecting the expression of 

the parasite gene. The second explanation, that the genetic background of the host in 

which the parasites were growing affected expression seemed unlikely to be the case 

in the light of the use of inbred mice, and these animals could not be demonstrated to 

be harbouring any concomitant viral or bacterial infection which may have modulated 

the parasite growth.

A component of the 235kDa rhoptry protein complex identified by Holder and 

Freeman (1981) appeared to fulfil the criteria for candidate ‘virulence factor* because 

monoclonal antibodies directed against this protein were capable of converting a 

lethal infection of the virulent strain YM into a mild, reticulocyte-restricted ‘17X-like* 

infection. Thus the antibodies effectively reversed the phenotypic change which had 

occurred when the virulent parasite emerged, and ‘re-converted’ YM to the (supposed) 

parental type. However there was no direct evidence to link the products of any or all 

of the rhoptry protein genes with virulence, and no function had been ascribed to 

these proteins.

Early on in the work to characterise the organisation of the 235kDa rhoptry 

protein gene family, the opportunity arose to examine four different P. yoelii YM 

subclones of differing virulences. By examining the chromosomal distribution of the 

rhoptry protein genes in each of these clones it was hoped that any genomic 

rearrangement which affected these genes might be detected. The detection of 

differential localisation or expression of these genes would have provided evidence 

for a role for the rhoptry complex proteins in the mediation of the virulent phenotype, 

and might have provided clues concerning their function. When the work described in
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this chapter was undertaken, it was known that at least three distinct genes encoding 

different rhoptry complex proteins existed in P. yoelii YM (Keen etal., 1990), and 

these homologous sequences had been demonstrated to be present on three 

separate chromosomes.

The clones which were made available for our use had been isolated during 

the work described by Knowles and Walliker (1980). All of the P. yoelii YM subclones 

displayed typical YM-like red blood cell specificity, preferentially invading reticulocytes 

but also capable of entering and developing within mature erythrocytes. The virulence 

of each clone was determined by measuring the extent of mature erythrocyte 

parasitisation. All clones regardless of the level of virulence that they expressed, 

invaded all available reticulocytes extensively, and so determination of the 

parasitaemia within this cell type was not a useful measure of virulence. Three of the 

clones had each been classified as being of high, intermediate or low virulence. The 

fourth clone was a subclone isolated from the low virulence clone and which had 

exhibited a further reduced level of virulence. However, although the phenotype of 

each clone was found to be stable on syringe passage, each was converted back to 

‘typical’ YM levels of virulence following mosquito passage. Therefore, it did not 

appear that the variable expression of virulence exhibited by these clones could be 

the result of mutation which had become fixed in the genome because of the 

phenotypic reversal following passage through the sexual stages. However it seemed 

possible that some type of genetic alteration may have occurred which was stable 

during mitotic division but unstable during meiosis. In an attempt to detect any 

variation between the clones, the genetic material of each was examined and 

compared with that of wild-type YM parasites. It was also intended that the location of 

the known rhoptry protein gene loci would be examined in each, and the products of 

these genes immunoprecipitated from each by polyclonal anti-sera and monoclonal 

antibodies, to detect any variation in the distribution or expression of these genes 

among the clones.

A YM clone which had been stored very soon after the observed increase in 

virulence documented by Yoeli et al. (1975), was also included in these experiments 

as a control. This was a parent of the clone from which the subclones used for this 

work had been derived.

The YM subclones, which had been stored as blood stabilates at -70°C, were 

separately inoculated into single mice of the strain in which they had originally been 

produced (C57BL). The infections were allowed to become patent, with parasitaemia 

between 5-20% of the erythron, usually three to ten days after inoculation, depending

122



on the virulence of the clones. Standard numbers of each clone (10® parasites) were 

each inoculated into three mice, and the course of the infections followed, in order to 

confirm that each conformed to its original virulence classification. The clones were 

then passaged into a further four mice to produce sufficient parasite material for the 

investigations. A proportion of each of the parasites was cultured in the presence of 

an amino acid containing a radioactive isotope to biosynthetically label parasite 

proteins, and the remainder was used to produce PFGE DNA blocks.

The lineage of the clones used for this work is documented in detail in 

Appendix 1. The clone nomenclature is that used by Knowles and Walliker (1980). 

Briefly, clones 2, 3 and 8 are sibling clones derived from the YM parent in a single 

experiment. Clone J is a subclone subsequently derived from clone 8. Clone 2 was 

classified as highly virulent, and clone 8 of low virulence. Clone 3 was designated as 

being of intermediate virulence, and when subcloned the majority of clones derived 

from this parasite were significantly less virulent than the original parent YM. Clones 3 

and J were also passaged through mosquitoes before being used to infect additional 

mice (Knowles and Walliker, 1980).

The average parasitaemia which resulted when each of the clones was used 

to infect mice is shown in Table 5.1, reproduced from the original data of Knowles and 

Walliker. Also included are records of the infections resulting from clones 3 and J after 

mosquito passage, which demonstrated the restored virulence of each of these clones 

to typical YM levels.

5.1 Karyotyping the YM virulence variants

A CHEF machine was used to separate the DNA of each of the clones, using 

the conditions previously developed for YM parasites. When the chromosomes were 

stained with ethidium bromide, the karyotypes of all of the clones looked very similar 

(see Figure 5.1). In all of the clones except clone J, the bands identified in YM could 

be distinguished. Minor differences in the distance migrated by each band appeared 

due to differences in the amount of DNA loaded, for example clone 3 was most 

heavily loaded and this resulted in all of the chromosomal DNA bands being displaced 

slightly above equivalent bands in less heavily loaded tracks. This phenomenon had

123



Table 5.1
The virulence of clones 2, 3 and 8 isolated from the parental YM line of Plasmodium yoeiil line YM, 
and subclones J (derived from clone 8) and 10 (derived from clone 3)
Clone Parasitaemia of mature erythrocytes, average of 5 mice post-inoculation; standard deviations in parentheses.
No.

Day 3 Day 4 Day 5 Day 6 Day 7

2 4.5% (1.5) 64.9% (19.5) 92.8% (3.0)
3 4.8% (1.3) 56.9% (9.3) 60.3% (46.0)
8 3.7% (0.7) 5.7% (6.8) 21.8% (13.9)

J 2.5% (1.0) ND 8.2% (3.2) 5.3% (2.7) 3.2% (1.8)
10 2.1% (1.9) 5.8%(2.4) 4.5%(2.5) 3.1%(1.1) ND

The virulence of clone J following mosquito passage
Clone Parasitaemia of mature erythrocytes calculated from infections in a group of 15 mice; days post-inoculation.
No. Standard deviations could not be calculated as data was graphical: +/- size of error bars.

J 13.0+/-10% 5S.0+/-15% B4.0+/-15% 83.0+7-17%

The virulence of clone 10 following mosquito passage
Clone Parasitaemia of mature erythrocytes calculated from infections in a group of 10 mice; days post-inoculation.
No. Standard deviations could not be calculated as data was graphical: +/- size of error bars.

10 12.0+7-7% 33.0+7-9% 65.0+7-16% 69.0+7-20%

Control infection with P. yoelll strain YM
Clone Parasitaemia of mature erythrocytes calculated from infections in a group of 15 mice; days post-inoculation.
No. Standard deviations could not be calculated as data was graphical : +/- size of error bars.

YM 12.0+7-10% 58.0+7-16% 84.0+7-13% 82.0+7-14%



been observed previously when different amounts of the same DNA sample were 

loaded. For clone J all of the YM bands were present but the band corresponding to 

band 8 of YM, which was ajdoublet containing chromosomes 8 and 9. In clone J this 

band was reduced in intensity, and in addition, an extra band an estimated 200kbp 

smaller than band eight was seen (arrowed in Figure 5.1). This band was not present 

in any of the other clones, including clone 8, the parent of clone J. At the time this 

work was performed, chromosome specific probes for all of the larger P. yoelii 

chromosomes were not available. Because of institutional constraints, the parasites 

could not be grown in the animal facilities at Mill Hill, and so further material was not 

available for examination when these probes were obtained. However it seemed likely 

that one of the chromosomes within the YM band 8 doublet had undergone a deletion 

event, and been reduced in size by an estimated 200kbp. Because of the way the 

cloning was performed determination of when the mutation event occurred is difficult.

I Knowles and Walliker, (1980), used the dilution cloning procedure to isolate the 

I clones they described. With this method they estimated that there was a 75% 

probability that each of the 'clones’ that they examined was in fact derived from a 

single parasite. Subclone J was considerably less virulent than all of the other nine 

clones isolated at the same time. If Subclone J was not a pure clone it is likely that 

any other contaminating parasite would have been more virulent and expanded more 

rapidly. Therefore it is probable that Subclone J was in fact clonal.

Therefore the new band is a polymorphic variant of either chromosome 8 or 9. 

A 200kbp reduction in size cannot simply be the result of deletion of subtelomeric 

repeat sequences, and it is likely that some coding sequences must have also been 

lost, because our studies have demonstrated that some members of the rhoptry 

protein gene family occur within 55kbp of the chromosome ends in P. yoelii YM (see 

Section 4.4). This indicates that in addition to having telomeres of more varible length 

then P. falciparum, the entire telomere complex may be smaller in this species. No 

information is available concerning the size and nature of the sub-telomeric repetitive 

sequence elements of P. yoelii. In fact it is not known whether such sequences exist, 

although the fact that they are present in the closely related P. berghei and in P. 

falciparum, suggests that this probably is the case.

Because chromosomes lacking either or both telomeres are mitotically 

unstable, telomerase activity would have added telomere repeats de novo to each 

broken end of the chromosome. The fragment of the chromosome which lacked a 

centromere would remain mitotically unstable, and would be lost during subsequent 

rounds of cell division. The portion of chromosome 8 or 9 which was lost must
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Figure 5.1

Ethidium bromide stained CHEF resolution of the R yoe///YM 
virulence variant subclones.
Sc=Saccharomyces cerevisiae

Arrow points to polymorphic chromosome of clone J
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presumably not contain genes required for blood stage development in view of the 

viability of the parasites in mice.

This type of chromosomal polymorphism has been reported as occurring 

commonly during in vitro culture of falciparum malaria parasites. In fact parasites 

which have undergone similar deletions affecting a number of chromosomes appear 

to have a strong selective advantage under these conditions (Kemp eta!., 1987)

The apparent alteration in size of one of the chromosomes of clone J was the 

only chromosomal polymorphism observed in P. yoelii during the course of the work 

presented in this thesis.

No rhoptry protein gene cross-hybridisation had been associated with 

chromosomes 8 and 9 in YM, an so it appeared that none of the chromosomes that 

contained rhoptry protein gene-related sequences in YM, had undergone large size- 

polymorphisms in the clones examined. It must be noted, however, that differences of 

chromosome size in the order of tens of kilobase pairs will not be detected on these 

gels.

5.2 Hybridisation of resolved YM virulence variant clone chromosomes to 

rhoptry protein gene sequences

To investigate the presence of the genes in all of the YM virulence variants a 

gel containing resolved chromosomes was blotted and hybridised with the rhoptry 

protein gene probes, S6 and E8.

5.2.1 Hybridisation of CHEF-resolved chromosomes to E8

Figure 5.2, panel a, shows the resolved chromosomes. Panel b of Figure 5.2 is 

the autoradiograph produced by hybridising this blot with E8. In the Edinburgh YM 

clone (YMe) and each of the four subclones, three strong bands of hybridisation were 

observed, each corresponding to the three bands observed in the previously 

characterised strain of YM (not shown). The bands which hybridised in all cases 

appeared to be of equivalent size, indicating that the rhoptry protein gene family was 

present on the same chromosomes in each of the clones. This confirms the 

observation made above that none of the chromosomes containing members of the 

gene family had altered in size by an amount that could be detected on these gels, 

including the chromosomes of clone J. The most intense hybridisation was in all cases 

to band 6.
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Figure 5.2

Southern blot of P. yoelii YM virulence variant clones: CHEF-resolved chromosomes 
.a. Ethidium bromide stained gel
b. Hybridised with E8
c. Hybridised with 86
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5.2.2 Hybridisation of CHEF-resolved chromosomes to S6

The pattern produced with this probe was in all cases the same as that 

originally seen for YM, i.e. the strongest hybridisation was to the band containing 

chromosome one, with band six hybridising less intensely (see Figure 5.2, c). On 

prolonged exposure the weak signal arising from band nine could also be detected in 

all clones, but is not visible on this autoradiograph. Thus the distribution of the S6-like 

3’ rhoptry protein gene sequence also appeared to be conserved amongst all of the 

clones.

These results indicate that the gross organisation of the gene family may be 

conserved in all of the clones. It was not until some time after this work was completed 

that the high resolution two dimensional Southern blots were produced which 

indicated that the copy number of the gene family might be considerably greater than 

the three or four copies originally anticipated (Chapter 4). The significance of the work 

presented in this section in the light of the more recent results is discussed in the 

general discussion at the end of this chapter.

5.3 Southern blots of restricted DNA from the virulence variants

DNA from each of the YM virulence variants was digested with three restriction 

enzymes (Oral, Rsal, and EcoRI), which gave rise to progressively larger fragments. 

The restriction patterns produced by each clone on hybridisation with E8 were then 

compared. All clones produced identical patterns (see Figure 5.3), except for clone 8 

where digestion of the DNA with Dra\ did not occur, and in the Rsa\ treated samples 

from clones 8 and 2, where digestion had not proceeded to completion. In these 

lanes, what are presumed to be partially digested fragments of 3.7 kbp and of sizes 

greater than 4.5kbp can be seen. Insufficient parasite material prevented redigestion 

of these DNAs. The mean fragment size hybridising to E8 in EcoRI restricted DNA 

was 7kbp, with Rsa\ restricted DNA it was 2.5kbp, and with Dra\ it was I.Okbp). The 

products of digestion with EcoRI and Dra\ were not well resolved on the gel used 

here, but all of the bands detected appeared to be present in all of the samples. From 

these results no changes in the organisation of the gene family among the clones 

could be detected.

It is possible that all of the clones have an identical rhoptry protein gene 

organisation. However as stated in the previous section, more recent results which 

indicate a larger rhoptry protein gene family have implications concerning the
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Figure 5.3
Southern blot of P. yoe//7virulence variant subclone DNAs, hybridised
with E8

Restriction enzymes : D = Dra I R = Rsa I E = Eco RI
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Enzyme D E R  D E R  D E R D E R  E D R

DNA
Mass
(kbp)

9.0 —
8.0

6.0

4.0 — 

3 .0 ^

2.0 —  

1.6  —

1.0 —

I. .
• i . .

0.5 —



interpretation of these results (see discussion). Thus as far as could be detected by 

hybridisation to whole and restricted chromosomes no differences occurred in the 

organisation of the rhoptry protein gene family.

In order to look for changes to the gene family among these clones, a much 

more sensitive approach would need to be devised.

5.4 Immunoprécipitation of labelled proteins from lysates of YM virulence 

variants

It was known from previous work (A. A. Holder, unpublished data) that a 

complex of distinct, similarly sized proteins was immunoprecipitated from P. yoelii 

strain YM parasites, using sera and monoclonal antibodies which recognised the 

rhoptry proteins. When these proteins were electrophoresed on low percentage 

acrylamide gels, a complex pattern comprising at least three bands, present in non

equivalent amounts, could be resolved. While it was known that at least three 

versions of the rhoptry protein gene family existed, it was not known whether these 

bands were the products of multiple genes, or represented differentially processed 

products of a single gene. If the differences in virulence between the YM subclones 

were the result of differential expression of the rhoptry protein gene family, then gene 

products of different sizes may have been present the subclones. In order to examine 

the rhoptry proteins present in each of the virulence-variant YM subclones, 

immunoprécipitation was carried out on labelled protein extracts of these clones.

Parasitised blood was collected from mice containing each of the clones and 

incubated for several hours in methionine-free culture medium supplemented with ̂ ®S- 

labelled methionine. Continued development of the parasites within erythrocytes in 

vitro resulted in the incorporation of the isotopically labelled material into the proteins 

produced by the parasite. Mature erythrocytes are unable to synthesise proteins, and 

so should not have incorporated the labelled amino acid. However, whole blood was 

used so that there may have been some incorporation of by leukocytes, and by 

reticulocytes which do make proteins. The cultured blood was then lysed in the 

presence of protease inhibitors and detergent to solubilise the proteins. Insoluble 

material was removed by centrifugation and the parasite extracts were 

immunoprecipitated using various monoclonal antibodies and hyperimmune serum. 

The precipitated materials were electrophoresed on low percentage acrylamide gels to 

allow maximal resolution of the high molecular weight species, after which the gels 

were dried and exposed to fluorography so that the labelled material precipitated with 

each antiserum or antibody could be visualised.
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5.4.1 Immunoprécipitation with hyperimmune serum

This serum had been produced in mice infected with P. yoelii strain 17X, 

allowed to recover, and then infected with YM parasites, allowed to recover, and then 

infected twice further with strain YM (Freeman and Parish, 1981).

With the hyperimmune serum no differences were observed between all of the 

clones. For each a complex mixture of proteins was precipitated. The size of the 

largest major band was approximately 250kDa. The pattern produced by each of the 

clones appeared to be identical although minor differences would not be obvious 

among such a complex mixture (see Figure 5.4.1, panel a). Certainly all of the major 

bands observed were present in the extracts of all of the clones. The large amounts of 

differently sized proteins immunoprecipitated provides an indication of the complexity 

of the antibody response directed against malaria parasites in immune hosts. Some 

component of the proteins immunoprecipitated may be of reticulocyte origin. Release 

of merozoites would result in the release of internal reticulocyte proteins which in 

normal circumstances would not enter circulation. These intracellular components 

would probably elicit imrnune responses, and so antibodies directed against these 

proteins are likely to be present within the hyperimmune serum. Internal erythrocyte 

proteins may also be the target of immune responses, but as these proteins will not 

have been labelled, any proteins precipitated will not appear on the fluorographs.

For these immunoprécipitations, and for all the other experiments contained in 

this section, control immunoprécipitations were conducted with normal mouse serum, 

and also with monoclonal antibodies which recognised proteins other than those of 

the rhoptry protein complex. In all cases the normal mouse serum did not recognise 

any proteins strongly, and none that were of similar size to the rhoptry protein 

complex. The monoclonal antibodies each recognised predominantly the protein 

against which they had been raised.

5.4.2. Immunoprécipitation with anti-rhoptry protein polyclonal anti-serum

This serum was produced by immunising mice with rhoptry complex proteins 

affinity-purified from total P. yoelii extracts using the monoclonal antibody 25.77 (See 

below. Holder and Freeman, 1981)

The largest and most predominant bands immunoprecipitated with this serum 

were a triplet of around 235kDa, which was identical from all clones. The two lower 

bands were of equal intensity, and were estimated to be 231 and 235kDa. The third, 

uppermost band estimated to be around 238kDa was roughly one third of the intensity 

of the other two (see Figure 5.4, panel b). A single broad band of approximately
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Figure 5.4.

Immunoprécipitation from S-biosynthetically labelled P. 

yoe//7 YM virulence variant clones using polyclonal anti-sera, 

a Hyperimune serum, 

b Polyclonal anti-rhoptry protein serum.
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200kDa seen in all samples is thought to be a degradation product of one or more of 

the higher bands, because this band was not always present (data not shown). The 

other bands, which were seen on many occasions, are believed to be real and 

represent products of the rhoptry protein gene family. The lower bands seen are 

believed to be unrelated proteins which were not adequately washed from the 

immunoprécipitation complex.

Thus no difference could be distinguished among the proteins 

immunoprecipitated from each of the clones with polyclonal anti-rhoptry protein serum.

5.4.3 Immunoprécipitation using anti-rhoptry protein monoclonal antibodies

The monoclonal antibodies used for these immunoprécipitations were 

described by Holder and Freeman (1984). Two of the mAbs (25.37; IgGI and 25.77; 

lgG2a) confer protection on passive transfer to naive Balb/c mice, against lethal P. 

yoe///YM infections. The mAbs recognise distinct epitopes because their protective 

effect is synergistic. The mAb 25.86 (isotype unknown) also recognises products of 

the rhoptry protein gene family but is non-protective on passive transfer.

Using each of the protective monoclonal antibodies, the same complex pattern 

was observed from each of the parasite clones (See Figure 5.5, panels a and b). Two 

clear bands of protein of 232 and 235kDa, and of approximately equal intensity were 

immunoprecipitated from each of the parasite extracts. On longer exposures a weaker 

band of 237kDa could be distinguished and another band of 230kDa. The smaller 

band could represent a member of the rhoptry protein complex, or could be a 

degradation product derived from any or all of the higher molecular weight bands, 

because the 225kDa band that we believe to be a proteolysis product could also be 

seen. There appeared to be no differences in the relative abundance of the proteins 

present in each of the bands.

Using the non-protective mAb, 25.86 only one of the stronger bands (of 

232kDa) seen with the protective monoclonal antibodies was precipitated from each of 

the clones, with the exception of clone J, (See Figure 5.5, panel c and d). For clone J 

a doublet was seen (of 232 and 235kDa) which appeared identical to that produced 

with the two protective monoclonal antibodies (See Figure 5.5, panel d). This result 

was repeated several times in order to verify it. The reason why clone J should have a 

different pattern of proteins immunoprecipitated using this monoclonal antibody is not 

clear. It could be that an additional member of the rhoptry protein gene family is
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Figure 5.5

Immunoprécipitation of ^^S-biosynthetically labelled P. yoelii YhA virulence variant clones usinq 
anti-rhoptry protein monoclonal antibodies, a. 25-37 b. 25-77 c. 25-86 d. 25-86
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expressed in this clone which is not expressed in the other clones examined. 

Alternatively perhaps a mutation event which occurred prior to the isolation of clone J 

introduced an epitope recognised by the mAb 25.86 to a member of the gene family 

which does not bear this epitope in any of the other clones including clone 8, the 

parent of clone J. We still have no idea where the epitope recognised by the 

monoclonal antibodies occur, in which proteins encoded by which members of the 

gene family. Nor indeed is it known how large the gene family encoding the rhoptry 

complex proteins may be, what proportion of the genes are full length, and which are 

expressed at any given time. When the gene family has been better characterised, it 

may be possible to produce gene-copy specific antibodies, and use these to address 

the question of which genes are expressed by which clones at any particular time.

5.5 Discussion

Regarding the work presented in the first section of this chapter, and what is 

known concerning the distribution of the 235kDa rhoptry protein gene family, it does 

not seem likely that the deletion of part of chromosome 8 or 9 in clone J would have 

affected the gene family, although it is possible that some trans-acWng regulatory 

element affecting the gene family may be present on another chromosome. Because 

it is not known when the deletion occurred it is difficult to comment on its effect on the 

growth of the parasite.

With regard to the Southern blots presented in Section 5.2, when compared 

with the two dimensional blots presented in Chapter 4, these blots can be seen to 

provide limited information concerning the distribution of the different members of the 

rhoptry protein gene family. As stated previously when this work was completed it was 

thought that the three 235kDa rhoptry protein gene loci identified on these blots were 

the only sites at which the rhoptry proteins were located, and that there were probably 

only a maximum of two genes at each locus. On the basis of this assumption it 

seemed reasonable that if a gene at a particular locus was amplified or transferred to 

another site, then detection of this event might be possible. The results presented in 

Chapter 4 indicate that the rhoptry protein gene family contains at least eleven 

members, and the total number of genes may be as many as fifty, or possibly more. 

These genes are present on at least six chromosomes, in at least eight distinct loci 

(there are genes present at each end of chromosomes five and six). At least some of 

these genes appear to be organised into tandem arrays, although it has not been 

possible to quantify how many genes are present in these arrays. It seems likely that 

the hybridisations presented in this chapter have only identified those genes which
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occur multiply on chromosomes. When only three different genes had been identified, 

it was thought possible that the reason for the existence of a family of similar genes 

encoding similar proteins might be that expression of the genes could be varied by the 

parasite, perhaps as part of the strategy to avoid immune elimination by the host. Now 

that the gene family has been demonstrated to comprise a minimum of eleven 

members, and it is possible that not all copies of the gene family would be expressed 

at the same time, but to date there is no information concerning which members of he 

gene family are expressed, or how variable expression of the gene family might be 

mediated.

The existence of what appears to be a family of variably expressed malaria 

parasite proteins has been proposed for some time in P. knowlesi. These proteins are 

expressed on the surface of schizont-infected erythrocytes, and were identified initially 

by studying differences in antigenicity between recrudescent parasite populations in 

monkeys infected with a single parasite clone. The presence of parasite derived 

proteins expressed at the red cell surface has also been demonstrated in P. 
falciparum (called P. falciparum erythrocyte membrane protein 1 - PfEMPI), but the 

genes encoding these proteins have not yet been identified in either parasite. Until the 

gene family is identified, studies concerning the mechanism by which variable 

expression of the genes might be achieved cannot be addressed. As the extent of the 

P. yoelii rhoptry protein gene family became apparent, it was considered that these 

genes might constitute the EMP1 homologues for this species. It now seems unlikely 

that this is the case (see Chapter 8, for discussion of this matter), but variable 

expression of the two gene families might be achieved by the same mechanism.

As discussed in Chapter 1, there is evidence to suggest that E3, the clone 

which represents the most complete sequence of one of the members of the rhoptry 

protein gene family could represents a P. yoelii homologue of the P. wVax reticulocyte 

binding protein PvRBP2, for which a clone encoding approximately half of the 

molecule has been isolated and sequenced (Galinski etal., 1992). There is also 

evidence to suggest that the P. wVax protein forms part of a complex of proteins 

expressed at the apex of the merozoite. Apart from a gene encoding a protein 

(PvRBPI) which colocalises with PvRBP2, and which, from its limited homology with 

PvRBP2 may have anjancestral relationship with it, there is no evidence that PvRBP2 

is a member of a multigene family. However the conclusion that PvRBP2 was a single 

copy gene was derived from probing Southern blots of genomic P. vivax DNA with the 

cloned region of PvRBP2. As this clone is believed to comprise the 5’ end of the gene 

the possibility remains that PvRBP2 might be a member of a gene family which like
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the P. yoelii rhoptry protein gene family is divergent at its 5’ end and conserved 

towards the 3’ end of the gene. When clones representing the 3' end of the gene 

have been obtained it will be possible to test whether this is the case.

It is possible that variable expression of either or both of the two Plasmodium 

gene families described above might be achieved through one or more of the 

mechanisms by which African trypanosomes sequentially express the VSG (variant 

surface glycoprotein) which covers the surface of these parasites. In Trypanosoma 

brucei, usually one gene at a time from the parasite’s large repertoire of (an estimated 

10^) VSG genes, is expressed (Van der Ploeg ef a/., 1982, Van der Ploeg, 1990). The 

proteins encoded by these proteins have a high degree of structural conservation, but 

are antigenically extremely variable at the amino terminus (Rice-Ficht at a/., 1981). 

The single protein expressed at any one time completely covers all exposed surfaces 

of the parasite, and forms a tightly packed coat, with only the variable region of the 

protein exposed (Vickerman at ai, 1974). Switching of gene expression occurs at low 

frequency but has the effect that by the time the host has mounted an effective 

immune response against the protein variant expressed by the parasites predominant 

in its system, some parasites will have switched antigenic type and will escape 

elimination to give rise to the next wave of parasitaemia (Capbern at ai, 1977). There 

are a number of active expression sites for the VSG genes, which also occur at 

subtelomeric locations. Switching of the gene being expressed is achieved by four 

distinct mechanisms (Borst and Greaves, 1987). The predominant method is 

duplicative transposition where a previously silent gene is copied and the copy 

integrated into an active expression site, which can occur on a distinct chromosome, 

displacing the gene which previously occupied that position. Alternatively a larger 

fragment of a chromosome including a telomere can be copied and this fragment can 

then replace the telomere fragment which previously occurred adjacent to the active 

expression site. In this process some genes are lost from the genome because a 

subtelomeric fragment containing one or more VSG genes is deleted. This process is 

known as telomere conversion. The third mechanism involves homologous exchange 

between the telomeres of non-homologous chromosomes, moving a new gene into 

the active expression site and moving the previously expressed gene to another site 

in the genome. A fourth type of activation involves the movement of promoter 

sequences adjacent to a silent gene which is then activated in situ. The last two types 

of gene activation occur only rarely. Conserved repetitive sequences which flanking 

the genes have been identified which presumably mediate the recombination events.
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The processes are presumably catalysed by specific recombinases, but the enzymes 

involved in the process have not yet been identified.

When studies began into the organisation of the rhoptry protein gene family it 

was considered possible that the genes were differentially expressed and that one or 

more of the mechanisms which functioned to vary the VSG genes of T. brucei might 

be operating. There are some aspects of the biology of the VSG genes of T. brucei 

which are reminiscent of what is known about the 235kDa rhoptry protein gene family 

of P. yoelii. Firstly the VSG genes, occupy primarily subtelomeric locations on the 

minichromosomes of T. brucei (Van der Ploeg, 1990) The genes which occur on 

larger chromosomes consist of clusters of tandemly repeated genes (Van der Ploeg et 

a/., 1982). It appears that mutations are more readily accepted into the 5’ end of the 

gene than the 3’ end, so that like the rhoptry proteins some genes diverge toward the 

N-terminus (Borst and Cross, 1982) As a result of this 5’ gene probes tend only to 

recognise single genes under stringent conditions of hybridisation, while 3’ gene 

probes can hybridise with multiple genes.

Because the rhoptry protein gene family appeared to be comprised of only a 

limited number of copies, it was thought that if members of the gene family were 

displaced in the genome, this would be relatively easy to detect. Because of the 

complexity of the gene family it now seems likely that if these or another distinct 

mechanism do operate to vary the expression of this gene family, a more sensitive 

method must be devised which would enable the genes present at each locus to be 

quantified and if possible identified.

The Southern blots included in Section 5.2 do not reveal much information 

regarding the location of different gene family members. While the exact copy number 

of the gene family remains unknown, it is known that at least eleven different genes 

exist, with the possibility of as many as fifty, or more, genes. If this is the case, these 

jhybridisations which only permit visualisation of the three major gene loci will be very 

limited in their usefulness in a study to establish whether variation in either the 

location or the copy number of the rhoptry protein genes has occurred. The loci on 

chromosomes three and four cannot be seen, and it would be difficult to detect 

changes in copy number within the tandemly repeated genes, even if the DNAs were 

loaded equivalently, because variation in copy number might change the overall 

intensity of the bands only slightly. To detect whether genes at a particular locus had 

been amplified or partially deleted would probably require the cloning and sequencing 

of each locus which would be a very time-consuming endeavour.
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The work presented concerning the proteins immunoprecipitated from each 

individual clone suffers from the present inability to identify which of the rhoptry 

protein genes are expressed, and to be able to distinguish the products of particular 

genes. It had been hoped that by using this approach that it might be possible to 

detect the expression of differently sized products from different genes among the 

clones. If this was the case, it was hoped that it might be possible to link the 

differences in virulence to the expression of different members of the rhoptry protein 

gene family. The fact that identical patterns of three protein bands were 

immunoprecipitated from each of the clones using the two protective mAbs, 25.77 and 

25.37, does not prove that the same gene(s) are expressed. The known incidence of 

many regions of sequence identity between the large clones E3 and E8, indicates that 

common epitopes recognised by these monoclonal antibodies could be present in 

multiple products of the gene family. The most interesting result was obtained using 

the non-protective anti-rhoptry protein monoclonal antibody 25.86. In clones 2,3, and 

8, and in YM this antibody appeared to recognise only one of the two bands seen with 

each of the two protective monoclonal antibodies. This result could be an indication 

that only one of the proteins expressed by the parasite mediates the virulent 

phenotype, i.e. the one which is recognised by the protective mAbs but not by 25.86. 

The protein which reacts with all three mAbs, may cross-react with the protective 

mAbs but might not be involved in mediating virulence. An additional protein band was 

seen in clone J that was not seen in the other closely related parasites. It is not clear 

whether this band was the same one seen in this parasite with the protective mAbs, or 

was another protein. It was not possible to state whether the expression of this protein 

played any role in mediating the avirulent phenotype of this clone, but the same band 

could not be detected in clone 8, the parent of clone J. The presence of this 

polypeptide in clone J might be the first indication that variable expression of the 

rhoptry protein genes occurs in P. yoelii. An alternative explanation is that the protein 

seen by mAb 25.86 in clone J is present in all of the parasites but a mutation present 

only in clone J has resulted in the introduction of the epitope recognised by 25.86.

The results that were obtained from the work presented in this chapter do not 

allow any firm conclusions to be drawn concerning a possible role for the rhoptry 

protein gene family in the virulence of strain YM. |lt was also not possible to determine 

whether alteration in gene copy number or the location of the genes encoding the 

rhoptry proteins might have affected the level of virulence expressed by each clone.

Reconsidering the work described by Knowles and Walliker (1980), and by 

Walliker at a! (1976), concerning the three ‘atypical’ parasites which arose from the
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cross between the virulent YM and the mild A/C strain. These clones are described as 

being of ‘intermediate’ virulence. However the descriptions of the parasites indicate 

that this was not the case. Clone 54 was demonstrated to have inherited genetic 

markers from each parent and was thus definitely recombinant. The parasite within 

this mouse was capable of entering all erythrocytes, and the parasitaemia rose very 

rapidly to typical YM levels within five days, but the animals did not die. An identical 

pattern of parasitisation occurred in one of the twenty YM clones that were self

fertilised as controls, and so this type of infection may occasionally result from a 

‘normal’ YM clone. The other two ‘intermediate’ clones exhibited a much more unusual 

variation in virulence. For clone 55, which carried both YM markers of recombination, 

two of the three mice infected experienced virulent lethal YM-like infections in 

reticulocytes and mature erythrocytes. The other mouse experienced a reticulocyte 

restricted, mild, 17X-like infection. For clone 56 in which both markers were 17X-like 

the situation was reversed; two mice developed mild infections and the other mouse a 

fatal YM-like disease. Parasites from the mice which developed avirulent infections 

with each of these clones were passaged into naive mice and retained their avirulent 

phenotypes. Each of these infections had been established in an initial mouse so that 

each mouse received a large number of parasites, and each of the clones had been 

demonstrated to contain only a single isoenzyme type which indicated that each was 

a clone and not a mixture of two parasite types. These results are very difficult to 

explain in terms of the inheritance of a single genetic locus containing one or more 

genes encoding a virulence factor. It is also difficult to see how the genetic 

background of the mice might have resulted in the unusual virulence types observed 

in clones 55 and 56. Because both of the atypical clones had parental marker 

combinations, it is difficult to know whether these parasites represent parental types, 

or recombinants which have by chance inherited both of these unlinked genes. The 

virulence of these clones was not of the same type as that described for parasites 

obtained by subcloning strain YM (Knowles and Walliker, 1980). From these 

experiments some clones did seem to be of intermediate virulence, some at around 

half the normal’ YM rate while some grew very slowly indeed, but all were capable of 

complete development within mature erythrocytes which is typical behaviour of strain 

YM. These results indicate that the ability to enter and develop within mature 

erythrocytes, may not be the factor which determines virulence.

The expression of virulence by P. yoelii YM parasites seems to be a very 

complex phenomenon. While the results derived from the majority of the clones 

generated in the cross between YM and 17X parasites appear to support the
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hypothesis that a single genetic locus might mediate expression of the virulent 

phenotype, the virulence displayed by a small proportion of the clones cannot be 

explained.

There is no evidence yet to support one or more of the family of genes 

encoding rhoptry proteins in P. yoelii as candidates for virulence factor.
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CHAPTER 6 : COMPARISON OF P. YOELII STRAINS YM AND 17X

Following characterisation of the genomic organisation of P. yoelii strain YM, 

tand the distribution of the 235kDa rhoptry protein gene family in this parasite 

(Chapters 3 and 4), it followed that similar studies should be undertaken on strain 

17X, the avirulent ‘parent’ of this ‘mutant’. The circumstances under which the virulent 

YM first came to light indicated that it could have arisen from a 17X parasite as the 

result of a single mutation event (Yoeli et al., 1975). Subsequent work appeared to 

indicate that the two parasites differed at a single genetic locus (Walliker et al., 1976). 

If this was the case, the electrophoretic karyotypes of the two species at the time of 

the mutation would be expected to have been very similar. The modification of this 

locus, which could be a single gene or linked group of genes, resulting in the virulent 

phenotype could have taken a number of forms. The simplest type of mutation which 

could have occurred would involve a small alteration to the coding sequence of a 

gene, such as a single nucleotide change, or a small insertion, or deletion. Such a 

change could have prevented the expression of a gene, or could have altered the 

product of the gene by causing an amino acid substitution, a frame shift, or a 

prematurely terminated protein. Alternatively, a gene or linked group of genes which 

favoured virulent growth could have been amplified or deregulated, or one which 

suppressed uncontrolled growth might have been deleted or inactivated.

The uncontrolled multiplication of a parasite leading to rapid death of the host 

is not the behaviour of a well-adapted parasite. A relationship with minimally harmful 

consequences to the host is preferable because in these cases the parasite can exist 

in a stable environment for protracted periods of time. Also, in the case of parasites 

such as malaria, which are transmitted by a vector, the opportunities for transmission 

are greatly increased during more chronic infections. Thus the less lethal of the two 

most important human malaria parasites, P. vivax, is considered to be a ‘better 

adapted’ parasite because, while it causes relatively little human mortality, the 

parasitisation is chronic and the disease is characterised by recrudescences which 

can occur repeatedly following a single infection. Although P. falciparum kills relatively 

few sufferers (an estimated 1% of those infected), the facts that deaths do occur, and 

that in non-fatal cases, the disease caused by this parasite is resolved relatively 

quickly lead to it being considered to be less well adapted. This observation was 

borne out by phylogenetic studies indicating that P. falciparum is only a relatively 

recent parasite of humans, appearing to have arisen by the lateral transfer of an avian 

parasite to man (Waters et ai, 1991). Landau and Boulard (1978) conjectured that for 

avirulent rodent malaria parasites such as P. yoelii, virulent mutants might arise
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periodically during natural infection, but that any virulent infections might be self- 

limiting because the hosts die before transmission occurs. A natural infection of the 

virulent P. yoelii strain YM lasts on average ten days before the host dies, and so 

there probably would be the opportunity for some transmission, had this kind of 

virulence developed in a natural population. However, if the host rodent population 

density was low, the virulent disease might be confined to a small focus in which all 

available hosts were killed, limiting the extent of the virulent disease. Thus P. yoelii 

may have evolved into a parasite causing a mild disease through host-parasite 

adaptation, and the expression of the virulent phenotype by strain YM might have 

arisen from a retrograde mutation which deleted or inactivated the gene(s) 

responsible for avirulence.

If a single genetic locus in 17X did mutate to give rise to the virulent YM, then 

changes might have occurred affecting the karyotype of the parasite. A point mutation 

or small deletion, insertion or amplification introduced into the locus would not be 

detectable when whole chromosomes were examined. However the loss of coding 

sequences from the end of a chromosome, or translocation between the ends of two 

non-homologous chromosomes could be detectable. Chromosome breakage followed 

by subsequent telomerase healing might result in a gene product that was truncated 

or not translated. In the yeast S. cerevisiae, the proximity of one of the complex sub

telomeric repeat sequences (Y’) to a gene can result in the silencing of the expression 

of that gene (Gottschling etal., 1990). Similar positional inactivation mechanisms may 

operate in Plasmodia. Lanzer et al. (1993), were unable to detect mRNA transcripts 

derived from within lOOkbp of the end of chromosome 2, during their mapping studies. 

Alternatively a gene could become aberrantly regulated through separation from its 

own upstream control elements, or being moved to within a region which had 

previously controlled another gene which was differentially expressed. Finally the 

alteration in phenotype could have occurred via a mechanism analogous to that by 

which some strains of P. falciparum are able to widen the range of erythrocyte types 

which they are able to invade. The phenomenon appears to be mediated by parasite 

expression of receptors which bind to erythrocyte ligands other than those normally 

used for attachment during invasion. As described in the Chapter 1, Dolan et al.

(1990) cultured strains of P. falciparum in the presence of mutant or enzyme-treated 

erythrocytes which lacked sialic acid residues on their surface glycophorin molecules. 

Sialic acid had been demonstrated by Miller et al. (1975), to be a ligand used by P. 

falciparum merozoites for attachment during the invasion process. The parasites 

which underwent the phenotypic alteration were initially unable to invade sialic acid
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depleted erythrocytes, or were only able to invade these cells to a very limited extent. 

However following culture for several generations in the presence of these 

erythrocytes, in some strains of P. falciparum, a generation of parasites emerged 

which were highly competent at invading these cells. This phenomenon appeared to 

be mediated through the expression of novel receptor molecules by the parasite. After 

the phenotypic switch the parasites were able to invade sialic acid depleted and 

normal erythrocytes to the same high degree. Expression of the new protein(s) 

appeared to have become constitutive because there was no reversion of phenotype 

following maintenance of the parasites in culture with normal erythrocytes. P. yoelii 

YM parasites could have arisen from the avirulent strain 17X through an analogous 

mechanism. In a prior experiment reminiscent of that described above, Fahey and 

Spitalny (1984) grew non-virulent P. yoelii parasites in mice which had been lethally 

irradiated prior to infection. The effect of the radiation was to halt erythropoiesis so 

that three days after irradiation when the original reticulocyte population had matured, 

no reticulocytes could be detected in circulation in these mice. In these hosts parasite 

growth followed the kinetics of a normal non-lethal P. yoelii infection for the first three 

days, but after this the parasites began to enter mature erythrocytes and the 

parasitaemia continued to rise steadily. By the time the mice succumbed to the effects 

of the radiation at around day nine, more than 30% of the erythrocyte population was 

parasitised. This level of parasitisation in mature erythrocytes is not normally seen 

with wild-type P. yoelii infections. However, when these parasites were passaged into 

normal mice, a normal' reticulocyte-restricted course of infection was observed. The 

parasitaemia did not rise above 10% during the first 10 days post-inoculation, and no 

parasites were detected in circulation after three weeks. In wild-type P. yoelii 

infections, some parasites do enter mature erythrocytes on the third or fourth day, 

following the occupation of all available reticulocytes, but development does not seem 

to proceed normally within these cells (D. Walliker pers. com ). Following the release 

of a larger than normal population of new reticulocytes a day or two later (as the result 

of erythropoiesis stimulated by the presence of the parasite), the parasites rapidly 

revert to invading only these cells. Thus in some respects wild-type P. yoelii parasites 

resemble those P. falciparum parasites which initially exhibited a limited capacity to 

invade sialic acid depleted erythrocytes, because at least a proportion of the 17X 

parasites have the capacity to enter the non-favoured cell type. The apparent 

‘phenotypic switch’ which occurred also resembled that of the P. falciparum strains. 

However the non-persistent nature of the altered phenotype was an obvious
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difference between the two systems, and might indicate that different mechanisms 

were involved in the two parasites.

The P. yoelii 17X isolate from which YM emerged had not been cloned. Shortly 

after the detection of virulence strain YM was cloned, and strain 17X was also cloned, 

to facilitate comparison (Yoeli at a/., 1975). It is the progeny of the 17X clone used for 

the characterisation, that is referred to as 17X throughout the course of this work. 

While all of the parasites in the original isolate appear to have been avirulent 

(repeated attempts to isolate virulent clones from this isolate were unsuccessful, Yoeli 

at a/., 1975), due to the uncloned nature of the original 17X isolate, there can be no 

guarantee that the clone 17X bears a close relationship to that from which YM arose. 

The progenitor of YM could have been an unrelated parasite with similar 

characteristics to 17X, present in the original infection.

As has been stated previously, evidence for a role for the 235kDa rhoptry 

protein in mediation of the virulent phenotype was provided by the apparent reversal 

of a virulent infection with YM parasites into a reticulocyte-restricted avirulent disease 

by two monoclonal antibodies recognising the protein (Freeman at a!., 1980). 

Unpublished work (A. A. Holder) subsequently demonstrated that a multibanded 

235kDa protein complex, which was only poorly resolved by polyacrylamide gel 

electrophoresis, could be detected in extracts of 17X and YM parasites using the 

specific mAbs. In this chapter, work is presented in which the genomic organisation of 

the two parasites was compared. The distribution of the 235kDa rhoptry protein genes 

was also examined, and the products of these genes immunoprecipitated using 

specific antisera and mAbs. A large degree of conservation in the genomic 

organisation of the two parasites would support the theory that strain YM arose from 

the avirulent 17X (Yoeli at a/., 1975). Conversely, the detection of a large number of 

differences between the two parasite strains would indicate that they were not closely 

related, and that a new hypothesis must be devised to account for the sudden 

emergence of a virulent parasite from the uncloned stably avirulent 17X.

Throughout this chapter, as in Chapter 3, the YM clone used in the 

characterisation was the YMe clone obtained from Edinburgh during the course of the 

work presented in Chapter 4, and for which the precise ancestry is known. Because 

this was the clone which had been preserved soonest after the emergence of 

virulence it was likely that this parasite would resemble the original YM more closely 

and would have had less opportunities for the incorporation of unrelated chromosomal 

polymorphisms, than a descendant of this parasite which had been maintained for 

extended periods of time by syringe passage.
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6.1 Chromosome morphology

Initial characterisation of strain 17X was by separating the chromosomes of 

both 17X and YM strains using PFGE and comparing the sizes of the chromosomal 

DNA bands produced for each.

6.1.1 FIGE resolution of the small chromosomes of P. yoelii YM and 17X

Following separation of both P. yoelii strains using FIGE, the small 

chromosomes resolved using this system appeared to have identical mobilities. See 

Figure 6.1, panel a. The slight differences in the distances migrated by each of what 

appear to be equivalent bands were the result of differences in the strength of the 

field across the gel, or differential loading of each DNA sample because these were 

not seen in all repetitions. The bands which migrated equivalent distances in the two 

parasites also stained with equal intensity with ethidium bromide, indicating that each 

contained similar quantities of DNA. Thus as in YM, the five smallest bands of 17X 

also appeared to contain single chromosomes, band 6 was probably a doublet and 

band 7 contained multiple chromosomes.

The morphology of the seven smallest chromosomes, separated by FIGE 

indicated that there were no detectable differences in the karyotypes of YM and 17X 

parasites.

6.1.2 CHEF resolution of the chromosomes of P. yoelii strains YM and 17X.

When the larger chromosomes of the two parasites were compared, the 

general sizes of the chromosomes were similar, but there were a number of 

differences between individual bands in the CHEF karyotypes of the two strains.

Figure 6.1, panel b, shows an ethidium bromide stained CHEF gel containing YM and 

17X resolved chromosomes. In the region in which it was possible to detect five 

distinct bands in strain YM, only three bands were resolved in strain 17X. Band 7 in 

both parasites was equivalent in size and density of staining, indicating that this also 

contained two chromosomes in 17X. There were no 17X DNA bands which 

comigrated with bands 8 and 10 of YM, but a 17X band which comigrated with band 9 

of YM stained very intensely and appeared to contain more DNA than YM band 9. The
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Figure 6.1
Pulsed field gel electrophoresis separations of R yoelii YM and 17X. 
chromosomes, stained with ethidium bromide.

a. Separated by TAPE

b. Separated by CHEF
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studies presented in Section 3.4 of Chapter 3 indicated that bands 8, 9 and 10 of YM 

each contained single chromosomes (band 8, chromosome 12, band 9 chromosome 

10, and band 10, chromosome 11). The 17X band which comigrated with YM band 10 

may contain all of the three chromosomes within YM bands 8, 9 and 10. The most 

slowly migrating band of DNA in 17X, stained with an intensity which indicated that it 

was a doublet. In P. yoelii YM (and all strains of Plasmodia examined to date) this 

band contains chromosomes 13 and 14, and it seems likely that this was also the 

case in 17X. Because of the different distribution of the DNA bands of what was 

assumed to be an identical number of chromosomes in the two strains, it was 

considered possible that the comigration of what appeared to be three chromosomes 

in strain 17X just in front of the most slowly migrating band of DNA in 17X could have 

affected the way this band migrated in 17X. However in less complete separations of 

the YM and 17X genomes when all of the bands which migrated in front of the slowest 

band co-migrated in both species, the largest 17X band still migrated less far than the 

most slowly migrating YM band indicating that there did seem to be a real difference in 

size. It is likely that the chromosome number will be fourteen in strain 17X also, 

because this seems to be so in YM, and all other malaria parasites (see Chapter 3). 

Considering the size distribution of the chromosomes, although there are differences 

among some of the lager chromosomes, generally the karyotypes of P. yoelii YM and 

17X are very conserved and are considerably larger than those of the other rodent 

malaria parasites (refer to Figure 3.2, which shows the resolved chromosomes of both 

P. yoelii strains and those of other rodent malaria parasites).

Thus it appears that although the karyotypes of the two parasites are generally 

very similar, on the basis of the comparison of the stained resolved DNAs of the two 

strains, at least four chromosomes (11, 12, 13 and 14) appear to have different 

electrophoretic mobilities in strain 17X, compared with strain YM.

The identical appearance of the small chromosomes, and the similar 

appearance of the larger chromosomes supports the hypothesis that clones YM and 

17X were very closely related.

The basis of the size differences cannot be determined from merely examining 

the resolved chromosomes of the two parasites, because without the identification of 

the individual chromosomes within bands, it is impossible to know which 

chromosomes vary between the two strains. Hybridisation of the resolved 17X DNA 

with the specific DNA probes used for the identification of individual YM chromosomes 

is presented in Section 6.2.
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6.2 Identification of P. yoelii 17X chromosomes using specific probes

The DNA probes which were used to identify the smallest P. yoelii YM 

chromosomes hybridised to the corresponding bands in 17X indicating that the 

organisation of chromosomes 1 to 7 was identical in the two species. (Data not 

shown).

Please refer to Chapter 3 for sources for the probes used to identify individual 

chromosomes within the resolved PFGE DNA bands, following Southern hybridisation 

with each of the specific DNA probes.

Characterisation of the larger chromosomes of P. yoelii 17X with specific 

probes could not be completed because in addition to the fact that no probe 

hybridised with chromosome 9 of YM, the chromosome 12 probe (SSUribo) did not 

hybridise to the only available blot containing well resolved 17X large chromosomes 

(probably because this blot had been repeatedly hybridised to other probes in the 

course of this work), and it was not possible to prepare another blot in the time 

remaining.

In work performed for Chapter 7, three independent chromosome 13/14 

probes which had all hybridised with the most slowly migrating band of P. yoelii YM 

DNA were shown to also hybridise with the most slowly migrating band in 17X. See 

Figure 7.1, panels c, d, e, f. This result indicates that these two bands appear to 

contain equivalent chromosomes in the two strains. The chromosome 8 specific 

probe, MSP1, which hybridised to band 7 in YM also hybridised to a band which ran at 

almost the same position in 17X (See Figure 6.2, panels a and c). The DNA probe 

9.11 which hybridised to band 9 (chromosome 10) in YM hybridised with the second 

slowest migrating band of 17X DNA which ran above the band 9 in YM (See Figure

6.2, panels d and e). The probe 9.2 which hybridised with band 10 (chromosome 11) 

in YM also hybridised with the second most slowly migrating band of 17X DNA, which 

on the blot used ran below the equivalent band of YM, but because the separation of 

the large chromosomes was not complete on the blot used this result was not very 

clear. From these results, it appeared that chromosome 8 in strains 17X and YM was 

of similar size. Chromosome 11 was smaller in strain 17X than in YM. Because there 

are no suitable chromosomal size markers to allow estimation of the sizes of the large 

chromosomes of malarial parasites, it is difficult to judge the magnitude of the 

variations in chromosome size. In Chapter 3 the sizes of the YM chromosomal DNA 

bands were estimated to be; band 8, 1.75Mbp; band 9, 2.0Mbp; and band 10,
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Figure 6.2

Southern blot of P. yoelii VIA and 17X resolved chromosomes, 
hybridised with chromosome specific probes
a. and d. Ethidium bromide stained chromosomes
b. Probe = 9.2 c. Probe = MSP1 e. Probe = 9.11
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2.1Mbp. On the basis of these estimations the size of chromosome variations would 

appear to be at least 150kbp, and possibly considerably more. The three chromosome 

13/14 specific probes 13.33, 13.45, and Actin 1, all hybridised to the most slowly 

migrating band in 17X, as they had in YM (Fig. 6.2.1, panels e, f, and g).

Thus the conclusion drawn from this work was that while the smaller 

chromosomes of the two parasites appeared identical, at least four of the larger 

chromosomes (numbers 11,13 and 14) were of appreciably different sizes when 

compared to their YM homologues.

6.3 Hybridisation of intact chromosomes with rhoptry protein gene probes

In order to allow comparison of the distribution of the 235kDa rhoptry protein 

genes in the virulent and avirulent P. yoelii strains. Southern blots containing intact 

chromosomes and restricted resolved chromosomes were hybridised with rhoptry 

protein gene probes.

6.3.1 Hybridisation of FIGE-resolved P. yoelii 17X and YM chromosomes with 

E8

A Southern blot of FIGE-resolved YM and 17X chromosomes was hybridised 

with E8 under normal conditions (see methods). DNA bands 1, 6 and 7+ hybridised to 

E8 in both parasites. See Figure 6.3.1, panels a and b. These bands contain 

chromosomes 1 (band 1), 5 and 6 (band 6), and all chromosomes 8 to i4 (band 7+). 

Thus the distribution of the rhoptry protein gene family among the smaller 

chromosomes seemed to be identical. This agreed with the observation that there 

seemed to be no detectable differences in the organisation of the smaller 

chromosomes of the two parasites.

This work was completed before the production of two-dimensional Southern 

blots of YM. The hybridisation data from the 2D blots indicated that the copy number 

of the rhoptry protein gene family in YM was probably a factor of ten higher than the 

previously anticipated 3 to 4 copies, and that for strain YM only the major loci 

containing multiple copies of the rhoptry protein gene family were seen on whole 

chromosome Southern blots. From similarly loaded DNA tracks, the signals arising 

from hybridisation to the rhoptry protein gene probe was roughly equal, therefore it 

seems likely that the gene family is present at a similar copy number in 17X, as in YM. 

The minor loci for the gene family present on chromosomes 3 and 4 of YM, which may
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Figure 6.3.1

Southern blots of P. yoelii strains YM and 17X chromosomes

a. Ethidium bromide stained YM and 17X chromosomes
b. FiGE Southern blot, hybridised with E8
c. Ethidium bromide stained CHEF-resolved chromosomes
d. CHEF Southern blot, hybridised with E8
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contain single copies of rhoptry protein genes or less closely related sequences, were 

only detected on 2D blots. Because these loci were not seen above background on 

whole chromosome Southern blots of YM, whether these loci are also present in 17X, 

or other similar loci are present on other chromosomes in 17X, could not be 

determined from this blot. Therefore from these data it can only be stated that the 

major loci for the 235kDa gene family are within the same FIGE chromosomal DNA 

bands in 17X as in YM.

6.3.2 Hybridisation of CHEF-resolved P. yoelii 17X chromosomes with E8

In contrast to the FIGE blots, a difference was observed between the patterns 

produced when Southern blots of CHEF-resolved YM and 17X chromosomes were 

hybridised with E8. The different pattern did not seem to solely reflect the different 

distribution of the chromosomes of the two strains. In both cases as demonstrated by 

FIGE, hybridisation among the smaller chromosomes was identical. In YM there was 

hybridisation to band 9, which contained chromosome 10. In 17X an equivalent band 

which probably contained chromosomes 10, 11, and 12 hybridised to E8. The most 

slowly migrating band of 17X DNA also hybridised with E8 (see Figure 6.3.1, panels c 

and d). In both parasite strains the most slowly migrating band is believed to contain 

chromosomes 13 and 14. Due to heavier loading in the 17X track, all of the bands in 

this track were displaced slightly above the normally comigrating bands of YM.

This result indicated that there was at least one locus of the 235kDa rhoptry 

protein gene family in 17X on a chromosome (or chromosomes) which does not 

contain rhoptry protein gene sequences in strain YM. Because the gene family loci 

which are seen on the other intact chromosomes probably contain multiple copies of 

the rhoptry protein gene family, and because the hybridisation signal from this band 

was of a comparable intensity, it is likely that the band 11-derived locus seen using 

this technique in strain 17X also contains multiple copies of rhoptry protein genes.

The presence of jat least one additional locus for the rhoptry protein gene famHy 

in the avirulent parasite, 17X, is not inconsistent with this parasite being the parent of 

the virulent YM, or with the 235kDa rhoptry protein gene family being involved in 

manifestation of the virulent phenotype. As discussed in the introduction to this 

chapter, virulence may have arisen through the deletion or inactivation of genes which 

tended to result in an avirulent parasite, giving rise to chronic infections. Assuming 

that YM is the progeny of 17X, the gene(s) which were present within the most slowly 

migrating band of 17X DNA may have been deleted and thus may not be present in 

YM. Alternatively, a translocation event could have resulted in the genes that were
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present in this locus in 17X being moved to another location in the genome. If a 

relocation had occurred and the genes moved to a site on a different chromosome 

which also contained members of the gene family, or one which comigrated with one 

containing members of the gene family, the new position of the displaced locus might 

not be detected on whole chromosome blots.

The demonstration of an additional locus for the rhoptry protein gene family on 

the most slowly migrating band of 17X, which was not present in the analogous band 

of YM DNA was the first genetic difference to be demonstrated between the two 

parasite strains.

6.3.3 Hybridisation of P. berghei and P. yoelii chromosomes to E8 and E3

The CHEF gel containing the four P. berghei and P. yoelii strains was blotted 

and hybridised with E8, under the usual conditions of high stringency. For each of the 

two P. berghei strains included on this blot, six distinct bands hybridised with E8, 

among the resolved chromosomes (see Figure 6.3.3, panel b). The patterns of 

hybridisation indicate that homologues of the P. yoelii rhoptry protein gene family are 

present in P. berghei, also at multiple loci among the chromosomes in this species, 

with a minimum copy number of six. Using a P. berghei karyotype key kindly provided 

by 0. Janse we were able to identify the P. berghei bands, and in one case an 

individual chromosome, which contained sequences homologous to E8. These bands 

were, in ascending order of size; chromosome 1, a doublet containing chromosomes 

5 and 6, a triplet band containing chromosomes 9, 10, and 11, and the doublet which 

contained chromosomes 13 and 14. Thus, despite the large differences in size 

between the homologous chromosomes of the two species, the distribution of the 

rhoptry protein gene-related sequences in P. berghei appeared to closely resemble 

those of P. yoelii, and in particular strain 17X.

When the other half of the same blot was hybridised with E3, the pattern of 

hybridisation exhibited by both strains of each species was also remarkably similar. In 

all cases the doublet band containing chromosomes 5 and 6 gave rise to a much 

stronger signal than any of the other bands. See Figure 6.3.2, panel c.

The data presented in Chapter 4 indicated that there were more E3-like genes 

than E8-like genes in the P. yoelii genome. It seems to be the case that there are 

genes more closely related to E3 on either or both of chromosomes 5 and 6 of P. 

berghei. This data provides evidence of a strong degree of interspecies conservation.
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Figure 6.3.2

Hybridisation of CHEF-resolved P.yoelii and P. berghei 
chromosomes with long rhoptry protein gene probes
a. Ethidium bromide stained chromosomes
b. Southern blot hybridised with E8
c. Southern blot hybridised with E3
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of not only the sequence of the rhoptry protein genes, (because the hybridisations 

were carried out under the normal conditions of high stringency), but in their 

organisation, and perhaps even their high copy number.

A locus of the gene family is present on the doublet containing chromosomes 

13 and 14 in P. berghei, which is also the case in the ‘wild-type’ P. yoelii strain, 17X.

P. berghei is a reticulocyte-restricted parasite which has not undergone any radical 

phenotypic alterations like that observed for P. yoelii by Yoeli et al., (1975). Since its 

adaptation into laboratory mice, P  berghei has been observed to cause gradually 

rising parasitaemia over a period of a few weeks as the host reticulocyte population 

increases in response to parasitisation. P. berghei infections are lethal to the mice if 

untreated (Landau and Boulard, 1978). P. berghei has never been reported to 

extensively invade mature erythrocytes. It was postulated that the rhoptry protein 

gene locus on chromosomes 13/14 might in some way mediate or be associated with 

reticulocyte-restriction.

The indication that there may be a connection between the reticulocyte- 

restriction and the presence of rhoptry protein gene sequence(s) on the chromosome 

13/14 doublet was extremely interesting. It was decided to test for the presence of an 

association between the progeny of a genetic cross between P. yoelii strains YM and 

17X. Because it was anticipated that a certain amount of time would be required to 

examine the products of the cross, work was begun on this project, before 

characterisation of the gene family in 17X was completed. This work is presented in 

Chapter 7.

6.4 Hybridisation of two-dimensional FIGE Rsa\ Southern blot of 17X to E8

When the attempts to produce two-dimensional Southern blots using FIGE- 

resolved YM chromosomal DNA were finally successful they revealed a great deal of 

information concerning the chromosomal location and copy number of the rhoptry 

protein gene family in this strain. It was anticipated that the use of the same technique 

would also reveal a similar amount of information about strain 17X and allow a more 

complete comparison of the distribution of the gene family in the two parasites. 

However there were technical problems to be overcome in the production of 2D 

Southern blots with 17X. Because it was necessary to resolve the two largest bands 

of 17X DNA in order to examine the rhoptry protein gene locus within each separately, 

it was necessary first to separate the chromosomes using a CHEF system, before 

they were digested. As in Chapter 3, when a CHEF 2D blot was made for YM in order 

to examine the distribution of larger chromosomes, problems were encountered due
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to the lack of reproducibility of CHEF separations. When suitable gels were produced, 

the amount of DNA that could be digested was very low because CHEF gels do not 

resolve well heavily loaded samples. Gel strips wider than 5mm could not be digested 

because wider strips did not allow adequate penetration of the restriction enzyme and 

resulted in partially digested products being present on the final Southern blots. 

Because there was much less DNA present on a typical 2D blot produced using CHEF 

in the first dimension rather than FIGE, the signals seen on these Southern blots were 

correspondingly lower, times of exposure to film increased, and as a result, it was 

much more difficult to detect weaker signals above background. Because of these 

technical constraints only one successful 2D Southem blot was produced using 17X 

DNA (using the restriction enzyme Rsal). Other blots which were attempted using the 

enzymes EcoRI and Apa\, in order to allow a fuller comparative study of the 

organisation of the gene family in the two parasites, were not successful, and the 

work could not be completed during the time-frame of this project.

An autoradiograph of this CHEF-Rsal 2D Southern blot of strain 17X, 

hybridised with E8 is shown in Figure 6.4. Although the signal was comparatively 

weak and many of the less intense bands were not seen, all of the major bands 

detected on the FIGE-2D Southern blots of YM DNA could be detected on this blot. In 

addition to the major spots recognised from the YM blot, three additional spots of 

similar intensity could also be distinguished. These spots have been marked with 

arrows on the photograph of the autoradiograph. Two of these spots (of 1.2 and 

3.5kbp), were derived from the most slowly migrating band of DNA (containing 

chromosomes 13 and 14), and one (of 3.0kbp) was from the second most slowly 

migrating band of DNA (containing chromosomes 9,10, 11, and 12). The two novel 

fragments derived from the most slowly migrating band of DNA could represent two 

different regions of the same gene, or could represent shorter, independent, rhoptry 

protein related sequences, perhaps present on different chromosomes. The 3.0kbp 

novel spot derived from the second slowest migrating band of 17X DNA may 

represent sequence from an incomplete gene copy, or may be associated with other 

sequences which comigrate with other bands, and so cannot be distinguished. Similar 

sized spots to these novel species could not be identified at other locations in YM.

The spots of hybridisation derived from 17X DNA band 6 (which contains two 

chromosomes 5, and 6), did not all align directly above one another, but showed the 

same distribution into either the front or the rear of the original doublet band, as in YM,
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Figure 6.4

Southern blot of P. yoelii 17X CHEF-resolved chromosomes restricted with Rsa
I and hybridised with E8
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indicating that these spots were derived from the two distinct chromosomes within this 

doublet band, as was the case for YM.

The presence of all of the major spots recognised from the YM 2D blot 

confirms the impression given by the whole chromosome hybridisations with E8, that 

the general organisation of the rhoptry protein genes among the chromosomes was 

very similar in YM and 17X. The additional spots seen only in 17X would seem to 

represent copies of the gene family which have been deleted, or were never present 

in YM. Had one or more locus of the gene family been displaced through translocation 

or some other mechanism, it is likely that the characteristic restriction pattern of that 

locus would be conserved and could be recognised in its new site. Therefore it does 

not seem possible that a translocation event was responsible for the additional spots 

observed in 17X. Due to the fact that the intensity of the novel spots seen in 17X were 

in the same order of magnitude as those that were also present in YM, and these 

fragments are believed to represent corresponding regions from reiterated identical or 

similar genes, it would appear that these new fragments also occur at high copy 

number.

This result indicates that in strain 17X there are at least two additional rhoptry 

protein gene loci, and that at least one of these loci is located on a chromosome 

which has not been demonstrated to contain rhoptry protein related sequences in 

strain YM. These findings indicate that the organisation of the rhoptry protein gene 

family appears to be generally very similar in P. yoelii YM and 17X, but that at least 

two different major loci are present in the avirulent parasite.

6.5 Comparison of proteins immunoprecipitated from lysates of 

biosynthetically labelled YM and 17X parasites

These immunoprécipitations were performed using the same protocol, antisera 

and antibodies used in section 5.4 of the preceding chapter.

6.5.1 Immunoprécipitation from parasite lysates using hyperimmune serum

On immunoprécipitation with hyperimmune serum, differences in the profile of 

major protein bands recognised in the soluble extracts of YM and 17X parasites could 

be observed. See Figure 6.5, panel a. Considering first the largest proteins 

immunoprecipitated, major bands of approximately 250kDa, 230kDa, 190kDa, and 

180kDa, observed in P. yoelii YM, were greatly reduced in intensity, or absent in 17X. 

Only the largest of these bands is of a suitable size to be a candidate rhoptry complex 

protein. Another band of approximately 215kDa appeared to be slightly reduced in
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Figure 6.5

Immunoprécipitation of ^%-biosynthetically labelled R yoelii YIA and 17X parasites using anti-sera and monoclonal 
antibodies
a. Hyperimmune serum b. Polyclonal anti-rhoptry protein anti-serum c. monoclonal antibody 25-37 d. 25-77 e. 25-86
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size in the YM clone. Any labelled non-parasite material present in these samples will 

have been of leucocyte or reticulocyte origin. Similar proportions of each type of these 

cells were observed in Giemsa stain thin blood smears examined by light microscopy 

of both YM, and the 17X clone, and so the contribution of non-parasite proteins from 

these sources of the parasite extracts should be similar. The differences observed 

among the proteins immunoprecipitated from 17X and YM most probably represent 

differences in the proteins expressed by each of parasites.

Thus the relative amount and the sizes of some of the major parasite protein 

bands recognised by hyperimmune serum, differ between P. yoelii strains YM and 

17X.

6.5.2 Immunoprécipitation from parasite lysates using polyclonal anti-rhoptry 

protein serum

Following immunoprécipitation with serum raised against the purified P. yoelii 

YM rhoptry protein complex, the same pattern of major protein bands was observed 

from each of the clones. See Figure 6.5, panel b. The pattern consisted of an intense 

doublet of bands of 232 and 235kDa, which appeared to be present in equal 

amounts, with a much weaker band of 237kDa above. The use of protease inhibitors 

could be seen to have been much more effective in the 17X extract and the 225kDa 

diffuse rhoptry protein proteolysis product described in the previous chapter was only 

present in the YM track.

Thus despite the apparent differences in the proteins immunoprecipitated from 

the lysate of each strain using hyperimmune serum, there were no differences 

detected in the proteins immunoprecipitated using a more specific anti-rhoptry protein 

serum.

Because the serum was raised against YM rhoptry protein complex, it may be 

that one or more additional members of the rhoptry protein gene family was 

expressed by 17X, but that this protein was not recognised by the polyclonal serum 

because it shared no cross reactive epitopes. However in view of the apparently high 

level of conservation between the known regions of different members of the gene 

family, and the fact that polyclonal serum was used, it seems unlikely any additional 

proteins expressed would be entirely non-cross reactive and share no common 

epitopes with proteins derived from related genes.
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6.5.3 Immunoprécipitation from parasite lysates, using protective monoclonal 

antibodies

Following Immunoprécipitation with the two protective monoclonal antibodies, 

the patterns produced by strain YM was the same in both cases. See Figure 6.5, 

panels c and d. The pattern consisted of a doublet of bands of 232 and 235kDa, with 

a much weaker band of 237kDa, just above the doublet. The same triplet of bands 

was observed from 17X parasites, and also an additional band of 228kDa could also 

be seen, with both mAbs. This band was never seen in YM. The band below this 

additional band in 17X is believed to be the 225kDa proteolysis product, and is 

present in both parasite extracts.

The two mAbs 25.37 and 25.77 have been demonstrated to recognise distinct 

epitopes on one or more rhoptry proteins because the species specificity of the two 

mAbs is different (Holder and Freeman, 1984) and their protective effect is synergistic 

(Freeman et al., 1980). It is possible that homologue(s) of the protein which 

correspond to the additional band seen in 17X are present in YM but do not contain 

the epitopes recognised by the two antibodies. However this is less likely than if the 

effect had been seen with a single mAb. It does seem likely that the protein band 

seen only in 17X is either not present or is a different size so that it comigrates with 

other bands in YM. The reason why what appears to be an additional rhoptry protein 

band should be seen in the 17X extract by the monoclonal antibodies, but not 

apparently by polyclonal sera recognising the same proteins is probably due to the 

fact that the mAbs only recognise a subset of all of the proteins present in the lysate.

If this was the case, the additional band seen here in 17X probably was present in the 

track produced following immunoprécipitation with the polyclonal serum but the signal 

arising from the other proteins was far stronger. This logic implies that a large number 

of the rhoptry proteins genes could be expressed in both parasites, but that only some 

of these proteins have the epitopes recognised by the protective mAbs.

In addition to the implication that a large number of different rhoptry protein 

genes may be expressed in 17X, or both of the parasites, these results indicate that 

an additional member of the rhoptry protein gene family appeared to have been 

expressed, or is differently processed, in the avirulent parasite 17X.

6.5.4 Immunoprécipitation using a non-protective monoclonal antibody

Following immunoprécipitation using mAb 25.86, in YM parasites, an intense 

band of 232kDa and a weaker band of 230kDa were immunoprecipitated. From 17X, 

only a band corresponding to the larger (strongest) of these two bands was seen and
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a band of 228kDa which was equally intense to the other band seen in this track (See 

Figure 6.5, panel e). The band seen in 17X appeared to be the same as the additional 

band seen from the lysates of this parasite using the protective mAbs. It is possible 

that this product represented a differently processed version of the 230kDa band 

which was only seen from YM with this mAb, but this seems unlikely because a 

230kDa band was seen in 17X with the protective mAbs, which may be the same 

protein. The absence of the 228kDa band in the 17X track following 

immunoprécipitation with this mAb may mean that the product of this size seen with 

the protective monoclonal antibodies may lack the epitope seen mAb 25.86. However 

because it is impossible to identify individual members of the protein complex, 

speculation as to the origin of each protein band is difficult.

The data from the immunoprécipitation studies appear to indicate that there is 

either differential expression or processing of members of the rhoptry protein gene 

family in the two parasites. It seems likely that the avirulent parasite 17X expresses a 

protein of 228kDa that is not present in the virulent parasite YM.

6.6 Discussion

The work presented in this chapter has revealed that there are differences 

between the two parasite clones YM and 17X, which may require the current theory 

that the virulent strain YM arose through a single mutation event from the avirulent 

parasite, 17X, to be revised. Considering initially the studies concerning the 

karyotypes of the two clones, these studies demonstrated that the genomic 

organisation of the two parasites was very similar, that they were probably very 

closely related, and that they were certainly far more similar to each other than either 

was to any previously characterised rodent malaria parasite. However at least four 

chromosomes (numbers 11, 12, 13,14) have appreciably different migrational 

characteristics in the two strains, which indicates that they are of differing sizes. The 

genome of malaria parasites has been reported as being very plastic (Foote and 

Kemp, 1989; Janse, 1993; Lanzer et a/., 1994), however it has been our observation 

that the karyotype of strain YM appears to be very stable following repeated passage 

of erythrocytic parasite stages between mice, for periods of several years. When the 

work described in this thesis was begun, an isolate of P. yoelii YhA was obtained from 

the Wellcome Foundation, PLO, which had been maintained in mice for many years, 

propagated solely by syringe passage. The isolate was not passed through 

mosquitoes, during this time. This type of parasite maintenance (in an unnatural host, 

and by solely through erythrocytic cycle) might have been expected to encourage the
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development of chromosomal polymorphisms because the in vitro propagation of P. 

falciparum through only the erythrocytic cycle of development has resulted in the 

emergence of many such mutants (Foote and Kemp, 1989). However when DNA from 

the Wellcome P. yoelii YM parasite was electrophoresed in the same gel as parasites 

from a stabilité of YM which had been stored soon after the cloning event which 

followed the emergence of virulence, no differences could be detected in the 

karyotypes of the two parasites. No data are available concerning the stability of the 

karyotype of 17X because this parasite has not been routinely maintained for long 

periods by any laboratory known to us. If 17X was the parent of YM, it might be 

expected that its chromosomes would exhibit a similar degree of stability as those of 

its progeny. Prior to the reported emergence of the virulent YM parasite from the 

uncloned 17X parasite isolate, the 17X line had not been subjected to any conditions 

that might have imposed a physiological stress on the organism (Yoeli et a/., 1975), 

such as exposure to radiation, or growth in a different strain of mouse, which might 

have encouraged the introduction of chromosomal polymorphisms or differential 

expression of the genetic repertoire of the parasite. The lack of demonstrable 

plasticity in the genome of YM, and the observation that 17X possessed at least four 

chromosomes which were of an appreciably different size to their homologues in YM, 

would seem to indicate that it was unlikely that YM could have arisen from 17X in a 

single mutation. For this to have been the case would have required the simultaneous 

alteration of four independent and apparently stable chromosomes.

Ttie demonstration of differing karyotypes for P. yoelii strains YM and 17X 

lines does not necessarily represent a variation in the coding sequences contained 

within each parasite because frequently karyotypic variation between clones of 

parasite lines arises through the expansion or deletion of non-coding repetitive DNA 

sequences, of either subtelomeric repeat, or minisatellite origin (Janse, 1993).

However the work presented in Section 6.3 indicated that there did seem to be 

differences in the numbers of rhoptry protein gene family members between the 

parasite strains YM and 17X. The differences detected constitute what appear to be 

the presence of at least two major loci for the gene family in 17X, which are not 

present in the virulent parasite, YM. The sequences present within these loci could not 

be detected at other sites within the genome of YM on the basis of their Rsa\ 

restriction patterns. Ignoring differences in size of the chromosomes reported above, 

which might not represent variations in the coding DNA content of the parasites, for 

17X to have been abruptly converted into YM, both of these loci would have had to 

have been eliminated in a single mutation event. This does not seem to be a very
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likely proposition. It is conceivable that what was originally a 17X parasite, present in 

the uncloned 17X parasite isolate, might have gradually accumulated mutations, and 

just prior to the observation of the alteration of the parasite phenotype have sustained 

a final, critical mutation which resulted in the phenotypic change. Repeated attempts 

to isolate another virulent parasite from a sample of unaltered uncloned 17X were 

unsuccessful (Yoeli et al., 1975), and so it is likely that all of the parasite originally 

present in this isolate were avirulent. However the parasites present within the original 

17X isolate were not investigated. Isolation of the virulent YM parasite occurred before 

the advent of PFGE technology and so examination of the karyotypes of the 

parasites was not possible, until recently. The isolate 17X was collected from the 

blood of a malaria infected thicket rat captured in Africa (Landau and Chabaud, 1966). 

These parasites were then maintained in laboratory mice, with intermittent periods of 

being stored frozen, for ten years before the observation of the phenotypic alteration 

which lead to the identification and cloning of YM. Shortly afterwards, the clone 17X 

was isolated from a wild-type 17X sample, and because it produced the same disease 

characteristics as the uncloned mixture this clone was assumed to be representative 

of all of the parasites originally present in the isolate. The original 17X isolate could 

have consisted of a mixture of different avirulent parasites, possibly of distinct 

species, and any one of these parasites could have been the progenitor of strain YM. 

Morphologically the parasites were identical and biochemically no differences could be 

demonstrated between 17X and YM parasites ( yoelii et al., 1975; Landau and 

Boulard 1978). The close relationship between the two parasites was further 

demonstrated by their capacity to cross-fertilise (Walliker et al., 1976) and the 

protection afforded against YM infection by prior infection with 17X (Holder and 

Freeman 1981). Protective anti-parasite immune responses normally have a high 

degree of species specificity (Jarra and Brown 1985). This close relationship was also 

evident from the investigations described here, which demonstrated many points of 

similarity between the karyotypes of the two species. But while the data discussed so 

far appeared to support the assumed close relationship between YM and 17X, they 

did not necessarily indicate a parent-progeny relationship. It would be interesting to 

examine the electrophoretic karyotypes of a panel of clones from the original 17X 

isolate to see if all gave rise to the same pattern, or whether the uncloned 17X isolate 

may have represented a mixed population of parasites.

Regarding the immunoprécipitation data, considering the many similarities 

between the two strains, the large number of differences in the profiles of the protein 

bands immunoprecipitated from each of the parasite extracts with hyperimmune

166



serum was unexpected. Although the identity of the non-rhoptry proteins 

immunoprecipitated cannot be determined, these proteins appear to be of parasite 

origin, and would seem to be inconsistent with the hypothesis that a 17X parasite was 

abruptly converted into a YM parasite.

The immunoprécipitations with anti-rhoptry protein antibodies reveal far fewer 

points of divergence. It does seem likely that a protein which is not expressed in the 

virulent parasite YM, |and which is recognised by both protective and non-protective 

monoclonal antibodies, is expressed by 17X. Because 17X has been demonstrated to 

possess at least two additional rhoptry protein gene loci, the protein band seen only in 

this parasite might be the product of a gene contained within one of these loci. 

Whether this is the case or not, the results imply that strain 17X may possess a gene 

which is either not present, or not expressed in YM, and that this gene enables 17X 

parasites to give rise to more chronic infections. Had no other differences been 

demonstrated between the two parasites, this would have provided further evidence 

that the rhoptry proteins are involved in the mediation of virulence. However the 

discovery of differences in size between four of the chromosomes and the different 

hyperimmune serum immunoprécipitation results mean that the differences in the 

profiles of the diseases caused by the two parasites cannot be directly related to the 

differences in location or expression of the rhoptry proteins genes.

If a 17X parasite did give rise to YM, then some rhoptry protein genes must 

have been deleted. Whether or not this was the case, these genes cannot be those 

which are responsible for expression of the avirulent phenotype because Freeman et 

a/., (1980) observed that, following transfer of the two protective mAbs into mice 

recently infected with YM, the parasites were subsequently reticulocyte-restricted and 

spontaneously cleared by the mice. These data would appear to indicate that the YM 

parasites express an additional factor which enables them to successfully parasitise 

mature erythrocytes, and that it is the action of this factor which is blocked by the 

binding of the antibodies. Our experiments have not given any clear indication as to 

what this factor might be. Because 17X parasites could also be induced to extensively 

parasitise mature erythrocytes in reticulocyte depleted hosts (Fahey and Spitalny, 

1984) it appears that the 17X parasites could be induced to express the same factor. 

However it must be remembered that the mice used in these experiments had 

received a severe physiological shock from the irradiation, and that this may 

conceivably have resulted in modification of the erythrocyte membranes, but it is 

difficult to envisaged exactly how this could have happened. Thus the results 

demonstrating that both types of parasites can be induced to exhibit the infection
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characteristics of the other would seem to indicate that the phenomenon of differing 

host-cell specificity (which seems to affect parasite virulence) is mediated through 

differential expression of genes which are present in both parasites. It may be that the 

differential invasion of the erythrocyte of different ages by P. yoelii parasites could be 

regulated in the same way that some P. falciparum parasites can alter their host cell 

range through the expression of alternate receptor molecules (Dolan at a/., 1990). 

Investigation of whether the rhoptry protein gene family is involved in this process 

could be undertaken by analysis of the rhoptry protein gene transcripts present in 

each of the parasites, both before and after induction by growth in either antibody 

treated or irradiated mice. Preliminary experiments were begun to address these 

questions but could not be completed in time for inclusion in this thesis.

For the reasons stated above it was not possible through the results presented 

in this chapter, to link the differential patterns of rhoptry protein gene distribution in the 

two parasites with the virulence characteristics that each parasite displayed.

The number of differences observed between the two parasites (in 

chromosome size, rhoptry protein gene distribution, hyperimmune serum reactivity 

and rhoptry protein gene expression) tend to imply that a 17X parasite was not the 

immediate parent of YM. The high degree of conservation of the organisation of the 

rhoptry protein gene family was striking, but the preliminary results (from whole 

chromosome Southem blots) indicate that a similar level of conservation might also be 

common to P. berghei. This parasite has been reported to be a very close relative of 

P. yoelii, (Landau and Boulard, 1978). The relatedness of the rodent malaria parasites 

is not known, but it has been our experience and that of other workers who have 

performed hybridisation studies with the rodent malaria parasites, that P. berghei- 

derived sequences are far more likely to hybridise with P. yoelii DNA under conditions 

of high stringency than with, for example DNA from P. chabaudi. DNA. Our studies 

have shown that all chromosomes are very differently sized in P. yoelii and P. berghei 

as the genomes of the two parasites do become better characterised, comparison of 

the sequences of homologous genes will allow evaluation of exactly how closely 

related the two parasites are, and when distinct spéciation might have occurred. P. 

berghei is also a reticulocyte-preferring malaria parasite and so the discovery of the 

presence of an extensive family of rhoptry protein gene related sequences in this 

parasite, is consistent with the proposed role of these proteins as binding 

predominantly to reticulocytes.
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CHAPTER 7 : ANALYSIS OF A GENETIC CROSS BETWEEN VIRULENT AND 

AVIRULENT STRAINS OF P. YOELII

One of the most powerful methods to test association, whether or not a 

particular gene is suspected to play a role in the expression of a certain phenotypic 

character, is to perform a genetic cross and examine the inheritance of both the gene 

and the character. In Section 6.3.2 of Chapter 6 it was demonstrated that the avirulent 

strain 17X possessed an additional locus for the 235kDa rhoptry protein gene family, 

which was not present in the virulent strain, YM. This novel locus, within the doublet 

band containing chromosomes 13 and 14 (band 11), was detected when a Southern 

blot of intact chromosomes was probed with the clone E8. The identification of this 

additional locus constituted the first genetic difference demonstrated between the two 

parasite strains. Homologous sequences were also observed to be present within the 

chromosome 13/14 doublet band in two strains of another reticulocyte-restricted 

rodent malaria parasite, P. berghei (Chapter 6, Section 6.3.3). This result suggested 

that there could be an association between the rhoptry protein gene family member(s) 

present on chromosomes 13/14, and reticulocyte restriction. This possible association 

was tested by examining the progeny of a cross between virulent and avirulent 

parasites.

The proceedure by which recombinant clones are produced and isolated is as 

follows; initially blood samples from mice infected with each of the parent lines, which 

have been demonstrated to contain gametocytes by microscopy, are mixed in equal 

proportions. The mixture is then injected into a naive mouse, from which mosquitoes 

are then allowed to feed. Gamete maturation and fertilisation will then occur within the 

insects. If it is assumed that self- and cross-fertilisation will occur with equal 

frequency, half of the resulting zygotes will be hybrids, and the other half will comprise 

parental types in equal proportions. The mosquitoes are kept under suitable 

conditions until sporozoites are present in their salivary glands, when they are allowed 

to feed on uninfected mice. The resulting infections in these mice will arise from the 

uncloned mixtures of hybrid and parental parasites, which must then be cloned so that 

individual parasites can be examined independently.

A clone is a population of genetically identical organisms derived from a single 

cell by asexual reproduction. All members of such a population will have identical 

genetic characteristics, unless subsequent mutation occurs. To ensure that infections 

in mice are clonal, erythrocytes containing single parasites can be isolated using a 

micro-manipulation technique, and used to infect mice, which might then develop 

patent parasitaemias. Unfortunately, while assuring that all of the infections developed
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will have been of clonal origin, this technique is extremely laborious and time- 

consuming. The simplest and fastest way to generate a large number of clones of a 

rodent malaria parasite is by using the dilution method. For this proceedure, blood is 

extracted from the host mouse when the parasitaemia is just beginning to rise (around 

day 3 -4  post-inoculation), when the vast majority of infected erythrocytes contain 

only single parasites. The blood is diluted in a suitable physiological buffer, so that 

there is on average, for example, one parasitised erythrocyte per 0.1ml of inoculum. 

The chosen volume of this suspension is then injected intravenously into a large 

number of mice. It takes about seven to ten days for a P. yoelii infection initiated by a 

single blood-stage parasite to become patent. After this period of time the number of 

mice developing infections is counted. The proportion of mice which become infected 

can be used to construct a Poisson distribution curve from which the average number 

of infections initiated by single parasites can be estimated. If each inoculum contained 

on average a single parasite, approximately 63% of the mice injected will develop 

infections, and of these approximately 58% (36% of the total number of inocula) will 

be clonal. If the average dilution of the parasites is 0.1 inoculum'\ then only 10% of 

the mice inoculated will develop infections, but 96% of these will be clonal (Beale at 

a/., 1978). In order to provide a control for genetic changes which may occur as a 

result of self-fertilisation, each parent clone is passaged separately through 

mosquitoes, to mice from which clones can be isolated and tested.

A cross had previously been performed between YM and an avirulent P. yoelii 

strain A/C and it was demonstrated that the virulent genotype was probably the 

product of a single independently-segregating genetic locus (Walliker et al. 1976; see 

previous chapter). The avirulent parasite A/C, had been derived by crossing two 

different lines each derived from 17X on separate occasions (see below). In view of 

the protracted proceedure required to perform a genetic cross between P. yoelii 

strains YM and 17X, the progeny from this earlier cross were investigated. It was 

reasoned that if the P. yoelii clone A/C could be demonstrated to contain rhoptry 

protein gene-related sequences on chromosome 13 and/or chromosome 14, in 

addition to the avirulent phenotype, then the segregation of this locus and the virulent 

phenotype among the progeny of the YM - A/C cross could be followed.

Professor Walliker kindly provided all existing stabilates from the YM - A/C 

cross (Walliker etal., 1976), including six clones which had been established to be 

hybrids. Blood from the mouse in which the parasites were expanded after the cross, 

prior to cloning had been retained and so the possibility to isolate further clones 

remained. Of the six hybrid clones, two were clearly avirulent, and three were highly
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virulent. The sixth clone had exhibited an atypical phenotype. This clone (19.5) had 

been injected into five mice for the virulence test and had produced YM-like infections 

in two mice, which had expanded very rapidly resulting in the death of the mice on day 

three of infection, and the remaining three mice had developed 17X-like infections.

The avirulent phenotype of these parasites was stable on further blood and mosquito 

passage. The reason for the phenotype displayed by 19.5 (described as clone 55 by 

Walliker et al., 1976) is not known. Another recombinant clone (described as number 

six by Walliker et el.) isolated in the same experiment also exhibited very similar 

characteristics to 19.5 but none of the other 54 clones examined behaved unusually 

(see Chapter 5).

To differentiate hybrid clones from self-fertilised parental types, two 

independent markers are required which are different in the parents. Following the 

cross, any clones which have non-parental combinations of these two markers can be 

positively identified as hybrids. Before the observation of the differential hybridisation 

of the rhoptry protein gene clone E8 to the chromosomes of P. yoelii strains 17X and 

YM (Chapter 6), virulence was the only character known to differ between these two 

parasite strains. The avirulent P. yoelii clone A/C, was resistant to the drug 

pyrimethamine, which provided a second phenotypic marker. Line A/C was the 

product of a cross between two parasite lines (A and C) which had each been derived 

independently from 17X. Line A had been produced in an experiment to isolate 

pyrimethamine resistant clones from 17X, in which infected mice received a normally 

curative regimen of pyrimethamine treatment. Those parasites which survived were 

described as line A and initially maintained in the presence of sub-curative levels of 

the drug, but the pyrimethamine resistance was subsequently demonstrated to be 

stable in the absence of drug pressure following repeated syringe and mosquito 

passage. The parasites exhibited the reticulocyte-restricted avirulence characteristic 

of 17X (Walliker et al., 1973). Line C was a virulent parasite with a YM-like capacity to 

invade erythrocytes of all ages, which had been produced during another experiment 

in which it was attempted to induce pyrimethamine resistance through ultra-violet (UV) 

irradiation of 17X parasites. Some of the parasites, which were subsequently cloned 

to give rise to line C, did not develop pyrimethamine resistance, but did markedly 

increase in virulence and developed the capacity to extensively invade mature 

erythrocytes. Although parasitaemias generally only reached 50% by day seven when 

a YM infection would occupy on average 70% of the erythron, the resulting disease 

was equally lethal and all mice generally died within one week of infection. UV 

radiation is highly mutagenic and is likely to have caused multiple mutations in the
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genetic material of these parasites, however it appeared that a single mutation at a 

locus distinct from that which mediated the expression of virulence gave rise to the 

virulent phenotype in these parasites because when this parasite was crossed with 

YM, a proportion of the progeny were avirulent (Walliker, 1981). When lines A and C 

were crossed, one of the progeny clones was avirulent and pyrimethamine resistant, 

and this clone A/C was used as the avirulent parent for the cross described by 

Walliker ef a/., 1976.

It was decided that should the chromosome 13/14 be demonstrated to be 

present in the avirulent parasite A/C, then initially the first six clones isolated by 

Walliker et al. would be examined, and only if these clones indicated an association 

between the avirulent phenotype and a rhoptry protein genetic locus within the most 

slowly migrating DNA band, would efforts be made to isolate additional clones.

Testing the virulence of progeny clones is a fairly simple matter of observing 

the parasitaemias resulting in infected mice, and the developmental stages of the 

erythrocytes which are parasitised. Testing for susceptibility to a drug such as 

pyrimethamine, requires much more work because each clone must be infected into at 

least five animals and the infections allowed to develop, before drug treatment of the 

animals is begun and the course of the infections followed. Another marker which 

would more easily distinguish recombinant progeny would greatly simplify the process 

of identifying recombinant clones was therefore sought. Snounou at a/., (1989), 

published details of an anonymous cloned sequence of P. chabaudi DNA which gave 

complex patterns of hybridisation when used to probe Southem blots of rodent 

malaria genomic DNAs. The probe had been demonstrated to produce strain-specific 

patterns for most rodent malaria species, and so it was anticipated that this probe may 

hybridise with restriction fragment length polymorphisms between YM and A/C, one or 

more of which could then be used as markers for recombination.

7.1.1 Rhoptry protein gene-related sequences are present within chromosomes 

13/14 of the avirulent parasite A/C

The chromosomes of P. yoelii strains A/C, YM and 17X were resolved using 

CHEF electrophoresis, and the conditions described previously. The separation of all 

of the larger chromosomes was not as full as had been previously achieved, but the
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Figure 7.1
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band of interest, i.e. that containing chromosomes 13/14 of YM was well resolved (see 

Figure 7.1a). The gel was blotted, hybridised with E8, and the blot autoradiographed. 

As usual, three bands of hybridisation were detected in YM DNA. The same bands, 

plus an additional band were observed in 17X. Four clear bands of hybridisation were 

detected in the A/C DNA, which appeared to be the same as those seen in 17X. See 

j Figure 7.1, panel b.

7.1.2 Hybridisation of resolved A/C chromosomes to probes specific for 

chromosomes 13 and 14

The blot described in section 7.1.1 was hybridised sequentially with three 

specific probes 13.33, 13.45, and Actin 1 (for sources see Chapter 3). Each probe 

hybridised to the doublet containing chromosomes 13 and 14 in P. yoelii strains YM 

and 17X. All of the probes hybridised only with the most slowly migrating band of DNA 

in P. yoelii line A/C (see Figure 7.1 c,d,e) giving a pattern indistinguishable from that 

of YM and 17X. It appears that in line A/C, in common with all other rodent malaria 

parasites examined to date, the most slowly migrating band of intact genomic DNA is 

a doublet containing chromosomes 13 and 14.

These experiments showed that line A/C, in addition to exhibiting a 

reticulocyte-restricted avirulent phenotype, contains a rhoptry protein gene locus in 

the band containing chromosomes 13 and 14. This line was therefore suitable for use 

in a genetic cross to follow the inheritance of this locus and avirulence, and the 

progeny isolated previously can be analysed.

7.2 Inheritance of the virulence character and chromosomal distribution of 

the rhoptry protein gene family among six recombinant progeny clones from the 

A/C I YM cross

Of the six clones previously characterised, clones 10 and 14 were avirulent 

giving rise to ‘17X-like’ infections, clones 12,17, and 24 were virulent giving rise to 

‘YM-like’ infections, and clone 19.5, gave rise to an atypical, possibly mixed infection. 

The virulence charateristics of these parasites were confirmed and DNA was isolated 

from each analysis.

7.2.1 Confirmation of the virulence characteristics of the six recombinants

The parasite stabilates were inoculated into naive mice. Following expansion, 

each was then passaged into a further four mice so that sufficient material was 

available for the production of the PFGE DNA blocks. The course of the infection 

produced by each parasite was recorded during both the original growth step, and the
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subsequent expansion. The five unambiguously classified parasite clones each 

conformed to the growth characteristics originally ascribed to them (Walliker et al., 

1976), i.e. clones 10 and 14 were avirulent and clones 12, 17, and 24 were highly 

virulent. Clone 19.5 was observed to produce an avirulent infection.

7.2.2 Hybridisation of E8 to the resolved chromosomes of the six recombinant 

clones

DNA from each the six clones was electrophoresed on a CHEF gel and 

stained, as in section 7.1 (see Figure 7.2a). Resolution of the larger chromosomes 

was greater than for the gel in Figure 7.1a, demonstrating the lack of reproducibility in 

the separation of the largest P. yoelii chromosomes using CHEF electrophoresis. The 

gel was Southern blotted and hybridised with E8. In clones 10 and 14, clear 

hybridisation to band 13/14 was observed (see Figure 7.2b). No hybridisation to this 

band was observed in clones 12, 17, and 24. Thus for each of the clones which could 

be unambiguously classified as either virulent or avirulent, the results were consistent 

with the hypothesis that the presence of rhoptry protein gene-sequences on 

chromosome 13 and/or 14, was associated with the avirulent phenotype. No 

hybridisation signal was observed at this locus in clone 19.5, but far less material was 

available to test because this clone had given rise to very low parasitaemia, and a 

smaller amount of DNA was loaded (Fig. 7.2a). However no signal was observed even 

after extended periods of autoradiography. There was a possibility that a weak signal 

arising from the largest DNA band of clone 19.5 may have been obscured by the 

increase in background signal with longer exposures to film and it was decided that 

this clone should be regrown and retested.

From the improved resolution of the chromosomes corresponding to bands 8,

9, and 10 of YM, a more complete picture of the chromosomes containing rhoptry 

protein gene sequences in each of the clones was obtained. For clone A/C each of 

these bands hybridised with EB, in contrast to the single band of hybridisation to band 

9 observed in YM. The reason for the presence of what appear to be rhoptry protein 

gene sequences present on additional chromosomes in A/C is unclear. Because no 

DNA was available from line A and line C parasites, the distribution of the rhoptry 

protein gene family in the parents of this clone cannot be known. It could be that 

translocation of sequences containing rhoptry protein genes had occurred between 

the two chromosomes within bands 8 and 10, One of the parental lines which were
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Figure 7.2

Southern blot of progeny clones (first batch) of R yoelii YM-A/C genetic cross
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crossed to give rise to A/C had been isolated after UV irradiation of 17X parasites, 

and this treatment may have introduced some mutation into the genome.

Following the YM - A/C cross the hybrid progeny clones could be seen to have 

each inherited different combinations of the chromosomes in this region, with most 

exhibiting what could be recognised as non-parental combinations. For example clone 

12 appeared to have inherited band 10 (with rhoptry protein gene related sequences) 

from A/C, and band 8 (without related sequences) from YM. As band 9 has 

sequences hybridising with rhoptry protein genes in both parents, the origin of this 

chromosome in clone 12 could not be determined from this experiment. The type of 

chromosome mixing observed here is exactly that expected following sexual 

recombination of two haploid organisms if the chromosomes were independently 

assorted amongst the progeny according to Mendelian laws.

Clones 14 and 17 exhibit chromosome polymorphisms which have not been 

observed in either parent. The separation of the smaller chromosomes is not clear on 

the gel shown in Figure 7.2 a, but it can be clearly seen that in the autoradiograph , 

shown in Figure 7.2 b, in clones 14 and 17, a band approximately lOOkbp larger than 

band 6 also hybridises to E8. In both clones the signal from band 6 is reduced. Band 

6 in P. yoelii YM contains two chromosomes (5 and 6; see Chapter 3), each of which 

contain rhoptry protein gene sequences (see Chapter 4). This result seems to indicate 

that one of these two chromosomes has increased in size in both clones. As neither of 

the parent clones contain similar chromosomes, the increases in size must have 

occurred independently in each case, and it must have been purely coincidental that 

the same or co-migrating chromosomes of both clones increased in size by the same 

amount. The size increases could have been due to the expansion of non-coding 

subtelomeric repeat sequences analogous to Rep20 in P. falciparum (Goman at a/., 

1982) or the 2.3 kbp element in P. berghei. (Pace at a/., 1987). Differences in the 

amount of this sequence present is known to account for the majority of chromosome 

size polymorphisms documented in Plasmodia (Janse, 1993). Alternatively, the size 

variations could be due to duplication of sequences occurring internally in the 

chromosomes.

Despite the fact that the E8 hybridisation pattern observed with A/C DNA was 

more complex than initially expected, this preliminary experiment indicated that there 

could still be an association between the avirulent phenotype and the presence of 

rhoptry protein gene related sequences within the band containing chromosomes 13 

and 14. It was therefore decided to isolate more clones so that the relationship could 

be tested in a larger population.
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7.3 Isolation and characterisation of further clones from the YM - A/C cross

Several aliquots of blood containing uncloned progeny from the YM - A/C 

cross had been stored in liquid nitrogen. Initially, one vial was thawed and inoculated 

into a mouse, and when a patent parasitaemia was observed, the mouse was bled 

out. The blood was diluted to 5 parasites ml'̂  and 0.1ml was injected into the 

bloodstream of 49 mice. Of these mice only 5 developed infections. While this number 

was very low, it was concluded that from a normal Poisson distribution, it was very 

likely that each infection was the product of a single parasite and was therefore clonal.

A further cloning was carried out in order to obtain a larger number of clones.

In this step the parasites were diluted as before and 50 mice were injected with, on 

average, 0.5 parasites. Despite the low number of clones recovered from the last 

experiment, the dilution of the parasites was not reduced for fear that any resulting 

infections might not be clonal. The clone recovery rate in this second cloning was 

again very low, with only six mice developing infections. Although it would have been 

statistically preferable to examine a larger number of clones, at this point time 

constraints and the cost incurred by using a large number of animals for each cloning 

prevented a further cloning being carried out. It was reasoned that if all eleven of the 

new clones conformed to the phenotypes expected (chromosome 13/14 locus in 

association with the avirulent phenotype), then there would be sufficient justification to 

carry out a third cloning into a much larger number of recipient mice.

Thus a total of eleven new clones were available for the second analysis, and 

if both self-fertilisation and cross-fertilisation had occurred with equal frequency, 

approximately half of these clones would be recombinant. In order to study the 

virulence characteristics of the new clones, 0.1ml of blood from each of the mice in 

which the original clones were produced was injected into four fresh mice. Clone 19.5 

was also regrown so that the DNA could be retested. Because only the extent of 

parasitisation of mature erythrocytes was of interest, (as virulent and avirulent 

parasites both readily parasitised reticulocytes), observation of the parasitaemia 

commenced from the third day post-inoculation. The clones produced have been 

designated A2, A5a, A5b, A9, A l l ,  81, 83, 01, 02, 03, and 04.

7.3.1 Classification of virulence in the eleven new clones

When thin blood smears stained with Giemsa’s stain were examined using 

light microscopy, reticulocytes could be easily distinguished from mature erythrocytes 

because of their larger size, less regular shaping and blue colouration (mature
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erythrocytes appear pink, rounded and biconcave). The numbers of parasites present 

within each type of erythrocyte were recorded on days 3, 4, 5 and 7 post-inoculation, 

for each clone. The parasitaemia within mature erythrocytes, recorded for each clone 

is presented in Table 7.1. Because 17X and A/C avirulent parasites are able to enter 

mature erythrocytes during the second and third days post-inoculation, and for all 

clones the parasitaemias were generally low, unambiguous classification of the clones 

into virulent and avirulent types on day three was not always possible. However, by 

day four invasion of mature erythrocytes by the avirulent parasites ceased, and the 

parasitaemias in the virulent clones had increased dramatically so that the two 

virulence types could be easily distinguished (See Table 7.1).

Seven of the new clones (A2, A5b, A9, A l l ,  01, 03, and 04) exhibited ‘YM- 

like’ parasitaemia, with on average at least 50% of all erythrocytes parasitised by day 

four. Two clones had slightly lower parasitaemias (A5a, average 22.5%, and 81, 

average 32.5%), but were also classified as virulent because the parasites within 

mature erythrocytes appeared healthy and all developmental stages through to 

schizogony and merozoite maturation were observed in these cells. These clones 

were maintained within the mice for a further day when the high levels of parasitaemia 

(A5a average 70%, 81 average 60%) confirmed the virulent diagnosis, the 

characteristic rapid rise in the parasitaemia had been slightly delayed in onset, the  

mice infected with the seven clones exhibiting clear virulence on day four were 

sacrificed. The parasites were extracted from the blood, and then used to produce 

DNA blocks for PFGE electrophoresis. The remaining clones were maintained for 

further observation.

Only two of the ten new clones could be classified as avirulent, these being 

clones 83 and C2. The parasitaemia was higher in 83 (average 8.3% on day 4) than 

in C2 (average 1.5%). 83 was also classified as avirulent because the parasites 

present within the mature erythrocytes appeared shrunken, crenellated and unhealthy 

and no development of the parasites beyond the ring (trophozoite) stage was 

observed within this red blood cell type.

On day 7, clone 02, established classical 17X-like infections in all mice with 

parasites confined to reticulocytes and no parasitised mature erythrocytes being seen.
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Table 7.1

The percentage of mature erythrocytes parasitised by the progeny clones of the P. yoelii YM - A/C cross

The level of parasitaemia observed in reticulocytes is not recorded here because all clones were able to extensively invade immature 
erythrocytes, but only those parasites which were classified as virulent were able to invade and develop within mature erythrocytes after the 
third day of infection.

Day 3 post-inoculation

Clone No. Mouse 1 Mouse 2 Mouse 3 Mouse 4 Virulence i

A2 5% 8% 10% 8% V
A5a <1% 1% 3% 1% A?
A5b 2% 7% 10% <1% V
A9 6% 11% 5% 11% V
A ll 5% 8% 7% 7% V
B1 7% 3% 3% 3% V?
B3 <1% <1% <1% <1% A
Cl 4% 10% 8% 6% V
02 <1% <1% <1% <1% A
03 4% 3% 4% 3% V?
04 4% 4% 7% 7% V
19.5 <1% <1% Lost <1% A



Table 7.1 (continued)

Day 4 post-inoculation

Clone No. Mouse 1 Mouse 2 Mouse 3 Mouse 4 Virulence class

A2 50% 50% 50% 50% V
A5a 20% 30% 20% 20% V
A5b 60% 80% 80% 40% V
A9 50% 50% 50% 50% V
A ll 50% 60% 60% 60% V
B1 40% 20% 40% 30% V
B3 8% 9% 7% 9% A
01 40% 60% 80% 40% V
02 2% 1% 2% 1% A
03 50% 50% 50% 50% V
04 90% 80% 90% Dead V
19.5 2% 1% Lost 1% A



Table 7.1 (continued)

Day 5 post-inoculation

Clone No. Mouse 1 Mouse 2 Mouse 3 Mouse 4 Virulence classification

A5a 60% 90% 90% 70% V
B1 60% 50% 70% 50% V
B3 2% <1% <1% <1% A
02 <1% <1% <1% 1% A
19.5 <1% >1% Lost <1% A

Day 7 post-inoculation 

Clone No. Mouse 1

B3
02
19.5

0%
0%
20% *

Mouse 2 Mouse 3 Mouse 4 Virulence classification

0% 0% 60%* Aq (see note)
0% 0% 0% A
0% Lost 0% Aq (see note)



However for B3, and also19.5, similar atypical patterns of virulence were observed. In 

three of the four mice infected with B3 and in two of the three surviving mice 

inoculated with 19,5, reticulocyte-only infections were present. However in one mouse 

infected with each of these clones significant numbers of mature erythrocytes were 

parasitised (20% in B3, and 60% in 19.5). On closer examination of blood smears, the 

infections within mature erythrocytes were observed to be comprised solely of 

gametocytes, which can be differentiated from asexual forms using phase-contrast 

microscopy. The clones B3 and 19.5 were classified as Aq (avirulent - queried) 

because of the avirulent behaviour of these clones in the majority of the mice.

This type of infection, where a single clone gave rise to avirulent reticulocyte- 

restricted infections in some mice, and virulent, lethal all-erythrocyte infections in 

others had only been described once previously, when Walliker et al. (1976) 

examined the products of the same genetic cross. In that case the developmental 

stage of the parasites had not been recorded so that it is not known whether these 

infections were restricted to gametocytes only. However as 19.5 (one of the atypical 

clones, described by Walliker et al. as clone 55) demonstrated this behaviour when 

we regrew it, it seems likely that this would have been the case for the other unusual 

clone (56) also.

Explanation of the atypical virulence characteristics of some of the 

recombinant progeny from this cross between P. yoelii YM and A/C is difficult. This 

type of behaviour has not been reported previously for any malaria parasite. 

Gametocyte-only infections frequently occur after resolution of the initial high 

parasitaemia during human falciparum malaria infection (Brown et al., 1986); however, 

the mice in our experiments were recently infected naive animals in which the first 

high parasitaemia consisted of gametocytes.

7.3.2 Determination of whether the clones isolated were produced by 

recombination or were self-fertilised parental types.

In order that a Southern blot could be produced for hybridisation with the 

anonymous P. chabaudi DNA probe, pPc4.1, the DMAs were recovered from the 

agarose PFGE blocks using a GeneClean kit (Biol 01), quantified by ultraviolet 

spectrophotometry, and then digested with EcoRI. The jONA was not digested directly 

in the agarose blocks because they had been treated with proteinase K, which would 

have inactivated the restriction enzyme. Although PMSF is known to inactivate 

proteinase K, it has not always been possible to remove all of this from some batches 

of treated PFGE blocks. Residual activity may have resulted in partially digested DNA
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species which would have prevented the accurate identification of suitable RFLPs.

The digested DMAs were run out on an agarose gel, blotted and hybridised with the 

probe Pc4.1, produced by PCR-amplification of the plasmid insert using pUC universal 

forward and reverse sequencing primers. The restriction patterns produced from each 

DNA were not sufficiently clear to permit the identification of bands to be used as 

markers of recombination (data not shown). It was concluded that the process to 

remove the DNA from the blocks may have affected the integrity of the DNA.

It was probable that the method used to extract the DNA from the PFGE 

blocks was the reason why the Southern blots produced in the prevous section were 

not clear. In fact the GeneClean method is not recommended for the isolation of 

genomic DNAs, even though theoretically the DNA should bind with high affinity to the 

powdered glass matrix. This method was chosen because the agarose used to make 

the blocks was not susceptible to agarase digestion, and physical methods of 

separation rarely work for DNA species longer than 5kbp. A phenol-chloroform step 

followed by ethanol precipitation was introduced after the GeneClean process to 

reduce as far as possible any contaminating material present in the parasite DNA 

pellets and the proceedure was twice further repeated, but no improvement was 

observed in the quality of the Southern blots produced. Insufficient material prevented 

further attempts to use a RFLP method to identify recombinants.

7.3.3 Hybridisation of E8 with resolved chromosomes of the eleven new clones

Examination of the patterns resulting from hybridisation of the large 

chromosomes of the original six clones with E8 had demonstrated a great deal of 

variation, suggesting that it might be possible to positively identify some of the new 

clones as recombinants on the basis of the patterns that resulted.

The clones were electrophoresed, blotted and hybridised with E8 as before. 

From the patterns observed, five of the new clones (A2, A5a, A5b, B1, B3) could be 

positively identified as recombinants, a further three clone had A/C-like patterns but 

were virulent (A9, C1, C4), and so these were also judged to be recombinants. Three 

of the clones (A11, C2, C3) had YM- or A/C-like hybridisation patterns in conjunction 

with the appropriate parental virulence, and so may have been self-fertilised non

recombinants (see Figure 7.3). These results are summarised in Table 7.2. These 

results indicate that at least eight of the eleven new clones were recombinants. As 

some of the original six clones which had been classified as recombinant on the basis

184



Table 7.2

Hybridisation patterns produced by the larger chromosomes of A/C, YM, and the ten progeny clones.

Clone No. Virulence Large chromosome bands 
hybridising with E8

Comments

YM V 9 Virulent parent
A/C A 8, 9, 10, 11 Avirulent parent
A2 V 9, 11 Novel assortment - recombinant
A5a V 8, 10. 11
A5b V 8, 10
A9 V 8. 9, 10, 11 A/C-like pattern but virulent - recombinant
A11 V 9 YM-like and virulent - parental ?
B1 V 8, 9, 10 Novel assortment - recombinant
B3 Aq 8,9
C1 V 8, 9, 10, 11 A/C-like pattern but virulent - recombinant
C2 A 8, 9, 10, 11 A/C-like pattern and avirulent - parental ?
C3 V 9 YM-like and virulent - parental ?
C4 V 8, 9, 10, 11 A/C-like pattern but virulent - recombinant



of other markers, produced parental type patterns (see Section 7.3, b), it is possible 

that all of the clones examined in this experiment were recombinants.

Hybridisation of E8 to the band containing chromosomes 13 and 14 was now 

examined. Hybridisation to this band was detected in clones A2, A5a, A9, C l, 02, and 

04, in addition to the avirulent parent A/0. There was no hybridisation to the 

chromosome 13/14 band in clones A1, A l l ,  B1, B3, and 03 (see Figure 7.2.2b). The 

hybridisation to the chromosome 13/14 band is not clear in all lanes in the exposure of 

the autoradiograph photographed for Figure 7.3, however the results were chacked 

carefully. These data are summarised in Table 7.3.

Clones A2, A5a, A9, 01, and 04 had exhibited virulent phenotypes, whereas 

clone 02 was avirulent. Only one of the two ‘avirulent’ clones (clone B3, classification 

Aq) had rhoptry protein gene sequences hybridising on chromosome 13/14.

Thus contrary to the original indications given by analysis of the first six 

progeny clones from the YM - A/0 genetic cross, there appeared to be no direct 

association between the presence of rhoptry protein gene sequences within the band 

containing chromosomes 13 and 14, and the avirulent phenotype.
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Figure 7.3

Southern blot of progeny clones (second batch) from P. yoelii YM-A/C genetic cross.
a. Ethidium bromide stained chromosomes.
b. Southern blot hybridised with E8.
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Table 7.3

The virulence classification of the new clones and the status of the chromosome 13/14 DNA band with respect to hybridisation with

Hybridisation of E8 to Chromosomes 13/14Clone No. Virulence Hybridisati

A2 V Yes
A5a V Yes
A5b V No
A9 V Yes
A11 V No
B1 V No
B3 Aq No
C1 V Yes
C2 A Yes
C3 V No
C4 V Yes

Of these progeny, five virulent and one avirulent parasite clones had E8 hybridisation to band 11, and four virulent and one avirulent 
parasite had no E8 hybridisation to band 11.



7.4 Discussion

The work presented in this chapter was completed before it had been possible 

to produce a two dimensional Rsa\ Southern blot of P. yoelii 17X chromosomes.

When this had been achieved, it was noted that in addition to the rhoptry protein gene 

sequences which hybridised with E8 and were derived from the band containing 

chromosomes 13 and 14, there was also an additional spot of hybridisation derived 

from the band containing chromosomes 9,10,11 and 12 in 17X. The two 

chromosome 9 and/or 12-derived major spots observed in YM were present, but an 

additional spot was present in 17X, and absent in YM, which could have been derived 

from any of these co-migrating chromosomes (See Chapter 6, Section 6.4.1). Thus it 

had been demonstrated that distribution of the rhoptry protein gene family between 

the two parasites differed at more than the single locus identified by E8 hybridisation 

to intact chromosomes (Section 6.3.2). While the data presented in this chapter 

indicate that one or more of the rhoptry protein gene family sequences contained 

within the chromosome 13/14 band do not seem to be associated with avirulence, the 

possibility remains that another copy of the gene family, for example that present 

within the band containing chromosomes 9/10/11/12 which has differential distribution 

in YM and 17X, may confer avirulence. Because it was not possible to resolve these 

chromosomes by CHEF, it would not be possible to follow the inheritance of this band 

using the method employed here, and two dimensional blots would have to be 

performed for each of the clones. The difficulty of generating these blots prevented 

this work being performed during the timescale of this project.

Recent work presented in Chapter 3, suggests that the rhoptry protein gene 

copy number could be 40-50, or possibly more. This work also suggested that the loci 

detected on whole chromosome blots were only those which contained multiple copies 

of the gene. The possibility remains that a single copy of the gene is responsible for 

the manifestation of virulence or avirulence, but whether It would be possible to detect 

this by examining the hybridisation pattern of each clone seems doubtful. The use of 

two-dimensional blots might be more helpful.

There are differences between the products of the rhoptry protein gene family 

expressed by P. yoelii strains YM and 17X. This was indicated by the differences in 

the protein species immunoprecipitated from YM and 17X parasites by monoclonal 

antibodies (see Sections 6.5.3 and 6.5.4). It appeared that an additional protein band 

was present in the avirulent parasites, and this was detected by both protective and 

non-protective monoclonal antibodies. This difference, may not be a reflection of the
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fact that the parasites possess different copies of the rhoptry protein genes, or may 

have the same gene present at different locations in the genome. Rather such 

differences may arise from differential expression of genes which existing in both of 

the parasites.

The association of the rhoptry protein complex with virulence has not been 

proven.
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CHAPTER 8

GENERAL DISCUSSION

When this work was initiated, genetic and other data indicated that the virulent 

and avirulent strains of P. yoelii differed at a single genetic locus. Were this to have 

been the case, then this locus must have mediated the virulent phenotype. The 

235kDa rhoptry protein complex of P. yoelii appeared to fulfil the criteria to be the 

‘virulence factor* because monoclonal antibodies which recognised this complex were 

able to convert an otherwise lethal infection with YM parasites into a mild 17X-like 

disease. Three similar genes had been identified which encoded rhoptry complex 

proteins in YM, but no function had been ascribed to the protein complex which was 

present in both virulent and avirulent parasites.

The demonstration that strain YM could not have evolved abruptly from 17X 

parasites as the result of a single mutation, is significant. Because YM was initially 

isolated from an uncloned 17X isolate, it is probable that the exact relationship of YM 

to 17X will never be known. If the two parasites are not close relatives, then the 

different degrees of virulence exhibited by the two parasites might result from the 

interplay of a large number of factors, and as such, a single virulence determinant 

might not exist. The karyotypes of the two parasites are remarkably well conserved, 

particularly the sizes of the small chromosomes, indicating a close relationship.This 

conclusion is supported by the observation that a prior infection with strain 17X can 

protect mice against a subsequent challenge with a lethal inoculum of YM. The close 

agreement with expected Mendelian ratios, of the numbers of recombinant progeny 

expressing each type of virulence following the virulent-avirulent P. yoelii genetic 

cross (Walliker et al., 1976) did seem to provide strong evidence that virulence was 

mediated by a single genetic locus. However from this same experiment two, out of a 

total of fifty-six clones examined, exhibited virulence characteristics which could not 

be reconciled with the theory that a single genetic locus mediated virulence. The 

hybridisation of rhoptry protein gene probes to YM and 17X two-dimensional Southern 

blots indicated that there were at least two differences in the organisation of the 

rhoptry protein gene family in the two species. This could represent the total extent of 

the differences in the coding sequences of the two parasites, or may merely reflect 

the level at which the genomes of the two parasites vary generally.

Hybridisation data produced from YM are consistent with a minimum rhoptry 

protein gene copy number of forty. The organisation and extent of the gene family is 

well conserved in strain 17X and this also seems to be true for P. berghei. If this is the 

case, the rhoptry protein gene family has existed in a similar form since before the
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divergence of the rodent malaria species which resulted in the separate development 

of P. yoelii and P. berghei. This suggests that deletion of even part of the rhoptry 

protein gene family is deleterious to these parasites. That the gene family is more 

extensive than the three different genes which have been partially cloned is supported 

by the work of Borre (see Chapter 4) who detected eleven different genomic variants 

of a central region of the rhoptry protein gene among sixteen amplified and cloned 

DNA products. The ways in which the cloned fragments varied was extremely 

interesting. The majority of the mutations were not silent; in almost every case the 

base substitutions occurred at the first nucleotide of codons, which would tend to 

result in an amino acid substitution. Between all of the clones there was also tendency 

for a particular nucleotide to be altered to another particular nucleotide, which might 

be interpreted as a programmed alteration. As the substitutions would appear to alter 

the nature of the proteins, it might be hypothesised that such mutations were the 

result of external selective pressure, indicating that many of the proteins are 

expressed. The degree of variation observed among a small number of random 

clones, indicated that the gene family is large, and gave a minimum copy number of 

eleven.

A gene family as large as that described for the P. yoelii rhoptry proteins has 

not previously been described in any malaria parasite. However the variable 

expression of what seems to be a large family of analogous proteins expressed on the 

surface of infected schizonts has been described (Brown and Brown, 1965). These 

proteins are the SICA (Schizont-infected cell agglutination) antigens. The sequential 

expression of these proteins constitutes a form of antigenic variation which occurs 

even in the absence of immunological pressure (Howard et al., 1983). The genes 

encoding these proteins have not yet been identified but it is thought that they are 

encoded by a large gene family. Analogous proteins have been identified on the basis 

of their sero-reactivity in four malaria parasite species: P. falciparum (Biggs et al., 

1991), P. knowlesi (Barnwell et ai, 1983, Howard et ai, 1983), P. chabaudi {GWks et 

a/.,1990) and P. fragile (Handunetti et ai, 1987). The identification of these proteins in 

human, primate and rodent malaria parasite species indicates that they could be 

ubiquitous throughout the genus. The proteins are of a similar size to the P. yoelii 

235kDa rhoptry proteins, having apparent molecular masses ranging from 200- 

240kDa.

As the extent of the 235kDa rhoptry protein gene family became clear, the 

possibility was considered that this gene family might encode P. yoelii SICA 

homologues. However this seems unlikely for the following reasons. The homology
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between the sequenced P. yoelii genes, and P. vivax apical membrane protein, 

PvRBP2 is striking and indicates that the rhoptry proteins function as receptors during 

the process of erythrocyte invasion. This seems to fit in with the observations that 

monoclonal antibodies which bind to the rhoptry proteins alter the erythrocyte 

specificity of the parasite. Also the proteins are present within the rhoptry matrix which 

is discharged as the merozoite is on the point of erythrocyte entry. Immuno-gold 

electron microscopy failed to detect any rhoptry proteins on the surface of parasitised 

erythrocytes (Oka at a/., 1984). If the rhoptry proteins were expressed on the surface 

of infected schizonts, it would be difficult to conceive a model to explain the protective 

effect of the antibodies, which seems to be achieved through the prevention of mature 

erythrocyte invasion by the merozoite (Freeman at ai, 1980).

If the rhoptry protein gene family does encode a group of proteins which 

function solely as receptors during the invasion process, the reason why the gene 

family in P. yoalii should be so large when the P. vivax homologue appears to be 

encoded by a single gene is not clear. Particularly when it is considered that the P. 

vivax protein is expressed at the merozoite surface while the P. yoalii proteins are, at 

least initially, sequestered in the rhoptries. This sequestration might be expected to 

protect them from reaction with antibodies.

It could be that the rhoptry protein gene family encodes a large number of 

receptors which each react with different reticulocyte surface proteins. Some of these 

receptors might recognise proteins which are also present on the surface of mature 

erythrocytes. One, or a small subset, of the total gene repertoire might be expressed 

by each parasite at any given time. When the T. brucai VSG genes are expressed 

there appears to be a component of ordered sequential expression of the different 

gene variants, so that if a particular parasite clone expressing a particular VSG variant 

is cultured it is sometimes possible to predict the next antigenic variant which will be 

expressed (van der Ploeg, 1990). A similar mechanism operating in P. yoalii, in which 

a proportion of the parasites expressed a different gene variant, could explain the 

transient capacity of 17X parasites to invade mature erythrocytes in the early stage of 

infection, assuming a cross-reactive receptor which bound to all erythrocytes was 

expressed during this period. Immune clearance of the parasites expressing this 

protein or a switch in expression might result in the emergence of a new population. If 

the vast majority of receptors recognise reticulocyte specific ligands it would be more 

likely that another reticulocyte resticted parasite variant would emerge. However there 

is serious flaw in this model because because 17X parasites syringe passaged to 

naive mice always display a transient phase of invasion into mature erythrocytes, at
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the same point in the course of the infection. It is difficult to envisage a mechanism 

which would act to reset the sequence of gene expression on transfer to each naive 

animal.

Fahey and Spitalny (1984), claimed that both 17X and YM parasites did not 

differ in their capacity to invade different erythrocyte types, but rather in the rate at 

which each strain expanded within the host. For example P. berghei, which is 

reticulocyte-restricted is invariably fatal to laboratory mice. If the rhoptry proteins are 

expressed sequentially, it could be that YM parasite stage which expresses the 

receptor common to all erythrocytes may have given rise to such high parasitaemia by 

the time the host begins to mount a suitably specific immune response, that the 

antibody could not be produced with sufficient rapidity to control the infection. A slight 

delay in the onset of the increase in the parasitaemia could, however, allow 

production of a high enough concentration of specific antibody to be effective, and 

might explain the observation of Walliker et al. (1976) that occasionally mice 

recovered from virulent YM infections.

This theory could explain the fact that a prior infection with the avirulent 

parasite 17X can protect against YM. The immune response to the previous 17X 

infection might neutralise the receptors which bound to ligands common to all 

erythrocytes, but not recognise all of the different reticulocyte specific ligands in the 

parasite's antigenic repertoire, with the effect that the infection is converted into a 

reticulocyte-restricted disease. The immunoprécipitation results did suggest that there 

could be an element of variable expression of the rhoptry proteins.

Future work

Because of the apparent large size of the gene family studies should now be 

focused on the expression of the different members of the gene family during an 

infection with P. yoelii. Initial experiments could include the production of Northern 

blots for hybridisation with the ‘copy specific’ probes B, C, and H, described in Section 

4.2. This would allow determination of whether E3 and E8 are expressed. It would be 

interesting to perform a series of blots over the course of an infection with YM and 

17X to see if it would be possible to detect the sequential expression of different 

genes. One drawback to this approach might be, for example that although probe B 

binds only to the E8 5’ sequence, it is not known how many of the multiple E8-like 

genes that appear to be present in the genome would also hybridise to the probe.

It would also be very interesting to follow both the Northern blot profile, and the profile 

of the proteins immunoprecipitated from each of the different YM virulence variant 

clones. In particular, the low virulence subclone (J) could be examined before and
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after passage through mosquitoes to see whether the unusual pattern of proteins 

immunoprecipitated from this clone remained unchanged after reversion to the virulent 

phenotype. The YM virulence variant clones that were classified as avirulent were 

interesting because they were not reticulocyte restricted even though they only gave 

rise to low parasitaemia. This might be an indication that the virulence phenotype and 

the ability to extensively invade mature erythrocytes could be mediated by distinct 

mechanisms.
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Appendix 1

Derivation of the P. yoelii YU subclones examined in Chapter 5

Uncloned YM isolate received from Prof. M. Yoeli following the emergence of 
the virulent phenotype. The parasite sample which was received frozen, was thawed, 
passaged twice through (C57BL) mice to expand the numbers of parasites and then 
was passaged through mosquitoes. The parasite was used to reinfect fresh mice and 
was observed to exhibit the same virulent phenotype as before passage through 
mosquitoes. After passage through a total of five mice, the parasite line was cloned by 
dilution. All clones exhibited the virulent phenotype. A sample of one of these clones 
was stored and is the parasite that we refer to as YMe. The remainder of this clone 
was passaged on through mosquitoes into mice, three times by syringe through mice, 
through mosquitoes into mice once, more before being deep frozen. Subsequently 
this parasite clone was resurrected, passaged through mice and mosquitoes, and 
refrozen on a number of occasions (see below).

The information presented was kindly supplied by Prof. D Walliker as a 
personal communication.
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