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Abstract. 

The World Health Organisation estimates that nearly 40% of the worlds population is at risk 

from malarial infections, leading to nearly 2 million deaths per year. Problems of drug resistance are 

increasing and consequently necessitate consideration of alternative strategies for disease control. One 

possible avenue is a greater understanding of the molecular and cellular biology of the parasite, studies 

which have been hindered by the biological complexities of the organism. Advances in molecular 

biological techniques, such as PCR, have increased the rate of information production to such an extent 

that the ability to rapidly nap any new gene sequence can greatly assist information assembly. Yeast 

Artificial Chromosome cloning vectors, with their capacity to maintain up to 1 Mb of cloned DNA in a 

stable form, have proved extremely useful in mapping the genomes of higher eukaryotes. These vectors 

posses features which can circumvent some of the problems associated with classical molecular 

manipulation in Plasmodiumfalciparum. 

The research presented in this thesis is aimed at contributing to genome mapping in P. 

falciparum. The primary objective is the construction of a complete, detailed YAC- based physical map 

of chromosome 6, with a resolution of 10 Kb. To accomplish this, an 1100 clone YAC library of the P. 

falciparum clone HB3 was constructed. The library contains clones with an average insert size of 100 

Kb. Insert DNA is stable when cultured over 100 generations and the library is predicted to have a four 

to five fold genome redundancy, corresponding to 90% of the genome. Chromosome 6 specific YAC's 

have been isolated and chromosome mapping initiated. Overlapping YAC's have been identified by 

using Sequence Tagged Site markers obtained from the 5' and 3' ends of each YAC by Inverse PCR. A 

total of 700 Kb of P. falciparum DNA has been cloned and this has been extensively mapped with seven 

restriction enzymes. Maps for all available YAC's will be presented. In addition, an attempt has been 

made to evaluate the degree of stage specific gene expression of cloned DNA within each YAC. 

The implication of these findings for genome mapping in P. falciparum will be discussed in the 

thesis. 
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CHAPTER 1. 

INTRODUCTION 



1.1 The Global Malaria Situation 

In terms of morbidity, mortality and economic effect, malaria is the most significant disease of 

human populations in the tropics. In man, the disease is caused by four species of the protozoan genus 

Plasmodium: P. falciparum, P. vivax, P. malaria and P. ovale. P. falciparum accounts for most of the 

infections in Africa and one third of the infections in the rest of the world. Although few reliable 

statistics exist on malaria morbidity and mortality in Africa, epidemiological predications indicate that 2 

billion people (nearly 40% of the worlds population) in 102 countries are at risk; that at least 300 

million people are infected with malaria parasites each year, leading to over 100 million clinical cases 

and perhaps 2 million deaths (Schuster and Mithous, 1993). In Africa, the majority of cases are in 

children under the age of 5, with pregnant women being in a particularly high risk group due to the 

increased risk of severe disease as a result of immunosuppression (Menendez, 1995). The clinical course 

of even treated infections may last 5 - 15 days, resulting in an incapacity of the patient, leading to a loss 

of labour productivity. This, coupled with the steadily increasing expense of a complete course of 

antimalarial treatment (Kondrachine and Trigg, 1995), results in a tremendous cost to developing 

nations, both socially and economically (WHO 1992). 

The clinical symptoms of malaria are caused by the development of the parasite in red blood 

cells. The main symptom is fever, which shows a clear cyclic pattern in all but P. falciparum infections. 

Falciparum malaria is the most dangerous form of the disease because it can have life threatening 

complications such as anaemia, respiratory distress syndromes and cerebral malaria. Many infected 

people are partially protected from these complications by immunity acquired from previous recent 

infections. Severe complications are found predominantly in relatively non-immune people, notably 

children, expatriates and migratory workers entering endemic areas, and in the inhabitants of areas with 

unstable malaria transmission. Infections are also compounded by social geography, including poor 

housing, crowding, rapid urbanisation and deforestation, war and civil disturbances (Kondrachjne and 

Trigg, 1995). 

Two major obstacles to malaria treatment are the spread of drug resistance within a population 

and spiralling costs. In 1955, the 8th  World Health Assembly proposed a program for the world-wide 

eradication of malaria based upon vector and parasite targets. In 1969, the WHO was forced to revise the 

program to one of control. Chioroquine resistance first appeared in Thailand and South America in the 

1950's (Koella, 1993) although it was not detected in east Africa until the late 1970's (Schapira et al., 

1993). Resistance has subsequently spread across the continent and although variable in degree, 

resistance is generally becoming more pronounced. For example incidence of RIll (high) chloroquine 

resistance in Malawi has increased from 8.5% to 33% in 9 years. There is still no recorded occurrence of 

resistance in Central America and the Caribbean. Reports from Thailand demonstrate a 50% inefficacy 

of mefloquine, but resistance to this drug is not yet an operational problem in Africa due to its limited 

use. Chloroquine resistance was first reported in P. vivax infections in 1989 in Papua New Guinea and 
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has since been detected in Indonesia and Vanuatu (WHO 1994). This increase in resistance in multiple 

species of malaria parasites has led to the introduction of first, second and third line treatment strategies, 

which may in time result in the development and spread of a multidrug resistance phenotype. The 

application of multiple prophylaxis to control infection also places an added economic burden on the 

individuals at risk particularly since malaria often occurs in poor and remote areas where people are not 

often able to afford treatment. 

Compounding these problems is the cost of developing new antimalarials. The current estimate 

is that the cost of developing new drugs has more than doubled in the past ten years. It now takes an 

average of 231 million US dollars and 12 years to take a chemical from the research laboratory to the 

field. Only one in every 3000 compounds evaluated by the US Army in primary malaria screens reached 

a final test system. Approximately half of these were deemed suitable to advance to preclinical 

toxicology trials and from this final group, only one in five pass Federal Drug Administration 

regulations (Schuster and Milhaus, 1993). Since malaria is a disease of developing countries, it is 

difficult for such countries to afford intensive antimalarial research programmes or to pay for expensive 

new medicines. In addition, current antimalarials are expensive despite WHO recommendations for 

price regulation. Consequently, alternative approaches to malaria eradication are required. For 

chemotherapy, possible alternatives include artemisinine, a potent antimalarial derived from the plant 

Artemisia anniva which has demonstrated efficacy in the treatment of cerebral and other severe malarias 

as well as being effective against other types of resistant parasites (WHO, 1992). In recent years, efforts 

to develop effective vaccines have resulted in trials, of the Spf66 vaccine in Tanzania, which indicated a 

30% reduction in the incidence of first episodes of malaria (Alonso et al., 1994), leading to requests for 

the vaccine from Bolivia, Zaire, Kenya Tanzania, Mozambique and Colombia and the development of a 

second generation version of the vaccine (Maurice, 1995). However, this promising result was not 

replicated in a clinical trial in the Gambia (D'Alessandro et al., 1995) 

A greater understanding of the molecular biology of the parasite might facilitate novel 

therapeutics and the design of new drugs. Suitable targets for antimalarial drugs could include metabolic 

pathways in the parasite that differ from the host, parasite enzymes which display functional and 

structural differences from their host counterparts or signal transduction pathways within the parasite 

which could be interrupted. The genes encoding such targets would need to be mapped, cloned, 

sequenced and expressed. To facilitate such "knowledge intensive" strategies, the ability to position any 

new genes rapidly onto a detailed map of the parasite genome would greatly streamline the generation, 

storage and accessibility of such information. Detailed genetic and biochemical "blueprints" are the goal 

of several new initiatives in the genome mapping of human pathogens. The work presented in this thesis 

is oriented towards such genome cloning, mapping and genetic charaterisation projects. 
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1.2. Biology of Malaria Parasites. 

1.2.1 The Life Cycle 

To understand some of the problems associated with the investigation of the molecular biology 

of malaria, the complex life cycle of the parasite must be considered. As shown in figure 1.1., all species 

of human malaria parasites demonstrate essentially similar characteristics: a sexual phase in certain 

Anopheles mosquitoes and an asexual phase within the vertebrate host. 

The sexual fusion of 'male' and 'female' gametes starts after a female Anopheles mosquito 

ingests malaria parasites in a blood meal taken from an infected human host. Digestion of erythrocytes 

and asexual parasites occurs in the mosquito stomach, whereas gametocytes undergo further 

development. The haploid male gametocyte undergoes a process of rapid DNA replication in the gut of 

the mosquito to produce eight flagellated gametic cells. These cells locate and fertilise the female 

gametes (macrogametes) to form diploid zygotes. Maturation of the zygote results in the first meiotic 

division event, visualised by electron microscopy shortly after fertilisation (Sinclen and Hartley, 1985) 

which is presumably followed by the second division. This results, over the next 18 - 24 hours, in the 

formation of an ookinete, which migrates to the epithelial cells of the stomach wall where it undergoes 

further maturation to form an oocyst. Sporogony, leading to the formation of several thousand haploid 

sporozoites, occurs within the oocyst which ultimately ruptures to release the sporozoites into the 

mosquito body cavity. These subsequently migrate into the salivary glands and are injected into the 

bloodstream of the host when the mosquito feeds. 

After passage through the blood, sporozoites enter the parenchymal liver cells (hepatocytes) 

where they undergo a series of rapid mitoses (pre- erythrocytic shizogony). This results in the formation 

of around 3x 104  merozoites which are released on hepatocyte rupture into the bloodstream. The 

duration of this phase (between 6 - 16 days), the size of the schizont and the number of merozoites 

released depends on the species of Plasmodium. The released merozoites invade red blood cells and the 

erythrocytic cycle begins. Maturation of the merozoites involves microscopically distinguishable 

transformations from ring forms to trophozoite forms and finally mature schizonts. After schizogony, 

red blood cell lysis occurs which releases between 8 - 32 merozoites into the bloodstream. These 

merozoites can reinvade new erythrocytes and continue asexual replication, or can differentiate into 

male and female gametocytes. The above asexual erythrocytic cycle takes 48 hours in P. falciparum, P. 

ovale and P. vivax. Blood cell rupture is associated with fever, as patients infected with malaria 

demonstrate schizogonic periodicity i.e. febrile paroxysms associated with a pattern of attacks every 

third day. 
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1.2.2 The Genome of Malaria Parasites. 

The malaria genome is eukaryotic in nature. Chromosomes are contained within nuclei, possess 

telomeric structures (Dore et al., 1986; Blackburn, 1990), are associated with histone scaffold proteins 

(Creedon et al., 1992; Longhurst and Holder, 1995; Bennett et al., 1995) and are ordered into 

nucleosomes (Cary et al., 1994). P. falciparum posesses small nuclear ribonucleoproetins (Francoeur et 

al., 1985), and some genes possess introns. Messenger RNA contains post-transcriptional modifications 

such as a 5' cap and 3' polyadenylated tail, characteristic of eukaryotic systems (Hyde et al., 1984; 

Levitt, 1993). 

Due to their small size and the fact that they do not condense during mitosis, the chromosomes 

of malaria parasites cannot be visualised by conventional light or electron microscopy (Janse, 1993). 

However, the development of Pulsed Field Gradient gel electrophoresis (see section 6) has allowed the 

resolution of intact chromosomes on conventional gels (Kemp et al., 1985; Van der Ploeg, et al., 1985). 

The genome of P. falciparuni is organised into 14 chromosomes (Langsley et al., 1987; Wellems et al., 

1987; Langsley et al., 1988) ranging in size from 630 kb to 3.5 Mb (Foote and Kemp, 1989). This is in 

agreement with the number of kinelochores observed in serial sections of nuclei (Prensier and 

Slomianny, 1986). In addition the genome contains 6 kb and 35 kb extrachromosomal elements. The 

smaller element corresponds to the mitochondrial genome, whereas the larger element contains rRNA 

genes and is thought to share common ancestry with modern plant plastid DNA (Feagin, 1994). 

The exact size of the genome may vary slightly between isolates; however estimates of 1 - 3 x 

iC)7  bp have been proposed by several groups by the determination of the yield of isolated parasite DNA 

and by the cloning of size-selected DNA fragments digested with restriction enzymes (Goman et 

al., 1982; Wellems et al., 1987). However, the best estimates are inferred from genome mapping work: a 

Yeast Artificial Chromosome map for chromosome 2 has revealed an accurate size of 1.03 Mb (Lanzer 

et al., 1993) and an estimate of 26 Mb for the whole genome has been determined from karyotype 

analysis (Gu et al., 1990). Thus in comparison with genome sizes of 100 Mb for Caenorlzabditis 

elegans and 3000 Mb for human, for both of which YAC based mapping projects are either completed or 

in progress, the feasibility of a YAC based P. falciparum map becomes evident. 

The base composition of the malaria parasite genome varies from A+T rich, in the case of P. 

k.'zowlesi and P. fragile (McCutcheon et al., 1984) to extremely A+T rich, in the case of P. falciparum 

and P. lop/zurae (Pollack el al., 1982; McCutcheon et al., 1984; Weber et al., 1987). P. falciparum 

demonstrates an average A+T content of 82% (Weber et al., 1987) with noncoding regions showing a 

higher A+T, on average 86% compared with a 70% value for gene sequences (Weber et al., 1987; Li et 

al., 1989; Holloway et al., 1990). Repetitive DNA sequences have been reported for several malaria 

species, with 10% of the P. falciparum genome consisting of repetitive DNA (Hough- Evans and 

Howard, 1982). A 21 bp, tandemly repeated A+T rich repetitive element, rep2O, has been reported 

(Aslund et al., 1985) which is present in all parasite chromosomes (Oquendo et al., 1986) 
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1.2.3 Molecular Analysis of the P. falciparum Genome. 

Gene cloning in P. falciparum, as in other organisms, has been revolutionised by the invention 

of the Polymerase Chain Reaction (PCR) technique (Saiki et al., 1989). Earlier experiments in gene 

cloning were almost entirely based upon studies of immunoactive proteins. 'Classical' gene cloning in P. 

falciparum relied upon the screening of expression libraries with either total human sera, identifying 

such genes as GARP (Triglia et al., 1988b), RESA (Coppel et al., 1984) and ORA (Favaloro et al., 

1984) or with specific antibodies raised to a particular malarial antigen, identifying genes including 

MSA2 (Smythe et al., 1988) and CARP (Wahlgren et al., 1986). Developments in hybridisation 

technologies permitted the identification of genes with probes designed from published peptide 

sequences, such as RNA polymerase II (Li et al., 1989) and 0 Tubulin (Delves et al., 1989) followed by 

degenerate probes based on consensus sequences with other organisms, such as DNA polymerase a 

(Ridley et al., 1991) and actin genes (Wesseling et al., 1988). However, in the past four years PCR has 

been used to identity novel genes by the use of PCR primers designed using published evolutionarily 

conserved sequences. Consequently, genes can be identified by their evolutionary conservation rather 

than their immunogenicity. Examples of genes identified by this method include DNA polymerase 6 

(Fox and Bzik, 1991), a vacuolar ATP- ase (Karcz et al., 1993) and RAN (Sultan et al., 1994), With 

such a wealth of gene sequence information being generated so rapidly, the need for organisation and 

genetic mapping becomes of paramount importance. 

1.2.4 Mapping of the P. falciparum Genome 

With the introduction of Pulsed Field Gradient (PFG) Gel electrophoresis (Schwartz and 

Cantor, 1984) and specifically Contour Clamped Homogenous Electric Fields (CHEF- Chu et al., 1986), 

it has become possible to visualise and resolve the chromosomes of P. falciparum (Gu et al., 1990). Such 

studies have revealed the highly polymorphic nature of the genome. Chromosomes display considerable 

size polymorphism both in natural populations of geographically distinct isolates (Kemp et al., 1985; 

Kemp et al., 1987; Sinnis and Wellems, 1988; Pologe and Ravetch, 1988) as well as in culture (Biggs et 

al., 1989; Corcoran et al., 1988; Scherf and Mattei, 1992). Such polymorphisms can arise by crossing 

over events (Sinnis and Wellems, 1988), by chromosome breakage followed by de novo telomere 

addition (Pologe and Ravetch, 1988) or by intrachromosomal recombination within subtelomeric repeat 

sequences (Corcoran et al.,1988). More recently, sequence evidence has demonstrated proof of 

intragenic recombination within the MSP- 1 gene after a laboratory cross was performed between two 

isolates (Kerr et al., 1994). In addition, the genome demonstrates a degree of plasticity in response to 

drug pressure - parasites grown under pyremethamine and chloroquine pressure show chromosome 

polymorphism as a result of gene amplification (Foote et al., 1989; Wilson et al., 1989; Watanabe and 

Inselburg, 1994). 
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As techniques became available for separation of large DNA molecules, linkage and long 

range physical mapping strategies are being initiated. For physical maps, a combination of a "top down" 

approach using chromosome- specific markers to probe PFG separated genomic restriction fragments 

(Watanabe et al., 1994), or a "bottom up" approach, by covering each chromosome in a series of ordered 

clones (Rubio et al., 1995) can be used to determine high resolution physical maps of all chromosomes. 

Top- down, low resolution, long- range physical maps now exist for chromosomes 1 and 2 (Corcoran et 

al., 1988), chromosomes 3, 11 and 12 (Walker- Jonah et al., 1992), chromosome 4 (Sinnis and Wellems, 

1988; Watanabe and Inselburg, 1994; Rubio et al., 1995), chromosome 5 (Foote et al., 1989) and 

chromosome 9 (Shirley et al., 1990). Current genome maps are presented in figure 1.2. 

1.2.5 Problems involved in the investigation of P. falciparum. 

The nature of the life cycle of the parasite and some of the characteristics of the genome have 

presented problems that have made molecular biological studies of the parasite difficult. Possibly 

because of the unusually high A+T content of the P. falciparum genome, large fragments of DNA are 

generally unstable when cloned in E. coli (Weber, 1988a; Triglia et al., 1992). Until 1978, no in vitro 

culturing system was available. Since then, the development of refined culture systems involving 

parasitised red blood cells in an RPM! based medium saturated with a gaseous mixture of oxygen, 

nitrogen and carbon dioxide (Trager and Jensen 1976; Zolg et al., 1982) has meant that quantities of 

parasite DNA can now be obtained for molecular biological analysis. The complexity of the life cycle 

coupled with limited selection systems and a rather fragile culture system have meant that classical 

molecular manipulative techniques involving gene inactivation and complementation have not been 

possible. A transfection system was developed for P. galiinaceurn (Goonewardene et al., 1993) leading. 

to the development of a transfection system for P. faiciparu,n, meaning that cloned sequences can now 

be inserted into the parasite and potentially modified (Wu et al., 1995). 

Genetic analysis of the parasite has proven difficult. Studies in model organisms such as yeast, 

Drosophila and Escherichia coli have been facilitated by such factors as simple life cycles, marker 

availability and simple selection of mutants. Although two genetic crosses have been performed in P. 

falciparum)  by passaging two different, genetically marked parasite clones through mosquitoes and 

allowing completion of the life cycle through a primate host yielding both recombinant and parental 

progeny (Wailiker et al., 1987; Wellems et al., 1990), the technical difficulty in performing such 

crosses, the lack of polymorphic markers and the plasticity of the genome in vitro has meant that linkage 

analyses are problematic. However, such studies have demonstrated that the chioroquine resistance locus 

is unlinked to the multidrug resistance locus, rndr (Wellems et al., 1990). A long- range RFLP map of 

the genome has also been determined (Walker- Jonah et al., 1992). As will be discussed, many of these 

difficulties can be alleviated by cloning the genome in Yeast Artificial Chromosomes (YAC's). YAC 

vectors (Burke et al., 1987) can clone large fragments of DNA as stable artificial chromosomes in yeast 
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and various PCR or subcloning strategies can be employed to construct multiple, polymorphic, 

chromosome- specific markers for a more complete linkage map of the genome. In addition detailed 

physical maps would facilitate novel gene mapping and characterisation, as such information could be 

quickly mapped and linkage groups established. 

1.3. Pulsed Field Gradient Gel electrophoresis. 

Electrophoresis using agarose or polyacrylamide gels has been the simplest method of 

separating DNA fragments. The operating principle is that the negatively charged phosphate backbone 

of the DNA helix causes migration towards an anode when an electric field is applied. There is a 

logarithmic relationship between mobility and molecular weight because of the sieving properties of the 

gel matrix. However, the upper limit to resolution of DNA fragments with conventional electrophoresis 

is approximately 20 kb (Smith and Cantor, 1986), which renders the system useless for genome- level 

analysis, where a ten- to a hundred fold increase in the order of magnitude of fragment resolution is 

required (Barlow and Lehrach, 1987). Several groups therefore developed an alternative approach to 

electrophoresis, namely Pulsed Field Gradient Gel Electrophoresis, which is capable of separating 

molecules of up to 2 Mb (Schwartz and Cantor, 1984; Carle and Olson., 1984). 

1.3.1 Theory of PFG 

PFG electrophoresis relies upon the application of either homogenous or non- homogenous 

electric fields in alternate directions for defined periods of time ("pulses") to the DNA fragments to be 

separated. The basic principle of PFG is that each time the field direction changes, DNA molecules 

spend part of the subsequent pulse time 'relaxing' (i.e. changing shape and orientation in response to the 

altered field), before attainment of new configurations which permit translation through the gel in the 

new direction. DNA relaxation times are approximately proportional to DNA size. As relaxation times 

approach the pulse duration, the net mobility varies sharply and very high electrophoretic resolution can 

be observed (van Ommen et al., 1986; Muller et al., 1987; Drumm et al., 1988; Fulton et al., 1988). If 

the reorientation time is slower than the pulse time, then the DNA fragments will no longer respond to 

the alternating fields and gel migration becomes independent of the pulse applied (Schwartz and Cantor, 

1984; Smith and Cantor, 1987). The pulse interval is thus a critical factor in determining the optimal 

window for resolution. A plot of DNA velocity in a gel against pulse time will yield a curve with a linear 

domain denoting the maximal window of fragment size separation for that particular switch time. Above 

and below this window, DNA fragments migrate as compression zones (Birren et al., 1988). Other 

factors contributing to the separation of fragments are (i) buffer temperature, (ii) agarose concentration, 

(iii) voltage gradient and (iv) reorientation angle (i.e. the angle between the direction of fragment 

mobility after field switching). In general, for optimal resolution a low buffer temperature, relatively low 
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(1.2%) agarose concentration, low voltage gradient and reorientation angles of 900  yield conditions 

where separation is determined by the switching interval (Birren et al., 1988). 

13.2 Variants of PFG 

Early pulsed field gels depended upon perpendicularly oriented non- uniform electric fields i.e. 

the field creates a gradient with a net movement in one direction (Schwartz and Cantor, 1984). Intact 

DNA samples are prepared in agarose to minimise shearing. The theory was first applied in the 

construction of the Orthogonal Field Alternating Gel (ORFAGE - Cane and Olson, 1984) which 

demonstrates many of the features of modem pulsed field gels (including buffer recirculation to prevent 

heating and timed switching of the electrodes). However a major limitation of the system were 'edge 

effects' - samples loaded in the flanking wells underwent complex trajectories making size comparisons 

between lanes difficult. The system was refined with the development of the Field Inversion Gradient gel 

(FIGE- Carle et al., 1985). This differs from ORFAGE in that DNA separation results from periodic 

inversion of the electric field resulting in a reorientation angle of 1800.  The major advantage of FIGE is 

that DNA samples run as linear tracks, circumventing edge effects. However, a drawback of the system 

is that it demonstrates a biphasic separation of fragments of different size ranges for a given switching 

interval e.g. molecules of up to 500 kb and greater than 800 kb were separated but fragments of 600 - 

700 kb demonstrated no mobility (Anand, 1986). Such a problem meant that the size of a DNA fragment 

could not be determined from its mobility. This has been overcome by using computer controlled 

switching interval ramps within a run. 

The most common form of PFG in use today is the Contour Clamped Homogenous Electric 

Field, or CHEF (Chu et al., 1986). The system relies on having a series of electrodes in a hexagonal 

array, generating field directions separated by 120 °. The net effect is a forward migration, with the 

leading electrodes having a higher potential than the lagging ones. The design results in DNA fragments 

separating in a straight track, independent of the location of sample loading on the gel and has been 

used in the efficient separation of fragments in excess of 5 Megabases (Volliath and Davis., 1987). 

Several commercially available CHEF machines exist, the most advanced being the Bio- Rad CHEF 

MapperTM. With such machines, it is possible not only to vary switch times and field strengths but also 

field re-orientation angles for increased size resolution. 

13.3 PFG and Mapping 

The development of PFG meant that karyotypes could be assigned to lower eukaryotes, whose 

chromosomes could now be resolved as individual bands on a gel. Karyotypes have been published for 

numerous organisms, including Pseudomonas (Grothues and Tummler, 1991), Sacc/zaromyces 

cerevisiae (Carle and Olson, 1985), Candida albicans (Lasker et al., 1989), Dictyostelium discoideum 
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(Cox et al., 1990), Neurospora crassa (Orbach et al., 1988) and Aspergillus nidulans (Brody and 
Carbon, 1989). 

The major impact of Pulsed Field Gradient electrophoresis has been the physical mapping of 

large genomes. Genetic maps can position loci relative to each other by means of linkage probabilities 

and can provide a resolution of between 5 and 25 centiMorgans (cM), where 1 cM in humans is defined 

as a 1% incidence of recombination during meiosis and corresponds to approximately 1 Mb. The ability 

to separate fragments of DNA up to 10 Mb facilitates the first step in the linkage of physical and genetic 

maps. Physical maps are generated by compiling data resulting from the complete and partial digestion 

of intact chromosomes with infrequently cutting enzymes followed by subsequent hybridisation to locus-

specific probes. By using a variety of enzymes, a ladder of fragments is produced by partial digestion 

that indicates the linear order of sites along a chromosomal region (Barlow and Lehrach, 1987). An 

example of such a link is in the mapping of the human Cystic fibrosis locus: linkage analysis 

demonstrated the presence of two markers, MET and D7S8, which flank the CF gene (Lathrop et al., 

1988). A mapping strategy as described using labelled MET and D7S8 probes resulted in the 

construction of a detailed restriction map of 3Mb encompassing the region containing these markers 

(Drumm et al., 1988;). Long range chromosomal maps can now be constructed using rare- cutting 

enzymes and single probes distributed every 1 Mb. Such maps can then be correlated with established 

Linkage maps (Donis- Keller et al., 1987). Pulsed Field Gels have been used to construct multiple long 

range maps of defined chromosomal regions, such as a 2.3 Mb map surrounding the murine MHC locus 

(Muller et al., 1987), a 4 Mb map of the Duchenne Muscular Dystrophy locus (van Ommen et al., 1986) 

and 12 Mb surrounding the CF locus (Fulton et al., 1988). With YAC's containing contiguous inserts of 

up to 1.4 Mb, and with restriction maps of multiple enzyme sites internal to the YAC (Nelson et al., 

1989), the Human Genome Project goal of constructing a complete physical map of the human genome 

with a resolution between restriction sites of an average 100 kb is now within reach. Such a strategy can 

be applied to the physical mapping of any organism's genome cloned in YAC's. 

1.4. Yeast Artificial Chromosome Cloning. 

1.4.1 Introduction. 

Classical gene cloning has relied on the use of small plasmids, bacteriophage vectors and 

cosmids (Wahl et al., 1987). However the upper limit to cloning in cosmids is approximately 50 kb and 

this limited capacity resulted in a discrepancy between the centiMorgan resolution of linkage mapping 

and the resolution of physical mapping. Therefore, a limitation to eukaryotic genome analysis has been 

the availability of suitable cloning vectors. The genomes of eukaryotes and higher organisms are 

complex, with some genes spanning hundreds of kilobases (Anand et al., 1991) coupled with regulatory 

sequences that are too distant to be contained in plasmid or phage vectors (Banerji et al., 1981). Genes 
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may also be clustered into functional expression units spanning megabase regions of DNA (Kozono et 

al., 1991; Mendez et al., 1995). These features, together with the fact that certain DNA sequences are 

particularly difficult to clone in conventional vectors have led to the development of cloning vectors 

capable of circumventing such problems. 

The problem of the discrepancy between physical and genetic maps can be illustrated in the 

search for the human Cystic Fibrosis (CF) locus. Linkage mapping is based on the fact that genes that 

are physically close to each other in the genome are likely to be inherited together. Therefore a known 

locus could effectively tag a disease locus by examination of inheritance of both markers through a 

pedigree. Extensive mapping defined six markers linked to CF inheritance: MET, COL1A2, TCRB, 

D7S8, D7S13 and D7S16. Further analysis suggested the order MET - CF - D7S8 (Lathrop et al., 1988). 

Physical mapping using further markers identified by these original markers demonstrated the MET - 

D7S8 interval to be 1300 - 1800 kb (Drumm et a!, 1988; Fulton et al., 1988), a distance too large to be 

linked by the physical mapping techniques of the time. Further linkage studies were used to identify 

markers more closely linked to CF. A novel technique of 'chromosome jumping' was developed and 

over 60 cosmid and jumping clones were isolated (Rommens et al., 1988). The gene was eventually 

identified by sequencing open reading frames from the cDNA sequences of CF patients (Riordan et al., 

1988). Thus a time consuming combination of linkage mapping, physical mapping and molecular 

manipulative techniques had to be employed to identify this important human disease gene locus. 

A major advance in the analysis of complex genomic DNA systems was the description of the 

Yeast Artificial Chromosome cloning vector - or YAC (Burke et al., 1987). The advantage of YAC's 

over established cloning vectors was the large insert capacity- the YAC vector could stably propagate 

genomic DNA of up to 1000 kb. The concept of the YAC is simple. If the basic components that define a 

chromosome could be inserted into a plasmid vector then that vector should behave as if it were a 

chromosome when a large segment of foreign DNA is introduced. As will be discussed, the YAC has 

proved to be a very versatile resource for biologists, and although YAC analysis of human DNA has 

been associated with extensive problems of cocloning (Green et al., 1991a) and insert instability (Neill 

et al., 1991), the advantages of this system when applied to the mapping and analysis of other organisms 

are becoming apparent. With regard to the above example, YAC clones spanning the CF locus were 

subsequently identified, taking far less time and research effort (Green and Olson, 1990b.). 

The work in this thesis details the cloning and mapping of chromosome 6 of the human 

malaria parasite Plasmodium falciparutn, a vector- borne parasite common to Africa and south east 

Asia. As part of the Malaria Genome Mapping Collaboration, the aim of this work is to use YAC' s to 

clone chromosome 6 - specific DNA and arrange them as sets of ordered overlapping clones and to 

present a detailed physical map of the chromosome. In the rest of this chapter I shall review the current 

state of YAC applications to the mapping and investigation in the Human Genome and how such 

strategies might be applied to the mapping of P. falciparum. 
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1.4.2 YAC Components. 

To function as an artificial chromosome, YAC's must possess elements that define a true 

chromosome. Such elements allow (i) stable maintenance of the chromosome within a cell, and (ii) 

accurate replication and transmission of error- free information to daughter cells. YAC's must also be 

selectable to discriminate between recombinants and non recombinants. Consequently, YAC's posses 

centromeres, telomeres, eukaryotic origins of replication and selectable auxotrophy markers. In addition, 

as a further selective marker, the YAC's posses the ade2- colony colour assay mutation. The structure of 

the YAC vector used in this study, pYAC4 is presented in fig 1.3. 

1.4.2.1 Centromeres. 

Ceniromeres of eukaryotic chromosomes regulate and maintain faithful segregation of 

replicated chromosomes to daughter cells during both meiotic and mitotic cell divisions. The 

centromere- kinetochore region acts a point of attachment of chromosomes to single microtubules 

during mitosis (Peterson et al., 1976) and for replicated sister chromatids during both mitotic prophase-

metaphase and throughout the first meiotic division (Murray and Szostak, 1985). The centromere is 

essentially a constricted region of the chromosome to which spindle fibres attach. Centromeres of the 

budding yeast Saccharomyces cerevisiae and fission yeast Schizosaccharomyces pombe vary 

dramatically: the budding yeast centromeres are comparatively small (approximately 125 bp, with little 

repetitive DNA), whereas those of S. pombe vary in size but cover kilobases of DNA and contain several 

classes of repeated DNA sequences (Clarke, 1990; Murakami et al., 1991). 

The S. cerevisiae centromere is defined as a 125 bp minimal length sequence (CEN- Cottarel 

et al., 1989) consisting of a 78- to 86- bp central core region that is >90% A+T (Centromere DNA 

Element II, CDE II) flanked on one side by an 8 bp partially conserved CDE I sequence 

(PUTCACPUTG) and on the other by a 26- bp conserved sequence TGTTT TA 

TGNTTTCCGAAANNNAAAAA (CDE III). CDE III is bilaterally symmetric around the C- residue at 

position 14. The centromere has been shown by nuclease protection to be contained in a 220- 250 bp 

fragment protected from cleavage and is flanked by a highly ordered array of nucleosomes (Bloom and 

Carbon, 1982). Centromeres are functional in either orientation in chromosomes and are not 

chromosome specific. (Clarke and Carbon, 1983). 

All three centromere elements contribute to centromere function. Deletion of CDE1 has only a 

minor effect on mitotic segregation of the parent chromosome, but a pronounced effect in meiosis I. 

CDE II is structurally conserved: high A+T content and length, rather than sequence are critical for 

CDEII function (Panzeri et al., 1985; Cumberledge et al 1987). Single base- pair changes within the 

region of bilateral symmetry as well as mutations at the boundary of CDE III completely inactivate 

centromere function (Hegemann et al., 1988). In addition to nucleosome proteins, CEN sequences are 
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Figure 1.3 

Diagrammatic representation of the Artificial Chromosome vector pYAC4. The lower diagram 

corresponds to the linear plasmid produced after digestion with BamI{E to expose the telomeres and 

EcoRI to expose the cloning site (reproduced from Techniques for the Analysis of Complex Genomes, 

Academic Press Ltd., 1992) 
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known to interact with proteins. Centromere Protein 1 (CPI) binds to CDEI and such binding is 

essential for mitotic function of the centromere (Baker et a!, 1989). A functionally involved protein 

binds to CDE III, as mutants lose binding ability, but the role of the protein within kinetochore functions 

is unknown (Ng and Carbon, 1987). 

In the construction of the YAC plasmid, the S. cerevisiae chromosome 4 CEN sequence CEN4 

was used (Mann and Davis, 1986). 

1.4.2.2 Telomeres. 

Telomeres have two roles that assist chromosome function: (i) stabilisation, as chromosomes 

with broken ends are known to fuse with each other or to be degraded by nucleases, and (ii) duplication, 

as they permit complete replication of all the genetic information contained within the chromosome, 

without the loss of the extreme 5' ends of each strand as predicted by the model for linear DNA 

replication (Blackburn, 1991). Telomeres from different organisms share similar sequence structures. 

Essentially, telomeric DNA consists of a stretch of simple sequence repeats, the sequence of which varies 

slightly between eukaryotes. Examples of telomeric repeats include (G 13T) and (GI-8A) for S. cerevisiae, 
AGGGTTCT  for Plasmodium species and AGGGTT for vertebrates (Blackburn, 1990). Telomeres posses 

a G- rich strand that extends 5'- 3' beyond the complementary C- rich strand. This sequence is added by 

a Telomerase, a novel reverse transcriptase that uses an RNA template to direct synthesis of the G- rich 

strand. Telomerase action is not sequence specific, but the enzyme is essential for maintenance of 

chromosome length and cell viability. Telomerase RNA's have been identified from Euplotes and 

Tetrahymena ( Shippen- Lentz, 1990b; Greider and Blackburn, 1989). Recently in S. cerevisiae a gene 

coding for the RNA component, TLC1, has been identified. This contains the sequence 

CACCACACCCACACAC, which when transcribed yields the known yeast telomere sequence and 

when mutated results in different telomeric repeat sequences being added (Singer and Gottschling, 

1994). There is some evidence that the telomere may function as a form of biological "clock", since 

somatic cells gradually lose telomeric DNA at the rate of 15 - 40 bp per year, and cells with shorter 

telomeres undergo fewer cell divisions. Gennline cells undergo no decrease in telomere length (de 

Lange, 1994). 

In the construction of the YAC plasmid, Burke et al (1987) used rDNA sequences from 

Tetrahymena, since when cleaved with restriction endonucleases, the ends can act as substrates for the 

addition of yeast telomeric repeat sequences and functionally heal in vivo (Murray et al., 1986). 

1.4.2.3 ARS Sequences 

Autonomously Replicating Sequences (ARS) are sequences in eukaryotes required for the 

initiation of bi-directional replication (Brewer and Fangman, 1987; Benbow et a!, 1992). Unlike 

prokaryotes, whose binding of the proteins associated with the DNA replication complex (dnaA, dnaB 
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and dnaC) is highly specific for the OriC origin of replication, the eukaryotic ARS origin seems to 

initiate replication in compact areas associated with the sequence rather than the sequence itself 

(Huberman et al., 1988). 

ARS sequences were first identified as a trpl associated yeast DNA fragment that had a 1000-

fold higher transformation efficiency that other plasmids, a feature that was discovered to be associated 

with autonomous replication (Stinchcomb et al., 1979). Analysis of the structure of ARS 1 revealed the 

presence of a conserved core consensus sequence (designated the ACS- AT rich Core Consensus 

Sequence). The ACS consists of an 11 bp 5 TA'JTA TCAG  rTA.. 3' element that is essential for ARS 

function (Mahrens and Stillman, 1992). The ACS is flanked by a A+T rich 3' region, approximately 100 

bp in size, designated element 'B'. This region is composed of three elements- B 1, B2 and B3, with each 

individual domain important but not essential for origin activity; however the whole B element is 

essential for origin function (Mahrens and Stillman, 1992.) Footpnnting assays revealed a complex of 

six polypeptides that bind ARS 1 with high specificity, named the Origin Recognition Complex (ORC). 

The ORC requires a functional ACS for binding, recognises the ACS of other ARS elements and shows 

strong evidence that it is associated with the ARS throughout most of the cell cycle (Bell and Stillman, 

1992). B3 has also been shown to bind the transcriptional activator ABF1, consistent with the fact that 

origins of replication of a range of different eukaryotes appear to be associated with transcription 

proteins (DePamphilis, 1988). In addition to evidence that ARS activity is essential for the function of 

the HMR- E silencer this indicates a strong relationship between the control of DNA replication and 

transcription (Rivier and Rhine, 1992). In addition, the YAC plasmid possesses a copy of the bacterial 

Ori element, for replication in E. coli (Burke and Olson, 1991.) 

In the construction of the YAC plasmid, Burke et a! (1987) use a 5.5 kb fragment containing 

TRP1 and ARS1 from Yrpl7 (Tschumper and Carbon, 1980). 

1.4.2.4 Selectable Markers. 

In order to select for the presence of recombinant linear YAC's, auxotrophic markers are used 

to inhibit the growth of untransformed host cells on restrictive media. The markers used are TRP1 and 

URA3, specific for the left and right arms of the plasmid respectively. TRP1 codes for N(5' - 

phosphoribosyl) anthranilate isomerase, a protein which catalyses the third step in the tryptophan 

biosynthetic pathway (Dobson, et al., 1983). URA3 codes for OMP decarboxylase, the final enzyme in 

the pathway for the biosynthesis of pyrimidines (Bach et al., 1979). The host strain used in this study, 

A131380, is ura3 trpl i.e. lacks functional copies of the two genes, which must be supplied in trans by 

the YAC in order for growth of the cell in conditions of limiting uracil and tryptophan. In addition, the 

YAC plasmid possesses a copy of the ampicillin resistance gene for maintenance in E. coli (Burke and 

Olson, 1991.) 
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1.4.2.5 Ade2 Colour Assay. 

To distinguish between recombinant and non- recombinant YAC plasmids, the YAC vector 

possesses a system that is a variant of the SUP11 suppression of the ade2 mutation (Heiter et al., 1985). 

Cloned, ochre- suppressing forms of a tRNA gene cause a variable colour phenotype depending upon 

its copy number within the cell. Yeast ade2- 101 mutants are defective in 5AIR carboxylase, an enzyme 

involved in adenine metabolism, and consequently accumulate a red pigment (phosphoribosyl-

aminoimidazole). Cells expressing the ochre- suppressing phenotype are white. Such a colour assay was 

used to investigate centromere function (Hegemann et a!, 1988). YAC's use a similar system, involving 

SUP4 and an ade2- 1ochre mutation (Shaw and Olson, 1984). Consequently, the cloning site in pYAC4 

has been engineered within the SUP4 locus, so that insertion of foreign DNA will inactivate the 

suppresser phenotype. Hence recombinant YAC's appear red when grown in adenine- rich environments 

while non recombinant YAC's appear white. Untransformed yeast cells are also red. When used in 

combination with auxotrophy selection, this system provides an accurate means of differentiating 

recombinant YAC's from cloning artefacts. 

1.4.2.6 Alternative S. cerevisiae Host Strains 

The preferred host strain for primary library construction has been the yeast A131380, with 

other strains possessing different auxotrophy markers for manipulations. In addition to being ade2 ura3 
trpl, allowing for complementation by the SIJP4, UIRA3 and TRP1 vector phenotypes, the yeast is also 

a cytoplasmic determinant that enhances ochre suppression. However, as will be discussed, one of 

the problems associated with YAC's is the structural instability of certain cloned sequences and the 

presence of chimeric YAC's i.e. containing two of more non- contiguous stretches of DNA co- cloned in 

a single YAC. A hypothesis for these occurrences is that the yeast recombinational apparatus mediates 

recombination events within tandemly repeated homologous sequences within the cloned genome (Green 

et al., 1991a). Of the RAD excision- repair genes, only RAD1 and RAD52 appeal to be directly involved 

in recombination (Schiestl and Prakash, 1988). The RAD52 gene is necessary for most recombinational 

and repair processes including gene conversion, spontaneous mitotic and meiotic recombination and in 

mediating recombination between co- transformed plasmids and host cells (Adzuma et al., 1984). 

Mutations were constructed which revealed that rad52 strains increased the stability of YAC's (Neil et 

al., 1991). Two new recombination- deficient host strains have been constructed: LIV1 (RAD52::LEIJ2) 

and LIV2 (A RAD52), both of which are available for future library construction and which demonstrate 

increased ability to stabilise unstable YAC' s at the expense of dramatically lower transformation 

efficiencies (Vilageliu and Tyler- Smith, 1992). Libraries have been constructed in these strains and will 

be discussed in section 1.6.4. 
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1.4.2.7 YAC Plasmids 

The first plasmid constructed, pYAC2, contained a SrnaI site for blunt- ended DNA cloning 

(Burke et al., 1987). Subsequent vectors include pYAC4 which contains an EcoRI site within the SUP4 

locus and has become the standard cloning vector in use today for general library construction (Anand et 
al., 1990; Albertsen et al., 1990; Coulson et al., 1991; Larin et al., 1991; Triglia and Kemp, 1991.): 

pYAC3 has a SnaBI site and pYAC5 a NotI site. Further derivatives include (I) pYAC- RC (Marchuck 

and Collins, 1988), a modification of pYAC3 containing a polylinker sequence within the SUP4 intron 

with the capacity to clone fragments of DNA digested with infrequently cutting enzymes; (ii) pYACneo 

(Traver et al., 1989) containing the neomycin resistance gene and the CoIE1 origin of replication 

conferring selection in mammalian cells and (iii) pYACneo- Not, a vector for the cloning of telomeres 

(Cross et al., 1989). This vector possesses a single telomere and requires the addition of a second 

functional genomic telomere for the chromosome to be maintained in vivo. Shero et al., (1991) describe 

vectors with a second polylinker and a 17 RNA promoter, for riboprobe construction. Finally Smith et 

al., (1990) describe a modified vector that permits amplification of artificial chromosomes by using a 

conditional centromere and selecting for expression of the thymidine kinase gene 

1.5. YAC's and Mapping. 

1.5.1. Introduction. 

The physical mapping strategy of the Human Genome project has depended entirely upon 

reconstructing entire chromosomes as ordered sets of overlapping YAC's. When considering a genome 

size of 3 x 109  base pairs, 60 000 cosmids (insert capacity -50 kb) or 30 000 P1 clones (insert capacity 

-100 kb) would be required for complete genome coverage, compared to 6000 - 2200 YAC clones (for 

inserts of 500 kb and 1.4 Mb respectively). The viability of such an approach was first tested in genome 

analyses with model systems such as Drosophila inelanogaster (Ajoika et al., 1991) and Caenorhabditis 

elegans (Coulson et al., 1988; Coulson et al., 1991). The ability to reconstruct large genome regions 

faithfully as artificial chromosome clones has meant that in addition to mammalian genome analysis, the 

genomes of any organisms of interest can be studied. In addition to the libraries discussed, YAC 

libraries have been constructed for Arabidopsis thaliana (Schmidt and Dean, 1993); Beta vulgaris 

(Eyers et al., 1992); Myxoccocus xantlzus (Kuspa et al., 1989); Dictyosteliuni discoideum (Kuspa et al., 

1992) and Schistosoma mansoni (Tanaka et al., 1995). 

To construct sets of overlapping clones of human DNA, several multiple- coverage YAC 

libraries exist: the CEPH Library (Albertsen et al., 1990), the CEPH MegaYAC Library (Chunakov et 

al., 1992), the IC! Library (Anand et al., 1990), the ICRF library (Larin et al., 1991) and the "classic" 

St. Louis Library (Brownstein et al., 1989). In order to ensure multiple overlapping clones per marker, 
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more than one copy of the library is usually screened. Initially such libraries were held as super dense 

filters for hybridisation screening in individual laboratories. Library copies are currently held, in the 

UK, at the Human Genome Mapping Project centre in Cambridge. Library screening is carried Out at the 

centre using the markers supplied by individual research teams; positive YAC clones are redistributed as 

stab cultures and agarose blocks for subsequent manipulations. Such a system will be employed for the 

P. falciparum project. 

High resolution physical mapping of megabase size genomes involves breaking down the 

genome into ordered sets of clones. Overlapping clone sets are called contigs. However, in any mapping 

strategy, there must be some way of ordering clones identified by landmarks into overlaps and to initiate 

bi-directional chromosomal walking from the start point. The Polymerase Chain Reaction (Saiki et al., 

1988) provides a means to accomplish this through the construction of Sequence Tagged Site (STS) 

markers (Olson et al., 1989). An STS is a single copy sequence identifiable by PCR; if two clones screen 

positive for an STS then that DNA sequence is common to both YAC's and thus are overlapping. This 

'STS content mapping' has been used in the construction of YAC contigs spanning human chromosome 

21 (Chumakov et al., 1992) and the euchromatic region of the human Y chromosome (Foote et al., 

1992). The major advantage of STS mapping over other mapping strategies (such as linkage mapping 

(Donis- Keller et al., 1987) or radiation hybrid mapping (O'Connell et al., 1994)) is that the PCR based 

approach can form a common 'language' for mapping: markers can exist as PCR data in a database, 

accessible to any researcher, rather than as radiolabelled probes or RFLP' s. Database entries would 

include not only the PCR primer sequence, but also details for the PCR assay. The removal of 

radionucleotides from mapping projects also contributes to laboratory safety. In addition, source DNA 

does not have to be common; contigs compiled in different laboratories using YAC libraries constructed 

with different sources of insert DNA could be screened with the same STS's (Hamvas et al., 1993). PCR 

based approaches have several advantages over contemporary hybridisation- based methods of YAC 

identification. PCR is based on a binary score system that makes identification simpler and the reaction 

lends itself to automation - an important factor when considering the scope of a genome map project 

(Huxley et al., 1991; Schlessinger et al., 1991). Current genetic maps are therefore employing PCR-

based markers to determine linkage analysis so that such maps can integrate with physical maps and 

vice versa (Murray et al., 1994). This approach has already been used in the construction of two P. 

falciparum YAC contigs (Lanzer et al., 1993; Rubio et al., 1995) and forms the strategy adopted for 

contig assembly in the work described here. 

STS content mapping can take two approaches: random or end-clone specific. End- clone 

mapping involves obtaining a single copy sequence from either one or both ends of the YAC, designing 

PCR primers based on the sequence data obtained and screening the library with this new STS. Any 

clones identified by the end- clone STS will be overlapping with the 5' and/ or 3' regions of the YAC, 

and contig extension continues (Palazzolo et al., 1991; Kere et al., 1992). End rescue techniques have 
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been used to create many YAC contigs, including the CF locus (Green and Olson, 1990b.) and the 

human dystrophin gene (Coffey et al., 1992). The principle is illustrated in fig 1.4. The techniques used 

to rescue the ends of these YAC's to initiate bi-directional walks will be discussed. In essence, for the 

construction of maps of specific regions, the end rescue strategy is not only a highly accurate method of 

generating multiple overlapping clones covering a short region of the genome, but also has the 

advantage of permitting contig coverage of a region where few new YAC's have been recovered by the 

random STS content approach (Schlessinger et al., 1991). 

The random STS approach is to use a defined, limited DNA source, e.g. flow sorted 

chromosomes (McCormick et al., 1993) or somatic cell hybrids (Lee et al., 1992;), to generate multiple, 

random, chromosome specific STS's which can then be used to screen a YAC library (Green et al., 

1991b; Cole et al., 1991.) This has the advantage in that multiple markers can be generated in areas for 

which there is little prior STS information. Cole et al., (1992) describe the use of Alu- PCR (Nelson et 

at., 1989) to generate multiple X chromosome- specific STS's from a somatic cell hybrid. Alu- PCR is 

based on the fact that mammalian genomes posses short interspersed repeat DNA sequences (SINES-

Singer et al., 1992), of which the major human type is the Alu repeat (Jelinek et al., 1982). These 

repeats consist of two 130 bp tandem repeats and are found ubiquitously in the human DNA.They are 

believed to be on average approximately 4 kb apart (Britten et al., 1988). PCR primers directed to such 

repeats should amplify the non- repetitive human DNA within the flanking Alu sequences. The 

amplified product can be labelled directly and used as a probe, or sequence information can be obtained 

and the product used as an STS (Tagle and Collins, 1992). A!u- PCR has been used to generate human 

chromosome 2 (Liu etal., 1995), 6 (Meese et al., 1992), 7 (Green et al., 1995) and 21 (Chumakov et al., 

1992) specific markers. 

Another approach was used by Green et al., (1991b), which involved the subcloning of flow 

sorted chromosome 7 DNA into M13 and bacteriophage X, and use of the sequence data thus obtained to 

generate over 100 de nova STS markers specific for chromosome 7. A recent protocol has described the 

construction of M13 libraries prepared from YAC DNA purified from a low melting point PFG (Vaudin 

et al., 1995). This protocol permits rapid STS construction by omitting the primary cloning step. 

Recently, SUP- PCR (Hadano et at., 1993) has been described as a method of amplifying YAC DNA 

using a single unique oligonucleotide as a primer to amplify chromosomal DNA in the absence of any 

sequence information. The amplified products can be cloned into any EcoRJ containing vector, thus 

generating high density markers along the cloned DNA region. 

In addition, defined templates can be used to construct chromosome- specific YAC libraries 

(Lee et al., 1992; McCormick et al., 1993; Green et al., 1995). Such a library will be enriched for a 

particular chromosome, and so any of the techniques described above could be used for the construction 

of a complete chromosomal YAC contig and the de novo generation of markers. Such libraries have 
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already been constructed for chromosomes 7 (Green et al., 1995), X (Lee et al., 1992), 11 (Qin et al., 
1993), 9 (McCormick et al., 1993), 16 and 21 (McCormick et al., 1993). 

For general map construction, a combination of both approaches will generally be used to 

complete a physical map of any region. End rescue clones can be used to extend the contig, whereas 

repeat sequence PCR or subclonmg strategies can be used to initiate contigs, increase marker density 

within the growing contig or screen for the presence of chimeric inserts within the YACs. Such an 

approach has been used in the construction of a YAC contig around P. falciparum chromosome 2 - 

overlapping YAC's were identified with chromosome specific markers and gaps were closed by end 

rescue techniques (Lanzer et al., 1993). The use of defined DNA sources for map construction in P. 
falciparum will be discussed in Chapter 7. 

1.5.2 End Clone STS Marker Construction Strategies 

One of the key strategies for initiating YAC contig coverage of a defined region is by the 

isolation of terminal insert DNA at both vector:insert junctions and to use this DNA as an STS probe. 

Initially, such markers were obtained by digesting YAC DNA, subcloning it into plasmid vectors and 

subsequently using the appropriate plasmid inserts as hybridisation probes to screen YAC filters for 

overlapping hybridisation signals (Bronson, et al., 1991; Kozono et al., 1991; Green and Olson, 1991b). 

However, such methods were labour intensive and time consuming. In response to this, a number of 

PCR based strategies have been developed to isolate the DNA from YAC ends in a single step and 

facilitate direct subcloning of the PCR product for sequencing. 

1.5.2.1 Alu- Vector PCR 

The Ala- Alu PCR strategy has been discussed for the construction of multiple markers internal 

to the YAC. Ala- Vector PCR (Nelson et al., 1989) is a modification of this, in which one set of primers 

is internal to the YAC vector and the other is specific to an A!u Sequence. The end fragment is amplified 

only in cases where an Alu repeat is sufficiently close to the end of a YAC to permit PCR. Alu- vector 

PCR has been used, in conjunction with other techniques, to construct YAC contigs spanning 8 Mb of 

the human X chromosome (Little et al., 1992), 1.5 Mb across the HLA class II region (Ragoussis et al., 

1991) and 2 Mb across the Huntington's disease gene candidate region (Bates et al., 1992; Zuo et al., 

1992). 

1.5.2.2 Vectorette PCR 

An elegant alternative is the vectorette method (Riley et al., 1990). The vectorette is an 

oligonucleotide cassette which has a non- complementary central core (or "bubble"). YAC DNA is 

digested and ligated to the cassette, so that in a population of ligated fragments, a proportion will consist 

of vector:msert:vectorette species. It is this that forms the template for the PCR reaction. A pair of 
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primers is used, one set specific for the YAC arm, the other specific for the non- complementary bubble 

of the vectorette. Amplification with the vector primer results in synthesis of a strand containing vector, 

insert and a sequence of DNA that is now complementary to one strand of the bubble, and it is this that 

can now be used to prime the PCR reaction with the bubble primer. Consequently, synthesis depends 

upon a primary round of polymerisation from the vector primer; amplification occurs after this initial 

step, as polymerisation can then proceed from either the vector or the vectorette. In a similar concept to 

Alu- vector PCR, amplification depends upon the presence of a restriction site close enough to the 

junction to permit PCR. Vectorette PCR has proven to be a particularly robust technique, having been 

applied to contig construction across the CF locus (Anand et al., 1991); the D21S13 and D21S16 region 

on human chromosome 21 (Butler et al., 1992); the Human aS (IV) collagen gene (COL4A5) (Vetrie et 

al., 1992) and the human dystrophin gene (Coffey et al., 1992). 

1.5.2.3 Inverse PCR (IPCR) 

Another method that has been used for the isolation of YAC termini is Inverse- PCR (Ochman 

et al., 1988; Triglia et al., 1988a). Whereas conventional PCR permits the amplification of DNA 

segments between regions of known sequence, IPCR facilitates the in vitro amplification of DNA 

flanking a known sequence. Source DNA is digested with restriction enzymes, circularised and 

amplified with primers whose sequence is synthesised in the opposite orientation to that of conventional 

PCR. The technique has been modified for YAC's (Silverman et al., 1989) and sets of primers designed 

which vary depending upon the location of the enzyme cut Site both within the YAC vector and that 

used to digest the insert (Arveiller and Porteous, 1991). IPCR has been used to construct multiple YAC 

contigs including the fragile X locus (Hirst et al., 1991), one of the major causes of mental retardation in 

adults; the type 1 Neurofibromatosis gene (Marchuk et al., 1992); the plasminogen activator inhibitor 

type 2 gene on chromosome 18 (Silverman et al., 1991); the Huntington disease region (Zuo et al., 

1992); the region containing the gene for hereditary breast and ovarian cancer, BRCA1 (Albertsen et al., 

1994) and in a 1.1 Mb contig across P. falciparum chromosome 4 (Rubio et al., 1995). Again, a major 

limitation of this system is that it relies upon the presence of a restriction site within a region close 

enough to the junction to permit amplification by PCR. 

1.5.2.4 Alternative PCR- based Strategies 

In addition to the above methods, there exist a range of novel PCR- based strategies available to 

researchers for isolating STS's from the termini of YAC's. Junction trapping (Patel et al., 1993) 

involves the partial digestion of total YAC DNA with Sau3A to generate fragments containing the 

vector- insert junction in a size range that facilitates PCR, cloning of the junction fragments into a 

vector (pBluescript II KS), and amplification using nested PCR primers (Frohman and Martin, 1989). 

The first round PCR is carried out using YAC specific primers and the M13 -20 sequencing primer. 
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Second round PCR uses internal nested primers to reselect desired products. The advantage of this 

method is that cloning into pBluescript allows direct sequencing of the STS using primers specific to the 

vector. 

1.5.3 YAC's and Human Genome Analysis. 

In order to illustrate how YAC's can be used in the mapping of the P. falciparum genome, 

applications to human genome analysis will now be considered. Complete chromosomal physical maps, 

consisting of overlapping recombinant clones, provide a primary resource for the genetic investigation of 

any organism. Such maps facilitate correlation of genetic and cytological data, offer immediate access to 

clones from any region and provide template sources for large scale sequencing. National Institutes of 

Health goals for the Human Genome project included a 2 - 5 cM genetic map by 1995 and a physical 

map with a marker resolution of 100 kb by 1998. Initial linkage maps produced by the NIHJ CEPH 

consortium (1992) and Genethon/ CEPH (Weissenbach et al., 1992) have been subsequently refined 

(Co- Operative Human Linkage Centre, 1994) to yield a high density genetic map with an average 

marker density of 0.7 cM. Thus one of the aims of the project has been achieved. 

As has been discussed, YAC' s positive for a particular marker can be identified if PCR primers 

exist for that marker (Olson et al., 1989). A first level contig can be constructed by STS content 

mapping, whereby overlapping YAC' s are identified by the presence of a common STS (Foote et al., 

1992; Chumakov et al., 1992). Such data demonstrate the presence of gaps in the contig, which can be 

closed by either (a) screening of an alternative YAC resource with the STS that reveals the gap (Mandel 

et al., 1992); (b) specific end rescue of the YAC ends 5' and 3' to the gap and walking with the de novo 

generated markers, as used in the contig around P. falciparum chromosomes 2 and 4 (Lanzer et al., 

1993; Rubio et al., 1993) or (c) using alternative resources such as P1 (Sternberg, 1990), cosmids or 

Bacterial Artificial Chromosomes (Shizuya et al., 1992) to close the gap (Zuo et al., 1992). Such an 

approach has resulted in a first generation STS based physical map of the entire genome (Cohen et al., 

1993), a contig spanning the entire chromosome 21 (Chumakov et al., 1992) and a 28 Mb contig 

spanning the Y chromosome euchromatic region (Foote et al., 1992). Such ordering, however, reveals 

no information about the internal sequence organisation of the YAC clone. A PFG based map approach 

will reveal STS order within a YAC clone. 

A consequence of this STS based approach is the linking of physical and genetic maps, one of 

the preliminary aims of the project. (Cox et al., 1994). A human linkage map with a marker resolution 

of 0.7 cM has been constructed and of the 5480 loci present, over 4000 are sequences for which PCR 

data exist (Cooperative Human Linkage Centre, 1994). These unique STS markers will allow not only 

correlation between existing physical and genetic maps but may result in the initiation of new physical 

maps. New markers constructed as discussed can be used to refine and develop new and existing genetic 
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maps. Similarly the CEPH linkage map for chromosome 16 anchors genetic and physical data with over 

90 PCR based markers (Kozman et al., 1995). The discrepancy between the centiMorgan and the 

kilobase is therefore being resolved. 

A great deal of effort has been invested in the automation of many of the procedures mentioned 

because of the amount of information generated and to facilitate processing of these data. The enormous 

number of new loci and quantity of genotyopic data generated, in addition to regional physical maps, 

can only be handled by publicly accessible databases Information currently available in the databases 

include YAC physical map data, STS loci data and linkage group data. All information is accessible via 

File Transfer Protocol (FTP) access on the internet or on the relevant homepages on the World Wide 

Web (WWW). Any new information is added, so that databases are constantly being refined and updated 

(CHLC: Murray et al., 1994). In addition, YAC manipulations have been simplified by the development 

of automated workstations, which can be applied to gridding YAC clones into high density filters 

(Bentley et al., 1992), screening filters by PCR (Sloan et al., 1993) and preparation of YAC DNA from 

clone collections (MacMurray et al., 1991). The development of automated DNA sequencing 

(Hunkapiller et al., 1991) has meant that large quantities of sequence data can be generated, thus freeing 

laboratory time to allow the achievement of more intellectual goals. Automation in the P. falciparum 

Genome Project would greatly increase the rate of YAC clone identification and this is being pursued. 

1.6. Problems Associated with YAC Analysis 

1.6.1 Introduction. 

The analysis of yeast artificial chromosomes is central to the physical mapping of large, 

complex genomes. In order that (a) such maps can be extended, (b) the information be made available 

as a resource and (c) genome sequencing and functional analysis can occur, it is necessary that the 

cloned insert DNA be an accurate representation of the genomic region intended for coverage and that it 

be present as a single, contiguous stretch of DNA. If the insert contains a segment of non contiguous 

DNA, then false positive markers will be constructed and time, research facilities and finance will be 

expended constructing redundant probes. Two of the main sources of concern when initiating any new 

contig assembly are the presence of unstable YAC's and the presence of chimeric YAC's. 

1.6.2 Instability of Cloned DNA Sequences. 

Instability can be viewed as any difference between the original DNA sequence and its structure 

in a YAC clone. Instability can be recognised as multiple bands observed after Southern hybridisation of 

a PFG filter with a YAC specific probe. Such a banding pattern can arise by two distinct methods: firstly 

yeast artefacts, such as a yeast cell co-transformed with two or more YAC's (Anand et al., 1991; Zuo et 
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al., 1992; McCormick et al., 1993). Such events can be corrected using standard yeast manipulations, 

such as meiotic segregation and tetrad analysis to rescue single YAC's (Nemeth et al., 1993). 

Alternatively, such a banding pattern may be due to artificial chromosome instability which 

may be observed as insert deletions, as the YAC may appear to be stable but the insert can no longer be 

correlated to the genome. Unstable YAC's may be detected as "unclonable" sequences, as the DNA 

motifs causing the repeats are so unstable that they are deleted at an early stage and appear to be missing 

from libraries (Bates et al., 1992; Zuo et al., 1992). The use of cosmid contigs to facilitate map closure 

suggests that regions of the genome difficult to clone in YAC's can be rescued by cloning in other 

systems (Zuo et al., 1992; Murrell et al., 1995). Since the initial reports of unstable YAC sequences 

(Albertsen et al., 1990; Wada et al., 1990; Abidi et al., 1990) investigations have revealed several 

possible mechanisms for instability. One possible cause is recombination between repetitive elements 

(Neil et al 1990) as the introduction of such YAC's into recombination- deficient host strains (Sciesti 

and Prakash, 1988) appeared to correct instability, although some sequences still appeared unstable 

(Kouprina et al., 1994) 

Another possible source for YAC instability comes from the transformation procedure itself. 

Stable YAC's demonstrated irreversible structural changes on retransformation (Neil et al., 1990). 

Similarly analysis of YAC clones of a retransformed random human clone revealed one parental YAC 

(1050 kb) and four deletion derivatives ranging from —250 to —450 kb in size with the derived YAC's 

being stable (Albertsen et al., 1990). It is more than likely however, only as detailed physical maps are 

assembled, such discrepancies in YAC clones will become apparent. 

1.6.3 Co- Cloning Events 

"Chimeric" YAC's are clones containing two or more noncontiguous segments of DNA within 

the insert and represent the most common artefact found in total genomic YAC libraries. Such YAC's 

generate spurious map information that complicates the construction of YAC- based physical maps and 

contigs. Human chimeras can be identified by a comparison of the physical map of the YAC with the 

genomic region (Anand et al., 1991; Green et al., 1991), by standard hybridisation techniques for 

libraries derived from heterologous cell lines (Little et al. 1992) and by Fluorescent In- Situ 

Hybridisation, although this can only identify gross YAC chimerism between two or more chromosomes 

(Selleri etal., 1991; Selleri et al., 1992). 

Two possible models have been proposed: firstly, such YAC's result from a coligation event 

between two non- contiguous fragments of DNA due to production of overlapping ends by enzyme 

digestion. However, a recent study strongly suggests that chimensm results from an alternate 

mechanism to coligation (Wads et al., 1994). The alternative hypothesis is that chimeras result from 

inter- strand homologous recombination. Sequencing a chimera junction revealed the presence of an Alu 

repeat, suggesting that the YAC had been produced as the result of an in vivo recombination event 
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mediated by this repetitive sequence element (Green et al. 1991). This is in agreement with the fact that 

Alu repeat sequences appear to induce rearrangements frequently (Britten et al., 1988). In view of the 

highly recombinogenic nature of free DNA ends in yeast (Orr- Weaver and Szostak, 1983), such a 

recombination event would be expected to occur efficiently. This is also consistent with the observation 

that Bacterial Artificial Chromosome (BAC) libraries constructed in E. coli have particularly low 

chimerism frequencies (Shizuya et al., 1992). If coligation were the sole cause of chimerism, comparable 

rates would have been observed in this bacterial system. 

A recent study has pointed to the transformation procedure itself as a possible source for the 

origin of chimeric YAC's (Larionov et al., 1994). It is proposed that the co- transformation and co-

penetration of two YAC's into a single yeast spheroplast form the basis for a recombination event 

mediated by the yeast, as up to 46% of co- transformed YAC's were chimeric. When the transforming 

DNA's were heterologous or when a recombination- deficient host strain was used, co- transformation 

levels were lower than that observed, which suggests links to the low levels of chimerism observed from 

YAC libraries derived from somatic cell hybrids (McCormick et al., 1993). 

Chimera frequencies have been estimated for the currently available YAC libraries used in the 

mapping of the human genome. The Washington University Library, St. Louis (Brownstein et al., 1989) 

has been screened and chimerism frequencies of 4 - 60% have been reported (Abidi et al., 1990; 

Bronson et al., 1991; Marchuk et al., 1992; Selleri et al., 1992). An average chimera frequency of 40% 

has been obtained (Eubanks et al., 1992; Sliverman et al., 1990; Zuo et al., 1992). The ICRF YAC 

library (Larin et al., 1991) has been screened and chimerism frequencies of 22% have been reported 

(Monaco et al., 1992). The CEPH library (Albertsen et al., 1990) has been screened and chimerism 

frequencies of 50% have been reported (Bates et al., 1992). The CEPH Mega- YAC library, has been 

shown to contain chimera frequencies of 80% (Anderson, 1993), consistent with the observation that the 

larger the insert, the greater the probability of chimerism (Schlessinger et al., 1991; Selleri et al., 1992; 

Wads et al., 1994; Nagaraja et al., 1994). Such observations should serve as a warning to any groups 

undertaking YAC- based genome mapping projects. However, the Mega- YAC library has been 

effectively used in the construction of a contig spanning the Wilson's Disease Locus (Petrukhin et al., 

1993), so that it is possible that initial concerns have been exaggerated. 

1.6.4 Solutions to YAC Instabilities. 

YAC instability is apparently dependent upon the yeast recombination apparatus, as radi and 

rad52 strains stabilise unstable YAC's (Ling et al., 1993). YAC libraries have been constructed in rad 

host strains for mouse genomic DNA (Chartier et al., 1992) and human genomic DNA (Haldi et al., 

1994). Both demonstrate increased clone stability at the expense of reduced transformation efficiencies. 

If such libraries can ensure accurate map data and in the process minimise time spent investigating and 
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eliminating chimerism, then an investigation into YAC library construction in recombination- deficient 

yeast strains would seem to be a priority, not only for HUGO but for any burgeoning Genome Project. 

Another option for reducing the percentage of chimerism in any first- level search has been the 

construction of human YAC libraries derived from specialised cell sources- either flow- sorted human 

chromosomes or somatic cell hybrids. For libraries constructed from cell hybrids, the majority of the 

chirnerics are interspecies and therefore detectable by hybridisation (Wada et al., 1990; Lee et al., 1992). 

Such libraries demonstrate chimera frequencies of 10 - 20% indicating that the background of excess 

heterologous DNA is suppressing homologous recombination (Lee et al., 1992). An alternative has been 

the use of flow sorted chromosomes as the source of DNA. The nanogram levels of DNA used results in 

a substantially lower percentage of chimerics when compared to the total genomic libraries (McCormick 

et al., 1993a.; McCormick et al., 1993b.) However, as the YAC's were constructed from an enriched 

DNA source, homologous cocloning events would involve fragments from different regions of the 

chromosome, and may thus remain undetectable by FISH. 

In conclusion, for streamlining mapping strategies to maximise resources and minimise time 

lost to error, an investigation of constructing third generation YAC libraries with (a) rad52 host strains; 

(b) flow sorted or cell hybrid DNA as a template to provide minimal amounts of target DNA in a 

background of excess heterologous DNA; (c) ligation conditions which suppress cocloning; and (d) 

modified transformation protocols to reduce the possible shearing of DNA would seem to be an 

invaluable resource in the accurate physical mapping of complex genomes. 

1.7. The Malaria Genome Project. 

1.7.1 YAC's and P.falciparurn. 

As discussed, the high A+T content of P. falciparum results in large DNA regions being 

unstable in bacteria (Weber et al., 1988a). The YAC cloning system is known to maintain up to 1000 kb 

of mammalian DNA in a stable form in yeast Although some sequences do appear to be "unclonable", 

such areas are thought to be highly repetitive sequences undergoing recombination within the yeast. 

With the A+T content of S. cerevisiae being closer to P. falciparum than E. coli, initial attempts to 

clone P. falciparum DNA in YAC' s showed that the cloned DNA correlated perfectly with the genomic 

equivalent and that preliminary assessments indicated that clones were stable (Triglia and Kemp, 1991). 

A four fold library of the parasite strain FCR3 was subsequently constructed and DNA inserts were 

found to be stable in a continuous culture experiment over 75 cell generations (de Brain et al., 1991). 

Consequently, the major limitation to the construction of P. falciparum chromosome contigs, that of 

clone instability, appeared to have been circumvented. With the groundwork for YAC manipulation 
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having been laid down by Human Genome researchers, chromosome 10 specific YAC's spanning 100 kb 

were identified and both physically and transcriptionally mapped (Lanzer et al., 1991). 

A complete YAC contig spanning 1.03 Mb of chromosome 2 has been reported (Lanzer et al., 

1993). YAC clones were identified by PCR using chromosome 2 specific markers, with the remaining 

gaps being closed by constructing STS markers from the insert termini (method not described) and 

identifying overlapping clones. As P. falciparurn chromosomes do not condense, FISH analysis cannot 

be used to identify chimeras. The only way to identify chimeras is to probe a chromosomal blot. All STS 

markers constructed mapped to chromosome 2, but this does not reveal the presence of an intra-

chromosome chimeric. Comparative restriction mapping with STS markers between YAC and genomic 

DNA revealed clone integrity; however this cannot reveal the presence of chromosomal rearrangements 

outwith the area of the STS. A telomere specific YAC library was constructed, based upon previous 

telomere YAC's (Cross et al., 1989), and successfully demonstrated the cloning of both telomeres. 

Transcription mapping of the entire chromosome represented by a minimal set of overlapping YAC's, 

indicated a compartmentalisation of the chromosome in to an active core and silent ends. Telomeric and 

sub- telomeric YAC's have been used to investigate the structure of the polymorphic subtelomeric 

regions (de Brain et al., 1994). The YAC library of the P. falciparum clone B8 library has been 

extended, and clones specific to chromosome 9 have been used to map the break point associated with 

loss of cytoadherence in Vitro (Barnes et al., 1994). Finally, both the B8 and FCR3 libraries have been 

used to define a 1.05 Mb contig spanning chromosome 4, using IPCR to create 12 de novo end- clone 

STS's. The resultant physical map has a resolution of 30 kb using both frequently and infrequently 

cutting enzymes, with STS markers spaced on average every 50 kb. Again, the question of chimerism 

remains to be addressed (Rubio et al., 1995) 

1.7.2 Aims of the Genome Project 

The aim of the P. falciparum Genome Project is to generate overlapping YAC contigs of all 14 

chromosomes, with concomitant STS generation along each chromosome. Restriction maps at a 20 - 50 

kb resolution level are to be constructed. 3D7 was the strain used in the construction of the reference 

library as it is (i) known to grow well in vitro, (ii) it has been used in a genetic cross with clones HB3 

and DD2 for which cloned progeny are available, (iii) it is the reference for chromosome numbering on 

Pulsed field gels and (iv) it has not undergone deletion of any known function (W. T. M. G. C., 1995). 

The Library has been constructed with EcoRI and MunI digested DNA, and —3600 clones of average 

insert size 80 kb are available for use. Sequence content of the Library has been estimated by PCR; 50 

sequences have tested positive, representing 10 of the 14 chromosomes, however several clones have 

showed co- transformation events, and based upon the model proposed by Larionov et al. (1994), 

chimeric events might be expected even though the genome apparently lacks highly repetitive dispersed 

repeats. A screening procedure by which the library is screened at the Resource Centre at the Institute 
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for Molecular Medicine, Oxford with markers supplied by individual research teams, followed by 

redistribution of the positive YAC as a stab culture after preliminary assessment has been proposed. It is 

envisaged that as data accumulates, information will be made available on the Walter and Eliza Hall 

Institute database, accessible to researchers by FTP access. The project aims for integration of map data 

by 1996. 

1.8. Aims and Objectives of this Thesis. 

The aim of this thesis has been to consider the role of genome mapping in elucidating the 

genetics of P. falciparum. The experimental work consisted of the construction of a Yeast Artificial 

Chromosome library from the P. falciparum strain HB3, the assessment of library representation and the 

evaluation of clone stability at the genomic, chromosomal and nucleotide level. As part of the Malaria 

(lenome Project, this laboratory has also undertaken a collaboration with the Molecular Parasitology 

Group at the 1MM, Oxford to create a detailed physical map of chromosome 6. This project describes the 

isolation of chromosome 6 specific YAC's from the H133 library and the generation of end- clone STS 

markers by IPCR with the subsequent construction of YAC contigs. A detailed physical map of all 

cloned DNA is presented, with a resolution of 10 kb. In addition, experiments have been undertaken to 

determine the degree of stage- specific gene transcription within the cloned DNA. 
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CHAPTER 2. 

MATERIALS AND METHODS. 



1. Materials 

1.1 General Materials 

Except where stated, all chemicals were obtained from British Drug House (BDH.) plc., Fisons 

Scientific Apparatus or Sigma Chemical Co. Ltd., UK and were of Analytical grade. Solvents were 

obtained from BDH and Sigma and were of either Analytical or Molecular Biology grade. Radioactive 

nucleotides were supplied by Amersham International plc. The sources of other molecular biological 

reagents (enzymes etc.,) are quoted in the text. 

Centrifugation was carried Out either in bench top centrifuges (IEC Centra MP4, Denley BR 

104 refrigerated Centrifuges), or microfuges (Hereaus Biofuge 13, IBI IMV- 13). Higher speed 

centrifugations were performed in a Sorvall RC- 5B refrigerated centrifuge or an ODT- 65 

Ultracentrifuge (DuPont Instruments) 

1.2 Parasite Sources. 

The parasites used in this work were clones 3D7A and HB3. These P. falciparum clones are 

kept in the WHO Registry of Standard Strains of Malaria Parasites in the Centre for Parasite Biology, 

ICAPB, Edinburgh 

1.3. Erythrocytes. 

Fresh whole blood, group 0 Rh+, used specifically for parasite culturing, was obtained from the 

Edinburgh and South East Scotland Blood Transfusion Service. Whole blood was prepared for use in 

culturing by pelleting the cells by centrifugation, removing the supernatant, resuspending in a excess 

volume of incomplete RPMI medium (to remove the citrate anti- coagulant) and spinning for 10 min at 

2 000 rpm. After centrifugation the supernatant was removed, including as much of the white blood cell 

layer as possible to minimise subsequent contamination with human DNA. This procedure was repeated 

twice after which the red cell pellet was resuspended in a half volume of complete RPMI medium to 

yield a final haematocrit of 50%. Washed red blood cells were stored at 4° for up to one week. 

1.4 Bacterial strains 

The following Bacterial strains were used in the course of this study: the Invitrogen INVaF' [F' 

endAl recAl hsdR17 (rk, supE44 thi-1 gyrA96 relAl 4801acZAM15 i(1acZYA- argF)U169 deoR 

X -  1; and Y1090hsdR [supF hsdR araD139 Elon Alac U169 rpsL trpC22::Tn1O(tei') pMC9] (Young et 

al, 1983). 

1.5 Yeast strains. 
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The Yeast strain used in this study was the AB1380 YAC Host strain (Burke et al, 1987) 

[MATa 'qi ura3 rrpl ade2-1 canl-100 lys2-1 hisS]. 

1.6 YAC Plasmids 

The YAC vectors used in this study were pYAC4 (Burke et al., 1987) and pYAC4- RC 

(Marchuck and Collins, 1988). The complete sequence of the pYAC4 vector is now available (Kuhn and 

Ludwig, 1994), and is accessible using GenBank Accession number U01086. The pYAC4 plasmid 

vector sample used in the actual construction of the HB3 YAC library was a gift from Dr Alister Craig. 

1.7 cDNA libraries 

Two P. falciparum cDNA libraries were screened in the course of this study. These were an 

asexual cDNA library made from late trophozoites in plasmid pJEF14 (Sultan et a!, 1994) and a 

gametocyte cDNA library from clone 3D7 (Alano, et a! 1991) in A,NM 1149. 

1.8 Oligonucleotide Primers Used in This Study. 

Except where stated, all oligonucleotide primers were synthesised by either the Oswel DNA 

Service, Department of Chemistry, University of Edinburgh, or Genosys Biotechnologies Inc., 

Cambridge. Primers supplied were HPLC purified. Primer sequences are given below (+: sense / 

forward; -: antisense I reverse) and read from 5' to 3'. 

1.8.1 Commercial Primers. 

GT11 Primers 

(Young et a!, 1983.) 

M13 sequencing Primers 

(New England Biolabs) 

pJFE-14 Primers 

(Sultan et a!, 1994) 

+: GGT GGC GAC GAC TCC TGG AGC CCC G 

-: TFG ACA CCA GAC CAA CTG GTA ATG 

+: GTA AAA CGA CGG CCA GT 

-: AAC AGC TAT GAC CAT G 

+: TCT AGA GAT CCC TCG ACC T 

-: GTA GGT ATG GAA GAT CCC T 

1.8.2 YAC Primers. 

Inverse PCR Primers 	 372: GAA 'ITG ATC CAC AGG ACG GG 

(Arveiler and Porteous, 1991) 	373: GCC AAG TFG GTF TAA GGC GC 

GGA AGA ACG AAG GAA GGA GC 

AAA CTC AAC GAG CTG GAC GC 

556: GCC CGA TCT CAA GAT TAC G 
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YAC Internal Sequencing Primers left ( L Seq) 	CCGAGAACGGGTGCGCATAG 

Right (R seq): CCTAGTCCTGTI'GCTGCC 

YAC Ann Probes 	Left (LR1) + : GTG TOG TCG CCA TGA TCG CG 

(Hirst et a!, 199 1) 	Left (LP) - : ATG COG TAG TVF ATC ACA GTF AA 

Right (RP) +: GATCATCGTCGCGCTCCAGCGAAj(jc 

Right (RR3) -: CTC GCC ACT TCG GGC TCA 

1.9 General Stock Solutions and Media 

ARC Medium 

ARC agar 

Glucose 

1.7g Yeast Nitrogen Base 

(w/o Amino Acids) 

5.Og (NH4)2504  

lOg Acid Hydrolysed Casein 

20mg Adenine Hemi- Sulphate 

make to 11,; pH to 5.8 

After autoclaving, add 50 mL 

sterile 40% (w/ v) glucose 

Same recipe as ARC medium 

add 10- 20g Bacto- Agar per 

l000inL 

40g of glucose dissolved per 75 

rnL, the volume made up to 100 

mL then autoclaved 

Luria Bertani Medium (LB) 
	

1% Bacto- tryptone 

0.5% Bacto- yeast extract 

1% NaCL 

pH to 7.2 with NaOH 

LB Agar 	 LB medium with 1.5-2% agar 
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1.8.3 Gene Sequence Primers. 

Table 2.1: gene sequence primers used in this study 

Primers listed are read 5' - 3' and are given in the order: upstream (5') and downstream (3'). 
PCR conditions are quoted in the text 
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GENE PRIMER SEQUENCE REFERENCE 

Calmodulin GCIG CTC AGA GTA TFA UC CAA TGT GCA TGA Robson and Jennings (19 

GGG GGA TGC UC CAT CTC CAT CU TAT C 

GBP 130 GGG CTC AGA GTG TAC ATC TAA AGT TAG G Lanzer et al., (1992) 

GGG GGA TCC UA TAT AAA CcT ACA AU AGC 

MSP 2 GAA GGT AAT TAA AAC AU GTC Ranford- Cartwright ci 

GAG TAT AAG GAG AAG TAT  (1993) 

MSP 1 CAC ATG AAG UA TCA AGA ACT TGT C Ranford- Cartwright ci 

GTA CGT CTA AU CAT UG CAC G (1993) 

GLURP TGA AU CGA ATA TGT TCA CAC TGA AC Borre ci al., (1991) 

Sequence witheld pending publication 

RAN GGA GAA ITC GAA AAA AAA TA Sultan et al., (1994) 

GGT 1T17 TCG AAA ITG TAG U 

CS CCA CAA GU ACA CTA CAT GG Del Portillo et al., (198 

UA AAG CAA CCA GGG GAT G 

SHEBA ATG AAT AU CGA AAG UC Moelans et al., 

TAC AU TAA GAA TCA TCT CCT TCG TC 1991 

TRAP GGA TCC AAA ATA ATG AAT CAT CU GGG Robson et al., (1988) 

ACC1TI'ACCACAAGUACACTACATGGAGACCAUC 

2. wt 70 CGG UC UC AGG AAA CGT G J. 	Foster, 	Per 

GGG TCC TCA 1TF AAT AGG TG communication 

MSP 1 AAG AAT TCG TCA AAA AAC CTA GAA GCT UA G Kimura et al., (1990) 

TCG GAT CCA TCA AU AAA TAT UG AAA CC 
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AVFase 1 GCT GTA CCA AGA ACA TCT AG Krishna et al., 

CIT CU CAT CAG GAC TAC TCG (1993) 

ATPase 2 GGA GAT GTA ATA CCT GU GTF GG Krishna et al, 

GGT AU CTG TGG GAC AAT AAT CC (1994) 

ATPase 3 GAA UC CTA TAT GTG GAA AAA TCC G Krishna et al., 

TAT CTA CAT GAT TFC CAT GC (1994) 

DNA po! a ACA AGT GAA CGA GU GA Ridley et al., (1991) 

TAC ATG GTA AAA TCC C 

DNA p0! 8 CCT GAT ITF CTC ACT GG Fox and Bzik (1991) 

AGT ACG GU GCT CCT T 

PCNA Cit GGA TCC AAG GU AATTAA AAA ATG Kilbey etal., (1993). 

GGA 1TF AAT TGT AAC TCC 

Cytochrome b TCA ACA ATG ACT UA iTf GG Creasey et al., 

TGC TGT ATC ATA CCC TAA AG (1993) 

- Tubulin CTG ATG AGC ATG GAA TAG ATC CAG Delves et al., (1989) 

CTG TCC CGA CAA GTA CTA Cit 

Histone 2A GCC ICA AAG GGA ACT TCA AAT It Creedon et al, 

ATC TTG AU GGC AGT ACC AGC Yr 1992 

pSC. 11.63 ACA TCT AU AAT AAA ACG AlT ATA TAC U J. 	Foster, 	Peronal 

TGT GAC TGA GGA TAT TGA AAA AU GAA TGG Communication 

RCC 1 TCT 1TF CAT AAT GU ACA Ali A. Sultan, PhD Thesis. 

AAT 1TF GTA AAT GAC ACC 1994 

Histone 3 GCA AGA ACT AAA CAA ACA GCA AG Longhurst et a!, 

TGA TCT 1TC ICC ACG GAT ACG TC 1995 
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LB top agar 	 LB medium with 0.7% agar 

LB-amp 	 LB supplemented with 50pg/ mL 

ampicillin 

MilliQ 	 Double deionised water, 

autoclaved 

RPMI (incomplete) 	 Add 42 mL Sodium Bicarbonate, 

50 mg/ mL gentamycin and 40 mL 

heat inactivated human serum to 

600 mL incomplete RPM! 

RPM! (complete) 	 10.4g RPM! 1640; 5.94g HEPES 

dissolved in 960 mL dH 20). 

Filtered through 0.22 mM Nalgene 

filter, stored at 4°C for four weeks 

maximum 

SOC 	 2% Bacto- tiyptone, 

0.5% Bacto- yeast extract 

10 mM NaCl, 2.5 mM KC1, 10mM 

MgCl2, 10mM Mg504, 20 mM 

glucose 

X- gal 	 Fresh, dry LB- Amp plates, spread 

with 25 i1 X- Gal (40 mg/ mL 

stock in Dimethyl- formamide) 

YPD 	 lOg Yeast Extract 

20g Peptone 

Adjust volume to 1L, pH to 5.8. 

Autoclave. Add 50 mL of 

autoclaved 40% (w/ v) glucose 
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YPD agar 	 YPD medium with 1.5-2% agar. 

General Stock Solutions. 

PBS 	 lOX Stock Solution 

80g NaCl, 2g KCI, 11.5g Na2  HPO4.7 H20), 2g KH2PO4, d1120 to 1L, pH to 

7.4 Working Solution: (pH 7.4) 137 mM NaCl, 2.7mM KCI, 4.3 mm 

Na2HPO4 .71-120 1.4mM KH2PO4  

SDS 	 lox Stock Solution 

lOOg was dissolved in 900 mL H20, heated to 68 °C and the volume adjusted 

to 1000 m 

Sorbitol 	2M Stock Solution 

Add 376.4 g Sorbitol to 800 mL dH20. When dissolved, adjust the volume to 

1L and Autoclave. 

SSC 	20X Stock Solution 

175g NaCl, 88g Na3  Citrate.2H 20, adjusted to pH 7.0 and made up to 1L with 

dH20. 2X Working Solution: 0.3M NaCl, 0.03M Na30trate.21120 

TAE 	50X Stock Solution 

242g Tris Base, 37.2g Na2 EDTA.21-120, 57.1 mL Glacial Acetic Acid, adjust 

volume to 1L. Working Solution: Dilute to a 1X solution (40mM Tris 

Acetate, 2 mM EDTA) 

TBE 	lOX Stock Solution 

108g Tris Base, 55g Boric Acid, 40mL 0.5M EDTA pH 8.0., adjust to 1L 

with dH20, Working Solution: dilute to 1X (89 mM Tns base, 89 mM Boric 

Acid, 2 mM EDTA) 

TE 	 lOX Stock Solution 

100 mM Tris- HCI pH 8.0, 10 mMEDTA pH 8.0, Working Solution: dilute 

lox io mM Tris HC1, 1 mM ETDA 

Th50 	1X Stock Solution 

10 mM Tris- HC1 pH 8.0, 50 mM EDTA pH 8.0 
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2. Methods. 

2.1 Construction of the YAC library. 

2.1.1 Preparation of P. falciparum DNA. 

2.1.1.1 Culturing of Parasites. 

Parasite culturing methods used were a modification of those of Trager and Jensen (1976) and 

Zolg et al., (1982) and are essentially those described by Walliker et al. (1987). Parasites stored in liquid 

Nitrogen were thawed and resuspended in 5 ml of complete RPMI medium containing washed RBC, to 

initiate culturing at 5% haematocrit in sterile 25ml culture flasks. Flasks were gassed with a mixture of 

1% 02, 3% CO2 and 96% N2  at 37°C without disturbing the RBC layer. Media was changed daily 

(Haynes et al., 1976), again with minimal interruption to the sedimented blood cells. For larger cultures 

of 15m1 volume, parasitised RBC's were added to a final parasitaemia of 1%, with the diluting volume 

made up of washed blood at 5% haematocrit and complete RPMI medium. Cultures were maintained 

until a suitable parasitaemia was obtained. Parasitaemia was determined by removing a small amount of 

blood in a clean, sterile Pasteur pipette, smearing onto a slide, fixing with alcohol and flooding with 

Giemsa's stain for 30 - 45 minutes. The slide was washed with water and examined microscopically to 

determine the ratio of parasitised to unparasitised cells. To maintain cultures indefinitely, fresh RBC's 

were used to dilute the culture every 2 - 3 days, to ensure that the parasites were kept in a healthy state. 

2.1.1.2 Harvesting of Parasites. 

When culturing multiple flasks of parasites, one culture can lag another in growth efficiency. 

To harvest parasites at the same parasitaemia, it is advantageous to harvest parasites without extracting 

the DNA. This is accomplished in essence as described by Arnot et a! (1993) and BaNker et a! (1991). 

Parasitised RBC's were pelleted by centrifugation at 2 000g for 10 mm at 4 °C. Parasites were released 

from the blood cell envelope by lysis with a five fold excess of 0.1% saponin in 1X PBS. After 

incubation at room temperature for 10 minutes, the parasites were pelleted by centrifugation at 4 000g 

for 15 min and the supernatant, containing haemoglobin and red cell ghosts, was carefully aspirated off. 

Parasites could be stored at -70 0  indefinitely. 

2.1.1.3 Preparation of Intact Chromosomes in Agarose Blocks. 

Parasite DNA was prepared essentially as described in Babiker et al. (1991). Frozen parasites, 

harvested at 10% parasitaemia, were allowed to thaw and resuspended in 2 volumes of 1X PBS at room 

temperature. The suspension was fixed by the addition of 2% LMP agarose in 1X PBS at 45 °C to a final 
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agarose concentration of 1.2%. The mixture was divided into 200 p.1 aliquots and pipetted into the wells 

of a 1 x 6 x 10 mm eight well mould. The mould was placed at 4 °C for 30 min to allow the molten 

agarose to gel. Once set, the blocks were transferred to a solution of 1% sarkosyl, 0.5M EDTA (pH 8.0) 

for 60 min at 50°C, to allow diffusion of haemoglobin. The blocks were subsequently transferred to a 

second 1% sarkosyl, 0.5M EDTA solution containing 0.25 mg/ml proteinase K (Boehringer) and left to 

digest overnight at 50°C. The buffer was replaced with fresh sarkosyl/ EDTA/ proteinase K and left 

overnight at the same temperature. In order to prepare the parasite DNA for subsequent manipulation, 

e.g. restriction enzyme digestion, the proteinase K still present must be inactivated. This is done 

essentially as described in Nguyen et al. (1990). Blocks are rinsed 3 times in TE to remove the 

EDTA/sarkosyl and are treated twice for 30 min with 0.04 mg/ml (final concentration) PMSF (freshly 

dissolved at 40.0 mg/mi in isopropanol) in TE at 50°C. After this last rinse, blocks can be stored in 0.5M 

EDTA at 4°C for long term storage, TB 50  for short term storage, or directly equilibrated in the buffer 

required for enzymatic digestion. 

2.1.1.4 Preparation of Liquid P. falciparum DNA. 

The method used was essentially that described by Arnot et a! (1993). The frozen parasite pellet 

was allowed to thaw and resuspended in 1 ml of ice cold 1X PBS. The parasite suspension was 

centrifuged for 10 mins at 12 000 rpm. The supernatant was removed and the pellet resuspended in 600 

p.1 of: 10mM Tris- HC1, pH 7.6; 50 mMEDTA pH 8.0; 0.1% SDS; 1 mg/ml proteinase K. The resulting 

viscous lysate was homogenised by 30 passages through a 25 gauge needle and incubated overnight at 

50°C. The lysate was extracted 3 times with phenol and then once with chloroform. Extractions were 

performed by adding an equal volume of phenol to the buffer and vortexing. The resultant colloidal 

suspension was centrifuged for 15 min at 13 000 rpm, and the upper aqueous layer was carefully 

removed without drawing up any of the sediment at the layer interface. This supernatant was used for 

subsequent re- extraction with chloroform to remove traces of phenol. The DNA was precipitated by 

adding NI-LAc to 1M and an equal volume of isopropanol, mixing thoroughly and leaving at room 

temperature for 15 minutes. DNA was then pelleted by centrifugation for 5 mins at 10 000 rpm, washed 

in 70% ethanol, dried in a heating block at 70 °C for 10 min and resuspended in 100 p.1 TE. The DNA in 

this form could be stored indefinitely at -20 °C or -70°C. 

2.1.1.5 PFG diagnostics of Intact Chromosomes. 

Pulsed field gel operations were performed using a Bio- Rad CHEF DR- II. Refrigeration of the 

tank was carried out by means of a Grant coolant unit linked to a water bath containing a 1/5 dilution of 

radiator Anti - freeze. In order to prepare the DNA cell for electrophoresis, the residual buffer in the 

tank was washed out with 2L of distilled water, and the tank drained. Enough 0.5X TBE buffer to just 

cover the gel (corresponding to approximately 1.8L, but dependent on the final thickness of the gel) was 



poured into the tank and allowed to chill to 5 - 10°C. This is to ensure that the operating temperature of 

the tank is constant when the gel is loaded and the Power Unit switched on. Chromosome separations 

were carried out in either 1% Seachem Agarose (lET) or 1% Rapid PFG agarose (BRL). Th e  latter is 

used for the separation of larger chromosomes as it reduces the run time and voltage setting. Agarose 

was added at the final concentration desired to 300 ml of 0.5X TBE buffer and microwaved for 3 

minutes The semi- molten agarose was mixed and then re- microwaved for a further three minutes, or 

until the agarose has melted. By separating the melting process into two separate stages, it reduces the 

accumulation of superheated agarose, which causes the liquid to boil over. The molten agarose was 

allowed to cool to 45 - 50°C, and then it was poured into a mold with a compatible 10- well comb. 

Combs and moulds could be varied to increase the number of samples loaded, with a maximum possible 

load of 30 samples. Once the agarose had set, 2 mm slices of parasite DNA were cut using a clean, 

sterile scalpel blade and loaded into the gel wells which were then sealed with LMT agarose. The gel 

was then loaded into the tank. A buffer circulation flow rate was selected so that the movement of the 

buffer surface was barely detectable. For the purposes of this study it was not necessary to separate out 

the larger chromosomes, and to determine the quality of a particular parasite DNA preparation, a 24 

hour run using moderately high switch times could be employed. Markers used were intact yeast 

chromosomes supplied as PFG markers ( New England Biolabs). Run conditions used for this purpose 

were: 

Run Time: 24 Hr. 

Voltage: 180 Volts 

Switch Time: 120 sec. Fixed 

Buffer Temp.: 6°C 

Re- Orientation Angle: 90 0  

Upon run completion, the gel is transferred to 500 ml of 0.5X TBE buffer, 50p,I of 10 mg/ ml 

EtBr is added and the gel allowed to shake gently for 10 - 20 minutes. The buffer is removed and the gel 

is allowed to destain in excess of distilled water for 30 - 60 minutes. Alternatively a longer staining time 

can be used and the gel left to destain overnight. The gels were then photographed under UV using 

either a Gel Documentation System (Video copy Processor, MitsubishP) or using a Polaroid Camera 

set-up and 667 or 665 professional film, with an f5.6 I f8 aperture and 1 - 4 sec. exposure. 

2.1.2 Preparation of YAC Vector DNA. 

2.1.2.1 Culturing of Bacteria. 

A single bacterial colony containing the YAC plasmid pYAC4, cultured under Ampicillin 

selection, was inoculated into 50 mls of LB- amp and incubated with shaking at 37 °C for 16 - 18 hours. 

The following day, 5 ml of overnight culture was added to 450 ml of prewarmed Terrific Broth in a 2L 
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sterile Erlenmeyer flask, and incubated with shaking for 2.5 hrs. 2.2 ml of Chloramphenicol (from a 34 

mg/ml stock freshly dissolved in ethanol) was added, to a final concentration of 170 p.g/ ml. The culture 

was incubated overnight with shaking at 37 °C. 

2.1.2.2 YAC Plasmid DNA Extraction. 

The bacterial cells were harvested by centrifugation at 4000 rpm for 15 min in a sorvall GSA 

rotor. The supernatant was carefully aspirated away, the pellet resuspended in 100 mis of ice cold STE 

(0.1M NaCl, 10 mM Tns- HCL pH 8.0, 1mM EDTA pH 8.0), and the centrifugation repeated. The 

washed pellet was resuspended in 10 ml of sterile Lysis Solution I (50 mM glucose, 25 mM Tris - HC1, 

pH 8.0, 10 mM EDTA pH 8.0). 1 mL of a freshly prepared solution of lysozyme (10 mg/ml in 10 MM 

Tris- HC1 pH 8.0) was added and the suspension incubated for 5 minutes at room temperature. 20 ml of 

fresh Lysis Solution 2 (0.2N NaOH, 1% SDS) was added and the suspension incubated at room 

temperature for 5 - 10 minutes. 15 ml of ice cold Lysis Solution 3 (60 ml SM KAc, 28.5 ml dH20, 11.5 

ml Glacial Acetic Acid) was added to the lysis suspension and mixed. The mixture was stored on ice for 

10 minutes. The lysate was centrifuged at 4 000 rpm for 15 min at 4 °C in a Sorval GSA rotor and the 

supernatant filtered through four layers of cheesecloth into a 250 ml centrifuge bottle. 0.6 volumes of 

isopropanol were added, mixed and incubated at room temperature for 10 minutes. The precipitated 

nucleic acids were recovered by centrifugation at 5 000 rpm for 15 minutes.The supernatant was 

carefully aspirated away, and the pellet washed with 70% ethanol, allowed to dry and dissolved in 3 ml 

of TE. 

2.1.23 Caesium Chloride Gradient Purification of YAC DNA. 

To ensure the purity of the plasmid sample, DNA was purified by CsCl gradient equilibrium 

centrifugation. 1 g of solid CsCl was added per ML of DNA, and the solution warmed to 30 °C to aid 

dissolution. When the salt had dissolved, 0.8 mL of a 10 mg/ mL solution of EtBr was added and mixed. 

The solution was centrifuged at 8 000 rpm in a sorvall SS34 rotor, and the lower aqueous layer 

transferred to a clean ultracentrifuge tube. The tube was filled with light paraffin oil and sealed. The 

DNA was centrifuged in an ODT 65 Ultracentrifuge at 45 000 rpm for 36 hours. Two bands were visible 

under UV, with the lower band being the desired fraction. The DNA was recovered by first removing the 

chromosomal DNA to minimise chances of contamination. This was accomplished by immobilising the 

tube in a clamp/stand, pricking the tube with a needle to break the vacuum seal and inserting a 

hypodermic needle just below the target band, visualised under UV, and gently extracting. The 

contaminant DNA was discarded, and the procedure repeated for YAC DNA. Once all samples had been 

collected, EtBr was removed as described. Cs Cl was removed by dialysis over 48 hours with 2x changes 

of 3L of 1X TE. Plasmid DNA was analysed both electrophoretically and spectroscopically. 
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2.1.3 Preparation of Ligation DNA. 

The methods used for the preparation of components required for the construction of a YAC 

library are a modification of those described by Monaco et a! (1993). 

2.1.3.1 Partial Digestion of Intact Chromosomes. 

Intact HB3 chromosomes, prepared in agarose as described in section 2.1.1.3, were washed 

with five changes of 1X TB on ice for 30 minutes to remove traces of 0.5M EDTA. imi of partial digest 

buffer was made up as follows: 

714 p.! MilliQ H20 

100 p.1 lox EcoP.J buffer (Boehringer SureCut buffer H) 

50 p.1 BSA (100X stock, New England Biolabs) 

1091 1M  M902 

26 p.! Spermidine (0. 1M) 

190 p.1 of buffer was added to each tube, assuming that the volume of agarose used would make 

up the reaction volume to 200 p1. The amount of DNA added per reaction was the equivalent of half a 2 

mm slice. Enzyme levels corresponding to 10, 5, 1, 0.5, 0.2 and 0.1 units of EcoPJ (Pharmacia) were 

added to the digestion mix. The reaction was left on ice for 1 hr to allow the enzyme to thoroughly 

diffuse into the block. The reaction was incubated at 37 °C for 2 hr, with occasional gentle mixing. The 

reaction was stopped by the addition of 8 j.tl of 0.5m EDTA. Digestion products were equilibrated in a 

bath of 0.5X TBE prior to analysis on a 1% Rapid agarose PFG, with a 20 - 40 sec. ramp at 150V over 

22 hours. The PFG mid range Marker II (New England Biolabs) was used which yields a range of 

marker sizes between 25 - 200 kb 

2.1.3.2 Restriction Digestion of YAC Plasmid. 

100 p.g of pYAC4 DNA at a concentration of 0.5p.g/ p.1 was digested to completion with BamHI 

(to expose the telomeres) and EcoPJ (to open the cloning site) in a 350 p.1 reaction with 250U EcoRL 

(Pharmacia) and 200U BamHT (Pharmacia) with 35 p.1 of lOX One-Phor-All universal enzyme buffer 

(Pharmacia). The reaction was incubated for 90 minutes at 37 °C. The reaction was heated at 68 °C for 10 

minutes to inactivate the enzymes. 

2.1.3.3 Phosphatase Treatment of Digested YAC Plasmids 

The digested YAC DNA is phosphatase treated to prevent the religation of the vector arms, 

which would reduce transformation efficiency. Calf Intestinal Alkaline Phosphatase (Beohringer), which 

removes 5' phosphate groups, is added directly to the reaction tube at 0.06U1 p.g vector. The reaction is 

incubated at 37°C for 30 minutes. The DNA is extracted once with phenol/ chloroform! isoamylalcohol 

(PCI), and the organic layer re- extracted with TB, to ensure recovery of all the dephosphorylated 
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plasmid. DNA is precipitated with NaAc to 1M and 2 volumes of ethanol, washed, dried and 

resuspended in 50 p.1 of TE. To test the efficiency of the dephosphorylation reaction and the ability of the 

vector ends to ligate, two 20 p.1 reactions were set up containing 1U T4 Ligase, 2 j.tl lox Ligase buffer, 

0.5 p.g CIP- treated vector DNA. 1U of T4 polynucleotide kinase was added to one tube only, and the 

results analysed by conventional agarose electrophoresis. 

2.1.4 Ligation Reactions. 

2.1.4.1 Ligation of Vector DNA to Insert DNA 

From the results of the partial digest, the optimum enzyme conditions required to yield 

fragments of the correct size could be calculated. The next stage is to perform a bulk digest. It was found 

that two parasite DNA blocks, containing approximately 10 p.g of DNA per block, yield enough digested 

DNA for two transformation reactions. Blocks were washed out 3 x 5 ml of 1X TE, with 2 washes 

carried out on ice and the last wash at 30 °C. Blocks were then sliced into 3mm slivers, and two slivers, 

containing approximately 2.5 p.g of P. falciparum DNA per sliver, were placed into sterile eppindorfs. 

760 p.1 of EcoRI digest buffer plus enzyme was added, and the reaction incubated for 2 hr at 37 °C. 

EDTA was added to 4 p.1 per 100 JLl buffer and we reaction inactivated by incubating at 37 °C for 30 

minutes The blocks were washed over 1 hr on ice with three changes of TE °  buffer. A final wash was 

carried out for 30 min at 37 °C. The blocks were then washed 4 x 30 min with 1X ligation buffer ( 0.5M 

Tns- HCl pH 7.5; 0, 1M MgCl2, 03M NaCl) containing 1X polyamines (diluted from lOOx stock: 

0.075M spermidine-(HC1) 3, 0.03M spermine- (HCI)4). For the ligation to plasmid DNA the following 

mix was made: 

300 p.g digested blocks 

360 p.1 £120 

40 p.1 lox Ligation Buffer (NEB) 

15 i.tl pYAC RI! BamHI/ Phosphatase treated 

The reaction was pre- incubated at 37 °C for 45 minutes. To the reaction mix the following were 

added: 

7 g 	O.1MATP 

7 g 	0.1MDTT 

2 p.1 	Ligase (400U1 p.! New England Biolabs) 

The reaction was incubated for 30 min at 37 °C, then overnight at room temperature. The ATP 

and DTT were added to a final concentration of 0.001M. 
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2.1.4.2 PFG Size fractionation of Ligated Products. 

A 1.2% LMP agarose gel was cast and allowed to set. Of the ten wells, the two outer lanes were 

reserved for markers, the next inner two had a small slice of digested and ligated DNA loaded to serve 

as an indication of digestion, and the central core of six lanes were completely loaded with all available 

ligated DNA. Any ligation product lefts over were stored in 0.5.M EDTA for subsequent re-use. The 

ligated DNA was separated by a 160 V run with 20 seconds pulse time over 16 hr. 

2.1.4.3 Isolation of Size- Selected Ligation Products 

On completion of electrophoresis, the central core was excised using a sterile scalpel blade and 

stored in 0.5X TBE buffer. The flanking regions were stained with ethidium bromide and the results 

visualised under UV. Under UV, marker lanes were notched with a scalpel at the appropriate DNA 

sizes, as determined by the markers. The marker lanes were then placed adjacent to the central, 

unstained core, and the notches were used to facilitate accurate excision of recombinant, size- selected 

YAC DNA. For the purposes of this study, two bands were excised, corresponding to a size interval of 

75 - 125 kb, and 125 - 175 kb. The slices were stored in 50 ml of TE °  at 4°C for up to one week. 

2.1.5 Transformation. 

The transformation reaction is carried out essentially as described in Burgers and Percival, 

using lyticase (Sigma) to spheroplast cells from the S. cerevisiae strain AB 1380. 

2.1.5.1 Culturing of Host Cells. 

From a frozen glycerol stock, AB1380 host cells were streaked to single colonies on a fresh 

YPD plate, and incubated for 2 - 3 days at 30 °C. A single colony was used to inoculate 10 ml of YPD in 

a sterile 50 ml falcon tube and incubated for 24 hr with angled shaking at 120 rpm. Angled shaking 

when culturing in these vessels is essential to ensure that the broth is vigorously aerated. If there is little 

aeration, poor culture growth is seen. 200 p1 of cells was diluted into 200 mls sterile YPD and the 

culture incubated overnight at 30 °C. On reaching a specific OD60 nm (determined by diluting the 

culture 1/10 in YPD, referencing against YPD), the culture is aliquotted using sterile technique into 50 

ml Falcon tubes. The recommended OD for optimal transformation is between 0.1 and 0.2 (Monaco et 

al., 1993), however I have found that the OD can be as high as 0. 286 with little loss of transformation 

efficiency. The YPD plate used for the initial inoculation must be less than a week old. If the plate is 

older than a week, a loss in transformation efficiency (as determined by controls) is seen. If a 

transformation is planned, it is advantageous to use freshly growing AB1380, if possible culturing 

directly from frozen stocks. 
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2.1.5.2 Transformation of Host Cells with Ligation Products 

Prior to transformation, agarose blocks containing recombinant YAC DNA were cut into ig 

slices. One slice from each size band was used in the transformation. The blocks were rinsed overnight 

in 15 mL of Pre- Transformation buffer (0.1M Tris pH 7.5, 0.03M NaCl, 0.001M EDTA, lx 
polyainines.) Plugs not used were stored in TE °  at 4°C. The buffer was changed twice prior to the 

transformation. The presence of polyamines throughout the transformation protocol has been reported to 

eliminate a size bias against the transformation of YAC's greater than 300 kb (Albertsen et al., 1990; 

Connelly et al., 1991). However, since the average insert size of the transforming DNA is 100kb, the 

presence of polyamines is to protect DNA in agarose from degradation during the melting step (Larin et 

al., 1991). The buffer was removed and the plug placed in a sterile eppindorf. The plug was melted at 

68°C for 10 - 15 minutes, or until the agarose had completely melted. The eppindorf tube was 

transferred to a 37 °C waterbath for 15 - 25 minutes, to allow the agarose to cool to digestion 

temperature. At this point, liquid YAC DNA is susceptible to shear damage. 150U of Agarase (Sigma) 

at 1U/ .tl was gently stirred in to the mix. Pipetting up and down was avoided to minimise shear 

damage. The reaction was incubated for >4 hr at 37 °C. 

Host cells at the correct OD600  were harvested by centrifugation at 3 000 rpm for 5 - 10 minutes 

on a bench top centrifuge. The medium was decanted, and the cells washed in 20 ml of sterile H 20, The 

centrifugation was repeated and the cell pellet resuspended in 20 ml of sterile 1.OM sorbitol. 

Centrifugation was again repeated, and the pellet resuspended in 20 ml SCE (1.0 M sorbitol; 0.1M 

sodium citrate, pH treated to 5.8 with citric acid; 0.01M EDTA pH 7.5). 46 jt1 of 13 - mercaptoethanol 

was added and 300 p.1 of cells were removed as a prelyticase control. 400U of Lyticase (Sigma) was 

added to the tube, mixed gently and the reaction incubated at 30 °C. The degree of spheroplast formation 

was tested at 5 minute intervals by one of two independent methods: 

Using a bench top spectrophotometer, the 0D600 nm of a 1/10 dilution of the spheroplast 

suspension in distilled water is measured. with the prelyticase aliquot as reference zero. Where the 

spheroplast value is 1/10 the prelyticase value, spheroplast formation is 90% complete. 

10 p.1 of cells were mixed with 10 p.1 of 2% SDS and examined microscopically. As the 

lyticase digests the yeast cell wall, the cell becomes vulnerable to lysis with detergent. Under phase 

contrast, spheroplasts appear as dark rings ("ghosts"). I have found than this is a much more reliable 

and accurate method of determining the degree of spheroplasting than spectrophotometry. 

Spheroplast formation was taken to 80 - 90% which takes between 10 - 20 minutes. Cells were 

centrifuged gently at 1100 rpm on a bench top centrifuge without refrigeration. The SCE was decanted 

and the cells gently resuspended in 20 ml of 1 .OM sorbitol, to maintain spheroplast integrity. Cells were 

spun again at 1100 rpm without refrigeration and the pellet resuspended in 20 ml STC (1.OM sorbitol; 

0.01M Tris- HCI, pH 7.5; 0.01M CaC1 2 ). A cell count was taken by making a 1150 dilution of cells and 

examining microscopically on a haemocytometer (Advanced Neubeyer). Cells were spun again and then 
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resuspended in a volume of STC calculated for a final concentration of 4.0 - 6.0 x 10 8  cells/ mL. All 

subsequent manipulations are carried out in a clean, sterile containment hood. Cells were divided into 

150 jtl aliquots in sterile 15 ml falcon tubes, and 75 xl of agarase treated DNA was added. DNA and 

spheroplasts were allowed to interact at room temperature for 10 minutes. 1.5 mL of PEG (20% 

Polyethylene glycol 6000; 0.01M Tris- HCI pH 7.5; 0.01M CaC1 2 ; made fresh and filter sterilised) was 

added and the suspension mixed by gentle inversion. The reaction was left at room temperature for 10 

mm. The spheroplasts were again centrifuged at 1 100 rpm for 8 minutes at 20 °C. The PEG was 

carefully pipetted away without disturbing the transformed spheroplasts, and the pellet was gently 

resuspended in 225 Ll of SOS (1.OM Sorbitol; 25% YPD; 0.0065M CaCl 2 ; 10 jig/ ml tryptophan; 1 p.g / 

ml uracil. SOS must be made fresh and filter sterilised.) The mixture was incubated at 30 °C for 30 

minutes. 

While this was being carried out, top regeneration agar was kept molten at 45°C. Regeneration 

top agar is the same composition as regeneration plates, except at an agar concentration of 7g/ L instead 

of 15 - 20 gIL. Regeneration media is composed of 1 .OM sorbitol, 2% glucose, lx amino acids, agar as 

stated. This mix can be autoclaved. Yeast Nitrogen Base w/o amino acids (Difco) is made to a 6.7% lOX 

stock and tryptophan to a 1 mg/ ml solution Both are sterile filtered, and added to the media after 

autoclaving,to a final concentration of 0.67% and 20 jig/ ml respectively, lox amino acid stock solution 

are made as follows: 300 mg Tyrosine- HCI; 225 mg Adenine- HC1; 225 mg Arginine- HCI; 225 mg 

Histidine (mono- HCl : mono H20); 225 mg Methionine; 300 mg Lysine (mono- HC1); 525 mg 

Phenylalanine; 600 mg Leucine; 1600 mg valine; 300 mg isoleucine. 

Aliquots of cells and SOS from each size fraction are pooled into 50 ml, Falcon tubes, and 50 

mL of (-uracil) regeneration top agar is added, inverted gently to mix and poured onto the surface of pre-

warmed 22 x 22 cm (- uracil) rgeneration plates. Once the top agar had set, the plates were incubated 

upside down for 2 - 3 days at 30 °C. As a control of transformation efficiency, 10 ng of YCp50 was 

included in a separate reaction. 

Notes: In addition to the general comments available for carrying out the transformation 

reaction (Monaco et al., 1993), several points must be stressed in order to ensure that subsequent 

transformations are carried out smoothly. 

Agarase is stored at 4°C. When adding agarase to the liquid DNA, ensure that the pipette tip 

is at room temperature, as adding agarase to the DNA direct from cold will cause the resolidification of 

agarose. Transforming DNA will remain trapped in agarose beads and will not be incorporated into the 

cell. 

Time for optimal spheroplasting will depend on the initial starting OD. If the initial OD is 

very low, then the time needed to reach optimal spheroplast concentrations will be correspondingly 

short. Thus SDS/ spectrophotometry time points must be adjusted accordingly. 
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The critical step in the procedure is spheroplasting. It is sometimes advantageous to take 

reading every two minutes. This can be determined by judging the rate of spheroplasting after 5 or 10 

mins. It is useful to have microscope, spectrophotometer and incubator all to hand. Sometimes it is also 

best to harvest at approximately 75 - 80% spheroplast formation, as the enzyme reaction will still 

continue while the cells are spinning, and will only cease once the cells have been washed. 

After spheroplasting, cells are fragile and must be treated delicately. Avoid pipetting up and 

down, and gently stroke the side of each tube to mix/ resuspend the cells. 

2.1.6. YAC Library Preparation. 

2.1.6.1 Picking of Primary Transformants. 

After transformation, suspected positives must be picked from (- uracil) selection plates onto (-

uracil, -tryptophan) double selection plates, which provide maximum stringency for selection of both left 

and right vector arms. (-U -T) plates are prepared as for (-U) plates, except that tryptophan is not added 

after autoclaving. Colonies are embedded in top agarose, so lifting is not easily accomplished. The 

simplest way to do this is in a sterile yeast hood using sterile yellow Gilson tips, and to attempt to scoop 

Out the colony. Once a colony is picked and streaked, the tip is discarded. The suspected recombinant 

YAC is patch streaked onto -U -T selection plates, and the plates are incubated upside down for 2 - 3 

days at 30°C 

2.1.6.2 Picking of Secondary Transformants. 

Colonies seen after this second round of selection suggest transformants containing a 

recombinant artificial chromosome. Using a FinnPipette 8- Channel Multipipeuor, 150 p1 of YPD is 

pipetted into the wells of an 8 x 12 microtitre dish. Individual YAC's are picked into individual wells 

with either sterile wooden toothpicks, or sterile yellow Gilson tips. The plates are grown at 30 °C for 2 - 

3 days. 

2.1.6.3 YAC Library Duplication. 

In order to create a master and backup copy of the library, the contents of each plate are 

duplicated. This is done by using a multichannel pipettor to mix 150 p1 of YPD containing 40% glycerol 

into each well, so that the final glycerol concentration is 20%. After mixing, 150 p1 of cells in YPDI 

glycerol is transferred to a clean, sterile 96- well microtitre dish. Plates are sealed with Plate Sealers 

(TitreTek), snap frozen on dry ice and stored at -80 °C. Libraries can be stored in this form indefinitely. 
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2.1.6.4 YAC Plate Culturing. 

In order to grow the YAC library for subsequent manipulation, plates are allowed to thaw to 

room temperature. All manipulations were carried out in a sterile containment hood. Replication was 

carried out using a sterile, 96- prong replicator which is dipped into the thawed library. Each prong is 

thoroughly coated with YAC cells, removed and placed onto the surface of a prewarmed ARC selection 

plate, ensuring that the orientation of well Al/ H12 is marked. The baseplate of the replicator is gently 

pressed to ensure that all pins make contact with the agar surface. The replicator is removed without 

smearing the transferred cells, and incubated upside down for 2 -3 days at 30°C. After this time a pattern 

of cells that copy the wells of the microtitre dish should be seen. The opened plates are resealed, snap 

frozen on dry ice and returned to - 70 °C. 

2.2 DNA Preparation Methods. 

2.2.1 Preparation of Yeast DNA. 

2.2.1.1 Culturing of Yeast over Multiple Generations 

A single, freshly growing AB1380 yeast colony from a new YPD plate was used to inoculate 10 

mL ABC broth in a sterile 50 mL Falcon tube and grown with angled shaking at 120 rpm overnight at 

30°C. 10 j.tl of culture broth was diluted into 990 1L1 H 20 and vortexed. 2 x 10 .tl of cells were analysed 

microscopically using a haemocytometer to determine an initial cell count (N). 10 111 of this initial 

starting culture of known cell concentration was used to inoculate fresh YPD broth, and the culture 

incubated again with shaking overnight at 30 °C. The following day a cell count was again taken, and the 

total number of cells was (N 1 ). The ratio N/N 1  gives the number of cells theoretically produced by one 

parental cell dividing to yield two daughter cells. From this value, the number of generations of division 

undergone by a single cell in that culture could be estimated. Subsequent cell counts were taken every 48 

hours. 

2.2.1.2 Preparation of Intact YAC DNA in Agarose 

10 - 50 mL of sterile YPD was inoculated with a single freshly growing colony of AB 1380 and 

grown overnight with shaking at 30 °C. Cells were harvested in a benchtop centrifuge at 10 000 rpm for 

10 minutes. The cell pellet was resuspended in 1 ml 50 mM EDTA and the suspension transferred to 

eppindorf tubes. The cells were quickly pelleted by spinning 13 000 rpm for 10 - 20 seconds, and 

resuspended in 200 tl 50 mM EDTA. 100 pi zymolase solution 1 (1 mL SCE: 25 ml 2M sorbitol, 1 mL 

0.5M EDTA, 1.47g sodium citrate - make up to 50 mL with dH20; 50 p.1 - mercaptoethanol; 10 mg 

zymolase (ICN)) and 0.5 mL of LMP agarose (1% in 0.125M EDTA) was added, the suspension mixed 

47 



by pipetting and immediately aliquotted into 200 j.tl block farmers. The moulds were incubated at 4 °C 

for 30 minutes to allow the agarose to set, then removed to 4- 5 mL EDTA solution (9 mL 0.5M EDTA 

pH 8.0, 1 mL 1M Tris- HC1 pH 8.0, 0.5 mL 3- ME) and incubated for> 4 hours at 37 °C. The EDTA 

solution was discarded, taking care not to damage any of the agarose blocks, and 4 - 5 ml proteinase K 

solution was added (10 mg Proteinase K (Boehringer); 8 mL 0.5M EDTA pH 8.0; 1 ml 10% sodium 

sarkosyl; 1 ml 1 mg/mL RNAase (Sigma)) and the blocks incubated at 37 °C for > 6 hours. YAC blocks 

in this form are ready for PFG separation, but in order for any subsequent manipulation, the proteinase 

K must be inactivated. This is done essentially as described as follows. 

2.2.13 Liquid Preparation of Total YAC DNA 

Total genomic and YAC DNA were isolated from a 50 mL overnight culture of transformed 

AB 1380 host cells grown in YPD medium. Selection was not necessary for overnight growth. Cells were 

harvested by spinning at 3 500 rpm for 10 mins. in a bench centrifuge, washed once with 20 mL sterile 

H20 and resuspended in eppindorfs in 0.5 mL breakage buffer (0.9M sorbitol; 14 MM f3- ME; 50 MM 

phosphate buffer pH 7.5) containing zymolase between 2 - 5 mg/ mL and incubated at 37 °C for 45 

minutes. Spheroplasts were lysed by the addition of 50 p.1 10% SDS, 50 p.1 0.5M EDTA pH 8.0 and 100 

p.! of a 25 mg/ ml proteinase K solution and incubation at 65 °C for 30 mins The sample was extracted 

once with an equal volume of PCI, and the DNA precipitated by the addition of IOM  NH4Ac to 1M and 

an equal volume of ethanol. DNA was usually seen to preciptate immediately, so a -70 °C step was 

unnecessary. DNA was pelleted by spinning for 10 minutes at 13 000 rpm, washed with 70% ethanol, 

dried on a heating block and resuspended in 200 p.1 TE. 30 p.1 of RNAase (10 mg/ mL) was added and 

the reaction incubated at 65 °C for 30 minutes. The DNA was extracted once with PCI and once with 

chloroform, precipitated with NH 4Ac/ ethanol, washed and resuspended in 200 p.1 TE. DNA was 

analysed spectrophotmetrically on a GeneQuant or electrophoretically on a 1% TAE mini-gel. 

2.2.1.4 Preparation of Total YAC Plate Pools 

The method used for preparing DNA representing the total information content of a single plate 

was essentially that described in Green and Olson (1990a). YAC's stored in 96 well dishes were grown 

for 2 - 3 days on AHC selection plates as described in section 2.1.6.4. Yeast cells from each plate were 

pooled by 2 successive washes with 10 mL of 40 inMEDTA pH 8.0/90mM 3 ME. A glass spreader was 

used to wash cells together, and was sterilised with alcohol between uses. The total cell poolate was 

collected in a 50 mL Falcon tube. Cells were harvested in a bench centrifuge for 10 minutes at 2 000 

rpm and resuspended in 2 mL of Lysis buffer (1M sorbitol; 100 mM sodium citrate pH 7.0; 60 MM 

EDTA pH 8.0; 100 mM 0 ME; zymolase 20-T at 0.5 mg/ mL), and incubated at 37 °C for 2 hours. The 

resulting spheroplasts were harvested as described above and resuspended in 0.7 mL (50 mM Tris- HCI 

pH 7.4; 25 mM EDTA pH 8.0; 500 mM NaCl; 3 mM 3 ME; 0.1% Nonidet P- 40; 1% SDS) and 
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incubated at 68 °C for 15 minutes. Samples were extracted twice with PCI, precipitated at room 

temperature with isopropanol and digested overnight with 0.1 mg/ ml, RNAase at 37 °C. The DNA was 

re- precipitated with isopropanol, washed with 70% ethanol, dried and resuspended in 500 fl TE. DNA 

was analysed as described in the following section. 

2.2.1.5 UV Spectrophotometric Analysis of YAC DNA 

To accurately determine the purity and concentration of DNA in each plate pool preparation, 1 

jtl of DNA was diluted into 999 JLl of sterile H20 and analysed on a Perkin Elmer Lambda UV/ VIS 

scanning spectrophotometer across 230, 260 and 280 nm. Graphical data plots yield indications of 

residual amounts of ethanol, salts and proteins which could have adverse effects on subsequent 

manipulations, and allow for repurification of any DNA preps. 

2.2.1.6 Preparation of YAC Masterpools 

In the course of this project, DNA preparations representing total DNA from all 16 YAC plates 

were generated. In order to minimise time and materials used in the analysis of the DNA, YAC 

masterpools as described in Green and Olsen (1990a) were created. This was done by using the 

spectrophotomteric data generated to create master pools representing mixtures of DNA from more than 

one pool, at a final DNA concentration of 2.5 ng/ l.Ll. The masterpools created are shown in table 2.2. 

MASTERPOOL PLATES 

1 1 2 	3 

2 4 5 	6 

3 7 8 	9 

4 10 11 	12 

5 13 14 	15 	16 

Table 2.2. Construction of the HB3 YAC Library MasterPools used in the course of this study. 

2.2.2 Preparation of Bacterial DNA. 

2.2.2.1 Mini- Prep Plasmid DNA Preparation 

Small scale preparations of plasmid DNA were earned out according to the methods 

recommended by S. Keyes (personal communication). 1.5 ml of a 5 ml- overnight culture grown in LB- 
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Amp at 37°C was aliquotted into a 1.5 mL eppindorf and the cells harvested at 13 000 rpm for 30 

seconds. The supernatant was carefully decanted and the pellet allowed to drain. 300 p.! of STET (4g 

sucrose (Sigma); 2.5 mL triton X- 100, 1.25 mL 2M Tris pH 8.0; 5 mL 0.5M EDTA pH 8.0; diluted to 

50 niL with sterile distilled H20) and 25 il of a 10 mg/ mL solution of Lysosyme (Sigma, freshly made 

in sterile H20 and used within 5 mm) were added and mixed with the cell pellet by vortexing. The cell 

suspension was boiled for 45 seconds and the viscous cell lysate centrifuged at 13 000 rpm for 15 

minutes. The flocculent pellet was carefully removed and the DNA precipitated with an equal volume of 

isopropanol. The DNA was washed with 70% ethanol, dried on a heating block and the pellet 

resuspended in 50 p.1 TB. 25 p.1 of a 1/1000 dilution of 10 mg/ mL RNAase in sterile water was added to 

the DNA and the reaction incubated at 68 °C for 10 - 20 minutes. 5 91 of plasmid DNA was analysed on 

a gel. The unused cell culture is viable at 4 °C for several days and can be used for a second DNA prep or 

to re- inoculate fresh LB- Amp to reculture the plasmid. After four days, however, it was noticed that 

cell integrity seemed to diminish. 

2.2.3 Preparation of DNA from a X library 

2.2.3.1 Preparation of Plating Bacteria. 

50 mL of sterile LB medium supplemented with 0.2% maltose to induce lamB, was inoculated 

with a single Y1090 colony and cultured overnight with shaking at 37 °C. The cells were harvested by 

centrifugation at 4 000 rpm for 10 min at room temperature. The supernatant was discarded and the cell 

pellet resuspended in 20 ml, of sterile 0.01M MgSO4. The cell suspension could be stored in this form at 

4°C for up to three weeks. 

2.2.3.2 Titring of the Phage Library. 

In order to prepare the library for DNA extraction, the phage must be harvested from 

confluently lysed plates i.e. zones of lysis resulting from the infection of bacteria with a single phage 

which appear to just touch each other. This will give the optimal phage concentration. To do this, the 

library must be titred to estimate the pfu concentration (plaque forming unit). Tenfold serial dilutions of 

the phage stocks in SM were prepared. 0.1 mL of each dilution was mixed with 0.1 mL of plating cells 

in sterile eppindorfs and mixed. Cells and phage were incubated at 37 °C for 20 min to permit phage 

adsorption. 3 mL of molten LB top agar was added, vortexed and poured onto a prewarmed LB plate. 

When the surface of the plate was evenly covered with molten agar, the agar was allowed to set and the 

plates incubated upside down overnight at 37 °C. The dilution which yields confluent growth could then 

be determined. 
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2.2.33 Preparation of DNA from A. libraries. 

105 pfu of bateriophage were mixed with 0.1 mL of plating bacteria and incubated for 20 min at 

37°C. 3 mL of molten LB top agar was mixed with the adsorbed phage/ cell suspension, poured onto the 

surface of a prewarmed LB plate, allowed to harden and incubated upside down overnight. The 

following day plates demonstrating confluent lysis were rinsed with 5 mL SM and the top surface 

scraped off. 0.1 mL of chloroform was added and the suspension incubated with shaking for 15 min at 

37°C. The released phage particles were harvested by centrifugation at 4 000 g for 10 min at 4 °C. The 

supernatatant was recovered and one drop of chloroform was added to remove any bacteria still present. 

The phage suspension could then be stored at 4 °C. EDTA from a 0.5M stock was added to a final 

concentration of 20 mM and proteinase K was added at 50 .tg/ mL. SDS was added to 0.5% final 

concentration and the reaction incubated for 1 hour at 55°C. The DNA is extracted once with phenol, 

once with PCI, once with chloroform, precipitated with NaAc and ethanol, washed, dried and 

resuspended in 0.5 mL of TE. 

2.3 Restriction Digestion of DNA 

Restriction endonuclease enzymes were obtained from Boehringer Mannheim Chemical 

Company, New England Biolabs and Pharmacia Biochemical Corp. Restriction endonuclease digestion 

was performed in either the appropriate lOX buffer supplied by the manufacturer, or in 2X KGB buffer 

(200 mM potassium glutamate; 50 mM Tris- acetate pH7.6; 20 mM MgAc; 100 jtg/ mL BSA; 1mM 3-

ME ;[McLelland et a!, 1988]),  both to a final reaction concentration of ix. Reactions were carried out, 

unless otherwise stated, at 37 °C for 1 - 2 hours with 4 - 12 units of enzyme per j.tg of DNA. Reactions 

were terminated by the addition of a 1/10 volume of 50 mm Na 2  EDTA, 40% w/v sucrose, containing 

0.25% bromophenol blue, 0.25% xylene cyanol. 

2.4 Agarose Gel electrophoresis. 

Agarose gels were used to check the integrity of DNA, to gauge DNA concentrations and to 

analyse PCR products and restriction digests. 1 - 2% agarose (IBI) was dissolved in the appropriate 

volume of 1X TAE buffer and microwaved as desccibed in section 2.1.1.5. After the solution had cooled 

to around 45°C, Ethidium Bromide (EtBr) was added from a 10 mg/ mL stock to a final concentration of 

0.5 jig/ mL and mixed. The gel was poured into a level mould, and allowed to polymerise. Depending on 

the type of mould and number of wells used, the range of samples that could be analysed on a single gel 

varied from 6 - 35. The DNA to be analysed was mixed with 3 - 5 jil gel loading buffer (see previous 

section) and loaded into the submerged gel. Electrophoresis was carried out using a DNA Sub Cell and 

Power Pac 3000 (Bio Rad) with 1.5 L 1X TAE as buffer. Electrophoresis conditions were determined by 

%mv. 
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the size of the fragment and the nature of the analysis. Unless stated otherwise in the text, conditions 

were 80 - 100 volts for 1 - 2 hours. Visualisation was carried out using short wave UV, which causes the 

ethidium bromide intercalated within the DNA helix to fluoresce. Size estimation of DNA fragments 

was determined by using a variety of commercially available DNA size standards. 

2.5 Southern Blotting Methods 

Transfer of DNA fragments from agarose gels onto nylon membranes was performed essentially 

according to the methods of Southern (1975). We have found that blotting pad capillary transfer 

generally works best for pulsed field gels, whereas wick capillary transfer will suffice for ordinary 

agarose gels. 

2.5.1 Wick Capillary Transfer 

Gels containing fractionated DNA were prepared for transfer by soaking in 0.25 M HC1 for 15 - 

30 minutes, in order to partially depurinate the DNA. Gel were then soaked in 0.4 M NaOH for 30 - 60 

minutes. A wick was constructed by using an inert support in a 0.4M NaOH bath and a strip of 3M 

chromatography placed over the support and cut to a length that allows both edges to be immersed in the 

bath. Pieces of 3M paper, cut to the size of the gel and prewetted in a 0.4M NaOH were placed on the 

support. The treated gel was placed on these filters, and a piece of Hybond N, prewetted with 0.4M 

NaOH and cut to the correct size, was placed over the gel. Saran wrap (Dow Chemical co.) was placed 

over the apparatus and cut to expose the gel to prevent evaporation and to focus buffer transfer through 

the blot. Two sheets of dry 3M paper, a stack of paper towels, a glass plate and a weight were placed on 

top of the gel. The bath was filled with 1 L of 0.4 M NaOH, and the DNA allowed to transfer from 4 

hours to overnight. After transfer the blot was neutralised in 2X SSC for 10 minutes, dried and stored in 

Saran wrap 

2.5.2 Blotting Pad Capillary Transfer 

Gels are pre-treated for transfer as described above. The gel was placed on a 5 cm stack of 

blotting pads (Sigma), overlaid with Hybond N, Saran wrap, one 3M filter soaked in 0.4M NaOH, three 

dry 3M filters, a stack of paper towels, a glass plate and a weight. The bath is filled with at least 2L of 

0.4 M NaOH, and the DNA allowed to transfer for a minimum of 24 hours. After transfer, the wells of 

the gel are marked on the filter with a pencil, for orientation purposes during blotting, neutralised, dried 

and stored in saran wrap. 

2.6 Radioactive Labelling Methods 
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2.6.1 Preparation of PCR Products for Labelling 

PCR fragments separated on an agarose gel were purified for use in a labelling reaction by 

using the MagicTM PCR prep kit (Promega), according to the manufacturers protocol. The DNA was 

separated in 1% LMP agarose and a slice containing the DNA fragment was melted in a 1.5 ml 

eppindorf at 68°C for 10 - 20 minutes. 1 ml, of Magic TM  PCR prep resin was added to the melted 

agarose and vortexed. The mix was pipetted into a syringe barrel, and passed through a mini column. 

The column was washed with 2 mL of wash solution (80% isopropanol). The syringe was removed and 

the mini column centrifuged at 13 000 rpm to remove traces of solvent. The minicolumn was transferred 

to a new eppindorf and 50 .tl of TE was added to allow the bound DNA to elute. After 1 minute, the 

eppindorf was centrifuged for 1 min at 13 000 rpm. 5 jtl of purified DNA was analysed on a mini gel. 

For smaller PCR products (< lOObp), it was found that the yield was extremely low and that 

probes generated from this method were poor. To prepare DNA fragments of this size, the direct 

purification protocol was used. The PCR reaction was transferred to a separate clean eppindorf and was 

mixed with 100 ,.tl of Direct Purification Buffer TM  1 mL of Magic TM  prep resin was added and vortexed. 

PCR product rescue is as described above. 

2.6.2 Random prime labelling of DNA 

In the course of this study, the random primed labelling reaction as described by Feinberg and 

Vogelstein (1983) was employed. The principle of random primed labelling is based on the use of 

random hexanucleotide primers to act as sites of DNA polymerase initiation, and the consequent 

incorporation of radioactively labelled dNTP' s into the nascent DNA strand. Polymerisation reaction are 

carried out by the Kienow fragment of E. coli DNA polymerase I, which retains polymerase and 3' - 5' 

exonuclease activity, but which lacks the 5' - 3' exonuclease activity, which would degrade the primers 

and possibly remove the incorporated dNTP's. The template for polymerisation is denatured double 

stranded DNA, and polymerase initiation occurs along the length of the template. Consequently the size 

of the template does not affect the reaction, and incorporation is uniform along the length of the 

template. 

The Random Primed DNA Labelling Kit (Boebringer) was used in this study to synthesise all 

radioactive probes from DNA templates. DNA (25 - 100 ng in TE buffer) was denatured by boiling for 

10 min and then snap cooled on ice for 5 minutes, to prevent re- annealing of the DNA strands. The 

following mix was prepared: 

25ng Denatured DNA 

3.tl 	dATP, dGTP and dTTP (1 jiJ of each) 

2pJ 	Reaction Mix 

5pi 	a - [32P] dCTP (1.87 Mbq) 

lp.l 	Klenow enzyme 

53 



made up to 20 p1 with sterile dH 20. 

The reaction was incubated for 30 min at 37 °C, and the reaction terminated by heating to 65°C 

for 10 minutes Incorporation levels of 1.8 x 10 9  dpml .tg were seen. 

2.6.3 Preparation of eDNA Probes 

2.6.3.1 Preparation of poly(A) 9  mRNA 

In the preparation of messenger RNA, samples are contaminated with other forms of RNA 

present within the cell, namely ribosomal RNA and RNA. In order to prepare cDNA probes, mRNA 

must first be separated from contaminant RNA. The method used here is based on the PolyA Tract ®  

mRNA Isolation System (Promega), which uses biotinylated oligo(dT) primers to hybridise to the 

poly(A) tract of eukaryotic mRNA's. The hybrids are captured and washed at high stringency using 

streptavidin coupled to paramagnetic particles (SA-PMP's). A high magnetic field is used to capture the 

PMP's, and the mRNA is eluted from the solid phase by the simple addition of ribonuclease- free water. 

The concentration of RNA was determined spectrophotometrically. 0.1 - 1 mg of RNA was 

made up to a volume of 500 j.Ll with sterile RNase free water and the template denatured by heating at 

65°C for 10 minutes. 3 p1 of the Biotinylated- Oligo(dT) probe and 13 p1 of 20X SSC was added to the 

RNA, mixed gently and incubated at room temperature until the reaction had cooled. 0.5X and 0.1X 

stock solutions of SSC in RNase- free water are prepared. The SA- PMP's are resuspended and then 

captured in the magnetic field. This is seen as a brown suspension becoming clear as the particles are 

attracted to the sides of the tube. The supernatant is removed and the particles washed three times with 

0.3mL of 0.5X SSC. After each wash, the particles are captured magnetically and the supernatant 

carefully removed. The washed SA- PMP's are resuspended in 0.1 mL of 0.5X SSC and the entire 

contents of the annealing reaction are added to the tube. The reaction is incubated at room temperature 

for 10 mins, to allow the conjugation of the streptavidin and biotin moeities. The SA- PMP's are 

captured with the magnetic field, and the supernatant is carefully removed. The particles are washed 

four times with 0.1X SSC (0.3 mL) and after the final wash as much of the aqueous phase is removed as 

possible. The mRNA is eluted by resuspending the final SA- PMP pellet containing bound poly(A) 

mRNA - biotinylated Oligo(dT) in 0.1 mL of Rnase- free water. The particles are magnetically 

captured, and the supernatant containing the eluted mRNA transferred to a sterile RNase- free tube. The 

elution step is repeated, and the two supernatants mixed. The concentration of the eluted RNA is 

determined spectrophotometrically and the RNA is precipitated with NaAc/ isopropanol overnight, 

centrifuged, washed, dried and resuspended in 10 p1 TE for subsequent manipulation. 
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2.6.3.2 Reverse- Transcription PCR of poly(A)' mRNA 

The method used is essentially that described by Dr Michael Lanzer (personal communication) 

and is a modification of that described in Froussard (1992) and in Lanzer et a! (1993). Fractionated 

poly(A) mRNA in a volume of 10 j.tl is denatured by heating at 65°C for 10 minutes and kept on ice to 

prevent re- annealing. To the RNA the following is added: 

8p.l 	5X RT buffer 

4p.1 	0. 1M DTIT 

2p.l 	pd(N)6  (10 Mg/ MI) 

4p.l 	dGTP, dATP, dCTP, D'VFP (1 p.1 each) 

391 	Reverse Iranscriptase 200U/ pi (Superscript, BRL) 

12111 	H20 

The reaction is incubated at 42 °C for 60 minutes. The reaction is stopped by the addition of 2 p.1 

of 0.5M EDTA, 2 p1 of 10% SDS, 1.4 p.1 ION NaOH and incubating at 65°C for 30 minutes. 

20 p.! of 1M Tns pH7.4, 5 p.! of 2N HCI and 28 p.1 of 1 x TE are added, the reaction split into 

two aliquots and separated on a Clonetech G30 column (see 2.6.4.2). The products are collected, mixed, 

NH4Ac is added to 1M and the cDNA is precipitated with an equal volume of ethanol. The cDNA is 

resuspended in 12.5 p.1 of H20 and the following PCR mix is made: 

12.5 p.1 cDNA 

2.5 W lOX PCR buffer (100 mM Tris pH 8.4, 500 mM KC1, 15 MM M902, 0.1% 

gelatine, 1% Triton X- 100) 

2.5 p.1 dNTP mix (2 mM dGTP, 2 mM dATP, 2 mMdTTP, 1 mM dCTP) 

2.5 p.1 Primers pd(N) 6(GIC)3  0  p.g/ p.1) 

5p.l 	cx - [32P] dCTP 

1p.l 	Taq polymerase (lu / p.1) 

The reaction was overlaid with a drop of oil. PCR conditions are as follows: 94 °  10 sect down 

ramp to 24°  over 2 min/ 24°  10 sec/ back ramp to 94 °  over 2 min 45 sect for 30 cycles of amplification. 

In order to carry out this kind of PCR, a refrigerated PCR thermal cycler is necessary, rather than a fan 

cooled, because of the low temperatures involved. PCR's were carried out on a Biometra Trio- block, 

with appropriate radioactive shielding. On completion, 25 p.! of TE was added to the PCR reaction, and 

the products separated on a Clonetech 100 spun column. Probes are then ready for hybridisation. 

2.6.4 Removal of Unincorporated Nucleotides. 

In general it is possible to use the products of a labelling reaction directly in a hybridisation 

reaction. However, it is sometimes advantageous to reduce possible background signals by separating the 
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labelled probe from the excess of unincorporated nucleotides in the reaction mixture. In the course of 

this study this was performed in two ways: 

2.6.4.1 Preparation of Sephadex G50 Columns. 

Columns were made by packing a glasswool - plugged disposable pipette with Sephadex G-50 

prepared in TE buffer (10 mM Tris-HC1, pH 8.0, 1mM ETDA pH 8.0) A reservoir of buffer was placed 

on top of the column to ensure that the column did not dry out and that a constant downward flow was 

maintained. 5 p.1 of gel loading dye was mixed in with the labelling reaction and the sample loaded on 

the column. A recent development from Amersham has been the inclusion of RedivueTM dye which 

migrates with the labelled probe, and the gel loading dye migrates with the unincorporated nucleotides. 

As separation progresses down the column. separation can be followed using a Geiger counter. Two 

distinct radioactive peaks, separated by a trough can detected. The leading peak, identified visually with 

Redivue dye, corresponds to the probe, and the lagging peak , identified by the blue loading dye, 

corresponds to unincorporated nucleotides. All of the leading fraction was collected into 1.5 mL 

eppindorfs and stored at 4 °C 

2.6.4.2 ChromaSpin Spun Columns 

While G50 columns are an accurate method of ensuring removal of unincorporated nucleotides, 

they are laborious and time consuming. A more rapid method of purifying probes is the use of 

ChromaSpin Spun Columns (Clonetech Laboratories Inc.). The columns can be used for the purification 

and size selection of radiolabelled probes, depending on the choice of column used. Separation is based 

on a matrix of defined pore size. Molecules larger than the pore size are excluded from the resin and 

migrate rapidly through the column whereas smaller molecules are retained by the column. Columns 

were used essentially according to manufacturers instructions. Columns were inverted several times to 

completely resuspend the gel matrix, opened, placed into 1.5 mL collection tubes and centrifuged for 3 

minutes at 1 800 rpm to remove excess buffer from the column. The sample volume to be loaded was 

made up to 50 p.1 with TE and loaded into the centre of the semi- dry gel bed, taking care not to load any 

along the inner wail of the column. The column was placed into a second 1.5 mL collection tube and 

centrifuged for 5 minutes at 1 800 rpm. If separation has occurred correctly, a red dye is visible at the 

top of the column, and the eluate is clear. The column is discarded safely and the collection tube sealed 

and stored at 4 °C. 

2.6.5 Safety Considerations 

The radiation used in this study is a - [32P], a P source. P particles are less densely ionising 

than a particles, but are more penetrating and can be detected by a counter placed 0.5 in away. High 

energy P particles pose an external hazard, however the energies of the radioactive nucleotides used are 

56 



not significantly large and this combined with the inverse square law for radiation means that, in the 

short term 3 particles can be handled safely. However, this project has demanded the continuous use of 

radioactivity, and so the safety concern becomes the cumulative effect of exposure to low energy 

radiation. To minimise this, basic safety precautions are taken: to prevent ingestion and thus cause an 

internal hazard, protective clothing is worn over open areas of skin that might come into contact with 

radiosources; all radioactive manipulations occur behind protective 10 mm plexiglass shields, and all 

radiosources are stored in shielded containers. Waste matter (tips, columns etc.) are disposed of in a 

containment hood within a radioactive room. 

2.7 Southern Hybridisation. 

2.7.1 Prehybridisation 

The methods used was that recommended by duPont. All hybridisation reactions were carried 

out in a hybridisation oven (Hybaid TM).  As all probes were detecting homologous sequences, conditions 

of high stringency were used throughout. To maximise the rate of annealing, hybridisations were carried 

out in the presence of 10% dextran sulphate, used as an exclusion agent to reduce the operational 

volume of the reaction and a high ionic strength buffer, NaCl, to carry out hybridisations 20 - 25 °C 

below the Tm  

100 mL of hybridisation buffer as made as follows: 84.6 mL H20, lOg Dextran Sulphate 

(sodium salt), 10 mL 10% SDS. The buffer was heated at 65°C until it had dissolved, then 5.8g NaCl 

were added and heated at 65°C for a further 30 minutes. The buffer was aliquotted into 50 mL Falcon 

tubes which could be stored indefinitely at -20 °C. 10 mL of buffer was used to wash southern blots for a 

minimum of 90 min at 62°C with rotation. For cDNA probes, 20 mg of total yeast RNA (Boehringer) 

was included in the buffer. 

2.7.2 Hybridisation. 

To prepare a probe solution depends upon the method used to purify the probe. If a G50 column 

was used, probe solutions were made as follows: 0.7 mL 1120, 0.2mL a - [32P] labelled probe, 0.1 mL of 

5 mg/ mL sheared and sonicated herring sperm DNA. If the probe was purified from Chromaspin 

columns, probe solutions were made as follows: 50 l.Ll a - [32P] labelled probe, 0.25 mL denatured 

carrier DNA, 0.7 mL H20. In both cases, the probe solution is boiled for 10 min and kept on ice for 15 

minutes. For probes prepared from G50 columns, it is possible to use a 0.5 mL aliquot of probe in a 

hybridisation reaction, whereas for spun column probes, it is necessary to use the total volume of probe. 

Probes are added to the hybridisation buffer, and the reaction allowed to incubate with agitation 
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overnight at 62 °C. For cDNA probes, 20 mg of total yeast RNA is included in the probe solution. The 

radioactive buffer can be stored at 4 °C and used in subsequent hybridisation reactions. 

2.73 Filter washing. 

Filters were washed of excess, unbound probe initially in 0.2X SSC at room temperature for 10 

minutes. Filters were then washed for 30 min at 62 °C with 0.2X SSC I 0.1% SDS and checked for 

radioactivity in non - DNA regions with a Geiger counter. If counts were detected, the washing step was 

repeated until the filters were clear. Filters were allowed to dry at room temperature and sealed in Saran 

wrap. 

2.7.4 Filter stripping. 

In order to remove reversibly bound probe from filters for subsequent hybridisation with a 

different probe, filters were washed in excess of 0.4M NaOH at 42 °C for 30 minutes, followed by 

neutralising in 0.1X SSCI 0.1% SDS/ 0.2M Tris pH 7.5 for 30 min at 42°C. Filters were exposed 

overnight to X- Ray film to determine the efficiency of probe removal. 

2.7.5 Autoradiography. 

Autoradiography was performed using Kodak XAR -5 X- ray film for 32P probes, in a cassette 

containing intensifying screens. The cassettes were stored at -70 °C for 24 - 96 hours depending upon the 

age and quality of the probe and the quality of DNA transfer to the filters. For 35S gels, cassettes 

containing Kodak Biomax MR film were stored at room temperature for 24 hours. All films were 

developed using a X-O'GRAPH Xl automatic X- Ray film processor. 

2.8. The Polymerase Chain Reaction (PCR) 

2.8.1. General PCR 

PCR is an in Vitro technique by which a target stretch of DNA flanked by regions of known 

sequence is amplified (Saiki et al., 1988). PCR involves primer sequences annealing to the known 

flanking sequences and repeated rounds of denaturation, annealing and extension in the presence of all 

dNTP's and a thermostable DNA Polymerase. The polymerase used was isolated and purified from a 

thermophilic bacteria, Thermus aquaticus, whose enzymes are adapted for optimal activity at elevated 

temperatures. The target sequence can be amplified as much as 10 9  times. 

PCR reactions were performed in sterile 0.5 mL eppindorfs as follows: 
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0.2p.l 	lOOx Primer 5' (10 ,iM) 

0.2p.l lOOx Primer 3' (10pM) 

0.2p.l lOOx dNTP's 	(7.5 mM dATP, dfl'P, dCTP; 6.5 mM dGTP; 

1mM deazo-dGTP) (Boehringer) 

0.2 p.1 2% gelatine 

2 p.1 	lox PCR buffer (500 mM KC1; 100 mM Tris- HC1 pH 8.8; 

25 MM  MgC1 2 ) 

0.1 p.1 Taq polymerase (Cetus corp.) 

1 -4 p.1 DNA template 

16.1 - 13.1p.l 	H20 

The reaction was overlaid with a drop of sterile light mineral oil (Sigma), and the reaction 

carried Out on a HybaidTM Omnigene thermal cycler. The reaction volumes detailed are for 20 p.l 

reactions, and must be upscaled accordingly for 50 p.1 reactions. To save on materials, the total number 

of reactions per primer is made as a single premix and then UV irradiated for 5 min to remove any 

contaminant DNA. The reaction volume is dispensed into eppindorfs and template is added. 7- Deaza-

2' dGTP is incorporated into the nucleotide mix, as the base analogue prevents the formation of 

secondary structures in the newly amplified DNA which could inhibit subsequent rounds of 

amplification (McConlogue et al., 1988) 

2.8.2 YAC Specific PCR 

2.8.2.1 Row and Column PCR 

In order to identify single YAC's containing target sequences from a bank of 96 clones, (the 

storage format), row and column PCR was used to identify the exact colony co- ordinates of the positive 

YAC (Heard et al., 1989). The technique is a simplification of that described by Kwiatkowski et al., 

(1990) and is illustrated in fig 2.1. YAC plates are cultured as described in section 2.1.6.4. Using sterile 

yellow tips a small scraping of a colony was transferred to 100 p.! of sterile TE in a 0.5 ml. eppindorf, 

and the tip discarded. This procedure was repeated until samples of all the YAC colonies in the first row 

were in suspension in the tube. This was repeated for all the rows. and again for all the columns, 20 

tubes in all. The tubes were boiled for 10 minutes, and centrifuged 13 000 rpm for 5 minutes. The 

supernatant was diluted 1/10 and 4 p.1 of this was used in a PCR reaction. It was noted that with this 

kind of crude DNA preparation, the number of cycles had to be increased to 40 for a signal to be seen 

and that DNA prepared in this form was stable at - 20 °C for several weeks, but after rounds of freeze-

thawing, the template became unsuitable for use in a PCR reaction and a new set of templates had to be 

prepared. 
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2.8.2.2 End Rescue By Inverse PCR 

Inverse PCR is a useful technique that allows the in vitro amplification of DNA flanking a 

region of known sequence. The technique is based on the digestion of the target DNA with restriction 

enzymes and recircularisation of the cleavage products, prior to amplification with primers that are in an 

inverse orientation to conventional PCR (Triglia et al., 1988; Ochman et al., 1988). Primers used were 

as described in section 1.5.2. 

Intact YAC's in agarose blocks were prepared as described (see section 2.2.1.2). Blocks were 

washed out overnight in 1X TB, then 4x 30 min at 50 °C. A 4mm slice of agarose was melted at 68 °C for 

15 - 30 minutes, and 4 - 8 il of liquid YAC DNA was digested in 20 tl reactions with EcoRV 

(Boehringer), RsaI (Boehringer), N/zel (Boehringer), MseI (Boehringer) and TaqI (Boehringer) for 30 

min at 37°C, except for TaqI which has a reaction temperature of 65°C. Incubating the digest reaction 

for a longer time has no effect on the efficiency of the ligation and subsequent PCR. Samples are heated 

at 68°C for 15 min and immediately loaded into the ligation mix: 

34111 	dH2O 

5111 	lox Ligation buffer 

10 ,il Liquid, digested DNA 

0.3jil T4 DNA Ligase (400, 000UI tl; NEB) 

The reaction was incubated overnight at 14 - 16 °C. The following day, ligation products were 

heated at 68°C for 10 min prior to PCR. The PCR reaction was carried Out in a 50111 volume with 1 ILl 

of template and 0.5U of Taq polymerase (Cetus). PCR conditions are: (Right Arm) 94 °  60s; 52°  60s; 72°  

180s for 35 cycles; (Left Arm) 94 0  60s; 52° 60s; 72°  120s for 35 cycles. 

2.9 Bacterial Recombinant DNA Techniques 

2.9.1 Cloning into the pCR 11Th  Vector. 

PCR products were prepared for sequencing by cloning into the TA CloningTM System 

(Invitrogen Corp), a one step method for cloning PCR products (See fig 2.2). The system makes use of 

the fact that certain DNA polymerases also catalyse non template addition of single nucleotides to the 3' 

end of all duplex molecules (Clarke, 1988), thus eliminating the need to blunt end or alternately modify 

the PCR product to facilitate cloning. Taq polymerase is known to add a single deoxyadenosine residue 

to the 3' end of PCR products and the vector has a single T overhang at the cloning site to exploit this 

(Mead et a! 1991). This system was used to generate all STS marker stabilates 

The ligation and transformation reactions were carried out according to the manufacturers 

instructions. PCR products were cleaned from the oil overlay and incubated in a ligation reaction with 
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Figure 2.2 

Diagrammatic representation of the pCRLFM plasmid vector map. The sequence above the 

vector represents the pCRII vector sequence with the PCR product cloning site indicated. 
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the pCRTM  vector as 1:1 to 1:5 molar ratios of vector: insert, depending on the size and degree of 

amplification of the target DNA sequence. Ligation reactions were set up as follows: 

2xl 	pCR II vector (50 ng) 

1 p1 	PCR product 

ipi 	lox Ligase Buffer 

lj.tl 	T4Ligase(4U/pl) 

6p.l 	H20 

Ligation reactions were incubated overnight at 14 - 16 °C. 

2.9.2 Transformation of competent E. coli 

2 p.1 of 0 Mercaptoethanol was gently mixed with thawed competent cells (25 - 50 p1). 2 p.1 of 

each ligation mix was added directly to each vial of competent cells, gently mixed and incubated on ice 

for 30 minutes. The unused ligation mixtures could be stored at -20 °C for up to several weeks for 

repeated transformations. Cells were heat shocked at 42 °C for 30 seconds and placed on ice for 2 

minutes. 450 p.1 pre- warmed SOC medium was added and the cells incubated at 37 °C for 1 hour with 

horizontal shaking. Cells were stored on ice for plating. 25 and 100 p1 of transformed cells were spread 

directly onto LB- Amp plates containing 25 p1 X -gal per plate, allowed to dry and incubated upside 

down at 37°C for 24 hours. Plates were then incubated at 4 °C for 2 -3 hours to allow the blue selection 

colour to develop. This last step is useful for eliminating putative false positives. 

2.10 Sequencing. 

DNA sequencing was performed using the dideoxy chain termination reaction as described by 

Sanger et al (1977) available as the SequenaseTM Version 2.0 Kit (USB Corp.). The method involves the 

use of nucleotide analogues in a polymerisation reaction using a Histidin& 23  mutant of bacteriophage T7 

polymerase which has increased processivity (up to ninefold that of native 17) and which lacks the 3' - 

5' exonuclease activity (Tabor and Richardson, 1989). The dideoxynucleotide analogues lack the 3'- OH 

group necessary for chain elongation, and result in the synthesis of a truncated DNA strand. The 

protocol used includes the modification for sequencing double stranded DNA using 10% DMSO in the 

reaction to enhance signal intensity, reduce background and prevent the formation of secondary 

structures within the sequencing template (Winship, 1989) 

2.10.1 Preparation of DNA 

To prepare double stranded DNA for sequencing, the template is first denatured. To 5 p.g of 

DNA in a 20 p.1 reaction, 5 p.1 of 4N NaOH, 20 p.1 1 mM EDTA and 55 p.1 H20 were added, and the 

reaction incubated at 37 °C for 30 minutes. The DNA was ethanol precipitated overnight at -70 °C with 
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IM NaAc, centrifuged at 13 000 rpm for 15 minutes, washed, dried and resuspended in half the starting 

volume (10 p1). 

2.10.2 The Sequencing Reaction 

The sequencing reaction can be broken down into two steps: (i) labelling, involving the 

extension of the primer with limiting dNTP' s and radioactive label, resulting in the almost total 

incorporation of radioactivity into all the nascent DNA chains; and (ii) termination, involving the 

addition of ddNTP's to the reaction to progressively halt DNA synthesis. 

The labelling mix was set up as follows: 

2 p1 	Sequenase Reaction Buffer 

ipi 	10% DMSO 

1p1 	Primer (lng/ ILl) 

6 p1 	Denatured ds DNA 

The reaction is heated at 96°C for 5 minutes and snap cooled on ice for 2 minutes. Annealing of 

primer to template occurs in this stage. Then the following is added to the reaction mix: 

1p1 	0.1MD'VF 

1 p1 	a - [35S] dCTP (1000ci) 

lp.l 	Labelling Mix (1.5 pM each dWFP) diluted 1/5 in H20 

ipi 	Sequenase (diluted 1/5 in Enzyme dilution Buffer) 

The solution was mixed thoroughly and incubated for 15 minutes at room temperature. 3.5 p1 of 

labelling mix was aliquotted into a pre warmed (37 °C) termination mix, corresponding to each 

appropriate dideoxy NTP, made by mixing 2.5 p1 ddNTP with 0.5 91 DMSO. The termination reaction 

was incubated at 37 °C for 5 minutes and the reaction stopped by the addition of 4 p1 stop solution (20 

mM EDTA containing 0.05% Bromophenol blue, 0.05 % xylene cyanol and 95% Formamide). Samples 

were heated at 85 °C for 5 min prior to loading (3 iii per well) into a 6% denaturing polyacrylamide gel. 

2.10.3 Poly Acrylamide Gel Electrophoresis 

Sequence reaction were separated on a 380 mm x 0.3 mm 6% polyacrylamide gel. Plates used 

for pouring were thoroughly cleaned with acetone, and the top plate was siliconised with Sigmacote 

(Sigma) to prevent the gel from sticking. The gel was made as follows: 

50g 	Urea (Final concentration 8M) 

3OmL dH2O 

10 ml, 1OXTBE 
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20 mL 30% Acrylanuide/ 1.6 % Bis- acrylamide (6% and 0.16% final concentrations) 

The mixture was dissolved by mixing under hot water and filtered. 0.8 mL 10% ammonium 

persuiphate and 20 j.iL TEMED (N, N, N' N' - tetramethylethylenediamine) were added and the mixture 

poured between the glass plates. After polymerisation, the gel was pre- run for 15 - 30 minutes, the 

samples loaded and electrophoresis performed at 50W constant power on an IBI BaserunnerTM. On 

completion of a run, the gel was dried under vacuum on a gel drier (Model 583 Gel Dryer, BlO - RAD) 

for 1 - 2 hours at 80°C, and exposed to X- ray film (Kodak Biomax MR) overnight at room temperature. 

Films were developed in an automated X- ray film processor (X- ograph Xl) 

2.10.4 Database Searches 

Sequences were analysed using the University of Edinburgh Computing facilities. Data analysis 

was performed using the University of Wisconsin Genetics computer Group (GCG) Sequence Analysis 

Software Package Version 7.1 (Devereux et al., 1984) 

2.11 Mapping of YAC's 

Physical mapping of artificial chromosomes is based on the use of probes specific to the left and 

right arms of the YAC vector (Hirst et al. 1991). Total YAC DNA is partially digested with restriction 

endonucleases, separated on a PFG with appropriate conditions for the selection of fragments of the 

desired size, transferred onto nylon and subjected to successive rounds of probing and stripping with left 

arm, right arm and internal STS probes. Data obtained is composited to generate the resultant physical 

map, whose resolution depends on the number and activity of the endonucleases chosen (Chin et al., 

1994; Gaensler et al,. 199 1) 

The protocol used was a modification of that described by Dr. N. Fairweather 

(personal comm.) and makes use of the fact that T4 polymerase buffer works with almost all restriction 

enzymes (Monaco et al, 1992). The buffer is made as follows (lOX stock): 500 mM NaCl, 100 mM Tris-

HCI pH 8.0, 100 mM MgC1 2). Blocks are washed overnight at 4 °C in excess TE, and then treated twice 

90 min with two changes of 1X TE at 50°C, to ensure complete removal of the 0.5M EDTA storage 

buffer. The blocks are then washed in 1X TE for 30 min at room temperature. Blocks are cut into 3 mm 

slices, and half slice of these are used per reaction. In order to obtain a complete range of partial digest 

fragments, from undigested to complete digest a series of digest reactions containing 15U, 3U, 0.3U and 

0.03U per enzyme per YAC were set up as follows in 1.5 mL eppindorfs: 

30 tl YAC gel slice 

20 j.il lox T4 polymerase buffer 

2 jtl 	10 mg/ niL BSA (bOX, NEB) 
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20 .tl 5 mM DTF (diluted from a 1M stock) 

120 j.iJ 100X Spermidine (75 mM, Sigma) 

3pL 	Restriction endonuclease 

The reaction is incubated overnight on ice at 4 °C to allow sufficient time for the enzyme to 

completely saturate the block. The following day, the reaction was incubated at the enzyme digest 

temperature as per manufacturers instructions for 1 hour. The reaction was terminated by adding 0.5 ml. 

0.5M EDTA pH 8.0 and the digests could be stored in this form at 4 °C for several weeks, or until 

separation on a PFG. Digests were then separated, visualised, photographed, blotted, probed, stripped 

and reprobed. This protocol appears to yield better digestion products than other published protocols 

attempted (Bentley et al., 1993; Hamvas et al., 1994). 



CHAPTER 3. 

CONSTRUCTION AND CHARACTERISATION OF A YEAST 

ARTIFICIAL CHROMOSOME LIBRARY OF P. Falciparum 

CLONE HB3. 



3.1 Abstract 

A Yeast Artificial Chromosome library of the human malaria parasite P. falciparum clone 

1-1133 was constructed in the YAC vector pYAC4. 11133 DNA was partially digested with EcoRI, ligated 

to EcoRJJ BamHl digested and phosphatase treated vector in agarose, size selected on a pulsed field gel 

and used to transform spheroplasts of the yeast strain A131380- Transformation efficiencies for the 

construction of the library were around 5 x 105  transformants / tg. The library contains approximately 

300 YAC's of insert size 150 kb and 800 YAC's of average insert 100 kb. Screening of the library with 

PCR primers showed that of the 29 sequences tested, 26 were represented in the library. Library size 

estimations indicate a 90% representation for single copy sequences and a four to five fold coverage of 

the genome. Stability assays indicate that the cloned YAC DNA is an accurate representation of genomic 

DNA and is stable when cultured over 100 generations. 

3.2. Introduction. 

The artificial chromosome vector used in this study was pYAC4. In E. coli, the vector 

replicates as a circular 11.3 kb plasmid, which is linearised on digestion with BamHl. When the YAC is 

digested with BamHl and EcoRI, three fragments are produced corresponding to the left and right YAC 

vector arms and a 1.8 kb "stuffer" fragment. This fragment contains the HIS3 gene which is excluded 

from the cloning reaction. Digestion with BamI{L exposes the telomerase substrate sequences which can 

be recognised by the S. cerevisiae telomerase and converted into functional telomeres in vivo. The 6 kb 

left arm contains ARS 1 and CEN4 sequences as well as the selectable marker TRP1. The 3.4 kb right 

arm contains the URA3 selectable marker (Bach et al., 1979) with the EcoPJ cloning site located within 

the SUP4 gene. SIJP4 produces a mutant tRNA tyr  which suppresses the ochre mutation in the yeast ade2 

gene. Cells containing an intact copy of SUP4 (i.e. non- recombinant YAC's) are red, whereas YAC's 

containing an interrupted copy of the gene result in white yeast colonies. 

The construction of Yeast Artificial Chromosome libraries can be separated into several 

distinct phases: (i) partial digestion and size fractionation of the insert DNA, (ii) ligation of vector arms 

to the DNA and size fractionation of the recombinant YAC's (iii) the transformation of yeast 

spheroplasts and (iv) the subsequent selection and storage of each YAC clone. The original human YAC 

libraries were constructed with liquid genomic DNA, size fractionated on sucrose gradients as ligation 

templates (Burke et al., 1987; Coulson et al., 1988; Garza et al.,1989). YAC's constructed by this 

approach were limited in use due to the relatively small insert sizes (— 200 kb), possibly due to shear 

forces acting upon the DNA template. The protocol was modified by the use of high molecular weight 

DNA embedded in agarose and size fractionated by pulsed field gradient gel electrophoresis (Anand et 

al., 1989; Anand et al., 1990; Albertsen et al., 1990). This minimised the shear forces on the DNA and 

yielded higher inserts (McCormick et al., 1990). Further refinements included the addition of 

polyamines, which acted to eliminate size bias in the transformation of larger YAC's (Connelly et al., 



1991) and the inclusion of a second size fractionation step, after the ligation of YAC plasmid to insert 

DNA (Imai and Olson, 1990; Larin et al., 1991). Such modifications yielded inserts of up to 700 kb 

(Larin et al., 1991). The final protocol used was a modification of that described by Monaco et al. 

(1993) in that all manipulations - partial digestion, ligation and size- fractionation - occurred in agarose 

and liquid DNA was only employed prior to the transformation step. 

The template DNA used was the parasite clone HB3. The parasite was isolated in Honduras 

(Vaidya et al., 1993) and is distinct from the WTMGC reference strain 3D7 (Walliker et al., 1987). In 

addition, both 3D7 and HB3 were the parental strains used for a genetic cross (Walliker et al., 1987) for 

which cloned recombinant progeny exist (Walliker et al., 1987; Sinnis and Wellems, 1988; Wellems et 

al., 1988,). The large number of putative chromosome- specific polymorphic markers that could be 

constructed as a direct result of YAC contig analysis and characterisation could form the basis of a 

genetic approach to gene analysis. In addition, physical map data generated would enhance and 

complement maps constructed in the reference clone. 

3.3. Strategies for the Construction and Screening of the HB3 YAC library 

In order to prepare the pYAC4 vector DNA (Burke et al., 1987), plasmid maxipreps were 

performed and the plasmid DNA separated on caesium chloride gradients. The DNA was 

spectrophotometrically analysed for purity and was restriction digested to test for spontaneous telomere 

deltion during prior manipulations. The vector was digested with EcoRI and phosphatase treated. HB3 

DNA was harvested from parasites and partially digested with EcoPJ to yield DNA fragments in the 

desired size range. 

The cloning strategy involves the ligation of vector arms to insert DNA in agarose, by 

allowing the diffusion of restricted YAC plasmid into the agarose slice. Ligations occurred in a molar 

excess of vector to insert, to (i) maximise ligation of vector to the genomic inserts and (ii) to minimise 

the incidence of coligation of multiple genomic fragments (Haldi et al., 1994) These recombinant 

products were size fractionated on a Pulsed field gel, and slices corresponding to 75 - 145kb and 145 - 

194 kb were used to transform yeast spheroplasts, prepared using a cell wall lytic enzyme (Lyticase). 

This enzyme acts to sever glucan chains linking the cell wall to the plasma membrane and to partially 

degrade the mannoprotein component of the cell wall. In the presence of PEG and Ca 2  ions, DNA is 

taken into the cell (Hinnen et al., 1978; Burgers and Percival, 1987). Recombinant YAC's were 

screened by selecting first on (-uracil) plates, to allow the reconstitution of the yeast cell wall, then (-

uracilJ -tryptophan) plates for selection of inheritance of both YAC arms. Positive YAC's were then 

grown in a nutrient- rich medium YPD, in 96- well microtitre plates, replicated and stored at -80 °C. 

To prepare DNA for PCR analysis, each plate was replica stamp cultured on selection plates 

and total DNA preparations of each plate were combined (Green and Olson, 1990a). Aliquots of DNA 

from sets of plate pools were combined to provide master pool templates to facilitate PCR analysis (see 
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fig 3. 1). Master pools were screened with multiple PCR primers from divergent sites within the genome 

so that an estimation of genome representation could be proposed. Such a PCR- based first level library 

screen has become a standard strategy in the identification of chromosome specific sequences from YAC 

libraries (Green et al., 1991; Schiessinger etal., 1991; de Brain etal., 1992). 

To test whether genomic sequence information was accurately represented in the cloned 

DNA, YAC's and genomic DNA identified by a particular marker were digested and probed with the 

radiolabelled marker. To attempt to evaluate clone stability, a random YAC clone was cultured over 100 

generations, and DNA samples from various generation time points were taken. The clone was analysed 

as intact artificial chromosomes, as YAC' s digested with rare cutting enzymes and as loci digested with 

frequently cutting enzymes. 

3.4. Results. 

3.4.1 Construction of a Yeast Artificial Chromosome Library of the P. falciparum isolate ffB3 in 

the YAC Vector pYAC4 

3.4.1.1 Preparation of YAC Vector. 

The YAC vector was harvested from E. co!i and purified on a CsC1 gradient. It is known that 

some isolates of the vector in culture spontaneously delete small amounts of the TEL sequence, and to 

confirm that the vector used is suitable for cloning, a Hindill diagnostic digest is performed. Digestion 

of the YAC vector with HindIII results in four bands: 3.5 kb, 3.0 kb 1.9 kb and a doublet at 1.5 kb. If the 

1.5 kb fragment resolves into two fragments of 1.3 and 1.2 kb then TEL sequences have been lost. The 

results showed that four bands were visible and that the plasmid was ready for use in a cloning ligation 

(data not shown). 

To prepare the vector for cloning, 100 ,.tg of pYAC4 at 0.43 pg / tl was simultaneously 

double digested with BamHJ and EcoRI, phosphatsse treated with Calf Intestinal Alkaline Phosphatase 

(CIP) and purified by phenol/ chloroform extraction and ethanol precipitation. To test the efficiency of 

the dephosphorylation reaction test ligations were set up in the presence and absence of polynucleotide 

kinase. Three bands were seen in the kinase (K) lane, whereas in the kinase' (K') multiple bands were 

seen above the 6 kb fragments and a smear seen below the 1.5 kb fragment (data not shown). The 

extracted, digested and CIP treated vector was stored at 4 °C ready for use in the ligation reaction 

3.4.1.2 Partial Digestion of HB3 DNA. 

Parasites were grown in culture as described. On reaching a parasitaemia of 7 - 8%, 

comprising mostly schizont stages with some ring stages, parasites were harvested and the DNA 

extracted as described. Samples of HB3 DNA to be used in the preparation of the YAC library were 
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examined on a 24 hour Pulsed Field Gel to determine chromosome integrity. Results indicated little 

chromosomal degradation. 

Preliminary pilot digests were performed as described in Section 2. Due to the comparatively 

small size of the P. falciparum genome (-26 Mb) and the small size of the chromosomes (0.65 - 3.5 Mb, 

Triglia et al., 1992; fig 3.2), large insert YAC's i.e. over 500 kb would yield little useful map 

information for the majority of the chromosomes. It was decided to attempt to isolate two YAC sizes: 75 

- 150 kb and 150 - 200 kb. Initial partial digests on 3mm x 5mm slices showed that the optimal digest 

conditions yielding fragments in the desired size range lay around 0.5U EcoRI. Secondary partial digests 

with an enzyme range from 2U to 0.05U refined the digest parameters. As shown in figure 3.3a., the 

results of the secondary pilot digest showed that 0.2U of EcoRI digesting for 2 hours yielded a smear of 

fragments ranging from 25 - 300 kb 

3.4.1.3 Size Fractionation of Recombinant YAC's. 

All manipulations of P. falciparum DNA were carried out in agarose, with liquid DNA only 

being used immediately prior to transformation. Large scale partial digests were carried out in sterile 

plastic Eppindorfs containing 2x 3mm slices of HB3 DNA in a 760 p1 reaction with 0.4U of EcoRL 

Ligation of YAC arms to digested insert DNA occurred in agarose by allowing diffusion of ligase and 

YAC DNA into the block, and allowing the ligation to occur over a 16 hour period. Samples were 

loaded into the central 6 lanes of a 1.2% LMP agarose gel and separated out under pulsed field 

conditions selected for resolution of fragments of up to 300 kb. The results are shown in figure 3.3b. The 

bands containing recombinant YAC's in the desired size range were excised as described in section 

2.1.4.3 and were stored in TE Half of each size band slice was used per transformation. This protocol 

allows the generation of recombinant DNA ready for transformation in three days. 

3.4.1.4 Transformations and Preliminary YAC Clone Characterisations 

The transformation procedure was carried out as described in section 2.1.5.2. and is a 

modification of that described by Burgers and Percival (1987). When the successful yeast transformation 

was performed, the host AB 1380 was grown by culturing a single colony from a freshly growing YPD 

plate in 10 ml YPD with angled shaking at 30 °C for 20 hours. 200 p1 of culture was inoculated into 200 

ml fresh YPD broth and incubated at 30 °C for 27 hours. 100 p1 of this culture was used to inoculate 100 

ml of fresh YPD and this was incubated overnight at 30 °C. The starting cell OD as determined by the 

0D600 nm of a 1/10 dilution of the culture was 0.286, higher than the 0.1- 0.2 range quoted (Monaco 

et al., 1993). 

The gel slice containing recombinant, size- selected YAC' s was agarase treated for 3 hours. 

The lyticase reaction was allowed to proceed for 15 mm, taking the reaction to an estimated 70 - 80% 

spheroplast formation, as determined by SDS lysis. The cell count taken by haemocytometer revealed an 
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Figure 3.2. The Karyotype of P. falciparum 

Intact chromosomal preparations of two P. falciparum clones, 105/ 12 and 105/ 11, isolated from the 

Asar region of the Sudan were resolved on Pulsed field gels. Chromosomes are indicated by numbers. 

Polymorphism is observed between the two isolates in chromosome 4. 

The smaller P. falciparutn chromosomes were resolved with Pulsed field gel conditions of 22 hours, 

120seconds; 26 hours, 180 seconds; 24 hours 300 seconds in a 0.8% IBI agarose gel at 130V in 0.5X 

The larger chromosomes were resolved with Pulsed field conditions of 22 hours, 120 seconds; 26 

hours, 180 seconds; 24 hours, 300 seconds; 24 hours, 260 seconds in a 0.8% IBI agarose gel at 130V in 

0.5X TBE. 



an 	
t •/ 

i.e 	 .1 

C,,. ' 1 4C(O, O"M 

c 



average of 45 cells per 5 grid squares for a 1/ 50 spheroplast dilution. The total number of cells is 

calculated as follows: 

Cell. = No. Cells x 5 x 104  x 50 x Volt.,  

	

where: Cell,., = 	total number of cells in suspension 

	

No. cells = 	Average number of cells counted in 5 grid squares 

5 	= 	Factor to calculate the number of cells in 25 grid squares 

104 	= 	dilution factor to estimate number of cells per mL 

	

Volt., = 	Volume of cell suspension, yielding total cell number 

Using the above calculation, the volume of STC required to yield 3 x 108  cells/ mL was 

calculated to be 20mL. Through error, the spheroplast suspension was diluted down to 1.5 x 108  cells! 

mL. To compensate for this, DNA and spheroplasts were allowed to interact for 25 mm. After pouring, 

the transformed spheroplasts were incubated upside down for 3 days, after which time a transformation 

efficiency of approximately 5 x 105  clones per p.g was seen, based upon the results of a control 

transformation with Ycp50 (Hieter et al., 1985). This figure is in good agreement with the efficiency 

range of 2 - 8 x 10 5  clones per p.g quoted (Monaco et al., 1993) 

Several random clones were picked, cultured and chromosomal blocks were prepared. The 

YAC's were separated out on an overnight PFG. The results are indicated in figure 3.4. The smallest 

size of the yeast chromosome is 220 kb (NEB), and as all YAC's were size selected to be have a 

maximum insert size of 195 kb, no YAC larger that the smallest yeast chromosome should be visible. 

The results show individual YAC's of various sizes lower that 220 kb, identifiable as chromosome bands 

on a Pulsed field gel. From this transformation, 800 Low Insert colonies and 250 High Insert colonies 

were picked, in addition to 450 YAC's constructed from previous transformation attempts. YAC's were 

picked into individual wells of a microtitre plate. 16 plates were filled, 11 plates containing low insert 

and 4.5 containing high insert YAC's. Initial estimates of the Library indicated a size of approximately 

1500 clones. 

On transferring YAC plates to AHC selection plates for DNA pool construction a number of 

YAC clones did not grow. The reason for this is unclear, as in selecting for recombinant YAC' s, clones 

had been successively cultured onto (-U) then (-U-T) plates. AHC is a double dropout medium for the 

selection of both YAC arms. Loss rates varied from approximately 50% to 10% per plate. Plates 

showing YAC clone loss were replica plated onto AHC and YPD plates. In all cases, each clone grew on 

YPD, but clone losses were seen on AHC. In addition, all clones on YPD were red, indicating that either 

the SUP4 gene was inactive, or was not present. Chromosome block preparation from colonies growing 

on YPD but not AHC as well as true YAC's (growing on both) revealed that the suspect colonies did not 
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Figure 3.3 

Pilot digest of P. falciparum strain HB3. 

One half of a 2mm sliver of HB3 DNA embedded in agarose was digested with EcoRl 

essentially as described in materials an methods. The DNA was separated on a 1% Rapid Agarose 

Pulsed Field Gel in 0.5X TBE over 22 hours @ 150v, 20 - 40s ramped. 

Lanes a + k: NEB Mid- range PFG marker II 

Lane b: blank 

Lane c: Negative control (-enzyme) 

Lane d: Negative control (not digested) 

Lane e: 2UEcoRI 

Lane f: 1UEcoRI 

Lane g: 0.5U EcoRl 

Lane h: 0.2U EcoR[ 

Lane I: 0.1UEcoRI 

Size selection of recombinant YAC's 

All digest products were loaded onto the central 8 wells of a 15 well 1.2% LMP agarose Pulsed 

Field Gel. Gel separation conditions were 16 hours @ 160V with a 20s pulse time. The central core 

lanes were Cut out and the flanking lanes were stained. These were aligned with the unstained core and 

used to cut out recombinant YAC' s of a defined size range. The figure represents the stained central core 

remnant aligned with the flanking lanes to indicate the size of fragments which have been removed. Y 

corresponds to Yeast Chromosome PFG marker (NEB) and M corresponds to NEB Mid- range PFG 

marker II. 
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posses artificial chromosomes (data not shown). How certain colonies could survive double selection 

screening and then fail to grow when a similar selection round is subsequently applied is unknown. 

Final estimates indicate a library size of approximately 1100 viable clones 

3.4.2. Genome Content Analysis of the Library 

In order to facilitate clone identification, the PCR- based methods of Green and Olson 

(1990a) were adopted. Such a technique involves culturing all YAC clones from individual microtitre 

dishes onto individual AHC plates. Total liquid YAC DNA preps are made and are used as templates in 

a PCR reaction. To streamline STS isolation, YAC DNA Master Pools are constructed representing 

DNA samples from several pool sets 

3.4.2.1 PCR Screening of YAC MasterPools 

All PCR screening procedures followed essentially the same protocol. Liquid samples 

representing total YAC DNA from each 96- well microtitre plate were prepared as described in Chapter 

2. UV spectrophotometric quantitation of each individual DNA pool revealed OD 250  nm readings 

corresponding to between 3350 ng/ lii  and 900 ng/ W. Estimations of sample purity as determined by 

OD 260/  0D280  readings varied from 98.8% to 71.1%. As described in section 2.2.1.6, MasterPools at a 

final DNA concentration of 2.5 ng/ p.tl were constructed. A schematic screening strategy is illustrated in 

figure 3.1. To illustrate the YAC identification strategy, the Glycophorin Binding Protein (GBP- Lanzer 

et al., 1992) will be used as an example. A PCR mix was set up as described in section 2.8.2 and the 

MasterPools were screened as follows: 

10 ng Template DNA 41.11 

GBP Primer 5' 0.2p1 

GBP Primer 3' 0.21tl 

2% Gelatin 0.2p1 

dNTP's 0.21.11 

lOX PCR Buffer 2p.l 

Taq Polymerase 0.191 

H20 l3.lpi 

The reaction is sealed with a drop of sterile mineral oil. PCR conditions were as follows: (i) 

Denaturation stage of 940  for 45s; (ii) Annealing stage of 65 °  for 60s; (iii) Extension stage of 72 °  for 

120s. Amplification was carried out over 31 cycles. Included in the reaction were H 20 and AB 1380 

negative controls and a HB3 positive control. As shown in figure 3.5a, two clean, single bands are 

visible in MasterPools 4 and 5, indicating that the GBP gene sequence is contained within the library in 
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Figure 3.4 YAC's of P. falciparum 

Several YAC's were randomly picked an prepared as intact chromosomal agarose block 

preparations. AB 1380 corresponds to the Yeast host strain and thus shows the background of yeast 

chromosomes. YAC corresponds to two randomly picked YAC's which are visible as chromosome-

sized bands below the plane of the AB 1380 chromosomes, at size markers 150 Kb and 125 Kb. X 

corresponds to concatomers of the bacteriophage ?, with each marker representing an interval of 

approximately 50 Kb. YAC's were separated On a 0.8% IBI agarose Pulsed Field Gel, 0.5X TBE @ 

120V. Pulse times were 30 - 70 sec. ramp for 24 hours followed by 80 - 120 sec. ramp for 24 hours 
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a minimum of two copies at unidentified locations in plates 10 - 16. The definition of a clean signal is 

one which produces a single band without smearing in one or more of the test samples and the 1-1133 

control, and causes no amplification of a corresponding sequence of the same size in yeast or water. If a 

signal in yeast is identified, but is of a different size to the P. falciparum STS, then this sequence can be 

judged acceptable for mapping, as differentiation between yeast and P. falciparum sequences is possible. 

If sequences of the same size are amplified, then this sequence is discarded as an STS. 

3.4.2.2 Breakdown of Master Pools to Plate pools 

To confirm that the GBP gene sequence identified by the PCR primers is located within one 

of the plates identified by the MasterPool signal, a second reaction was prepared using MasterPool D 

and each individual component i.e. plates 10, 11 and 12 as templates. The results in figure 3.5b indicate 

that again, a positive result is seen in MasterPool D, demonstrating protocol repeatability, but also a 

single band is seen in plate 10. There are no signals in plates 11 or 12. Consequently, if a YAC 

containing the GBP gene sequence was desired, subsequent searches would concentrate on plate 10. 

Plates 11 and 12 would be ignored. This also gives a further indication of the copy number of the STS 

within the library and gene sequence representation. However, it is unknown how many copies of the 

STS there are within plate 10. A complete row and column analysis or filter hybridisation approach 

would have to be used to determine this. 

3.4.2.3 Results of YAC Library Analysis by PCR. 

The results of screening the YAC library with sequences from random locations within the 

genome are given in table 3.2. Only PCR signals which conformed to the parameters established in 

section 3.4.2.1. are included in the table. It should be noted that six chromosome- 6 specific STS 

markers have been included. These markers have been constructed in the course of this thesis, and data 

concerning their characterisation will be presented in the following chapter. It should also be noted that 

marker 63/ 1 1R has been included. Although the marker appears to identify no YAC pool, the marker 

was rescued from a YAC identified in plate 11. PCR results show clean signals in all controls, as well as 

the YAC from which the marker was identified. Consequently, a signal in pool 4 should have been 

expected. It is assumed therefore, that the PCR conditions for library screening have not been refined for 

these particular primers, and this is why such data is included. 63/ 1 1R has no bearing as yet on the 

analysis of the YAC library. 

3.4.2.4 Library Size Estimations 

Of the 28 gene sequences used to screen the Library, 26 yielded positive signals conforming to 

the criteria established in section 3.4.2.1. This leads to an estimated genome representation of 93%. It 

should be noted that two gene sequences, TRAP and RAN, were not identified, although positive control 
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Figure 3.5. Masterpool analysis with Glycophorin Binding Protein primers. 

 

Amplification of the GBP gene sequence from within the masterpool templates constructed for 

rapid library screening and information content analysis. Primers were annealed at 65°C and extended 

for 120s. 10 tl of PCR product was run on a 1% IBI agarose gel in 1X TAE. The results clearly show 

amplification signals in pools 4 and 5, which correspond to the control signal. 

Lane 1: DNA marker (pHLA digested with HinfI) 

Lane 2: MasterPool 1 (contains DNA from Plate Pools 1, 2 and 3) 

Lane 3: MasterPool 2 (contains DNA from Plate Pools 4, 5 and 6) 

Lane 4: MasterPool 3 (contains DNA from Plate Pools 7, 8 and 9) 

Lane 5: MasterPool 4 (contains DNA from Plate Pools 10, 11 and 12) 

Lane 6: MasterPool 5 (contains DNA from Plate Pools 13, 14, 15 and 16) 

Lane 7: negative control - water template 

Lane 8: positive control - HB3 template 

Lane 9: negative control - AB 1380 template 

 

Verification that the masterpool contains the GBP sequence. MasterPool 4 and the Plate pool 

components were used in a repeat amplification to see wether the screening of the masterpool could in 

fact identify the plate pool containing the gene sequence. The results show a signal in pool 10. 

Amplification and electrophoretic conditions are as for figure A. 

Lane 1: DNA marker 

Lane 2: MasterPool 4 

Lane 3: Plate Pool lO 

Lane 4: Plate Pool 11 

Lane 5: Plate Pool 12 

Lane 6: negative control - water 

Lane 7: positive control - 1-1133 

Lane 8: negative control AB1380 
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signals were seen. This could have been due to one of two factors: firstly, by chance, the genome region 

may not be represented in the library. Alternatively, it is possible that such loci are subtelomeric i.e. lie 

immediately adjacent to the subtelomeric rep20 sequences (Corcoran et al., 1988). Consequently, during 

digestion such sequences lie on fragments terminating with a single EcoRI site, and will thus fail to be 

included in this standard library. In order to be cloned, a telomere specific library would need to be 

constructed, using a telomere deleted YAC vector such as pYAC- Neo- Not (Cross et al., 1989), whose 

function is described in section 1.3.2.7. 

In addition, an estimation could be inferred from the approximate size of the clones, the 

Library consists of 16 x 96 well microtitre plates, with 11 plates containing Low Insert clones of average 

size -100 kb and 5 plates containing high insert clones of average insert size -150 kb. Thus, including 

loss of YAC's, an estimate of 300 High Insert YAC's and 800 low insert YAC's corresponds to a total 

amount of cloned DNA of 125 Mb. Estimates of the genome size of P. falciparum range from 26 Mb 

(Gu et al., 1990) to 30 Mb (Wellems et al., 1987). Based on these estimates, the I{B3 library described 

here has a 4 - 5 fold genome coverage, corresponding to a 4 to 5 times redundancy for single copy genes. 

Such a result is consistent with previous estimates of Library complexity, where libraries with 3 - 4 

genome equivalents provide an -95% probability of finding a given single copy sequence (de Bruin et 

al., 1992; Riley et al., 1992) 

3.4.3. Information Analysis of the Library. 

3.4.3.1. Comparison of Cloned YAC DNA to Genomic DNA 

Although YAC libraries are known to faithfully copy genomic information, based on a 

correlation of clone maps with genomic maps (Burke et al., 1987; Green and Olson, 1990; de Brain et 

al., 1992), it was decided to confirm that such a correlation could be made with the HB3 library. In order 

to determine the accuracy of information replication between genomic and cloned DNA, YAC clones 

identified by the Histone 2A marker were digested with EcoRI, HindIII and BamHI. The results in fig 

3.6a clearly show that the same restriction fragment is identified in two different YAC's containing the 

1-12A locus, and that the fragment is the same size as the genomic restriction fragment Identification of 

the Histone 2A YAC's will be discussed in chapter 4. 

3.4.3.2 Stability of Cloned P. falciparum DNA 

The major advantage of the YAC system has been the ability to maintain large inserts of 

cloned DNA in a stable form. YAC clone instability has been well documented (Neil et a!, 1990; 

Vilageliu and Tyler- Smith, 1992). Instabilities such as co- transformation events (Zuo et al., 1992), 
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Table 3.2 Genome representation of the 11B3 YAC library 

The FIB3 YAC library was screened as described in the text. PCR primer sequences are quoted in 
materials and methods. PCR conditions are available from the relevant references. 10 p.1 of PCR product 
was loaded onto an agarose gel and separated for 30 - 120 mm, depending upon fragment size. +1 - 
corresponds to the presence or absence of single bands after visualisation by EtBr staining and UV 
illumination. PCR primers which could not amplify the HB3 genomic DNA control, amplified the 
AB 1380 negative control or fielded multiple bands were not included. H2/9L, H2/9R, 9R/9L, 63/11R, 

87/5R and 5R/6R correspond to chromosome 6 specific STS markers that have been constructed in the 
course of this thesis. Sequence information and PCR conditions will be presented in chapter 4. 
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MSP2 2 - - + - + + - - 

CS 3 - + - + + - - 

DHFR-TS 4 + + - - - + - - 

POLct 4 + - - + + + - - 

ATPasel 5 - - - + - + - - 

ATPase2 5 + + - + + + - - 

MDR 5 - + + + - - 

ASPase 6(?) - + + + - + - - 

H2/ 9L 6 - + + - + + - - 

H2/ 9R 6 + + + + + + - - 

9R/ 9L 6 + + + + - - - 

63/1R 6 - - - - - + - - 

87/ 5R 6 + + - - + + - - 

5R/ 6R 6 - + + - - + - - 

H2A 6 - - + + - + - - 

H3 6 - - + + - + - - 

pSC11.63 6 - - - + - + - - 

pSC11.87 6 - + - - - + - - 

MSP1 9 - + + + + + - - 

3- tubulin 10 + + - + + + - - 

GBP 10 + - + + - + - - 

GLURP 10 - - - + + + - - 

POLi 10 + + - - + + - - 

RAN 11 - - - - - + - - 

ATPase3 12 + + - + - + - - 

PCNA 13 + + - + + + - - 

TRAP 13 - - - - - + - - 

CAL 14 - - - + + + - - 
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deletions (Albertsen et al., 1990), apparently unclonable sequences (Bates et al., 1992) and chimerism 

(Green et al., 1991) have been reported. As a preliminary assessment of the newly constructed YAC 

library, it was necessary to determine whether randomly picked clones would demonstrate insert stability 

when cultured over multiple generations. As the cloning system is an artificial chromosome system, it 

would be expected that information would be accurately replicated and transmitted to daughter cells. 

A YAC clone identified by STS pSC1 1.87 (see chapter 4) was used in the culture experiment. 

The results of the culturing are given in table 3.3. The generation count was based on the assumption 

that one cell budding to yield two is generation 1, budding to give 4 is generation 2, budding to give 8 is 

generation 3 and so on. Samples were taken at 0 and approximately 38, 70 and 110 generations to give 

an indication of insert stability over 100 generations. 

3.4.3.2.1. Genome Level Stability 

The results in fig 3.6b. demonstrate that each undigested YAC clone is of the same size, with 

the slight apparent differences possibly being due to blotting or gel concentration artefacts. This 

indicates that, in this section of the genome, no major deletions or rearrangements are being carried out. 

This would have been visible as bands of different or decreasing size on the PFG blot. 

3.4.3.2.2 Chromosome Level Stability 

To investigate clone stability at the chromosomal level, YAC's were digested with Sad, an 

enzyme known to cut only once in that clone (see chapter 5). Partial digests of all YAC's were separated 

on a pulsed field gel and probed with YAC fragment specific to the right arm of the vector. As can be 

seen in fig 3.7a, in all cases 15U and 3U of enzyme effectively cuts the fragment to produce a single 

band identified by the right arm probe, whereas 0.3U of enzyme does not cut at all. As the digest 

fragments are of the same size, this means that no apparent rearrangements, such as duplications or 

deletions which could be identified as an RFLP, have been introduced as a result of continuous culture 

3.4.3.2.3 DNA Level Stability 

In order to investigate stability at the gene level, YAC and genomic DNA was digested with 

frequently cutting enzymes and probed with the STS used initially to identify the YAC, as shown in fig 

3.7b. YAC's were digested with EcoRI, Hinfi and NheI. The results clearly show that the YAC copy of 

the sequence after 110 generations in culture is the same size as the genomic copy. The results of the 

experiments carried out in this section indicate that the cloned YAC DNA in this library is an accurate 

representation of the genomic sequence and is stably inherited from parent to daughter cells. 
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Figure 3.6 

YAC's containing the H2A gene sequence were digested overnight to completion with lOU 

EcoRl and separated on a 1% IBI agarose gel for 15 hours @ 50V. The gel was transferred to Hybond 

N 	membrane and probed with 32-P labelled H2A probe amplified from HB3. A and B represent 

different colony preparations of the same YAC clone. 

Lane 1: YAC clone YlO/H2-A 

Lane 2: YAC clone Y10I H2 - B 

Lane 3: YAC clone Y9/H2-A 

Lane 4: YAC clone Y91112 - B 

Lane 5: positive control -I{B3 

YAC samples obtained from various time point during the continuous culture experiment were 

separated on a 0.9% IBI agarose PFG over 24 hours @ 170V with a 2 - 12 sec ramp. Both the gel and 

the corresponding blot are presented. The gel was transferred to Hybond N membrane and probed 

with a YAC left arm probe. 

Lane 1: YAC sample 0 (corresponding to 0 cell generations) 

Lane 2: YAC sample A (corresponding to 40 cell generations) 

Lane 3: YAC sample B (corresponding to 70 cell generations) 

Lane 4: YAC sample C (corresponding to 110 cell generations) 

Lanes Y and M correspond to NEB yeast marker and Mid- range PFG marker II, respectively 
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TIME Sample Ti., Ni  N1  (tot) N1  / Ni  GENS TOTAL 

GENS. 

1 0 24 6.1 x 105 3 x i07  50 6 6 

2 48 3 x 104  7.9 x 108  2.6 x 104  13 19 

3 24 7.9 x 105  5 x i0 60 6 25 

4 A 24 5 x 10 3.15 x 108  6.3 x 103  13 38 

5 24 3.15x105  2.35x108  750 10 48 

6 24 2.35 x 10 5.45 x 108  2.3 x 103  12 60 

7 B 24 5.45x 105 3.6x 108 660 10 70 

8 96 3.6 x 102  4.4 x 10 8  1.2 x 106  21 91 

9 24 4.4 x 105  1.6 x 10 360 9 100 

10 C 24 1.6 x 105 	j  2.6 x 108  1.6 x 103  10 110 

Table 3.3. Cell count data for the continuous culture experiment. 

corresponds to the time interval in hours between each cell count. N i  is the number of cells used to 
inoculate the culture volume, N 1  corresponds to the final cell number in the culture; NI n 1  corresponds to 
the number of divisions a single cell has undergone within that culture; gens corresponds to the number 
of generations assuming symmetric budding; total gens corresponds to the cumulative number of cell 
generations undergone by a single cell from the initial inoculation. 

3.5 Discussion. 

Yeast artificial chromosomes have the major advantage in genome cloning of the ability to 

maintain large inserts of DNA in a stable form. This chapter describes the construction of a 4/ 5 fold 

genomic YAC library of the P. falciparum isolate HB3 and the preliminary library assessment strategies 

that were performed before genomic analysis could occur. 

In the construction of the library, the protocol followed (Monaco et al., 1993) recommended 

two size fractionation steps: a fractionation of partially digested DNA followed by a size selection of 

recombinant YAC's. The protocol described here represents a refinement of the published protocol in 

that the first size selection step is omitted, resulting in the ability to prepare recombinant DNA for 

transformation in three days. By carrying out all manipulations in agarose, shear damage attributed to 

the low insert size of early libraries is avoided (Brownstein et al., 1989). As stated, the critical step in 

the transformation is the spheroplast stage. If spheroplasting goes too far or not enough, then 

transformation efficiencies will be lower and yields of recombinant YAC's will be reduced. Close 
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Figure 3.7. Investigation of YAC stability over Multiple Generations. 

YAC clone Y5/ 87 was cultured over 100 generations and YAC's from various time points 

were digested with Sacl as described in Chapter 2 and separated on a 0.9% IBI agarose PFG over 23 

hours @ 175V with a 2 - 12 sec ramp. The DNA was transferred to Hybond N membrane and probed 

with a YAC arm probe using the primers described in Chapter 2. For each YAC clone designated 1, 2, 3 

and 4, A corresponds to 15U of enzyme; B corresponds to 3U of enzyme and C corresponds to 03U of 

enzyme. 

Lane Set 1: YAC sample 0 (corresponding to 0 cell generations) 

Lane Set 2: YAC sample A (corresponding to 40 cell generations) 

Lane Set 3: YAC sample B (corresponding to 70 cell generations) 

Lane Set 4: YAC sample C (corresponding to 110 cell generations) 

U: Undigested control. 

YAC's cultured over multiple generations were digested overnight with 20U of NdeI, HinJI and 

EcoRI. The digest products were separated out on a 1% IBI agarose in 1X TAE for 15 hours @ 25V. Set 

A corresponds to EcoRl digests; Set B corresponds to Hinfl digests; Set C corresponds to NheI digests. 

Fragments were blotted onto Hybond N 	and probed with pSC11.87, amplified using the primers 

described in Chapter 2 from total HB 3 DNA. 

Lane 1: YAC sample A 

Lane 2: YAC sample B 

Lane 3: YAC sample C 

Lane 4: YAC sample D 

Lane H: positive control HB3 
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observance of spheroplast formation is required, with samples being taken as often as two minutes if 

necessary. 

It was also observed that a number of clones failed to grow after selection on AHC plates after 

a prior round of -U -T selection. Pulsed field gel data and the colour assay on YPD clearly indicates that 

the clones do not posses YAC's or YAC plasmids. A possible explanation is that such clones contained 

both unligated YAC arms, which were subsequently lost in liquid culture within the microtitre dishes, 

leaving in essence untrasformed host cells. This would account for the ability of the cells to grow on 

rich YPD medium but their inability to grow on selection plates. 

Before any genomic analysis can be performed on any new YAC library, it is necessary to be 

able to identify clones from within the library, to gauge the degree of genome representation and to 

investigate clone stability. A PCR protocol was developed for use with this FIB3 library and the 

technique proved to be repeatable for different sets of primers. It is now possible to screen master pool 

templates quickly with primers to any new P. falciparuin gene sequence which will both allow the 

isolation of such a sequence on YAC's and refine the estimation of genome representation. To ensure 

complete genome coverage, a future project would be to construct a telomere library of HB3 in a 

telomere deficient YAC. This would ensure that any gene sequences proximal to the telomeric sequences 

would be represented in the library. Similarly, estimates of single copy gene sequence representation 

should be 4 - 5 library copies per sequence, with a 95% chance of finding a given sequence. In order to 

improve these odds to 98/ 99%, the complexity should be increased to 10 genome equivalents. Such 

libraries have a proven increase in the number of positives per marker (Riley et at., 1992). It would be 

prudent to carry out further transformations to increase the number of recombinant clones, thus increase 

the genome coverage. It would also be helpful to include a number of" mega- YAC's" i.e. with inserts 

of >300 kb, which would be particularly useful for contig assembly in the larger P. falciparum 

chromosomes. 
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CHAPTER 4. 

CONSTRUCTION OF A YAC CONTIG OF P. falciparum 

CHROMOSOME 6 USING SEQUENCE TAGGED SITE MARKERS. 



4.1 Abstract 

Chromosome 6 specific YAC's were identified from within the HB3 YAC library by PCR. 

Screening involved first identifying the plate containing the YAC, then using a row and column PCR 

screening method to isolate the individual clone. Five YAC's were identified by chromosome specific 

markers. Inverse PCR was used to construct STS markers from the ends of the YAC's. Of the ten 

possible markers that could be isolated, seven were eventually constructed and sequenced and used to 

identify overlapping YAC's. Five new overlapping YAC's were identified, corresponding to a total of 

750 kb of chromosome 6 DNA cloned in YAC's. Three new STS markers were rescued from the ends of 

these YAC's and used to screen the library. The location of these YAC's are presented. 

4.2. Introduction. 

The analysis of Yeast Artificial Chromosome clones is central to the study of the complex 

genomes of organisms such as man and P. falciparutn. The large insert size that can be cloned in YAC's 

makes them the vector of choice for the construction of detailed, large scale physical maps of genomic 

DNA. The analysis of YAC's can be divided into three sections: (i) identification of YAC clones; (ii) 

assembly of overlapping clones into contigs and (iii) physical mapping of cloned DNA within a YAC. 

This chapter will deal with the identification and contig asembly of chromosome 6 specific YAC' s. 

YAC clone identification from within a library can be performed by either PCR or probe 

hybridisation. Hybridisation- based analysis involves culturing the YAC clones on either ordinary 

(Brownstein et al., 1989) or super dense (Bentley et al., 1992) filters, followed by colony lysis, 

immobilisation of DNA onto the membrane and hybridisation with radiolabelled probes. YAC 

identification by PCR is becoming the method of choice for most genome projects, as such an approach 

is non- radioactive, more rapid when searching for a single clone and facilitates a Sequence Tagged Site 

(STS) approach for contig assembly (Green and Olson, 1990a.). 

Contig assembly is carried out by bidirectional walking from the ends of each YAC identified 

in a primary library screen. Novel PCR- based techniques exist to construct end clone sequences, such as 

Inverse PC, Vectorette PCR, Alu- Vector PCR and Junction Trapping. The objective of each technique is 

to generate sequence data from the extreme 5' and 3' ends of each YAC clone insert. PCR primers 

designed from this data can be used to rescue this STS sequence and then used to rescreen the library in 

a second level screen. Any new YAC's identified by this STS must therefore be overlapping with the 

immediate ends of the parent YAC, and this initiates bidirectional chromosome walking. 

This study described the cloning and characterisation of YAC's specific to chromosome 6 of the 

malaria parasite P. falciparu,n. Previous mapping studies have shown that the only gene sequences 

known to map to the chromosome are Ag844, Histone 2A (Creedon et al., 1992), plasmids pSCII.63 

and pSC1I.87, and XW70. Due to the limited number of markers available and the lack of antigen gene 

sequences identified, no physical mapping studies had been performed on this chromosome (Triglia et 
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al., 1992). The chromosome is being mapped as part of the Wellcome Trust Malaria Genome Mapping 

Consortium, which aims to provide complete detailed physical maps of all 14 P. falciparum 

chromosomes (WTMGMC, 1995). However, the comparative lack of mapped markers for which PCR 

data exist necessitates a strategy whereby new YAC's are identified either from STS markers 

constructed de novo from YAC end rescues or from random, chromosome specific markers generated 

from isolated chromosome 6 DNA. For the puroposes of rapid information assembly, an STS- end rescue 

approach to contig assembly was employed. 

4.3. Strategies used for YAC Clone Identification and Contig Assembly. 

The plate location of chromosome specific YAC' s were identified by screening the plate pools 

described (see Chapter 2) with PCR primers derived from the chromosome 6 STS's. Once a plate 

location had been assigned for a particular marker, the location of the YAC clone within that plate was 

determined using row and column PCR with a crude lysate DNA as a template. The schematic for the 

identification of clones by row and column PCR is given in chapter 2, figure 2.1. Row and column PCR 

results in a co- ordinate location for each YAC clone, given as a well location in rows A -H and columns 

I - 12. In order to confirm that the identified well (a) contains the YAC and (b) is not contaminated with 

other YAC's by cross contamination during library duplication, the YAC clone was cultured to obtain 

single colonies. DNA from several randomly picked colonies were used as templates in a PCR reaction. 

Positive clones were again cultured to single colonies, and DNA from these were again checked by PCR. 

Colonies screening positive were again deemed genetically pure and were used for mapping and contig 

assembly. 

In order to rescue the ends of each YAC, the technique of Inverse PCR (IPCR), using primers 

designed by Arveiller and Porteous (1991) was employed (see fig 4.1). The success of such a technique 

depends on the presence of an enzyme cut site within the insert close enough to the vector to be 

amplified by PCR. Generally combinations of enzymes or techniques (such as vectorette PCR) are used 

to rescue as many YAC ends as possible. The strategy adopted here was to try to increase the number of 

enzymes available for cloning rather than develop Vectorette PCR technology. The recent publication of 

the entire sequence of pYAC4 (Kuhn and Ludvig, 1994) and the availability of the sequence in the 

EMBL database facilitated the identification of appropriate enzymes for use in IPCR. 

IPCR rather than direct sequencing from the vector through into the insert was chosen for 

several reasons: direct sequencing would only generate 200 - 300 bp of sequence data, which depending 

upon the A+T content of the insert may be useless for primer design. IPCR products could be cloned and 

sequenced and 100 - 200 bp of sequence data from both the 5' and 3' ends of the PCR product could be 

obtained. This gives more scope for the construction of relatively G+C rich primers for the second level 

screen and allows for the construction of larger ST S's. The G+C content of the IPCR fragment can also 

give an idea of whether or not the fragment is a coding or non- coding sequence. In addition, cloning of 

81 



Enzyme Cut Site 	 Enzyme Cut Site 

EC0RI Cloninq Site 

Digest and Ligate 

IPCR Primers ECoRI Cloning Site 

I '(AC I 

Insert 

1 
Amplification 

Primer 

Amplified 	 STS Primer 



the IPCR product into a plasmid vector allows the fragment to be used as a radiolabelled probe, either by 

directly labelling from the vector or amplifying the insert followed by labelling. Level two screenings are 

carried out essentially the same way as primary screens: plate identification followed by clone 

identification and purification. IPCR has successfully been applied in the construction of YAC contigs in 

humans (Hirst etal., 1991; Marchuk et al., 1992) and P. falciparum (Rubio et al., 1995). 

4.4 Results. 

4.4.1. Isolation of Single Chromosome 6 Specific YAC's From Within the Library. 

4.4.1.1. STS Marker Histone 2A 

Chromosome 6 is an unmapped chromosome. Very few genes have been positioned and there 

are only 6 anonymous phage or plasmid clones assigned to this chromosome (Triglia et al., 1992). One 

of the genes that has been identified is Histone 2A (1-12A, Creedon et al., 1992). Histories are amongst 

the most conserved proteins known,with PfH2A demonstrating 54- 75% homology to the histories of 

fungi, plants, vertebrates and invertebrates. The gene is present in single copy, similar to the histone 2A 

genes from other lower eukaryotes (Creedon et al., 1992) 

To identify YAC's containing the H2A sequence, PCR primers based on the published sequence 

were designed. The 5' primer extends from position 34 to position 57; the 3' primer extends from 

position 392 to position 370. This predicts a PCR product size of 358 bp. Sequence of the primers used 

is given in table 2.1, PCR conditions are described in the text. 

4.4.1.1.1. Location within the Library 

All 16 plate pools were screened with the H2A primers. The results are shown in fig 4.2a. 

Positive signals are seen in pools 9 + 10 as well as the HB3 control. Faint residual signals are seen in all 

other pools as well as the AB 1380 control. This may be ascribed to slight PCR amplification of a low 

homologous primer binding sequence within yeast genomic DNA due to the high degree of conservation 

of the H2A sequence. Homology studies based on comparisons between the P. falciparum DNA sequence 

and a yeast DNA sequence demonstrated 68.7% homology over the central 300 bp core region for both 

400 bp sequences. The flanking 5' and 3' 50 bp regions were dissimilar, as the GCG software employed 

did not identify enough homology between these sequences to perform a comparison. The 112A primers 

used were designed from 5' 34 - 55bp and 3' 369 - 382 bp. The 3' primers should therefore be non 

homologous to yeast, however, the 5' primers could concievable bind slightly to genomic DNA. PCR 

conditions for the reaction were (i) denature at 94 °  for 60s; (ii) anneal at 55 °  for 60s; (ii) 72°  at 60s for 

30 cycles. Increasing the annealing temperature reduced the number of background bands, but did not 
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Figure 4.2. Screening the HIB3 YAC plate pools with H2A Primers 

All 16 I-lB 3 YAC plate pools were screened with the 1 -12A primers, under amplification 

conditions of 55°C annealing and 30 cycles. lOpi of PCR product was loaded onto a 1% agarose gel for 

separation and subsequent visualisation after EtBr staining and UV illumination. A signal of -350 Bp is 

revealed in plates 9 and 10. 

Lane M: DNA Marker BRL I Kb Ladder 

Lanes 1 - 16: 	HB3 YAC library plate pools 1 - 16. 

Lane W: negative control - water 

Lane I-I: positive control - HB3 

Lane Y: negative control - AB 1380 

Corresponding Autoradiograph of the above gel. DNA fragments were transferred to 1-lybond 

N and probed with the H2A product amplified from total HB3 DNA using the primers described in 

Chapter 2. The filters were exposed to Kodak X- omat AR film overnight and developed. 
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completely eradicate the faint signal in the AB 1380 control. Based upon the repeatability of this signal 

in plates 9 and 10, these were taken as being the location of the H2A gene within the library. The 

blotting and probing of the filter with the 1 -12A gene sequence indicates a possible location in plates 1 

and 2 (fig 4.2b), however these results were discarded in favour of the strong signals from plates 9 and 

10. 

4.4.1.1.2 Location within the Plate 

The principle behind row and column PCR is illustrated in chapter 2, figure 2.1. The results in 

figure 4.3 demoslrate the results of row and column analysis on plate 9 with the 112A primers. The 

conditions used were 94°  óOs; 52°  60s; 72°  60s for 40 cycles. The results clearly show a positive signal in 

row A and in column 1. For row and column PCR, the number of amplification cycles had to be 

increased to 40, possibly due to inhibitory factors within the template DNA preparation. For plate 10, 

row and column analysis revealed positive signals in row A and column 11 (data not shown). These 

results indicate that only two copies of the gene are represented in the library. This is slightly lower than 

the predicted 4 fold frequency for single copy sequences based on a 4x library coverage and can be 

ascribed to either (a) statistical variance or (b) more clones than estimated had been lost. 

4.4.1.1.3 Purification of 112A YAC's 

To confirm that the wells containing the 1-12A YAC's had not been cross contaminated with 

other YAC's during library duplication, both YAC clones were cultured to yield single colonies and 

liquid DNA PCR templates were made from four random colonies. The results in figure 4.4 show that 

all four of the YAC's cultured from plate 9 contained the H2A sequence. Only two of the four YAC's 

cultured from plate 10 contained the H2A gene. One of the YAC's that screened positive, 10- 2 was 

again cultured to single colonies and four random templates for PCR were prepared. The results show 

that all four colonies contain the 1-12A gene, and one of these was selected for use in YAC mapping. The 

plate 9 YAC used for subsequent manipulation was designated Y91112. The plate 10 YAC used for 

subsequent manipulation was designated Y10/H2. 

4.4.1.1.4 Blotting Studies on H2A YAC's 

To confirm the presence of the 1-12A locus on the two identified YAC's, intact chromosome 

preparations in agarose were made of Y911-12, Y10I112 as well as two randomly chosen YAC's and the 

AB1380 yeast host strain. The results in figure 4.5 show a clear signal in both Y91112 and Y10/1-12 and 

no signal in any of the other lanes. This confirms the PCR data in that both YAC's contain the Histone 

2A gene. The estimated size of the YAC's are approximately 160 kb for Y9/1 -12 and 150 kb for Y10/112. 

Thus accounting for the 11 kb of vector DNA, this corresponds to inserts of approximately 150 and 140 

kb. 
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Figure 4.3. Row and column analysis with H2A primers 

Results of amplification with H2A primers on DNA templates corresponding to the total DNA 

per row of the 96 well microtitre plate designated number 10. Amplification was carried out under 

annealing temperatures of 52°C for 40 cycles. 10 il was loaded onto a 1% IBI agarose gel in lx TAE 

and after separation, the products visualised after EtBr staining and UV illumination. 

Lane M: DNA size standards - BRL 1 Kb Ladder 

Lanes A - H: DNA templates corresponding to rows A - H 

Lane H20: negative control * water 

Lane HB3: positive control - HB3 

Lane Y: negative control - AB 1380 

Results of amplification with H2A primers on DNA templates corresponding to the total DNA 

per column of the 96 well microtitre plate designated number 10. Amplification conditions were as for 

section A. DNA fragments were visualised as described above. 

Lane M: DNA size standards - BRL 1 Kb Ladder 

Lanes 1 - 12: 	DNA templates corresponding to columns 1 - 12. 
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4.4.1.2. STS Marker pSC 11.63 

One of the anonymous markers assigned to chromosome 6 is the plasmid pSC1 1.63 (Triglia et 

al., 1992). Sequence data was obtained for the plasmid and primers were designed (J. Foster, personal 

communication.) The primer sequence is given in chapter 2, Table 1. Library screening and YAC clone 

identification and purtification strategies are essentially as for Histone 2A. 

4.4.1.2.1. Location within the Library 

The FIB3 YAC pools were screened with the pSCI1.63 primers. An amplification signal of 

-.220 bp was seen in master pool 4 using PCR amplification signals of 940 60s; 52°  60s; 72°  60s for 30 

cycles of amplification and 10 ng of template and 0.5U Cetus AmplitaqTm polymerase. Screening of plate 

pools 10, 11 and 12 using the same PCR conditions and 4 tl of template revealed amplification of pools 

11 and 12, with clean signals in the water HB3 and AB 1380 controls. The YAC is therefore present in a 

minimum of two copies within the library. 

4.4.1.2.2 Location within the Plate 

Plates 11 and 12 were cultured and row and column DNA templates were prepared as 

described. PCR conditions were 94 ° , 60s; 52° , 60s; 72° , 60s for 40 cycles. The result of plate 11 showed 

clear signals in row E cloumn 8. The results of plate 12 showed clear signals in row C column 3. To 

confirm that location, the PCR was repeated on those four templates. A signal corresponding to the 

220bp band of Boehringer DNA Marker VI was seen in all four lanes. The STS sequence is only present 

in two copies within the library, which is lower than the predicted frequency for this library. 

4.4.1.2.3 Purification of the 11.63 YAC's 

Both suspected YAC's were cultured to single colonies on AHC selection plates. Liquid DNA 

templates for PCR were prepared from three single colonies of each YAC. Each colony should have 

arisen from a single source cell and thus should just contain a single, genetically pure YAC. A PCR 

reaction on YAC samples 11.1 - 11.3 and 12.1 - 12.3 showed positive signals in all lanes, with no 

signal in the AB1380 or H 20 control lanes. PCR conditions were 94 °  60s; 52° , 60s; 72°, 60s for 35 

cycles with 1111  of a 1/ 40 template dilution and 0.5U Cetus Amplitaq' polymerase. YAC's 12.3 and 

11.1 were cultured on AHC plates to single colonies and these were used as YAC sources for further 

manipulations. YAC 11 was designated Yl1/63 and YAC 12 was designated Y12/63. Blotting studies 

on both YAC's separated on Pulsed field gels for 18 hours at 170 Volts with a 10 - 20 seconds ramp 

indicate sizes of approximately 95 kb for Y11/ 63 and 80 kb for Y12/ 63. 
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Figure 4.4. Colony purification of YAC's 

YAC's Y9/ H2 and Yl0/ H2 were cultured to single colonies and used as templates in a PCR 

reaction. Amplification conditions were 58 °C annealing temperature with 30 cycles of amplification. 

9.1, 9.2. 9.3 and 9.4 correspond to DNA prepared from four single colonies of YAC Y9/ H2. 10.1, 10.2, 

10.3 and 10.4 correspond to DNA prepared from four single colonies of YAC Yl0I H2. 9 and 10 

correspond to the original YAC template prepared from the parent colony. H 20, HB3 and Y cot-respond 

to water negative control. HB3 positive control and AB1380 negative control respectively. The DNA 

size standard used was the BRL 1 Kb Ladder. 

Corresponding Autoradiograph of the above gel. DNA was transferred onto HybondN 	and 

probed with a H2A probe amplified form total HB3 DNA with the primers described in chapter 2, 

washed, exposed and developed as described in materials and methods. 
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Figure 4.5. Southern blot of 'I'AC PFG 

YAC's Y9/ H2 (Lanes 9) and Yl0I H2 (Lanes 10) were resolved from the background of the 

AD 1380 chromosomes on a 1% ID! agarose PFG in 0.5X TBE for 20 hours @ 170V with a 10 - 20 sec 

ramp. Included were AB1380 chromosomal preparations so that the HB3 YAC's could be visualised 

against the yeast background and two randomly chosen YAC's as a control for blotting studies. The 

DNA size standard used was concatomers of bacteriophage X. The gel was stained with ELBr, destained 

with water and photographed under UV illumination 

Corresponding Autoradiograph of the above gel. The DNA fragments were blotted onto Hybond 

N4  membranes and probed with a 1-12A probe amplified from total 1-1133 DNA, using the primers given 

in chapter 2. 
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4.4.1.3 STS Marker pSC11.87 

The second anonymous marker known to map to chromosome 6 is pSCI1.87 (Triglia et al., 

1992). The marker was sequenced and PCR primers constructed (J. Foster, Personal communication). 

The sequence of the primers used is given in Table 2.1. 

4.4.1.3.1 Location within the Library 

The primers amplifying pSC1 1.87 were used to screen the HB3 Masterpools. PCR screening of 

10 ng of template with amplification conditions 94 °  60s; 52°  60s; 72°  60s for 30 cycles gave a clean 

signal of approximately 300 bp in Masterpool 2. Subsequent PCR reactions localised this to plate pool 5. 

Again, the number of positive clones identified is lower than the expected frequency. 

Row and column DNA templates were constructed from plate 5, and used in a PCR reaction 

with the 11.87 primers under amplification conditions 94 °  60s; 520  60s; 72°  60s for 40 cycles. The 

results showed clean signals in row A and column 5. No signal was seen in the AB 1380 control, and a 

clear positive signal was seen in the HB3 control. 

4.4.1.3.2 Purification of the 11.87 YAC's 

The suspected YAC clone was cultured on Al-IC plates at 30 °  C for three days and liquid DNA 

templates for PCR were prepared from four single colonies. The PCR showed that three of the four 

templates yielded positive signals, one (YAC 5.1) did not. One of the positive YAC's (designated YAC 

Y5/ 87) was cultured on AHC plates and used as a source of YAC DNA for future manipulations. Pulsed 

field gel analysis of the YAC indicated a clone size of approximately 85 kb. 

4.4.2. Level One Sequence Tagged Site Marker Construction. 

4.4.2.1. Inverse PCR results 

The sequence of the YAC plasmid around the IPCR primer sites is indicated in figure 4.6. The 

concept of inverse PCR is based on two primers orientated in opposite directions. As indicated in figure 

4.6a and 4.6b, primer pairs 372 and 373 for left arm rescues and 374 and 556 for right arm rescues are 

used. YAC DNA is digested with the enzymes TaqI, EcoRV and RsaI for left arm rescues and NdeI, 

Taql, RsaI and EcoRV for the right arm. EcoRV, RsaI and TaqI are published rescue enzymes 

(Areveiller and Porteous, 1992), but NdeI was first used in the course of this study. The location of 

primer 372 is 365 - 384 and primer 373 is 512 - 521. Because the primers are in the opposite 

orientation, the intervening 128 hp of YAC plasmid DNA is not amplified. Sequencing through from 

primer 373 will reveal the L'coRl cloning site of the YAC and will thus serve as a marker to identify the 

start of the P. falciparuin insert. Sequencing through using primer 372 will reveal the enzyme cut site 
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Fig 4.6a. sequence of pYAC4 left arm showing the EcoRJ cloning site and the Inverse PCR primer locations and sequence as well as the IPCR enzyme restriction 
sites and the location of the internal sequencing primer. 



TTCTCATGTTTGACAGCTTATCATCGATAAGCTTTAATGCGGTAGTTTATCACAGTTAAATTGCTAACG 	69 
CAGTCAGGCACCGTGTATGAAATCTAACAATGCGCTCATCGTCATCCTCGGCACCGTCACCCTGGATGC 	138 

RsaI 	 EcoRV 
TGTAGGCATAGGCUGGUATGCCGGTACTGCCGGGCCTCUGCGGGATATCGTCCAUCCGACAGCAT 	207 

CGCCAGTCACTATGGCGTGCTGCTAGCGCTATATGCGTFGATGCAATTTCTATGCGCACCCGTTCTCGG 	276 
<-'Internal Sequencing Primer 

TaqI 
AGCACTGTCCGACCGC1TFOGCCGCCGCCCAGTCCTGCTCGCTrCGCTACTFGGAGCCACTATCGACTA 	345 

CGCGATCATGGCGACCACACCCGTCCTGTGGATCAATTCCC'ITI'AGTATAAAlTFCACTCTGAACCATC 	414 
<-'PRIMER 372 

<NON - AMPLIFIED> 
TFGGAAGGACCGGTAATrAmCAAATCTCFITFICAArrGTATATGTGTrATGTrATGTAGTATACTC 	483 

mCTFCAACAArFAAATACTCTCcX;TAGCCAAGTTGGTTTAAGGCGCAAGACTVrAAmATCACTAC 	552 
PRIMER 373 -'> 

GGAATTC 
EcoRI Cloning Site 



Fig 4.6b. Sequence of the pYAC4 right arm showing the EcoRl cloning site as well as the location and sequence of the Inverse PCR primer sequences, the internal 

sequencing primer and the location of the restriction enzyme sites used for IPCR. 



GGAATTCC GTAATCTTGAGATCGGGCGTTC GATCGCCCCGGGAGA rrrrrr 1G rrrr riATGTCTfCCA 	621 
EcoRI Cloning 	<- PRIMER 556 

Site 

TFCACrFCCCAGACTrGCAAGTFGAAATAmCmCAAGciGAATrGATCCTCTACGCCGGACGCATCG 	690 
.......................................II ......................................................................................... 

NON- AMPLIFIED 
CCTTFCAATFCAATFCATCAI -I ri - u i -rut -  lATrCF1T1TF riGATVFCGG1TFC'ITFGAAAriTFITI'G 	 1794 

ATFCGGTAATCTCCGAACAGAAGGAAGAACGAAGGAAGGAGCACAGACTFAGATFGQTATATATACGCA 1863 
PRIMER 374 -> 

NdeI 
TATGTAGTGTFGAAGAAACATGAATrGCCCAOTATFCTrAACCCAACTGCACAGAACAAAAACCTGCA 	1932 

TaqI 
GGAAACGAAGATAAATCATCTCGAAAGCTACATATAAGGAACGTGCTGCTACTCATCCTAGTCCTGTT 	2001 

1989 Internal 

RsaI 
GCTGCCAAGCTA1TFAATATCATGCACGAAAAGCAA&CIWCTrGTGTGCTFCATFGGATGTFCGTACCA 2070 
Sequencing Primer-'> 

EcoRV 
CCAAGGAATFACTGGAGTTAGTFGAAGCATTAGGTCCCAAAATFTG1TFACTAAAAACACATGTGGATATC 2139 



used to isolate the IPCR fragment. Similarly, although the right arm primers are separated by 1236 bp of 

YAC DNA, because of the inverse orientation, this is not amplified. An example of some of the STS 

markers produced in the course of this study is given in figure 4.7. 

4.4.2.2 Sequencing of Left Arm Rescues 

The five chromosome 6 specific YAC's so far identified were subject to left arm rescue with 

TaqI, RsaI and EcoRV. Inverse PCR conditions established for left arm rescues were (i) denaturation at 

94°  for 60s; (ii) primer annealing at 52 °  for 60s; (iii) extension at 72 0  for 180s; amplified for 35 cycles. 

The 3 min extension time was used as the size of fragment to be amplified was unkown. Results of IPCR 

with primers 372 and 373 showed that for YAC Y9/ 1-12A a 400 bp RsaI band and a 350 bp EcoRV band 

were produced. For YAC Y10/ 1 -12A a 350 bp band was produced with RsaI. YAC 12/ 63 showed an 

-520 bp EcoRV band, an 500 bp RsaI band and an 580 bp Taql band. No left arm rescue was 

possible for any enzyme combination for YAC 11/ 63. For YAC Y5/ 87 an -650 bp band was observed 

with TaqI. All of these products were cloned into the pCRII vector for sequencing. 

Initial sequencing was carried out with the M13 sequencing primers (NEB). An example of 

typical sequence data obtained for a left arm rescue is given in figures 4.8 and 4.11. Depending upon the 

orientation of the STS insert within the vector, either the forward or reverse primer would sequence 

through into the EcoRl cloning site. If the STS was constructed using either EcoRV or RsaI, then the 

internal sequencing primer designed in this study was used and will be discussed in section 4.4. The full 

sequence of all primers designed for use in this first level screen is given in section 4.5. 

4.4.2.3 Sequencing of Right Arm Rescues 

Inverse PCR reactions were also performed on all five chromosome 6 specific YAC's so far 

identified to isolate right arm end clone STS's. End clone rescues were performed with TaqI, EcoRV, 

RsaI, NdeI and MaeII under standard amplification conditions of (i) denaturation at 94 0  for 60s; (ii) 

primer annealing at 52 °  for 120 s; (iii) extension at 72 °  for 180s; amplification performed for 35 cycles. 

A 400 bp RsaI and a 450 bp MaeIl fragment was identified for YAC Y9/ 1 -12A. No rescue was possible 

for YAC Y10/ H2A. Two -400 bp Rsal and NdeI fragments were obtained for Y12/ 63 and an - 800 bp 

fragment was obtained with the NdeI digest of Y11/ 63. Two 450 bp RsaI and NdeI rescues were 

performed on YAC Y5/ 87. 

All suspected STS markers were cloned into the Invitrogen pCRH 	vector for sequencing. 

Initial sequencing was carried out using standard M13 forward and reverse primers. An example of 

sequence information obtained for an NdeI rescue is given in figure 4.9. As in section 4.3, depending 

upon the orientation of the STS inserted within the pCRIITm vector depends upon whether the sequence 

reads through into either the EcoRl cloning site of the YAC or through into the arm itself and the 
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Figure 4.7. An example of STS markers isolated in the course of this study. 

STS markers rescued form the ends of YAC's by Inverse PCR were cloned into the Invitrogen 

pCRIP vector. lOpi aliquots of positive left arm JPCR signals were resolved on a 1.5% IBI agarose gel 

in lx TAE for 12 hours @ 20V and photographed after EtBr staining under UV illumination. 

Lane m: DNA size standards Boehringer DNA marker VI 

Lane 1: Left arm EcoRV IPCR rescue of YAC Y9/ 112 

Lane 2: Left arm RsaI IPCR rescue of YAC Y9/ H2 

Lane 3: Left arm Rsal IPCR rescue of YAC YlOI 112 

Lane 4: Left arm RsaI IPCR rescue of YAC Y12/ 63 

Lane c: negative water control. 
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enzyme cut site used to rescue the YAC. Full sequences of all primers used in a level one screen are 

given in section 4.5. 

4.4.2.4 Sequencing using Internal Primers 

As shown by the sequence of pYAC4 in figures 4.6a and 4.6b, the TaqI enzyme used to rescue 

the left arm is only 20 bp away from the end on primer 373. In addition, the NdeI, TaqI and MaeII 

enzymes used for right arm end clone rescue are 27, 117 and 137 bp away from primer 374. All of these 

enzymes yield sequence information for STS construction from a single 6 hour sequencing run, 

assuming an average of 250 - 300 base pairs of readable sequence. However, most of the STS markers 

rescued were with the enzymes RsaI and EcoRV. These enzyme cut sites are very A+T rich (GATC and 

GATATC for RsaI and EcoRV respectively) and would be expected to occur frequently in the P 

falcipa rum genome. However, a major disadvantage is the distance away from the IPCR primer sites in 

both arms: in the left arm EcoRV is 174 bp and RsaI is 200 bp away from primer 372; in the right arm 

RsaI is 230 bp and EcoRV is 300 bp away from primer 374. This means that up to 300 bp of YAC 

sequence has to be read before the P. falciparum insert is reached. To circumvent this, YAC specific left 

and right arm internal sequencing primers were designed, and their sequence is given in Chapter 2. The 

left arm primer extends from position 254 to 276 thus reducing the distance to the RsaI site to 88 bp 

and EcoRV to 66 bp. The right arm primer extends from position 1989 to 2007, thus reducing the 

distance to the RsaI site to 60 bp and EcoRV to 132bp. An example of sequence data obtained with M13 

and internal primers is given in figures 4.10, 4.11 and 4.12 

4.4.2.5 Design of STS Primers 

The design of STS primers for use in a level one library screen are given in table 4.1. Due to 

the extremely high A+T of the P. falciparum genome, PCR primers were designed with as high a G+C 

content as possible. Primers of lower G+C content were compensated for by an increase in length. 

During data compilation it was noted that in sequencing 87/ 5L, the TaqI site used to rescue the YAC 

was undetectable, as there was an upstream 10 bp deletion of the YAC arm sequence CGCATCAGCT. 

Sequencing from the other side of the STS revealed a normal M13 - YAC - EcoRI - Insert sequencing 

pattern. However, it was also discovered that a second STS, marker 63/ 12L, had exactly the same 

deletion, and exactly the same insert sequence. Sequencing from Primer 373 of each TaqI rescued STS 

revealed identical inserts also. To test which sequence was correct, an RsaI STS of 63/ 12L was 

sequenced. This showed that the primer 373 insert sequence was correct, but that the primer 372 

sequence was radically different, and that the correct YAC arm sequence with RsaI site was observed. 

Thus the sequence data for 63/ 12L was composited from TaqI and RsaI rescues. 
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Fig 4.8a. Sequence of Left arm TaqI rescue of YAC Y6A/ 9L reading into the pCRII'vector with the M13 forward primer. 

Fig 4.8b. Sequence of Left arm TaqI rescue of YAC Y6AI 9L reading into the pCRIF' vector with the M13 reverse primer 



Fig 4.8a. 

M13 EcoRI 	YAC ARM SEQUENCE 	 YAC EcoRl 
GGATATCTGCAGAATTCGGCTr GCCAATFGGTFAAGGCGC AAGAC1TrAA1TTATCACTACOGAATTC 

M13 SEQUENCE 	 PRIMER 373 	 YAC ARM SEQUENCE 

AAAAAAAAAAAAAAAGAATAAGAGATGACAATAATATATATFATAGTGTGTrTATATTATAGTFCATAACA1TrC 
INSERT 	 STS PRIMER 1 

ATTATTTTACTTTTT 

Fig 4.8k 

M13EcoRI 	YAC ARM SEQUENCE 	 ThqI 
CCGCCAGTGTGTGCTGGAATTCGGCTF GAATFGATCCACAGGACGGGCT GTOGTCGCCATGATCGCGTAGTCGA 

M13 SEQUENCE 	 PRIMER 372 	 YAC ARM SEQUENCE 

INSERT 	 STS PRIMER 2 

CAAAGAAACTATATTACTTAAAATCTTQAT 



Fig 4.9a. Sequence of the right arm NdeI rescue of YAC Y11/63 reading into the pCRIP vector with the M13 reverse primers 

Fig 4.9b. sequence of the right arm NdeI rescue of YAC Y11/63 reading into the pCRIIrm vector with the M13 forward primers. 



Fig 4.9a 

M13 EcoRl 	 YAC EcoRI 	INSERT 
GCCAGTGTGCTGGAATTCGGCTF GCCGATCTCAAGATFACGGAATTC ATFAATAATAUIFICGTAAAU 
M13 SEQUENCE 	 PRIMER 556 	YAC SEQUENCE 

CAGTTGCGAGATTCGATGAT rrrcA1 - 1 - 1 -iATcATFATcATFAA 
STS PRIMER 1 

Fig 4.9b 

M13 EcoRJ 
CACTATAGGGCGAArFGGGCCCTCTACATGCATGCTCGAGCGCJCCGCCAGTGTGATGGATATCTGCAGAATTCGGC 

M13 SEQUENCE 

NdeI 
U GGAAGAACGAAGGAAGGAGC ACAGACTFAGArFGGTATATATA CGCATATG AACAATGACATATATCATFAT 

PRIMER 374 	 YAC ARM SEQUENCE 	 INSERT 

AATAATAATAGAAACGATGATATACI!I1'AAIIIIGGACAGTCAATTGATACCAGCATI'CTAlTrATACATGAU 
STS PRIMER 2 

ATTCATATCAAAGTCTCTCGTATGATCTCGTGAATATTAATACAATATA1'G 



Fig 4.10a. Sequence of Right Arm rescue of YAC 9R with RsaI and sequencing using the right arm internal primers. The other STS primer would have been 
sequenced with conventional M13 primers, as the sequence would have shown M13: YAC: EcoRI cloning site: Insert as shown in fig 4.9 

Fig 4.lOb. Sequence of Left Arm rescue of YAC Y91 H2 with RsaI and sequencing using the left arm internal sequencing primers. The other STS primer would have 
been sequenced with conventional M13 primers, as the sequence would again have showed M13: YAC; EcoRl cloning site: Insert as shown in fig 4.8 



Fig 4.1 Oa 

RsaI 
1TGGATGTFCGTAC 117AArIT rrrr rn AAACATTCCTAATATTTGACAC ATATATATAGATATGTATGTATA 
YAC 	 INSERT 	 STS PRIMER 
SEQUENCE 

Fig 4.IOb 

RsaI 
CCCGCAAGAGGGCCGGCAGTAC ATAFA1T7GT CGAGGTATATTTGTTGATATCC TTATTTTTTTCGTTCATTATT 

YAC ARM SEQUENCE 
	

INSERT 	 STS PRIMER 

TATAAATTATTTAACATAATAATTTATTTAAGAAAT 



4.4.3. Isolation of Overlapping YAC's using STS's. 

4.4.3.1. Location within the Library 

As a first level check, all STS markers were amplified on controls to test the efficacy of the 

YAC ARM STS SEQUENCE LEN. % STS size 
G+C  

Y9/ H2 LEFT H2/ 91, CAAAAAYFAAGGYFAGAGGGG 21 38 -100 bp 
CGAGGTATA1TFGTFGATATCC 22 36  

Y9/ H2 RIGHT H2/ 9R ATATGTTGAAAAATAAGTITJTAGC 23 22 -100 bp 
AAACAYFCCTAATATVI'GACAC 22 27  

Y5/ 87 RIGHT 87/ 5R CACAACCAATAGGTGTATG 19 40 -250 bp 
GATCATAATAATAACACTGAAGAAG 25 28  

Y5/ 87 LEFT 87/ 5L CACCGA'IITFGATrAlTITGGATC 22 36 NI A 
CAACAATGAG1TTATATTAAAGG 23 26  

Yl 1/ RIGHT 63/11 R CAGTFGCGAGATFCGATGAT 20 45 -700 bp 
63  GGACAGTCAATTGATACCAGC 21 47  

Y12/ LEFT 63/12L CAACAAATGAGmATATrAAAGG 24 25 -250 bp 

63  CAAAGAAAATAAAGATCCYITCG 22 32  

Y12/ RIGHT 63/12R AACATCTCAAAATA1TACAACAC 23 26 84 bp 
63  YFATGAGTATTGGCYFGAA 19 32  

Table 4.1. Sequence and Designation of YAC's and the STS markers used in a Level One screen of the 
HB3 YAC Library. LEN corresponds to length of primer and is given in base pairs. The orientation of 
each primer sequence is given as identified by the M13 forward and reverse primer 

primers and PCR conditions. As shown in figure 4.13a, primers 63/ 1 1R and 87/ SR were screened on 

HB3, 3137, A131380, 1120 and Parent YAC controls. Three positive results and two negative are the 

criterion for a successful STS marker. 63/ 1 IR amplified an -700 bp signal under PCR conditions 94 °  

60s; 52°  60s; 72°  60s for 35 cycles. 87/ SR amplified an -250 bp signal under 94 °  60s; 55 °  60s; 720  60s 

for 35 amplification cycles. F12/ 9R amplified an -100 bp signal under 94 °  60s; 50°  60s; 72°  60s for 35 

amplification cycles: 112/ 9L amplified an - 100 bp signal under 94 °  60s; 520  60s; 72°  60s. No 

amplification signal was seen with either 63/ 12L or 63/ 12R. 

Library screens were performed essentially as described in section 3. A MasterPool screen was 

omitted at this stage in favour of a direct plate pool screen. In addition to the controls included as shown 

in figure 4.13b., as a secondary control each STS should amplify the original pool from which it was 

identified. Pool screening with 87/ SR amplified positive signals in pools 2, 3, 5, 6 and 16. Trace signals 

were seen in pools 9, 10, Il, 12 and 13. Water and yeast controls were clear, so the results could be 

explained by gel loading error or actual PCR signals. STS H21 9R amplified signals in pools 2, 5, 9 and 

14. 1-12/ 9L amplified pools 3, 6. 9, and 13. STS 63/ 1 I failed to amplify the pools despite numerous 

successful control amplifications under various PCR conditions. The successful amplification of different 



Figure 4.11. Sequencing Gel for YAC rescues. 

Both autoradiographs were scanned into an Apple Macintosh using an Epson GT 8500 Scanner 

and Adobe Photoshop imaging software. Image manipulation was performed using Persuasion 2.1 

software. Scanned images were printed on an Apple Laserwriter Pro. 

Figure 4.11 A. 

YAC Y9/ H2 left arm digested with EcoRI and sequenced with the M13 forward primers 

(NEB). The primer reveals sequence leading into the EcoRI cloning site of the YAC. P. falciparuni 

insert sequence is visible as sequence divergence beyond this point. 

Figure 4.11B. 

YAC Y9/ 1-12 left arm digested with RsaI and sequenced with M13 reverse primers (NEB). The 

primer reveals YAC sequence and the location of the internal sequencing primer used in this study is 

indicated. 
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Figure 4.12. Sequencing Gel for Internal Sequencing primers 

Scanning of the gel and digital manipulation of the image was performed as described for 

figure 4.12. The figure shows YAC Y9/ H2 digested with RsaI and sequenced with the Left Ann 

internal sequencing primers. The RsaI cut site and malarial insert sequence are indicated. 
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pools per STS primer indicates that the STS sequences are apparently unique, as highly repetitive DNA 

would have been expected to show amplification in all 16 pools. In addition, the number of YAC pools 

identified per STS is in accordance with the frequency expected for a 4/S times genome coverage. 

4.4.3.2. Identification and Purification of Level 1 YAC's 

For STS 87/ 5R, plates 2 and 6 were cultured and row and column DNA templates were 

prepared as described. PCR conditions under 40 cycles of amplification revealed positive signals in rows 

C and H, columns 4 and 12 of plate 6; rows A and B, columns 1, 3 and 7 of plate 2. This indicates four 

possible locations in plate 6 (C4, C12, H4 and H12), and six possible locations in plate 2 (Al, A3, A7, 

B 1, B3 and 137). Culturing of individual clones for PCR templates revealed positive signals in 6- 4/11 

and 2- Al. Both of these were cultured to single colonies and three clones randomly picked. Each clone 

was positive, so colonies 6.1 and 2.1A were taken and cultured for YAC stocks. YAC 6.1 is designated 

Y6/ SR and YAC 2.1A is designated Y2/ SR. Pulsed field gel analysis indicate the YAC sizes to be 

approximately 60 kb for Y6/ SR and 100 kb for Y2/ SR 

For STS H2/ 9R, plate 2 was cultured and row and column DNA preps were made. PCR under 

40 cycles of amplification revealed a clear location in column 10, row B. The clone was cultured to 

single colonies, and PCR amplification of templates from three random colonies were all positive under 

30 cycles of amplification. The YAC identified was designated Y2/ 9R and was shown to be 

approximately 60 kb. 

For STS H2/ 9L, plates 6 and 13 were cultured and row and column templates prepared. PCR 

carried out with 40 amplification cycles revealed signals in plate 6, row A columns 1, 2, 4, 5 and 7 

corresponding to five possible locations. Signals were also observed in plate 13, row F columns 1, 6, 7 

and 8. PCR performed on individual templates confirmed signals in 6- B/ 2 and 13 - F/ 8. Both colonies 

were cultured to obtain single colonies and all the plate 6 clones were positive. The plate 13 clones were 

only amplified on addition of undiluted template.YAC 6- B/ 2 was designated Y6/ 9L and YAC 13 -F/ 8 

was designated YAC Y13/ 9L Pulsed field gel analysis indicates an insert size of approximately 40 kb 

for YAC Y13/ 9L and 70 kb for YAC Y6/ 9L. 

4.4.3.3 Blotting Studies on YAC's 

To confirm that the STS markers identified mapped to chromosome 6, a Pulsed field gel of 

intact HB3 chromosomes resolving chromosome 6 was blotted and probed with all available markers. 

The results show that 1-12A, 87/ SR, 11.63, H2/ 9L and 63/ 11R all map to the same region of the 

genome (data not shown). This indicates that the STS markers rescued do not come from inter-

chromosomal chimeric YAC' s. Presumably because of the low STS marker size, it was not possible to 

purify 112/ 9R and pSC11.87 for labelling. 
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Figure 4.13 Analysis of STS markers constructed on this study. 

STS primers 63/ 1 1R and 87/ 5R, constructed in this study were used to screen all positive and 

negative controls available to optimise amplification conditions. lOjal of PCR product were resolved on a 

2% IBI agarose gel in 1X TAE over 3 hours @ SOy, stained with EtBr and photographed under UV 

illumination. 

Lane 1: DNA size standard - Boehringer DNA Marker VI 

Lane 2: 87/ 5R amplified on total 3D7 DNA (positive control) 

Lane 3: 87/ 5R amplified on total HB 3 DNA (positive control) 

Lane 4: 87/ 5R amplified with a water template (negative control) 

Lane 5 : 87/ 5R amplified on a YAC Y5/ 87 template (positive control) 

Lane 6: 87/ SR amplified on an AB 1380 template (negative control) 

Lane 7: 63/ 1 1R amplified on total 3D7 DNA (positive control) 

Lane 8: 63/ 1 1R amplified on total BB  DNA (positive control) 

Lane 9: 63/1 1R amplified with a water template (negative control) 

Lane 10:63/1 1R amplified with a YAC Yl 1/63 template (positive control) 

Lane 11: 63/ 1 l amplified with an AB1380 template (negative control) 

Amplification with the HB3 YAC library MasterPools with the 87/ SR primers. Amplification 

occurred under 55°C annealing with 35 cycles. lOpJ of PCR product was resolved on a 1% IBI agarose 

gel in lx TAE and photographed under UV illumination. 

Lane a: DNA size standard- Boehringer DNA marker VI 

Lanes b - r: HB3 YAC library plate pools 1 - 16 

Lane s: total 3D7 DNA (positive control) 

Lane t: total 1-1133 DNA (positive control) 

Lane u: total AB 1380 DNA (negative control) 

Lane v: water template (negative control). 
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4.4.4. Level Two Sequence Tagged Site Marker Construction. 

The YAC's identified in the Level One screen were subjected to standard inverse PCR to rescue 

Level Two STS markers from the first generation YAC's. Contig extension can therefore take place by 

identifying new YAC's within the library with these primers. To ensure that the map is extending 

outwards, the inclusion of the original parent YAC as a negative control confirms contig extension. 

4.4.4.1. Inverse PCR Results 

Digestion of YAC's Y2/ 9R, Y2/ 5R and Y61 SR with RsaI followed by amplification with left 

arm primers revealed a 650 bp band for Y2/ 9R and an —300 bp band for Y2/ SR. No amplification was 

possible for Y6/ SR. Digestion of YAC Y6/ 9L revealed a clean 650 bp band with TaqI. No left arm 

rescue was possible for YAC Y13/ 9L. Digestion of the Level one YAC's with all available IPCR 

enzymes followed by Right Arm amplification rescue revealed a 700 bp EcoRV band for Y61 5R. An 

800 bp EcoRV band was observed for YAC Yl 3/ 9L, no amplifications were seen with the remainder of 

the level One YAC's. 

All PCR products were cloned into the pCRIIIm vector for sequencing with standard M13 

primers (NEB) as well as the internal sequencing primers (See Section 4.4). 

4.4.4.2. Design of STS Primers. 

The criterion for the Level One STS primer design was applied here also. From the sequence 

data obtained, primers with as high a G+C content as possible were selected. Sequencing of the 300 bp 

RsaI band from Y2/ 5R revealed an insert too small and with too high an A + T content for useful STS 

primer design. Sequencing reactions with M13 forward, reverse and YAC internal was performed per 

marker and the results are presented in table 4.2. It was discovered during sequencing that DNA 

prepared from the InvF clones containing the Y6/ SR EcoRV band did not posess any insert. All 

attempts to re- PCR the STS from the original IPCR ligation mix failed and these experiments were not 

pursued. 

YAC ARM STS SEQUENCE LEN % STS Size 
G+C  

Y6/ 9L LEFT 911 61, AAGAATAAGAGATGACAATAA 21 24 N/ A 
GGTTATCTATCTATATAAGG 20 30  

Y6/ SR RIGHT SW 6R GGTGCTATATFFGGATGATATC 22 36 —230 bp 
20 40 

2/ 9R LEFT 9W 9L  [7~7
AAGGATFGGGATITGATTCC I  C1TGTFACAAATAGCGAAGG 20 40 - 150 bp 
AAATAACTATGAGCITIIGC 20 30  

Table 4.2. Sequence and designation of the Level two STS markers constructed in this study. 

We 



4.4.5. Identification of Overlapping YAC's using Level Two STS's. 

STS markers constructed in the level one screen were used in a level two screen of the HB3 

YAC library. The plate locations of level two YAC's were identified, but no clone identification or 

purification studies have been performed as yet. 

4.4.5.1 Location within the Library 

STS marker 9R1 9L, identified from the right arm of a YAC containing STS H2/ 9R was used 

to screen all plate pools. Amplification conditions of 940  60s; 500 60s; 72°  60s for 35 cycles showed an 

—150 bp signal in pools 2, 5, 6, 9 and 10. The signal from pool 2 is expected as the YAC was isolated 

from there. PCR on 3D7, H133 and Y21 9R templates were positive. This indicates a minimum of four 

copies of the STS within the library, which is in good agreement with the frequency predicted. 

Interestingly, PCR tests on YAC's Y9/ H2 and Y10/ H2 were negative, indicating that the orientation of 

the insert within Y2/ 9R results in the contig extending outwards. If a left arm rescue could be 

performed, this would increase marker density within the Y91 H2 - Y10/ H2 - Y2/ 9R contig. 

STS marker SR/ 6R was used to screen all plate pools. Amplification conditions of 94 °  60s; 50°  

60s; 720  60s for 35 cycles showed an —230 bp band in plates 4, 6, 9 and 14. 3D7, HB3 and Y6/ 5R were 

all positive. The signal in pool 6 is expected as this YAC was identified from here. This indicates a 

minimum of four copies of the STS within the library, and is in good agreement with the predicted copy 

number frequency. Again, the parent YAC of the contig, Y5/ 87, was included as a control and the 

negative result indicates that the insert of Y61 SR is not overlapping back onto itself. Thus contig 

extension will proceed outwards from this contig. 

In screening the library with the 9L/ 6L primers, no signal was seen in either pools or controls 

for various combinations of annealing temperature, amplification cycle number and Mg 2  concentration. 

PCR conditions remain to be optimised for this set of primers. 

4.5. Discussion 

To assemble a physical map of any chromosome as an ordered series of overlapping artificial 

chromosomes, chromosome specific YAC's must first be identified from within the library. This was 

performed for chromosome 6 using a PCR- based approach. Once YAC's had been identified, markers 

were constructed from the ends of each YAC by Inverse PCR and used to screen for overlapping YAC's. 

Three markers were known to exist for chromosome 6 and were used to identify preliminary 

chromosome 6 specific YAC's. Up to two YAC's were identified per marker, a figure considerably lower 

than the 4 copy frequency predicted from library size estimations. Such sequences may be 

underrepresented in genomic libraries or alternatively the estimate of the library size may be somewhat 

overestimated. However, STS markers isolated by end clone rescue were present in much higher 

frequencies than the 4/ 5 copy number per marker indicated. End insert rescues were performed and 
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used to identify overlapping YAC' s. Three contigs were initiated: a contig seeded by the 112A marker, 

yielding two 1-12A YAC's, a YAC overlapping the right arm (Y21 9R) and two YAC's overlapping the 

left arm (Y61 9L and Y13/ 9L). The second contig consists of a seed pSC11.87 YAC and two YAC's 

overlapping the right arm (Y2/ 5R and Y6/ 5R). The final contig is two YAC's identified by the marker 

pSC1 1.63. This corresponds to a total of 750 kb, approximately half of the chromosome. However, it 

remains to be determined exactly how much chromosomal coverage the contigs provide. 

End insert rescue was performed using inverse PCR. During the course of the project, 10 

YAC's were identified corresponding to 20 end inserts to be rescued. Useful IPCR sequence data was 

obtained from 10 YAC ends by this method alone, corresponding to ten new chromosome 6 specific 

markers constructed for these small contigs alone. This success rate is in agreement with previously 

published studies which have had to use a combination of techniques to rescue both ends of each YAC 

isolated (Marchuk et al., 1992; Bates et al., 1992; Albertsen et al., 1994). In addition, the STS marker 

sequences described are in good agreement with regards to length, G+C content and STS size for the 

other published P. falciparuni STS markers (Lanzer et al., 1993; Rubio et al., 1995). Both describe STS 

markers ranging in size from 59 bp to 1200 bp. The sequence data presented here, in addition to the 

conditions for amplification, means that any future research project involving chromosome 6 has ready 

access to a number of chromosome specific markers. 

Future work would be to refine the IPCR protocol by increasing the range of enzymes available 

for rescue or to use a second PCR based method of end clone rescue (such as vectorette PCR) in parallel 

to ensure the maximum possible chance of obtaining end clone information Such techniques could be 

used to attempt end clone rescue for the YAC ends not identified. In addition, future work on contig 

construction would involve isolating the level 2 YAC's identified, rescuing ends as described and going 

on to perform level three STS construction. Finally, due to the absence of STS markers for a level 1 

search, an investigation into methods of constructing multiple chromosome 6 specific markers, by either 

subcloning YAC inserts or subcloning total chromosome 6 DNA, would orient the mapping strategy 

towards an STS- content based approach and should greatly streamline information assembly. 
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CHAPTER 5. 

CONSTRUCTION OF A PHYSICAL MAP OF P. falciparum 

CHROMOSOME 6. 
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5.1.Abstract 

All YAC's isolated in the course of this study were restriction enzymes mapped by partial 

digestion with seven enzymes: NheI, PstI, PvuII, XhoI and Sacl which have a hexanucleotide 

(G/C)(/C)(/T) target sequence, and NarI and Eagi, which have a hexanucleotide (/c)(G/cXd/c)  target 

sequence. Each partial digest was resolved on an overnight pulsed field gel and transferred to a 

membrane. Each filter was successively hybridised with probes specific to the left arm, right arm and 

internal STS marker. Physical maps of all cloned YAC's are presented. Left and right map information 

proved consistent for the assembly of final composite maps, however problems were encountered in 

assembling putative overlapping YAC's into contigs. One of the YAC pairs identified, Y91112 and 

Y10I1-12, are possibly chimeric, based upon the presence of a heterologous XhoI site. Implications of 

chimerism within the Genome Project are discussed. 

5.2. Introduction. 

Complete physical maps or 'contig' maps consisting of overlapping recombinant DNA clones 

spanning an entire genome are a primary guide for investigating the organisation of the genetic material 

of an organism and the information encoded. Such physical maps facilitate correlation to genetic linkage 

maps, offer immediate access to clones from any region and assist in genomic sequencing and 

expression studies of the insert DNA. As discussed, extensive restriction mapping of YAC inserts by 

Southern analysis with rare- cutting enzymes and PFG electrophoresis with multiple, locus- specific 

probes can be used to construct detailed restriction maps by relating the position of the gene landmarks 

to the locations of restriction sites within the insert. Such procedures also check correlation of the YAC 

information with the genomic copy and allows estimation of YAC clone integrity. In addition, physical 

maps can be obtained by assessing the STS content of each YAC, where YAC's containing common 

markers are found to overlap and thus contig assembly occurs. As overlapping YAC's identified by end-

rescue STS screening automatically contain markers that can be positioned on a restriction map of the 

insert, physical maps constructed this way can correlate an STS based physical map strategy with a 

restriction site- based approach. Such approaches have been used to create long range and short range 

physical maps in contigs spanning the human Dystrophin (Coffey et al., 1992), Duchenne Muscular 

Dystrophy (Monaco et al., 1992) and Multiple Endocrine Neoplasia (Brooks- Wilson et al., 1993) loci, 

as well as in a YAC contig spanning P. falciparuni chromosome 4 (Rubio et al., 1995) 

One of the advantages of the YAC is the ability to construct physical maps in the absence of 

any STS information. Such a strategy is based on the use of probes specific to the left and right arms of 

the vector, with the result that the restriction fragments so produced are based upon proximity to the 

vector arms. A combination of both patterns produced must be used to determine a composite restriction 

map of the insert (illustrated in figure 5.1). Any STS markers subsequently identified can be positioned 
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on the map. Such a strategy has been used in the construction of maps spanning the human Acidic 

Fibroblast growth factor 1 (Chiu et al., 1994), Huntingdon's disease (Bates et al., 1992) and Type 1 

Neurofibromatosis (Marchuk et al., 1992) genes. Due to the relatively few markers mapped to P. 

falciparum chromosome 6 (Triglia et al., 1992), this strategy is used for maps constructed in the course 

of this study. 

5.3. The Mapping Strategy. 

In order to construct physical maps of YAC insets, there are three parameters which have to be 

optimised in order to yield maximal information. Such conditions will depend upon the size of the insert 

and on the genome composition of the organism under study. These are: (i) choice of enzymes used for 

map construction; (ii) partial digestion and size- fractionation of DNA and (iii) serial filter hybridisation 

with vector specific probes. Due to the technical limitations of obtaining optimal partial digests, effective 

resolution of all bands on gels and complete transfer of DNA fragments onto the membrane, all 

restriction sites may not be detected. Comparison of the restriction sites in overlapping YAC's, mapping 

of saturated markers to the genome and employing different PFG resolution conditions per YAC will 

ensure completion of the map. 

53.1 Choice of Enzymes 

As with any map strategy, the choice of enzymes will affect the resolution of the resulting map. 

As YAC cloning involves breaking down the chromosome into an ordered series of clones, enzymes 

such as hexa- and octanucleotide 01c rich sequence specific enzymes which have been used in long range 

map construction of higher eukaryotic genomes become uninformative at this level (Fulton et al., 1988; 

Albertsen et al., 1994). For example SmaI, which has a recognition sequence of CCC I  (IGG, would be 

expected to cut infrequently in the A+T rich genome of P. falciparum. SmaI has been shown to cut 

chromosome 4 once (Watanabe et al., 1994), chromosome 11 three times (Walker- Jonah et al., 1992), 

chromosome 5 three times (Foote et al., 1989) and twice in chromosome 2 (Corcoran et al., 1988). With 

reference to chromosome 5, size polymorphism of 1.6 - 2.4 Mb is observed between isolates, however the 

5' SmaI sites demonstrate conserved locations at 375 kb and 700 kb from the 5' telomere (Foote et al., 

1989). Assuming a chromosome size of 2.0 Mb, it would take a minimum ordered set of 20 YAC clones 

with inserts of 100 Kilobases to cover the chromosome, and thus SmaI would be expected to cut only 

three of these, the fourth and seventh YAC from the 5' telomere, assuming perfect overlaps. YAC map 

information available from such enzymes would thus be limited. In order to gain maximum site 

information per insert, a range of hexanucleotide restriction enzymes with 4 G/c  sites and 2 'VT sites were 

chosen. By increasing the number of A+T recognition sites, the restriction frequency within a defined 

area should increase. This has been shown for chromosome 4, as PvuII cuts 18 times and NheI cuts 19 
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times (Watanabe et al., 1994). The final selection of enzymes were: PsrI (CTGCA G), NheI (G 

CTAGC), Sad (GAGCT C), XhoI (C TCGAG), PvuII (CAG CTG), EagI (C GGCCG) and Nan 

(GG CG-CC). NarI and EagI are included as 'landmarking' enzymes - enzymes cutting infrequently 

which can link short range maps to any long range maps compiled. 

5.3.2 Partial Digestion of YAC DNA 

The production of a optimal partial digest is critical to the construction of a map. Partial digests 

have the advantage of yielding a ladder of fragments, corresponding to all DNA band in the interval 

between completely digested and undigested. Probes on adjacent restriction fragments can be linked by 

common hybridisation to one of the partial fragments. In order to yield such a ladder, the DNA must be 

cleaved efficiently and the enzyme levels titred to optimise digest conditions. As discussed in chapter 2, 

preincubation of agarose blocks for 18 hours on ice at 4 °C with enzyme and buffer ensures that each 

block is thoroughly saturated with inactive enzyme and that most restriction sequences will have an 

enzyme bound. When the blocks are incubated at a permissive temperature, digestion at all sites begins 

simultaneously. This technique proved more efficient than digesting DNA with high levels (e.g. 40U) of 

enzyme or by varying the digestion time with fixed units of enzyme. Optimal partial digest titres were 

observed with 15U, 3U, 0.3U and 0.03U of enzyme. In general, 15U corresponded to a complete digest, 

0.03U corresponded to an undigested control with 3U and 0.3U yielding partial digests. 

Once partial digest conditions had been established, the fragments must be resolved on a pulsed 

field gel. Switch time conditions were selected to ensure minimal resolution of the yeast chromosomes 

and maximal resolution of the fragments produced by digestion. For YAC's of 80 - 150 kb, run 

conditions resulting in yeast chromosomes resolving as a compression zone, with the remainder of the 

gel area left for the resolution and mapping of YAC fragments were a 2 - 12 second switch time ramped 

over 24 hours, as shown in figure 5.2a. For smaller YAC's pulse times were dropped. 

5.3.3 Mapping Probes. 

After resolution, partial digest fragments are transferred to nitrocellulose for serial hybridisation. 

Filter hybridisation and probe stripping are carried out essentially as described in materials and 

methods. Probes used are a 330 bp left arm probe and a 365 bp right arm probe, amplified from the 

pYAC- RC plasmid using primers described in chapter 2. The efficiency of filter stripping must be 

confirmed prior to subsequent rehybridisation by exposing the filter to X- ray film for 48 hours. If trace 

signals can be seen, the filter must be restripped and reexposed, as spurious signals affect map assembly 

data. An example of signals produced by left and right arms are shown in figure 5.2b. In order to 

calculate the exact size of the fragments produced, a standard log curve of DNA mobility (in cm) is 

calculated, based on separation of molecular weight markers of known size. The mobility of restriction 

fragments can be measured, and the fragment size in kilobases can be determined. Maps are assembled 
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Figure 5.2. Physical mapping of P. falciparum YAC's 

Physical mapping in Artificial Chromosomes is based on the partial digest of YAC's with 

infrequently cutting enzymes and the subsequent transfer to membranes and serial hybridisation with left 

arm, right arm and internal gene sequence probes. 

YAC Y51 87 was partially digested essentially as described in Chapter 2. Restriction fragments 

were resolved on a 0.9% IBI agarose gel in 0.5X TBE for 24 hours @ 175V with a 2 - 12 sec ramp. Gel 

lanes designated a correspond to digests with 15U of enzyme; b correspond to 3U enzyme; c correspond 

to 0.3U enzyme and d to 0.03U enzyme. 

Lane m: DNA size standards NEB Mid range PFG marker II 

Lane Set 1: YAC Y5/ 87 partially digested with NheI 

Lane Set 2: YAC Y51 87 partially digested with Sad 

Lane Set 3: YAC Y5/ 87 partially digested with PstJ 

Lane Set 4: YAC Y51 87 partially digested with XhoI 

Lane u: Undigested YAC Y5/ 87 control 

YAC Y10/ H2 was digested with NheI and resolved on a 0.9% IBI agarose gel in 0.5X TBE for 

24 hours @ 175V with a 2 - 12 sec. ramped pulse time. Fragments were transferred onto Hybond N 

and successively probed with 32P- labelled YAC arm specific probes amplified from pYAC- RC template 

with primers described in Chapter 2. Between each hybridisation, filters were stripped as described and 

exposed to X- ray film for 24 - 72 hours to confirm the efficiency of probe removal. Lanes marked a 

correspond to digest with 15U enzyme; b to digestion with 03U enzyme; c to digestion with 0.03U 

enzyme; d to digestion with 3U of enzyme. 

Lane Set 1: YAC Y10/ H2 probed with Left Arm specific Probe 

Lane Set 2: YAC Y10/ H2 probed with Right arm specific Probe 

Lane Set 3: YAC Y10/ H2 probed with internal STS marker H2A 
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by merging data for left and right arm probes. Although such data should correlate for sites located 

internal to the fragment, the information is particularly useful for mapping sites proximal to the insert 

termini. Enzyme sites located close to the 5' end may not be visible as small right arm probe fragments, 

as such fragments may have run off the gel, but will be visible as very large left arm probe fragments. 

YAC physical mapping is therefore a composite of both strategies. 

5.4. Results. 

5.4.1 General Mapping Considerations 

In constructing the maps, several general points should be mentioned. Firstly, maps presented 

are of sites which correlate for both sets of hybridisation filters. During data assembly, it was observed 

that sites appeared in one set of filters which could not be correlated with the other. Such data could 

have arisen due to poor labelling of one set of probes, by removal of probes from filters due to stringent 

washing procedures by loss of fragments from the gel due to PFG resolution conditions. Second, log 

curves were constructed by calculating the reduction factor of gel photographs by a comparison of 1cm 

on a gel photograph with 1cm on a ruler. The ratio obtained was used to convert distance migrated by 

DNA size standards on the photograph to the actual distance migrated on the original gel. Consequently 

measurement error means that values obtained for DNA migration are not absolutely accurate. This, 

coupled with errors in compiling curves with lines of best fit, means that fragment sizes have an 

approximate error of ± 5 kb. For map construction the 5' end is defined as 'left' and the 3' end is 

defined as 'right'. 

5.4.2 Physical Maps of P. falciparum Chromosome 6 

A schematic illustration of the YAC's identified in the course of this study on the basis of STS 

content is presented in figure 5.3. Physical mapping of each YAC will be presented in detail in addition 

to ordering of YAC's into overlaps 

5.4.2.1 Physical Map of YAC's Y9/H2 and Y1OIH2. 

The size of Y911-12 is estimated at 160 kb. Narl digestion reveals a 50 kb fragment that 

hybridises with the left arm probe and a 110 kb fragments hybridising with the right at -rn probe. 

Therefore Narl maps to a site 50kb from the 5' end. XhoI digestion reveals a 55kb fragment with a left 

arm probe and 100 kb fragment with the right arm. Therefore XhoI maps to a Site 55 kb from the 5' end. 

Sacl digestion reveals a single site 70kb from the left arm and 80 kb from the right arm and thus maps 
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Figure 5.3 Schematic of YAC contigs constructed in this study. 

This illustrates how the YAC's have been assembled based on their STS content. The figure is 

a diagrammatic representation and is not drawn to any scale. The YAC' s have been identified by the 

following STS markers: 

YAC STS 

112A 	- Y9/H2, Y10JH2 

H2/9L 	- Y6/9L, Y 13/9L 

H2/9R 	- Y2/9R 

pSC11.63 - Y11/63, Y12/63 

pSC11.87- Y5/87 

87/511 	- Y2/5R 

A, B and C refer to the sets of contigs that have been constructed based on primary STS screens and 

overlap assemblies with end- rescued STS markers. 
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to a single site 70 kb from the 5' end. There are two NheI sites identified by the left arm probe at 80 and 

90 kb. Two corresponding sites are identified by the right arm probe at 70 and 60 kb. Thus although 

both fragments indicate a YAC size of 150 kb, the 10 kb interval is constant and so the discrepancy can 

be attributed to errors in fragment size measurement. Therefore NheI maps to two sites located 80 and 

90 kilobases from the 5' end. Pvull digestion reveals sites 130 and 80 kb from the left arm and 30 and 

70 kb from the right, therefore sites are assigned 80 and 130 kilobases from the 5' end. PsrI sites have 

been identified at 110kb, 95 kb, 50kb and 30 kb from the right end. Left arm probes reveals two sites 40 

and 50 kb from the left end. The right arm fragments are strong signals, whereas the left arm fragments 

are comparatively weak. PstI maps to two confirmed sites, 40 and 50 kilobases from the 5' end, the other 

sites have been omitted from the map pending further analysis. 

1-12A maps to a 50 kilobase NarI fragments and is thus located in the 5' 50 kb. In addition the 

STS maps to 80 and 130 kb PvuII fragments and 90 and 80 KB NheI fragments, indicating that the 

marker is in the 5' region of the YAC. The lack of markers in this region means that the marker can 

only be assigned to a 50 kilobase NarI fragment. Map data for this YAC is presented in figure 5.4. 

The size of Y10I1-12 is estimated at 150 kilobases. Digestion with Narl reveals a single site 50 

kb from the left arm and 100 kb from the right arm and is therefore assigned a map location 50 

kilobases from the 5' end. Digestion with NheI reveals multiple sites within the insert: left arm probes 

reveal sites at 35 kb, 80 kb, 90 kb, 110 kb and 120 kb. Right arm studies confirm sites at 35 kb, 45 kb, 

65 kb and 120 kb, all of which, within ± 5 kb correspond with the left arm restriction patterns. NheI 

sites are therefore located approximately 30, 80, 90, 110 and 120 kilobases from the 5' end. A single 

SacI site is observed 100 kb from the left arm and 55 kb from the right arm. Therefore, within the limits 

of experimental error, SacI cuts once within the YAC 50 kilobases from the 5' end. PvuII yields multiple 

fragments: sites are observed 40 kb, 50 kb, 80 kb and 100 kb from the left arm. Corresponding patterns 

are observed 55 kb, 70 kb, 90 kb and 110 kb from the right arm. With the exception of the site located at 

50 kb left and 90 kb right, all sites correspond to the 150 kb size of the uncut YAC. The sites 

demonstrated show an error of 10 kb which may be accounted for by the errors in graph construction. 

PvuII cuts at 40, 80 and 100 kilobases from the 5' end. There are no PstI or XhoI sites within the insert. 

1-12A maps to a 100 kilobase NarI fragment, which places the marker in the 3' 100 kb of the 

insert. In addition, the marker identifies the 120, 110, 90, 80 and 40 kilobase NheI fragments, but not 

the 35 kilobase fragment. This places 1-12A on a 30 kilobase NarJJ NheI fragment. In addition 1-12A 

identifies 40, 55, 80 and 110 kb PvuII fragments representing the 110 kilobase fragment from the right 

arm, the fragment obtained between the 100 kb and 50 kb sites from the 5' end, the 80 kb fragments 

from the 5' end and a 40 kb fragment produced by digestion at the 40 and 80 kb sites from the 5' end. 

Thus 1-12A maps to a 30 kilobase Nan - NheIJPvuII fragment Map data for this YAC is presented in 

figure 5.5. 
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Figure 5.4 Physical Map of Y9/H2. 

The size of the YAC is indicated in 5.4A. Figures underneath the restriction sites indicate the 

size in Kb of that site from the respective YAC arm. The suspected location of the H2A marker is 

indicated in figure 5.4C. The figures are as follows: 

5.4A. Left Arm probe 

5.413. Right Arm Probe. 

5.4C. Composite Map based on both sets of probe data. 
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Figure 5.5 Physical Map of Y1O/H2. 

The size of the YAC is indicated in 5.5A. Figures underneath the restricion sites indicate the 

size in Kb of that site from the respective YAC arm. The suspected location of the 112A marker is 

indicated in figure 5.5C. The figures are as follows: 

5.5A. Left Arm probe 

5.513. Right Ann Probe. 

5.5C. Composite Map based on both sets of probe data 



A. 
NheI 	Pvull 

PstI Pvull Nan 

Pvull 

NheI 

Sad 

NheI PvuH NheI NheI 

LEFT >35 >40 >50 >80 >90 >100 >110 >120 	RIGHT 

150 

B. 
NheI 	Pvull Pvull Sad 

PstI Pvull NarI 

III 
NheI 

1 
NheI 	Pvull 

I 
NheI NheI 

4 

LEFT 120< 110< 100< 70< 65< 	50< 45< 35< 	RIGHT 

90< 

C. 	
NheI 	PvuII 	 PvuII 	Sad 

PstI PvuII Narl 	 NheI NheI PvuII 	NheI NheI 

4 

	 III 	I 	I 	I 	I 	I 
LEFT 	 >35 >40 >50 

	
>80 >90 >100 	>110 >120 RIGHT 

IH2A I 



Overlap assembly of the two YAC's is problematic. The presence of a NarI site in both YAC's 

would seem to be a good landmark site. However an XhoI site is present 10 kilobases from the NarI site 

in Y9/H2 whereas XhoI does not cut at all within YAC Y10IH2. In addition, there are multiple PstI sites 

close to the NarI site in Y9/H2 whereas there are none within close proximity in YAC Y10I1-12. By 

comparison of the maps presented in figure 5.4, the lack of overlaps, in addition to the XhoI and PsrI 

data would suggest that either one or both of the YAC's identified by 112A are chimeric. Either analysis 

of a third YAC identified by 112A, repetition of existing map probe to confirm site location or mapping 

of 1-12A to genomic DNA with enzymes used to derive the maps would be necessary to identify the 

erroneous YAC. 

5.4.2.2 Physical Map of YAC's Y11163 and Y12/ 63 

Y11163 has an estimated size of 85 kilobases. Digestion with NheI reveals multiple sites 10, 20, 

30, 65 and 80 kb from the left arm. The 80 kb fragment is undetectable on the right arm filter, which 

reveals sites at 30, 55, 65 and 80 kilobases, the latter site undetectable on the left arm filter. N/zel 

therefore maps to sites 5, 20, 30, 60 and 80 kilobases from the 5' end. XhoI cuts once, 40 kb from the 

left arm and 45 kb from the right, leaving a single site 40 kilobases from the 5' end. Sacl cuts once, 75 

kb from the left and 10 kb from the right arms, leaving a single site 75 kilobases from the 5' end. PstI 

has cut sites at 30 kb and 80 kb from the left arm, and 55 kb from the right, yielding a pattern of sites 30 

and 80 kilobases from the 5' end of the YAC. STS marker pSC1 1.63 identifies a 74 kb Sacl fragment 

and a 44 kb XhoI fragment, which localises the marker to the 3' end on the YAC. The STS also 

identifies a 55 kb PstI fragment, which approximates to the fragment between the 5' 80 kb and the 5' 30 

kb sites. In addition, the marker identifies a 55 kb and 30 kb NheI fragments. The 55 kb fragment is 

between 5' 80 kb and 5' 30 kb, but the 30 kb fragment could be either the 5' 60 kb site containing the 

right arm, or an internal fragment from 5' 60 to 5' 30 kb. The best mapping location possible is that 

pSC11.63 maps to a 30 kilobase XhoI - Sacl fragment and it remains unknown whether the marker is 5' 

or 3' of the 5' 60 kb NheI site. Maps for YAC Y11/63 are presented in figure 5.6. 

YAC Y12/63 has an estimated size of 80 kilobases. XhoI cuts once leaving a single site 40 

kilobases from the left and right arms. Nhei shows multiple sites within the insert, yielding a pattern at 

75, 50, 35 and 20 kb from the right arm and 30, 45, 60 and 70 kb from the left arm. Both 75 and 70 kb 

sites are visible only on one filter. The final order of NheI sites are at 5, 30, 45, 60 and 70 kilobases from 

the 5' end. SacI cuts twice, at 55 kb from the right (corresponding to 25 kb from the left) and 60 kb from 

the left (corresponding to 20 kb from the right). PstI cuts three times - 70 kb and 65 kb from the right 

arm and 70 kb from the left, yielding a pattern of cut sites 10, 15 and 70 kilobases from the 5' end. 

pSC1 1.63 identifies a 25 kilobase Sacl fragment, positioning the marker on the immediate 5' end. In 

addition, the marker identifies a 30 kilobase NheI fragment and a 40 kilobase XhoI fragment confirming 

the location of the marker to the terminal 5' end. The marker also identifies 55 kilobase PstI fragment, 
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Figure 5.6 Physical Map of Y11/63. 

The size of the YAC is indicated in 5.6A. Figures underneath the restriction sites indicate the 

size in Kb of that site from the respective YAC arm. The suspected location of the pSC1 1.63 marker is 

indicated in figure 5.6C. The figures are as follows: 

Left Arm probe 

Right Arm Probe. 

Composite Map based on both sets of probe data 
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Figure 5.7 Physical Map of Y12163. 

The size of the YAC is indicated in 5.7A. Figures underneath the restriction sites indicate the 

size in Kb of that site from the respective YAC arm. The suspected location of the pSC 11.63 marker is 

indicated in figure 53C. The figures are as follows: 

53A. Left Arm probe 

5.7B. Right Arm Probe. 

53C. Composite Map based on both sets of probe data 
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corresponding to the fragment produced between 5' - 70 kb and 5' - 15 kb. Thus the marker maps to a 

10 kilobase Sad - PstI fragment. Maps for Y12/63 are presented in figure 5.7. 

The optimal overlap that can be estimated for the two YACs is a direct overlap between the 

extreme 5' and 3' ends. YAC Y1l/63 has a 3' order XhoI - NJzeJJpSCll.63 - Sad - PstL/ NheI. YAC 

Y12/63 has a 5' order NheI - PstI- pSC1 1.63 - Sac!. The NheI and Sacl sites overlap, but the PstI site is 

anomalous. No explanation can be offered for such results, other than the PstI site is erroneous. this 

indicates an overlap of 30 kilobases between the 3' end of YAC Yl 1/63 and the 5' end of YAC Y12163. 

This indicates a contig of 135 kilobases for both YAC's. Composite maps for YAC's Y11/63 and 

Y12/63 are presented in figure 5.8. 

5.4.2.3 Physical Map of YAC Y5/87. 

The YAC has an estimated size of 80 kilobases. PstI is seen to produce four clear bands with 

the left arm probe, but none is seen with the right. The clarity of the left arm signals would seem to 

indicate that further investigation is needed with right arm probes to clarify this. PstI signals are seen 

10, 15, 25 and 30 kilobases from the left arm. NheI cuts four times, at 25, 30, 35 and 40 kilobases from 

the left arm. Two bands are visible with the right arm probe at 40 and 45 kb, corresponding to the 40 

and 35 kb left arm. However, in view of the inefficiency of the right arm data for this YAC. the left 

signals will be taken as accurate. Sacl cuts once, producing a 40 kilobase fragment identifiable by both 

left and right arms. STS marker pSC 11.87 identifies a 40 kb Sac! fragment, which could be either 5' or 

3'. In addition a 60 kilobase PstI fragment is identified, which could correspond to the 3' end of the 

insert. 35, 40, 55 and 60 kb Nhe! inserts are identified, which would seem to indicate that the marker is 

on the 3' 40 kilobase NheIISacI fragment, as larger NheI sites are being identifies than seen with the left 

arm probe. The final order of sites in this YAC is given in figure 5.9. 

5.4.2.4 Physical Map of YAC's Y6/9L and Y13/9L 

Both YAC's were identified with the STS H2/9L, the marker obtained form the left arm rescue 

of YAC Y9/ 112. YAC Y6/9L has an estimated size of 85 kilobases. SacI has multiple sites within the 

insert 35, 45, 60 and 75 kb from the left arm, and 5, 20, 35 and 45 kb from the right. All these sites 

align, yielding a final pattern of Sad 5' - 35, 45, 60 and 75 kilobases. NheI has multiple cut sites within 

the insert, at 20, 45, 50 and 60 kb from the left arm corresponding to 15, 30, 35, 65 and 80 kb from the 

right. This latter site is not visible with a left arm probe. This yields a final digest pattern for NheI of 5' 

5, 20, 45, 50, and 65kb. Pvu!l cuts twice within the insert, 50 kb and 70 kb from the left arm, 

corresponding to 11 kb and 30 kb from the right. This yields a pattern of 5' 50 and 70 kilobases for 

PvuII. No data was obtained for XhoI, NarI or EagI. STS 1-12191, maps to a 50 kilobase PvuII fragment, 

which maps the marker to the 5' fragments. In addition the marker identifies a 15 kilobase NheI 

fragment, produced by the cut sites at 5' 45 kb and 5' 60 kb. In addition, the marker identifies 20, 40 
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Figure 5.9 Physical Map of Y5187. 

The size of the YAC is indicated in 5.9A. Figures underneath the restriction sites indicate the 

size in Kb of that site from the respective YAC arm. The suspected location of the pSC1 1.87 marker is 

indicated in figure 5.9C. The figures are as follows: 

Left Arm probe 

Right Arm Probe. 

Composite Map based on both sets of probe data 
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and 50 kb Sacl fragments indicating the marker to be present on a 5 kilobase Pvull - SacI fragment. 

Physical maps for this YAC are presented in figure 5.10. 

YAC Y13/9L is estimated to be 90 kilobases. SacI has multiple sites within the insert 20, 40, 55 

and 70 kb from the left arm and 35, 50 and 70 kb from the right. This results in a final digest pattern of 

5' 20, 40, 55 and 70 kilobases. EagI and NarI cut once, both at 70 kilobases from the left arm. Due to 

gel separation, the corresponding 20 kb fragment is not detected. NheI cuts once, defining a 60 kb left 

arm and 30 kb right arm fragment PstI cuts once, defining a 75 kb right arm fragment that has no 

corresponding band in the left arm filter. XhoI cuts twice yielding a 50 kb and 85 kb left arm fragments. 

Neither band is visible in the right arm filter, which due to the signal intensity in the left arm filter could 

be ascribed to hybridisation difficulties. Due to technical limitations, no marker assignment could be 

performed for this YAC. Physical maps for this YAC are presented in figure 5.11. 

Overlap assembly of the YAC's with the parent YAC Y911 -12 cannot be performed, as there is 

not enough map data in the 5' 50 kilobases of Y911 -12 for an accurate overlap to be made possible. 

Isolation of further YAC's spanning this region or subcloning into cosmids to provide a higher 

resolution physical map of this region would be required to order the contig. 

5.4.2.5 Physical Map of YAC Y2/9R 

The estimated size of the YAC is 80 kb. SacI cuts once, defining a 25 kb fragment from the left 

arm and a corresponding 55 kb fragment from the right arm. NheI cuts once, defining a 50 kb left arm 

fragment and a 35 kb right arm fragment. PstI cuts three times, defining fragments 60, 70 and 75 kb 

from the left arm, and corresponding 10, 15 and 25 kb fragments from the right arm, which align given 

experimental error. The final order of sites 5' to 3' is, Sad (25 kb), NheI (50 kb), PstI (60 kb), PstI (70 

kb) and PstI (75kb). Despite numerous attempts, no internal STS data was available. Future work would 

involve hybridisation of these filters with the H2/9R STS marker. Map data for this YAC is presented in 

figure 5.12. Overlap assembly cannot be performed due to the lack of physical map information in the 5' 

25 kb of YAC Y2/9R. Isolation of YAC' s spanning this region or subcloning strategies would be 

required to complete this contig. 

5.4.2.6 Physical Map of YAC Y2/5R 

The size of the YAC is estimated at 100 kilobases. Only two enzymes appear to cut within this 

insert: NheI cuts four times defining fragments 15, 20, 40 and 50 kb from the left arm and 

corresponding 50, 55, 80 and 90 kb from the right arm. PstI cuts twice, 70 and 80 kb from the left arm, 

corresponding to 25 kb and 20 kb from the right. this leaves a final order of sites 5' NheI (15 kb), NheI 

(20 kb), N/tel (45 kb), N/tel (50 kb), PstI (70 kb) and PstI (80 kb). The STS marker used to identify the 

YAC, 87/5R, maps to a 70 kilobase PstI fragment, locating the marker to the 5' PstI fragment In 

addition, the STS defines 50 and 30 kilobase N/tel fragments, which would place the marker between 
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Figure 5.10 Physical Map of Y6/9L. 

The size of the YAC is indicated in 5. 10A. Figures underneath the restriction sites indicate the 

size in Kb of that site from the respective YAC arm. The suspected location of the H2/9L marker is 

indicated in figure 5.10C. The figures are as follows: 

5.10A. Left Arm probe 

5.10B. Right Arm Probe. 

5.1OC. Composite Map based on both sets of probe data 
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Figure 5.11 Physical Map of Y13/9L. 

The size of the YAC is indicated in 5.11A. Figures underneath the restriction sites indicate the 

size in Kb of that site from the respective YAC arm. No location for the H2/9L marker could be 

determined. The figures are as follows: 

5.11A. Left Arm probe 

5.11 B. Right Arm Probe. 

5.1 1C. Composite Map based on both sets of probe data 
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NheI sites at 5' 20 kb and 5' 50 kb. Thus the marker maps to a 25 kilobase NheI fragment Physical map 

data is presented in figure 5.13. Overlap assembly between the YAC and the parent YAC Y5/87 cannot 

be performed due to the lack of physical map data in the 3' 40 kilobases of the YAC 

5.5. Discussion. 

One of the advantages of the Artificial Chromosome cloning system is the ability to generate 

physical map data in the absence of any marker information. The presence of genomic DNA markers 

has in the past facilitated the construction of long range physical maps. Probes specific to the left and 

right vector arm allow composite maps of any YAC insert to be constructed. If any marker is 

subsequently identified then that marker can be rapidly mapped to a restriction fragment. 

The work presented details the construction of high resolution physical maps of all cloned P. 

falciparum HB3 YAC's. Several features became apparent. Due to the small insert size of YAC's, 

conventional enzymes used in map construction e.g. SmaI, NotI and ApaI proved uninformative for 

artificial chromosome mapping. In order to generate useful information from the YAC's, enzymes 

which recognise hexanucleotide sequences containing 4 c/c  and 2 A11  cut frequently enough to generate 

maps with a 10 kilobase resolution, and clustering or dispersal of sites may give indications of the 

presence of gene sequences. Despite technical difficulties associated with physical mapping in YAC's, 

map construction per P. falciparum YAC involving left and right sequence data was, in general, 

reasonably internally consistent, with few anomalous sites being observed. Such erroneous results could 

be ascribed to inefficient partial digestion, poor resolution due to inefficient pulsed field gel resolution or 

poor transfer of DNA fragments to membranes. In addition, inadequate labelling of probes and 

inefficient removal of probes prior to successive hybridisation resulting in apparent presence of 

restriction sites can also give rise to YAC mapping errors, and may have contributed to spurious results, 

especially after a third successive hybridisation of a single filter. 

More problematic was the assembly of YAC' s into overlapping contigs. Two YAC' s identified 

by the 112A locus showed evidence of chimerism, although the marker rescued from the left arm mapped 

to chromosome 6 (data not shown). The presence of an XhoI site close to the gene locus in one YAC 

which is not detected in the other indicates that the YAC contains non- contiguous DNA. An 

investigation of chimerism within the HB3 YAC' S will be necessary before any maps can be presented 

with any degree of confidence. If co- cloning events become more common, then second generation 

library construction strategies might have to be considered, e.g. constructing YAC libraries from defined 

DNA sources (i.e. isolated chromosomes) or in recombination deficient host strains. Only one set of 

YAC' s have been assembled into overlaps, those identified by the marker pSC1 1.63. More YAC' s would 

need to be identified per marker, or alternatively an STS content approach to map construction using 
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Figure 5.12 Physical Map of Y2/9R. 

The size of the YAC is indicated in 5.12A. Figures underneath the restriction sites indicate the 

size in Kb of that site from the respective YAC arm. Due to technical difficulties, no internal STS map 

position was determined. The figures are as follows: 

5.12A. Left Ann probe 

5.12B. Right Arm Probe. 
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Figure 5.13 Physical Map of Y2/5R. 

The size of the YAC is indicated in 5. 13A. Figures underneath the restriction sites indicate the 

size in Kb of that site from the respective YAC arm. The suspected location of the 87/5R marker is 

indicated in figure 5.13C. The figures are as follows: 

5.13A. Left Arm probe 

5.13B. Right Arm Probe. 

5.13C. Composite Map based on both sets of probe data 
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multiple chromosome- specific markers would be required to rapidly identify chimerism or deletions 

within YAC's. 

In conclusion, YAC mapping has been used to efficiently construct highly detailed maps for P. 

falciparum chromosome 6, which will allow the rapid positioning of any newly identified markers onto 

small restriction fragments and thus will enable researchers to not only be provided with the YAC 

containing the gene, but also a detailed map location of the gene on this chromosome. 
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CHAPTER 6. 

AN INVESTIGATION OF GENE ORGANISATION AND 

EXPRESSION WITHIN P. falciparum CHROMOSOME 6. 



6.1 Histone Gene Organisation on Chromosome 6. 

6.1.1. Abstract. 

PCR primers designed from the published Histone 3 sequence were used to screen the HB3 

YAC MasterPools. Results indicated the gene sequence is present in multicopy within the library and 

amplifies pools 9 and 10, known to contain Histone 2A. Further PCR analysis indicated the primers 

amplified both YAC's containing the Histone 2A locus and did not amplify non- 1-12A containing 

YAC's. Hybridisation analysis with labelled H3 probes confirmed that H3 did not cross- hybridise to 

1-12A and was subsequently used to probe the H2A- containing YAC digest filters. The results showed 

that H3 maps to the same 30 kb NheI/ NarI fragment in YAC Y10I1-12 as 1-12A, and to the same 50 kb 

XholJ Narl fragment in YAC Y9/1 -12 as 1-12A. This would seem to indicate a functional clustering of the 

histone genes on chromosome 6 in P. falciparuin 

6.1.2. Introduction. 

The arrangement of gene sequences into clustered units is one of the features which distinguish 

the arrangement of genetic information within prokaryotes from that of eukaryotes. Clustering can be a 

response in the organisation of developmentally expressed genes, as in the a- like globin genes (Lauer et 

al., 1980). Alternatively, clustering can be a mechanism to create large amounts of messenger RNA for 

proteins required in abundance in the cell. Examples of such genes include tRNA genes (Hovemann et 

al., 1980; Fostel et al., 1984), rRNA genes (Worton et at., 1988), and histones (Hentschel and Birnsteil, 

1981). In addition, genes which demonstrate common transcriptional expression demonstrate clustering, 

as in Drosophila melanogaster heat shock proteins (Corces et al., 1980). Investigations into gene 

organisation in P. falciparum have demonstrated evidence of gene clustering, including a cluster of nine 

tRNA genes between copies of rRNA genes in each inverted repeat of the 35 kb extrachromosomal 

element (Wilson et al., 1991; Gardner et al., 1994a). In addition, rRNA genes are clustered as sets of 

18S, 5.8S and 25S genes, with each set repeated 4 - 8 times at various chromosomal locations 

throughout the genome (Weber et al., 1988a), and small rRNA fragments have been found to be present 

on the extrachromosmal 6 kb element (Feagin, 1994), with six fragments homologous to the small 

subunit rRNA and seven fragments homologous to the large subunit rRNA 

Histones are ubiquitous in eukaryotes. Their products, a family of five small highly conserved 

proteins (Hi, 112A, 1-1213, H3 and 1-14) serve to organise DNA into its fundamental unit, the nucleosome, 

and subsequently into higher order chromatin structures. The structures of histones, particularly H3 and 

H4, are generally highly conserved between organisms, even between animal and plants, and reflect the 

fundamental role performed by the proteins within the cell (Maxson et al., 1983). 1-12A, H213, H3 and H4 
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form an octamer core around which DNA coils to form the nucleosome, with Hi involved in chromatin 

formation (Creedon et al., 1992). Copy number of the histone gene cluster varies dramatically between 

organisms, from a repeat frequency of 400 copies for Psammechinus miliaris (Hentschel and Birnsteil, 

1981) and 100 copies for Drosophila melanogasrer (Maxson et al., 1983) to 10 copies for chickens 

(Harvey et al., 1981). The high copy number of the histone gene clusters in organisms such as sea 

urchins amphibians and Drosophila may be due to the need for rapid cell division and accompanying 

DNA synthesis during early development. In mammals and most other higher eukaryotes, cell division 

during early embryogensis is not so rapid and fewer copies of the histone genes are needed. During 

several stages of the P. falciparuin life cycle, cell division is also very rapid i.e. during male 

gametogenesis, exflageilation (3 nuclear doublings in 10 mins), erythrocytic schizogony (5 doublings in 

- 5 hours) and exo- erythrocytic schizogony. Sequences corresponding to histones 2A (Creedon et al., 

1992), 2B (Bennett et al., 1995) and H3 (Longhurst and Holder, 1995; Bennett et al., 1995) have been 

reported for P. falciparum. The genes demonstrate features common to all other histones identified - 

H2A and H3 lack introns and posses a 5' polyadenylation signal. No data was presented for H2B. Both 

H2A and H3 are presentin single copy and have been mapped to chromosome 6 whereas H2B has been 

mapped to chromosome 11. H3 has been reported to be present in multicopy (Bennett et al., 1995), 

which in view of the well documented stoichiometric nature of the histone gene family is a curious 

observation (Maxson et al., 1983). YAC's known to contain the H2A sequence were analysed on the 

basis of their STS content for sequences corresponding to H3. 

6.1.3. Mapping of the Histone 3 Gene to 11B3 YAC's 

PCR primers designed from the published sequence were used to screen all 16 plate pools of the 

HB3 YAC library. Using PCR conditions of annealing at 55°C for 60 seconds over 35 cycles of 

amplification, positive 300 bp signals were observed in pools 9, 10 and 11 (data not shown). This 

corresponds to the results observed for the H2A primers, which detected signal in pools 9 and 10. 

Standard controls of I-lB 3 and 3D7 were positive, AB 1380 and water were negative. The observance 

that H3 amplified the same plates as H2A led to a second round of amplification which included YAC 

DNA as template. DNA from YAC's containing the H2A gene sequence, Y9/H2 and Y10/H2, were 

included, as well as YAC's overlapping the 5' and 3' arms of YAC Y9/H2 which should not contain the 

H2A sequence and should therefore act as negative controls. The results in figure 6.2.1A demonstrate 

that the H3 primers amplify a sequence in YAC's Y9/H2 and Y10/H2, but do not amplify Y13/9L or 

Y2/9R. This indicates that H3 is on the same region of the chromosome as H2A. 

6.1.4. Mapping the H3 gene Within the YAC's. 

Before mapping experiments could be performed it was necessary to confirm that the H3 gene 

did not cross hybridise with the H2A gene. H3 primers were used to amplify the gene from a genomic 



Figure 6.1. 1. Analysis of Histone Gene Organisation in P. falciparum. 

PCR reaction with H3 primers with various YAC DNA as templates. Amplification occurred under 

550C annealing conditions for 35 cycles. 10 tl of PCR product was resolved on a 1% mi agarose gel in 

lx TAE and photographed under UV. 

Lane m: DNA Size standard Marker VI (Boehringer) 

Lane 1: amplification with H2A- containing YAC Y9/H2 as template 

Lane 2: amplification with H2A- containing YAC Y1OIH2 as template 

Lane 3: amplification with non- H2A containing YAC Y2/9R as template 

Lane 4: amplification with non- H2A containing YAC Y13/9L as template 

Lane 5: amplification with HE 3 genomic DNA 

Lane 6: amplification with 3D7 genomic DNA 

Lane 7: amplification with AB 1380 genomic DNA 

Lane 8: amplification with water control. 

Physical mapping of H3 onto the H2A YAC Y1OIH2 digest filters. (1): Y1OIH2 digested with NheI 

and probed with H3. Lanes 1 - 4 correspond to 15, 0.3, 0.03 and 3 U of enzyme. Pulsed field gel 

conditions for resolution were 0.9% IBI Agarose in 0.5X TBE with a 2 - 12 second ramp for 24 Hours at 

175V.(2) YAC Y10/1 -12 digested with Narl and probed with H3. The 100 Kb fragment is clearly visible, 

as well as anomalous smaller fragments. Lanes 1 - 4 correspond to digestion with 0.03, 0.3, 3 and 15U 

of enzyme. Fragments were resolved on a 1% IBI agarose pulsed field gel with a 2- 12 second ramp for 

24 hours at 175V 
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HB3 DNA template. The amplified product was resolved on a 1% gel, blotted and probed with a 

labelled H2A probe. The results demonstrated that 1 -12A does not cross hybridise with H3 (data not 

shown) and therefore probing of the YAC digest filters could proceed without generating erroneous data 

due to cross hybridisation. This result is confirmed by comparison of the H3 and 112A sequences. Bestfit 

analyses of both DNA sequences contained in the EMBL database demonstrated an 80% similarity 

between the 1-12A 3' sequence from position 409 to 473 and H3 3' sequence from 553 to 604. No 

sequence homology was observed in the 5' region of both genes, therefore 5' primers would not be 

complementary. In addition the 1-12A and H3 reverse primers were designed outside this region of 

homology, from positions 383 -404 (H2A) and positions 529 - 553 (1-13). Consequently probes amplified 

by either primer pair would be expected to be non- complementary. 

Filters containing digests of YAC's Y9/H2 and Y1OIH2 were probed as described in chapter 2. 

The results of the experiments showed that in YAC Y91112, H3 maps to 50 kb XhoI and NarI fragments, 

similar to 112A, as well as 80 and 130 kb PvuH fragments. This positions the gene on the extreme 5' 50 

XhoIJ NarI fragment of the YAC. However, certain anomalies were observed - the gene sequence also 

identifies a 45 kb Narl fragment in addition to 120 and 30 kb EagI fragments. From prior studies with 

left, right and H2A probes, EagI is known not to cut at all within the insert. This result cannot be 

explained. Thus both H2A and H3 map to the same 50 kb XhoI/ NarI fragment in YAC Y9/H2. As 

shown in figure 6.1.213, H3 maps to the 120, 110, 90 and 80 kb NheI fragments in YAC Y10I112, as well 

as 75, 60 and 40 kb fragments, which correspond to internal NheI fragments. The 35 kb fragment is not 

identified. Thus both 1 -12A and H3 map to the same 45 kb NheI fragment In addition, H3 identifies a 

100 kb NarI fragment, similar to 1-12A. However, anomalies again exist H3 identifies two EagI 

fragments, although by previous left and right arm probe experiments, EagI does not cut within the 

insert. In addition as shown in figure 6.1.13, the probe identifies multiple 20, 30 and 40 kb Nan 

fragments, even though this enzyme has been shown to cut only once within the insert. Despite these 

anomalies, Histones 3 and 2A can be mapped to the same 30 kb NheIJ NarI restriction fragment. Map 

locations are shown in figure 6.1.2. 

6.1.5 Discussion. 

Previous studies have shown that of the histone genes identified in P. falciparum, 2A and 

3, are present in single copy and map to chromosome 6 and 2B maps to chromosome 11. YAC mapping 

studies have positioned both genes on the same minimal 30 kb NheIJ Narl fragment and 50 kb NanIJ 

XhoI in YAC' s identified on the basis of their 1 -12A STS content. In all higher eukaryotes investigated, 

histone genes are arranged into clusters, although the genes can be on different strands and thus are 

transcribed in different orientations. Each cluster has a variable number of repeats depending upon the 

organism. Examples of cluster arrangements include a 450 fold repeat of Hl(>) H4(>) H2B(>) H3(>) 

H2A(>) in Psamnechinus miliaris, a 20 - 50 fold repeat of H3(>) H4(>) H2A(<) H2B(>) in Xenopus 
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laevis, a 60 fold repeat of H4(>) H2A(<) H2B(>) Hi(>) and H3(>) in Xenopus borealis and a 10- fold 

repeat of H3(<) H2A(>) H4(<) Hi H2A(<) H2B(>) in chickens. Lower eukaryotes such as 

Saccharomyces cerevisiae indicate that the four histones are arranged into linked sets of H2A/H2B and 

113/114, although both pairs are not contiguous within 5 kb (Hereford et al., 1979). Such evidence of 

gene conservation would seem to cast doubt on recent reports that H2B is present as a single copy gene 

on a different chromosome to 112A (Bennett et al., 1995). Data presented in this thesis would seem to 

indicate clustering of these genes in P. falciparum, however further work would involve isolation of the 

other histone genes and hybridisation of the labelled gene products to the YAC digest filter and further 

fine structure mapping to determine the degree of clustering. 

Transcriptional studies have indicated that 112A mRNA is detectable in total RNA 

preparations of gametocyte, zygote and erythrocyte stages in P. falciparum (Creedon et al., 1992). In 

yeast and other eukaryotes, histone mRNA synthesis is tightly coupled with DNA synthesis and 

replication, and is consequently largely restricted to S phase (Marashi et al., 1982). The link between 

histone production and DNA synthesis suggests that the mechanisms of histone gene regulation are 

linked with that of DNA replication, which implies a cell cycle control mechanism. DNA synthesis in P. 

falciparum occurs during erythrocytic and exo- erythrocytic schizogony, microgamete formation, post 

fertilisation and during sporozoite formation. During sporogony and schiozogony, large amounts of 

DNA synthesis occurs, resulting in the formation of several thousand haploid sporozoites per oocyst and 

around 3 x 104  merozoites within hepatocytes. Such a large amount of DNA synthesis would require a 

corresponding production of large quantities of histone proteins, if the first- level chromatin structures 

demonstrated for asexual blood stages also exist in sexual stages (Cary et al., 1994). It is known that 

during embryogenesis in echinoderms, eggs enter a period of extremely rapid cell division in the course 

of which hundreds of daughter cells are produced by repeated division of egg cytoplasm. Large 

quantities of histones are used in chromatin formation and in order to provide this, eukaryotes 

demonstrate histone synthesis that is uncoupled from the cell cycle (Maxson et al., 1983). A 

combination of mobilisation of stored histone mRNA transcripts and increased transcription from 

embryo histone repeated clusters accounts for such an increase in histone production (Goustin et al., 

1981). The P. falciparum histone genes are apparently single copy, therefore to provide large amounts of 

mRNA a strong promoter/ enhancer system must be in operation. If such enhancer binding sites could be 

interrupted, or the cell cycle altered in such a way as to block histone synthesis, then this may be a novel 

target for potential chemotherapeutic agents although the possible high evolutionary conservation 

between host and parasite targets may prove problematic. 
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Figure 6.1.2. Location of the H3 gene on YAC's Y9/112 and Y1OIH2 

Mapping of the genes is based on the physical map data described in the text. 

A. Mapping the H3 gene to YAC Y1OIH2 

B. Mapping the H3 gene to YAC Y9/H2 
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6.2 Transcriptional Analysis of Chromosome 6 YAC's. 

6.2.1 Abstract. 

An investigation into stage specific gene transcription within the cloned HB3 YAC's was 

performed using radiolabelled eDNA probes derived from total asexual, trophozoite, schizont and 

gametocyte stage RNA. Probes derived from trophozoite cDNA identified two HindIII fragments, 

approximately 10 and 12 kb in size in three of the cloned YAC's. Two of the YAC's are overlapping, 

and consequently the gene sequence is probably contained in the common area of overlap. 

6.2.2. Introduction. 

The life cycle of the malaria parasite involves a number of specific stages in both sexual and 

asexual cycles of development. The sexual cycle involves maturation of male and female gametes, zygote 

fusion with subsequent maturation and differentiation to yield sporozoites. The asexual cycle involves 

exo- erythrocytic and erythrocytic schizogony, involving maturation of sporozoites through ring, troph 

and schizont stages culminating in the release of mature merozoites and the differentiation of merozoites 

into male and female gametocytes. In both stages, the parasite appears as a series of microscopically and 

morphologically distinct forms, with each form requiring specific genes expresed under some form of 

stage specific regulation. By examining filters of RNA prepared from sexual and asexual stages, specific 

gene transcription patterns can be observed. Examples of such sexually expressed genes include pfg 

27/25, which is expressed only in sexual stages (Alano et al., 1991), genes such as PCNA (Kilbey et al., 

1993) and Ran/TC4 (Sultan et al., 1994) which are expressed during the asexual stage, and the serine-

rich antigen SERP- H (Knapp et al., 1991), which is only expressed in blood stages. Some evidence for 

co- ordinate regulation of gene transcription comes from a study of the serine repeat antigen, SERA (Fox 

and Bzik, 1994), which demonstrates co- ordinate stage- specific regulation of expression with MSA 2, a 

gene known to be closely linked to SERA (Lanzer et al., 1993). 

Several possible mechanisms for control of differential gene expression could exist in P. 

falciparum. Translational regulation may occur as ribosomes are known to be synthesised at different 

points in the life cycle (Gunderson et al., 1987). Post- transcriptional regulation occurs in several genes, 

for example ribosomal RNA expression. One rRNA unit, designated A, is transcribed predominantly in 

the asexual stages whereas the other form, designated C, is mainly restricted to sporozoites. Switching of 

expression of one form to another involves the control of RNA processing, with A- form RNA being 

broken down in gametocytes resulting in an accumulation of C- form RNA (Waters et al., 1989). 

GBP130, KAHRP and CS are apparently transcriptionally regulated, as gene transcription is sensitive to 

a- amanitin, indicating the involvement of a drug sensitive RNA Polymerase, possibly Polymerase II 

(Lanzer et al., 1992). Both actin I and II, and a tubulin demonstrate similar expression patterns. Actin I 

encodes a 2.5 kb transcript and is expressed both sexually and asexually whereas Actin II encodes a 1.9 
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kb transcript and expression is restricted to the sexual stages (Wesseling et al., 1989). Similarly, a 

tubulin encodes two forms: al is transcribed at high levels in both stages, whereas a II is transcribed 

predominantly in the sexual blood stages. 3- tubulin encodes three forms, one of which is expressed as a 

2.7 kb transcript throughout the blood stages, whereas two larger transcripts are observed in the sexual 

stage. Variation in transcript size has been shown not to be due to differential intron processing and may 

be a result of variable transcriptional initiation or differential 3' modification (Delves et al., 1990). 

The identification of transcriptional signals in Plasmodium is limited to structural analysis, 

mainly because the lack of an in vivo transfection system or in vitro transcription system preclude a 

classical mutational approach in the definition of flanking 5 or 3' sequences responsible for the 

developmental regulation of gene expression. The recent report of a transfection system in P. falciparum 

(Wu et al., 1995) may allow questions involving the mechanism of gene regulation to be addressed. 

6.2.3. Strategies for Transcription Analysis. 

To investigate stage specific gene expression within the cloned HB3 YAC's, two strategies were 

adopted. The first strategy was essentially that described by Lanzer et al., (1992, 1993). Most eukaryotic 

mRNA' s posses a relatively long polyA stretch (up to 200 residues) at the 3' end. The addition of this 

poly (A) tail is catalysed by the enzyme poly(A) polymerase and the reaction occurs in the nucleus after 

transcription. Not all mRNA's, however, posses a poly(A) tail. This poly(A) fraction is a mixture of 

inRNA' s that have lost the poly(A) tract during extraction, and a percentage of mRNA molecules that do 

not posses the poly(A). A predominant component of this fraction is the histone mRNA's, but there is 

considerable overlap between the poly(A) and poly(A) species. It is thus possible for a gene to be 

represented in both forms. 

The poly(A) region of mRNA can bind by base pairing to immobilised oligo(dT) on a solid 

support and this reaction can be used to isolate poly(A)' mRNA. The most advanced mRNA purification 

methods involve Biotinylated oligo(dT) primers which are used to bind to poly(A) mRNA. The hybrids 

are captured and washed at high stringency using streptavidin coupled to paramagnetic particles 

together with a magnetic separation stand. mRNA is eluted from the streptavidin coated particles, 

reverse transcribed to cDNA and amplified using universal degenerate primers in the presence of a 

dCTP. The labelled cDNA is separated on a spun column and is used to probe filters containing YAC 

DNA digested with Dral or HindlII. 

Another method used was the preparation of total cDNA from libraries derived from 

trophozoite enriched parasites (a gift from Dr Alister Craig; Sultan et al., 1994) and gametocytes (Alano 

et al., 1989), and amplification of inserts with vector specific primers in the presence of a- 32P dCTP. 

The labelled cDNA' s were separated from unincorporated nucleotides and used to probe YAC digest 

filters. 
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61.4. Results. 

6.2.4.1 Expression within Total and Schizont RNA Extractions. 

Total RNA was prepared from both fractions (a gift from Dr D. Arnot), reverse transcribed and 

amplified as described. An indication of incorporation was obtained from Radiation scintillation 

counters. After removal of unincorporated nucleotides, the count was extremely low. Filters containing 

total YAC DNA digested with DraI and Hindffl were probed with total and schizont cDNA probes. 

After gentle washing, no probe signal was seen on any filter. This cannot be ascribed to transcriptionally 

silent domains within the YAC, as no signal was seen even in the 3D7 control lanes. The negative result 

can be ascribed to the low levels of starting RNA resulting in a poor hybridisation probe. The 

PolyATtractTm protocol requires starting RNA levels of between 0.1 - 1 mg RNA. Starting amounts were 

130 ig total asexual RNA and 20 jig schizont RNA. Even with an increased number of amplification 

cycles, there probably was not enough starting material for isolation of poly(A) mRNA, as the 

quantities used were approaching minimum threshold levels as recommended by the manufacturers. 

Future experiments would be to repeat the procedure with 1 mg of starting RNA and hybridising filters 

with the new probes. 

6.2.4.2 Gene Expression within the Trophozoite Stage. 

A cDNA library constructed from predominantly trophozoite RNA in the plasmid vector 

pJFE14 was directly amplified with primers designed to both vector arms. lOng of the cDNA library 

template was used directly in a PCR reaction. Amplification conditions were 94 °C denaturing for 5 mm; 

40°C annealing for 1 mm; 720c extension for 2 min for two cycles; followed by a repeat with a 1 mm 

denature for 28 cycles. The labelled probe was separated from unincorporated nucleotides and used to 

probe YAC digest filters The results are shown in figure 6.2. Two sets of yeast genes are visible at 

approximately 7 kb and 5 kb, as the same signal is amplified in all YAC's and in the AB 1380 yeast 

control. Two sets of signals are observed. A signal of approximately 12 kb is observed in YAC's Yl 1/63 

and Y12/63, which are YAC's known to overlap by the 5' and 3' 30kb containing the pSC11.63 STS. 

No signal is seen in lanes containing the 1-12A YAC's Y9/1-12 and Y10I112. A second smaller signal of 

approximately 10 kb is seen in the lane containing the YAC Y5/87. No signal was seen with the same 

probe when used when filters containing the remaining YAC's were hybridised. These would seem to be 

genuine signals as (1) they are not present in any of the negative controls used (ii) they are not uniformly 

present (iii) the same signal is seem in two YAC's known to be overlapping and (iv) the signals are of 

different sizes. 
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Figure 6.2 Transcriptional Expression within 11B3 Artificial Chromosomes. 

YAC DNA was digested to completion overnight with IOU of Hindlil. lOpi of DNA was loaded onto a 

1% IBI agarose gel in 1X TAB and the fragments resolved over 25 hours @ iSV. The DNA was 

transferred onto Hybond N and the fragments probed with amplified, labelled trophozoite DNA as 

described. 10mg of total yeast RNA was included in the hybridisation buffer. The lanes are as follows: 

Lane A: Total Human DNA 

Lane B: YACY12/63 

Lane C: YACY11/63 

Lane D: YAC Yi0/H2 

Lane E: YAC Y9/H2 

Lane F: YAC Y5/87 

Lane G: AB1380 Genomic DNA 

Lane H: Total 3D7 DNA 

Lane I: Total Simian DNA 

Lane M: Molecular Weight Marker VI (Boehringer) 
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6.2.4.3. Gametocyte Gene Expression. 

The cDNA library constructed from gametocytes in )NM 1149 was first titred as described. The 

results are shown in table 6.1. The phage titre is determined as follows: 

Phage concentration 	= 	No. of plagues x 10 (dilution Factor) 

(in pfu/ 1.11) 
	

10 (for l jil) 

The mean titre for the gametocyte cDNA library was determined to be 2.1 x 10 3  pfu / W. 

Plate Dilution Number of Plaques 

1 Neat Indeterminate 

2 10-1 -2200 

3 10-2 370 

4 10-2 15 

5 10-4 1 

Table 6.1. Phage titre for the gametocyte cDNA library in X NM 1149. 

DNA from the Library was prepared as described. Commercial primers for the ? vector were 

used to amplify inserts in the presence of radiolabelled nucleotides. Alter nucleotide removal, a low 

signal was observed with a scintillation counter. Hybridisation of filters revealed no signal even in 

control lanes. The problem can be ascribed to inefficient probing due to poor template preparation. 

Future experiments would be to repeat the procedure with improved template for labelling. 

6.2.5. Discussion. 

To investigate gene transcription within the cloned YAC's, a variety of techniques were 

performed. Due to technical limitations involving purity and quantity of starting material, no results 

were obtained for investigations into stage specific expression within total sexual schizont and 

gametocyte stages. Positive signals were observed with trophozoite cDNA probes. The signals seen were 

of the same size in both Yl 1/63 and Y12/63 YAC's, indicating that the complete gene sequence is 

contained within both common inserts, which is known from mapping studies to be a terminal 30 kb 

NhelJ Sacl fragment. The cDNA probes identified corresponding genomic HindIII digest fragments of 

12 and 10 kb. However, no estimation of the size of the open reading frame can be inferred - in cloning 

PCNA, the 825 bp ORF was contained on a 4.4 kb tIindlII fragment (Kilbey et al., 1993), so fragment 

size does not necessarily correlate with ORF size. However, the one of the largest gene sequences 
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identified is the RNA Polymerase III gene, which is present as a single 8.5 kb mRNA fragment 

containing 4 introns (Li et al., 1991). Therefore it is highly probable that the fragment contains the 5' 

regulatory elements and possibly distant enhancer sequences as well. Thus the advantages of YAC's in 

investigation of gene expression are becoming apparent. YAC's were used to transciptionally map P. 

falciparum chromosome 2 (Lanzer et al., 1993). Transcriptional analysis of overlapping YAC's 

demonstrated an actively expressed central domain flanked by transcriptionally silent, polymorphic 

ends. If such a model is true for all chromosomes, then these YAC's could map to the central core of the 

chromosome. Future work would involve (a) repeating YAC analysis with probes derived form other 

stages of the parasite life cycle and (b) completing chromosomal coverage in YAC's and analysing a 

minimal set of overlapping YAC' s with cDNA probes to gauge transcriptionally active domains within 

the chromosome. 
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CHAPTER 7. 

DISCUSSION 



7.1. Objectives of the P. falciparum Genome Project. 

The work presented in this thesis has been to enhance and complement work being carried out 

by the Malaria Genome Mapping Consortium. This involved the construction of a yeast artificial 

chromosome library of the P. falciparum clone FIB 3 and an attempt to provide a complete, detailed 

physical map of chromosome 6. Due to technical complexities and a lack of starting chromosome 

specific markers for contig coverage, a complete map was not produced. However, foundations have 

been laid which should enable map completion by 1996. 

The ultimate aim of the Project is to provide complete, detailed YAC- based physical maps of 

all fourteen P. falciparum chromosomes with a resolution of 15 - 30 kb. Once such maps are completed 

and YAC clones characterised, it should be possible to identify a minimal set of clones that completely 

cover a chromosome from telomere to telomere. DNA pools representing entire chromosomes could be 

constructed from these YAC's. Fourteen such pools would be representative of the entire P. falciparum 

genome. Any new gene sequence identified could be accurately mapped to a chromosome by a simple 

PCR based screening procedure, eliminating dubious chromosomal assignments due to poor PFG 

resolution. Once a newly identified gene is positioned within the genome, a second round of PCR 

screening on liquid YAC DNA representing a minimal linear set of YAC's covering a chromosome 

could be used to identify the YAC which contains the gene. Once this is obtained, the gene could be 

labelled and used to probe a set of reference filters containing that YAC digested with Map Reference 

enzymes. The data obtained could be used to position the gene on the physical map. Filters could then be 

stripped, ready for subsequent reprobing. As the map is extended, linkage groups could become 

apparent, as well as clustering of genes. The data obtained would provide an important resource for the 

benefite of future work on parasite molecular genetics. 

YAC filters and chromosomal YAC pools could be screened with PCR primers supplied by 

individual laboratories. Once positive YAC's have been identified and the above work performed, data 

could be distributed to (a) the original research group and (b) a Malaria Genome Database. Information 

would be disseminated in the form of (i) accurate chromosomal assignments, (ii) map locations in kb, 

(iii) proximity to known STS markers, (iv) as a complete physical map of the region (v) PCR primer 

sequence information and amplification conditions and (vi) as YAC DNA preps in liquid form and as 

intact chromosomal agarose blocks. Such information would be supplied to the original researchers and, 

with their permission, to any other group of interest. 

The work carried out here describes the isolation and mapping of chromosome 6 specific 

YAC' s by a primary screen with chromosome 6 specific markers, construction of end- clone STS 

markers and their subsequent use in level one and level two library screens. However, before the 

application of the information generated can be discussed, limitations must first be mentioned. 
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7.2. Limitations of the P. fakiparum Genome Project. 

In the course of this study, YAC contigs were extended by constructing STS markers from the 

ends of each YAC and using such markers in a second round library screen, in essence, an End- Clone 

Specific approach (see chapter 1). However, such an approach is laborious, time consuming, not 

completely successful and results in contig extension, one YAC at a time. A more efficient strategy for 

the P. falciparum genome project would be the application of an STS content approach. As discussed, 

such an approach was adopted for the map of chromosome 2, in which all available markers were used 

in a level one screen and any resulting gaps, identified by an absence of PCR signals, were covered by an 

end rescue approach. However such a strategy cannot work for the less well characterised chromosomes, 

for example 6 and 12. An STS content approach involves screening the library with multiple specific 

STS markers, and identifying overlapping YAC's on the basis of their common information content. For 

such an approach to be informative (i) the library needs to be large enough to produce multiple YAC's 

per marker and of a high quality so that there are few anomalies per YAC, and (ii) there must be 

multiple specific markers for which PCR data exists. 

There are several methods by which multiple markers can be constructed. Firstly, intact 

chromosomes can be resolved on a Pulsed field Gel, excised and subcloned either into plasmids or M13 

for sequencing. However, a problem is the contamination of the desired chromosomal band with DNA 

from other chromosomes or with digestion products due to poor sample preparation. Alternatively, the 

YAC itself could be subcloned, which would increase marker saturation of a defined area and facilitate 

isolation of multiple YAC' s for that area. However, the insert DNA must be known to be completely 

contiguous with the genomic copy for this strategy to be efficient. In addition, chromosome specific 

YAC libraries could be constructed, which would lend itself to an end clone specific map strategy, as the 

library is enriched for the chromosome of interest and thus fewer clones would have to be screened. 

An alternative and biologically more informative approach would be to utilise the Expressed 

Sequence Tag resource being developed at the Department for Infectious Diseases, Florida for library 

screening (Chakrabati et al., 1994). An EST can serve the same purpose as a random genomic STS and 

is simply a segment of a cDNA clone corresponding to an mRNA. This has the advantage that the 

marker identifies an expressed gene (Adams et al., 1991). EST markers have been constructed for 

human (Adams et al., 1991) and C. elegans genomes (McCombie et a!, 1992), and have been used to 

map new genes to YAC's. To date, 673 EST markers have been created for P. falciparum as a Mung 

Bean Nuclease library, corresponding to 215 kb of sequence data and identifying 51 novel genes (Reddy 

et al., 1993). In addition 550 random cDNA clones have been sequenced generating 389 EST markers 

(Chakrabati et al., 1994). Analysis of the Mung Bean Nuclease library has identified genes from the 

erythrocytic, exo- erythrocytic and sexual stages of parasite development and has led to the cloning and 

characterisation of a P. falciparum aspartic proteinase (Dame et al.,1994). The library constructed by 
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this approach will facilitate access to genes from all stages of development, rather than tagging gene 

expression from specific stages represented by cDNA libraries. This "whole genome" strategy would be 

an essential requirement for constructing a database for gene expression with which to investigate the 

biology of the parasite. If these markers can be assigned to a chromosome, then this would in essence be 

a resource of over 400 expressed gene markers which would facilitate an STS content approach to 

mapping of the P. falciparum genome, in addition to a concomitant investigation of gene clustering and 

genome organisation. The EST resource would also drastically reduce the number of end- clone rescue 

steps needed to close contigs. Such a valuable resource should not be ignored by the Genome 

Consortium. 

In addition, the present library constructed for genome analysis is limited in that telomeric and 

subtelomeric sequences are underrepresented. In order to ensure complete chromosomal coverage and 

gene representation, a telomere specific library would need to be constructed. Such libraries can be 

constructed in YAC vectors with a single arm containing CEN, ARS, TEL, URA and TRP sequences, 

with the second functional telomere provided by the cloned DNA sequence. 

Another problem for the genome project is the lack of information management resources. 

Physical data will be generated in the form of restriction maps, RFLP's, STS content maps and EST 

expression maps. As EST's and STS's become submitted to the Malaria Genome Database, there must 

be some way to allow researchers to visually co- ordinate all data sets and so compare all map data 

simultaneously. The Human Genome Organisation has developed a graphical user interface program, 

Chromoscope, which is a networked client- server application linking GenBank, Medline and other 

databases which allows visualisation and retrieval of map data derived from different techniques. 

Chromosome maps can be aligned and common markers oriented (Boguski and Schuler, 1995). Such a 

resource would be useful for ordering Plasmodium gene clusters onto specific restriction fragments. In 

addition, information access necessitates the installation of a World Wide Web homepage, where each 

chromosome could be assigned a different site, with maps being constantly refined and updated. As 

more and more gene based markers accrue, homology information and links to scientific literature will 

greatly amplify the value of these markers. 

In the course of this study, two artificial chromosomes containing the histone 2A locus were 

identified. Detailed physical mapping using probes specific to the left and right vector arms have shown 

that while the internal map data is reasonably consistent and positions have been assigned for the STS, 

the YAC' s cannot be arranged into overlaps. This is due to the presence in one YAC of an XhoI site 

approximately 10 kb from the suspected location of the gene. This evidence suggests that one or both 

YAC inserts contain noncontiguous DNA resulting from either a co-cloning or deletion event. 

Correlation with the genomic copy is problematic because the size of restriction fragments produced in a 

genomic digest will differ depending upon the proximity of sites in the genome outside the region cloned 

in the YAC. The simplest way to confirm which YAC is chimeric is to isolate further YAC's and map 
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each insert. In addition, I observed YAC instability, visualised as bands of decreasing size after a YAC 

Pulsed field gel was Southern blotted and probed with YAC specific sequences (data not shown). In each 

case, the deletion event resulted in a second band slightly smaller than the parent YAC. As discussed, 

such anomalies can be the result of either (i) coligation of DNA during the digestion/ ligation step of the 

transformation protocol or (ii) recombination between repetitive elements mediated by the yeast host cell 

recombination apparatus (Green et al., 1991). Studies on the P. falciparum genome have indicated few 

dispersed repetitive elements (Weber et al., 1988a; Weber et al., 1988b) and preliminary assessments of 

YAC libraries and published maps show little evidence of chimerism. However a recent study has 

pointed to the transformation procedure itself as a possible source for chimera formation, by inducing 

recombination between two co- penetrating YAC's sharing a region of homology (Larionov et al., 

1994). In addition to the well documented chimera frequencies of the human YAC libraries, chimera 

frequencies of approximately 5% for C. elegans (Coulson et al., 1991), 20% for Arabidopsis (Schmidt 

and Dean, 1993) and 5% for Schistosomes (Tanaka et al., 1995) YAC libraries indicate that even when 

the degree of dispersed repetitive elements is comparatively low (4 - 6% of the total genome in 

Schistosomes- Simpson et al., 1982), YAC anomalies are still observed. This means that each YAC 

isolated will have to be extensively mapped for deletions or chimeras by either (i) extensive physical 

mapping of the insert or (ii) employing a detailed STS- content based approach to mapping. Published 

physical maps for chromosomes 2 (Lanzer et al., 1993) and 4 (Rubio et al., 1994) should be re-

examined in view of the anomalies observed in the HB3 library, which was constructed by a more 

advanced method than that used for the the FCR3 library used in map construction (De Bruin et al., 

1992). 

If such anomalies are common, it may be necessary to investigate second generation library 

construction strategies. One option would be to construct YAC libraries with lower chimera frequencies. 

As discussed, such libraries could be constructed from (i) radii rad52 host strains or (ii) from defined 

DNA sources such as isolated chromosomes. In view of the laborious nature of YAC library 

construction, screening, clone manipulation, and time already spent on the project, such an approach 

would be impractical. An alternative would be to utilise the recently developed Bacterial Artificial 

Chromosome (BAC) vector. Libraries constructed in such vectors could enhance existing VAC libraries 

if unclonable gaps become apparent. BAC's are a modification of plasmids containing the bacterial F 

factor (O'Connor et al., 1989). F plasmids are maintained in low copy number in the bacterial cell, 

which reduces opportunities for recombination and in addition can maintain fragments up to 1 Mb. The 

F factor operori contains genes which regulate plasmid replication (oriS and repE) and control copy 

number (parA and parB). The BAC vector contains these genes as well as antibiotic resistance markers 

for selection. The advantages of the BAC system are: (i) very high transformation efficiencies using 

conventional methods (e.g. electroporation); (ii) stable maintenance of eukaryotic DNA of up to 300 kb; 

(iii) very low frequency of co-cloning compared to the YAC system and (iv) no incidences of 
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coiransformation, as parA and parB are involved in the exclusion of extraneous F factors (Shizuya et al., 

1992). Such a system would include its own control of cocloning, based onthe transformation model 

(Larionov et al., 1994). Another main advantage is the BAC vector lends itself to standard plasmid and 

bacterial manipulations (Woo et al., 1994). BAC' s have already been used to construct specific libraries 

for human chromosome 2 (Wang et al., 1994) and chromosome 22 specific BAC's (Kim et al., 1994). 

7.3. Applications of the P. falciparum Genome Project. 

At a first glance, the major application of the Genome Project would be in the mapping and 

characterisation of novel genes. New gene sequences could be quickly mapped, streamlining the 

production of information. In addition, the maps and marker data produced could facilitate the search 

for new genes. Fine structure genetic mapping of chromosomes should often reveal not only the presence 

of novel genes, but possibly the target sequence itself. Such positional cloning can not only result in the 

identification of the genetic and/ or biochemical trait under study, but also results in an increased marker 

saturation for that area. However, such limited applications would mean that the project is under-

exploited. The extensive sequence and map information generated could allow some of the more 

complex questions about the genome of P. falciparum to be answered. 

7.3.1. Genome Organisation. 

Little is known about the complete organisation of genetic information within the P. falciparum 

genome. As discussed, stages at which individual genes have been expressed have been investigated in 

detail. However little is known about such expression patterns within a chromosomal context. From the 

YAC map of chromosome 2 (Lanzer et al., 1993), it was shown that the chromosome is arranged into a 

transcriptionally active central domain and silent subtelomeric domains. The Knob Associated Histidine 

Rich protein (KAI{RP - Triglia et al., 1987) and a membrane protein PfEMP3 were known to 

demonstrate co- ordinated transcription and translation (Pasloske et al., 1994). Transcriptional mapping 

of chromosome 2 YAC's showed a telomere proximal gene cluster of KAHRP flanked by PfEMP3 and 

GLARP. Analysis of YAC's with cDNA probes derived from poly(A) mRNA demonstrated that the 

genes were co- ordinately expressed in the blood stage and were transcribed monocistronically (Lanzer 

et al., 1994). This implies that the intergenic regions of these genes must contain the minimal necessary 

elements for transcription initiation and termination. However, there may be common regulators (e.g. 

silencers or enhancers) which could control developmental regulation of the entire gene cluster. Such 

investigations could now be performed with the recently developed transfection system. Investigations 

into co- ordinate regulation of gene transcription and clustering of expressed genes could be performed 

for the entire genome in YAC contigs when they are completed for all chromosomes. 
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7.3.2. Gene Families. 

Little is also known about the arrangement of genes into gene families. The 5.8s rRNA gene is 

divided into at least five classes on different chromosomes (Shippen- Lentz et al., 1990b) and five 

members of the heat shock gene family of proteins have been discovered, all located on different 

chromosomes (Sharma, 1992). In addition, the tubulin gene family has had several members cloned, 

with individual genes showing both constitutive and developmental regulation of gene expression 

(Delves et al., 1990). No investigation has been performed as to the mechanisms of co- ordinate 

regulation of expression. Recently a multigene family comprising over 140 members of an expressed 

blood stage antigen has been identified (Carcy et al., 1994). The gene is a homologue of the Babesia 

multigene family encoding the 60 KDa apical RAP1 antigen, deduced by the presence of a consensus 

amino acid motif. Such a family is similar to the large gene repertoire used to generate antigenic 

diversity in African trypanosomes (Borst, 1991). Completed YAC contigs of all different chromosomes 

would allow such gene family members to be mapped, subcloned and sequenced and the transfection 

system could be used to investigate how such genes are co- ordinately regulated by identifying potential 

regulatory elements. New gene families could also be quickly identified and mapped. Such widely spread 

genes may however act as sites for chimera formation, depending upon the degree of homology of 

individual family members. 

7.33. Gene Transcription 

Little information is available for sequences which regulate gene transcription. Given the 

extreme A+T base composition of the P. falcipar:tm genome in the intergenic regions of the genome 

(90%), sequences resembling classical TATA transcription initiation motifs (consensus TATA 'JT A) 

may be very abundant upstream of the coding region of both constitutive and developmentally expressed 

genes (Delves et al., 1990) It is difficult to see how the Plasmodium transcriptional apparatus could 

differentiate between classical TATA sequences representing initiation domains and those arising due to 

base composition. It may be that transcription initiation differs in P. falciparum compared to other 

eukaryotes. A gene encoding a TATA binding protein required for RNA Polymerase II initiation has 

been cloned (McAndrew et al., 1993), which reveals a highly divergent primary amino acid sequence 

compared with TBP proteins from other organisms. However, key domains important for protein 

function are retained. Such differences may be due to the extreme genome composition of the parasite. 

The cloning of genes from YAC' s as intact copies containing flanking regulatory elements, coupled with 

the application of the transfection system, would facilitate investigations into gene regulation. If a 

transcriptional map is obtained, then the upstream sequences of genes expressed at different 

developmental stages could be compared, and stage specific initiation sequences identified. In addition, 

subcloning and transfection of gene clusters on YAC's could facilitate investigation of elements involved 

in global gene regulation. 
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All of the above questions could be addressed by the construction of detailed EST- based 

physical and transcriptional maps of each chromosomal YAC contig. Once all EST's representing the 

total genetic complement of the organism are positioned on a final YAC map, sequential hybridisation 

of northern filters will determine when a particular gene is expressed during the life cycle. Such 

information may not only reveal the presence of gene clusters, but also the arrangement of such clusters 

into co- ordinately regulated sets of mono- or polycistronic expression units. A possible method for 

performing such large scale Northern analyses would be to use chemiluminescent probes. Individual 

EST's could be tagged with different probes which fluoresce under a particular UV wavelength. RNA 

filters could then be probed with multiple probes, and each could be tested for hybridisation by altering 

the UV wavelength. As will be discussed, the information may also help to elucidate the possible 

evolution of the parasite. 

73.4. Recombination. 

Data generated can also be used to investigate chromosome rearrangement and recombination. 

HB3 was shown to lack a subtelomeric region of chromosome 13 normally containing the histidine rich 

protein PfI{RPIII gene. This domain in HB3 was found to be deleted by a duplicative interchromosomal 

transposition event involving 100 - 200 kb of subtelomeric DNA from chromosome 11, resulting in a 

duplication of RESA- 2 and P1332, The inheritance of this duplication was followed by analysis of the 

progeny of a cross performed between HB3 and Dd2 (Wellems et al., 1990). Three of the fourteen 

progeny analysed showed a transposition event from chromosome 11 to 13, indicating a relatively high 

rate of recombination between subtelomeric regions (Hinterberg et al., 1994), Because YAC libraries 

now exist for HB3 and 3D7, such an event can now be followed in the progeny of this cross (Walliker et 

al., 1987) to see how the recombination frequency compares. In addition if polymorphic markers are 

obtained, then the breakpoint can be cloned and sequenced by comparing detailed STS/ EST- based 

YAC maps of chromosome 13 in HB3 and 3137, As YAC libraries exist for all parental strains used to 

carry out both genetic crosses which have been performed to date, the number of putative polymorphic 

markers that can be constructed can be used to provide detailed information concerning the conservation 

of linkage groups within the recombinant progeny as well as frequencies of recombination within a 

chromosome. Such information may indicate which gene linkages are highly conserved and may thus be 

important for the parasite, and may lead to the cloning and characterisation of recombinational "hot-

spots". Detailed recombination maps could also be used to determine wether recombinant progeny have 

arisen due to independent assortment or by strand exchange at meiosis. 

7.3.5. Evolution of P. falciparum. 

Studies on the molecular evolution of the parasite have determined two basic rationales. Firstly, 

analysis of small subunit rRNA (SSU rRNA) gene sequences indicate that P. falciparum is a relatively 
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recent addition to the human population, although opinion is divided as to whether the parasite is 

derived from avian or primate stock (Waters et al., 1991; Escalante et al., 1994). Secondly evidence is 

accumulating for the inheritance of the extrachromosomal elements of P. falciparum from a plastid 

ancestor. Investigations of the 35 kb extrachromosomal element revealed the presence of an rpoB gene 

related to plastid not eubacterial genes (Gardner et al., 1994b), and a 470 amino acid ORF was 

identified which demonstrated 50% identity with the genome of the red algae Antithamnion (Williamson 

et al., 1994). In addition, analysis of the putative 6 kb mitochondrial genome of P. falciparum has 

shown that the rRNA genes are fragmented and interspersed with other protein genes, characteristic of 

the green algae Chiamydomonas reinhardtii (Feagin, 1992). Analysis of the nuclear genome 

demonstrated that the Hsp90 gene was more closely related to plants than to vertebrates or other parasite 

Hsp90's (Bonnefoy et al., 1994). Studies on the P. falciparum glycolytic pathway revealed an enolase 

gene containing a pentapeptide insertion sequence EWGWS located in a domain conserved with plants, 

which have a similar motif EWGWC. Such homology may only be observable because of the extreme 

antiquity of the glycolytic pathway (Read et al., 1994).Such nuclear homologies may have resulted from 

transposition events in the evoutionary history of the parasite. If a complete detailed EST map of the P. 

falciparum genome is constructed, then new genes may be identified whose conservation and consensus 

motifs refine and expound the theories of Plasmodium evolution. In addition, if complete transcriptional 

maps become available for each chromosome, the arrangement of stage specific gene transcripts per 

chromosome can give an indication as to wether in the past a chromosome was expressing purely sexual 

or asexual genes. In order for the malaria parasite to have evolved a biphasic life cycle, one possible 

explanation is that the organism results from the fusion of two ancestors, one vector borne, the other 

host borne. If one chromosome appears to be predominantly contain sexual or asexual genes, even 

though recombination events during evolution may have shuffled genes between chromosome, then such 

genes and gene organisation may provide evidence for such a fusion event having occurred. 

7.4 Conclusion. 

The P. falciparum Genoine Project is a means to not only streamline the mapping and 

investigation of novel genes, but to also investigate some of the fundamental questions of the malaria 

genome. However, in order to address these problems, the fundamental limitations of the project need to 

be considered. All YAC's must be screened for chimeras and instabilities, library construction protocols 

refined and more markers made available for screening. Once these problems are overcome, the 

technology will be available for a more detailed molecular analysis of this important human pathogen. 
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This is The End. 
My only friend.... 

The End. 

Jim Morrison. 
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