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Foreword

This book provides the record of a workshop on "Genome Analysis of Protozoan Paras
held at the International Laboratory for Research on Animal Diseases (ILRAD), Nair
Kenya. This workshop was one of a series of meetings that ILRAD holds on aregular k
to provide guidance, focus and planning for various research activities within the Institt
three program areas, namely Tick-Borne Diseases, Trypanosomiasis and Socioecol
and Epidemiology.

ILRAD’s mandate is to provide improved control methods for the economically import.
livestock diseases in developing countries, particularly Africa. Two main disease syndro
theileriosis and trypanosomiasis, caused by the parasitic protozoa of thelgpeilesiaand
Trypanosomaespectively, are the major causes of morbidity and mortality in cattle and ot
small ruminants. Thus, they contribute significantly towards restricting agricultural deve
mentin Africa and other parts of the tropics. ILRAD initially undertook to improve the cont
of these diseases through gaining a better understanding of their epidemiology ar
developing novel subunit vaccines. It aims to accomplish this primarily by focusing rese
on the immunological and molecular aspects of theileriosis and trypanosomiasis. Resea
parasite genome analysis, which includes a range of activities from gene cloning to ph
mapping, forms an integral part of the basic research conducted at ILRAD and this has
significant contribution in the fields of theileriosis and trypanosomiasis. For example
trypanosomiasis research, the molecular karyotypes of the impditgrdnosomaspecies
have been generated, DNA probes have been produced for accurate differentiation of s
and transfection techniques have been exploited to investigate the genetic basis of
resistance. In theileriosis research, a complete macro-restriction mapTlofgtheragenome
has been constructed, important genes of the parasite have been located on various cl
somes, sexual recombination has been identified as one cause of diversity in parasite p
tions and a large number of markers has been generated to identify and differentiate vz
Theileriaspecies. These studies have enhanced our knowledge of the different epidemiolc
patterns of the disease and contributed towards better understanding of parasite g
composition, parasite behaviour and the interaction of parasites with their hosts. Sil
advances have been made in other laboratories studying parasitic protozoa Blasnas
dium, Toxoplasmand Leishmania.Given ILRAD’s goal-oriented research, the financia
constraints it faces and a change in its research program to project-based research,
considered timely to hold this meeting with a view to focusing the laboratory’s resee
towards generating outputs that will have practical applications in controlling these impol
livestock diseases. Thus, ILRAD invited nine scientists from Europe and the USA \
expertise in various aspects of eukaryotic genome analysis to participate in this work:
The workshop aimed to do the following.

* Review the current state of some of the major genome programs in the world.

* Review recent developments in the genome analysis of the important protozoan |
sites such akeishmania, Toxoplasma, Trypanosoarad Theileria.



* Review major technological advancements contributing towards eukaryotic gen
analysis.

* |dentify major applications of the knowledge gained from the genome analysis proj
* |dentify ILRAD’s needs forfTheileriaand Trypanosomaenome analysis.

e Explore possibilities of collaboration with an international group of scientists involy
in genome analysis projects.

This book contains all the formal presentations and summaries of discussions ir
sessions held over a three-day period and a set of recommendations made by the
The meeting achieved all its goals. The recommendations made by the group will pr
guidelines for setting ILRAD'’s research priorities in genome analysis.

| would like to thank the members of the organizing committee for this workshop, I
P. Majiwa and N. Murphy, for their help in formulating the program; Dr. A. Teale for t
support in keeping ILRAD’s needs sharply in focus during the meeting; the invi
participants for keeping the discussions open and interactive; and ILRAD staff menr
who contributed as presenters and rapporteurs.

The workshop would not have been possible without the support of the Cooper
Programs, Training and Information Department. My particular thanks go to Dr. Rob |
and Mr. Kepher Nguli for their help and assistance in organizing the workshop. | am
grateful to Ms. Susan MacMillan for editing the summaries of discussion, Mr. D:
Elsworth for redrawing the illustrations in Prof. C.L. Smith’s paper and Mr. Peter Werel
for proofreading the text and typsetting the book.

Subhash Morzaria

International Laboratory

for Research on Animal Disease!
Nairobi, July 1993



Opening address

A.R. Gray
Director General, ILRAD, Nairobi, Kenya

Good morning ladies and gentlemen. | warmly welcome you all to the Internatio
Laboratory for Research on Animal Diseases (ILRAD) as we convene this workshoj
Genome Analysis of Protozoan Parasites. | note that most of the invited speaker:
visiting the institute for the first time. | assure you that we will do our best to make yc
stay pleasant and comfortable. | hope that while you are here you will take the opportt
to meet as many ILRAD scientists as possible, visit our research facilities and learn
about the various research activities conducted here.

I would like to say a few words about the institute and its goals for the benefit of the
visiting us for the first time. ILRAD was founded in 1973 and is one of several institu
supported by the Consultative Group on International Agricultural Research. The inst
is charged with the responsibility of providing improved methods for the control
livestock diseases adversely affecting food production in developing countries. For the
15 years ILRAD has concentrated its research on various forms of animal Afri
trypanosomiasis and East Coast fever of cattle caused by the tick-transmitted protc
parasiteTheileria parva.These diseases, together with other tick-borne diseases, suc
anaplasmosis, babesiosis and cowdriosis, still constitute a major threat to lives
development in Africa.

ILRAD recently introduced a project-based research management structure. One c
ways the Laboratory ensures the relevance of projects within the research programs
holding small scientific workshops to discuss specific areas of research. These works
enable ILRAD scientists to consult with scientists internationally recognized for tr
expertise in specialized areas. Discussions resulting from such interactions help |
formulate long- and short-term objectives that keep the institute’s research focuse
important problems related to improving control of animal diseases.

ILRAD is involved in various aspects of genome analysigofpanosomandTheil-
eria.In the future, we might also be interested in analyzing the genomes of other tick-b
protozoa of veterinary importance. ILRAD needs to understand the global perspectiv
genome analysis in higher and lower eukaryotes and become up-to-date in the |
developments in the field of parasite genome analysis. Because some confusion
about what constitutes genome analysis, there is a need to define this broad field
precisely, to break down the various aspects of genome analysis and to pick out the sp
areas in which ILRAD must become involved in order to achieve its goals. We have n
a major commitment in the bovine genome program to identify the genetic factors
underly the trypanotolerance trait which might eventually allow us to exploit the kno
edge to produce cattle resistant to the severe effects of trypanosome infection. ILRA
also producing genetic crosses from defined breeds of cattle as a resource for s¢



collaborating international laboratories, and is also generating DNA-based markers fc
trypanotolerance trait. A question we hope discussions at this workshop will help to an
is whether ILRAD should use similar approaches in its analyses of parasite and b
genomes, given the differences in complexities of the parasites and host. | hope yoi
enlighten us on your research goals in work in related areas since we need to id¢
research groups with common interests to initiate collaborative research in the pr
climate of dwindling resources.

I note from the program that there is ample opportunity and scope to discuss the sp
objectives outlined for the workshop. | urge the session chairpersons and rapportel
lead structured discussions and to produce concise summaries of all the discussi
expect that the workshop, with help from the invited speakers, will produce a se
recommendations that may form the basis for program development and further res
in this area. | am pleased to open this workshop. Before | hand over to the chairman «
first session, | thank the visitors for finding time from their busy schedules to attend
meeting.



MAJOR MAPPING PROJECTS




Physical strategies for the molecular
dissection of genomes

C.L. Smith, R. Oliva, D. Wang, D. Grothues and S. Lawrance

Molecular studies were, in the past, confined to organisms with well developed genetic
systems. Recently a number of physical methods have been developed that allow the dissectic
of essentially all genomes. These methods focus on characterizing the genome using a to
down approach. A top down approach involves 1) the identification of number and size of
chromosomes, 2) the creation of low resolution genomic restriction maps, 3) the creation of
high resolution restriction maps and overlapping genomic libraries and eventually 4) the
sequencing of the entire genome. This approach allows the organization of genes to be analyze
as they are placed on the physical maps. The physical characterization of new genomes shou
aid the development of other necessary techniques for genome manipurtation.

INTRODUCTION

Traditional studies in molecular biology, anchored in genetics, have focused on a s
number of organisms (e.gscherichia coli, Mus musculugecause of the synergy
generated by their well developed genetics, extensive phenotypic characterization, ar
availability of effective analytical tools. The development of techniques for physi
analysis of DNA, including recombinant DNA techniques, extended the utility of many
the techniques developed in model systems to other organisms lacking genetic sys
In particular, the development of pulsed-field gel electrophoresis (PFGE) (Scretaitz
1983; Schwartz and Cantor, 1984) and ancillary physical techniques for manipulating |
DNA molecules (e.g. Smith and Cantor, 1987; Snethal., 1986, 1987a, 1988, 1992)
irrevocably changed the focus of genome studies from model systems to a wide varie
organisms. For instance, before the development of these techniques, for many orgar
there was no simple and reliable method for determining the size and number of chre
somes nor any fractionation technique that allowed their purification. In one of the f
applications of these techniques, physical characterization ofrfanosomehromo-
somes led to an understanding of how the variable surface glycoprotein was contr
(van der Ploeget al., 1984). The power of PFGE combined with DNA sequencing, tt
polymerase chain reaction (PCR) (Sa#i al., 1985) and restriction fragment length
polymorphism analysis (Botsteiat al., 1980) prompted the realization that physice
studies would even allow the dissection of complex genomes, including thidbio
sapiens.

The first step in a physical approach to genome analysis requires the constructic
genomic restriction maps which provide an overview of the genome. Subsequent
struction of libraries of overlapping clones allows immediate access to any part of gen
and sets the stage for eventual complete DNA sequencing. Here, we focus on the first
in the physical analysis of genomes.



The first complete, low-resolution genomic restriction magestherichia coli(Smith
et al.,1987a) was soon followed by complete genomic restriction maps for several ¢
small genomes ranging in size from 1 to 15 Mb and a number of large regions of con
genomes (e.g. Lawrane al.,1987; Kohareet al.,1987). Although the first overlapping
genomic library forE. coliwas completed at about the same time as the first genomic n
only a small number of complete libraries has subsequently been reported. This re
the relative ease of constructing genomic restriction maps as compared to the difficL
constructing overlapping genomic libraries. Recently, sets of overlapping clones spat
the euchromatic region of the Y chromosome (Foetal., 1992) and the short arm of
chromosome 21 (Chumakaet al.,1992) have been reported.

Strategies for generating genomic restriction maps can be divided into top down, m
directed approaches, and bottom up, mostly random approaches (Figure 1). Top
approaches are hard to automate but lead to complete maps. Although the first end pi
of atop down approach is a complete map on paper, no cloned DNA is generated. How
such maps can be of great value in constructing libraries of chromosomes or sp
chromosomal regions. Alternatively, bottom up strategies use clone fingerprints to d
overlaps between clones and to reconstruct the original genomic structure. Bottor
random strategies are easy to automate, but difficult, if notimpossible, to use by thems
to complete a map.

TOP DOWN APPROACHES

Top down approaches divide the genome into segments that are analyzed indepen:
For instance, the natural division of a genome into a number of chromosomes can p!
the first step in a top down approach. The conventional construction of chromoso
low-resolution, restriction maps (Figure 1A) involves specific fragmentation of chror
somes (or regions of chromosomes) into large restriction fragments which are fractiol
by PFGE, and ordered by hybridization experiments using single copy probes that
been regionally assigned and/or partially ordered using one of a number of techniqt

DNA SOURCE

The first decision in any mapping experiment is the source of DNA to be used. M
experimental organisms have a readily identifiable progenitor or a genetically or mol
larly well-characterized isolate that is widely used or known. Sometimes choices are |
on the basis of convenience or some unusual aspect of a particular species. For ins
a particular cell line or isolate may be easy to grow and readily available.

Cell lines from higher eukaryotes may differ froim situ tissue cells as a result of
somatic or epigenetic changes, or as a result of immortalization. Frequently, cell lin
culture have a variable ploidy. DNA methylation is reported to drift in tissue cultu
especially with lymphoblastoid lines (Shmookler and Goldstein, 1982; Silva and Wt
1988). Thus, tissue samples (e.g. blood and sperm) are a valuable source of DNA fc
construction. Sperm samples are particularly useful because they represent gerr
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Figure 1. Two basic genomic mappingstrategies. Top down approahes (A) producecomplete low resoluton restriction maps.Bottom up

approaches (B) produce high resoluion restiction maps and overlapping libraries.



chromosomes whose essential features must be conserved. All other samples ha
potential to contain developmental changes involving chromosomal DNA rearrangem

Interpretation of hybridization experiments using DNA from diploid cells may |
difficult. Detection of a single band in a complete restriction enzyme digest of DNA fr
a diploid cell with a single copy genomic probe is simple to interpret. Sometimes sil
copy probes will detect different bands in different cell lines or multiple bands in the s:
cell line. Multiple bands may be indicative of methylation at a nearby restriction enzy
site, or may represent true megabase polymorphisms, e.g. a restriction enzym
polymorphism or a megabase fragment size variation. If two bands of equal intensit
detected, then it is likely the two homologous chromosomes are different. In some ¢
such differences can seriously complicate the interpretation of experimental results. T
problems may be avoided in several ways. For instance, human-rodent hybrid cell
containing one or a few human chromosomes can be used as sources of haploid D
it is unlikely that such cells would have two different copies of any one human chro
some. Another way around this problem is to use human cell lines that are homozy
or hemizygous for a particular chromosome as was done to analyze the HLA regio
chromosome 6 (Lawrancat al., 1986, 1987).

PURIFICATION AND MANIPULATION OF DNA

Purification of genomic DNA in agarose is necessary to prevent shear damage.
procedures are simple and have been applied to a large humber of organisms. A |
summary of the protocols and their applications can be found in Sahigh (1993) and
Burmeister and Ulanovsky (1992).

Purified DNA must be cleaved with an appropriate restriction enzyme. In a top d
mapping approach, it is most convenient to start mapping with enzymes that cut L
infrequently, so that few fragments need to be ordered. Generally, GC content, or
correctly dinucleotide content of a genome, are good but not totally reliable predicto|
fragment sizes produced with a particular enzyme. This is because genomic DN/
gquences are not distributed randomly in nature. For instance, the most infrequ
occurring restriction sites iB. coliare those that contain the stop codon UAG (Smith a
Condemine, 1990). In higher eukaryotes the dinucleotide sequence, CpG, occurs 80
than it would in a random sequence of the same GC content and usually the cytos
modified to 5-methyl cytosine (5-MC). The most common spontaneous damage to C
deamination, converts 5-MC to thymine and cytosine to uracil. DNA repair systemsren
uracil from DNA (thus restoring the original GC base pair) but restore the original b
pair at T-G mismatches only part of the time (Brown and Jiricny, 1987). This lead
genomes rich in TpG dinucleotide, but deficient in CpG sequences. The CpG dinucle
is clustered in hypomethylated CpG-rich islands present at the 5’ region of many g
(Bird, 1986, 1987; Antequera and Bird, 1988). Nearly all restriction enzymes wr
generate large fragments from the human genome have at least one CpG dinucleo
their recognition sequence. Cleavage by many of these restriction enzymes is inhibit
cytosine methylation. This means that these enzymes will tend to cut chromosomal |
at the 5’ region of the genes; thus genes will be frequently located at the ends of



restriction fragments. Consequently the low-resolution restriction maps will often as
in locating genes.

Potentially useful enzymes are summarized in Table 1. Surprisingly, the restric
enzymes which appear to produce the largest (~1 Mb) DNA fragments from the hu
genome ar&lotl, Mlul and SgrA (Table 1). When none of the obvious choices produce

Table 1. Restriction enzymes that produce megabase fragments.

Recognition Enzyme site (80

Enzymes with >6 bp recognition site

Pad TTAAT/TAA
Pmd GTTT/AAAC
Swd ATTT/AAAT
Sse8388817 CCTGCA/GG
Enzymes >6 bp recognition and cut in CpG islands
Rsil (Csp") CG/GWCCG
SgrA CRICCGGYG
Notl GC/GGCCGC
Srfl GCCC/GGGC
Fsd GGCCGGCC
Sil GGCCNNNN/NGGCC
Asd GG/CGCGCC
Enzymes that cut in CpG islands

Mlul A/ICGCGT
Sal G/TCGAC
Nrul TCGI/ICGA
BssHI G/CGCGC
Sadl CCGC/GG
Ead (EcIXI™, Xmadll) C/GGCCG
Narl GG/CGCC
Smd CCC/GGG
Xhd C/ITCGAG
Pvu CGAT/CG
Apd GGGCC/C
Enzymes with TAG in their recognition sequence
Avrll (BIn1™) CICTAGG
Nhe GICTAGC
Xba T/ICTAGA
Spé AICTAGT
Nhée GICTAGC
Other useful enzymes

Dral TTT/AAA

Ssp AAT/ATT

*Indicates preferred isoschizomer



manageable number of fragments, testing a battery of “ordinary’ enzymes can reve
usefulness of a particular enzyme.

PULSED-FIELD GEL ELECTROPHORESIS

Once genomic DNA purified in agarose has been cleaved with a restriction enzym
results need to be analyzed by PFGE. Pulsed-field gel electrophoresis separates
molecules on the basis of size (for recent reviews see Canlr, 1988; Burmeister and
Ulanovsky, 1992). The largest known molecule fractionated with this technique is
largestSchizosaccharomyces pomtleromosome, which is 5.7 Mb in size (Fan al.,
1988, 1991). Although DNA molecules greater than 5.7 Mb in size can be fractionat:
PFGE (Orbachet al., 1988; Cole and Williams, 1988; Coet al., 1990), it is most
convenient to analyze DNA molecules that can be properly compared to size standarc
hence are less than 5.7 Mb in size.

In conventional electrophoresis using agarose or acrylamide, DNA molecules s
than 20 kb are fractionated by size because they are sieved as they move. Molecules
than 20 kb cannot be fractionated because they move through agarose at the same c
speed. Pulsed-field gel electrophoresis separates DNA by size because the ability o
molecules to change direction in the gel is size-dependent; larger molecules take I
to change direction than smaller molecules. DNA molecules are forced to change dire
by exposure to alternating electrical fields. The time each field is on is called the p
time. The pulse time is the major variable that must be adjusted in a PFGE experime
pulse time must be chosen such that the size class of interest spends most of the pul:
changing direction, and very little of the pulse time actually moving through the gel
this way, the majority of the pulse time is spent in a size-dependent movement rathe
a size-independent movement. Hence, PFGE fractionation is based on reorientatio
retardation, which explains the requirement for long run times. Different PFGE condit
will open different fractionation windows. Factors other than pulse time that influence
speed at which DNA molecules change direction and move can significantly affect
fractionation window. These include agarose concentration, temperature, buffer con
tion, field strength and the angle through which molecules are forced to change direc
These variables should be carefully controlled in order to ensure reproducibility.

There have been a large number of PFGE apparatus that have been developed. Tt
popular instruments appear to be the Chef Mapper (Biorad) and the Pulsphor (Pharn
LKB). All of the PFGE instruments work on the same principle. The basic difference
these instruments is the angle between the fields and whether the fields are homoge
or not. Theoretically the same experiment done on different instruments should lead
same results. This may not be obvious. Experiments carried out using different P
instruments may have hidden variations in other parameters (outlined above) that inflt
DNA movement.

DNA fractionation by PFGE is usually carried out using 1% agarose gels, 15 °C
high field strengths of 10 V/cm. Pulse times of 25 or 100 sec fractionate molecule
to 0.5 or 1 Mb, respectively. The best separations of molecules above 1 Mb in size
at lower field strengths (e.g. 3 V/cm) and a small number of directional changes.



instance, th&. pombehromosomes are slowly fractionated in six days using 3600 ¢
pulse times at5 V/cm and 8 °C. This means that these DNA molecules have only cha
direction about 150 times, compared to approximately 500 directional changes us
fractionate molecules less than 1 Mb in size. This slow and limited movement is ne¢
to prevent shear damage to these very large DNA molecules during electrophores
fact, at 10 V/cm, molecules even smaller than 1 Mb experience some, but accept
shear damage.

Annealed\ DNA provides a convenient and accurate ladder of multimers which rat
between the monomer (48.5 kb) and 30 mer (1.4 Mb) (Matkieav., 1988). For studies of
DNA <1 Mbin size, itis convenient to loaflaccharomyces cerevisiaBromosomal DNAs
next to an annealeklsize standard to ensure correct counting of the phage ladder. The
of molecules >1 Mb in size may be determined by comparison with the Brgmmbe
chromosomal DNAs (5.7, 4.7 and 3.5 Mb, respectively) as well as the ease in prep:
chromosomal DNAs of a number of fungi (T. Zhang, S. Ringquist, J. Fan, C. Cantor an
Smith, unpublished observations).

The final step in mapping experiments involves the characterization of the PF
fractionated restriction fragments by hybridization experiments using various probes.
enormously useful to know the number and size of restriction fragments that will make
the map. For small genomes this may be determined by simple ethidium bromide.
human chromosomes, this information has been obtained by identifying human L
restriction fragments from hybrid cell lines using human specific interspersed repeti
sequences, e.@\lu (Singer, 1982) as hybridization probes (Sa@tial., 1992).

The use of ordered genetic markers as hybridization probes is a powerful ai
constructing genomic restriction maps. These probes serve as anchor points bet
genetic and physical maps. A physical map between two closely linked genetic mar
is constructed by hybridization analysis of complete and partial restriction enzy
digests. Hybridization of probes to complete digests will reveal the size of the fragn
containing the probe but will not reveal the position of a particular probe on a fragm
nor the order of different probes within the same fragment, nor the neighboul
fragment. Analysis of partial digests using closely linked probes allows the phys
order and distance to be established. For example, in a complete digest of a haploi
line, two probes (A and B) may detect different fragments of 1.5 and 0.7 Mb, respecti
(Figure 2). The detection of a band of common size (2.2 Mb) equal to the combinec
of the two fragments in the partial digest suggests that the probes are located on ad]
fragments. Usually putatively linked probes are successively tested on the same
Other confirmatory evidence must be used to prove linkage. In some cases partial
analysis allows the determination of several flanking restriction fragments. Usue
interpretation of partial mapping data requires combining information derived from:
or more probes located on nearby fragments. It is particularly useful to employ link
clone fragments (Smitbkt al., 1986, 1987b). Each half of a linking clone recognizes
different subset of partial digest products (Figure 2A). The true map must be consis
with both sets of data.

A complete linking clone library would allow the identification of all adjacent frag
ments. Clones that identify adjacent restriction sites will identify a common fragment
establish linkage between the two restriction sites. This means that only a small nui
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of linking clones are needed to map an entire chromosome (e.g. ~50 for chromosom
or even the entire human genome (~3000 clones) using the restriction emtytnén
practice, the proof of a common fragment involves fingerprinting the neighbourhooc
the fragment or the fragment itself using partial digest.

Polymorphism link-up can also establish linkage in much the same way as a pa
digest (Smithet al., 1992, 1993). Polymorphism link-up takes advantage of existil
polymorphic variation between different DNAs (Figure 3). For instance, hybridization
two different probes to complete digests of different DNAs reveals the same mega
polymorphism pattern of polymorphisms although different size fragments are detec
Furthermore, the restriction site between the probes may not be cleaved in differen
lines, leading to the detection of the same size fragment by both probes. In other cell |
the probes detect different fragments because cleavage has occurred at the intervenir
Thus, the sometimes complex and undesired presence of multiple bands in gels ¢
turned into a methodological advantage.

Bacterial chromosomes are circular, thus map closure should produce a circular
Linear eukaryotic chromosomes have special telomeric structures at the ends of chr
somes designed to preserve their structure. The ends of a linear chromosomal restt
map may be identified using telomeric probes (for review see Cheng and Smith, 1¢
These clones are especially powerful using partial digestion strategies because the |
digestion products extend from only a single direction and the results are easy to inte
(Figure 2B).

Starting a map is a relatively easy task. The difficulty lies in finishing it. End gar
strategies require focused efforts. Each gap represents unique problems and solutions
no global method guarantees closure. Rather, the most efficient solution for a particula
will depend on what is known about the surrounding region and what samples are avai
for analysis. For instance, it has been particularly useful to generate probes directly
unassigned megabase restriction fragment to finish the 50 Mb restriction map of the
arm of chromosome 21 (D. Wang and C. Smith, unpublished observations).

BOTTOM UP APPROACHES

The construction of overlapping libraries for chromosomes or chromosomal reg
requires a representative clone library (Figure 1B). In this approach, random clones
an arrayed library are fingerprinted to detect overlaps between clones, or are use
hybridization probes to fish overlapping clones from a library. The overlapping clones
then formed into contigs with the eventual goal of linking up all the contigs from a reg
or a chromosome. Coulsoet al. (1986, 1988) have fingerprinted cosmid clones b
identifying fragment patterns generated using two restriction enzymes with 4 bp recc
tion sequences. While this approach assigns fragments to clones, it does not
restriction sites. Hence no restriction map is created. A protocol using this approact
been adapted to a commercial DNA sequencing device, and it is being used to mal
overlapping library of human chromosome 19 (Carranal.,1989).
Koharaet al.(1987) fingerprinted clones in an overlappiBgcoliA library using partial

digestion experiments with eight restriction enzymes having 6 bp recognition sites. |
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indirect end-labelling hybridization experiments using probes specific for the ers
allowed the creation of a high resolution restriction map folgheolichromosome. Others
have proposed, and are using, different fingerprinting approaches which include d
sequencing of clones (Church and Kieffer-Higgins, 1988) or portions of clones aro
rare cutting sites (Olivat al.,1991), hybridization to oligonucleotides (Rackwidtal.,
1984; Michielset al.,1987) and hybridization with pooled groups of clones (Evans a
Lewis, 1989), or genomic restriction fragments (D. Grothues, C. Cantor and C. Sn
unpublished observations). The latter method combining advantages of both top dow
bottom up approaches is being tested now oi$apombeosmid library.

The common problem in all the random approaches is that, as the map nears compl
new information is gained more and more slowly since most clones have been seen b
(Olsonet al.,1986; Lander and Waterman, 1988). Gaps may contain DNA sequences
are unclonable or unstable. Thus far, completion of overlapping library construci
requires an approach directed at gap filling (Coulsbal.,1988; Koharaet al.,1987).

A direct way to expand the number of overlapping clones in a contig is to use class
‘chromosome walking’ approaches. Here, the end clones of a contig are used to sci
library to find adjacent clones. These new overlapping clones are then themselves u:
identify other overlapping clones (Figure 2). Classical chromosome walking requires
screening of many clones in sequential "walking’ (or “crawling’) steps in order to wal
relatively small distance since the amount of DNA contained in the clones identified
single walk greatly exceeds the net distance covered. This method can be speeded
using pools of clones for the screening procedure and by identifying overlapping clc
for the ends of all contigs at the same time.

In principle, the methods described above can be applied to any type of clone (plas
phage, cosmid or yeast artificial chromosome (YAC)). In practice it is more efficient
use the largest possible clone to minimize the total number of clones that have to be li
up. Although cosmid clones (containing about 40 kb of DNA) have been the prefel
vectors for chromosome walking, recent progress with YAC (Bwekal.,1987) and P1
phage (Sternberg, 1990) large insert cloning systems should ease the constructi
overlapping libraries.

SUMMARY

The physical map of a chromosome is the structure of its DNA. Hence the most detz
physical map would contain the complete primary DNA sequence of that chromosc
Until that goal is reached, the various maps generated along the way can be used to id
and study functional domains on chromosomes. For instance, combinations of va
maps and strategies have allowed the identification of an increasing number of hu
disease genes.
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Bovine genome research

A. Teale

Progress is being made towards effective coordination of bovine genome research internatior
ally. Such research is primarily stimulated by the prospect of rapidly identifying potentially
valuable genes controlling aspects of food productivity and quality. The approach being
adopted is linkage analysis in populations segregating traits of interest. It is considered tha
the role of maps and mapping in bovine genome research is equivocal for four reasons. First
it has been argued that maps have a role in ensuring even genome coverage as markers ¢
developed and in avoiding marker oversaturation of specific areas. Oversaturation is ar
unwarranted concern. Second, it is likely that individual research groups will develop only
modest numbers of markers and will wish to apply all in-house markers in resource populations.
Third, the costs of marker application are decreasing. Consequently, resource requirements fc
application of large numbers of markers, rather than a subset, will not be the limiting factor in
the search for interesting genes by linkage analysis. Fourth, the limited need for maps in bovine
genetics research will to a large extent be met by the advanced maps of the genomes of othe
mammalian species which are currently under development. Bovine molecular genetics re-
search is more likely to develop around resource populations, which will be limiting, rather
than around maps, and ILRAD is a typical example of this process. The Laboratory is seeking
markers linked to genes controlling trypanotolerance—the ability of some West AfBoan
tauruscattle breeds to resist the effects of trypanosome infection. To this end a population of
N’'Dama x Boran cattle segregating trypanotolerance is under construction and marker devel:
opment is in progress.

A coordinated “bovine genome project’ at international level is still developing, witt
small number of laboratories taking a lead and many others considering how, and to
extent, they can contribute. The projectis not driven by the prospect of a complete seqL
of the bovine genome. Rather, the principal driving force is the prospect of being abl
move directly and rapidly to small parts which could have useful practical applicatior

Cattle species are arguably the most important livestock species on a worldwide &
Genome research is therefore stimulated by the possibility that it will lead to identifical
of genes controlling, either directly or indirectly, aspects of productivity in a valual
resource. Indeed, it can be contended that genetic approaches to improvements in live
productivity have greater potential to impact on immediate human health and welfare n
than research on the human genome.

A second, although less powerful, stimulus to bovine genome research is a &
scientific interest in comparing the genomes of a diverse range of organisms, each |
representative of significant parts of the animal and plant kingdoms. In this context, c
are representative of the ruminants, and are the most studied.

As far as a bovine genome map is concerned, at the present time several hundred
have been assigned to chromosomes and syntenic groups in cattle, and the first rep
the relative positions, in genetic terms, of genes within syntenic groups are beginnir
appear. The map is nonetheless a rudimentary one, and for reasons to be discussed,
likely to remain so for some time. Currently, by far the greatest effort on the part of



bovine molecular genetics community is being placed in development of a set of hi
polymorphic markers capable of giving ‘reasonable coverage’ of the genome. The ap
tion of such a marker set will be in linkage studies in populations segregating impol
traits. The definition of ‘reasonable coverage’ is that coverage providing an accep
chance of any one or more markers in the set being linked to a gene of interest in the
of resource populations which can be foreseen. As in other species, the emphasis as
markers are concerned is on microsatellites. The number of markers of this type ava
worldwide is difficult to estimate, but certainly numbers are in the hundreds and
increasing rapidly.

As the primary objective of most bovine genome research groups is identificatio
important genes in segregating populations, the role of mapping is somewhat equiv
It is clear that if markers are mapped as they are developed, this will help to a
oversaturation of certain areas of the genome and undersaturation of others. In
circumstances, inherently involving a high degree of collaboration and extensive infol
tion exchange between research groups, a set of markers giving the required “reas
coverage’would be developed in an efficient manner, without unnecessary effort and
minimal resources. However, it can be argued that the prospect of any possible ove
ration should not generate concern as every marker has the potential to “ha
day’—there cannot be too many markers. More importantly, perhaps, there are few .
atpresentthat there will be effective collaboration in development of areasonable cove
set of mapped markers. It is more likely that as each genome group reaches the st
applying markers to the DNA of a segregating population, the group will apply all of
markers available to it, which in most cases will not be aninordinately large number. T
will hopefully be a tendency for groups to supply DNA from their resource population
other groups to do the same. This tendency will be a consequence of the fact th:
limiting factor in the search for important livestock genes will be good populations
which to search for them. A third factor which reduces the need for limiting the num
of markers to be developed, and therefore also reduces the need to map them as tt
produced, is that it is becoming increasingly easy with advancing technologies to &
markers to the DNA of study populations, and the costs on a per marker basis
decreasing. The costs of developing useful populations are, on the contrary, escal
and the phenotyping processes are essentially unchanging. If maps will not be partici
useful in marker development, will they be of use in moving from marker to gene
interest? The answer in this case is that maps will be of some help, although with |
advances in physical analysis technologies, the value of high resolution maps in identi
a gene of interest linked to any given marker will possibly decrease over time. Morec
for this purpose, the maps of the genomes of other mammalian species, which are a
at an advanced stage, will provide much of the information needed by bovine gern
researchers. However, these considerations aside, for reasons alrésyloitis entirely
possible that bovine molecular genetics research will develop around traits of int
rather than around maps, with the emphasis on identification of maparsebeing a
primary and important objective because of their immediate value for marker-ass
selection. This has been the case at ILRAD where research is being undertaken ¢
ability of some West AfricaBos taurusreeds of cattle to resist the effects of trypanosor
infections and to remain productive in the face of disease challenge. This resistanc



is commonly referred to as "trypanotolerance’ (Tetdibl.,1989). In the zeb®Bos indicus
breeds, trypanosomiasis causes marked losses in productivity and is often fatal.
objectives of the research are the identification of genetic markers linked to trypanot
ance genes and ultimately isolation of the genes themselves. Markers once identifie
have application in livestock breeding programs aimed at increasing the numbers
productivity of trypanotolerant cattle. Isolation of the genes will provide the opportun
to develop transgenic animals particularly fitted to demanding tropical environment
which trypanosomiasis is a factor. With the genes may also come an understanding o
the trait operates at the molecular level.

The Laboratory is therefore developing a resource population of cattle segrege
trypanotolerance based on a cross between N'Dama (tolerant) and Boran (suscef
founder animals (Teale, 1990, 1992). Ap generation will be challenged with a patho.
genicTrypanosoma congolenséone and immunological, physiological and pathologic:
indicators of trypanotolerance will be scored.

With respect to marker development, the Laboratory is engaged in productiol
microsatellites for use in the trypanotolerance program and to add to the global
(Brezinskyet al.,1992). Effort is also being put into the identification of polymorphism
in “candidate’ genes—that is, genes which, because of their known functions, coul
associated with important effects (Kempal.,1992) . A third type of marker which has
potential application in large segregating populations is provided by random priming \
short oligonucleotides—so-called random amplified polymorphic DNA (RAPD) marke
(Welsh and McClelland, 1990; Williamet al., 1990). The potential of this marker clast
for studies of trypanotolerance is also being explored at the present time.

Finally, concern has been expressed that the identification of quantitative trait
(QTL) by linkage analysis may prove to be very difficult. However, the reported succ
in locating chromosome regions containing QTL controlling apparently complex trait:
plants is encouraging (Patersenal., 1991). Certainly, in view of the potential benefits
of improved food productivity achieved through sustainable approaches such as ge
improvement, there is every reason at present to proceed with all speed.
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Establishing a laboratory for parasite genome
analysis: focus on the parasitic protozoa
Toxoplasma, TrypanosonendLeishmania

J.M. Blackwell, J.W. Ajioka and S.E. Melville

Over the past 12 months we have been working towards the establishment of a new laborator
for parasite genome analysis at the University of Cambridge. This laboratory will build on,
and provide new tools for, research already being undertaken in our respective laboratories
but taking on board the philosophy of other major (e.g. huntaosophila, Caenorhabditis
elegans)genome projects which provide a major resource for the international research
community. The major aims of the initiative are:

To establish a laboratory for parasite genome analysis in Cambridge concentrating
initially on production of yeast artificial chromosome (YAC) and dual purpose shuttle
vector/mapping pacmid P1 and cosmid libraries for the protozoan parasites
Toxoplasma, TrypanosonaadLeishmaniaHigh density filters will be produced for
mapping purposes and made available to the international research community. A
central mapping database will be established in Cambridge.

To develop a series of polymerase chain reaction (PCR)-based sequence tagged site
(STS), polymorphic STS (pSTS) and expression tagged site (ETS) markers to provide
genetic and physical mapping tools which can be used to analyze genetic/pheno-
typic/karyotypic variation in natural populations of these parasites.

To use, and make generally available, the mapping and dual purpose shuttle vec-
tor/mapping libraries as a major resource in addressing specific biological problems
by reverse genetics.

To exploit these parasite genomes, where the chromosomes are resolvable by pulsed-
field gel electrophoresis and the genome sizes are two orders of magnitude smaller than
mammalian genomes, as models to address broader questions relating to the evolution
and organization of eukaryote genomes.

This paper describes the rationale behind the venture, some of the tools developed ir

conjunction with other genome projects which we plan to exploit, and the three specific
chromosome mapping projects we are undertaking related to the biology of the three different
parasitic protozoa we are studying.

RATIONALE BEHIND THE CHOICE OF PARASITES

Toxoplasmosis, African trypanosomiasis and leishmaniasis are important protozoal dis
for which no effective or sustained control strategies have been develpeaghlasma gondii

is a prevalent opportunistic pathogen which infects 25-90% of adults worldwide. Along \
its more common association with congenital birth defects (Desmonts and Couvreur, 1
Luft and Remington, 1988) it has emerged as a serious cause of mortality in immuno-
promised patients such as those suffering from AIDS (Mills, 1986). It is also an impor
agricultural problem causing high abortion rates in the intermediate (sheep) host (Dt
1977). The sexual cycle occurs in enterocytes in the gut of cats (Cornelissen and Over



1985). Ability to experimentally manipulate infection through the cat has permitted clas:
genetic crosses to be performed and a genetic map to be developed, mainly through the
efforts of Boothroyd and Sibley (Siblest al.,1991; Sibleyet al.,1992; Sibley and Boothroyd,
1992) working with crosses generated by Pfefferkorn (Pfefferketral., 1977; Pfefferkorn
and Pfefferkorn, 1980; Pfefferkorn and Kasper, 1983).

Trypanosomiasis remains a serious problem across approximately 10 million sc
kilometres of Africa, causing long-term debilitation and death in humans and restricting
use of cattle and small ruminants in agriculture. There are several species and subs
of African trypanosomesirypanosoma brucei gambienardT. brucei rhodesienseause
chronic and acute sleeping sickness in man whil&rucei brucei, T. congolensnd T.
vivaxcause trypanosomiasis in livestock. In addition to its importance as a major path
affecting the lives of many people, the trypanosome has long been a favoured organi
study for biochemists and molecular biologists (reviewed in Clayton, 1988). Its study
led to many novel biological discoveries, such as kinetoplast networks, antigen
switching, RNA editing and guide RNAs, tandemly repeated genes and polycistr
transcription. The existence of a sexual stage in the life cycle of the African trypanos
had been the subject of speculation for many years before an international collabor
including Dr Richard Le Page’s laboratory in Cambridge, demonstrated unequivocally
genetic recombination between genetically distinct trypanosome isolates could take
in the tsetse fly host (Jenmit al., 1986). The precise mechanism by which recombir
tion/meiosis occurs remains unclear (Tureéal.,1990), but the feasibility of performing
laboratory crosses clearly increases the scope of genetic analysis possible in A
trypanosomes compared to, for example, the related patagbmania.

Leishmaniasis is a protozoal disease which affects 12 million people in Old and |
World tropical countries, with an estimated 300 million people at risk of infection (Ashft
et al., 1992). The disease takes many different forms including fatal visceral infectiol
liver, spleen and bone marrow, as well as disfiguring mucocutaneous and diffuse cuta
disease. Although field and laboratory studies suggest that genetic exchange may oc
LeishmanigPage<t al.,1989; Kellyet al., 1991), the existence of a sexual cycle has n
been formally demonstrated. Hence, physical mapping is the only way forward in analy
Leishmaniagenomes. We believe that much can be gained by establishing a compa
approach to genetic and physical mapping in these three groups of parasitic organist

CHOICE OF 'BIG DNA' LIBRARIES

In developing a new program of genome research, the overall rationale and intentior
produce a series of "big DNA libraries for genome mapping, utilizing YAC (Bwkal.,
1987; Ajiokaet al.,1991), P1 (Sternberg, 1990), cosmid (Ish-Horowicz and Burke, 19
and YAC telomere (Blackburn 1984; Blackburn and Szostak 1984; Chkard,, 1989)
cloning systems according to the size of genome, size of insert and scale of contig m¢
required, which will provide a resource not only for our own laboratory but for
international parasitology research community. Initially, three libraries are being constrt
for each organism (see Table 1) in two different cloning vectors: a pacmid P1 genq
library, insert sizes ranging from 75-110 kb, to map chromosam2eldb (Ajioka et al.,



Table 1. The number of YAC, P1 and YAC/telomere clones required for an ordered libr:
in different species.

Genome Chromosome Chromosome YAC/
Species size number range YAC P1 telomere
Homo sapiens 3 x 109 bp 23 70 to 300 Mb 60000 150000 230
Leishmania 5 x 10/ bp 22 to 28 200 kb to 2 Mb 1000 2500 260
T. b. brucei 4 %10 bp 17 1to >5 Mb 800 2000 120
T. gondii 8 x 10/ bp 11 2to 5 Mb 1600 4000 110

The calculations for the number of YAC (250 kb average), P1 (100 kb average) and YAC/telor
clones needed for an ordered library are based on five genome equivalents assuming ra
(Poisson) cloning. In the case of the YAC/telomere, a “genome equivalent’ is the numbe
chromosome ends. The estimations used in this tabledichmanigScholleret al.,1986; Samaras
and Spithill 1987; Galindo and Ramirez, 1989; Pagesl., 1989; Bishop 1990; Bastieet al.,
1990),T. b. brucei*for the megabase chromosome class only; see S.E. Medtilk, this volume),
and Toxoplasma gondi{Sibley and Boothroyd, 1992) may vary between related species or fr
strain to strain, but serve as useful figures for comparative purposes.

1991); a YAC genomic library with average insert size 250-400 kb to map chromoso
2-5 Mb (Ashfordet al.,1992); and a YAC telomere library to ensure coverage of chrom
some ends which will not clone into conventional cloning vectors (Bxldd.,1992). YACs
will clearly allow construction of contigs for each chromosome very rapidly, P1s &
cosmids facilitate physical mapping of small chromosomes and allow finer mapping wi
regions of larger chromosomes. New P1 and cosmid vector constructs (collaboration
Dr Steve Beverley, Harvard University) are also being engineered to mediate transfe
of cosmids and P1s back inteeishmaniaand trypanosomes. These are based on transf
tion systems already developed for both groups of parasites (Cebafn1991; Cruz and
Beverley, 1990) and will facilitate a reverse genetic/complementation approach to sol
biological questions. The new shuttle vectors will allow production of dual purpose libra
which can be used for mapping and transfection genetics.

A similar strategy will be adopted f@oxoplasmavhen transfection constructs becom:
available. In addition to the obvious academic advantages of a comparative approa
studying the three groups of protozoan parasitesoplasmaAfrican trypanosomes and
Leishmaniaspp., establishing an overall program base at one site will maximize effici
use of the specialized laboratory (robotics, automated sequencing) and computing €
ment needed to support genome research (Hultetaal., 1989; Bentleyet al., 1992;
McCombieet al.,1992). The parasite genome analysis program will also benefit from
experience already gained tscherichia coli/Drosophila/C. elegarsd human genome
projects (Coulsoret al., 1986; Koharaet al.,1987; Larinet al.,1991; Ajiokaet al., 1991,
Chumakowetal.,1992; Sulstoret al.,1992; Waterstoet al.,1992). Since parasite genome:
are much smaller (3-8 x ICbp compared to 3 x F0bp in man), the task is not so
‘monumental’. Moreover, since the chromosomes in parasite genomes are generally re
able by pulsed-field gel electrophoresis (PFGE) (e.g. Samaras and Spithill, 1987; Ga
and Ramirez, 1989; Holmes-Gianngtial.,1990; Sibley and Boothroyd, 1992), the ability



to make chromosome-specific subsets of clones will greatly facilitate contig construc
and physical mapping (see Table 1). The new laboratory in Cambridge will be conce
from the outset with development of the resource. High density filters for screening libre
and the clones identified will be made freely available. Databases will be created to c
and collate the information feeding back into the mapping project, with the overall objec
being to create databases compatible with, and available through, the genome dat
(e.g. Sulstonet al., 1992) currently on-line from the CRC/Human Genome Mappil
Program Resource Centre.

DEVELOPMENT OF MAPPING TOOLS FOR PARASITE GENOME ANALYSIS

Although the state-of-the-art genome mapping tools are PCR-based STS éDd$01989;
Green and Olson 1990, 1991; Palazzetal.,1991), ETS (Venteet al.,1992; Waterston
et al., 1992) and pSTS (Nickersoet al., 1992) markers, a given organism’s genomn
structure will determine the utility, and mode of identification and development of th
types of markers. Perhaps this is best illustrated by compdiomrgplasma gondiith T.
b. bruceiand Leishmaniaspp. Toxoplasma gondihas a well defined sexual cycle an
meiosis (Cornelissen and Overdulve 1985; Pfefferkatral., 1977), where the major life
form is haploid (Cornelisseat al., 1984). In contrast]. b. bruceihas a somewhat more
obscure sexual cycle and at least part of its genome appears to be diploid (@uater
1990).Leishmaniaspp. also appear to be diploid (lovannisci and Beverley, 1989). For th
reasons, identifying markers which will be useful both genetically and physically,
pSTSs, will be much simpler iToxoplasma gondiiwhich appears to have a genom
structure and mode of gene expression similar to a “standard’ eukaryote (e.getBalrg
1988). Coding sequences are separatedibintrons and there is little base compositio
or codon bias (J. Boothroyd, personal communication). Moreover, since many lot
African trypanosomes ariceishmaniaare tandemly arrayed, ETSs will not be as useful
pSTSs. On the other hand, repetitive sequences are probably less abundant and so n
conundrums in certain regions may be less frequent. Although it may be more work,
possible to develop pSTSs and ETSs Tob. bruceiandLeishmaniaspp., particularly if
each strain carries different alleles but the alleles are homozygous at most loci witl
strain. However, the rationale and procedures involved with developing these tools is
easily illustrated usingoxoplasma gondis the focus of discussion.

The current genetic map fdioxoplasma gondiionsists of 64 restriction fragment lengt
polymorphic (RFLP) markers mapped by hybridization to chromosomes separated on
PFGE (Sibley and Boothroyd, 1992) and by linkage analysis ofdhes from a genetic cross
(Sibleyet al.,1992). Eleven linkage groups with a total of 147 map units (centimorgans;
have been defined. The relationship between physical distance and recombination frec
is in the order of 500 kb/cM (Siblest al.,1992). The current map thus provides (on averag
one polymorphic marker every 2 cM or 1 Mb. This means that, even if an interesting phenc
(e.g. drug resistance) is genetically mapped, it would be necessary to search through hu
of kilobases of DNA to find the locus. The alternative is to continue mapping by analy:
more K progeny. This is only useful if there are sufficient markers distributed across
chromosome. If there were a polymorphic marker every 0.2 cM, and it were feasible to an



several hundred frogeny, then the physical region where the candidate locus could re
would be limited to less than 100 kb. Clearly, this approach would be greatly facilitatec
development of a larger series of PCR-based pSTSs. However, the ability to identify p¢
is highly dependent upon the level of nucleotide heterozygosity between strains in a c
i.e., the frequency of nucleotide polymorphism. Although not every pSTSs would be us
in every cross, a simple calculation from the genetic data estimates that there is one nucl
difference per 240 bp between the P and C strains (Sibtegl., 1992). If nucleotide
polymorphisms are randomly (Poisson) distributed, then better than 60% of a random se
of 240 bp segments would contain a difference between the two parental strains, 95%
size were increased to 750 bp. These calculations suggest that it is not only reasona
screen simple STSs and ETSs for polymorphisms, but feasible to generate pSTSs from re
fragments of DNA since there are several methods available (e.g. Belle ¥ildte 1992)
which can detect single base changes over this size range. Moreover, there are DNA 1
seen in other eukaryotic organisms, such as VNTRs (Jeffties, 1986, Nakamurat al.,
1987) and dinucleotide repeats (Weber and May, 1989) which are highly polymorphi
similar motifs exist inToxoplasma gondiiscreening for these motifs improves the odds «
generating a pSTS.

Simple STS markers can be derived from two sources. The existing RFLP markers v
are in the form of cosmids (Siblet al.,1992) can be converted to STSs by subcloning in
a plasmid vector (collaboration with Dr. J. Boothroyd, Stanford University, USA, and Dr. L
Sibley, Washington University, St. Louis, USA). Clones from the subclone library can
selected for small, PCR-favourable insert sizes (300 bp to 1 kb), checked for repe
sequences and DNA sequenced across the cloning junctions. The sequence generate
provide the information to design oligonucleotide PCR primers which will have compat
TS, between 50 and @ (Saiki, 1989). Although the primers will be designed for an optim
annealing temperature, the PCR reactions must necessarily be reproducible and, w
artefacts, each of the STS/PCR reactions will be tested for high specificity using a rant
annealing temperatures for the oligonucleotide primers and a rangeof ddgcentrations
(Saiki, 1989). The only caveat is that the RFLP seen from the cosmid could be quite di
from the STS, if for example, they are separated by several introns. The second soul
simple STSs can be generated from DNA sequence derived from the ends of the YAC
cloned inserts. This DNA sequence can be from “end-rescued’ PCR productséRéky
1990) or from direct linear amplification DNA sequencing across the cloning junctic
(Krishnanet al., 1991). These STSs are specifically for contig construction, although tl
should be checked for genetically useful polymorphisms (cf. below).

Expression tagged sites (ETS) will be generated from a selected or "normalized’ (ren
of clones which represent highly expressed genes) set of cDNAs (Sankahasiaehm
1991). For this purpose, a directionally cloned cDNA library has been constructed f
poly(A)+ RNA from RH tachyzoites in a-based vector (collaboration with Drs. J
Alexander and W. Harnett, Strathclyde University, UK) which has two vital properties. Fi
the cloning protocol demands that the 5’ and 3’ ends of the mRNA always be cloned ir
same direction relative to the vector itself, thus it is possible to get DNA seque
information which is assured to be 5’ or 3’ specific. Second, the clone can be convertec
a plasmid by growth with a “helper phage’for routine manipulation. Unfortunately, techn
limitations make screening for chromosome specific ETSs difficult. However, for an ove



genome project, DNA sequencing of random clones from a partially normalized cC
library is a reasonable strategy to generate ETSs, as the estimated number of genes, .
is large enough such that random cDNA sequencing can proceed through several the
clones with very little redundancy. Although the ETSs are by definition genetic informat
they may not contain genetically useful polymorphisms, particularly since protein cot
seguence is, on average, much less variable than non-coding sequence. Nonethele
the simple STSs, they can be tested for useful polymorphisms.

Since the future utility of these maps is somewhat dependent upon having atleasta:
of the genetic markers tightly correlated with the physical marker for fine-scale ger
mapping, simple methods for either generating pS@&sovoor screening simple STSs
and ETSs must be developed. Although the calculations above suggest that gene
pSTSs from random pieces of DNA is feasible, this directed approach would be seco
to the conversion of simple STSs and ETSs until more evidence for the existence
frequency of highly polymorphic structures is found. Although there are several mett
which can detect single base substitutions, the heteroduplex method seems to be the si
and most effective procedure (Belle Wheeal.,1992). Using a series of point mutation:
in the equine infectious anaemia virus (EIAV), eight of nine point mutations over a 37.
PCR product were detected with this procedure. Each of the point mutants were
amplified in the presence 82P-dCTP. Heteroduplex molecules were formed by subject
the pair-wise-mixed PCR products to heat denaturation followed by slow cooling to rt
temperature. The heteroduplex molecules were best resolved by 5% polyacrylamid
10% urea gel electrophoresis and subsequent autoradiographic exposure of the ge
procedures for testing STSs and ETSs can be performed exactly as in the EIAV experi
since the parents and thg progeny in aToxoplasma gondicross are all haploid. This
method should work with diploid. b. bruceiif the strains are homozygous at most loc
rendering them effectively haploid. Even if they are not, if the strains do not share com
alleles at a locus, the procedure will still effectively mark alleles. This makes all
manipulations and data interpretation very rapid and simple. Moreover, the testing
polymorphism only requires parental DNA for PCR. Given the estimation that a polyn
phism will occur about 1 per 240 bp, a random distribution (Poisson) of base change:
resultin finding a polymorphism in somewhat better than 60% of the STSs in this size re
Once the STS has been shown to be a pSTS, scoripydgeny from a cross should be
limited only by speed of running the gels as the PCR and heteroduplex formation:
adaptable to current robotic automation (Bendegl.,1992). Eventually, even running gels
may be eliminated as a ligation-mediated assay for heteroduplex molecules has
adapted to an ELISA assay (Nickersetal., 1990).

SPECIFIC CHROMOSOME MAPPING PROJECTS

Toxoplasma gondii

The ultimate goal of th&oxoplasma gondigenome project will be the construction of
complete genome map, i.e. the combination of physical and genetic maps (&jalkd991).
Ordered whole genomic libraries will be subdivided into chromosome-specific sets of clc



Contigs will be constructed using a clone-limited strategy (Palazeblal., 1991). The
assembly of the genome map will begin by mapping existing RFLPs, and the new S
pSTSs, ETSs, onto the contigs, with other laboratories contributing to development of the
through their access to high density filters and clones from the “big DNA libraries produc
The genome map ofoxoplasmawill thus become an important tool for future molecula
genetic studies. In our own laboratory we will focus initially on constructing a physical r
of chromosome lIl, a 3 Mb chromosome which shows a 15% size decrease in the RH ¢
relative to the P and C strains used in the genetic cross from which the genetic linkage
was derived. The reasons for this size difference may be uncovered with STS/ETS maj
Working in parallel, Dr. David Sibley (Washington University) will use the libraries 1
construct a physical map of chromosome V, which has a marker showing linkage to a |
regulating resistance to adenine ara inoside (ara-1; Pfeffegkaln 1977).

Trypanosoma brucei brucei

African trypanosomes can also be crossed in the laboratory, but there is a dearth of ge
markers available to analyze crosses. Work orth®e bruceigenome will build on current
research already being undertaken (S.E. Mehalial., this volume). This has included
analysis of hybrids derived from a cross, carried out by Prof. A. Taitand Dr. C.M.R. Tur
in Glasgow, between TREU 927/4 (originally isolated from a tsetse fly in Kenya in 19
and STIB 247 (originally isolated from a vertebrate hostin Tanzaniain 1971). The pare
stocks and nine hybrid clonal stocks were made available to Dr. Le Page in Cambri
When the clones were analyzed by CHEF PFGE, astonishing chromosome polymorpt
were observed, with each clonal hybrid population differing in its karyotype from all oth
and from the parental lines. Chromosomes differ in size and number, and all hyk
contain megabase-sized chromosomes which do not correspond in electrophoretic n
ity to a chromosome from either parent. When Southern blots of karyotype gels are pr
with single-copy markers, these mostly detect two chromosomes of very different si
Long-range restriction mapping reveals homology over physical distances up to 1
Since the size differences are too great to attribute to antigenic variation, there is y
clue as to the source of the extra DNA in these apparent "homologues’. Markers us
these initial studies were not in linkage groups, or even assigned to specific chromosc
Priority has therefore been given to develop the first set of linked markers along one
of homologous chromosomes using two complementary approaches: cDNA sele
using a single radioactively labelled PFGE-purified chromosomal DNA band to deve
chromosome-specific markers (Ajiolet al., 1991) and preparation of a 6 x genomi
equivalent cosmid library and screening using the whole chromosome probe to gen
a chromosome-specific subgenomic library for chromosome walking (Astdora.,
1992). The project is now poised to link into the strategies outlined foiTfth®plasma
genome project, with plans to develop STSs, pSTSs and ETSs for genetic and phy
mapping, as well as construction of additional P1, YAC and YAC telomere libraries
mapping over a broader range of chromosome sizes. Construction of physical/ge
maps and analysis of the hybrid clones provides a unique way of analyzing



understanding the dramatic karyotypic variability observed in trypanosomes an
contribution to the biology and survival of the parasite.

LeishmaniaSpecies

Currentwork in our laboratory has already begun to look at genetic variability in leishme
parasites, particularly in relation to molecular determinants of virulence (reviewed E
White et al., 1992, Chang and Chaudhuri, 1990). One aspect of this has again bee
demonstration of remarkable genetic heterogeneity (Reinal,1989) and CHEF PFGE-
analyzed karyotypic variability (Blackwell, 1992; E. Espinoza, J.W. Ajioka and J.
Blackwell, unpublished data) in fresh isolated.operuviana.Southern blot analysis with
specific gene probes (e.g. GP63, HSP70) showed hybridization to different sized chr
somes in different isolates (Blackwell, 1992) and clones (E. Espinoza, J.W. Ajioka and
Blackwell, unpublished data). Without good physical/genetic magsafhmaniajt has
thus far been impossible to analyze this kind of karyotypic variation or to determine whe
isolates and clones with two GP63 or two HSP70 bearing chromosomes of different
represent homologous pairs of chromosomes. Work has commenced to produce orde
and YAC genomic libraries df. peruvianaand to modify (in collaboration with Dr. Steve
Beverley, Harvard) the P1 vector to allow its use as a dual purpose mapping/shuttle v
library. A YAC telomere library has been made, restriction maps generated for se
telomeres, and sequence data obtained to begin to develop STSs to map the telomet
specific chromosomes. One project already well established in the laboratory is to ¢
genetic variability at the GP63 locus and to construct a physical map for the GP63-cor
ing chromosome df. peruvianaby creating a contig from a subset of selected overlappi
clones. Sequence analysis at the sites of overlaps will allow us to design oligonucle
primer pairs to develop STS and pSTS PCR markers. cDNA libraries have also been
and will be used to develop ETSs. Sequence tagged site and expression tagged site n
a "gold standard’ GP63 chromosome and a few known size variants can then be constr
and the STS/PCR technology used to analyze large numbers of field isolates and c
from Peru. The.eishmaniawork will also build on current research in the Department
Pathology being undertaken by Dr. Douglas Barker and his colleagues, in particula
work of Eresh (1992) on karyotypic variability and genome organizatidn raziliensis
which has concentrated on two small (50 and 350 kb) chromosomes. These chromo:
show karyotypic variability between species and isolate&.dbraziliensis,the smaller
chromosome possibly acting as a transposable element (Eresh, 1992). This work
emphasizes the need for the development of a physical maygfslhmaniaSince classical
transmission genetics is impossiblelinishmaniaphysical mapping techniques provid
the only way forward.

APPLICATIONS AND USE OF THE RESOURCE

The resource created will be used in this and other laboratories to address sy
biological problems. The dual purpose shuttle vector/mapping libraries will facilitate



use of reverse genetics/complementation to find genes regulating drug resistan
parasites, and to find missing links in unique parasite biochemical pathways. For exar
in our own laboratory complementation will be used to screen for reconstitution
virulence in genetically stable avirulent clones in an attempt to identify genes respon
for major steps in the biosynthetic pathwaylafishmaniaipophosphoglycan. Collabo-
rative research (A. Skinner and J. Blackwell with Dr. Malcolm McConville at Dund
University) demonstrates that avirulelnt mexicanaclones make truncated LPG mole-
cules. Differentiation of avirulent clones appears to be blocked such that full-ler
metacyclic LPG is not made. Work is already in progress to identify genes differenti
expressed in virulent and avirulent clones by developing subtractive cDNA libraries. C
a good “normalized’ set of cDNA clones has been assembled, a combined approa
sequencing/database searching and screening for cosmid/P1s to determine genor
ganization and provide clones for complementation studies can be initiated.

Finally, the parasite genomes to be studied, and the techniques which will be develc
provide excellent model systems in which to address key questions relatingetatiingéion
and organization of eukaryote genomes.
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Summary of discussion

Chairperson: Dr. O. ole-MoiYoi
Rapporteurs: Drs. S. Kemp and S. Morzaria

Three papers were presented in this session describing the rationale and requireme!
undertaking major mapping projects. Prof. C. Smith (Boston University) reviewed the &
and objectives of the internationally coordinated Human Genome Project. The ultir
goal of this project is to provide within 15 years the entire sequence of the human gen
The short-term objectives are to generate high-resolution genetic and physical map
produce overlapping DNA libraries for each of the human chromosomes. Dr. A. Te
(ILRAD) described the bovine genome project, the principal aims of which are to iden
genes controlling aspects of food production and quality. ILRAD’s role in the projec
to identify markers linked to genes controlling trypanotolerance. This is being achie
through the use of markers (RAPDs, microsatellites and specific genes) and the gene|
of N'Dama and Boran cattle crosses segregating trypanotolerance. Prof. J. Blac}
(Cambridge University) described the initiative taken by her group to establish a |
laboratory for parasite genome analysis. The aim of this group is to produce YAC, P1
cosmid libraries of the three important protozoan parasit@soplasma, Trypanosonaad
LeishmaniaThey will establish a central database, develop a series of PCR-based ma
and make these resources available to the international scientific community for u:
solving biological problems induced by these organisms.

The discussion that followed was limited to the bovine and protozoan genome ana
programs. Although it was recognized that the approach to identifying the genes
trypanotolerance was relevant, it was not clear what time period would be require
achieve this goal. It is estimated that the required markers may be available by 1997
the genes may be identified two to three years after that. The possibility of linkage betv
trypanotolerance and some undesirable traits and its effect on breeding programs
raised. Current breeding data do not show that this is the case but a definite state
cannot be made until further results are obtained. With regard to the question of whe
the trypanotolerance trait is determined by a single gene or by a number of genes, i
pointed out that the preliminary analysis of thedattle from the N’'Dama-Boran crosses
indicates that the trait is likely to be multigenic. It is also estimated that with 150 marl
and 160 cattle, 10% recombination can be detected. However, the difficulty of differe
ating 10% of the phenotype from that background was recognized.

The advantages and disadvantages of investing in parasite genome analysis pr
were discussed extensively. Parasite/host interactions are not static. Generati
polymorphism is an important survival strategy for parasitic protozoa and once |
control strategies are introduced, parasites will change and adapt themselves fol
vival. Therefore, this was enough justification for funding genome analysis progra
Studies on genome analysis would allow researchers a better understanding o



underlying mechanisms of polymorphism and perhaps enable them to stay a step
of the parasites. It was pointed out that in mapping parasite genomes, it woul
desirable first to take the approach of identifying the traits of interest, as has been

in the bovine genome project, and then to perform linkage analysis, to deter
recombination frequencies and to follow the steps in identifying relevant genes. Bec
parasite genomes are small, it will probably be easier and cheaper to map them th:
genomes of higher eukaryotes. However, it is necessary to take into account

density, which appears to be higher in these organisms than in higher eukary
Additionally, the cost of sequencing is still high (~US$1/base).

In view of the relatively small sizes of protozoan chromosomes compared to hi
eukaryotes, the desirability of constructing YAC libraries was questioned. It was sugge
that cosmid and P1 libraries may be more appropriate. However, it was recognized tf
libraries have some short-comings and a combination of libraries may be required to o
complete contig maps. It was appreciated that multiple libraries involve a lot of work
increase the complexity of characterization. With regard to the technical problem
fingerprinting clones for alignment, it was suggested that use of techniques such as |
analysis and exploitation of relevant computer software programs, developed a
Department of Energy, USA, would greatly expedite this work.
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Genetic recombination in field populations
of Plasmodium falciparum

D. Walliker, L.C. Ranford-Cartwright and H.A. Babiker

Malaria parasites undergo a mainly haploid life-cycle. The only diploid stage is the zygote,
formed by fusion of gametes in the mosquito stomach. The first division of the zygote is a
meiotic one, producing, after further mitotic divisions, haploid sporozoites. Genetic recombi-
nation occurs at meiosis, following cross-fertilization of gametes of parasites with different
genotypes. This has been shown in laboratory studies by feeding mosquitoes on a mixture o
Plasmodium falciparunslones and analyzing the resulting progeny for parasites with non-pa-
rental combinations of the clone markers. Such recombinants are produced at a higher tha
expected frequency.

There is considerable genotype diversity in field population®.dhlciparum.Evidence
that recombination in mosquitoes is the principal cause of this diversity is two-fold. First,
parasites isolated from patients in small isolated communities at the same time are geneticall
very diverse. No two isolates examined for polymorphic markers at some 20 loci have been
found to possess identical combinations of the allelic variants of these genes. Second
examination of oocysts in wild-caught mosquitoes by the PCR technique has shown that a higt
proportion are heterozygotes. There is thus frequent crossing in natural populations of this
parasite.

In addition to recombination at meiosis, itis also clear that genetic changes can occur during
asexual multiplication of. falciparumblood forms, as shown by deletions of regions of certain
chromosomes duringp vitro culture. The extent to which this occurs in nature is not known.

INTRODUCTION

Genetic recombination is classically defined as the process by which organisms with r
combinations of genes are produced in crosses between two parent organisms. Rec
nation occurs primarily at meiosis, in two principal ways: (i) independent segregatiol
variant forms (alleles) of genes on different chromosomes and (ii) crossing-over ev
between linked genes on the same chromosome. A third aspect that must be conside
intragenic recombination, by which novel alleles of a given gene can be formed
crossing-over events within the gene itself. This process is likely to occur very rarely,
may be significant where selection pressures against existing alleles are high. Rec
nation at mitosis also occurs, although much more rarely. In the case of haploid orgar
such asPlasmodiummitotic recombination is not expected to have important gene
consequences, since it can only involve exchange between identical (sister) chrom
which contain identical alleles of any given gene.

It is now clear that recombination is of primary importance in generating the gen
diversity seen in natural populations Bfasmodium falciparume review here briefly
current knowledge on the organization of the parasite genome and on ways in w
chromosome diversity arises. Data on recombination in this parasite both in laboratory
field studies are then discussed.



ORGANIZATION OF THEPLASMODIUM FALCIPARUMGENOME

The nuclear genome &f falciparum,and most probably of other speciesRiasmodium,
consists of 14 chromosomes. They range in size from 0.65 to 3.4 megabases (Mb) (T
etal.,1992), and are visible only by pulsed-field gradient gel electrophoresis (PFGE).
cytoplasmic genetic elements are also present, a linear element of tandemly repeate
of 6 kb which contains mitochondrial genes and a 35 kb circular DNA element wt
encodes chloroplast-like genes (Wilseinal.,1991).

Genes can be mapped to chromosomes by hybridization of gene probes to blc
pulsed-field gels (Triglieet al., 1992). The linear order of genes is also being elucidat
by this approach, using blots of chromosome fragments cut by rare-cutting restri
enzymes (Sinnis and Wellems, 1988; Corcoeaml., 1988) and of yeast artificial chro-
mosome (YAC) constructs from certain chromosomes (Triglia and Kemp, 1991).

GENETIC EVENTS IN THE LIFE-CYCLE

The parasite is haploid for most of its life-cycle. The only diploid form is the zygo
formed by union of gametes in the mosquito midgut. Meiosis occurs within a few hc
of zygote formation (Sinden and Hartley, 1985), resulting eventually in the productio
haploid sporozoites in each oocyst.

Recombination during meiosis is expected to be responsible for the formation of |
novel genotypes. Laboratory crossing work has demonstrated that this process is
efficient inPlasmodiumlIn these studies, deliberate mixtures of parasite clones are fe
mosquitoes in order to allow crossing between gametes of each clone. The resi
sporozoites are used to establish new infections, and the resultant organisms examir
the presence of parasites with non-parental (recombinant) combinations of chara
Numerous crosses done with rodent malaria species andRvidiciparumhave shown
that recombinants are produced in this way at a high frequency (Walliker, 1989).

Arecentadvance in genetic analysis of malaria parasites is the ability to examine the g
composition of oocysts in mosquitoes. This has been achieved by using the polymerase
reaction (PCR) on certai falciparumantigen genes (Ranford-Cartwrigdtal.,1991). When
oocysts derived from mosquitoes fed on a mixture of two clones, denoted 3D7 and HB3,
examined in this way, approximately 50% were found to be heterozygous for the parent (
(Ranford-Cartwrightet al.,1993). This showed directly that random fertilization events h
occurred between the gametes of each clone, producing hybrid and parental type zygc
the hybrid zygotes, meiotic recombination leads to the production of haploid recombi
forms. The inheritance of the 6 kb cytoplasmic element has recently been studied. In ci
betweerP. falciparumclones, oocysts found to be hybrid for nuclear gene markers prove
have only a single parental form of this element (Creastesl., 1993). Such uniparental
inheritance is typical for mitochondria in many other organisms.

CHROMOSOME POLYMORPHISM

A striking early finding orPlasmodiunthromosomes was the remarkable variation in tl
size of homologous chromosomes in different isolates and clones. This could be se



parasites taken directly from different infected patients (Corcetaai.,1986; Babikeet
al., 1991b), and so the phenomenon was clearly not an artefantwtiro culture. In the
past five years, it has become clear that several mechanisms are involved in gene
these size polymorphisms, as follows:

Crossing-over at Meiosis

As might be expected for a eukaryotic organism, meiosis results in frequent crossing-
events. This has been demonstrated in laboratory crosses beRwedaiparumclones
with different sized chromosomes. For example, in a cross between clones 3D7 and
which possessed a different-sized chromosome 4, Sinnis and Wellems (1988) showe
a crossover in the central region of this chromosome accounted for the production
chromosome intermediate in size between those of the parent clones used in the |
Extensive crossing-over events in all 14 chromosomes have been demonstrated in a
cross by examining the inheritance patterns of numerous chromosome-specific ma
(Walker-Jonatet al.,1992).

Chromosome Breakage During Asexual Division

There are several reports of deletions of portions of chromosomes in blood forRs «
falciparum maintained in culture. This happens especially near chromosome ends.
example, Scherét al. (1992) showed that a large part of a sub-telomerically locat
gametocyte-specific gene (Pf11.1) on chromosome 10 became deleted during cultur
cloned parasite line. Parasites with the truncated gene were found among sub-clor
this clone. Similar findings have been made with a knob-associated histidine-rich prc
(KAHRP) on chromosome 2 (Pologe and Ravetch, 1988). New telomeres are forme
the breakage points in these instances. The mechanisms by which this occurs al
understood. It seems unlikely that recombination is involved since telomeric rej
sequences are not present at any of the breakpoints which have been studied (Sche
Mattei, 1992).

Increases in Chromosome Size

There are occasional reports of an increase in the size of certain chromosomes follc
prolonged asexual passage. This has been studied particularly in the rodent malaria s
P. berghei(Janseet al., 1989). In some instances, these increases appear to be du
additions of a 2.3 kb sequence commonly found in subtelomeric sites on several chri
somes of this species (Doet¢ al.,1990; Pacet al.,1990). Janset al. (1992) describes a
line of P. bergheiin which a chromosome of larger than normal size appeared to con
a translocated portion of another chromosome, although it was not clear whether thi
occurred during asexual passage of this parasite.



Gene Amplification

Amplification of genes inrPlasmodiumhas been studied particularly with respect to tt
so-called multi-drug resistance (mdr) genes, which have been thought to be involv
resistance to chloroquine. Foatéal. (1989) described lines and cloneshffalciparum
with differing numbers of copies of the Pfmdrl gene, arranged in tandem array:
chromosome 5, which, they considered, were responsible for the size polymorphisms
in this chromosome. There was some evidence of instability of such tandem arrays i
clone (B8) during culture.

In nature, it can be expected that meiotic recombination is the principal mechanisi
the generation of chromosomal polymorphisms. While the other phenomena out
above have been shown to occur frequently in laboratory cultures, the extent to which
occur in nature is not known.

RECOMBINATION IN NATURAL PARASITE POPULATIONS

The extent of crossing, and hence of recombination, in nature is now being addresse
topic has been the subject of some recent debate (Tibayrenc amd Ayala, 1991; Wa
1991; Dye, 1991). If recombination occurs rarely, or never at all, one would expect to
in circulation only a limited number of genetically different parasites, with some for
being over-represented. If it is frequent, then a large diversity of parasite clones wou
expected, exhibiting all possible combinations of the alleles of polymorphic genes.

This subject can be examined in two ways. First, the genotypes of parasites in pa
can be examined to determine whether their frequencies are in accordance with a ran
interbreeding model. Second, direct evidence of crossing can be sought by detern
the frequency of hybrid oocysts in wild-caught mosquitoes.

Diversity of Parasites in the Blood of Patients

Characters Studied

As mentioned above, blood formsffalciparumfrom different patients can be examine
for gross genetic differences by comparing their chromosomes, using the PFGE techt
More precise genetic differences can be studied by examining allelic variation in spe
genes. Characters available for such work include enzymes and other proteins revea
electrophoretic techniques, antigens using monoclonal antibodies and variations in

sensitivity (Creaseet al., 1990). Each of these characters requires the availability
cultured parasite material.

In recent years, the polymerase chain reaction (PCR) technique has been develo
amplify alleles of genes whose DNA sequence is known. Two merozoite surface anti
MSP-1 and MSP-2, have proved particularly useful in this regard (Sneth,1991).
Each contains regions of repetitive sequences, and alleles of each gene vary in b
numbers of repeats present and in their sequence. The PCR-amplified products of
regions can be examined for size variation by electrophoresis, and by blotting



hybridization with allele-specific oligonucleotides for sequence differences. A partict
advantage of this technique is that it can be performed on small quantities of parasite ma
for example in fingerprick blood samples, without the need for culturing (Foley et al., 19¢

Results

Numerous studies have now been carried out on genetic diversRy falciparumand
other species in various countries. Those most relevant to answering questions 0
frequency of recombination include those on enzymeR ichabaudiBealeet al.,1978)
and P. falciparum(Carter and Voller, 1975), and on enzymes, 2D-PAGE proteins a
antigens irP. falciparum(Creaselet al.,1990; Babikeet al.,1991a, 1991b; Conway and
McBride, 1991). The principal findings from all these studies are:

(i) There is considerable allelic diversity of many genes, especially those encot
antigens. For example, iR falciparumConway and McBride (1991) found 36 alleles o
antigen MSP-1, differing by epitopes recognized by monoclonal antibodies, among
lates of P. falciparumfrom a peri-urban region in the Gambia. H.A. Babiker and L.C
Ranford-Cartwright (unpublished data) have used PCR to differentiate 22 alleles o
same gene among only 50 isolates in Tanzania. It is quite probable that this diversi
alleles has come about by extensive intragenic recombination, as suggested byélan
al. (1987), although formal proof for this has not been obtained in crossing experime

(ii) No two isolates have been found in which parasites possess identical genoty
Thisisthe case evenin a small community in which malaria transmission is highly seas
(Babikeret al.,1991a, 1991b) and in which a restricted number of genotypes might
expected to be in circulation.

(iif) Mixed infections with more than one genetically distinct clone are common.

(iv) There is geographical variation in the frequencies with which alleles of many ge
occur. For example, the frequency of an electrophoretic form of adenosine deaminase de
ADA-2 is very rare in Thailand and the Gambia, but common in Brazil (Creatsaly, 1990).

Diversity of Parasites in Mosquitoes

Work is now starting to examine the genotypes of oocystR ddiciparumin wild-caught
mosquitoes in villages near Ifakara, Tanzania (H.A. Babiker, L.C. Ranford-Cartwright
Charlwood and P. Billingsley, unpublished data). This is a region where malaria is hic
endemic and some 60% of the inhabitants extibialciparumparasitaemias at any given
time. Mixed infections with more than one clone are common. Sixty-eight percent of ooc
examined inAnopheles gambiaand A. funestuscaught in houses of these villages, hav
proved to be heterozygous for alleles of MSP-1, MSP-2, or of both genes.

CONCLUSIONS

The genetic diversity seen in natural infectionsRoffalciparumhas now been shown to
be considerable. As discussed above, chromosomal polymorphisms are extensi



different parasite isolates, even in those from small communities (Babtkar, 1991b).
There is also remarkable allelic variation of many individual genes, especially tf
encoding antigens. Perhaps the most significant finding is that no two isolates yet st
have identical genotypes.

It is now quite clear that the numerous combinations of alleles of the genes studied
among clones in natural infections are evidence of extensive recombination in nature
presumably happens as a consequence of crossing between clones when mosquitc
up mixtures of gametocytes. Self-fertilization events between genetically identical ¢
etes also occur in such instances. In addition, selfing is the only possibility if mosqui
take up gametocytes of a single clone. In Tanzania, some 32% of oocysts are homoz
at two highly polymorphic loci, and these are almost certainly derived from such sel
events.

Thus, evidence from population studieshfalciparumstrongly supports the view that
gametes of this parasite undergo random mating. When cross-mating occurs, recon
tion along classical Mendelian lines ensures that recombinants are produced readily
“clonality’ model proposed by Tibayrerat al. (1990) is thus inappropriate when applie
to this parasite. It could, at least in theory, apply in regions where clonal infections ar
norm, in which mosquito transmission would maintain pure clones. In practice, no reg
with infections of this type have yet been found.
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Genome mapping and linkage analysis
in Plasmodium falciparumtoward identification
of the chloroquine resistance determinant

T.E. Wellems

Determinants of important parasite traits in malaria include genes that affect disease transmis
sion and infectivity, drug response, host immunity, erythrocyte invasion and cytoadherence.
Detailed knowledge of these determinants will improve our understanding of malaria and lead
to new targets for vaccine development and drug design. But these determinants are oftel
difficult to identify and characterize. Biochemical experiments on malaria parasites are limited
by the relatively small numbers of parasites available from preparative cultivations and their
contamination by host cell components. When appropriate probes have been available, recey
tors, enzymes, antigens and structural elements have been isolated and studied throuc
heterologous expression in bacterial or eukaryotic cells. It is fair to say, however, that the
biochemical bases of most important parasite traits remain unknown.

A non-biochemical strategy to locate determinants of parasite traits is that of positional
cloning, sometimes loosely described as reverse genetics. Crosses of cloned parasite line
linkage analysis and chromosome mapping techniques are used to locate the chromoson
segments harbouring genetic loci that govern traits of interest. The chromosome segments al
then cloned as large pieces of DNA, mapped in detail and analyzed for transcribed regions an
candidate genes. Atthe foundation of this approach lie genetic and physical maps of the parasit
genome. Inthis review | discuss these maps as develop&ldemodium falciparunthe agent
of the most deadly human malaria, and describe how they are being used to identify the
determinant of chloroquine resistance, now a serious therapeutic problem across the tropice
world.

MAPS OF THEPLASMODIUM FALCIPARUMGENOME

There are two types of maps generally distinguished in genomic studies: the linkage
and the physical map. The linkage map refers to recombination frequencies between
as measured by laboratory crosses. Map distances, assigned statistically from
numbers of progeny, are defined in terms of centimorgans (cM) where 1 cM repres
1% recombination between the parental forms of genes in the progeny. Map units
additive in the linkage map, reflecting the fact that genes lie in a linear arrangement :
individual chromosomes.

The physical map is based upon distances along individual chromosome DNAs. D
measurements of gene separations and chromosome size are typically given in ur
nucleotide base pairs (bp). Distances on the map generally correlate with recombin
rates in linkage studies, but variations occur because of recombination “hotspots
variable crossover rates in the chromosomes.

Laboratory crosses d®. falciparumclones are expensive in the resources and tir
they require, so physical mapping has predominated in assigning relative locatior



genetic markers. For this purpose, methods of pulsed-field gel electrophoresis (PFGE)
(Schwartz and Cantor, 1984; Carle and Olson, 1984) are used to separate the intact
chromosome DNA moleculesin agarose gels. Figure 1 shows a photograph of one such
separation in which the DNA was stained with ethidium bromide. The bands represent
intact chromosome DNA molecules; in some bands the intensity indicates obvious
multiplets containing DNA from two or more chromosomes. Optical scanning methods
and genetic analysis have shown that there are 14 nuclear chromosomesin P. falciparum
(Wellems et al., 1987; Kemp et al., 1987; Sinnis and Wellems, 1988; Gu et al., 1990),

anumber in agreement with that found by electron microscopy of kinetochores (Prensier
and Slomianny, 1986).

Figure 1. Separation of Plasmodium falciparum chromosome DNA molecules in an agarose gel
as reveal ed by ethidium bromide staining. Thelinear DNA moleculesrange in size from about 800
kb to 3500 kb. Chromosome size polymorphisms are evident among the four parasite clones.



Full length chromosome maps are generated by exciBirfglciparumchromosome
DNA from pulse field gels, digesting the DNA with rare cutting restriction enzymes a
mapping the resulting fragments (Wellemisal.,1987; Sinnis and Wellems, 1988; Dolar
et al., 1993). Restriction enzymes with G+C rich recognition sites serve well for tl
purpose, presumably because of the AT-rich nature oPttialciparumgenome (Pollack
etal.,1982). Maps of nin®. falciparumchromosomes were recently summarized (Trigli
etal.,1992). The nuclear chromosomes have sizes of 600 to 3500 kb, constituting a ha
nuclear DNA content of 25,000-30,000 kb (Welleres al., 1987). DNA content in
individual chromosomes may vary considerably among different parasite isolates as
variations of several hundred kilobases are common (Figure 1). The nature of
expendable DNA, still largely unknown, has been shown to contain several genes, ¢
of which may be involved in cytoadherence and gametogenesis (Pologe and Ravetch,
Shirleyet al.,1990). Mechanisms of chromosome size polymorphism involve recombi
tion during meiosis (Sinnis and Wellems, 1988), breaking and healing events at telon
(Pologe and Ravetch, 1988) and copy number changes in regions of internal chromc
structure (Trigliaet al., 1991). Homologous recombination among subtelomeric rept
regions has also been proposed as a mechanism of large size changes (Cetreabran
1988).

In addition to 14 nuclear chromosomes, two other genetic elements océufarci-
parum,a tandemly repeated 6 kb extrachromosomal sequence and a 35 kb circle (Ve
etal.,1989; Aldrittet al.,1989; Gardneet al.,1991). The 6 kb tandemly repeated elemer
contains an intriguing set of genes encoding interrupted rRNA fragments, cytochror
and subunit | of cytochrome oxidase. Analysis of these genes has led to the suggestio
the 6 kb element may be mitochondrial in origin. In contrast the 35 kb circle conta
coding regions for uninterrupted rRNA transcripts and RNA polymerase subunits. Ir
structure the 35 kb circle has been observed to resemble a chloroplast genome. Bo
6 kb repetitive element and the 35 kb circle probably reside in parasite cytoplas
organelles; whether they are in the same or separate subcellular compartments rems
be determined.

Recombination rates amorRy falciparummarkers have been determined by genet
analysis in the laboratory. These experiments involved two laboratory crosses of patr
clones (3D7 x HB3 and HB3 x Dd2) performed according to the general strategy depi
in Figure 2 (Wallikeret al.,1987; Wellemset al.,1990). Sexual stage parasites (gamet
cytes) are produceih vitro and fed artificially to anopheline mosquitoes where the
develop into gametes and cross-fertilize. After zygote formation and oocyst developn
sporozoites enter the mosquito salivary glands. Sporozoites are then inoculated i
splenectomized chimpanzee by allowing the mosquitoes to blood-feed on the abdom
the animal. After about two weeks, a patent blood infection develops and individ
progeny are cloned from the chimpanzee blood.

In analyzing inheritance data from a genetic cross, it is essential first to confirm 1
progeny used in the analysis are independent recombinants, i.e. they contain ui
combinations of genetic material from the parent clones. This is ascertained thrc
examination of restriction fragment length polymorphisms (RFLPs) on different ch
mosomes and may be complemented by isozyme profiles, monoclonal antibody 1
tivities and drug response assays. The process is facilitated by the use of [
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Figure?2.Outlineof thestrakegy for produdng aPlasmodiunfalciparumlaboratory cross.Progeny
usedfor genetic linkage analysis mustbeindependent recombinants.

“fingerprint probesthat detectpolymorphicrepetitve elements on the chromo®mes.
Providing such probesare meiotically andmitotically stable,distinct banding patterns
amongthe progery reflect reconbination and reassortrant amongchromo®me seg-
mentsduring meiosis.Onesuchprobe,pC4.H32(Dolanetal., 1990),used in conjunc-
tion with selectd single-locusmarkers to analyzeover 100 progery clones identified
16 progery that were uniquerecombinantdrom the HB3 x Dd2 P. falciparum cross
(Wellemsetal., 1990).Redundanprogety appearedo result from expansionof select
clonalpopuhktionsin vivo andin vitro.
Chromosomeassignmentandinhertancedatafor neary 90 RFLP markers have been
repatedfor the 16 uniqueHB3 x Dd2 progeny (Walker-Jonahetal., 1992). Markerswere
assignedto polymorphicloci on the 14 nuclearchromosmes Uniquepatternsof chromo-
somereconbination andreassomentweredeteciedin eachof the progery, andindicated
that progeny from crossfertili zation events were favoured over progeny from self- fertili-
zafon of eitherparentalone.Theinheritancedatashowed thatselectivefactorswereabsent
from mog chromosomesalthough somepolymorphismson chromossmes2, 3, 12 and 13
suggestd thatcertain parenal linkagegroupswerefavouredin the cross.Recombinabn
frequences measuredon five chromosomesndicated an approximate map unit size of
15-30kb per cM for P. falciparum, avaluethat comparego averageratesof 5 kb percM
in yeast,500kb per cM in Drosophila and 1000 kb per cM in man(Lewin, 1990). Such



rates of course vary over the map and may be affected by recombination hotspots on the
chromosomes.

Restriction fragment length polymorphisms that distinguish inheritance of the 6 kb tan-
demly repeated element and the 35 kb circlein the HB3 6 Dd2 P. falciparum cross are under
investigation (A.B. Vaidya, unpublished data).

POSITIONAL CLONING

Toward Identification of the Chloroquine Resistance Determinant

A focus of intensive effort has been the use of linkage analysis and physical mapping to
identify the determinant of chloroquine resistance in P. falciparum. As a result of the
worldwide spread of drug resistance (Figure 3) chloroquine, oncethefirst choice asasafe,
cheap and effectivedrug, isno longer reliable against P. falciparummalaria. A replacement
drug having the favourable characteristics of chloroquine remains to be found, emphasi z-
ing the need to understand chloroquine action and resistance at the molecular level.

Experimental evidenceindicatesthat chloroquine acts by inhibiting the parasite's ability to
sequester ferriprotoporphyrin-1X, the toxic byproduct of haemoglobin digestion within the
red blood cell (Slater and Cerami, 1992). Chloroquine-resistant (CqR) parasites counter the
action of the chloroquine by expellingit: efflux ratesin vitro were found to be 406to 500 more
rapid for resistant parasites than for drug-sensitive (CqS) parasites (Krogstad et al., 1987).
The mechanism of chloroquine rapid efflux is unknown, but drug release data from different
parasite strains and the history of chloroquine resistance (Clyde, 1987a, 1987b) suggest that
the efflux mechanism isthe samein all CqR parasites.

Figure 3. Map of the spread of chloroquine resistance (adapted from Clyde, 1987a, 1987b).



The HB3 x Dd2P. falciparumcross, a cross designed to examine the genetics
chloroquine resistance, was used to determine inheritance of chloroguine response
the drug-resistant and drug-sensitive parents (Welletal., 1990). Of the 16 inde-
pendent recombinants recovered from the cross, eight exhibited the same absolute
of resistance and rapid chloroquine efflux rates as the CqR parent (Dd2) while the ¢
eight exhibited the chloroquine response and slow efflux rate of the CgS parent (H
No recombinant from the cross exhibited a non-parental chloroquine phenotype,
cating that a single genetic locus was responsible for the rapid chloroquine ef
mechanism.

Verapamil inhibits the rapid chloroquine efflux mechanism in resistant parasites,
because of this effect the efflux mechanism was thought to involve a gene analogou
multiple drug resistanc@ndr) gene in mammalian tumour cells (Marthal.,1987). This
verapamil reversal phenomenon was confirmed in the HERI2 cross: the CqR Dd2
parent and all eight CqR progeny exhibited inhibition of chloroquine release and decre
resistance when exposed to verapaimiVitro, while the CqS HB3 parent and the eigr
CgS progeny showed no such effects. TRidalciparumgenes with homology to mam-
malianmdr geneg(pfmdrl, pfmdr2) were not, however, linked to chloroquine-resistan
inthe cross (Wellemst al.,1990) and exceptions to an association of resistance with p
mutations inpfmdrl have been apparent in population surveys (Faatal., 1990). A
mechanism other than one involving amplification or mutatiopfoidrl or pfmdr2 must
account for the rapid drug efflux from CqR parasites.

Chromosome inheritance patterns in the HB3 x Dd2 progeny have been examin
RFLP analysis to locate the determinant of chloroquine response (Wedeals1991).
The search now has included markers to all 14 nuclear chromosomes, the 6 kb el
and the 35 kb element. Results from this search show that a single segment of chromc
7 is linked to chloroquine response. Long-range restriction mapping has been used t
the boundaries of this DNA segment from meiotic crossover events evident in prog
chromosomes. These boundaries place the chloroquine resistance determinant w
200 kb segment of chromosome 7 (Figure 4).

While a 200 kb segment of DNA is a small fraction (0.7%) of Ehéalciparumgenome,
it is still very large by sequencing standards and harbours many genes. Experimen
now under way to develop a detailed map of this 200 kb segment and clone the gene
lie within it. This has required that large (50 kb and more) overlapping segmems
falciparumDNA be stably cloned for analysis. Recently, libraries of such segments t
been generated . cerevisiaas yeast artificial chromosomes (YACs) (Triglia and Kem
1991; Lanzeret al., 1992; de Bruinet al., 1992). Screening of one of these librarie:
(Lanzeret al., 1992; de Bruinet al., 1992) produced a set of overlapping YACs th:
encompass the 200 kb segment (S. Wertheimer, M. Lanzer, D. de Bruin, T.E. Wellem
J.V. Ravetch, unpublished data). DNA from these YACs provides material to ider
transcribed sequences from the chloroquine resistance region. Analysis of these seq
should lead to a candidate chloroquine resistance gene.

* Attempts to clone largePlasmodium falciparuniragments intoEscherichia coliusing cosmid and
systems have not been successful, presumably due to the extremely high A+T corfdastrobdium
falciparumDNA.
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determinant as detamined from the HB3 x Dd2 Plasmodiunfalciparumcross.

PROSPECTS

Advances in laboratory genetics, linkage andysis and physical mapping nmethods facilitate
theidentific ation of geneticloci in P. falciparum. Thecloningin YACsof largechromosome



segments that span these loci is advancing efforts to identify specific genes. Ch
terization of genes that affect drug response, infectivity, stunity and disease severity
will lead to new strategies in the understanding and control of malaria.

ACKNOWLEDGMENTS

| thank the many colleagues and collaborators with whom | have had the privileg
working, including Lindsey Panton, Photini Sinnis, Stephen Dolan, Annie Walker-Jor
Jacqueline Herrfeldt, David Peterson, Akhil Vaidya, Ilya Gluzman, Donald Krogstad, ¢
Wertheimer and Jeffrey Ravetch.

REFERENCES

ALDRITT, S.M., JOSEPH, J.T. and WIRTH, D.F. 1989. Sequence identification of cytochrome |
Plasmodium gallinaceum. Molecular Cell Biolo§y 3614—-3620.

de BRUIN, D., LANZER, M. and RAVETCH, J.V. 1992. Characterization of yeast artificial chrom
somes fronPlasmodium falciparumconstruction of a stable, representative library and cloning
telomeric DNA fragmentsGenomicsijn press.

CARLE, G.F. and OLSON, M.V. 1984. Separation of chromosomal DNA molecules from yeast
orthogonal-field-alternation gel electrophoredisicleic Acids Research?: 5647-5664.

CLYDE, D.F. 1987a. Variations in response of malaria parasites to drugs in Asia and Odeani
Medicina Tropicale nella Cooperazione allo Sviluppo3-22.

CLYDE, D.F. 1987b. Genesis of chloroquine-resistlasmodium falciparurm the American region.
La Medicina Tropicale nella Cooperazione allo Sviluppo41-44.

CORCORAN, L.M., THOMPSON, J.K., WALLIKER, D. and KEMP, D.J. 1988. Homologous recot
bination within subtelomeric repeat sequences generates chromosome size polymorphism:
falciparum. Cell53: 807—-813.

DOLAN, S.A., ADAM, R.D. and WELLEMS, T.E. 1993. Chromosome mapping methods for paras
protozoa. In: Hyde, J.E., eMolecular Biology ProtocolsClifton, New Jersey: Humana Press, Inc
in press.

DOLAN, S.A., MILLER, L.H. and WELLEMS, T.E. 1990. Evidence for a switching mechanism
the invasion of erythrocytes bRlasmodium falciparum. Journal of Clinical Investigati@®:
618-624.

FOOTE, S.J., KYLE, D.E., MARTIN, R.K., ODUOLA, A.M., FORSYTH, K., KEMP, D.J. anc
COWMAN, A.F. 1990. Several alleles of the multidrug-resistance gene are closely linke
chloroquine resistance Rlasmodium falciparunisee commentsNature345: 255-258.

GARDNER, M.J., WILLIAMSON, D.H. and WILSON, R.J.M. 1991. A circular DNA in malarie
parasites encodes an RNA polymerase like that of prokaryotes and chloropadesular and
Biochemical Parasitolog$4: 115-124.

GU, H., INSELBURG, J.W., BZIK, D.J. and LI, W.B. 199®lasmodium falciparumanalysis of
chromosomes separated by contour-clamped homogenous electricEepesimental Parasitology
71:189-198.

KEMP, D.J., THOMPSON, J.K., WALLIKER, D. and CORCORAN, L.M. 1987. Molecular karyotyf
of Plasmodium falciparumconserved linkage groups and expendable histidine-rich protein gel
Proceedings of the National Academy of Sciences of the 84SR672—-7676.

KROGSTAD, D.J., GLUZMAN, LY., KYLE, D.E., ODUOLA, A.M., MARTIN, S.K., MILHOUS, W.K.
and SCHLESINGER, P.H. 1987. Efflux of chloroquine fraftasmodium falciparummechanism
of chloroquine resistanc&cience238: 1283-1285.



LANZER, M., de BRUIN, D. and RAVETCH, J.V. 1992. Transcription mapping of a 100 kb locts of
falciparumidentifies an intergenic region in which transcription terminates and reinitietd80
Journal1l: 1949-1955.

LEWIN, B. 1990.GenedV. Cambridge: Cell Press, pp. 89-90.

MARTIN, S.K., ODUOLA, A.M. and MILHOUS, W.K. 1987. Reversal of chloroquine resistance i
Plasmodium falciparunby verapamil.Science235: 899-901.

POLLACK, Y., KATZEN, A.L., SPIRA, D.T. and GOLENSER, J. 1982. The genomdtfsmodium
falciparum.l. DNA base compositionNucleic Acids Research0: 539-546.

POLOGE, L.G. and RAVETCH, J.V. 1986. A chromosomal rearrangemen®irfiedciparumhistidine-
rich protein gene is associated with the knobless phenotyatire322: 474-477.

POLOGE, L.G. and RAVETCH, J.V. 1988. Large deletions result from breakage and healifg ¢
falciparumchromosomesCell 55: 869-874.

PRENSIER, G. and SLOMIANNY, C. 1986. The karyotypeRiasmodium falciparundetermined by
ultrastructural serial sectioning and 3D reconstructifournal of Parasitology/2: 731-736.

SCHWARTZ, D.C. and CANTOR, C.R. 1984. Separation of yeast chromosome-sized DNAs
pulsed-field gradient gel electrophoresell 37; 67-75.

SHIRLEY, M.W., BIGGS, B.A., FORSYTH, K.P.,, BROWN, H.J., THOMPSON, J.K., BROWN, G.V
and KEMP, D.J. 1990. Chromosome 9 from independent clones and isolatBeasrhodium
falciparum undergoes subtelomeric deletions with similar breakpamtsitro. Molecular and
Biochemical Parasitology0: 137-145.

SINNIS, P. and WELLEMS, T.E. 1988. Long-range restriction mapsPt#smodium falciparum
chromosomes: crossing over and size variation among geographically distant iSGletesnics3:
287-295.

SLATER, A.F.G. and CERAMI, A. 1992. Inhibition by chloroquine of a novel haem polymerase enzy
activity in malaria trophozoiteNature355: 167-169.

TRIGLIA, T., FOOTE, S.J., KEMP, D.J. and COWMAN, A.F. 1991. Amplification of the multi-drug
resistance gen@fmdrl in Plasmodium falciparumhas arisen as multiple independent event:
Molecular Cell Biologyl1l: 5244-5250.

TRIGLIA, T. and KEMP, D.J. 1991. Large fragments Bfasmodium falciparunDNA can be stable
when cloned in yeast artificial chromosomblecular and Biochemical Parasitologyt: 207-212.

TRIGLIA, T., WELLEMS, T.E. and KEMP, D.J. 1992. Towards a high-resolution map ofRfaesmo-
dium falciparumgenome Parasitology Today: 225-229.

VAIDYA, A.B., AKELLA, R. and SUPLICK, K. 1989. Sequences similar to genes for two mitochondri
proteins and portions of ribosomal RNA in tandemly arrayed 6-kilobase-pair DNA of a mala
parasite Molecular and Biochemical Parasitolog3b: 97—-108.

WALKER-JONAH, A., DOLAN, S.A., GWADZ, R.W., PANTON, L.J. and WELLEMS, T.E. 1992. An
RFLP map of thePlasmodium falciparungenome, recombination rates and favored linkage grou
in a genetic crosMolecular and Biochemical Parasitologyl: 313—-320.

WALLIKER, D., QUAKYI, l.LA., WELLEMS, T.E., McCUTCHAN, T.F., SZARFMAN, A., LONDON,
W.T., CORCORAN, L.M., BURKOT, T.R. and CARTER, R. 1987. Genetic analysis of the hum
malaria parasit®lasmodium falciparum. Scien@86: 1661-1666.

WELLEMS, T.E., PANTON, L.J., GLUZMAN, LY., do ROSARIO, V.E., GWADZ, R.W., WALKER-
JONAH, A. and KROGSTAD, D.J. 1990. Chloroquine resistance not linkeddolike genes in a
Plasmodium falciparuncross.Nature345: 253-255.

WELLEMS, T.E., WALKER-JONAH, A.and PANTON, L.J. 1991. Genetic mapping of the chloroquin
resistance locus oRlasmodium falciparunchromosome 7Proceedings of the National Academy
of Sciences of the US28: 3382-3386.

WELLEMS, T.E., WALLIKER, D., SMITH, C.L., do ROSARIO, V.E., MALOY, W.L., HOWARD, R.J.,
CARTER, R. and McCUTCHAN, T.F. 1987. A histidine-rich protein gene marks a linkage gro
favored strongly in a genetic cross Bfasmodium falciparum. Ce#19: 633—-642.



Theileria parva:current status

V. Nene, R. Bishop, T.T. Dolan, D. McKeever, O.K. ole-MoiYoi,
S.P. Morzaria, A.J. Musoke, M.K. Shaw, P. Toye and A.S. Young

Theileria parvais a tick-transmitted intracellular protozoan parasite of cattle which usually
causes an acute and often fatal lymphoproliferative disease called East Coast fever (ECF]
Approximately 24 million cattle in 12 countries in eastern, central and southern Africa are at
risk. The high rate of morbidity and mortality of cattle introduced into ECF endemic areas
severely impedes improvement of the cattle industry. The epidemiology of the disease is
confused by the presence @heileria species which are nonpathogenic to cattle and the
presence of al. parvareservoir in buffalo complicates the development of ECF control
measures. Furthermore there is polymorphism in the clinical aspects of the disease and ther
is antigenic diversity within and between different parasite stocks.

Cattle that recover from a natural infection or those that are immunized by a simultaneous
inoculation of a lethal dose of cryopreserved sporozoites and a long-acting oxytetracycline
develop a long-lasting but parasite strain-specific immunity to reinfection. This immunity is
thought to be dependent on the generation of class | MHC restricted cytotoxic T cells (CTLS)
which are specific for schizont-infected cells. None of the available MAbs or DNA probes
correlate with cross-immunity data and the nature of the parasite antigenic diversity remains
undefined. A role for an immune response to sporozoites in mediating protection has been
demonstrated by immunizing cattle with a recombinant derivative of the major sporozoite
surface antigen p67. In contrast to the antigens that induce cell-mediated immune response
the sequence of the p67 molecule is highly conserved.

The parasite genome is remarkably small, being aboﬂbmn size with an estimated G+C
content of 31%. The genome consists of four Mbp size chromosomes and at least two smal
extrachromosomal DNA elements. Several parasite genes which code for antigens, enzyme:
rRNA and mitochondrial components have been characterized. In addition, telomeric and
repetitive DNA sequences have been analyzed. All the genes have been assigned to specif
locations on the genome as based on a physical linkage map. The DNA sequence data generat
accounts for about 0.6% of thle parvagenome and preliminary information regarding gene
structures have been deduced from this database.

INTRODUCTION

Bovine theileriosis is a complex disease syndrome caused by the tick-transmitted p
zoan parasitd heileria parva(reviewed by Norvakt al., 1992). The usually acute and
often fatal lymphoproliferative disease is characterized by pyrexia, swelling of the lyn
glands and a panleucopenia (reviewed by Irvin and Morrison, 1987). The parasite af
approximately 24 million cattle in 12 countries in eastern, central and southern Africe
1989, an estimated US$ 168 million was lost as a direct consequence of the dis
(Mukhebiet al.,1992). The high rate of morbidity and mortality of cattle introduced ini
areas where the disease is endemic impedes improvement of the productivity of the «
industry in a large part of sub-Saharan Africa.

The clinical behaviour of different parasite stocks has in the past led to sub-specic
of the parasite. Under this nomenclatlig. parvais the cause of East Coast fever (ECF



andT. p. bovis,a parasite from Zimbabwe, is the cause of January disease, so C
because of its seasonal occurrence. Both sub-species are maintained in cattle Whe
p. lawrenceiis a parasite of buffalo which, when transmitted to cattle, causes Corri
disease. There is no zoological justification for sub-species status and the parasit
now referred to as either cattle- or buffalo-derived stocksToparva (Anon., 1989).
However, different stocks of. parvaclearly exhibit polymorphism in the clinical disease
parasitological parameters and antigenic type. Factors such as virulence and low o
levels of parasitosis are phenotypic characteristics of parasite stocks, which invar
contain several strains, and a number of these characteristics may depend on host-p
interaction. Analysis of homogeneous parasite populations is required to unami
ously assign a “trait’ to the parasite since both the host and parasite are genotyp
polymorphic.

The wild life reservoir ofT. parvacomplicates the development of control measur
since cattle and buffalo often share grazing and the epidemiology of the disease ¢
confused by the presence of otliEreileria species which are non-pathogenic to cattl
The most extensively used disease control measure is the frequent dipping of cattle tc
tick infestation (reviewed by Norvaét al., 1992). This has the added advantage
controlling other tick-borne diseases. However, acaricides are toxic compounds and
can develop resistance to them. Drugs can be used in chemotherapy (McHardy, 198
these are expensive, not always available and usually have to be used fairly early ¢
the course of an infection to be completely effective. It is also possible to immunize ¢
against the disease by the simultaneous inoculation of a lethal dose of cryopres
sporozoites together with a long-acting oxytetracycline (reviewed by Morzaria and N
1990). Cattle undergo a mild disease reaction from which they recover and then exh
long-lived immunity. Problems associated with this infection-and-treatment metho
immunization include the use of live parasites and drug treatment. A more ser
limitation is that immunity is often parasite stock-specific as challenge of cattle wit
heterologous parasite stock can result in breakthrough infections. Vaccine potential
infection-and-treatment method can be increased by immunizing with a cocktal
sporozoites from stocks of different cross-immunity profiles. Since none of the avail:
in vitro parasite characterization methods correlate with cross-immunity data the exte
parasite antigenic diversity is difficult to predict and the success of this approach on a
scale remains to be determined. Hence, alternate control measures are required and
vaccines offer a potentially cheap and efficient method of parasite control.

PARASITE LIFE CYCLE

Sporogony takes place in type Il acini in the salivary glands of the main tick vec
Rhipicephalus appendiculat&awcettet al., 1985). Sporogony initiates when the ticl
attaches to its host and mature sporozoite release peaks four to five days later. Ap
mately 40,000-50,000 sporozoites develop within one infected acinus. This represe
minimum parasite challenge and it can be lethal. Sporozoites enter bovine lympho
and develop into a multinucleate stage called the schizont. The events of the entry pr
and the possible involvement of MHC class | molecules in entry has been rece



described in detail (Shawt al., 1991). Parasite development is highly restricted in tf
mammalian host range and there is no small animal model for the parasite.

The schizont lies free in the host cytoplasm and it induces the host cell to prolifer
The host cell and parasite divide in synchrony which results in a rapid increase in schi
parasitaemia. Since the proliferative phenotype of infected cells can be reverse
schizonticides, the cells are not immortalizéa vitro, it is possible to infect and “trans-
form’ B cells, CD4f and CD8& T cells and T cells which lack the CD4 and CD8 marker
(Baldwin et al.,1988) but which expres® T cell receptor genes. The molecular mech:e
nisms that cause the host cell to proliferate are unknown but casein kinase Il in the
cell and the parasite are candidate enzymes involved in the signalling of cell grc
(ole-MoiYoi et al.,1992).

Some schizonts undergo merogony to produce merozoites which are released by
cell rupture. These merozoites invade red blood cells where they develop into
plasms, the tick-infective stage. There is little if any multiplication of the piroplas
stage of the parasite and the primary cause of pathology is the schizont-infected
Cattle that recover from infection become carriers of the parasite but what maint
this status is unclear.

Morphologically different forms of gametes are only seen in the tick gut and these
to form a zygote which invades the gut epithelium. The zygote differentiates into a kir
which invades the tick salivary gland to complete the life cycle. Recent experiments
shown that genetic exchange can take place during this event. However, whether anti
diversity is generated during the sexual cycle remains to be determined. Transmissi
the parasite is trans-stadial and, since the tick is a three-host tick, infections are pick
by larvae and nymphs. Only the next instar, namely nymphs and adults, are able to tral
the parasite.

SCHIZONT ANTIGEN-BASED VACCINE

Cattle that recover from a natural infection or those that are immunized develc
long-lasting but parasite strain-specific immunity to reinfection. This immunity is thoug
to be dependent on the generation of class | MHC restricted cytotoxic T cells (CTLs) wk
are specific for schizont-infected cells (reviewed by Morrison and Goddeeris, 1990).
specificity of the CTL response is known to be influenced by the bovine MHC and
immunizing parasite stock and these findings could complicate the development c
anti-schizont vaccine. The relative importance of this type of response in very yo
animals has been recently questioned since preliminary studies have not been able to
a cytotoxic T cell response in immune calves.

Two strategies to identify schizont epitopes that are the targets of the CTL respons
being developed. The first involves the isolation and characterization of parasite pep
associated with bovine class | MHC gene products. The second strategy involves a s
of COS cells, permanently expressing bovine MHC gene(s) and transiently expres
randomly isolated schizont cDNAs in a direct Kkilling assay, using CTLs as probes.
identification of a schizont antigen carrying a CTL epitope will allow a number
important technical and theoretical issues to be investigated.



SPOROZOITE ANTIGEN-BASED VACCINE

A role for a humoral response to the sporozoite stage in mediating immunity has
hypothesized based on the finding of sporozoite neutralizing antibodies in sera taken
cattle in endemic areas. Sporozoite antigens that are the targets of these antibodi
therefore, potential components of subunit vaccines (reviewed by Musoke and Nene, 1
A significant rationale in the development of an anti-sporozoite vaccine is that the se\
of the disease appears to be sporozoite dose-dependent (&araktt1969). Hence, a
vaccine does not have to induce a sterile immunity.

Monoclonal antibodies (MADbs) that neutralize sporozoite infectiintyitro primarily
bind to a 67 kDa stage specific antigen termed p67. Antisera to this antigen will neutr
sporozoite infectivity from a range of different stocks suggesting that p67 is a conse
antigen. The gene coding for p67 bfparva(Muguga) has been cloned and characteriz
(Neneet al.,1992). The gene is present in a single copy and it is split into two exons
an intron that is 29 bp long. The open reading frame codes for a protein consisting o
amino acid residues which has a signal sequence at the N-terminus, a hydroj
C-terminal region and it does not contain short tandem amino acid sequence repea

Recombinant p67 has been expressed in both prokaryotic and eukaryotic cells. Nine
immunized with a semi-purified preparation of a bacterial fusion protein with saponin a
adjuvant developed high levels of anti-p67 antisera. When given a syringe challen
homologous sporozoites, a range of responses was observed. Some cattle did not reac
developed mild disease and recovered while others developed severe disease an
indistinguishable from controls (Musolet al.,1992).

The protection data has been validated in a larger number of cattle and overall 19
immunized cattle have been protected against challenge. Interestingly, a similar le\
protection was observed with a heterologous sporozoite challenge indicating that p6-
be able to induce a broad spectrum immunity. Unfortunately, antibody titres to p67 \
not predictive of protection ard vitro correlates with immunity remain to be defined. |
a more recent experiment, five cattle that received purified recombinant antigen &
different adjuvant were immune to sporozoite challenge. This result is extremely pro
ing and the immunization regime is being optimized before a tick challenge is underte
Preliminary data suggest that sporozoite release from the tick occurs as a trickle r
than as a burst and this may favour an anti-sporozoite vaccine.

As a variation in amino acid sequence in the p67 protein may complicate vac
development, the genes coding for this protein from a variety of different parasite st
have been sequenced. The data indicates that there is very little if any sequence va
in the gene from cattle-derived parasites whereas the predicted gene product of bu
derived parasites contains several amino acid differences. Hence, it is reasonal
presume that extensive cross-immunity trials with cattle-derived parasites do not ha
be undertaken but the capacity of recombinant p67 to induce immunity to buffalo-de:
parasites needs to be established.

In considering vaccine development a mild disease reaction in p67-immunized c
has the advantage that a cell-mediated immune response to the schizont stage
parasite is developed and such cattle would maintain immunity against both
infective and the pathogenic stage of the parasite. Differences in the local or regi



epidemiology of the disease may dictate that different vaccine strategies be develc
For example, because of the wildlife reservoir, disruption of the endemic stability
the disease by a vaccine could have disastrous consequences if control measur
not sustained.

THE PARASITE GENOME

All life cycle stages of the parasite except the kinete, and presumably the zygote, are ha
The parasite genome is remarkably small being aboUbp0n size with an estimated G+C
content of 31% (Allsopp and Allsopp, 1988). The genome consists of four Mbp size chro
somes (Morzaria and Young, 1992) and contains at least two small extrachromosomal
elements. Several parasite genes which code for antigens, enzymes, rRNA and mitochc
components have been characterized. In addition, telomeric and repetitive DNA sequ
have been analyzed. All the genes have been assigned to specific locations on the gen
based on a physical linkage map. The DNA sequence data generated accounts for abot
of theT. parvagenome.

Preliminary information regarding gene structure asisl spliced introns has been
deduced from a database. The characteristics of the introns are different to highe
karyotic introns and in one example COS cells were not able to express a protein fr
gene containing a 29 bp intron. The majority of the genes that have been analyze
present as a single copy and protein antigens rarely contain short tandemly repeated
acid sequences. Regulation of gene expression can take place at the transcription
post-transcriptional level and there is no evidence, so far, of co-transcription of genes.
approach being pursued to identify schizont antigens bearing CTL epitopes is to sc
randomly isolated cDNA. Analysis of these clones should yield valuable information
the repertoire of genes expressed in the pathogenic stage of the parasite and help t
an understanding of the cellular and molecular biology.gbarva
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Genomic polymorphisms it heileria parva
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A Theileria parvarepetitive sequence designafgar has been extensively characterized. Most

T. parvastocks examined can be distinguished by restriction fragment length polymorphisms
(RFLPs) within theTpr locus. DNA sequencing of Tpr clones reveals open reading frames
(ORFs) with a novel organization. Synthetic oligonucleotides derived Trpnsequences can
distinguish selected stocks in a positive/negative fashion.

Ribosomal RNA genes are polymorphic betweélemparvastocks particularly in the tran-
scribed spacer region. Telomeric DNA sequences are polymorphic befivgmvastocks
and most telomeri&fil fragments are size polymorphic. The majority of telomeres can be
distinguished using a cloned parvatelomeric sequence bycoRl RFLPs.

Polymorphism has been examined in the genes encoding foF.tparvaantigens. The p67
sporozoite antigen gene is highly conserved among cattle-defive@rva,but p67 from
buffalo-derived parasites has a 129 bp insertion potentially encoding an additional 43 amino
acids. The central section of the gene encoding the polymorphic immunodominant molecule
(PIM), which is found on the surface df parvaschizonts and sporozoites, contains complex
repeated sequences which are polymorphic between diff@rgmarva stocks. Polymerase
chain reaction (PCR) amplification of DNA using single arbitrary primers (decamers) has
recently been used to detetparvagenomic polymorphisms.

INTRODUCTION

Polymorphic sequences within thideileria parvagenome which have been characterize
include repetitive DNAs (in particular a tandemly repeated sequence desighpitid
ribosomal RNA genes, telomeric DNA sequences and the genes encoding the p6’
polymorphic immunodominant (PIM) antigens. Attempts have been made to look
polymorphic minisatellites and microsatellites T parva. Polymerase chain reaction
(PCR) amplification of DNA using arbitrary primers (AP-PCR) has recently been shc
to be a powerful method for detecting genomic polymorphismik. iparva.

REPETITIVE DNA SEQUENCES

A major repetitive DNA sequence designatégdrl (Allsopp et al., 1989), is highly
polymorphic in theT. parvagenome and has been extensively used for characterizatio
T. parvastocks using RFLP analysis (Conratlal.,1987; Allsopp and Allsopp, 1988).
Sequence analysis of an 8.0 kb EMBL 3 phage clone contaifiprgONA from the
T. parvaMuguga stock reveals the existence of long open reading frames (ORFs) w
are partially repeated and tandemly arranged (Bagtisal., 1991). The repeats are
approximately 90% homologous within tAe parvaMuguga genome and conserved a
ORFs, although many of the ORFs do not have an in-frame ATG codon, for initiatior



translation, close to the 5’ end. HybridizationTdr probes to pulsed-field gel electropho
resis (PFGE) blots shows that thipr genes are situated in a limited region of theparva
Muguga genome on two adjacesfil fragments on chromosome 3 (Morzaria and Youn
1992). WhenTpr DNA sequences from differeft parvastocks are compared, the 5’end
of the ORFs are sometimes not homologous, whereas the 3’ ends are 70-80% homol
at the DNA level. Transcripts homologous T@r sequences have been detected in t
tick-infective piroplasm stage @t parva,but notin the schizont stage (Bayésal.,1991).
Tpr-homologous piroplasm cDNA clones from a single infected animal are derived fi
at least four loci and show considerable sequence heterogeneity.prti@RFs have the
appearance of a system designed to generate diversity and have features reminis
vertebrate immunoglobulin or troponin T genes. However, it has so far proved impos
to demonstrate the existence of proteins corresponding to the genomic ORFs.

A practical consequence dfpr sequence diversity is that synthetic oligonucleotid
derived fromTpr sequences can be used to distinguish selettpdrvastocks or groups
of stocks in a positive/negative fashion (Allsogpal., 1989; Bishopet al.,1992). This is
an important element of the strategy employed for isolating recombihgrdarvapara-
sites. A second multicopy, polymorphic, transcribed sequence has recently been di
ered in theT. parvagenome. This is situated on a sin@él fragment on chromosome 4.
Unlike theTpr sequences, these repeats are transcribed in both schizonts and piropl
A third repeated sequence (Conretdal., 1987), which has not been extensively chara
terized, is situated primarily on a sing®il fragment on chromosome 2.

A general property of the repeated sequences so far identifi&@dparvais that they
are confined to specific regions and not dispersed in the genome.

RIBOSOMAL RNA GENES

Hybridization of EcoRI-digestedT. parvaDNA with a T. parvasmall subunit ribosomal
RNA (SSU, rRNA) gene probe separates Bllparvastocks so far examined into twa
groups, exhibiting either one or two fragments hybridizing to the probe. It has been st
that there are two ribosomal RNA coding unitsTinparva,situated on chromosomes
and 3. There is evidence to suggest that in sdmarvastocks the two transcription units
are similar to one another, whereas in other stocks they are different. It is not yet kr
if there are sequence differences in the SSU rRNA coding genes between the two un
has been observediMasmodium berghdGundersortal.,1987). There are considerabls
differences, both between differeft parvastocks and within a single parasite genom
in the transcribed spacer sequences between the large and small ribosomal sul
involving large insertions or deletions.

TELOMERIC DNA SEQUENCES

It is known that telomere-associated DNA sequences are often major regions of ge
instability in protozoa, for example deletion in subtelomeric repetitive sequence
responsible for generating chromosome size polymorphisrR&ismodiun{Corcoranet



al., 1988; Biggset al., 1989). InT. parvainitial studies involving hybridization of a
synthetic oligonucleotide derived from a publishedergheitelomeric sequence (Ponzi
et al.,1985) to blots ofSfil-digestedT. parvaDNA run on pulsed-field gels demonstratec
that the majority of size-polymorphisfil fragments were telomerically located (Morzariz
et al., 1990). A T. parvatelomeric sequence has been isolated usingPthkerghei
oligonucleotide as a probe. Using this cloned sequence mgsrvatelomeres can be
distinguished inEcoRI-digested DNA and manicoRI fragments are size-polymorphic
between different stocks. The probe can therefore be employed to detect indepel
assortment of chromosomes in recombinnparvaparasites.

Analysis of telomere-associated DNA sequences situated up to 15 kilobases upst
of the simple telomeric repeats, cloned in thevector EMBL 3, does not reveal the
presence of large blocks of repetitive DNA sequences. Homology with other telom
does not extend beyond 4-5 kilobases from the simple repeats. There are however F
between differenT. parvastocks in the telomere-associated DNA. The clofiegarva
subtelomeric DNA sequences are derived from the left hand end of chromosome 1.

ANTIGEN GENES

In view of the importance of the gene encoding the p67 sporozoite surface antigen (I
et al., 1992) as a candidate vaccine antigen, its complete sequence has been deter
for eight T. parvastocks. Five cattle-derived. parvastocks did not exhibit significant
variation at the DNA or amino acid levels. The p67 genes ofthearvaMuguga and
Marikebuni stocks, which were analyzed by direct sequencing of PCR products, v
found to be identical. The homogeneity of the gene in these two stocks is surprising s
they are known to differ in many other properties, including the strain specificity
schizont immunity (Irviret al.,1983; Mutugiet al.,1989). The sequence of the p67 gen
from three KenyarT. parvabuffalo-derived parasites exhibits 64 nucleotide differenc
relative to the gene from the cattle-derived parasites, 37 of which result in amino
differences. The gene from the buffalo-derived parasites also contains a 129 base
insertion potentially encoding an additional 43 amino acids inserted in-frame betw
amino acids 303 and 304 of the cattle-derived p67 protein. The insertion is flanked
six nucleotide direct repeat, a feature typical of sequences which have been inserte
DNA. The p67 gene is situated on chromosome 3 (Morzaria and Young, 1992).

The polymorphic immunodominant antigen (PIM) is an antigen recognized by all mo
monoclonal antibodies (MAbs) raised agaifsparvaschizont-infected cells, which have
been tested on Western blots (Toge al., 1991). It is also the predominant antige
recognized by sera from infected cattle on Western blots. More recently the PIM ant
has also been shown to be expressed in the sporozoite stadgparfva.On Western blots
the antigen is size polymorphic between different parasite stocks or, in the dagmoia
Marikebuni, between clones within a stock (Shagtal.,1987; Toyeet al.,1991). A panel
of anti-PIM MADbs can also be used to distinguish differ&nparvastocks on the basis of
+/— reactions in an immunofluorescent antibody test (IFAT) (Minatral., 1983).

The gene encoding PIM proved refractory to cloning using bacterial expression sys
but theT. parvaMuguga PIM gene has recently been cloned by using one of the MAb:



screen a library expressed in the eukaryotic COS cell system. The PIM gene has als¢
isolated from the buffalo-derived 7014 stock using th@arvaMuguga PIM gene and the
genes from both stocks have been sequenced. The PIM gene is situated on chrom
1. The sequence data reveals the 5’ and 3’ ends of the genes to be relatively cons
approximately 96—97% homologous at the nucleotide level. The central portion of the
gene contains a complex series of polymorphic repeated sequences of three different
The relative size of the polymorphic central region of the gene between the two st
corresponds to the size difference observed in the PIM protein in that it is large
buffalo-derived 7014 than il. parvaMuguga. Deletion constructs have allowed mappir
of the epitopes detected by the MAbs to a region in the 3’ end of the gene which is ot
the central region of the molecule which contains the polymorphic repeated seque
This suggests that the size polymorphism in the PIM antigen and the epitope poly
phisms detected using the IFAT test are located in independent regions of the mole
This result also contrasts with the situation in magsmodiumantigens in which the
immunodominant epitopes are usually located in regions of repeated amino acids
viewed in Nussenzweig and Nussenzweig, 1985).

MINISATELLITES, MICROSATELLITES AND PCR
AMPLIFICATION USING ARBITRARY PRIMERS

A probe derived from the region of M13 phage which is known to contain homology
sequences present as variable number tandem repeats or minisatellites in vert
genomes (Vassawrt al., 1987) hybridizes tol. parva DNA. The sequences involved
display only limited polymorphism betwedn parvastocks and are primarily confined tc
a singleSfil fragment situated on chromosome 2.

Length polymorphisms in simple dinucleotide or trinucleotide repeats, detected u
PCR amplification, are useful polymorphic markers for genome analysis in many or
isms (Tautz, 1989). Two oligonucleotides (GJ)and (GA),, derived from the most
common microsatellites present in vertebrate genomes do not hybridizpao/aDNA.
Two short microsatellites (four copies of a dinucleotide repeat) have been observi
cloned T. parva DNA sequences but it is not known whether these are polymorp
betweenT. parvastocks.

PCR amplification of DNA using single arbitrary sequence primers (AP-PCR)
recently been shown to be a useful method of detecting polymorphisms between orga
(Williams et al.,1990; Welsh and McLelland, 1990). Selected decamer primers have
found to generate PCR products polymorphic between diffefemarva stocks and
clones. When gel-purified and hybridized to Southern blot$.qgfarvaDNA, individual
polymorphic PCR products detect restriction fragments which are size-polymor
between differenT. parvaclones. Since this technique is likely to detect polymorphisi
which are dispersed in thHe parvagenome, and which may sometimes be within prote
coding genes, AP-PCR represents a powerful method for detecting and analyzing gel
polymorphisms inT. parva.

Extensive polymorphism has been discovered inThparvagenome but there is no
evidence that any of the genomic polymorphisms so far characterized correlate



phenotypic parameters of interest such as the strain-specifity of schizont immu
parasite virulence or infectivity to the vertebrate and invertebrate hosts. A high propor
of the polymorphic markers so far available sample variation from multiple loci or
multiple sites within a complex locus. The available markers are heavily biased tow
chromosomes 1 and 3. For the purposes of further mapping.tharvagenome there is
a requirement for a series of simple allelic markers which are dispersed throughou
T. parvagenome. In the context of mapping, isolation of a dispersed repetitive DI
sequence iif. parvawould also be useful for ordering clones from large fragment librari
constructed in P1 or YAC vectors.
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Theileria parva:a restriction map
and genetic recombination

S.P. Morzaria, J.R. Young, P.R. Spooner, T.T. Dolan and R.P. Bishop

In order to study the nature of observed polymorphisnigieileria parvawe have constructed

a long-range restriction map of the parasite genome and generated several random markers
the genome. Subsequently, we have used various chromosome-specific markers to demonstre
that sexual reproduction occurs during the parasite life cycle.

The map reveals 28fil and fourNotl sites within the four chromosomes of the 10 million
base pair haploid nuclear genome. Several genes, including those for parasite antigens, ar
the single locus carrying the major repetitive sequence have been located on the map. Of th
29 Sfil sites, 23 were identified using linking clones, and of the remaining eight links, four
were established by analysis of partial digests and four were implied because no alternative
arrangements of fragments were possible.

In sexual recombination studies, polymorphic markers from 11 different loci on the genome
(major repetitive sequences, ribosomal RNA gene, major schizont antigen gene and eigh
telomeres) were used. Several recombinants were identified and analysis of two of these
showed that both were derived by independent assortment of chromosomes. The methodolog
developed for mapping th€. parvagenome may be applicable to genomes of other lower
eukaryotes. Both the physical mapping of the parasite genome and the ability to produce
genetic crosses provide the foundation for the construction of a higher resolution map, the
production of genetic crosses for linkage analysis, and the subsequent localization anc
identification of genes of important biological traits.

INTRODUCTION

Theileria parvaga tick-transmitted protozoan parasite of cattle and buffalo, causes a se
disease syndrome in cattle known variously as East Coast fever, January diseas
Corridor disease. The disease is important because it affects cattle in large parts of ea
central and southern Africa and limits the introduction of more productive breeds
endemic areas (Mukhekdt al., 1992). The International Laboratory for Research c
Animal Diseases (ILRAD) is attempting to develop improved methods for control of 1
disease through a better understanding of its epidemiology and by developing r
vaccines.

Theileria parvastocks and strains exhibit extensive genotypic and phenotypic polymn
phisms. Genomic polymorphisms have been characterized using the parasite rep
sequence, designated TpR, ribosomal RNA gene probes and telomeric sequences (|
etal.,1993). Size polymorphisms have been identifie@finmacro-restriction fragments
of different T. parvastocks (Morzariaet al., 1990). Important phenotypic differences
observed inT. parvainclude the presence of different immunological strains (Raékey
al., 1975), variations in the virulence of parasites derived from buffalo and cattle (Groot
huis and Young, 1981), the presence of strains causing mild diseasegiialin1989) and
the occurrence of parasites causing no carrier state in cattle (Bethedp 1992). Some



of these characteristics affect the epidemiology of the disease and may be import:
planning strategies for developing novel vaccines.

A systematic approach to the genome analysis was initiated to study the genetic
of the observed polymorphisms. This approach involved the construction of a restric
map, generation of numerous chromosome-specific polymorphic markers, anc
generation and characterization of sexual recombinants following crosses bet
strains ofT. parva.

MAPPING THETHEILERIA PARVAGENOME

When the mapping project was initiated only rudimentary information onTthgarva
genome was available with only four genes cloned and sequenced. Preliminary an
had shown that the nuclear genome size was ~10 million base pairs (Allsopp and All:
1988). Rare-cutting restriction enzymes sucBflsandNotl produced 33 and 8 fragments
respectively, and these could be easily resolved on pulsed-field gel electrophc
(PFGE).

Based on this information, three mapping approaches were considered. Si
restriction mapping by double and partial digestion would have been the easies
quickest approach, but such a map would have provided little information anc
markers for easy comparison of stocks. The production of overlapping clones fol
whole genome, using cosmids, would provide a physical map with a large numbe
markers distributed throughout the genome. However, this approach was rejecte
cause of the problems in mapping tRéasmodium falciparungenome (Triglia and
Kemp, 1991). They encountered difficulties in cloning DNA fragment&satherichia
coli because of the parasite’s A+T-rich genome and Thearvagenome is approxi-
mately 70% A+T-rich. Thus a third approach, commonly described as the “top dc
approach, was used. This involved the separation and subdivision of the chromos
into their macro-restriction fragments and localization of various genes on these "
ments. Combining this approach with the ordering of the macro-restriction fragm
along the genome, using linking clones, provided a complete macro-restriction me
theT. parvagenome.

ChromosomesS$fil, Notl Fragments and Telomeres

A combination of different PFGE techniques was used to characterize the chromos
and Sfil and Notl fragments of thel. parvagenome. The results of these studies show
that there were four linear chromosomes in the nuclear genorepzrva,with 29 Sfil
and fourNotl sites. APlasmodium berghedkelomeric oligonucleotide probe, which alst
hybridizes with T. parva telomeres, identified eigh&fi fragments. This probe also
recognized eighEcoRI fragments that were susceptibleBal-31 digestion (R. Bishop
and B. Sohanpal, unpublished data) thus confirming the presence of four chromosor
the genome. The summation of the sizes of all$fiefragments confirmed the previously
estimated genome size to be’1ip (Allsopp and Allsopp, 1988).



OrderingSfil Fragments Using Linking Clone Strategy

Linking clones are unique genomic DNA fragments bearing a particular restriction
and when used as hybridizing probes they identify two fragments joined together by
restriction site. The linking clone strategy (Sméhal., 1987) was used witfi. parvato
order all the 33Sfil fragments along the four separated chromosomes. The mapr
involved the construction of a genomic library, selection of clones be&fihgestriction
sites, characterization &fil linking clones and the use of the linking clones as probes
Southern blots of PFGE separat8fi fragments (Morzaria and Young, 1992).

A library of 4-6 kb SawBAl fragments from the partially digested genomic DNATof
parvawas constructed into the Bluescript SKM13+ plasmid vector. In order to ident
SawBAIl DNA fragments bearingsfil sites, the total DNA from the library was digestec
with Sfil to linearize the appropriate fragments. These linear molecules were then pt
cally separated by agarose gel electrophoresis (Young and Morzaria, 1991), gene-cl
and re-ligated to obtain an enriched population of the plasmid contaB@mBAl frag-
ments bearing th&fil site (Morzaria and Young, 1992). This was then transformed in
appropriate bacteria and small-scale plasmid preparations (minipreps) from indivit
colonies were analyzed in order to select unique linking clones.

The minipreps were analyzed by agarose gel electrophoresis, and those containing i
of appropriate length were characterized further by electrophoretic anal\®&g8A4I and
SawBAl + Sfil digests. Agarose gels were used to reveal the |a8geBAl fragments and
acrylamide gels were used to reveal the smaller (less than 5@ fragments (Young
and Morzaria, 1991). Of the 355 minipreps examined, 199 contained the expected
inserts of between 4-6 kb. Of the 199, 123 were found to confaiparva genomic
fragments bearin§fil sites and these were sorted into 21 groups, each representing a si
Sfil site. The linking clones were used in three kinds of analysis; as hybridization pro
on Southern blots o&fil-digestedT. parvagenomic DNA to detect linkage betwe&iil
fragments, as specific markers to assgjihnfragments to separated chromosomes ot
fragments and two clones were hybridized to partial digestion ladders.

Four Notl sites were detected by double digestion withtl and Sfil. Their locations
within Sfil fragments were determined by hybridizationNdtl + Sfil digests with linking
clones including the ends of the &fil fragments. The complete map of t8&l andNot
sites in the genome of the parvaMuguga stock is shown in Figure 1. The main resul
of the genome analysis are listed below.

* The nuclear genome of I(Pbp consists of four chromosomes of 3.2,2.3,2.2and 2.1 n
* The genome is subdivided into ZHil and fourNotl sites.
* The order ofSfil and Notl fragments along the chromosomes has been established.

* Twenty-one of the linkages betwed&iil fragments have been established by linkin
clones.

» Sfil fragments bearing telomeres have been identified.
* Several house-keeping and antigen genes, random schizont cDNAs and a major r
tive sequence have been localized in the map.

The type and the distribution of chromosome specific markers available far tregva
genome are summarized in Table 1.
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Table 1. Theileria parvachromosome-specific DNA markers.

Number of Chromosome number

Markers markers 1 2 3 4
Linking clones 21 6 2 7 6
Antigen genes 5 1 0 3 1
House keeping genes 3 0 1 1 1
Random cDNAs 8 4 1 2 1
TpR major repetitive sequence 1 0 0 1 0
Total 38 11 4 14 9

SEXUAL CYCLE IN THEILERIA PARVA

By analogy with related Apicomplexan parasites of the geRésamodiunandBabesia,

it has been assumed that a sexual cycle occurb. iparva(Irvin and Boarer, 1980;

Mehlhorn and Schein, 1984), however no genetic evidence has been presente
part of our study of polymorphism if. parvait was important to identify if a sexual
cycle occurred inT. parvaand whether this provided a mechanism for generatil
polymorphism.

The macro-restriction map of the genome formed the backbone of the study of
sexual cycle. In designing experiments to identify the presence of a sexual cycle
made certain assumptions based on the findings with malaria parasites. It was ass
that the parasite had a predominantly haploid life-cycle, except when diploid zygc
and kinetes were formed, and that the sporozoites were derived from a single me
division followed by a multiple asexual division. It has been estimated that |
probability of a single acinar cell in a tick salivary gland becoming infected with t
or more kinetes is 1 in 1(Fujisakiet al.,1988) and, therefore, a sporozoite populatio
derived from a single-infected acinus was considered a product of a single mei
division.

Experimental Design to Investigate the Presence
of a Sexual Cycle irTheileria parva

Two cattle were each infected with both the Muguga and Uganda stockspafrva,for
which a number of phenotypic markers were available. An important feature of the sele
stocks was that they developed piroplasms in cattle at about the same rate, providir
opportunity for ticks to become infected with both parasites. Salivary glands from ti
which fed on these cattle were dissected, removed and examined under interfel
contrast microscopy for identification of glands containing only single infected aci
Sporozoites from these single infected acini were analyzed. It was postulated tt
population of sporozoites from a single meiotic product should contain either Mugt
Uganda or a Muguga/Uganda mixed genotype.



Results

Sporozoite DNA from single infected acinar cells was amplified by the polymerase cl
reaction (PCR) using conserved primers (Biskbpal., 1992) derived from &. parva
repetitive DNA sequence TpR (Allsopgt al., 1989). The primers flanked a region o
sequence which was variable between stocks. The amplified DNA was probed L
oligonucleotides that distinguish between the Muguga and Uganda parasite stock
+/- basis (Bishopet al., 1993). Cloned, schizont-infected lymphoblastoid cell line
derived from infection with sporozoites from single-infected acinar cells, which rea
with both oligonucleotides, were characterized using a panel of schizont-specific m
clonal antibodies (MAbs) as phenotypic markers (Minanal., 1983) and a range of
DNA probes, including the TpR repetitive sequence, a small subunit ribosomal F
gene, and d. parvatelomeric sequence (Bishah al.,1993) as genotypic markers. The
PCR analysis showed that the sporozoite populations from 38% of the single infe
acinar cells had genotypes representing mixtures of both stocks. One of the sporc
populations of mixed genotype was used to infect bovine lymphocytes and amijitifie
vitro as a cloned schizont-infected cell line. Analysis of parasite DNA from the cell-|
using the telomeric probe confirmed that the parasite was the product of a sexual -
between the two stocks and that this recombinant was produced by an indepe
assortment of chromosomes.

CONCLUSIONS

The investigations reported above provide evidence that sexual reproduction octurs
parva. Analysis of one of the recombinants showed that genetic exchange occl
between two parasite populations and is one mechanism which could account fc
polymorphism detected iff. parva.Other putative recombinants are currently beir
characterized. The significance of the sexual cycle in the generation of polymorpl
during natural infection and its contribution to antigenic diversity is yet to be determir

Now that it is possible to produce genetic crosses.iparva,classical genetic studies
can be initiated. The combination of genetic and physical maps in the future may prc
a powerful tool for the identification of important parasite genes and for the studies or
molecular structure of the genome.
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Summary of discussion

ChairpersonProf. A. Tait
RapporteursDrs. P. Majiwa and D. McKeever

Most of the discussion on this session focused on use of physical maps and genetic ct
in Theileria parvafor the detection of genes that determine traits of interest. Virulen
was one trait that was discussed in detail.

One of the problems in detecting the gene(s) for virulencé.iparvawas lack of
correlation betweein vitro characteristics of the parasite aimdvivo behaviour. It was
emphasized that the assessment of the virulenceloparvastock is rendered complex
by the influence of the phenotype of the infected host cell. Indeed, many of the paras
traits may be determined or strongly influenced by the host, in which case it may be f
to look for gene associations in the parasite. An additional complicating factor is that
parasite turns on some host genes and turns off others. Because of these host influ
it may be difficult to look for parasite genes responsible for such traits. Since there i
information on the genetic basis for virulenceTinparva,it was difficult to formulate a
mapping strategy for the identification of relevant genes. However, it was pointed out
lack of information on the chromosomal location of a gene or genes has not prevente
search for them. Examples given were the search for genes responsible for schizopt
and homosexuality, which are believed to be hereditary but are also environmen
influenced.

A question was raised about the possibility of generaitingtro phenotypes of. parva
and whether such phenotypes had any correlation imithivo traits. It was pointed out
that this was attempted in one instance by Dr. C.G.D. Brown, who used atteriliate
parvainfected lymphoblastoid cell lines. He also attempted to generate drug-resis
strains without success. One other trait considered for study was merogony and the c
state. The difficulty with this trait again is the problem of inducing merogionyitro.

It was suggested that mutagenesis be considered as an approach to generating ne
that could be studied in the laboratory, particularly where haploid organisms are concel
It must be borne in mind, however, that mutagenesis techniques have been appli
malaria and have not always given correct answers and may in fact lead one dow
wrong alley. An example of this is the mutations caused in the parasite by nitrogen mu
and drug pressure in the laboratory, which have no relevance to the basis of drug resis
in the field.

There was a lengthy discussion on the potential uses of performing parasite cross
the identification of gene loci for important parasite traits. Generation of large numk
of recombinants from a single cross in thgarvashould not be a problem since one ca
clone large numbers of sporozoites from a single infected acinus. But it was pointec
that performing crosses i parvais an expensive undertaking, particularly considerin
the large number of cattle required for complete analyses of products from each cro



would therefore be useful to know the number of crosses that need to be made before
or traits of significance are mapped Th parva.It was suggested that if the fluorescen:
activated cell sorter can be used to sort sporozoites into 96-well plates as has beer
to sort single sperms, degenerate oligonucleotides could be used to amplify ge
material for subsequent analysis.

The group felt that despite reservations expressed about the expenses involv
analysing genetic crossesinparva,it would be a good idea to make one cross that wou
service all the conceivable mapping needs of the program. As many recombinar
possible should be generated and stored safely for future use. The choice of pa
parasite populations for such a cross would be crucial and would be complicated b
fact that phenotype may not actually reflect genotype and that organisms may switch (
on and off.

There was also a discussion on the requirement for markers and the types of me
for characterization of parasites. It was clear that random and specific DNA markers w
be of considerable use in characterizing allelic diversity in parasite populations in the f
This would provide better understanding of parasite behaviour and enable better pla
of immunization in the field. For the immediate future it was thought that polymorp
markers for monitoring vaccine breakdowns will be useful in the application of nc
vaccines. ILRAD will be in a better position to identify relevant markers for vacci
breakthrough populations after at least one of the antigens that provoke CTL resp
has been identified. One approach to the identification of such a marker is to
polymorphic markers to identify CTL antigens by generating recombinants from
parasite clones, one of which was seen by a CTL clone and the other of which wa:
By screening these recombinants with an array of polymorphic markers, the gene enc
the antigen should be detectable.

Markers can also be used to find genes without having to generate maps. Random
markers have been successfully exploited in finding genes, particularly in plant syst
However a map is a resource to which one can always turn for both information and
detailed analyses of specific genetic loci.

In view of the current thrust of the theileriosis program, the group believed that
construction of al. parvagenome map of a resolution higher than the one curren
available was of low priority.
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An introductory review of the important
trypanosomes of livestock

P.R. Gardiner

The pathogenic trypanosomes which contribute to the disease complex affecting livestock
productivity in Africa are briefly reviewed. Attention is drawn to the important biological
features of trypanosomes and opportunities for genetic research. Differences, as well a
similarities, amongst the livestock trypanosomes are highlighted to assist the formulation of
research efforts which will effectively address the animal health and economic problems posec
by these trypanosomes as a group.

The majority of experimental work conducted with the tsetse-transmitted African trypa
somes has focused dmypanosoma brucei brucethis has been because of the ease
its propagation in laboratory rodents, the early establishment of culture systems for t
haemoflagellate protozoan organisms and its close relationship to two other subspe
T. b. rhodesiensandT. b. gambienseyhich cause two forms of human trypanosomias|
in Africa. Many important findings, and even biological precedents, have resulted fi
such work, some of which are outlined belowowever, in terms of combating livestock
trypanosomiasis, both in Africa and elsewhere, other sub-genera and species of tryj
somes present much more serious problems (Hoare, 1972).

Trypanosoma brucei brucand its human infective relatives belong to #rgpanozoon
sub-genus of trypanosomes. These parasites have a relatively complicated cycle of «
opment in the tsetse fly vector during which they exhibit differences in mitochond:
development and energy metabolism in the vector and in mammalian hosts. The par
display clearly demarcated phenotypes during the cycle in the vector and in bloodstl
infections. These parasites tend not to be pathogenic in livestock although, in m
infections, they may contribute to antigenic load and may interfere with the integrity
the blood/brain barrier, making radical cure difficult (Stephen, 1970).

Although there are host susceptibility differences and variations across the contir
the most pathogenic trypanosomes in Africa belong toNeenomonasnd Duttonella
sub-genera. Amongst thidannomonagarasites,I. congolensgroduces acute and/or
chronic fatal disease in cattle afid simiaeis an acute pathogen of pigs. Thdsanno-
monasparasites have a transmission cycle through tsetse of intermediate comple
passing through the midgut of the fly and returning to the mouth parts. However, for tt
parasites the site for development to infective forms for mammals is the proboscis re
than the salivary glands favoured by the/panozoorspecies (Hoare, 1970).

Trypanosoma vivaxs the principal species of thButtonellagroup which causes a
similar disease in cattle and small ruminants but with, in general, more frequent cas
spontaneous recovery and less chronic depression of bone marrow function. How
some isolates of this organism can produce an acute haemorrhagic disease whichis u
fatal. The cycle of development whidh vivaxundergoes in tsetse is relatively simple an



confined to the proboscis of the fly. This simplicity leads to relatively high infection re
and efficient transmission of this species which is often encountered as the first tryp
some infection following introduction of animals into a tsetse-infested digpanosoma

vivaxhas established itself in South America in the absence of the tsetse fly vector a
now transmitted by other biting flies such as tabanids. A more stable epidemiolog
situation has resulted, although outbreaks of disease when they occur in cattle ca
have severe economic consequences (Gardiner, 1989).

Trypanosoma evansnother member of thErypanozoorsubgenus, and closely relate
to T. brucei,has a lesion in its mitochondrial DNA which prevents its establishment
tsetse. Nevertheless, through the agency of mechanical transmiEstoanshas become
the most widespread of the pathogenic trypanosomes of livestock with a distribt
extending through the tropical parts of South America, North Africa, the Middle E:
Southern Europe and Asia. Different host species are affected in different areas: h
and cattle in South America, the camel in North Africa, the Middle East and northern A
and the water buffalo in Asia. The disease is particularly severe in horses, which qu
develop secondary nervous system complications and paralysis. In many areas |
world, T. evansinfection is the most important disease of camels and in Asia, particul
Indo-China, epidemics of. evansinfections involving thousands of working or milking
buffalo gill occur (Gardiner and Mahmoud, 1992).

It can be seen from the foregoing that animal trypanosomiasis is not one disease,
disease complex, produced by organisms which, although similar, are sufficiently diffe
in their life cycles, transmission and pathogenesis to warrant different emphas:
programs of research and control.

Trypanosomes, principalljrypanosoma brucehave been studied for nearly a centur
(c.f. Plimmer and Bradford, 1899; Carruthers and Cross, 1992). Not only have
remained pathogens of human and veterinary importance, but their study has reve.
number of unique biological capabilities and processes which have intrigued cel
biologists and parasitologists alike (recently reviewed in Logan-Herdiesl., 1992).
Principal amongst these unique capabilities is the ability of the salivarian trypanosc
to alter the expression of their surface coat molecules. The surface coat of a trypanc
is an all-enveloping layer of a single glycoprotein arrayed in a molecular palisade.
majority of a population of bloodstream trypanosomes usually express a single tyj
surface coat antigen. However, minor types will also exist and when the bulk of
population is removed by an antibody response, the minor types will grow up to re-e:
lish parasitaemia in the blood (Van der Plogtgal., 1982). Withbruceigroup trypano-
somes possessing an estimated 300 to 1000 genes for the variable surface glycop
(VSGs), the phenomenon of antigenic variation usually overcomes the immune cap
ties of the host animal and results in chronic, wasting infections with attendant loss
productivity and through mortality.

The molecular mechanisms governing antigenic variation are known in some detail, b
biological event which triggers expression of new VSGs in a trypanosome population ren
elusive. Whilst the reader is referred to any of a number of excellent reviews on the su
(Boothroyd, 1985; Borst, 1986; van der Ploeg, 1987; Pays and Steinert, 1988), from the
of view of genetic analysis it should be noted that the duplication of basic copies of ant
genes and their expression from telomeric sites both indicate the great plasticity ©



trypanosome genome and can lead to alterations in telomere and chromosome lengths.
it has been proved that all the salivarian trypanosomes described above undergo ant
variation, the number of antigen genes, the mechanisms of expression and the extent of a
gene diversity are much less well known outsideTthganozoomgroup. In tsetse-transmitted
trypanosomes, VSG expression is shut down on transformation of bloodstream forms t
insect stages in the vector. The trypanosomes then express a different, invariant si
molecule termed procyclin (Roditi and Pearson, 1990) which, however, differs quite mark
betweenT. bruceiand T. congolenseWhen the trypanosomes in the vector mature
metacyclic forms (which occurs in the salivary glandsTobruceiand in the proboscis for.
congolenseandT. vivax),the trypanosomes once again assume the VSG coat and are
infective stage for mammals. Interestingly, the metacyclic population expresses a limite
of the total VSG repertoire which can be developed by bloodstream forms (&aaty1985).
This at one time seemed to hold out the promise of vaccination against a limited numb
trypanosome antigenic variants. However, each species of trypanosome possesses no
lapping variant antigens. Serodemes (antigenic repertoires) of individual species car
differ markedly in antigen expression providing no serological cross-resistance betwee
majority of parasite isolates. This degree of complexity in antigenic expression has ca
research at ILRAD and elsewhere to shift focus to key invariant molecules of the trypanos
in the search for vaccines against these organisms.

The major trypanosome sub-genera are distinguished by characteristic pattert
motility and morphology. There is considerable phenotypic differentiation during the
cycle of these parasites with each group showing distinct morphologies associated
dividing and non-dividing stages in the blood. Further forms characterize passage thr
different organs of the tsetse vector with multiplication taking place both as procy
trypanosomes in the midgut (this stage is absent in the life cycle wizax)and attached
epimastigotes in the mouth parts of the fly. The metacyclic trypanosomes are in the res
G,, stage of the life cycle and are triggered to differentiate and divide as bloodstream fc
upon inoculation into the mammalian bloodstream as a tsetse feeds. Differential expre
of genes during the life cycle of trypanosomes, the genetic and functional linkage of t
genes and their control by parasite or host factors are all important topics for research
long-term prospects for revealing mechanisms through which to control the growtl
these parasites (Murplet al., this volume).

The differentiation thafl. bruceiundergoes during its life cycle is accompanied by
remarkable modulation in the form and function of the mitochondrion (Fairlamb &
Opperdoes, 1986). This allows the parasite, which has respired relatively inefficientl
the nutrient-rich environment of the mammalian bloodstream, to effectively extend its
cycle into the nutrient poor environment of the insect. Again, there are key difference
this ability between trypanosome species, with the mitochondrioh irivaxapparently
being fully activated in both bloodstream and insect stage3. kvansithe kinetoplast
maxicircles—the true mitochondrial DNA which encodes several respiratory enzymes-—
lacking and this species is unable to be cyclically transmitted through tsetse (Gardine
Mahmoud, 1992). The kinetoplast also contains several thousand copies of minicir
loops of DNA linked together in dense networks to form a body which is visible even at
level of the light microscope. Topoisomerases, enzymes which assist the unfolding
replication of minicircle DNA, constitute a rare enzyme type and perhaps a target



chemotherapy (Shapiro and Englund, 1990). For many years, the function of minicil
was unknown, but recently trypanosomes have set another important biological prec
with the discovery that the minicircles can serve as guides for RNA editing of the transc
of the mitochondrial genome (Stuart, 1991). This partitioning of form and function of
organism’s DNA requires that these parasites separately control kinetoplast and nt
division (Sherwin and Gull, 1989) and adds further considerations for those wishing to s
the genetic complexity and reassortment of important characteristics.

Trypanosomes as bloodstream forms are entirely dependent upon glycolysis fc
derivation of their ATP. The glycolytic enzymes of the trypanosomes and related kin
plastids are sequestered in vesicular organelles termed glycosomes (reviewed in Mi
1988). These enzymes are cytosolic in other cells. Glycosomes are similar to the
crobodies and peroxisomes of other cells in which enzymes performing related or
grated functions are gathered together. It may be that the extremely high rate of gl
utilization by kinetoplastids (Opperdoes, 1987) has provided the evolutionary pressul
the formation of this unique organelle. Targeting mechanisms to ensure transport c
nascent enzymes to the glycosome have required genetic and amino acid sec
differences between the glycolytic enzymes and their cytosolic counterparts.

A further characteristic of the trypanosomes and related kinetoplastid protozoa is
method of RNA splicing in which a common leader sequence contained within a mini-e
is spliced to the gene transcript (Sutton and Boothroyd, 1988). Polycistronic messe
RNAs are common in trypanosomes, even when gene members of a cistron wi
differentially regulated subsequently. To what extent the mechanisms, learntTrol
brucei, which govern RNA splicing can be extrapolated to the other important trypa
somes is not yet clear. Recent research provides unexpected results wiitaxwhich,
although it has mini-exon sequences which are linked to 5S ribosomal RNA genes (R
1992), lacks one of the two RNA polymerase 2 genes usually found in the trypanos
which undergo antigenic variation (Smigh al.,1993).

The genetic organization of trypanosomes will be covered more thoroughly elsew
in this workshop, but it is interesting to note that at least judged by chromosome size
Majiwa, Melville et al. and Taitet al., this volume) trypanosome isolates can diffe
markedly even within a species. Karyotype analysis shdwsruceito possess large,
medium-sized and mini chromosomes (Van der Pleegl., 1989) although our present
knowledge of nuclear division in these organisms is insufficient to determine whether
of the three classes are replicated and separated to daughter cells by the same or di
mechanisms. Whilst the size classes of chromosomes fouhditngolensgarasites are
roughly similar, the majority of. vivaxchromosomes are in the megabase range and h
not been separated completely (Digkal.,1993a). It has not yet been determined wh
functional differences, if any, may result from the location of genes in different size cla
of chromosomes. Certainly, genetic differences between isolates of the same trypanc
species are sufficient for random primed PCR to be useful in yielding isolate spe
patterns (Waitumbi and Murphy, 1993; Dir¢al.,1993b). These fundamental difference
and occasional major changes caused by translocation, deletions and the proci
antigenic variation which results in alterations in chromosome size make the selecti
organisms for detailed genetic studies problematic, as would be the direct extrapol
of results from one species to another (see also Musgital., this volume).



As we have seen, trypanosomes possess several unique biochemical pathway
organelles, but rational drug design for control of the trypanosomiases of veteri
importance is still at the developmental stage. The currently available trypanocide:s
relatively toxic molecules which have been important for the control of this diseas
livestock for decades without their modes of action having been properly elucidated (L«
and Roberts, 1981). These shortcomings in knowledge of drug action and drug develog
have stemmed in large part from the relative lack of interest of commercial, pharmacet
companies, who have anticipated relatively modest economic returns from the farme
developing countries compared with modern drug development and licensing costs. |
ever, work continues on the presently available trypanocides because of field evidenc
trypanosomes resistant to the existing compounds can arise. How drug resistance aris
how it spreads through trypanosome populations are major questions for genetic an:
(see Taitet al., this volume). Meanwhile, rational drug design against the function of t
unique enzymes of the trypanosome glycosome is proceeding as a test case for the fea:
of this approach in scientific and economic terms (Verliedlal.,1992).

This paper has stressed both the uniqueness of the trypanosomes and the diffel
amongst those parasite species which are important constraints to livestock produc
in large areas of the tropical world. Control of trypanosomiasis is through vector con
management and chemotherapy of infected cattle and, to a limited extent, the farmi
trypanotolerant cattle. The control of parasites and vectors requires continued vigil:
and the repeated administration of potentially toxic compounds. Trypanotolerance
provide a sustainable means of control, but the numbers of trypanotolerant cattle are |
to remain too small to effectively combat this disease on a large scale in the medium
future. ILRAD is pursuing genetic marker production for the trait to enhance the selec
and dissemination of trypanotolerance genes in cattle (Teale, this volume). An effec
low cost vaccination procedure remains the most worthwhile and appropriate goa
research on the trypanosomes themselves. We have seen that the variable surface &
are unlikely to yield appropriate vaccine targets and that the concentration is nov
invariant target molecules. A pragmatic view would be that trypanosome somatic anti
or released pathogenic products are equally likely to provide targets for vaccines. It
be sufficient to limit the extent of the pathology associated with the disease rather
eradicate a trypanosome infection to allow animals to remain productive. The problen
research becomes not only the identification of the key molecules, but the degre
correspondence between similar molecules in different trypanosome species (Ziegell
et al., 1992). It will therefore be necessary, whilst concentrating on the antigenic
genetic description of particular trypanosomes, to bear in mind the inherent variab
amongst the pathogenic salivarian trypanosomes.
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Variability of Trypanosoma congolense

P. Majiwa

Parasitic protozoa are organisms with many interesting and variable phenotypes. Trypano
somes, for example, change their antigenic profiles in the process of antigenic variation anc
also display variability in the severities of the disease they cause in their vertebrate hosts.
Among the trypanosomes that cause human sleeping sickness, two pathotypes are recogni
able: Trypanosoma brucei rhodesienséich causes an acute disease syndrome anil
gambiensavhich causes a chronic disease syndrome. Several pathotypes have been describ
among trypanosomes collectively designatedongolens&hich are responsible for livestock
trypanosomiasis. In these trypanosomes, at least five distinct genotypes have been observec

The extent of genetic polymorphism and proximity among trypanosomes can be estimated
by the analysis of randomly amplified polymorphic DNA (RAPD) markers and restriction
enzyme fragment length polymorphisms (RFLPs), and by direct comparison of nucleotide
sequences of conserved genes.

It has been established that different species of trypanosomes can infect a single vector an
thus a single host. It is therefore possible that genetic recombination could occur resulting in
trypanosomes with new genotypes which may display entirely different clinical effects in different
hosts. Given that different parasite genotypes can be identified accurately using DNA-basec
markers, it will be useful to determine recombination frequencies within parasite species by
comparative analyses of their respective genomes, and the consequences of such events on para
genetic repertoires and population types. Global comparison of the genomes of the trypanosome
is likely to yield useful information concerning their evolutionary relationships.

INTRODUCTION

Trypanosomes are unicellular parasitic protozoa that infect man as well as domestic anc
animals in many different parts of the world. The parasites are normally transmitted from
host to another by biting flies. The tsetse(fBiossinaspp.) is the primary vector of African
trypanosomes. Some trypanosomes have evolved the capacity for mechanical transm
thus dispensing altogether with the need for cyclical development in the fly vector. S
trypanosomes includé&ypanosoma evanandT. equiperdumThere is some evidence tha
T. vivaxcan be transmitted mechanically. Thus, although in Africa trypanosomiasis oc
mainly in the tsetse belt, the disease is found in other areas where the vector is absent.

The disease is caused by various species and subspecies of trypanosomes and re
serious health and economic problems. This brief review, with an emphasis on the live:s
infective T. congolensefocuses on variabilities that have been observed both at -
phenotypic and genotypic levels.

EARLY EVIDENCE

The initial phenotypic evidence which indicated that the trypanosomes classifi€d &
congolensd&ave variable characteristics was presented during the early part of this cen



in the period spanning 1904 to 1906 (Dutton and Todd, 1903; Broden, 1904, 1906; Bal
1906). From the very start, much controversy, doubt, confusion and apparent dis
accompanied the nomenclature of this trypanosome. Different names sdcldiasor-
phon, T. nanum, T. confusuamd T. pecorumwere used by different workers to describ
the trypanosome. Frustration concerning the exact identity of what would be dalle
congolensas illustrated by the statement of Montgomery and Kinghorn (1908) to f
effect that °. . . the confusion in nomenclature is dfipg, and the number of specific or
suggested names, based largely upon the country of origin or the first found host r
than upon morphological or biological characteristics, renders absolute diagnosis
almost impossible . . ..

MORPHOMETRY

Evidence concerning phenotypes ®f congolensewnas initially based primarily on
morphological variation among different isolates as could be determined from biot
rical observations—mainly length of the organism (Hoare, 1970; Stephen, 1986).
guestion of whether thd. congolensearasites of different mensural characteristic
could be regarded as one or different species continued well into the early 1960s wi
much of a resolution. What became widely accepted was that amarongolenséhere
exists a number of morphological and biological strains, types, varieties and demes,
with different biological behaviour, and that in the future they would be prope
classified based not upon morphology but on biochemical and immunological prope
(Stephen, 1986). Thus, for lack of better methods of parasite characterization, Mac
zie and Boyt (1969) described a strain designated simply as "A’, whose identity ci
not be established unequivocally because (1) it did not cause the fatal disease in p
would T. simiae,but instead caused only chronic infection and (2) it was morpholo
cally and morphometrically identical fb. congolensehowever, it proved to be non-in-
fective for all other domestic and laboratory animals. It was later shown that the ts
species transmitting a trypanosome may influence its virulence to the host (Jansse
Weijers, 1974). Thus, a trypanosome such as the one described by Mackenzie anc
(1969) could have beenTa simiaeor T. congolens&hose virulence was influenced by
the tsetse species used in the study. Godfrey (1982) proposed. ttatgolensshould
be regarded as a " . . . collection of diverse organisms . . . not just a species withi
subgenusNannomonas. . .

It is clear from these early studies that the classification of organisms base
morphology and morphometry alone has severe limitations, and that such studies \
not lead to an understanding of the true nature of these particular parasites. Nonett
a consensus could be reached for the convenience of clinical veterinarians tuoat-
golensecomprised at least three strains separable by mean lengths and proportion of
and long forms present in an infection, a property which was thought to correlate
parasite virulence (Godfrey, 196Irypanosoma congolenseere then classified as: (a)
congolensdype or the short-type, (b) intermediate-type and (c) dimorphon-type or
long-type (Godfrey, 1960). These differences in morphology appeared to correlate s
what with the course of infection in the host (Godfrey, 1960, 1961).



ISOENZYME PROFILES

With the refinement of methods for analysis of micro-organisms using isoenzyme electro
resis, studies were undertaken in an attempt to clarify the situation. A study performe
numerous isolates from West and Central Africa essentially sepdratedgolensearasites
into two groups distinct from each other by isoenzyme patterns. These were designate
West African riverine/forest-type and the savannah-type (Young and Godfrey, 1983). It
proposed in these studies (i) that the different typek abngolens&ere confined to certain
ecological zones by the types of tsetse vectors that inhabited such zones, (ii) that certain s
of the tsetse vector were better than others at transmitting some typesargolensand
(iii) that such tsetse inhabited only certain ecological niches. From other data obtained |
later, it appears that this is not always the case since the trypanosomes, at least the Kilif
T. congolenseéhave been observed in places other than the ones in which they were origil
found (Majiwa and Otieno, 1990; Nyelad al.,1990).

MOLECULAR KARYOTYPES AND SERODEMES

More concrete data concerning variability Bf congolensavere obtained from studies
employing biochemical/molecular biological techniques of chromosome separation
repetitive DNA hybridization. The technique of pulsed-field gel electrophoresis (PFC
(Schwatz and Cantor, 1984) was applied to the analysis bfucei(Van der Ploeget al.,
1984) and later td. congolenséMajiwa et al., 1985) chromosomes. The comparativ
approach, where the chromosomes of trypanosome clones from different isolate:
compared with each other, has proved to be very informative. Using this approach, it
observed that trypanosomes generally classified. a®ngolenséave molecular karyo-
types that differ significantly from those of tHE'ypanozoornrypanosomes and thdt
congolenseomprises parasites with at least two significantly different molecular kary
types. The two were therefore described as belonging to two karyotypic groups, althe
it was not possible by this method to differentiate the West African riverine/forestTan
simiaefrom the savannah-type. Among members of a karyotypic group, there was ¢
mosomal variation which appeared to correlate with antigenic repertoire. From tl
observations, a proposition was made tflatcongolenseclones of a single antigenic
repertoire have essentially similar molecular karyotypes (Mapival., 1986). This
proposition was verified experimentally by combining the PFGE separation of chrol
somes ofT. congolensewith the classical serological methods of serodeme analy
(Masakeet al., 1988), which led to the observation that recovery sera from an anir
infected with aT. congolenseclone of a particular molecular karyotype completel
neutralizes othef. congolenselones or stocks with identical molecular karyotypes. Th
observation does not hold true for members of Tngpanozoorsubgenus.

HIGHLY REPETITIVE DNA SEQUENCES

The two karyotypic groups of. congolensavere shown to be genetically different from
each other by the possession of different repetitive DNA sequences, and different sequ



of kinetoplast minicircle DNA sequences (Majinet al., 1985). The analyses of the
predominant repetitive DNA sequences was extended to the West African riverine/f
typeT. congolensand indeed it was shown to have repetitive DNA of a different nucleot
sequence (Gibsoet al.,1988).

By 1988,T. congolenseould be viewed as comprising three distinct genotypic grot
which probably correlate with what were designated strains in earlier studies: (1)
savannah-type, (2) the West African riverine/forest-type, and (3) the Kilifi-type. 1
availability of cloned repetitive DNA sequences, more sensitive and rapid assays em
ing specific oligonucleotide primers and the polymerase chain reaction (PCR) €3ali
al., 1988) for the detection of trypanosomes in both tsetse vectors and mammalian
(Moseret al., 1989), and improved methods for tirevitro cultivation of trypanosomes
directly from either the tsetse vector (McNamara and Snow, 1991) or the vertebrate
have facilitated investigations on natural infections among tsetse vectors and the mar
ian hosts. Such studies have indicated the presence of other trypanosomes belon
the Nannomonassubgenus but which are neith&r simiaenor any of the knownT.
congolensetypes. Since there are classically only two accepted species within
subgenus, such trypanosomes have been called one type or anothe@oofjolenseit
least five different genotypic groups @f congolenséased upon (1) isoenzyme polymor
phisms and (2) repetitive DNA sequences have been described thus far. To this list ¢
added two new types @f. congolensethe Tsavo-type (Majiwat al.,1993) found in East
Africa, and a 'newNannomonagMcNamaraet al., 1991) found in a relic forest in the
Gambia.

CONCLUSION: THE EMERGING TECHNOLOGIES AND THE
PHYLOGENETIC RELATIONSHIPS AMONG PROTOZOAN PARASITES

It would appear that there may be more typesTotongolensend that these will be
discovered during the application of the sensitive and specific reagents in epidemiolo
or field-based investigations. These differences must have a basis in the parasite ge
It will be necessary to understand the phylogenetic relationships among these morph
cally identical but genotypically variable trypanosomes and to determine how they r¢
to each other at the genetic and population levels in order to fully appreciate the ge
population structure of. congolenseas an essential part of integrated control of disea:
caused by livestock-infective trypanosomes. It remains to be seen what solution
emerging technologies will bring to this problem. One of the best and possibly n
effective ways in which these problems can be approached is by the global compal
analysis of the genomes of the parasites.
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Genetic recombination and karyotype
Inheritance inTrypanosoma brucespecies

A. Tait, N. Buchanan, G. Hide and M. Turner

This paper reviews recent research on the genetic analysigpdnosoma bruceipp. Crosses
between seven different stocks have been undertaken generating a total of 109 hybrid proger
clones allowing some of the main features of this genetic system to be defined. Five main
aspects are considered, namely: the frequency and stage of mating, the inheritance of phen
typic and genotypic markers, the inheritance of karyotype, the genetics of the kinetoplast anc
mating types and self-fertilization.

The available data show that mating is non-obligatory and occurs during the life cycle stages
in the tsetse fly. Analysis of the progeny produced by infecting tsetse flies with two cloned
parental stocks using phenotypic and genotypic markers shows that they are equivalent to a
F4 in a typical diploid mendelian system. Evidence that suglpf®geny are produced by the
fusion of haploid nuclei arising from meiosis of the parental diploid nuclei is provided by the
segregation and recombination of alleles at several loci for which one of the parental clones i
heterozygous. Although the majority of;Ffprogeny clones conform to this conventional
mendelian model, a proportion have a raised DNA content which has been shown to be due tc
trisomy for several chromosomes (presumably arising from non-disjunction at meiosis in one
of the parental clones).

Analysis of the karyotype of the progeny clones by pulsed-field gel electrophoresis and the
identification of homologous chromosomes using chromosome specific gene probes shows
that each pair of homologues segregates into the progeny clones, producing recombinar
karyotypes, and that some chromosomes change in size by as much as 500 kb. Thus recomt
nation at a karyotype level occurs both by independent assortment of non-homologous
chromosomes and by the generation of novel size chromosomes possibly derived by homolo
gous recombination. The question of whether all stocks bfuceican mate or whether mating
barriers exist is discussed and recent results demonstrating that crossing can occur within
cloned stock (selfing) are presented. These results suggest that the mating system of trypant
somes may be complex although the question of whether mating types exist remains open.

INTRODUCTION

The question of whether a process of genetic exchange exists in African trypanosome
long been the subject of controversy (Tait, 1983) and evidence based on enzyme varia
natural populations (Tait, 1980; Gibsenhal.,1980) has subsequently been questioned on 1
basis of high levels of linkage disequilibrium and other criteria (Cibulskis, 1988; Tibayr
et al.,1990). However, the direct demonstration of genetic exchange between trypano:
stocks (Jennet al., 1986) of Trypanosoma brucgiuts this question beyond doubt, althoug
the contribution of mating to variation in natural populationsrobrucei, T. b. rhodesiense
andT. b. gambienses still a matter of debate which will not be considered here.

The ability to cross stocks df. bruceiin the laboratory has allowed the investigatiol
of some of the basic features of the trypanosome genetic system. To date a total ¢
crosses have been made and 109 progeny clones have been analyzed (Table 1). Be



the origins of the stocks in terms of host and geographical region, it is clear that ge
exchange can occur betwe&nb. rhodesiensandT. b. bruceibetween stocks from East
and West Africa and between stocks within East Africa. In this paper, we will review
current state of knowledge about this system based on the published work and some
more recent work from our own laboratories.

FREQUENCY AND STAGE OF MATING

All crosses have been made by feeding tsetse flies on mixtures of two cloned stoc
the bloodstream stage then allowing the infection to develop through the stages i
fly followed by sampling the metacyclic stage trypanosomes from the salivary gla
(Tait and Turner, 1990). Either by cloning the extruded metacyclics directly or
cloning trypanosomes from the bloodstream infections resulting from tsetse feedir
has been shown by marker analysis that some of the trypanosome clones are hybr
therefore the products of mating. The frequency of mating can be analyzed by dete
ing the phenotype or genotype of either the population of metacyclics extruded by
of a series of mixed infected flies or a series of clones derived from a single fly. In
first approach, flies can be scored as producing either parental, mixtures of paren

Table 1.Crosses between cloned stocksTobrucei.

Parental Clones Progeny Clones
P1 Origin P2 Origin Total Hybrid  Parental
STIB Hartebeest STIB Man 38 17 21
247 Tanzania 386 lvory Codst
STIB Hartebeest TREU Tsetse 21 10 11
247 Tanzania 927/4 Kenya
STIB Man TREU Tsetse 18 9 9
386 Ivory Coast 927/4 Kenya
STIB Hartebeest STIB Tsetse 4 4 0
247 Tanzania 777 Uganda
J10 Hyena 196 Pig 14 9 5
Zambia lvory Coat
058 Man 196 Pig 14 12 2
Zambia Ivory Coast

P1 and P2 refer to the two parental cloned stocks used in each cross and the origin refers
host and geographical location from which the original stock was isolated. Datd fremmiet al.,
1986; *Sternberget al., 1989; TTurner et al., 1990; ¥Schwizeret al., 1993; 1Gibsonet al.,
1991*Gibson, 1989).



hybrid trypanosomes; the results obtained are summarized in Table 2 and show
mating is non-obligatory as some flies only produce one or other parental type w
others produce hybrid trypanosomes. Furthermore, analysis of the phenotype o
metacyclic population from individual tsetse flies with time shows that initially bo
parental types are produced with no mating and hybrids are subsequently produced
further emphasizing the non-obligatory nature of mating. The results of all publisl
work using the second approach are summarized in Table 1. Here, individual infe
flies have been analyzed (although the data presented are a summation of the ri
from several flies) and it has been shown that each fly produces both hybrid and par:
trypanosomes. Thus from both types of analysis it is clear that mating is non-obliga
in the life cycle of the trypanosome.

From these experiments, it is presumed that mating takes place at some stage duri
trypanosome life cycle in the insect vector i.e. at the procyclic, epimastigote or metacy
stages, although mating between the bloodstream stages as they enter the tsetse fly
be formally excluded. The fact that metacyclic clones are clearly hybrid when analy
by phenotypic or genotypic markers suggests, but does not prove, that this stage |
product of mating and implies that mating occurs at an earlier stage. Analysis of
electrophoretic enzyme phenotype of procyclics derived from the midgut of mixed infec
flies which are producing hybrid metacyclics has shown iso-enzyme patterns w
suggest the presence of hybrid trypanosomes (Schwetizag; 1991). Similar experiments
using in vitro mixtures of procyclic stage trypanosomes have also shown iso-enz)
patterns consistent with the occurrence of mating at this stage of the life cycle (Schw
et al., 1991). However, no clonettybrid trypanosomes have been derived from tt
procyclic stage and therefore the question of the stage at which mating takes place rel
open and requires further investigation.

Table 2. Metacyclic population phenotype of tsetse flies infected with two stocks.

Phenotype  No. of tsetse These data were obtained by screening the trypanosome population usin

P1 23 electrophoretic enzyme marker for which both parental stocks we
P2 8 homozygous but different; hybrids are detected by their heterozyge
P1+P2 5 enzyme electrophoretic pattern. P1 indicates parental type 1; P2 indic:
H 12 parentaltype 2; P1 + P2indicates a mixture of both parental types; H indice

F, hybrids progeny (Turner et al., 1990).

INHERITANCE OF PHENOTYPIC AND GENOTYPIC MARKERS

As the stage at which mating takes place has not been established and reagents ¢
available for defining the genotype or phenotype of individual cells, it is not possible
examine the mating events morphologically. Our knowledge of the mechanism of ger
exchange has relied on the analysis of markers (genotypic and phenotypic) which d
guish the two stocks used to infect flies. Analysis of the segregation and recombinatic
such markers in cloned trypanosomes derived from mixed infected flies has allowec
elucidation of some of the features of the system.



Considering markers for which each parental stock is homozygous but different
progeny clones show heterozygous patterns consistent with such clones being t
progeny of mating between the parental stocks. An example of the data using an isoer
(malic enzyme-B) and a gene probe (phosphoglycerate kinase-PGK) for the two pat
stocks, STIB 247 and TREU 927/4, and the progeny clones derived from them is illusti
in Figure 1. Such heterozygous patterns using a number of markers have been shc
61 progeny clones out of the 109 derived from all crosses screened for markers for v
both parents are homozygous but different, the remaining 48 clones are of one or
parental type.

These hybrid progeny clones thus show the phenotype and genotype predicted f
F, of a classical diploid mendelian system. In order to provide evidence that mei
occurs, a backcross orBhould be undertaken to demonstrate segregation of alleles
recombination between loci; to date such crosses have not been undertaken. An equ
analysis (in genetic terms) of a backcross has been undertaken by typing hiyerkel
progeny clones for markers for which one parental stock is heterozygous and the ot
homozygous (Tait and Turner, 1990; Sternbetrgl.,1989; Turneet al.,1990; Sternberg
and Tait, 1990; Gibsoat al.,1991). The data obtained from such an analysis is illustrat
in general terms, in Table 3 and show that there is segregation of alleles at each loct
recombination between loci leading to recombinant non-parental genotypes (1-2, ++
+-). Such analysis has been extended to several loci and in almost all cases segre
and recombination have been observed. Overall, marker analysis of the progeny ¢
supports the existence of a mendelian diploid genetic system involving meiosis leadi
allele segregation and recombination.

Three hypotheses have been put forward to explain these results, firstly the fusi
the two parental stocks to yield tetraploid progeny (Paindavoine, 1986; @lells1987),
secondly meiosis of the parental nuclei followed by fusion of the resulting haploid prod
to yield diploid progeny (Sternbergt al.,1989; Turneret al.,1990) and thirdly fusion of
the parental nuclei followed by meiosis to yield diploid progeny (Gibson, 1989; Tait

Table 3.Phenotype and genotype of hybrid progeny clones atloci where one parental
is heterozygous.

Clone Enzyme Gene probe
Parental P1 1-2 +-—
P2 2 ++
Progeny Class1 1-2 +—
Class 2 1-2 ++
Class 3 2 +—
Class 4 2 ++

The enzyme phenotype is indicated by numbers where 2 indicates a single electrophoretic b
activity (homozygous) and 1-2 indicates a multiple banded activity (heterozygous) derived
two alleles 1 and 2. The polymorphism detected by a gene probe is indicated as + for the pre
of a restriction site and — for its absence, thus a heterozygous stock is indicated as +—
homozygous stock as ++. These patterns and the nomenclature are illustrated in Figure 1.



= i
i P:, - - + + +
= H F,
T
il . J ¥ b
— . A Y R
[ ¥ ¥ v
H b ¥ ¥y ¥
_“ k4 | .
: F:lE ¥ ¥ L

Figure 1. The genotype and pherotype of parental and hybrid trypanosanes.The left panel shows
the enzyme electrgpharetic pattern stainedfor malic erzyme (MEg); the two parental stocks
(P1I—TREU 927/4; P2-STIB247) give single-bandegatternswvhich differ in mobility while the
hybrid, F1 progery clones (H) give a threebanded pattern, typical of a hetera@ygote. The right
handpanelshows a Southernblot of agarose gel separded total genomicDNA digested with Pg
and probed with a phoghoglycerate kinasecDNA probe (PGK) using genomc DNA from the
same stacks. The size of the detectedragmentsis given in kilobasegkb). Below ead panelis a
diagrammdic representation of the genotype of the three stoks.

Turner, 1990; Sternbeg andTait, 1990).In orderto distinguish betweenthefirstandother
hypothesesthe DNA contentof progery cloneshave beenmeasuredanda summaryof
thedataisgivenin Table4. Themajarity (21/24) of theprogeny cloneshave DNA conteris
equalto or betweenthe parentl values and three progery cloneshave raised DNA
conteris. Thus the major classof progery clonescould not be derived by fusion of the



Table 4. DNA contents of hybrid progeny clones

Clone DNA content (mean) Reference
Parental
247 1.01 Wellset al., 1987;
386 1.00 Le Paget al.,1988
Hybrid
(i) 723vi-L 1.51
(i) 9 metacyclic clones 1.04 (1.09-0.94)
Parental
247 1.08 Kooy, 1991
927 0.9
Hybrid
() 2 bloodstream clones 0.96 (1.01-0.91)
(i) 5 metacyclic clones 0.96 (1.01-0.85)
Parental
058 2n Gibsoret al., 1991
196 2n
Hybrid
() 5 bloodstream clones 2n
(i) 2 bloodstream clones 3n
(W3 and W5)

The DNA content figures refer to the DNA content (measured by microfluorimetry) and fl
cytometry relative to an internal DNA standard. The mean for each group of clones has been'
The values are given relative to those of the parental stocks which are interpreted as having &
contact of twice the haploid value (2n) (Gibsenal.,1991).

diploid parental stocks but a small but significant class show raised DNA contents.
possible explanation of these observations is that meiosis is imperfect leading t
non-disjunction of some paired chromosomes resulting in progeny clones that are tr
for these chromosomes (Tait and Turner, 1990; Sternberg and Tait, 1990). Evidenc
triploidy has been provided by molecular karyotype analysis of the progeny clones
and W5 (Gibsort al.,1991); the molecular karyotype of the hybrid progeny clone 723vi
has not been determined.

INHERITANCE OF KARYOTYPE

The chromosome df. bruceican be separated by pulsed-field gel electrophoresis (PFC
three “classes’ of chromosome have been identified, the mini-chromosomes (50-10
the intermediate size chromosomes (150-800 kb) and the large chromosomes (>9C
Using a range of separation conditions and a series of gene probes 80% of the ch
somes have been separated and identified and some 19 bands of DNA resolved (V.
Ploeget al.,1989). Further studies identified 14 of these bands as 7 pairs of homoloc



chromosomes, each pair differing by as much as 20% in size (Gottesdiealker1990).
The ability to define and separate pairs of homologous chromosomes, as well a:
intermediate and mini chromosomes, allows the determination of the inheritance of t
chromosomes in the progeny clones from crosses.

The single study on the mini-chromosomes suggests that not all these chromosom
inherited by the hybrid progeny and that novel size chromosome bands are gene
(Wells et al., 1987). Analysis of the intermediate chromosomes shows that they are
inherited in a strictly mendelian manner (Gibson, 1989; Le Ratgd., 1988) with some
hybrids inheriting all parental chromosomes, others lacking any contribution from
parent and others inheriting a variable number of intermediate chromosomes from €
parent. These results suggest that the intermediate chromosomes are not segrega
diploid homologues and therefore could be considered as haploid chromosomes inh
in a random fashion.

The inheritance of the larger chromosomes has been studied in more detail usi
combination of PFGE and the identification of specific chromosomes by probing blots v
single or closely linked multiple gene probes (Gibsral.,1991; Gibson, 1989; Gibson
and Garside, 1991). Analysis of the hybrid progeny clones from the cross between s
J10 and 196 showed that they had recombinant non-parental karyotypes on the ba
ethidium bromide staining of pulsed-field gels (Gibson, 1989) and this was also show
the progeny clones of another cross (stock 0B8ock 196) (Gibson and Garside, 1991)
Similar results have been obtained in our own laboratory and a sample of the data is s
in Figure 2 for the progeny of a cross between STIB 247 and STIB 386. All of the six hyt
progeny clones show non-parental karyotypes (F9/45 clones 1, 11, 10, 9, 7, 2) v
pulsed-field gels are stained with ethidium bromide. While most of the chromosome b
can be accounted for as having been derived from one or other parent, two progeny c
(9 and 10) show a novel non-parental chromosome band at a size of approximately 1.:

Analysis of blots of such pulsed-field gels with gene probes has shown that homolog
chromosomes differ in size by several hundred kilobases. The inheritance of such h
logues in the progeny of crosses shows that one homologue is inherited from each p
This has been shown for the cross between stocks 058 and 196 for the chromos
carrying thep-tubulin and PGK loci (Gibson, 1989) and similar results from our ow
laboratory are shown in Figure 2 for PGK. This probe hybridizes to two similar siz
chromosomes in stock STIB 386 and to two resolved chromosomes in stock STIB
the six progeny clones show inheritance of alternative single homologues from each p
producing all four possible recombinants (ac, ad, bc or bd, Figure 2). This result con
ingly shows chromosome segregation and recombination, providing further direct
dence for the occurrence of meiosis. A further two crosses have been analyzed |
markers for pairs of homologous chromosomes and have given similar results (A. Ta
Buchanan, G. Hide and C. Turner, unpublished data).

While the above results establish a general picture of a normal diploid mende
genetic system, a number of less conventional findings have been made by analy:
the karyotype of the hybrid progeny clones from crosses, although none of tf
observations contradict the evidence for meiosis. It is clear from the data of Gibson
colleagues (Gibsont al.,1991) that some hybrid progeny clones can be trisomic fol
number of chromosomes as discussed earlier. Novel non-parental size chromosom
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Figure 2. The karyotype of the parental and F1 progeny clones from a cross between STIB 247 and STIB 386. The left hand panel shows the
ethidium bromide-stained pattern of the chromosomes after separation by PFGE while the right hand panel shows a Southern blot of the same
gel probed with the PGK gene probe. The sizes of the DNA bands are indicated in megabases (Mb) determined by running a standard
Saccharomyces cerevisiae chromosome preparation. The F1 progeny clones (F9/45 mCl 2, 4, 7, 9, 10, 11) are described in Sternberg et al., 1989.
M -mini-chromosomes; int—intermediate chromosomes.



observed in the progeny clones when two pairs of homologous chromosomes
examined (detected respectively by the phospholipase C gene probe or by the PGI
B-tubulin gene probes) and it has been suggested that such size changes at
specifically associated with genetic exchange (Gibson, 1989; Giletoal., 1991;
Gibson and Garside, 1991). We have undertaken a similar study using gene probes\
recognize five pairs of homologous chromosomes ranging in size from 1.5 Mb to >
Mb and have analyzed the progeny clones from two crosses in detail (STIB 386 x S
247 and STIB 247 x TREU 927/4). We have not detected any size changes in
chromosomes detected by PGK (Figure 2) or those detected by a protein kinase
KIN-2 (J.C. Mottram, unpublished data). However size changes have been observ
the pair of homologues detected by the cysteine proteinase gene probe (Mettaam
1989) (CP) and in the two pairs of homologues detected by the RNA polymerase Il
probe (Everst al.,1989). An example of these data is illustrated in Figure 3 using t
CP gene probe and Southern blots of pulsed-field gels of the progeny from the ¢
between STIB 386 and STIB 247. The parental stocks show hybridization signal
single ethidium bromide staining bands which differ in size by ~500 kb; two of t
progeny clones (Cl 2 and 9) show inheritance of one homologue from each parent v
the remaining progeny clones (4, 7, 10, 11) show inheritance of the STIB 247 pare
homologue but no chromosomal band of equivalent size to the STIB 386 pare
homologue, instead a smaller chromosome of non-parental size is observed.
analysis presumes that the two homologues detected by CP are of the same size ir
parental stock. If one homologue is inherited from each parent in the progeny clc
this would suggest that the STIB 386 parental homologue has undergone a reducti
size of a similar degree in each independently isolated progeny clone. Given that
size changes have been observed in a total of five pairs of hmgnak chromosomes,
it is clear that these are frequent events. The question remains as to the mechani
which these size changes arise: do they arise at mitosis during vegetative growth w
the parental stock, do they arise at meiosis or do they arise post meiotically w
homologous chromosomes of diverse origin are brought together by mating? At
present time these questions cannot be definitively answered, although Gibsbn
(1991) have shown a chromosomal size alteration in a progeny clone of pare
genotype suggesting that size changes can occur mitotically. We have analyze:
karyotype of STIB 386 and 247 after prolonged bloodstream and procyclic passag
well as after tsetse fly transmission and have failed to observe chromosome size ch:e
(A. Tait and C. Turner, unpublished data) suggesting that the size changes result
mating. If changes in the size of chromosomes occur at appreciable frequencies d
mitosis it would be predicted that the karyotype of cloned stocks would change du
passage with the result that several chromosome bands would hybridize to any parti
gene probe. Such results have not been reported, favouring the hypothesis that thes
alterations are generated as a consequence of mating and may provide one of the n
nisms of generating the high level of karyotype diversity observed between stocks.

A further observation concerns the linkage relationships between the loci coding
PGK, glucose phosphate isomerase (GPI)Bstdbulin; blots of pulsed-field gels sugges
that in one stock these loci are located on a single linkage group while in other stock:
GPllocusislocated on a separate linkage group (Gibson and Garside, 1991). These r
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Figure 3. The karyotype of parental and F1 progeny clones from a cross between STIB 247 and
STIB 386 illustrating chromosomal size changes. The top panel (A) shows an ethidium bromide-
stained pulsed-field gel separation of the chromosomes separated under longer pulse times than
Figure 2. The gel was blotted and probed with the CP gene probe and the blot is shown in the lower
panel (B). The parental and F1 progeny clones are as described in Figure 2. SL=application slot.



could be explained if in one stock non-homologous chromosomes are of the same si:
in the second stock differ in size. We have shown this to be the case in STIB
(unpublished data).

INHERITANCE OF THE KINETOPLAST

Using restriction fragment length polymorphisms (RFLPS) in the maxi circle DNA, t
hybrid progeny clones from two crosses have been analyzed (Steritadrgl987, 1989;
Gibson, 1989); the results show that the inheritance is uniparental—a single maxi-c
genotype is inherited by each progeny clone and no recombination between maxi-c
genomes has been demonstrated. The inheritance of the mini-circles has been exa
in one cross (Gibson and Garside, 1990) and, in contrast to the maxi-circle, each pro
clone inherits mini-circles from both parents. These results have been interprete
showing that when the two parental stocks (or their haploid products) fuse, the kineto
also fuses and the maxi-circles segregate in subsequent mitotic divisions while
mini-circles do not and remain a mixture of both parental types (Gibson and Gars
1990). This interpretation is strengthened by the k-DNA analysis of two hybrid cloi
which are identical in nuclear genotype, have a mixed mini-circle genotype but diffe
their maxi-circle genotype. This suggests that these two clones are the daughter cells
the same mating in which the kinetoplasts from both parents must have fused
subsequent segregation of the maxi-circle (Gibson and Garside, 1990).

MATING TYPES AND SELF-FERTILIZATION

As further crosses are undertaken, it is pertinent to ask whether all stocks can mate
each other or whether there are mating barriers determined by some system of m
types. In order to examine these questions we have undertaken three types of exper;

We have screened metacyclic clones derived from five single stock tsetse transmis
for loci which are heterozygous in the parental stock. If self-fertilization took place c
would predict that some of the progeny clones would be homozygous at the loci scree
All progeny clones derived from single stock transmissions remain heterozygous,
suggesting that self-fertilization does not take place. Stocks STIB 247, STIB 386
TREU 927/4 have been mixed in all three pairwise combinations and transmitted thrc
tsetse flies (Sternberet al., 1989; Turneret al.,1990); K hybrid progeny are produced
by all combinations suggesting that there are no barriers for mating between stocks. |
were so, one would predict that self-fertilization would take place in single stock tra
missions. A possible explanation for these apparently contradictory results coul
provided if a mating type system existed and at least one of the three stocks
heterozygous for alleles at a mating type locus. Such a hypothesis would predict th
least one of the three parental stocks would undergo self-fertilization.

To examine this possibility we have analyzed the progeny clones from a mixed ts
transmission of stocks STIB 247 and STIB 386. A total of 27 metacyclic clones w
analyzed for iso-enzyme markers which were homozygous but different for isocit



dehydrogenase (ICD) and alkaline phosphatase (AP) in the parental stocks; 22 ¢
progeny clones were shown to be identical to the STIB 247 parent. When ten of t
clones were analyzed for an iso-enzyme marker and a RFLP (detected by probe pBE
which STIB 247 was heterozygous, four of the clones were homozygous for one or ¢
marker. The molecular karyotype of each of the ten clones was also examined anc
clones shown to have an altered karyotype. The alteration of karyotype occurred in
pairs of homologous chromosomes detected by specific gene probes (A. Tait, N. Buch
G. Hide and C.M.R. Turner, unpublished data); an example of the data for one pe
homologues is illustrated in Figure 4. Two of the clones (54 and 58), by comparison t
STIB 247 parent have lost a chromosome band (B2) but show an increase in ethi
bromide staining of a second band (B1). In the parental stocks (STIB 247), B1 an
hybridize to a phospholipase C gene probe (PLC) (Carringt@ah.,1989) suggesting that
they represent a pair of homologous chromosomes (Figure 4). In the progeny clon
and 58 only band B1 hybridizes to the PLC probe and shows an increased intens
hybridization which, coupled with the increased staining by ethidium bromide sugg
that two copies of this homologue are present.

Overall, the results show that five of the ten “parental’ progeny clones are recomb
and are homozygous for certain heterozygous markers and for certain chromosomes
genotypes/phenotypes are those predicted if these clones were the products of self-
zation. The results of this analysis are summarized in Table 5 and are consistent wit
having undergone meiosis followed by fusion of the meiotic products to yield recor
nants. Whether such self-fertilization requires the presence of another stock (STIB
or can occur when STIB 247 is tsetse-transmitted as a single stock remains t
determined. The fact that 50% of the clones analyzed are recombinant suggest thatr
may take place at a higher frequency than previously considered and the observatio
a high proportion of these events involve self-fertilization suggests that the interpret:
of the genetic structure of natural populationsTobruceimay be complex.

CONCLUSIONS AND PROSPECTS

The data obtained to date suggest thdtruceihas a very flexible non-obligatory geneti
system involving cross and self-fertilization together with mechanisms producing |
levels of homologous chromosome recombination which lead to changes in size C
chromosomes. A number of questions remain to be resolved. At what stage does n
take place? Does meiosis precede fusion or does it occur after fusion of the diploid pau
cells? At what stage and by what mechanism do the high levels of homologous chr
somal recombination take place? Is there a system of mating types? Current resec
aimed at answering these questions.

While understanding the mechanisms and the system of gene exchange is an img
goal, a second objective is to develop a simple system of genetic analysis that cou
used to determine the genetic basis of a range of phenotypes of relevance to diseas
as drug resistance, virulence and fly transmissibility. The existing system is highly la
intensive and the development of anvitro system using transfected selective marke
would potentially circumvent many of the current problems.
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Figure 4. Karyotype of parental type clones derived from tsetse fly transmission. The left hand
panel shows an ethidium stained pulsed-field gel of DNA from the parental stock, STIB 247, and
two metacyclic clones (54 and 58) of parental genotype. The bands are designated as follows:
int—intermediate chromosomes; B1 and B2—smallest large' chromosomes. The positions of the
standard markers are indicated in megabases (Mb). The right hand panel shows a Southern blot of
the pulsed-field gel probed with the PLC gene probe (A. Tait, N. Buchanan, G. Hide and C.M.R.

Turner, unpublished data).



Table 5. Phenotype, genotype and karyotype of five recombinant progeny clones del
from the mixed infection of a tsetse fly with two different stocksTobrucei.

Clone Ty8  pBE9 1 2 3 4 8
54 2-4 +— ++ - + + + +
53 2-4 -— + + ++ - + +
57 2 +— + + + + ++ -
58 4 +— ++ - + + + +
35 4 nd nd nd nd nd nd nd

247 2-4 +— + + + + + +

All five progeny clones were identical to STIB247 when screened for homozygous markers.
enzyme phenotype and the genotype @Jydetermined by the probe pBE9 is indicated using tt
nomenclature illustrated in Figure 1. The pairs of homologous chromosomes which differ in
are indicated as 1, 2; 3, 4; and 7, 8 respectively. The presence of a single copy of each is ind
as + while two copies of a single homologue are indicated as ++ and absence of a homologue
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The identification of genes of importance
in Trypanosoma brucei brucehrough
the use of transfection techniques

N.B. Murphy, A. Muthiani, P. Pandit, S. Kemei, S.K. Moloo,
K. Hirumi, H. Hirumi and A.S. Peregrine

Continued developments in the techniques of molecular biology and their application to the
study of trypanosomes now offer several approaches to identify genes which control traits of
importance in the epidemiology of trypanosomiasis and in the control of this important group
of diseases. The disease complex is responsible for significant decreases in productivity an
losses in livestock in approximately one-third of the African continent, thus retarding agricul-
tural and economic development. The recent progress reported on transfection methods fo
Trypanosoma brucei bruceidds to the list of techniques that will aid in the identification of
genes controlling important traits. This paper outlines the importance of adopting and exploit-
ing such techniques in studies on trypanosomes and describes how current developments c:
rapidly lead to a more comprehensive understanding of these parasites in order to control the
diseases they cause.

INTRODUCTION

The advent of molecular biology techniques and their application to a diverse variet
organisms has rapidly advanced our understanding of processes involved in ge
control and differentiation in eukaryotic organisms (see Williams, 1991; Wolk, 19¢
Demetri, 1992; Graf, 1992; Oren, 1992; for reviews). The accelerating pace of tect
logical development in the biological sciences is encouraging a trend towards
analysis of organisms at the most detailed level possible, and large programs to ma
sequence the genomes of an increasing number of organisms are becoming

common and acceptable (Aldhous, 1992; Anderson and Aldhous, 1991, 1992; Bod
1992). Although a large body of data is expected from such programs, which
eventually lead to a better understanding of the diversity and complexity of biologi
organisms, the time scales and efforts involved, particularly when applied to organi
which contribute to the severe levels of malnutrition and lack of sustainable growtl
the developing countries of the world, require careful consideration on the merit:
investing in large genome mapping projects for protozoan parasites. One such colle
of organisms, which are responsible for a group of diseases (trypanosomiases) in
and his domesticated livestock, are the protozoan parasites of the Jemuanosoma

(Brady, 1991). These parasites are grouped into five well-differentiated subge
(Nannomonas, Duttonella, Trypanozoon, PycnomamatSchizotrypanumand ten less

well-defined species (Losos, 1986). Three of these subgéNaranomonas, Duttonella
and Trypanozoon)are widespread in Africa where they cause considerable losse:
productivity in domestic animals (WHO, 1979; WHO 1986). Two of the subspecies



the TrypanozoonsubgenuqT. b. rhodesiensand T. b. gambiensegre, in addition,
responsible for life-threatening diseases in man (WHO, 1986).

Currently, control of trypanosomiasis in domestic livestock involves eradication of
insect vector, the tsetse f{slossinasp.), the exploitation of trypanotolerant livestock ar
the administration of trypanocidal compounds (Morrigtral.,1981). Chemotherapeutic
and chemoprophylactic agents are widely used across the African continent. Howeve
efficacy of many of the compounds is unfortunately being impeded by the emergen
drug-resistant trypanosomes (Leach and Roberts, 1981). Whilst all the compounds
in domestic livestock have been on the market for over 30 years, very little is known a
their modes of action. Furthermore, even less is known about the molecular basis of
resistance in African trypanosomes.

In addition to drug resistance, different trypanosome isolates, even of the same ¢
type, can express markedly different phenotypes. The phenotypes considered to
primary importance in the control of trypanosomiasis in the field are, in addition to d
resistance, virulence, pathogenicity, host specificity and tsetse transmissibility. An ul
standing of the molecular basis of these different phenotypes may allow better use ¢
current trypanocides, may lead to a more informed approach to the control measures!
should be adopted under specific circumstances, and may aid in the development of |
therapeutic agents.

Although members of th@rypanozoorsubgenus can undergo sexual recombinati
(Tait, 1980, 1983; Jenmdt al.,1986; Gibson, 1989; Sternbeeg al., 1989; Sternberg and
Tait, 1990; Tait and Turner, 1990), direct genetic analysis of trypanosomes is compli
by the fact that they are diploid, and no haploid stage has yet been identified. The ma
of the genome of trypanosomes is further complicated by its fluidity, since the ¢
switching mechanisms resulting in antigenic variation of the major surface protein,
mechanism by which these parasites survive in the mammalian host, can result in &
tions, sometimes very pronounced, in genomic DNA (Van der Phtegl., 1992). The
result of these rearrangements is that each trypanosome isolate has a distinctive and
karyotype, leading to problems in the choice of isolate for mapping purposes, in add
to problems in making direct comparisons between isolates. Trypanosomes ar
unusual in that they contain a large number of chromosomes ranging in size betwe:
kb and over 5 Mb (Van der Ploeg al.,1989). Many of the small and intermediate-size
chromosomes are haploid, while the largest size classes are diploid (Gottesstiaher
1990). Further to this, homologous chromosomes tend to differ in size, whereas hete
gous chromosomes can be of similar size (Gibson and Garside, 1991). Finally, r
housekeeping genes located on the megabase size class of chromosomes have
number of greater than 2n and tend to be arranged in tandem arrays, with the num
tandem repeats differing between homologous chromosomes (Gébsbn1991).

These features of the trypanosome genome make it difficult to envisage a rapid sol
to the disease problems these organisms cause through genomic mapping of a
sentative trypanosome parasite. It is therefore important to develop and utilize altern
strategies for the identification of genes controlling important traits. This paper outli
the potential in using the recently developed transfection technology for trypanosome
the identification of genes controlling traits of importance, with two examples of how
might be productively exploited.



CURRENT DEVELOPMENTS IN STABLE TRANSFECTION
METHODS FORTRYPANOSOMA BRUCEI BRUCEI

The recent development of transfection systemJfgpanosoma brucei bruceiow offer
opportunities for the genetic manipulation of these parasites (Eid and Sollner-Webb, 1
Lee and Van der Ploeg, 1990, 1991; ten Asbretkl.,1990). The majority of reports on
the stable transformation @t b. bruceihave utilizedin vitro-generated procyclic forms,
a stage in the life-cycle which occurs in the tsetse fly, the insect vector, and whic
non-infective for mammalian hosts (Tobie, 1958). In the absence of autonomously r
cating vectors, stable transfectants have been selgctetto on the basis of resistance tc
aminoglycoside antibiotics, principally G418 (Genetf@)nresulting from integration by
homologous recombination of. b. bruceigenes containing the bacteriako gene,
encoding neomycin phosphotransferase Il (NPTII) (Lee and Van der Ploeg, 1990, 1
ten Asbroeket al., 1990; Eid and Sollner-Webb, 1991). However, many of the mo
desirable and informative studies involving the life-cycle stage occurring in the mamr
ian host require bloodstream-form transfectants. A report by Carruthers and Cross (.
describes a system for high efficiency clonal growth and selection of stable bloodstre
and procyclic-form transfectants on agarose plates, which is a significant advanceme
the limited range of tools available for the genetic analysis of trypanosomes. The req
ment for pre-adaptation of bloodstream-form parasites in this system, however, can
disadvantage for some desired studies, and many such adapted parasites lack the ak
undergo cyclical development through tsetse flies and sexual recombination. In addi
in vitro cultivation of bloodstream forms is generally more difficult than that of procycl
forms and the numbers of bloodstream-form parasites that can be propagated in
systems are considerably lower than numbers of procyclic forms (Brun and Jenni, 1
Brun and Schonenberger, 1979; Hirumi and Hirumi, 1989). It would therefore be us
to be able to select for bloodstream-form transfectamtgivo, particularly since most
populations ofT. b. bruceigrow well in rodents. Thus, in order to extend the usé db.
bruceitransfection systems for both functional studies on bloodstream forms and stu
on sexual recombination, in which recombinants contain selectable markers from
parental populations, we defined conditions for ith@ivo selection of bloodstream-form
transfectants which are resistant to G418 (Murghwl.,1993).

A SYSTEM FOR THEIN VIVO SELECTION
OF BLOODSTREAM-FORM TRANSFECTANTS

We have utilized the pleomorphic parasiteb. bruceiGUTat 3.1, which has the capacity
to undergo cyclical development (Onyangbal., 1966). Bloodstream-form GUTat 3.1
trypanosomes were transformeéa vitro to procyclic forms as described (Brun anc
Schonenberger, 1979; Figt al.,1989) and cultures maintained for two months prior t
their use for transfection experiments. Procyclic trypanosomes were then grown tc
tween mid and late log-phase (5-8 x61fl), harvested and resuspended at 5 ¥d0in

bicine-buffered saline containing 2% (w/v) glucose (Balbeal., 1979). TheB-tubulin

gene-targeting plasmid, pUCTbneo3 (ten Asbreieil., 1990), digested with the restriction



enzymesSad and Sall to release thd. b. bruceif-tubulin fragment, which contains the
bacteriaheogene, was added at a final concentration pg&nl and the mixture incubated
for 10 minutes at room temperature. The trypanosome/DNA mixture (0.8 ml) was |
transferred to a 0.4 cm BioRad electroporation cuvette and subjected to two 300 V p
at 960 uF capacitance, using a BioRad gene pulser with a capacitance extender
mixture was maintained at room temperature for a further 10 minutes before b
transferred to procyclic culture medium (Fishal.,1989) at a concentration of 2 x 40
living trypanosomes/ml. Following an overnight incubation at 27 °C, transfected tryp:
somes were selected by transferring the electroporated parasites to fresh procyclic ¢
medium containing G418 at a concentration ofl&ml, with a cell density of 2 x 19
viable trypanosomes/ml. After incubation for four days in this concentration of G418
dividing trypanosomes could be detected by microscopic examination and by day |
majority of trypanosomes were dead. Cultures were then diluted by 100 x and 100C
24-well tissue culture plates containing 1 ml of medium (plugugfnl of G418) in each
well. The cultures were then maintained at 27 °C in a humidified atmosphere of 596
in air and monitored for the next seven days. Trypanosomes from culture wells four
contain actively dividing trypanosomes were then transferred to larger-volume cultt
expanded separately and subsequently analyzed. Each expanded population was
nated GUTat 3.1/BBR1 to 22. On the basis of the number of wells containing G¢
resistant trypanosomes, the generation frequency of stable transfectants was estim
be approximately one to two in 2@rypanosomes.

To establish that the G418-resistant trypanosomes arose through integratiomebth
gene into thel. b. bruceitubulin gene cluster, parasites from the expanded cultures w
harvested and embedded in 0.7% low melting point agarose and prepared for pulsec
gel electrophoresis, as described (Van der Paied).,1984). The chromosome-sized DNA
molecules within the agarose blocks were fractionated on a 1.5% SeaKem GTG ag
(FMC BioProducts) gel in 1 x TBE (90 mM Tris-borate, pH 8.3, 2 mM EDTA) at 120
using a Pulsaphor gel electrophoresis unit (LKB) with a hexagonal electrode array.
DNA was then transferred to Nytran filters (Schleicher and Schuell) by Southern blot
in 20 x SSC (Sambroolet al., 1989). Thereafter, the blots were hybridized with
32p-labelled fragment of theeo gene to establish, firstly, whether theo gene had
integrated into ther. b. bruceigenome and, secondly, into which chromosome it h
integrated. Hybridization was observed to either one of two different-sized DNA m
cules, of 1.5 or 2.2 Mb, for each G418-resistant clone tested, whereas no hybridizati
chromosomes of the parental parasite was observed (Figure 1B). Differences obser
hybridization signals between the transfectants were due to differences in sample lo
and the efficiency of transfer of the larger size-classes of chromosomes to the filter. Fi
1C shows that thB-tubulin gene co-localizes to either of the two chromosome-sized D
molecules of 1.5 or 2.2 Mb to which theso probe hybridized to for the transfectants
However, in contrast to theeoprobe, theB-tubulin probe hybridized to both the parente
and transfected parasites. Of 10 transfectants tested, all showed localizationnafoth
gene to either of the two chromosome-sized DNA molecules without bias for either
(data not shown). In further studies, we tested for co-localization afébgene with the
tubulin gene cluster by restriction enzyme analysis. Disruption of the tubulin gene clt



through integration of the neo gene should be evident by Ncol digestion as the coding region
of the neo gene contains this restriction enzyme site. Restriction fragments were separated on
a 1.5% agarose gel in a similar manner to the chromosome-sized DNA molecules. The gel
was then blotted and the resultant Southern blot hybridized with both the neo and b-tubulin
probes as described above. Figure 1D shows the autoradiograph following hybridization with
the b-tubulin probe. The additional hybridizing fragments show that the b-tubulin cluster has
been disrupted in the transfectants, thereby establishing co-localization of the neo gene with
the tubulin gene cluster.

ek 1ulls!
0 ] 4] =105 = 0
X o =X :
e | [
L}
# =
£ & <,
o o % o
e L
3 ' L
O o =
— il
{54
m o ] 2
i c
=
1o

Figure 1. Integration of the b-tubulin gene-targeting plasmid, pUCTbneo3, into the genome of
transfected T. b. brucei GUTat 3.1 parasites. Panel A shows an ethidium-bromide stained gel of
separated chromosome-sized DNA molecules of the parental GUTat 3.1 parasite (lane 1) and two
independent transfectants GUTat 3.1/BBR3 and GUTat 3.1/BBR7 (lanes 2 and 3, respectively).
DNA from the gel was transferred to a nylon membrane and hybridized with the neo gene probe
(neo, panel B) or b-tubulin gene probe (b-tub, panel C) labelled with 32P-dCTP. Restriction enzyme
digestion with Ncol on agarose-embedded DNA from the parental and transfected parasites
demonstrates that the neo gene has integrated into the b-tubulin gene cluster. In panel D,
Ncol-digested DNA of the parental (lane 1) and two transfectants (lanes 2 and 3) was separated by
pul sed-field gel electrophoresis, transferred to anylon membrane and hybridized with theb-tubulin
gene probe which shows disruption of this cluster in the transfectants.



As mentioned previouslyn vitro-derived procyclic trypanosomes are classically no
infective for mammalian hosts. However, we have found that in many procyclic cultt
of T. b. brucei,a few mammalian infective forms are generated (A. Muthiani and N
Murphy, unpublished results). In order to ascertain the levels of resistance to C
expressed by the transfected trypanosoime&$/0,it was necessary to generate mamms
ian infective forms. Approximately 5 x ¥0n vitro-derived procyclic forms of one of the
transfectants, GUTat 3.1/BBR3, were inoculated into each of five mice. Ten days latt
five mice became parasitaemic. Blood from the infected mice was collected for
generation of bloodstream-form GUTat 3.1/BBR3 stabilates (Baml., 1972). The
remaining trypanosomes were expanded further by needle passage to naive subl
irradiated (650 rad) mice. When the level of parasitaemia in these animals had attair
least 100/field at x 250 magnification, the mice were killed and blood collected into sod
citrate (3% [w/v]final concentration). Presence of tlemgene was confirmed by Southert
blot analysis, following purification of the parasites on a DE-52 column (Lanham
Godfrey, 1970) and isolation of the trypanosome DNA (data not shown).

To characterize the sensitivity of the trypanosome populations to G#Mvo,
bloodstream forms oT. b. bruceiGUTat 3.1 andT. b. bruceiGUTat 3.1/BBR3 were
expanded separately in sublethally irradiated mice. Prior to the first peak of paras
mia, trypanosomes were collected and aliquots containing tiyfjpanosomes were
inoculated intraperitoneally into mice. Twenty-four hours following infection, the mi
were divided into groups and treated with G418 at doses of 10, 20, 30, 40, 50 c
mg/kg body weight (bw) by inoculating intraperitoneally 0.2 ml of the drug in ster
water. At 24 and 48 hours following the first treatment, G418 was administerec
animals in each group at the same dose as before, resulting in three treatments perr
Repeated drug treatments were necessary to ensure complete elimination of non-
fected GUTat 3.1 parasites from the mice. Mice were then monitored daily, for 33 d
for the presence of parasites by microscopic examination of wet-blood films. Anin
found to be parasitaemic were recorded and then removed from the experiment
results of the drug treatments for the parental population, GUTat 3.1, and transfe
trypanosome, GUTat 3.1/BBR3, are summarized in Table 1. For GUTat 3.1/BBR3, t
was no significant delay in the onset of parasitaemia in any of the mice treated
G418, as compared to the control group (data not given); all treated mice bec
parasitaemic. At the highest drug dose, 80 mg/kg bw, some of the mice died from
toxicity. In contrast to GUTat 3.1/BBR3, with the parental clone, GUTat 3.1, there \
a delay in first detection of trypanosomes of three to four days in mice that bec
parasitaemic. At the lowest drug dose used (10 mg/kg bw) all mice infected with
parental clone became parasitaemic. In contrast, at doses of 20 and 30 mg/kg bw
8/10 and 2/9 mice, respectively, became parasitaemic. At the higher doses of 40 a
mg/kg bw, none of the mice was parasitaemic. Therefore, on the basis of these re
doses of G418 of between 40 and 80 mg/kg bw for three consecutive days are suffi
to eliminate all non-transfectedl b. bruceiparasites from infected mice. However, &
the highest dose of 80 mg/kg bw, 50% of the mice died from drug toxicity. Sir
treatment with 40 mg/kg bw effectively abolished all the sensitive parental trypa
somes, without any significant deleterious effect on the mice, we have maintainec
as our selection treatment dose.



Table 1.In vivosensitivity of Trypanosoma brucei bruc€UTat 3.1 and GUTat 3.1/BBR3
to G418.

GUTat 3.1 GUTat 3.1/BBR3
10 mg kg1 bw 10/10 12/12
20 mg kg1 bw 8/10 25/25
30 mg kg1 bw 2/9 ND
40 mg kg1 bw 0/9 23/23
50 mg kg1 bw 0/10 ND
80 mg kg1 bw ND 717

bw Body weight
ND Not done
* Number of parasitaemic mice following treatment/number of mice infected
The clear differences in the levels of resistanceivo between the transfectant, GUTa

3.1/BBR3, and the parental population, GUTat 3.1, demonstrated that it should be pos
to directly select for transfectants in mice. This information on the levels of resistanc
bloodstream-fornT. b. brucetransfectants to G418 can now be utilized in the developme
of efficient stable transfection techniques for bloodstream parasites. Such a sele
system would be beneficial in circumstances in which itis not possible to utilii@dtro
selection system, and would also overcome the requirement for the parasites t
pre-adapted tdon vitro culture systems prior to transfection. The ability to select ft
transfectants off. b. brucei in vivoalso offers new possibilities for studies on geneti
recombination in these parasites. Since the current transfection techniques faci
targeting of foreign genes to specific loci, genetic crosses between, for example, tryf
cide-resistant field isolates and laboratory-generated transfected G418-resistant par
should also be possible.

To test the possibility of using bloodstream-form transfectants for the selectior
parasites which have undergone genetic exchange, a genetic cross between (
3.1/BBR3 and a multidrug-resistant field isolate, CP 2469 (Kamiretksl., 1990) was
carried out. The relative sensitivities of both populations to G418 and the trypanos
diminazene were determined in mice. A dose of 20 mg/kg bw of diminazene was suffic
to eliminate all infections with GUTat 3.1/BBR#it did not eliminate any infections with
CP 2469, whereas three treatments at 40 mg/kg bw of G418 was sufficient to elimina
infections with CP 2469, but not GUTat 3.1/BBR3. Therefore, each population he
selectable single phenotype which is lacking in the other, and hybrids could therefor
selected on the basis of having both characteristics. Because of the differences in
drugs in structure and mode of action, synergistic effects due to treatments with both ¢
would not be expected to occur.

Two groups of sublethally irradiated rats were infected With. bruceiclones GUTat
3.1/BBR3, or IL 3565, a clone of CP 2469. At peak parasitaemia, the rats were killed
heparinized blood from the two groups was collected separately. Fifty ml of the infec
blood from the two groups was mixed, and 400 teneral rGd¢ssina morsitans centralis
(tsetse flies) were feth vitro on the blood. On day 30 following feeding, the surviving



380 tsetse were induced to probe onto warmed slides at 37°C to identify those with m
infections. Seven tsetse (1.84%) showed metacyclics in their salivary probes. The
tsetse with mature infections were fed singly on sublethally irradiated Swiss white r
twice weekly until day 85 when all the seven infected tsetse had died. Mice were tre
with diminazene at 20 mg/kg bw on day 1 and G418 at 40 mg/kg bw on days 5, 6 a
post infection. Breakthrough infections were observed from four separate feedings
39, from flies 2, 4 and 5, day 46 from fly 5, day 53 from fly 3 and day 64 from flies 1
and 5. This represents at least one breakthrough infection from five of the seven flie
on mice. Non-treated control infections were carried out on three separate occasion
46 when all seven flies were fed producing seven infections, day 67 when four flies \
fed producing four infections, and day 81 when two flies were fed producing t
infections. Stabilates were prepared from all mice that became parasitaemic. The diff
populations are currently being analyzed to determine whether they contain true rec
nants.

In these studies we were somewhat surprised at the potency of G418 dgairtstucei
in vivo; even at high levels of parasitaemia, nearly all the parasites disappeared froi
bloodstream within 24 hours following the first drug treatment at 40 mg/kg bw (N
Murphy and A.S. Peregrine, unpublished observations). Furthermore, by comparis
other organisms (Davies and Jimenez, 1980), bloodstream-folmbruceiparasites are
extremely sensitive to G418 and show a significantly greater level of sensitivity (appt
mately 100-fold) to G41&h vitro compared to procyclic forms (N.B. Murphy, unpublishe
observations). The reasons for the differing sensitivities of the two life-cycle stages
b. bruceito G418 may be related to differences in growth rates or differences in their r
of endocytosis (Webster and Fish, 1989). Other salivarian trypanosomes suth
congolensare as sensitive to G418vivoasT. b. bruce(N.B. Murphy and A.S. Peregrine,
unpublished observations). The reasons for the relatively high levels of sensitivit
trypanosomes to G418 in comparison to other eukaryotes are unclear, but since G-
an aminoglycoside, it may be related to the unusual structure of their ribosomes ¥
al., 1986). This possibility should be investigated further since it may present st
potential for the generation and testing of potent inhibitors of trypanosome ribos
function, with minimal inhibition of host function, thus offering new prospects for tl
control of trypanosomes and the treatment of the disease in the future.

IDENTIFICATION OF TRYPANOSOMA BRUCEI BRUCBEQUENCES
INVOLVED IN THE ESTABLISHMENT/MAINTENANCE OF INFECTION

The changes in the proliferative capabilities of trypanosomes are influenced, at lec
part, by host factors. It would be desirable to determine how such factors might inte
with parasite molecules and influence the establishment and maintenance of infec
To fully exploit transfection technology for the identification of genes controlling su
phenotypes, the ability to generate mutants is required. Of particular relevance to
studies is the generation @t b. bruceiGUTat 3.1 mutants through extended growth

vitro and manipulation of the incubation temperature and hemen concentration ir
culture media. These mutants can be propagatad intro culture systems, but fail to



establish infections in mammalian hosts with inocula of up tbddrasites. They therefore
represent ideal material for testing systems for the generation of revertants, since th
a direct selection system for such revertants through growth in a mammalian host.
generation of mutants with easily identifiable phenotypes is an important tool in gen
analysis. However, the ability to generate revertants and map the genomic location atv
an alteration has occurred which correlates with the change in phenotype is conside
more powerful.

Karyotype analysis has revealed a consistent alteration involving two chromosome
approximately 1.8 Mb between the parental and attenuated populations (see Figure
The significance of these alterations in karyotype is difficult to determine, and a conce
effort to analyze this might lead to information on somatic alterations in the genome wi
are unrelated to the attenuated phenotype. We therefore tested whether it would be po
to generate virulent revertants of the attenuated mutant through the use of transfe
technology. Although transfection vectors capable of autonomous replication are no
available for trypanosomes, stable integrative transformation is thought to occur ex
sively through homologous recombination (Eid and Sollner-Webb, 1991). We reasc
that the generation of transfected revertants through the use of total DNA from a viru
parasite would result from homologous recombination events which correct the m
tion(s). Total DNA from a well characterized virulent parasite, ILTat 1.1 (Miller and Turn
1981) was prepared and sheared to an average size of 30 kb. This DNA was added
10/ live attenuated trypanosomes, suspended in bicine-buffered saline, at a concent
of 20 ug/ml, and subjected to a single pulse of 550 volts with a capacitance gife5the
electroporator was a home-made apparatus with two platinum wires as electrodes
rated by a gap of 0.8 cm. As a control, A of salmon-sperm DNA was electroporate
into 5 x 10’ attenuated parasites. Following a 10 min incubation at room temperature,
groups of five sublethally irradiated mice (650 rad) were infected with the electropore
trypanosomes. On day 10 following infection, one of the mice from the populat
transfected with the ILTat 1.1 DNA developed a high parasitaemia. Two additional
in this group subsequently developed high parasitaemias, whereas the control ¢
remained aparasitaemic. On reinfection of non-irradiated mice whipafasites from the
three breakthrough populations, all mice developed high parasitaemias within five d
The karyotypes of the parental virulent GUTat 3.1 parasite, the avirulent mutant anc
three independent revertants were compared (Figure 2A). The karyotypes of the reve
were identical to the attenuated population and differed to the virulent parental, |
establishing that the revertants are derived from the attenuated population and are
result of contamination by the virulent parental parasite. We had therefore generated
independent revertant populations through transfection of total DNA from a virul
population.

Several DNA probes have been used in an attempt to identify the region of the ger
which has undergone an alteration in these parasites, but without success (data not st
Recently, a system of arbitrary primer (AP) PCR, otherwise known as randomly ampli
polymorphic DNA (RAPD), has been developed and applied to the characterization o
genomes of various organisms, including trypanosomes (Welsh and McClelland, 1
Williams et al., 1990; Waitumbi and Murphy, 1993; Diriet al., 1993). Each DNA band
of the resultant fingerprints represents priming of a different locus, and hence marke



Figure 2. DNA analysis showing differences between the parental, virulent T. b. brucei GUTat 3.1
isolate (lane 1, panels A and B), the avirulent mutant (lane 2, panels A and B) and the three
independent transfected revertants (lanes 3-5, panels A and B). Panel A shows a pulsed-field gel
of separated chromosome-sized DNA molecul es from each isolate and panel B shows the products
of AP-PCR reactions on total DNA from each isolate with oligonucleotide ILO 873. The arrow
points to the PCR product which is generated from total DNA of the virulent parental and
transfectants, but not from the avirulent mutant.

the genome, and the application of many primers can result in the generation of a well
saturated and generally evenly spread set of markersthroughout the genome. We therefore
applied the AP-PCR technique, using over 100 primers, on DNA from thevirulent parental
the avirulent mutant and the three revertant transfectants in an attempt to identify the
genomic location where the alteration occurred. One of these primers, ILO 873, amplified
afragment inthevirulent parental and the three transfectants but not in the avirulent mutant
(Figure 2B). This PCR product has been cloned and sequenced at both ends. One end of
the fragment contains sequences of the TRS1/ingi transposable element (Kimmel et al.,
1987; Murphy et al., 1987), but the sequence identity of the other end has not yet been
established.



CONCLUSIONS

We have outlined two examples of how transfection technology can be exploited to rag
lead to the identification of important genes in trypanosomes. Such studies should he
increasing our understanding of trypanosomes and ultimately aid in controlling
diseases that this important group of parasites causes. The advantages of this ty
approach over the direct mapping approach is illustrated by the rapidity with which regi
of the genome controlling important phenotypic traits have been and can be identifie
is hoped that such approaches will not be neglected, but rather will be more seric
considered in future studies on these parasites.
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Chromosome polymorphism ifirypanosoma
brucei bruceiand the selection of
chromosome-specific markers

S.E. Melville, M.P. Barrett, J.P. Sweetman, J.W. Ajioka and R.W.F. Le Page

The first direct evidence for mating and gene exchange in African trypanosomes was presente
in 1986 and it is now possible to perform crosses by mixed passage through laboratory-brec
tsetse flies. Hybrid progeny are rescued and clonal populations established. When the karyo
types of a number of hybrid progeny were compared, they were found to differ both from each
other and from the parents in the number and size of their chromosomes. This kind of variation
is also observed when the karyotypes of field isolates from tsetse-transmitted populations are
compared.

However, the investigation of genome structure and chromosome inheritance in hybrids anc
also in field isolates is hampered by a paucity of suitable chromosome markers. Without
sufficient linked markers, it is not possible to begin to investigate the content of the extra DNA
in "homologues’ of different sizes, the maintenance or loss of linkage groups or the locations
of chromosome breakage and recombination events. To this end we have concentrated on
single pair of chromosomes and have isolated gene and VNTR markers. However, because c
the lack of cytogenetic techniques applicable to the study of trypanosome chromosomes, it is
necessary to reconstruct the chromosome with overlapping DNA clones in order to prove the
linkage of markers and to order them along the chromosome. We have succeeded in selectin
pulsed-field gel band-specific subgenomic libraries as a means of simplifying this task. The
cloning of the chromosome has the added advantage that the ends of these clones may ser
as precisely positioned physical markers.

Preliminary data on the structure and inheritance of the chromosomes is necessary for th
development of a suitable approach to the analysis of such a plastic genome.

GENOME STRUCTURE: SPECIES-SPECIFIC
PROBLEMS FOR PHYSICAL MAPPING

The nuclear genome of the African trypanosome is a highly plastic structure, as obse
by pulsed-field gel electrophoresis (PFGE). This clearly has implications for the phys
mapping of the genome. The chromosomes may be divided into three size cla
approximately 100 mini-chromosomes of about 50 kb, 1-8 intermediate chromosom
between 200 and 700 kb and 16-18 megabase chromosomes ranging from 1 to 5.
(Van der Ploeget al.,1984a; Wellst al.,1987; Gottesdienast al.,1990; reviewed in Tait
and Turner, 1990). However, the number and sizes of the intermediate and meg:
chromosomes differ. The karyotype varies considerably not only between species
subspecies, but also between independently isolated field stocks (Van dere®lakg
1984b; Gibson and Borst, 1986; Gibson, 1989; Gibson and Garside, 1991). The |
striking polymorphism is observed in the megabase chromosomes, which exhibit mul
differences in size and number. It has been proposed that sexual recombination m
involved in the generation of the observed polymorphism.



It was first demonstrated in 1986 that African trypanosomes can undergo a proce
mating and gene exchange (Jeenial., 1986). Several separate crosses have now bt
performed (Paindevoinet al.,1986; Sternbergt al.,1988; Sternbergt al.,1989; Gibson,
1989; Turneret al.,1990; reviewed in Tait and Turner, 1990; Gibson and Garside, 19
and these have involve@irypanosoma brucei brucdrom East and West Africal. b.
gambiensandT. b. rhodesiens&enetic exchange is therefore possible between subs
cies and between strains originating from widely separated geographic areas.

While the feasibility of performing laboratory crosses increases the scope for gel
analysis of these organisms, the process remains a time-consuming and skilled proc
which only a few laboratories are equipped. It is not feasible to retrieve and clone |
numbers of F hybrids; nor is it possible to ensure that those retrieved are indgaddr
not F, (Sternberget al., 1989). Therefore, genetic analysis of African trypanosom
remains a difficult task.

A cross between two cloned stocks of trypanosomes (STIB247L and TREU927)
carried out by Prof. A. Tait and Dr. C.M.R. Turner of Glasgow University as describet
Turner and colleagues (1990). These field isolates are both subspeoiésuceiand both
originate from East Africa, but their karyotypes differ considerably. Even greater kal
typic complexity was observed when the megabase chromosomes of cloned h
trypanosomes derived from this laboratory cross were studied using PFGE. The rar
chromosome size and number is illustrated in Figure 1. Such karyotypic variability cle
poses quite specific problems for the creation of physical maps of the nuclear genot
these organisms.

The megabase chromosomes were shown to be diploid and to contain houseke
genes and both basic copy and expression-linked variable surface glycoprotein ()
genes (Gibsoret al., 1985; Van der Ploegt al., 1984c). Six chromosome pairs wer:
identified in the laboratory stock 427/60 using a range of markers (Gottesdierdr,
1990). These pairs of chromosomes were shown to contain long stretches of hom
and are referred to tentatively as homologues although they may differ in size by 10—
We have also found that apparently homologous chromosomes differ in size in botl
parents and the progeny. This observation must also be taken into account in the cor
tion of a physical map and the location of markers.

The lack of cytogenetic procedures complicates the study of chromosome inherit
and polymorphism irT. b. brucei;although long-range restriction fragment length pol;
morphism (RFLP) mapping procedures can provide an initial guide to the differer
between homologous chromosomes, it is clear that a systematic analysis of chromo
breakpoints and behaviour can best be approached by developing sets of suitably dis
but linked markers for individual chromosomes.

Although PFGE provides a method of separating the chromosomes of trypanosc
not all bands in an agarose gel represent a single chromosome. Some bands are
intense than others and may contain comigrating DNA molecules of different cont
This severely limits the usefulness of Southern hybridization as a method for sho
the linkage of markers. The most likely homogeneous band is that of least stai
intensity with a homologue known to migrate to another position in the gel. Howe
definitive proof of the linkage of markers has to come from the ‘reconstruction
the chromosome from clones of overlapping DNA fragments. For this reason,
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Figure 1. Themegabasehromosmesof T. b. brucei. Thechromosomes of the parent trypanosome
clones (TREU927 and STIB247L) and of seven hybrid clones derived from a laboratory cross
(F532/72mcl 3-9) (se€Turneretal., 1990)are shavn in diagrammatidorm. Thesechromosomes
werevisualizedoy PFGE(CHEFDRII, Biorad) using pulse timesrangingfrom 700to 1400secat
2.5V cml. The szesgiven are derived from Saccharomyces cerevisiae (Y NN295) chromosomes.
Considerald chromosomeolymorphismis evident.

construdion of a physicalmap usingcloned DNA is more suitablethan,for example,
redriction site mapping.

AN APPROACH TO THE PHY SICAL MAPPING OF THE TRYPANOSOME
GENOME: CHROMOSOME-SPECIFICLIBRARIES

For the purposeof physical mappingwith clonedDNA it is clearly of advantage to use
vectors which will accommodatéarge piecesof foreign DNA such as cosmids (Ish-
Horowicz andBurke,1981),bacteriophag®1(P1s)(Sternbeg, 1990)or yeastartificial
chromoomes (YACs) (Burke et al., 1987). Data on the contentand behaiour of
chromosomessuch as the varying sizesof apparenthomologueswill be obtained



considerably more rapidly if single chromosomes can be cloned and mapped indi
ally. The clear method of choice for the preparation of a chromosome-specific
genomic library of overlapping clones involves excising a chromosome band fron
agarose gel, partially digesting the DNA and cloning these fragments into the ch
vector. In practice, this procedure works quite well with vectors which replicate sn
fragments of foreign DNA, but the difficulty of this procedure increases with the s
of the fragments to be cloned: it is difficult to obtain large fragments in sufficie
concentration and the necessity to size-select, to avoid chimaeric clones, reduct
concentration further. This method proved to be very difficult using cosmid vectors,
is probably impossible with bacteriophage P1 or YACs. Thus we have employed
alternative strategy of selecting PFGE band-specific subsets of cosmid clones conte
T. b. bruceiDNA as a means of simplifying chromosome mapping (S.E. Melville, J
Sweetman and R.W.F. Le Page, in preparation). This method makes chromo
walking considerably less cumbersome: such small libraries may be kept as orc
arrays, simplifying the preparation of filters and the retrieval of clones, and facilitat
mapping in laboratories without access to high-tech robotics for the production of |
density filters. The study of a single chromosome pair has helped us to prepare fc
species-specific problems to be encountered in a large-scale physical mapping p
(see J. Blackwell, this volume).

A cosmid library ofT. b. bruceiDNA was plated, the colonies lifted and replica filter
created. The radioactive chromosomal probe was prepared by PFGE-fractionatiol
hybridized to the cosmid DNA immobilized on the filter, identifying clones containil
DNA derived from that pulsed-field gel band and from its homologue. These clones
then stored individually in a much smaller, more manageable, subgenomic library.

This very simple idea depends on two factors: efficiently labelling the correct amc
of chromosomal DNA, and the amount of dispersed repeated DNA in the genome. |
chromosomes of the trypanosome have sequence in common, then the chromosoma
will select cloned DNA from all the different chromosomes which contain these sequer
In anticipation of this problem, the cosmid colony lifts were prehybridized with shea
genomic trypanosome DNA. The highly repetitive portion of the genomic DNA in t
prehybridization mixture will hybridize more rapidly than the single copy DNA (Seal
1985) since it is present, by definition, in higher copy number. This prehybridiza
procedure allows highly repeated sequence in the unlabelled genomic DNA to hybr
to homologous DNA in the cosmid clones, thus reducing the level of signal obtained
hybridization of these same sequences in the radioactive chromosomal probe to the ¢
clones.

The estimated haploid nuclear genomeTofb. bruceiis 40 Mb and the kinetoplast
approximately 3.3 Mb (Borstt al.,1982). A 5 x haploid genome equivalent of cosmic
containing average inserts of 35 kb is therefore 5950 cosmid clones. The chromo
from which the probe was made is approximately 1.5 Mb: if the cosmid inserts ave
35 kb, then a 5 x genome equivalent to cover this one chromosome is 214 clones. T
shows the average number of clones obtained in various probing experiments using a
of genomic DNA concentrations in the prehybridization solution.

The primary observation arising from these experiments is that even when no gen
trypanosome DNA was included in the prehybridization solution, the number of clo



Table 1. Selecting cosmid clones derived from a singjleb. bruceichromosome and its
homologue. The average number of clones retrieved after prehybridization with genc
trypanosome DNA and hybridization with a radioactive chromosomal probe are given.
number expected is estimated according to the size of the chromosome and the av
insert DNA length (see text).

Concentration of

genomic DNA Number of clones retrieved Number
pg/ml) Strong Intermediate Weak Total expected
0.0 33 71 126 230 214
0.5 33 67 138 238 214
15 34 59 116 209 214
5.0 21 22 145 188 214

selected by the chromosomal probe was approximately that expected. The numb

cosmid clones to which the chromosomal probe hybridized did not change significa

when the filters were prehybridized with 0.5 or u$mH-1 of genomic trypanosome DNA.

This indicates that the pulsed-field gel band chosen for the preparation of probe |

indeed contain a single species of chromosome. This result also suggests that it me

be necessary to attempt to mask repeated sequences in the genome before hybridi

However, there are various possible ways to account for this result.

1. Thereis very little dispersed repeated DNA in the genomgE of brucei.

2. There are dispersed repeats but fortuitously the chromosome from which the p
was prepared contains little repeated DNA in common with other chromosomes.

3. Thedispersed repeated DNA is underrepresented in the cosmid library, either bet
itis not readily cloned, or because it is associated with the subtelomeric regions w
are known to lack restriction sites.

4. The mobility of the chromosome in the pulsed-field gel is affected by structu
features, or other characteristics, and the actual size of the chromosome d
substantially from the estimate of 1.5 Mb.

Secondly, itwas observed that the signals obtained on the autoradiographs varied g
in their strength. Very strong signals obtained from complex probes such as this commn
signify repetitive sequences. These sequences may include chromosome-specific
satellite repeats and the tandemly reiterated genes which are common in the trypanc
genome (Clayton, 1988). Weaker signals probably represent cosmids containing
single copy sequence. Signal strength will also be affected by the length of the inse
the cosmid.

The number of strongly hybridizing colonies did not differ significantly in the first thre
experiments. However, when the concentration of unlabelled genomic DNA was incre.
to 5 ug mk1, the numbers hybridizing clearly decreased to below that expected. Us
replicafilters, it was shown that the decrease was due to the loss of hybridization to co
clones for which only a weak signal was obtained in other experiments using less gen
DNA in the prehybridization solution. Cosmid clones which had previously shown str
hybridization gave signals of reduced intensity. This suggests that the concentratic



genomic DNA in the prehybridization solution was too high to selectively mask dispel
repeats and was beginning to maslna fidechromosome-specific clones. A concentratic
of 5ug mi1, for example, is very high compared to that used to protect repeated seque
in the human genome (Sealey, 1985).

A convenient number of clones to work with for manual screening is at most 384,
these can be stocked in four microtitre plates and may all be plated onto 22 x 22 cm |
using a 96-well replicator and lifted on a single filter. For a chromosome of 1.5 Mb,
represents an 8.5 x genomic library. During a chromosome walk involving thus fa
cosmid clones, only once was an overlapping clone not retrieved from the chromos
specific library. The random library was then probed again and a suitable clone obta
The selected library has been probed with six markers known to be specific to
chromosome used as a probe and in each case three or more cosmid clones contair
marker sequence were retrieved. All these results strongly suggest that a useful, esse
chromosome-specific library was selected.

The chromosomal probe was then hybridized to a Southern blot of a PFGE sepat
of the chromosomes of the same trypanosome stock (Figure 2). The probe hybridiz
the mini-, the intermediate and most of the megabase PFG bands. This indicates tha
is sequence in common between these chromosomes. They are all known to conts
telomeric repeats. However, the probe has shown only a low level of hybridization to
of the megabase chromosomes. This suggests that these chromosomes have consi
less sequence in common, possibly only the telomeric repeats. This provides
evidence of dispersed repetitive DNA in the trypanosome genome. However, thes
guences may not occur on all chromosomes and may be located for the most part
subtelomeric regions.

Known sequences which may be suitably masked by this method include the 7
repeats upstream of the variable surface glycoprotein genesefLal., 1983) and the
randomly inserted transposable elements RIME and INGI (Hasah,1984; Kimmelet
al., 1987). As more information is obtained regarding the types of repeated seque
which may interfere with this procedure, it will certainly be more efficient to use clor
or amplified DNA of the specific repeated sequences in the prehybridization solu
instead of genomic DNA.

This method of clone selection would probably prove inefficient for libraries construc
in plasmid or bacteriophagelibraries as the small insert DNA will bind insufficient probe
However, libraries constructed in YAC and P1 vectors should prove ideal.

Chromosome walking using radioactive probes created from the ends of the co
inserts is very simple using a small library in an ordered array. It is not yet known if tf
are regions of the chromosome which are not represented, other than the subtelome
telomeric regions. However, the library does contain clones from both homologues &
is prudent to include a Southern blot of a PFGE separation of the chromosomes
walking steps: if there is a clean breakpoint at which the sequence of the "homolog
diverges, this will become clear. In addition, there are genes which exist at more thai
locus and which hybridize to two chromosome pairs, such as the PARP gene (Mowa
Clayton, 1987). Clones deriving from all four chromosomes are likely to be include
the library but Southern hybridization to PFGE separations should show if the walk
gone astray.



SLOT

COMPRESSION ZONE

[ — 22Mb
I

[

E x - — 16Mb

I - & 1125 Mb

(| - - intermediate chomosomes
- '- _ mini-chromosomes

Figure 2. The radicacive probe preparedfirom a single chromosane hybridizesto mostbut not
all otherchromomeswithin the samestrain. Panel A shows the megabase chromasomesof T. b.

bruceicloneF532/72mcl 7 in diagrammatidorm (seealso Figure1) (*chromosomédrom which

the probe was prepared). PanelB shows theresult of Sauthern hybridization of the chromosomal
probe to a AFGE separation of the chromosomes o F532/72 mcl 7.

THE SELECTION OF MARKERS FOR THE ANALY SIS
OF CHROMOSOMESTRUCTURE AND INHERITANCE

A systematic analysis of chromosomd breakpoints and meiotic behaviour can best be
provided by developing setsof sutably dispersed, linked physical matkers for individual
chramosomes.The cloning of thechromosomein cosmids, P1sor YACsprovidessimple
markersin theform of end-probes.Thes canbecorvertedinto polymerag chainreaction
(PCR)basd sequerte-taggd sites(STSs)by sequencingand oligonucledide synthess.
Further STSsinternalto the cosmd, P1 or YAC clonesmay be genera¢d by subcbning
into plasmds,selecing PCR-sizedinsers, checkingfor repettive sequenceandsequenc-
ing acmss the cloning junctions(seeBlackwell etal., this volume).

However, for the analysis of meiotic recombination and chromosome inheritance
amongstthe progery derived from laborabry crossespolymorphic markers arerequied.



These may also be required when mapping a chromosome using a chromosome-sj
library: if some of the extra DNA content in the larger of a pair of homologues is in
form of DNA insertions throughout the chromosome, then polymorphic markers will all
us to look at this by distinguishing between clones from different chromosomes. R
markers have been used extensively in the analyses of crosses but newer methods |
possible to detect any single base substitution (see Blaclatall., this volume). This
greatly increases the efficiency of polymorphic marker selection.

Other types of polymorphic markers have been described, for example variable nur
of tandem repeats (VNTRs) and microsatellites (CA repeats) (Jeffries, 1986; Webe
May, 1989). We have located a VNTR sequence on the chromosome under study
chromosome-specific and polymorphic in the parental stocks (M.P. Barrett, S.E. Mel\
J.P. Sweetman and R.W.F. Le Page, in preparation). It has proven useful not only
marker for chromosome inheritance, but also for the detection of trisomy in some o
hybrid progeny of the cross. Trisomy has been reported previously (LedRae1988;
Gibsonet al.,1992) and may be a common occurrence amongst the progeny derived
laboratory crosses. It remains to be seen whether such organisms exist in the wi
whether they require human intervention to survive. The location of further chromos
specific VNTR markers would allow us to analyze the inheritance of each of the pare
chromosomes in the hybrid progeny of laboratory crosses.
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Summary of discussion

ChairpersonProf. D. Walliker
RapporteursDrs. P. Toye and O. ole-MoiYoi

Five presentations were made in this session. The first presentation was made by
Gardiner (ILRAD), who gave an overview of the enormous differences among the trypz
somes and described interesting and wide-ranging biochemical processes present i
organisms. Dr. P. Majiwa (ILRAD) focused on the complexity of classifying Ting
panosoma congolenggoup of parasites and described the methodologies, such as sir
morphometry, isoenzyme patterns, RFLP analysis and pattern of hybridization of repe
DNA sequences, for characterization of these parasites. Prof. A. Tait (Glasgow Univer
first presented evidence for genetic exchangel.irbruceispp. and then showed the
inheritance patterns of chromosomes by using chromosome-specific markers. He
discussed mating behaviour and selfinglilgpanosoma bruceipp., i.e. mating between
members of a single stock. Dr. S. Melville (Cambridge University) described product
of subgenomic libraries specific for pulsed-field gel bands, which simplifies chromosc
mapping, to identify and characterize chromosomes of trypanosomes. A novel appr
to rapid identification of genes controlling important characteristics in the trypanosc
genome was described by Dr. N. Murphy (ILRAD).

There was a short discussion on each of the papers presented and then a more ¢
discussion followed. This centred round the occurrence of polymorphisms, genetic
change and the significance of these on important traits, such as drug resistan
trypanosomes. It was pointed out that the wide polymorphisms observed in trypanos
was not peculiar to this parasite, as numerous other organisms show similar poly
phisms. Examples cited weféeileria, PlasmodiandCandida.One concern raised with
regard to defining polymorphisms in field populations of trypanosomes was lack
correlation between molecular fingerprint and function. It was recognized that cha
terization of field populations will provide better knowledge of the variability of th
parasites that exist in nature and improve our understanding of the epidemiology. How
because there is a sense of urgency and resources are limited, there is a need to set pt
and clearly define goals for such studies. One suggestion was that a more syste
approach involving the generation of chromosome specific markers and construction
physical map would be more productive, although this would be a long-term study
contrast, in the short term, a laboratory-based analysis using genetic crosses to ex
specific traits, such as drug resistance, coupled with DNA transfection technology ci
yield useful information rapidly. The advantages and disadvantages of both the br
systematic approach and a specific approach using laboratory-based analysis of ci
and transfection technology were discussed.

With regard to the specific approach, one question raised was that although DNA
be transfected into parasites, the knowledge of the genome structure is still necess



understand the integration of the foreign DNA into the genome. This is particularly
for multigenic traits, such as is likely for resistance to the trypanocide diminaz
aceturate. Developing transfection vectors for studies on functions of important gene
considered time consuming; in the long run, it may be quicker to use genetic analysit
genome maps to achieve the same result. One possibility was to use a combinati
approaches where genetic maps can be resolved around key biological traits st
trypanotolerance of N’'Dama cattle and drug resistance. However, the crucial biolo
traits that need to be studied must be determined. It was recognized that the ta
constructing a complete physical map of the trypanosome genome was going to be
harder than that fof. parvaandPlasmodium falciparunbecause of the larger size of th
trypanosome genome. Nonetheless, a "gold standard’ genome riaprotceiwould be
avaluable resource and may also be usefulfaongolensdn terms of resources requirec
to map eukaryotic genomes, it has been estimated tRatadciparumcontig map would
take five laboratories three years to complete. It was pointed out that an overlapping c
map ofSaccharomyces pomb&ok one post-doctoral fellow only two years to complet
After a lengthy discussion, it was agreed that both approaches have a place and in
ways are synergistic.
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Markers for mapping trypanotolerance genes

S.J. Kemp

Several West AfricarBos tauruscattle breeds show a remarkable ability to survive and be
productive in the face of a trypanosome challenge which would quickly kill susceptible cattle.
This phenomenon, termed trypanotolerance, offers a sustainable approach to improving cattl
productivity in the tsetse-infested areas of Africa. The best characterized of the trypanotoleran:
breeds is the N'Dama. We are adopting a "genome analysis’ approach in an attempt to identif
the genetic basis for trypanotolerance in the N'Dama.

A cross between N'Dama and trypanosusceptible Bq&os indicus)cattle has been
established using embryo-transfer to generate large full-sibling families. I¢perferation
is almost complete and the firsy Ealves were born in late 1992.

These will be challenged witlirypanosoma congolensend, in collaboration with
several other laboratories, they will be genotyped with a large array of genetic mark
Correlations will then be sought between marker inheritance and trypanotolerance st
These markers fall into three main categories.

* Randomly amplified DNA polymorphisms (RAPDs).
* Randomly identified polymorphic dinucleotide repeat sequences (microsatellites).
* Polymorphisms in specific genes.

RANDOMLY AMPLIFIED DNA POLYMORPHISM MARKERS

Randomly amplified polymorphic DNA is detected by polymerase chain reaction (P(
amplification of genomic DNA using short arbitrary primers (Welsh and McClellan
1990; Williamset al.,1990). This generates a complex “fingerprint’ which is often high
polymorphic. Markers of this type have the advantage that they require no prior sequ
information and so may be readily applied to any organism. The usefulness of R/
markers for detecting polymorphism in N'Dama and Boran has been demonstratec
important refinement to RAPD analysis, bulked segregant analysis (Micheletak,
1991) is presently being tested in crosses of inbred mice which differ in survival ti
following T. congolensehallenge. Bulked segregant analysis may also have an applica
in the analysis of crosses between outbred, but distinct, cattle breeds such as N'Dan
Boran.

MICROSATELLITE MARKERS

Microsatellites are regions of short sequence repeats which appear to be scattered tf
mammalian genomes and which are highly polymorphic (Weber and May, 1989; Beck
and Weber, 1992). PCR primers are designed to specifically amplify single microsatel



and polymorphism is revealed by high resolution electrophoresis. It is expected that
markers, generated here and elsewhere, will provide the bulk of markers on the b
genome map.

SPECIFIC GENES

The third category of markers being sought and applied at the International Laboratot
Research on Animal Diseases (ILRAD) utilizes polymorphisms in specific “candid
genes. These genes are selected from the databases on the basis of their physical |
and their potential involvement in trypanotolerance. An example is the gamma-cryst
gene which is located in an important linkage group on bovine chromosome 8. |
primers are designed to amplify untranslated regions of these genes from genomic
of both N'Dama and Boran cattle and the amplified fragments are sequenced. Seq|
polymorphisms are detected and PCR-based assays developed to rapidly screen ¢
for this polymorphism.

Itis hoped that this approach will, in the short term, provide markers of genes contro
trypanotolerance and, in the longer term, allow the identification and study of these g
This process will be greatly facilitated by the known conservation of synteny betwee
human, murine and bovine genomes.
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Derivation of large insert clones
from human chromosome 22 using
the bacteriophage P1 vector system

N.S. Shepherd, J.N. Coulby and S.L. Ackerman

The creation of recombinant molecules to form reference libraries is basic to understanding
the biology of an organism at the molecular level. Since fewer genomic libraries are likely to
be generated for protozoan parasites than for ‘'model’ organisms such as the human or mous
it is very important to define the advantages and disadvantages of the various approaches. |
this report, we illustrate the use of the relatively new P1 vector cloning system to generate
recombinant clones of a given region of a genome. The example provided is the generation o
large insert clones of human chromosome 22 from a hamster/human hybrid cell line. The
advantages of the P1 cloning system and alternative approaches to obtain P1 recombinatl
clones of the region are discussed.

INTRODUCTION

Human chromosome 22 is one of the smallest chromosomes, representing approxin
2% of the estimated 3 x $kb of the human haploid genome (Kaplanal.,1987). This

small size, together with the many pathologic conditions associated with alterations o
chromosome, make it an ideal model system for studies of chromosome organize
studies of constitutional and acquired chromosomal rearrangements, as well as stud
identify and characterize an estimated 600 (or more) human genes on the chromo:t
These studies would be facilitated by the construction of a set of genomic clones ar
ordering of the clones into overlapping contiguous subsets (contigs) corresponding to
native chromosomal location. Clearly, the larger the size of the insert DNA presentin ¢
recombinant clone, the less effort involved in developing the overlapping physical n
Although the yeast artificial chromosome (YAC) cloning system offers the advantage
extremely large inserts from several hundred kilobases to greater than a megabase {
et al., 1987; Albertseret al., 1990; Anandet al., 1989; Abidiet al., 1990; Larinet al.,

1991; Bellanné-Chanteldt al., 1992), the disadvantages of that system have beco
apparent. Genomic reference libraries created in YAC vectors often have a relatively
percentage of chimeric clones (i.e., two noncontiguous genomic fragments present c
same clone) (Abidiet al., 1990; Bellanné-Chantelogt al., 1992). Furthermore, the
inability to separate the YAC DNA from that of the host makes techniques such
restriction mapping, subcloning of fragments and reintroduction into mammalian c
somewhat cumbersome. Nevertheless, YAC reference libraries continue to play a n
role in genome mapping studies and the polymerase chain reaction (PCR) has incr
their utility as a quick source of region specific probes. Several reference libraries spe
for human chromosome 22 have already been generated using DNA obtained from ¢



flow-sorted chromosome 22 or a somatic cell hybrid containing the chromosome (Mc
mid et al., 1989; de Jonget al., 1989; Kawasakket al., 1992). However, these existing
chromosome-specific libraries are less than optimal for several reasons. First, becaus
were generated in plasmidland cosmid type vectors with insert sizes ranging from seve
thousand base pairs to approximately 45 kb, these libraries are less useful for builc
physical map. In addition, this size limitation may result in individual clones contain
only a portion of a gene since human genes are often 40 kb or larger. Furthermore
instability of cosmid clones propagated as multi-copy plasmids in the host bacterial
has been documented (Kiet al., 1992). We chose to explore the use of the recen
described bacteriophage P1 vector system as a means to obtain clones specific to |
chromosome 22. This system, first described by Sternberg (1990), offers several a
tages (Sternberg, 1992). Firstly, it allows the cloning of 75-100 kb inserts, a size sig
cantly greater than that of cosmids. Secondly, the cloning efficiendt(100° clonesjig
of vector arms) is sufficiently high such that libraries of relatively large genomes
possible (Sternbergt al., 1990; Pierceet al., 1992a; N.S. Shepherd, B.D. Pfrogner, J.I
Coulby, S.L. Ackerman, G. Vaidyanathan, R.H. Sauer, T.C. Balkenhol and N. Sternt
personal communication). Thirdly, P1 recombinant clones can be maintained as s
copy plasmid replicons in the cell, thus certain genomic sequences may be more ¢
when cloned in the P1 vector as compared to a multi-copy plasmid or cosmid ve
Finally, unlike YACs, the recombinant DNA can be easily recovered and separated
that of the host. In addition, the new vector derivative, pAd10-SacBll, provides a pos
selection for recombinant clones, easy excision of the cloned insert, and the genera
riboprobes from the ends of the insert (Pieetal., 1992b).

We initiated projects to explore three different methods of creating the desired chrc
some-specific library in the P1 bacteriophage vector system. In this report we descrik
preparation of P1 recombinant clones from a somatic cell hybrid which contains chrc
some 22 as the sole component of human DNA, and the subsequent screening of clc
identify those containing human DNA. In the discussion we compare this approach tc
of cloning from DNA purified from flow-sorted chromosome 22 or isolation of chrom
some-specific clones from a total human P1 recombinant library.

MATERIALS AND METHODS

Preparation of High Molecular Weight DNA

Approximately 6 x 1@ cells of the KG1 hybrid (GM10888 of The Human Geneti
Mutant Cell Repository of Coriell Institute in Camden, New Jersey, USA—NIH puk
cation number 92-2011, 1992) were trypsinized, harvested by gentle centrifugation
washed several times in prewarmed phosphate buffered saline (PBS without magn:
and calcium, Flow Labs, McLean, Virginia 22102, USA). The final cell pellet w
resuspended in 50QI warm PBS, 0.25 ml of 10 mg/ml proteinase K (Boehringe
Mannheim GmbH); 1.5 ml 250 mM EDTA pH8 and 0.25 ml 10% SDS. Followir
incubation for two hours at 60 °C, 0.8 ml 4M NaCl was added and the solution \
stored overnight at 4 °C. The solid white solution was then dialized for several day



4 °C against sterile TE buffer (10 mM Tris pH8, 1 mM EDTA) to completely eliminat
the proteinase K and SDS. Restriction enzyme digestion, size fractionation on a su
gradient, and the concentration and dialysis of fractions before cloning was essent
as described previously (Sternberg, 1990; Sternieti., 1990).

Preparation of Vector Arms

DNA of the pAD10-SacBlI vector (Piercet al.,1992b) was prepared as described in Pier
and Sternberg (1992) from the bacterial strain NS3622, which contains the vector ir
host NS3607 (Piercet al.,1992b). Dephosphorylated vector arms wBtmHI| ends at the
cloning site were made as described previously (Piefcal., 1992a) with only slight
modifications. In brief, 519 vector DNA was digested to completion at the uniGuod site
(Pharmacia enzyme), treated with bacterial alkaline phosphatase (Gibco BRL, 2R@ini
vector) for an hour at 65 °C. The DNA was extracted with phenol/chloroform, etha
precipitated and resuspended in TE buffer. The vector cloning site was generate
digesting the purified DNA witlBanH| (New England Biolabs) followed immediately by
dephosphorylation with calf intestinal phosphatase (Boehringer Mannheim, 0.00gnit
vector) for 30 minutes at 37 °C. After phenol/chloroform extraction and ethanol precip
tion, the vector arms were resuspended in TE buffer at a concentration pfuband
stored at 4 °C.

In vitro Ligation and P1 Packaging Reactions

DNA ligations using a three-fold excess of dephosphorylated vector arms to human [
insert were routinely performed with Olg vector in a final volume of 1§l using T4
DNA ligase (New England Biolabs). Prior to addition of enzyme hofier, the two DNASs
were preincubated at 37 °C for 30 minutes and then cooled on ice. Following overn
incubation at 16 °C, the reaction mixture was heated diZ@r 10 minutes, stored at 4
°C, and used within a week.

In vitro packaging of the ligation products was carried out with bacterial packag
extracts obtained from Du Pont/NEN (pacase extract lot #LA136 and head/tail extrac
#PB093) as suggested by supplier and Sternberg (1990), withuR-e4 the ligation
products per packaging reaction. The packaged phage were stored in the abser
chloroform at 4 °C and routinely used within one week. Between 3 and dbeach phage
lysate was used for infection of 1@ of the Escherichia colplating host NS352@ecA-,
mcrA-, A(hsdR, hsdM, mcrB, mrrifAimmALP1) (Aimm434-P1: Cre+)]prepared as
described previously (Pierce and Sternberg, 1992). After phage adsorption at 37 °C f
minutes without shaking in a 1.5 ml tube heat block (Eppendorf #5436), 0.8 ml L br
(Sambroolet al.,1989) was added and incubation continued at 37 °C for 35 minutes v
moderate shaking. Cells were centrifuged for 30 seconds and all but approximaidly °
of the supernatant was removed. Cells were resuspended and the entire contents @
tube was plated on a single LB plate supplemented withu@bnl kanamycin and 5%
sucrose, and incubated for a minimum of 18 hours at 37 °C.



Colony Hybridization

Colonies were transferred to nylon-backed, nitrocellulose NitroPure membranes
cron Separations Inc., Westboro, Massachusetts, USA). The original plate was re
bated for four to six hours to regenerate the transferred colonies. The filters \
processed by standard colony lysis and hybridization conditions (Samtabak,
1989). Prehybridization was three hours at 68 °C in 6 x SSC, 1x Denhardt’s solL
with 100 pg/ml of non-radioactive, sheared, salmon sperm DNA. Hybridization w
overnight under similar conditions but in addition contained 10% dextran sulfate.
32P-labelled hybridization probes were prepared by random primer labelling (Feinl
and Vogelstein, 1983; Boehringer Mannheim kit) DNA prepared from human fores
fibroblasts (Viromed Lab., Minnetonka, Minnesota, USA) or a CHO cell line. Appro:
mately 1-3 x 16cpm of probe was used per ml of hybridization buffer. The filters we
washed for two to three hours at 68 °C with a solution of 0.1% SDS and SSC
(initial)-0.5 x (final), were dried at room temperature, and exposed to Kodak Xomat:
film.

RESULTS

Preparation of P1 Recombinant Clones from the KG1 Hybrid

The high molecular weight DNA required for the P1 cloning process was isolated f
cells of the hamster/human somatic cell hybrid KG1. This cell line, also reference
GM10888 (The Human Genetic Mutant Cell Repository of Coriell Institute, Camden, N
Jersey, USA—NIH publication number 92-2011, 1992), has been documented to
human chromosome 22 as the only human DNA (Lictkgeal., 1990). To generate the
appropriately sized, random fragments for cloning, the DNA was partially restricted \
SawBAl, size fractionated once through a 5-30% linear sucrose gradient (Steetladrg

1990), and analyzed by field inversion gel electrophoresis (Figure 1). Fractions conta
a large proportion of DNA in the 50-150 kb size range were dialysed, concentrated
butanol, spot dialysed and stored at 4 °C. The genomic DNA fractions were ligated t
pAdl0sacBIl vector arms, packaged into the P1 phage mmedtto, and used to infect the
E. coliplating host (Sternberg, 1990). By a site-specific recombination system, the inje
DNA is circularized to form a single copy plasmid replicon within the host (Sternbe
1990, 1992). Cells containing recombinant molecules were selected for by over
growth at 37 °C on LB plates supplemented with kanamycin and 5% sucrose (ter
al., 1992b).

Identification of Human Clones

Since the hamster and human genome are similar in size, the human chromosor
component of the KG1 hybrid is only about 2%. To identify those P1 recombinant clc
containing human DNA, colonies were transferred to nitrocellulose filters, processe:
colony hybridization, and hybridized to a radioactive probe prepared from total hui
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Figure 1. Pulsed-field gel electrophoresis for size analysis of genomic DNA insert fractions. The
first four lanes contain consecutive fractions taken from a 5-30% sucrose gradient separation of
Saul3Al partially digested genomic DNA. The vertical arrow indicates the fraction from which
clones KG1-01 to KG1-25 were obtained. Electrophoresis was with 1% SeaKem GTG-grade
agarose (FMC) and 0.5 x TBE buffer (Sambrook et al., 1989) at room temperature using a Hoefer
PC750 pulse controller (100 volts, 0.3 sec forward and 0.1 sec reverse, ramp .15 for 17 hours).
DNA size standards are 37 and 120 kb of bacteriophage T7 and T5 genomes respectively (Sigma);
and the 165 kb of bacteriophage T4 genome (Sigma) inthe samelaneasaHindl 1l digest of | DNA
(only 23, 9.4 and 6.6 kb fragments are shown; BRL).

DNA. Only 0.4% of the total clones prepared with the KG1 genomic DNA as insert
hybridized strongly to the probe (Figure 2). Thislow val ue was not due to ahigh proportion
of clones without insert DNA. Twenty-five strongly hybridizing positives were picked,
labelled DM PC-KG1-01 through -25 and streaked to purify to single colony. The purified
clones wereretested by asecondary hybridization for the presence of human DNA (Figure
3a). Although theintensity of hybridization varied, all seemed to contain human DNA with
the exception of KG1-13. As expected, four random clones used for the control hybridi-
zation did not hybridize strongly to the human probe and most likely contain hamster DNA
asinsert.
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Figure 2. Initial identification of human recombinant clones using colony hybridization. P1
recombinant clones prepared from the KG1 hybrid DNA were transferred to a nitrocellulose filter

and probed with 32 P-labelled total human DNA. Positives were selected and rescreened as
indicated in the text.
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Figure 3. Colony hybridization of recombinant clones KG1-01 through KG1-25 with a 32P-la-
belled hybridization probe from (a) total human DNA or (b) total hamster DNA.

Testing for Chimeric Clones

The use of many YAC genomic libraries is hampered by a relatively high level of
chimerism, that is, two non-contiguous genomic fragments present on the same cloned
insert (Abidi et al., 1990; Bellanné-Chantelot et al., 1992). However, there are no reports
in the literature with respect to the degree of such scrambling when cloning with the P1
vector system. In principle, the human clones obtained from the hamster/human hybrid
should be easy to test, for any small insert fragments that are ligated with human DNA
during theinvitro ligation step are likely to be of hamster origin and thus detected by using
total hamster DNA as aprobe. Figure 3b showsthe results obtained when KG1-01 through
KG1-25 were hybridized to aradioactive probe prepared from total hamster DNA. Several
of the 24 clones that hybridized to human DNA in Figure 3a hybridized to hamster DNA
to various extents. For example, KG1-12 hybridized very strongly while KG1-01, 17 and
23 showed weak hybridization. These clones may be chimeric, contai ning both human and
hamster sequences. However, the four randomly chosen clones present at the bottom of
the filter as well as the KG1-13 clone (most likely clones with hamster DNA) hybridized
poorly to the hamster probe. We therefore believe that an alternative explanation, that of
weak cross-hybridization due to similar repetitive sequences shared between the two
species, is possible. Finally, it should be apparent that the frequency of clone scrambling
is likely to be dependent upon how prevalent small fragments are in the insert fraction of
DNA and will be highly variable from the preparation of one library to that of the next.
All precautions should be taken to eliminate small sized fragments of insert DNA before
the ligation step.
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Figure 4. DNA analysisof eight P1 recombnantclonespreparedfrom the KG1 hybrid. Plasmid
DNA was preparel, digestedwith Notl restiction enzymewhich cuts oncein the P1 vector
seqlence andsubjectedto field inversion gel eledropharesisasin Figure 1. Size markerswereA
Hindlll digest(only 23, 9.4 and 6.6 kb fragmentsare shown; BRL) and DNA of the 120 kb T5
bacteriofnagegenome(Sigma).

P1CloneAnalysis

PlasmidDNA of P1 recanbinart clonesfromtheKG1 hybrid was prepared,digededwith

Notl, and analyzed by field inversion gel electrophoress (Figure 4) using methods
describegreviously(Pierceetal., 1992a;N.S. Shephed, B.D. Pfrogner, J.N. Couby, S.L.

Ackerman, G. Vaidyanaban, R.H. Sauer T.C. Balkenhol and N. Sternbeig, personal
communcaton). Theestmatdinsertsizeof KG1-01to -25wasdeterminedby summing

therestiction fragmentsizesandsubtracting the18kb of vector sequenceresentin every

clone.Theinsertsizesvariedfrom approxmately 14 to 90kb, with 12 clonesgreaterthan
70kb (KG1-01, 02,03, 04, 06, 10, 11, 12, 16, 17,19and24). It should be emphasizedthat
optimal size fractionation of the input DNA is requred, for althoughthe pAd10-SacBII
vecbr was designed to eliminate cloning of smal inserts(Pierce et al., 1992b), such

fragmens may be clonedif presentin thefracion.

DISCUSSION

We have demonstrated how P1 recombinant clones may be obtained for a specific regon
of the human genome by capitalizing upon the use of a hybrid cell line containing only



human chromosome 22. This general approach is certainly not new, but the utility of
the P1 vector system is quite apparent when one considers that cosmid type vectors \
require more than twice the number of clones to be identified for comparable coverac
the chromosome. If the size of human chromosome 22 is taken to be 2% of the ht
genome (2% of 3 x 1®0kb = 6 x 10 kb), then 750 P1 recombinant clones with an averax
insert size of 80 kb would give approximately a one-fold coverage of the chromosa
Although costly and time-consuming, generation of several fold coverage of the chro
some is clearly an obtainable goal by this approach. However, a major concern arose
clones hybridizing strongly to human DNA appeared at a frequency of 0.4% rather thal
expected frequency of 2%. This suggested that a library generated by this method may
in a biased coverage of the chromosome, since many clones not hybridizing strong
human DNA yet belonging to human chromosome 22 may be missed in the picking pro
Furthermore, the weak sighal obtained using total hamster DNA as probe made itimpos
to eliminate unwanted clones using this probe. These factors together with the considel
of alternative approaches (see below) led us to the ultimate decision to stop shc
obtaining complete chromosome coverage by this approach.

A second method to generate chromosome 22-specific P1 clones was to use
isolated from flow-sorted chromosome 22. Although the preparation of flow-sorted ct
mosomes is expensive and not universally available, the approach seemed promising
unlike cloning from the KG1 hybrid, the majority of the clones generated by this techni
should contain only chromosome 22 DNA. Although preparation of high molecular wei
DNA from flow-sorted chromosome 22 material was possible (S.L. Ackerman, unp
lished results), the following steps of partial digestion and subsequent size fraction:
with such small amounts of DNA made it difficult to obtain a large number of clon
approaching the optimal insert size of the P1 vector cloning system. Furthermore, 1
was a potential problem of contamination of the chromosome 22 fraction by fragmente
of larger chromosomes during the sorting process. Even if the chromosome separatio
performed with the KG1 hamster/human hybrid cell line such that the unwanted chro
some fragments would be of hamster origin, it would be difficult to identify the hams
clones by hybridization (Figure 3b).

The third method for obtaining the chromosome-specific clones was to geners
library of P1 recombinant clones from total human DNA and then to screen the libr
for clones containing chromosome 22 sequences. We have recently finished the
struction of such a reference library providing an estimated threefold coverage of
genome. The library, designated DMPC-HFF #1, was prepared from primary, hu
foreskin fibroblast cells and consists of approximately 130—-140,000 recombinant clc
stored in 1,500 microtitre dishes with one clone per well (N.S. Shepherd, B.D. Pfrog
J.N. Coulby, S.L. Ackerman, G. Vaidyanathan, R.H. Sauer, T.C. Balkenhol and
Sternberg, personal communication). The average insert size of the clones is estir
to be 80 kb. The library may be screened using PCR or colony hybridization using prc
generated for specific loci previously mapped to the chromosome (for example,
Delattreet al.,1991). These P1 clones may then be used to obtain overlapping, adja
clones from the library after generating end-labelled hybridization probes or new F
primers. Alternatively, the library may be screened by hybridization with more comg
probes generated by amplifying the chromosome 22 containing regions of DNA pre



on other DNAs using primers specific for the humalu repetitive element (Nelsoet
al., 1991). A prime source of DNAs for generation of such complex probes would
large restriction fragments (for example from flow-sorted chromosomes as in Kawe
et al., 1992), somatic cell hybrids containing defined portions of human chromosc
22 as their only human component, or YAC clones already mapped to the chromos
In this manner, the P1 clones identified would already be classified as to sub-chr
somal location thus facilitating the assembly of clones into an ordered array (co
building). The approach of creating chromosome-specific sub-libraries from the t
human library has several advantages. As mentioned above, it has the advantze
obtaining groups of clones that can be immediately assigned to a region of the chr
some. A second advantage is that unlike the limited and costly source of DNA obta
from flow-sorted chromosomes, a source of total human DNA is easily obtained
allows an optimization of the cloning technique to obtain the best possible clones
the library. Finally, unlike clones prepared from DNA of the KG1 hybrid, all of tf
clones are of potential interest since they all originate from human DNA. The us:
relatively uniqgue DNAs as probes makes it less likely that the resulting library is bia
in coverage, for a wide variety of probes are already available. In summary, we be
that the best approach is that of creating chromosome-specific sub-libraries from a
human genomic library. The DMPC-HFF #1 library is currently being distributed
several major laboratories throughout the world to make this possible.
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Yeast artificial chromosomes: cloning
and analysis of complex genomes

G.A. Silverman, K.M. Lia and S.S. Schneider

Yeast artificial chromosome (YAC) cloning systems permit the propagation of 0.1 to 2 megabases
(Mb) of foreign DNA in yeast. They are considered to be an ideal tool for genomic analysis by

filling the gap between higher-resolution bacterial cloning and lower-resolution genetic mapping.
YAC cloning has assumed a prominent role in the efforts to assemble contiguous sets of clone
(contigs) spanning the chromosomes of lower and higher eukaryotes. Recent examples includ
the cloning of the euchromatic region of the human Y chromosome (~40 Mb) and the entire
long-arm of human chromosome 21 (~50 Mb). YACs are also assuming a role in the strategies
being developed to solve other aspects of genome analysis. Several techniques using YACs a
now available for 1) cloning and characterizing functional domains such as telomeres, cen-
tromeres and amplicons, 2) isolating new genes and polymorphic DNA fragments, 3) re-construct:
ing and manipulating (mutating) large DNA molecules, and 4) transferring genomic fragments
to appropriate hosts for expression and complementation studies.

INTRODUCTION

The advent of yeast artificial chromosome (YAC) cloning systems (Betkal., 1987)
provides a means to span the gap between higher-resolution molecular cloning and I
resolution genetic mapping and cytogenetics. The cloning capacity of YACs exceeds, b
to 100-fold, that of conventional prokaryotic cloning systems (e.g. cosimjghage and
plasmid vectors). Indeed, YAC libraries are facilitating the analysis of complex genol
such adArabidopsis thaliangGuzman and Ecker, 1988}aenorhabditis elegan€oulson
etal.,1988),Daucus carotgGuzman and Ecker, 1988), discoideun{Kuspaet al.,1992),
Dictyostelium melanogastéGarzaet al.,1989),Homo sapiengBrownsteinet al.,1989),
Lycopersicon esculentu(Martin et al., 1992),Mus musculu¢Burkeet al.,1991),Myxo-
coccus xanthugKuspaet al., 1989), Plasmodium falciparun{Triglia and Kemp, 1991),
Schizosaccharomyces pomaier et al., 1992), andZea maygGupta and Hoo, 1991).
Although YACs are becoming one of the preferred large capacity cloning systems
mapping entire genomes, they are emerging also as versatile tools useful in other a:
of genome analysis (Hietat al., 1990). The purpose of this review is to illustrate hoy
YACs provide insight into the organization, content and function of complex genomes

HOUSEKEEPING: YAC VECTORS, LIBRARY CONSTRUCTION,
SCREENING AND CHARACTERIZATION

Vectors

The initial series of pYAC vectors constructed by Bustal.(1987) vary at the restriction
enzyme recognition sequence located at the cloning site. In summary, these vectol



constructedon a pBR322 backbore and containa cloning site within the SUP4 gere (this
providescolour sekecton in the presencef the ade2-1mutation), aleft vecior arm(TEL,

CEN4,ARS1 TRP1,Amp', ori), aright vecor arm (TEL, URA3)anda stuffer fragment
(HIS3) (Figurel).

Seveaal modifications of thepYAC vector includetheinsertion of rare-cutting restriction
enzyme recognition sequences into the cloning sites, T3 and T7 promoters flanking the
cloning site and an ori sequencandneonycin resisance(Ned) geneinto theleft vecior
arm.

Besidesthe pYAC series, at lead two otherunique YAC vectorsare available. The
pJS97and pJS98vectors(pJS97 = CENarm) containmultiple cloning sitesflankedby
T7 promoers.To permt plagnid-rescueof the terminalportionsof the genomicinsert
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Figure 1. YAC vector and constructionof a yeastartificial chromosomecontaininga genomic
insert.



(McCormicket al.,1990), each vector arm contains the elements that facilitate plasi
rescue inEscherichia coli—-a second polylinker (for plasmid circularizatiorri se-
guences and the Amigene. The pCGS966 vector permits an increase in copy num
by 10- to 20-fold (Smithet al., 1990). The unique components of this vector include
heterologous thymidine kinase (TK) gene an@AL1promoter. TheGAL1promoter is
adjacent to th&€€EN4sequences. Transcription through tBEN4sequence inactivates
the centromere and allows for an increase in copy number. Maximal amplificatiol
achieved by incubating yeast in media containing thymidine, galactose, sulfanilan
and methotrexate. The latter two agents inhitét novoand salvage (but not TK)
pathways of dTMP synthesis and provide the selection pressure necessary to inc
copy number.

Library Construction

In the case of pYAC4 (Figure 1), the vector is prepared for ligation by double digest
with EcoRI (cloning site) andBanH| (stuffer fragment) (Burke and Olson, 1991). Tc
prevent re-ligation, the fragments are treated with alkaline phosphatase. The pY
vector, in large excess, is ligated to size-selected genomic DNA that has been par
digested witHEcoRI. Saccharomyces cerevisiagain AB138(Q(Mat a, P+, ura3-52, trp1l,
ade2-1, canl1-100, lys2-1, hisB)transformed by the spheroplast method. Transformati
efficiencies are in the order of 20103/ug DNA.

Newly constructed libraries benefit most from performing all manipulations (e
digestion, ligation) of genomic DNA in low-melting agarose (McCormegkal., 1990).
Moreover, size selection for high-molecular-weight DNA by pulsed-field gel electropt
resis (PFGE), either before and/or after ligation, has resulted in a steady increase in
insert size from ~200 to over 1000 kb (Chumaletal., 1992b).

Screening

Individual clones are identified by colony hybridization to gridded arrays (conforming
multimers of a 96-well microtitre plate) of YACs growing on nylon filters (Brownstein
al., 1989). However, as the complexity of libraries increases, more efficient screer
methods are desired. Green and Olson (1990b) demonstrated that YACs can be is
using the polymerase chain reaction (PCR). PCR assays, using pools of DNA derived
different sets of 1920 clones, allow for identification of a minimal number of plates tl
contain the YAC of interest. Filters representing these plates are screened by cc
hybridization. Alternatively, more complex pooling schemes permit the entire screer
process to be performed using the PCR (Benéegl.,1992).

Bentleyet al. (1992) describe a semi-automated method to create high density filt
Using a commercially available robotics work-station, 1536 clones are gridded to a si
80 x 120 mm filter. Several copies of a6,B00 clone library are gridded in approximately
three hours. In turn, yeast filters can be used for colony hybridization or as a sourc
DNA for PCR pooling schemes.



Characterization

The initial characterization of YACs determines whether yeast faithfully replicates fore
genomic DNA. Human plasminogen-activator inhibitor type 2 (PAI2) and factor I1X prol
detect the appropriate size restriction fragments in digests of YAC DNA (Brownstei
al., 1989). Numerous reports, using other probes, confirm these observationsdt itle
1989). In part, this substantiates the fidelity of YAC cloning.

The physical mapping of individual clones is achieved by multiple approac
(Nelson, 1990). Internal restriction sites are mapped by indirect end-labelling t
niques (Burkeet al.,1987). This is achieved by partial digestion and electrophoresis
YAC DNA, followed by hybridization with a vector-arm probe. Alternatively, th
location of rare-cutting restriction sites are identified by hybridizing digested YAC DN
separated by PFGE, to internal and vector-arm probes (Silveenaln, 1989). Finally,
YACs can be ‘fingerprinted’ by either hybridizing or amplifying their DNA witl
repetitive sequences such as hurddm (Bellanné-Chantelogt al.,1992; Nelsoret al.,
1991) and L1 (Bellanné-Chantelet al.,1992).

GENOME ANALYSIS: ORGANIZATION

For the purposes of this review, genome organization is defined as the positional relz
ships between the individual components such as genes, introns, telomeres ant
tromeres which comprise achromosome. Understanding these positional relationshif
lead to the generation of complete physical maps of entire genomes.

Multiple strategies are used to generate physical maps of chromosomes. Mappil
“bottom-up’ approaches rely on the assembly of an overlapping set of contiguous |
clones. In part, the advantage of YACs over conventional cloning vectors lies in
smaller number of repetitive cloning steps necessary to build contigs spanning indivi
chromosomes (see below). Chromosomal mapping by “top-down’ approaches re
the ability to visualize the hybridization of cloned DNA sequences to their respec
chromosomes. The hybridization of YAC DNA to human metaphase (Montagtaab,
1991) orDrosophilapolytene (Garzat al., 1989) preparations is useful in orderin
probes within defined chromosomal regions. The mapping of human interphase
mosomes by fluorescenda situ hybridization (FISH) can be used to order probe
separated by as little as 50 kb of DNA. However, the more commonly used metap
preparations only provide accurate positional information when probes are separat
>1000 kb of DNA. Thus, an integrative mapping strategy that employs FISH or gen
methods to anchor candidate clones along the chromosomes and contig ass
techniques to close the gaps between these points may prove to be an efficient apy
(Ewenset al.,1991).

The ability to simultaneously clone and map large segments of the genome repre
a major advantage of YAC cloning. Furthermore, YACs can be used to clone chrom
mal domains such as amplicons (Schneideal., 1992), telomeres (Riethmaat al.,
1989) and AT-rich regions (Triglia and Kemp, 1991), which are difficult to isolatg.in
coli. However, relative to prokaryotic cloning systems, significant disadvantages



exist. For instance: 1) library construction, maintenance and screening are more |
cult; 2) rare clones can undergo rearrangement or deletion @eil., 1990); 3) copy
number is low (1 copy/haploid genome); 4) purification schemes yield scant amo
of YAC DNA; 5) subcloning is required for more detailed analysis; and 6) co-transf
mants (yeast containing more than 1 YAC) and chimeras (a single YAC contair
non-contiguous DNA segments) hinder contig assembly (Green and Olson, 1!
Silvermanet al., 1991). In some libraries, 30-50% of the clones may be chimer
Although the etiology is unclear, the co-ligation of DNA fragments and the co-transf
mation of YACs (with subsequent homologous recombination) are implicated in 1
process. Evidence for the latter event is derived from analysis of a chimeric Y
spanning a portion of the human CFTR gene (Grekal.,1991). DNA sequencing of
the chimeric junction reveals aklu fragment dissimilar to that normally present in tha
portion of the CFTR gene. In this cade,vivo recombination betweeAlu fragments
on two separate YACs appears to result in the chimeric clone.

Chromosomal Walking

The generation of contig maps in probe-poor regions can be achieved by dire
chromosomal walks between flanking landmarks (Figure 2A). For example, two hur
genes, the BCL2 protooncogene and PAI2, are linked to a 1200kb fragment
(Silvermanet al., 1991). No other known probes map to this fragment. First, YAC
containing these genes are isolated from a human genomic library. Next, the gen
inserts adjacent to the cloning sites are isolated by an inverse PCR technique. In
these probes are used to re-screen the library for the next set of overlapping clones.
several rounds of end-probe isolation and library re-screening, the walks conve
Overall, 16 clones spanning ~2 Mb are assembled using 11 end-fragments. Similar v
are used to clone genomic regions spanning the Huntington’s disease{Zu@1992),
type 1 neurofibromatosis (NF-1) (Marchwt al., 1992), HLA (Bronsonret al., 1991),
familial adenomatous polyposis (Hamptenal., 1992), myotonic dystrophy (Buxton
et al., 1992), Fragile X (Hirstet al., 1991) and Wilm’s tumour (Bonettat al., 1990)
loci.

The success of chromosomal walking depends on the ability to isolate new prc
from the ends of YAC inserts. Many techniques are available. PCR-based approa
include inverse (Silvermaat al., 1989), vectorette (Rilegt al.,1990) and vectoAlu
PCR (Nelsoretal.,1989). These procedures generate small fragments (<2000 bp) wit
are used as probes or sequencing templates. The PCR methods are fast and eff
However, success rates vary from 60-90% for any one procedure. Non-PCR-b
approaches include the rescuingEncoli, of a plasmid containing the vector arm anc
adjacent insert (Burket al.,1987) and the screening of YAC sub-libraries with vectc
arm probes (Bronsoet al., 1991). Plasmid-rescue is a simple technique that yiel
fragments up to 20 kb in size. Initially, the inability to plasmid-rescue sequences fr
the URA3side of the pYAC vector limited the usefulness of this technique. Howev
homologous recombination can be used to retro-fit tHeA3 arm with the elements
necessary for plasmid-rescuekln coli (Hermansoret al., 1991). Newer vectors, such
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Direct genomic DNA sequencing, using labelled vector-arm primers and a lin
amplification scheme, may be the most efficient means to obtain end-fragment informse
(Coulsonet al.,1991). At this time, however, the lack of widespread use makes it diffic
to assess the relative utility of this technique.

Mapping by an STS-based Approach

The paradigm for sequence tagged site (STS) based mapping was brought forth by (
and Olson (1990a). In part, the success of this approach is dependent upon a collect
closely spaced (~100-500 kb apart) STSs (Figure 2B). Each STS is a small, unique
sequence that is detectable by a PCR assay. YAC clones are aligned by comparing th
content of each clone (Figure 2B). Using 16 STSs and 30 YACs, an ~1500 kb co
spanning the CFTR gene is assembled (Green and Olson, 1990a). To date, the
dramatic use of this technique is the construction of ~40 Mb size YAC contigs spant
both the euchromatic region of the human Y chromosome (Fetaik, 1992) and the long
arm of human chromosome 21 (Chumaleival.,1992a). For the Y chromosome, ~20(
STSs are used to order ~200 YACs; whereas for chromosome 21, 191 discreet ST¢
used to order ~800 YACs.

Mapping by DNA Fingerprinting

Different types ofA phage and cosmid fingerprinting methods are used to create partie
complete contig maps of the. elegans, S. cerevisiaadE. Coligenomes. The construc-
tion of YAC contigs by DNA fingerprinting poses unique problems due to the large ins
size, the high percentage of chimerism in some libraries, genetic polymorphism, anc
non-uniform distribution of repetitive elements. Considering these factors, Bellanné-C
telotet al.(1992) have fingerprinted 22,000 YACs from a large insert (mean size = 810
human genomic YAC library by hybridizing YAC DNA restriction fragments to either
LINE-1 (L-1) or anAlu repeat probe. Overlap between clones is assessed by a statis
model. On the basis of these calculations, the library contains 1175 to 1241 contigs C
to 5.7 clones, respectively. The grouping of contigs based on a statistical model is valic
by FISH. Probes derived from ten random contigs map to specific regions on metap
chromosomes. Using this library, the authors estimate that ~50% of the human geno
covered in total, with ~30% covered in contigs spanning at least 3 Mb.

GENOME ANALYSIS: CONTENT

The identification of new genes is a major goal of all genome projects. YACs are pro\
to be a useful reagent in these efforts by providing large segments of cloned substra
further analysis. For example, clusters of unmethylated CpG motifs (CpG islands)
guently occur in the promoter region of housekeeping and some tissue-specific g
(Bird, 1986). Also, unmethylated CpG motifs are within the sequence recognized by
of the rare-cutting restriction enzymes. Sirgecerevisiaalo not methylate this motif,



digestion of YAC DNA with rare-cutting restriction endonucleases reveals the presen
CpG clusters. Although not all clusters of rare-cutting restriction sites represent true
islands within their genome of origin, they provide clues as to the possible location of
genes. Unique DNA sequences isolated from these islands can be used to garner adc
evidence as to the presence of a new gene (Elval.,1992). For instance, a DNA probe
can be examined for conserved sequences by hybridizing to restriction fragments
different species (zoo blots) (Monaebal.,1986). Alternatively, selected fragments fron
the YAC can be “assayed’for gene function using open-reading frame vectors (Weins
1987) or vectors which “trap’ promoters, exons or pA signals (Hochgeschwender
Brennan, 1991).

Gel-purified YAC DNA can be labelled and used to screen cDNA libraries for t
presence of new transcripts. This method relies on the pre-hybridization of the DNA p
with vector arm and genomic DNAQ(t = 125-250) (Elvinet al., 1990). This minimizes
the signals due to hybridization of vector arms and repetitive sequence, respectively. |
this technique, human aldose reductase (Edtial.,1990) and NF-1 (Wallacet al.,1990)
cDNAs were obtained. However, the sensitivity of this technique is variable. Indeed
YAC probe identifies only 10% of aldose reductase cDNAs contained within the libr
(Elvin et al., 1990).

Recombination-based techniques can be exploited to help identify new genes.
technique takes advantage of the high frequency of homologous recombinati®n
cerevisiagReevest al.,1990). A cDNA library is constructed using a bacterial plasm
that contains a yeast selectable marker and a sequence which facilitates telomere 1
tion. Yeasts are transformed with plasmids linearized at a site between the cDNA
telomere sequence. A homologous recombination event will insert the entire plasmic
the YAC, providing the YAC contains sequences homologous to the cDNA. This will yi
anew yeast prototrophy and a new YAC fragmented (terminated) near the plasmid ins¢
site (Figure 3C).

New genes can be isolated from YACs by a direct, cDNA selection technique (leive
al., 1991; Parimocet al.,1991). Purified YAC DNA is fixed to a solid support such as
nylon membrane. The DNA is hybridized with a cDNA mixture amplified from a cDN
library. This hybridization is performed after blocking either the DNA filter or the cDN
probe with a complex series of DNAs (e.g. repetitive sequence or total genomic D
yeast DNA, rDNA, poly(dl)-poly(dC), and/or plasmid DNA). After removing the unbour
cDNAs, the bound sequences are eluted, re-amplified, and subcloneddh&me vectors.
Analysis of the “selected’ library reveals enrichment of rare sequence(1At61000-
fold (Lovettet al.,1991; Parimoaet al.,1991). In a modification of this method (Morgar
etal.,1992), cDNAs are amplified and blocked with repetitive DNA. Next, the cDNAS ¢
hybridized to biotinylated, purified YAC DNA. Finally, the bound species are purified
binding of the duplex to streptavidin coated beads. The bound cDNAs are eluted, re
plified and subjected to several additional rounds of this purification scheme. An eni
ment of 100,000-fold is achieved (Morgahal.,1992).

Molecular cloning by genetic complementation is a powerful method to isolate r
genes in prokaryotes and lower eukaryotes. The ability to transfer large YACs, intact
mammalian cells (Huxley and Gnirke, 1991) enhances the possibility of using
technique to discover new genes in higher eukaryotes (see below).



GENOME ANALYSIS: FUNCTION

Studiesexamining thegeneticelemensandfactorswhich control, for example, 1) RNA
transcription, processing and transport 2) nuclear organizaton; 3) DNA replicaion
andrepair;4) homologousandnon-homobgousrecanbination; 5) functionalchromo-
somedomairs suchastelomeres centromeresautonomousreplicating sequencesnd
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Figure 3. Modification of YACs by homologousrecombhation.Upper panel. YAC1 is modified
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anew telomereand(D) arecanbinart YAC.



amplicons; 6) higher-order chromatin structure; 7) transposable elements; ar
spindle formation and other mitotic events, would benefit from the ability to manipul
and transfer sub-chromosomal DNA fragments into the appropriate hosts. The |
cloning capacity of YACs makes them the ideal vectors for these purposes. Fur
more, the high recombination frequency in yeast (~3 kb/cM) provides a convenien
reliable method to create insertions, deletions and point mutationgyo (Hieter et
al., 1990; Reevest al.,1990; Rothstein, 1991).

YAC Modification by Homologous Recombination

Manipulations in yeast are achieved by transformation with yeast integration plasi
(YIPs) (Figure 3). Inthe absence of an autonomously replicating sequence, YIPs tran:
yeast almost exclusively via homologous recombination (Rothstein, 1991). YIPs r
contain a targeting sequence (a segment of DNA homologous to a portion of a YAC)
selectable markers. By linearizing the YIP prior to transformation, the exposed ends ¢
targeting sequence help direct recombination to the homologous site within the YAC |
least 1000-fold (Hieteet al., 1990). YIPs can be constructed to insert point mutatior
disruptions, selectable markers, regulatory sequences, and/or other functional do
(Figure 3A). YIPs can be configured also to generate defined interstitial (Figure 3B)
terminal (Figure 3C) deletions.

Homologous recombination can be used to re-construct extensive genomic re
containing large genes (Figure 3D) such as dystrophin (Den Duenah, 1992), CFTR
(Green and Olson, 1990a), NF-1 (Marchatkal.,1992) and BCL2 (Silvermaet al.,1990).
In the latter case, two YACs spanning portions of the ~230 kb BCL2 gene are introdi
into the same cell by mating the yeast. The resultant diploids are induced to unc
meiosis and sporulation. The products of meiosis are analyzed after tetrad disse
Meiotic recombination within the 60 kb region of overlap yields a single 800 kb clc
containing the entire BCL2 gene.

Homologous recombination between YACs can also occur during mitotic cross-t
(Ragoussigtal.,1992). Overlapping YACs are introduced into the same cell by protopl
fusion. This creates an isosexual diploid cell that can recombine its YACs after ultray
irradiation and mitosis.

Transfer of YACs fromSaccharomyces cerevisié® a Mammalian Host

The introduction of YACs into mammalian cells is achieved by protoplast fusion (Fig
4). Anonymous YACSs, 360 kb (Pavaat al., 1990) and 450 kb (Pachnét al.,1990) in

size, are retrofitted with the aminoglycoside phosphotransferaseijyeoe (this gene
confers resistance to the neomycin analog, G418, and serves as a positive sel
marker for many transfected cells). Yeast spheroplasts are prepared and fus
mammalian cells in the presence of polyethylene glycol (Figure 4). The fusion prod
are cultured in conventional tissue culture media containing toxic levels of G418. £
three to four weeks, G418-resistant clones are expanded and analyzed. Among



S cerevisiae containing
Neol YAC («4—» )

mammalian cell .

lyticase treatment

PEG incubation protoplast
fusion
heterokaryon
- .
m (G418 selection (21-28 days)
Analyze individual clones for
integration and expression - — o e T
-Southern biotting 2 e o o a2 > > - .
-S1 nuclease protection A clone by limiting dilution
- immunoblotting VAYAVAYAYATYAY

-immunoflourescence

Figure 4. Transfectingretro-fitted YACs into mammaliancells by protoplastfusion. A yeastprotoplastcontaininga YAC (modified by
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(Pavanret al.,1990) to 50% (Pachnist al., 1990) of the G418-resistant clones contal
an intact YAC. In these studies, copy number is not assessed. However, studies
both a 360 kb and an 800 kb YAC show that most clones contain only one or two co|
In other transfections using protoplast fusion methods, genes encoded on the YAC,
as HPRT (Huxleytal.,1991) and GART (Gnirketal.,1991), can complement defect:
in mutant rodent cell lines. These findings support attempts to define new genes w
YACs by complementing defects in well-defined mutants. Many of the G418-resis
clones obtained by protoplast fusion contain variable amounts of yeast DNA (Gn
et al., 1991; Huxleyet al., 1991). In addition, transformation efficiencies are targ
cell-dependent with some lines yielding 1-50 G418-resistant clones [Secell®
(Huxley and Gnirke, 1991).

Other methods are used to introduce YACs into mammalian cells. Calcium pl
phate/precipitation of a 40 kb YAC yields transient (D’Urebal., 1990) and stable
(Elicieri et al., 1991) clones expressing the G6PD gene. Electroporation of high-|
lecular-weight, total yeast DNA, which contains a 310 kb YAC, leads to the trans;
expression of the leukocyte common antigen (LCA, CD45) in approximately 5% of
cells (Fernandez-Lunat al.,1991). Although the gene spans ~120 kb, the size of t
fragment that enters the cells is not determined. Mouse fibroblasts, defective for
a(1)I collagen alleles, are transfected, via lipofection, with a gel-purified 150 kb Y;
containing a mouse collagen ge(@ollal) (Strauss and Jaenisch, 1992). Howeve
only 3/18 G418-resistant clones express the collagen gene, and only 2/18 contai
entire YAC. Thus, the low percentage of collagen expressing clones may be dt
incomplete incorporation of the gene into the host genome or a positional ef
Interestingly, only ~50% of G418-resistant clones also containing a stable Bt
integrant express detectable levels of BCL2 mRNA and protein. This suggests
YACs as large as 800 kb are still subject to the local regulatory factors and chron
structure present at the site of integration. Finally, gel purified 35 kb (Scéedl.,
1992) and 100 kb (Gnirke and Huxley, 1991) YAC DNA fragments can be microinjec
into mouse pronuclei or mutant rodent cell lines, respectively.

The transformation efficiency of microinjected YACs is approximately five-fo
lower than that observed with plasmid vectors (Gnirke and Huxley, 1991). The ut
of microinjection using larger YACs awaits purification schemes that yield pieces
DNA larger than 100 kb (Gnirke and Huxley, 1991). These results have obvi
implications for studying large genomic fragments in transgenic models (Sehatl|
1992). In summary, YACs can be used to transfer large genomic segments into r
malian hosts. At the present time, protoplast fusion appears to be the best meth
transfer the largest YACs intact. However, as newer schemes yield higher conce
tions of purified intact YAC DNA, other transfection strategies may prove to be m
efficient.
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Yeast artificial chromosome cloning and contig
construction in protozoan parasites

J.W. Ajioka, J. Espinoza and J.T. Swindle

Setting up a laboratory for genome analysis must necessarily be considered as an integrate
system. Starting from arrayed whole genomic libraries and partially normalized cDNA librar-
ies, the construction of ordered chromosome-specific clone sets (essentially contig construc
tion), to data analysis and storage in a modified ACeDB computer program should be organizec
as an integrated system. The genomes of the protozoan pafsitgasma, Leishmaneand
Trypanosomdave unique characteristics which make certain cloning and contig construction
strategies more or less efficient than others. For this purpose, a combined expression-tagge
sites (ETS)/double-end clone-limited strategy for contig construction is the most efficient as
it will also include biological information. Finally, the yeast artificial chromosome (YAC)
cloning system faithfully and stably replicat&sypanosoma cruzZDNA as demonstrated by

the analysis of the calmodulin-ubiquitin locus.

INTRODUCTION

Virtually all aspects of genome analysis, from gene expression to physical mappin
chromosomes, will benefit by employing an integrated systematic approach. All cur
genome projects, including the prototypi€zdenorhabditis elegansroject, are set up as
a system where genetic and physical information are processed and compiled into a c
computerized ACeDB (AC. elegans Data Base) style database (Sudstah, 1992).
However, the “flow through’ of information in terms of efficiency and accuracy is depel
ent upon the specific methods by which data is generated. Each genome will pre
different advantages and problems. The genomes of protozoan parasites have the :
tage of being small and containing less dispersed repetitive sequences than highe
karyotes such as humans or even the fruitfhpsophila(Ajioka et al.,1991). On the other
hand, some protozoan parasites, such as the trypanosomatids, carry redundant ge
tandem arrays. These properties are highly relevant to two aspects of genome analys
generation of whole genomic libraries and construction of chromosomal contigs (cont
ous stretches of DNA). Finally, genetic information such as ETS (Vezital.,1992) and
restriction fragment length polymorphisms (RFLPs) can also serve as tools for
construction of the contigs, thus automatically forming a genome map (Agitkia, 1991).
The haploid genome sizes ddxoplasma, TrypanosonaandLeishmaniaare approxi-
mately all about 3-5 x10bp (see Blackwelét al., this volume). This suggests that certair
cloning vehicles such as cosmids, P1 (see Shepteridand Melvilleet al.,this volume)
and YACs (see G. Silvermaet al., this volume) will be appropriate as they all carry
relatively large fragments of DNA. These vehicles make the storage, manipulation
alignment of clones a fairly simple exercise as the number of clones involved is very |
For trypanosomatids, because of tandemly arrayed genes, the YAC system may ©



‘workhorse’ for genomic cloning as it appears to faithfully and stably replicate these k
of DNA structures. In contrast, data from genes that have been cloned suggest tha
molecular levelToxoplasmas a relatively conventional eukaryote. Coding sequences
separated bygisintrons and there is little base composition or codon bias. However, gi
the current limitations of the genetic mapping to 1 Mb (5 cM) (Sibéyal., 1992), a
genomic analysis using physical mapping techniques is crucial for any molecular s
which relies on genetic mapping data for cloning. So, for different reasons, YAC ol
vectors are necessary for genomic map construction. Arrayed whole genomic librarie
be subdivided into chromosome-specific ordered sets of clones and contigs constr
using a mixed ETS/clone-limited strategy.

The utility and efficiency of different methods of contig construction depend upon
genome and what information can be usefully generated in concert. For proto
parasites, the fact that the chromosomes can be electrophoretically separated allo
generation of chromosome-specific subsets of clones (see Medtib., this volume).
Therefore, although fingerprinting methods may be faster (see Snéh, this volume),
the small number of clones allows less efficient but more informative methods tc
employed. The sequence-tagged sites (STS) (Gdsah,1989) content mapping, and the
variant ETS mapping, have been employed to align clones and add genetic informat
the contig map. These methods use known DNA sequences to design oligonucle
primers for a polymerase chain reaction (PCR) assay, where all clones which conta
sequence will give a specific product. Thus, the STS content of each clone provide
necessary information for aligning them relative to one another. The STS method can ¢
be done with random sequence or with a sequence known to be on the ends of sy
clones. Moreover, this process can be “clone limited’ confined to a specific subset of cl
starting with one (or two via both ends of a clone) STS assay and systematically tag
unidentified clones until all the clones in the set are marked (Palazt@b,1991). This
“clone limited’ strategy is four to five times more efficient—requiring fewer STS ass
at contig construction than a random approach. However, this is only true for cc
construction at nearly 100% coverage of a genome or a chromosome. For up to abou
coverage both strategies are about the same. Therefore, in order to add genetic inforn
ETSs in the form of chromosome-specific cDNAs can be used initially. After about 8
coverage, a clone limited strategy should be employed.

Some of these methods have been employed to generate YAC libraries and
telomere libraries ifT. cruziandLeishmaniarespectively. A brief outline of the method:
and results are presented below.

MATERIALS AND METHODS

Preparation of DNA

High molecular weighfl. cruziDNA was prepared by washing approximately 5 >81(
cells twice in 1 x PBS and resuspending the cells in 4 ml of SCE (1.0 M sorbitol, 0.
sodium citrate, 60 mM EDTA, pH = 7.0). In a 125 ml flask, 7 ml of lysis buffer (3¢
sodium lauryl sarcosinate, 0.5 M Tris-HCL, 0.2 M EDTA, pH = 9.0) was slowly add



while gently swirling. After the addition of the lysis buffer, the solution was incubat
at 65 °C for 15 minutes and rapidly cooled to room temperature, and loaded on
15-20% sucrose pad (0.8 M NaCl, 20 mM Tris-HCL, 10 mM EDTA, pH = 8.0). Tt
gradient was spun for three hours at 26,000 g. The DNA was recovered from the bo
of the gradient by pipetting 5 ml with the large end of a 5 ml glass pipet. The DI
solution was dialyzed against TE overnight and concentrated to 1 ml final volume
dialysis in 20% PEG.

YAC Library Construction, Storage and Screening

The library was constructed using the vector pYAC4 inSlaecharomyces cerevisisgain
AB1380. The protocal used was essentially as described in Batrké (1987) with the
following changes: 1) the DNA size fractionation both before and after ligation w
performed on a 1% low melting point agarose gel[T.BE run at 200 V, 30 second pulse
time for 18 hours; and 2) after ligation with the pYAC4, the resulting size-fractionated
slice was melted at 68 °C, cooled to 40 °C, treated with beta-Agarose (New Engl
Biolabs) to the manufacturer’s specifications and transformed into the yeast st
AB1380. Two thousand recombinant clones were picked and patched-orap-trp
selective plates and individually stored in 96 well plates and microtubes. The ord
arrays of the 2000 clones were printed onto nylon filters, which were subseque
screened with the ubiquitin gene probe.

YAC-Telomere Library Construction

The YAC-telomere library foLeishmania peruvianavas constructed essentially as ir
Changet al. (1989) with the following changes: 1) the vector used was pJS97 (BRL);
the L. peruvianaDNA was digested to completion witBglll and ligated into theBglll
cloning site of pJS97; 3) the ligation mix was transformed intoSheerevisiastrain YPH
252 and selected farrat+; and 4) one hundred clones were screened by hybridization w
the trypanosomatid-specific telomere repeat (CCCTAA)

RESULTS

YAC Cloning and Analysis of th8rypanosoma cruzi cubocus

Recent data suggests that fhecruzigenome consists of 15—-20 chromosomes, rangil
from 200 kb to greater than 2 Mb in size. Thus a haploid genome content would be a
30 Mb. In a recent collaboration with J. Swindle at the University of Tennessee Med
School (J.T. Swindle, J.W. Ajioka, J.Y. Ajioka and D. Gillespie, unpublished data), 2(
recombinant YAC clones were picked and stored as an array. Given an estimate c
genome size of. cruzito be about 3 x 10bp, and the average insert size of the librar
to be 1.5 x 18 bp, 200 clones would represent one genome equivalent. Assuming ran
(Poisson) cloning, 2000 clones represent a 10-fold coverage, providing better than a



chance of recovering any given part of the genome (Sokal and Rohlf, 1981). The lik
was screened with a ubiquitin probe, which should identify clones containing either o
two ubiquitin loci, defined as the 2.8 and 2.65 loci from diagnostic restriction fragme
Eight ubiquitin positive clones were recovered from the screen, five of which w
analyzed for size and continuity. The clone sizes ranged from 50 to 200 kb. Fron
analysis of clones containing the tandemly arrayed 2.8 ubiquitin gene locus, it appes:
though the YAC cloning procedure faithfully replicates the genomic DNA sequer
Moreover, the representation of the 2.8 locus (eight clones) is well within the ran
(Poisson) cloning expectation. In contrast, the 2.65 locus is completely absent fror
library, where the probability of this occurring at random is less than one percent. Tt
likely due to the possibility that the 2.65 locus is in or adjacent to a region which is defic
in restriction sites, in this cagecoR1. If, for example, one end of the cluster is very ne
telomeric or centromeric highly repetitive sequences lacking in such restriction sites
cluster cannot be cloned by this method. These data demonstrate both the powe
limitations of the YAC cloning system as applied to trypanosomes. As the ubiquitin |
are the largest tandemly arrayed genes reported to date in any trypanosome, itis like|
most gene clusters will be stable in YACs.

YAC TELOMERE CLONING INLEISHMANIA PERUVIANA

Since some sequences, particularly those in regions lacking restriction sites su
telomeric regions, will not conventionally clone, alternative methods must be emplc
for full chromosomal coverage. YAC-telomere cloning (Chaatgal., 1989) for such
purposes has been successful for cloning chromosome ehdisimmania peruviandive
bona fideclones as identified by hybridization with.eishmaniaspecific telomere probe
out of 100 screened were recovered. Partial restriction maps show a conserved or
several different enzyme sites, suggesting that there are related sub-telomeric seqt
between chromosomes.

CONCLUSION

Theresults of the YAC cloning fdF. cruziand the preliminary results for the YAC-telomer:
cloning in L. peruvianashow that material from these cloning strategies accurately «
stably reflect the source genomic DNA organization. Since it is difficult if not impossil
to analyze tandemly arrayed genes or loci near the ends of chromosomes by conver
means, YAC technology is an essential tool for the cloning and analysis of such regio
protozoan parasite genomes.
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Summary of discussion

Chairperson: Dr. J. Ajioka
Rapporteurs: Dr. N. Murphy and Mr. R. Skilton

This session comprised three presentations on recent developments in characterizir
analyzing complex genomes. The first presentation by Dr. S. Kemp (ILRAD) outlir
ILRAD’s genome analysis program which aims to identify the genetic basis for trypa
tolerance in N’'Dama cattle. There are two parts to this project; the generation of al
population of cattle segregating the trypanotolerance trait and the generation of poly
phic genetic markers, in collaboration with other laboratories, to generate a <20 cM
of the bovine genome. A recent development in the production of polymorphic gen
markers is the generation of randomly amplified DNA polymorphisms (RAPDS) throt
use of short oligonucleotide primers of arbitrary sequences in the polymerase c
reaction technique. The exploitation of this technique together with bulk segregant ana
may lead to a more rapid identification of genetic markers for trypanotolerance.

Dr. N. Shepherd (Du Pont Merck Pharmaceutical Company) summarized work with
bacteriophage P1 vector cloning system and the use of a new vector derivative w
provides a positive selection for recombinant clones and allows easy excision of clc
inserts. A notable development has been the generation of an arrayed P1 library of pri
human foreskin fibroblast cells with a three times coverage of the genome and
recombinant clone in each well of a set of microtitre dishes. The entire library is &
represented on several high-density colony hybridization filters which are available
use by the research community and can be used to regroup clonesinto chromosome s;
sub-libraries.

In the third and final presentation in this session, Dr. G. Silverman (Harvard Med;
School) described the exploitation of yeast artificial chromosome (YAC) cloning syste
which permit the propagation of 0.1 to 2 Mb of foreign DNA in yeast. YAC cloning is no
assuming a prominent role in efforts to assemble contiguous sets of clones spannir
chromosomes of lower and higher eukaryotes. In addition, YACs have now evolved
highly versatile tools used in both the physical and functional analyses of com
genomes.

The resulting discussion focused on how the various techniques might be exploite
genome analysis of protozoan parasites. The reproducibility of RAPD fingerprints
guestioned and, although variation does occur among different runs with the same olig
cleotides and target DNA, intra-batch variation is generally little. The application of t
technique to bovine genome analysis and to the analysis of protozoan parasite genor
interest to ILRAD was recognized as a powerful method that should continue tc
exploited.

The advantages and disadvantages of different cloning systems were then discus:
was recognized that YAC vectors, despite their ability to accommodate large D



fragments (0.2 to 5 Mb), may not be the vector of choice for the generation of librarie
some protozoan parasite genomes since, for example, many trypanosome chromo
are smaller than the minimum-sized DNA accommodated by these vectors. How
telomeric sequences from protozoan parasites have proven refractory to cloning in t
rial systems and YAC vectors have proven extremely useful for the cloning and che
terization of such sequences. Some discussion on the relative stability of cloned fragt
in various vector systems ensued, and although there are many claims that YAC ve
have the best record for stability, there are conflicting reports regarding this is
However, the relative stdlity of cloned DNA fragments can be verified by comparativ
analysis between restriction maps of genomic and cloned copies. In general, each |
has inherent problems and in any genome project a number of different libraries
required. Cosmid libraries, the uses of which were not presented, would be useft
trypanosome genome analysis, since these parasites contain many mini chromosol
between 50 and 100 kb. Bacteriophage P1 libraries would be useful for the generati
an arrayed library of both trypanosome arfieileriagenomes and YAC vectors could b
used to clone telomeric sequences. A further advantage in using the P1 vector sys:
the ability to use bacterial transposons, such as Tn5, with selectable antibiotic resis
markers to generate random insertions in genes and, by the transfection method
available for trypanosomes, introduce the resultant recombinant DNA molecules bacl
the parasite genome for functional studies. Directed experiments with shuttle ve
which can be propagated in boHEscherichia coliand trypanosomes would be advant:
geous, but since such vectors are not yet available, the standard vectors available
be utilized. It was noted that future developments would require the generation
exploitation of vectors for which expression of key genes could be regulated. To this
work on the isolation and characterization of developmentally regulated genes for p
zoan parasites is required, since there is very little understanding of how gene
regulated in these organisms. The exploitation of arbitrary primers on cDNA from diffe
life-cycle forms of trypanosomes is currently being developed and tested at ILRAD
the rapid identification of developmentally regulated genes. Initial results show it to b
extremely powerful system for such studies.
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Summary of round table discussion

Chairpersons: Prof. J. Blackwell and Dr. A. Teale
Rapporteurs: Drs. V. Nene and R. Bishop

The final session of the workshop began with short presentations by Drs. A. Teale at
Dolan on major research projects of ILRAD’s Trypanosomiasis and Tick-Borne Disec
programs, respectively. The subsequent discussions were focused on ILRAD’s nee
the field of genome analysis within the context of its short- and long-term objectives.

Dr. Teale briefly outlined the projects within the Trypanosomiasis Program and hi
lighted the projects under which research in genome analysis was performed. He en
sized that given the complex and unique biological features of the trypanosome, vac
development was a long-term objective and that the current research focused mair
generating sophisticated but field-applicable tools for better understanding of
epidemiology of the disease, defining immune responses to the parasite, identifying fa
involved in the pathology of the disease, characterizing the molecular mechanism
volved in drug resistance and exploring the potential of trypanotolerant cattle.

Dr. Dolan pointed out that under the Tick-Borne Diseases Program the main focu
research was ofheileria parva,the causative agent of East Coast fever. He brief
described the projects within the three main research program areas: epidemiology.
ogy, antigens and vaccine development. He emphasized that in view of significant proc
made towards the identification of protective antigen3 gbarva,the main thrust of the
program in the short- to medium-term was on the development of a subunit vaccine
generation of improved diagnostic methods for elucidating the epidemiology of
disease. He urged that any commitment of research in the area of genome analysis s
bear this priority in mind.

The discussion that followed these presentations was structured into five main su
areas (see below) and was aimed at giving ILRAD a set of recommendations for ger
analysis.

1. Statements of objectives (existing and potential) of protozoan genome research.

2. Statements of planned activities of different groups in the area of protozoan gen
research.

3. Consideration of advantages and disadvantages of different markers.

4. Consideration of resource development such as libraries and databases.

5. Consideration of different types and values of maps.

The global objectives of protozoan genome analysis research differ from ILRAI
objectives. The global rationale for protozoan research is to generate mapped ma
and identify genes associated with important biological traits. There is also a fundar
tal interest in generating information on protozoan genome composition and of t



evolutionary relationship with other higher and lower eukaryotic organisms. Bes;
this, it was thought that research into the “unknown’ might yield an unexpected fall-
as has occurred previously in similar projects.

ILRAD's interests in the analysis of thheileriaandTrypanosoma@enomes were more
specific. Polymorphic markers are required to identify and characterize these para
These markers also form the basis for studying the epidemiology of the disease
parasites cause in the field. The identification of genes controlling important biolog
traits is also important, but not a major priority.

The advantages of different markers such as sequence-tagged sites, antigen
microsatellites, linking clones and randomly amplified polymorphic DNAs were ¢
cussed. It was clear that all these markers are extremely useful in genome analysis
provides different information and together they complement each other. For examj
set of polymorphic markers if. parvawas extremely useful in characterizing parasi
populations and enabled comparative analysis of different parasite stocks and strain
use of markers mapped on the genome also allows the measurement of genetic dis
and defines the extent of genetic recombination. A mapped marker with a linkage ass
tion in one organism can be used to examine homologous regions in organisms of
species. Itwas recognized that all types of DNA markers improve the resolution of phy
and genetic maps and are powerful tools for the identification of genes.

With regard to resource development, the potential application of different type
libraries and maps was discussed. There was general agreement that with all prot
parasites a combination of libraries was necessary and a bottom-up approach to ob
contig maps of protozoan parasites provides an important resource for basic resea
their biology. The use of a common database format was an important considerati
setting up a resource for genome analysis.

The group also emphasized that DNA transfection technology, which can be appli
trypanosomes, should be exploited. Transfection and mapping are not mutually excl
and the former approach may in some cases provide a more direct and rapid w
identifying genes of interest.
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Recommendations

After the final session, a round-table discussion was held on the relevance of diffe
levels of genetic analysis ifirypanosomand Theileria species in relation to ILRAD’s
short- and long-term goals. The following recommendations were made.

GENERAL

1.

Genome analysis should be conducted using an integrated multi-disciplinary appr
involving generation of polymorphic markers, building of physical and genetic ma
production of mutants and revertants, construction of appropriate libraries, sequer
and establishment of a common computer database.

Since no one group of scientists can participate in all the components of gen
analysis research, an informal network should be established to co-ordinate, coll
rate and exchange information on closely related parasitic protozoa.

The choice and line of approach towards aspects of genome analysis should be di
by the underlying objectives of each project and the nature of the genome to be stu
For example, the study of mutants and transfection technology to generate rever
is more relevant to genetic analysisTolypanosomdhan to that ofTheileria.

SPECIFIC

1.

ILRAD should continue to conduct research on genome analy3ig/phnosomand
Theileriaspecies in view of the expertise, facilities and resources available and
significant progress already made in mapping and characterizing the genomes of
two important genera of protozoa. The factors identified as unique to ILRAD are
ability to maintain parasiteis vitro andin vivo, to transmit them through their natural
and intermediate hosts under experimental conditions and the accessibility to the
situation where parasites are naturally endemic.

The main objectives of the genome analysis research at ILRAD should be to idel
in Trypanosomapecies andheileria parvathe genes related to important biologica
traits such as virulence, infectivity, transmissibility, drug resistance and anti
diversity. All of these have relevance to improved control methods for these organis
ILRAD should continue to generate large numbers of genomic markers for &
parasites. In addition to the currently available markers, which are based mainl
repetitive sequences and polymorphic gene sequences, the powerful techniq
AP-PCR should be exploited to generate polymorphic markers. These will h
applications in characterizing laboratory and field isolates, studying populat
genetics, identifying recombinants, studying genes of important biological traits :
improving the resolution of physical maps.



4.

ILRAD should concentrate on generating appropriate reference libraries for |
Trypanosoma congolensad Theileria parvaparasites as a resource and as a ba
for long-term studies on the biology of the two parasites:

i.  for T. parva,which has a relatively small-sized genome {bp), it was recom-
mended that a P1 arrayed library be constructed and the recombinant P1 ¢
be “ordered’ to the level of assigning them to i@ restriction fragments.

ii. due to the much larger genome size (about eight times greater than tiat
parva)of trypanosomes, itwas agreed thatan ordered YAC library and an arre
P1 library should be constructed.

iii. For both parasites a telomere YAC library should also be constructed for
complete representation of both genomes.

iv. the reference parasites to be used for this work should Béeileria parva
Muguga clone and thérypanosoma congolenséone IL3000.

A common parasite genome database should be installed at ILRAD using the sof
program ACeDB, which was originally developed f6aenorhabditis eleganand is
used globally for various genome programs. This database will form the repositor:
all the information on the molecular biology of these two parasites. The use
common software program will enable scientists to analyze and compare rel
genomes of different species.

ILRAD should continue its efforts with the DNA transfection technique in trypar

some research in order to identify genes of interest, especially those controlling

resistance. The focus of research should be the analysis of mutants and transfe
induced revertants by AP-PCR technology.

In Theileria parva,one of the most important biological traits is the presence

different immunological strains. Generation of several recombinants from two im

nologically different parasite clones airdvitro screening of these recombinants wit

an array of polymorphic markers may lead to identification of the gene locus or
gene(s) itself involved in provoking cytotoxic T lymphocyte responses.

This workshop, held specifically to discuss genomic analysis of protozoan paras

was the first of its kind. It was successful in bringing together ILRAD and internatio

scientists involved in various aspects of genome analysis and provided a forur
intensive but informal discussion. The recommendations will be useful in planning
formulating future research priorities in genome analysis within the context of ILRAI
mandate.
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