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probes TPL2 and/or TPL34, there was no absolute distinction between T. p, parva
and T, p. lawrencei isolates using the eleven probes, Nonetheless, this panel of
oligonncleotides will be useful in epidemiological surveys o determine the
distribution of the different genotypes,

It has been shown that the sequence of the major sporozoite antigen, p67, is
conserved amongst T, p. parva isolates but varies in 7. p. lawrencel isolates, The
variable region of the p67 geie of a number-of T. parva isolates was ﬁmplified and
sequenced to detetmine whethet probes that would distinguish between 7. p. parva
and 7. p. lawrencei conld be identified in the p67 gene. The conserved p67 sequence
characteristic of I, p, parva was found in two T, parva isolates obtained from cattle
in Zambia, Most of the South African and Zimbabwean T. parva isolates from
buffaio contained a varlable tegion in their p67 gene sequences, which is
characteristic of T, p. lawrencei isolates, However, T. p, lawrencel icolates from the
Kruger National Park, which cause Corridor disease in cattle, were found to contain
p67 gene sequences characteristic of both T, p. parva and T p. lawrencei,

The ITSs of both 7. p. parva and T, p, Iawréncei parasites contained different
combinations of identifiable segments of sequence in the variable regions, resniting
In o mosaic of ITS sequence segments in any one isolate. A sequence mosaic was
also identified in at least one of the 7, parva p67 gene sequences. These sequence
mosaics indicate that T\ parva parasites undergo genetic recombination. It appears,
therefore, that the T. p. parva and T, p. lawrencei parasite populations are not yet
sepurate gene pools, Under these circumstances no probe will distinguish hetween
all T\ p. parva and all T, p. lawrencei parasites unless it targets a sequence which is
directly associated with the mechanisms respotsible for their differential behaviour
in cattle.
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ABSTRACT

The aim of this thesis was to develop DNA probes to distinguish between the
protozoan parasites Thelleria parva parva and T. p, lawrencel which cause East
Coast fever (ECF) and Corridor disease respectively, ECF was eradicated ftom
South Arrica in 1954, r1d today Corridor disease has became the most important
form of theileriosis. Although ECF has been eradicated, the vector ticks are still
~ prevalent in South Africa and the cattle population would be highly susceptible to a
recurrence of the diseasc. At present thers is no relisble means of distinguishing
between T p. parva and T, p. lawrencel. |

Sequence differences between T. parva and other Theileria species have previously
been found in the small subunit ribosomal RNA ({RNA) gene; probes designed to
detect these sequence differences can be used to distinguish between Theilerin
species. We therefore decided to search for differences in the rRNA genes of
T.p. parvaand T, p. lawr'encei.. To this end, the eitire tRNA transcription unit was
amplifi=d from a cloned T. p, lawrencel parasite; the unit comprises the small subunit
RNA (SSUIRNA) gene, the internial transeribed spacer (ITS) and the large subunit
tRNA. (LSUrRNA) gene, The amplification products were cloned and sequenced,
and the T, p. lawrencei tRNA sequence was compared to that of T, p, parva. While
there was little variation in thetr SSUrRNA and LSUIRNA gene sequences, thére was
major sequence variation in the ITS. The ITSs from twelve T. parva isolaies were
amplified, cloned and sequenced, and eleven characterisation oligonucleotide probes
were identified. The T. p. parva isolates screened in this study hybridised with a
limited subset of the probes, while the T\ p. lawrencei isoiuic . hybridised with many
more of the probes, indicating that the T, parva population in cattle is more
homogenous than that in buff-so. There thus appears to have been a selection in
cattle of a relatively homogenous subpopulation of T, parva from a much lacger,
more diverse gene pool in buffalo, Although most T p. parva isolates (93.5%) were
datected by probe TPP1, and most T, p. lawrence! isolates (81.89) were detected by
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waterbuck Kobus defassa) are also reservoirs of the parasite inn Bast Aftica (Stagg
et al., 1994), but there is as yet no evidence to suggest that common waterbuek
(K. ellipsiprymnus) are involved In the epidemiology of theileriosis In southern
Aftien (HL Stoltsz, pers, comnim.),

1.3.1 Theileria parva

It has been recognised that the parasites cansing East Const fever, Corridor disease
and January disease are morphologically and serologically indistinguishable, and the
they wern classifted solely on the basis of the clinical and epidemiological features
of the infections they produce. Ullenberg (1976) and Lawrence (1979) thus proposed
that they be classified as subspecies of 1\ parva, Under this trinomial clnssifiention
- system, Thelleria parva parva was ¢onsldeted to be the covsative agent of East Const
fever, T. p. lawrencet was considered to cause Corvidor disecse, while T, p. bovis was
considered the causative agent of January disense in Zimbabwe (Lawrence, 1979;
Utlenbere, 1981). 7. p. bovis has also been implicated in Tzaneen disense in South
Africn (Stoltsz, 1989),

Bast Coast fever Is an acute and usually fatal disease, which can result in mortalities
as high as 90%. In its early stages the disease is lympho-proliferative; at the onset of
pyrexia, a lympho-destructive phiase is initiated, Clinical symptoms {nclude enlarged
lymph nodes and pulmonary oedema, and widespread subcutancous osdemn may also
be seen, The disense Is choracterised by high schizont and piroplasm parasitoses
observed in lymphocytes atd erythrocytes respectively (Neltz, 1957; Ullenberg,
1981). High piroplasm parasitacinias result in the majority of ticks becoming
infected thus enabling effective transmission of the parasite between cattle, The
brown enr tick, Ridpicepiwlus appendiculatus, is the main vector, and it has been
sliown experlmentally that R, zambeziensty can tronsmit ECF (Lawrence er al., 1983).
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placed in a diffcl'cnt genus as it was believed that the stage of this parasite in the
erythrocyte did not divide; meimbers of the genus Gonderia were believed to multiply
in the erythrocytic stage. Neltz considersd G. bovis to be different from G. lawrencey
based on its ability to persist in camrier cattle; when he demonstrated a carrfer stace for
G, lawrencel (Neitz, 1958a; 1958b) the name G, bovis was made synonymous with
G. lawrencei, The genus Gonderia was later abandoned but the term “bovis™ was
Inter reintroduced to describe the Zimbabwean parasite (see section 1.3).

1.2 Life cycle

A dingrammtic representation of the Theileria parva life cyclé as it Is now known
fs shown in fig. 1.1. Sporozoites are introduced into cattle in the saliva of infeated
tleks when they take a blood meal. The sporozoites enter peripheral lymphocytes
(Stagg et al,, 1981; Fawcett et al,, 1982a) which eventually migrate to the lymph
nodes. Here, the sporozoites develop into macroschizonts (Stagg et al., 1981), The
pavasites transform the host cells and induce lymphoblastogenesis; parasite and host
cells divide synchrohonsly, and daughter schizonts are distributed into each of the
daunghter lymphocytes (Stagg e al,, 1980). A proportion of magroschizonts
differentintes to produce merozoites, which are released when the infected
lymphocytes rupture, Merozoltes penctrate erythroeytes and develop into pireplasms,
the stage infective for ticks. In the tick, it is thought that a number of sexual stuges
(Melborn and Schein, 1984) leads to infection of the Type III snlivary gland acin
with sporozoites (Fawcett ef al,,1982b; Binnington et al,,1983),

1.3 Theileria species in southern Africa

The African buffalo (Syreerus eqffer) 1s the major reservoir Tor a mixed population
of antigenically diverse thieilerial parasites. These is evidence to suggest that defassa



1,1.2 Corridor discase and January disense

In 1953, there was an outhreak of theilerlosis in the corridor between the Umfolozi
and Hluhluwe game reserves in Natal (Neitz ef al, 1955), although East Const fever
had not been reported from that area for fifteen years, The clinical symptoms nnd
: pathology of the disease, named Corrldor disease, were distinet from Bast Coast
fover, Sehizont and piroplasm parnsitoses were low and the parasite could only be
transmitted directly from buffalo to cattle; It could not be transmitted between cattle
as affected animals usuaily died before piroplasms appeared (Neitz, 1955; Neitz ot
al., 1955), Coidor disease was thus cons{demd. to be caused by & different therlerial
parasite which was named Thelleria lawrencel (Neitz, 1955),

The symptoms of Corridor disease were similar to those which had been reporied by
Lawrence (1935; 1936) of a seasonal outbreak of theileriosis which was clinically
milder than East Const fever and associnted with the presence of buffalo In Southern
Rhodestn (although Jater cases of this disease (Lawrence, 1937; 1938; 1939) were not
always associated with buffalo). Post-mortemn resuits were not typical of those
reported for East Coast, fever (Lawrence, 1937), schizonts were rately If ever found
attd there were also very few plreplasms. These findings, combined with the fact that
animals which had recovered from this atypieal Theilerfa infection were not immune
to an Bast Coast faver challenge, led Lawrence (1938) to distingnish between Bost
Const fever and this new form of theileriosis, Mortalitles from Enst Const fever
peeurred throughout the year (Bdmonds, 1924, eited in Koch, 1990}, but in cutbreaks
of this atypieal form of theilerlosis mortalities were highest in January and outbrenks
siopped before or in March. ‘The disease thus becume known as Januery disease (it
hos also beon catled Rhodesian/Zimbabwasn malignant theileriosts),

The parosites cansing Bast Const faver, Cotridor disease and January discase were
originatly attributed to three different pathogenie speeles: Theileria parva, Gonderia
lawrengel and G Lovis (Neltz and Jansen, 1956; Neitz, 1957). Theileria parva wos



in Lawrence, 1992) had published a description of the piroplasm, the stage of the
orgonism which occurs in erythrocytes and which is infective for ticks, The parasite
was thus named Piroplasima kachi by Stephens and Christophets in 1903 (cited in
Lawreace, 1492), Theiler (1905) renamed the parasite Piroplasma parvien; this
nare was changed to Theilerla parva by Bettencoutt et al. in 1907 (cited in
Lawrence, 1992), Koch (1903) was olso the first to recognize the schizont (or
“Koch's bodies"), the st e of the organism which oceurs in lymphoid cells.

The effects of the East Coast fever epidemic were ruinous, Commercial transport
routes, which relied on ox-wagons, came {0 o standstill and eattle farmers suffered
heavy losses. Mortalities were greater than 0% and thousands of enttle died, A
policy of erndication was decided upon In South Africa and the eampaign to control
and finally to eradicate East Coast fever was to last for more than fifty years, Stelet
quarantine measures and control of cattia movement effectively stopped the spread
of the disense. Infected pastures were cleared of the disease by removing healthy
cattle and slavghtering sick animals, then mnintalning the area free of cattle for
elghteen months, Strict dipping regimes and an intensive survelllance program,
iﬁvolvlug regular inspection of cattle and examination of blood and spieen smears,
were introduced in afl potentinl East Const fever areas. In later years, outbreaks of
Enst Const faver were conirolled by slaughtering all cattle on infected farms; over
100,000 animals were slaughtered in control operations (Luwtence, 1992), As i
result of these rigorous control measures, Rast Const fever was eradicated from South
Africa between 1948 and 1954 (Anon., 1981), the lnst ense was reported in Southern
Rhodesia in 1954 (Adamson, 1954) and in Swaziland in 1960 (Lawrence, 1992),
Total mortallties from 1901 to 1960 have been estimated at 1,4 miilion hend
(Lowrence, 1992) and the total cost to South Afrter at R100 million (Anon, 1981),



subsequent three yeats this disease spread to Bechuanaland (now Botswana), the
Transvael, Natal, Orange Free State and finally to the Cape of Good Hope'
decimating the cattle popuiation as it spread. The Anglo-Boer War (1899-1902) also
contributed to the decrense in the cattle population of the region. When peace was
re-astablished in 1902, the numbers of cattle remaining were insufficient to supply
the demands of the British army and Boer farmers who were being resettled in the
region, To replenish the cattle population in Southern Rhodesia and the T‘ransvaal;
lorge numbers of cattle were Imported from countries around the world including
Great Britain, the United States of Ametica, Argenting, Auétmlia, Madagascar, and
from further north In Afrien including Northern Rhodesia (now Zambla), Getmun
Rast Africa (now Tanzanis) and Kenya (Lawrence, 1992).

Gray and Robertson (cited in Lawrence, 1992) first reported an outbredk of the
disense that would later beenme ktiown as Bast Coast fever (ECF) in Southern
Rhodesia in 1902, although they mistook it for a virulent form of redwater, caused
by Babesia (Henning, 1956). Tt is thought that East Coast fever was introduced by
a shipment of cattle from German East Africa (Lawrence, [992), where the parasite
had probably existed for centurtes (Norval ef al., 1992), East Coast fever niso
became established in the Lourengo Marques (now Maputo) aren and the fiest
outbreak of the disease in South Afeica occuried at Komatipoort in the eastern
Transvaal (Anon, 1981). It spreud rapidly along the transport routes further into the
Transvaal and into Swaziland, Eventunlly, Natal, Transkel and finally areas of the
enstern Cape Provitee were affected, despite attempts to prevent the movement of
infected cattle into these regions,

Robert Koch, & German microbiologist brought to Rhodesia to consult on Bast Coast
fever, was the first person to recognise that the disease wis different from redwater,
belng cavsed by o previously unknown parasite (IKoel, 1903). In 1898, Koch (cited

These Four territories were Individun cofonies balll 1910; at this tme tiey were comblned ns the
Usnion of South Afrlen



CHAPTER 1: INTRODUCTION

Theilerjosis is a widespread disease of wild and domestic animals caused by
- Apicomplexan parasites of the genus Theileria. There are two economically
important species; T, annulate causes tropical theileriosis in areas of North Africs,
Mediterranean Eurolﬁe, the Near and Middle East, India and Central Asiey T, parva
occurs in pacts of Kenya, Uganda, Tanzania, Sudan, Rwanda, Burundi, Zaire,
Malawi, Zarnbia, Zimbabws, Mozambique and South Aftica, whers {t causes East
Coast fever, Coridor disease and January disease. The African buffalo is the
reservoir for T, parva patasites and tranismission to cattle via ticks results in disease
(Dolan, 1989), '

Bast Coast fever was eradicated from South Africa in 1954 (Anon., 1981) and today
Corridor disease has become the most important form of theilerlosis in the couniry.
Although Easi Coast fever has been eradicated, the vector ticks are still prevalent in
South Africa and the cattle population would be highly susceptible to a recurrence of
the disease. At present, there is no relinble means of distinguishing betw-en the two
forms of the parasite, The aims of this project wete therefore to develop DNA probes
to distingnish between the causative agents of East Coust fever and Corridor disease.

1.1 History of theileriosis in southern Africa
L1.1 East Coast fever
At the torn of the century the catile populstion in southern Afrlea had been

dramatically reduced by the tinderpest epidemic, which crossed the Zambezi River
and spread Into Southetn Rhodesla (now Zimbabwe) in 1896 (Henning, 1956). In the
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commuaication), This was the first 7. p. lawrencei clone to be produced and we were
fortunate to have been supplied with this cell line,

1.6 Aims of this project

The alms of this project were to sequence the LSUIRNA genes and the transcribed
spacer regions of the T p, lawrencei ¢lone and the p67 sporozoite antigen genes of
some South African 7, p, lawrence! {solates, In order to identify variable regions that
might be nsed as targets for probes to distinguish between the causative ngents of
Epst Coast fever and Corridor disease.



gene of T, p, bovis (Boleni), T\ p. parva and T. p. lawrencel (Hluhluwe 3) were
idenrical, although the full-length SSUrRNA sequence of a cloned T. p, lawr noei
parasite has never been obtained,

None of the polymomhisms detected by the methods deseribed above correlate with
cross-protection, nor do they distinguish between the causative agents of East Coast
fever and Cortidor disease. Anothet approach needs to be adopted if we ate to
distinguish between 7, p. parva and 70 p. lawrencei, There is a great deal more
varlation between specles in the expansion segments of thelr large subunit ribosoral
RNA (LSUtRNA) gencs. In ndditlon, the non-coding spacer region which scparates
SSUIRNA and LSUrRNA genes, the {nternal transcribed spacer (ITS), is under low
struotural and functional constraint, and is consequently more vatlable than rRNA
genes (Noller, 1984), It has recently been shown that improved discrimination
between different Theilerin species can be obtained using oligopucleotide probes
derived from LSUIRNA sequences (Bishop et al., 1995), It therefore seemed likely
that unique differences between 7. p. parva and 7, p. lawrencel might lie within a
variable region of the LSURNA gens, or In the ITS. Most of the sequence of the
7. p. parva IRNA transcription unit (Including the SSUrRNA and LSURNA genes
and the IT8) has recently been obtained (Kibe o al., 1994); this provides a basis for
the comparison of new T, parve tRNA sequonces, |

1.5:6 Cloned T, parva parasites

The extensive polymorphisms which occur between T, pavva stocks and the presence
of more thun one genotype in some stocks have necessitated the generatlon of
parasite clones, a nuntber of whicl have now heen produced (Morzarla et al., 1995),
Workers at ILRAD (International Laboratory for Ress weh on Animal Diseases) in
Kenya have cloned, in 2 buffalo lymphoblastoid cell line, a parnstte which produces
the clinleal symptoms of Corridor disease (Dolan and Spoonet, personal



pitopiasm parasitaemias, n addition, resulis obtained from stocks containing mixed
~ isolates pre difficult to interpret,

1.5.3.3 Ribosumol RNA genes

Small subunit ribogomal RNA (SSUMRNA) genes have been used in numerous
evolhtlonary studies of many different organisms, resulting in the availability of a
great deal of information on the sequences of ribosomal RNAs, Phylogenetically
- ordered alignments of both Jarge and small subunit ‘RNA sequences are avallable
from the Ribosomal Database Project (Maidek ef al., 1996}, A new rRNA sequetice
can be corpared to existing sequences to identify homologies with other organisms
and to Joeate conserved and variable repions within the motecule,

Portions of the nucleotide sequence of rRNA are highly conserved between nll
organising, particulatly in rogions which determing the secondary strueture of the
miolecule (Noller, 1984), Other tegions of tRNA genes which are not under pressure
to remain unchanged vary between species, Species-specific vatintions foun in
rRNA genes, together with the abundance of ribosomes (and therefore rRNA) in
cells, ann be used to develop very specific and sensitive probes (Waters and
McCutehan, 1989),

Allsopp et al, (1993) tumed to the Thetlerla SSURNA, genes in the hope that these
might contain less variahility than the Tpe, and might define broader groupings of
similor 7, parva parasites. The entire sequence of the 1\ parva Muguga SSUIRNA
gene waos obtained and o hypervariable reglon was identified. This region was
sequenced from a range of 70 parva stocks isolated from eattle and buffalo, from
T. annulate, T, mutans, T, byffell ond 7. teurotragt samples, and also from an
unknown cloned patasite from a buffalo In Kenya which was designated Thetleria sp.
{buffelo). Oligonucleotides were resigned for use ns probes to distinguish between
these six species. Fowever, the sequence of the varfable tegion of the SSUrRNA
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1.5.4.5 Two dimensional gel electrophoresis

Stock-specific differences in infection-specific proteins have been detected using
two-dimensional gel electrophoresis (Sugimoto e# o, 1989) and two-dimensional
Western blofting (Kishima et al,, 1995), However, these techniques are difficult o
perform and are often difficult to interpret,

1,55 Molecular genctic characterisation of T\ parva
1.5.5.1 Polymorphism detected by DNA probes

Bxtenstve polymorphis has been detected amongst T, parva siocks using repetitive
DNA probes (Conrad et al., 1987l Allsopp and Allsopp, 1988), Allsbpp et al.
(1989) obtained the first unequivacnl discrimination between differant 7. parva
stocks, These workers amplified a variable region of the T, parva repetitive (Tpr)
gene family {Baylis ¢t al,, 1991) using the Polymerase Chain Reactioti (PCR); two
oligonucleotide probes were used to distinguish between PCR products, Telomeric
and vibosomal DNA probes hiave been used to charncterise 7\ parva stocks (Bishop
et al., 19930, Kibe et al., 1994), However, (o date, oligonucieotide probes based on
sequence differences in the Tpr (Bishiop et al., 19930) and TDNA (Kibe ¢f ¢l,, 1994)
can only distinguish between some T, parva stocks in a positive/negative manner.

1.5.5.2 Genomic pol,vz:iorp!:is:::

Genomic polymotphisms betweett 7, parva stocks and clones have been detected by
pulsed field gel electrophioresis (PRGE) of §ff T-digested DNA (Morzatla et al., 1990)
and by using PCR with single acbitrary primers (Bishop ez al,, 1993b), However,
these techniques require purified parasite DNA free front host DNA contamination;
this is difficult to obtaln, especlally from isolates which do not produce high
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amongst six enzymes i different 7, parva stocks, but concluded that the method was
not practical for large scale surveys,

1.5,4.2 Proteln banding patterts using SDS-PAGE

Protein banding patuérns of purified theilerial piroplasms and schizonts of different
T, parva stocks have been studied by sodium dodecylsulphate polyacrylamide gel
elecnbphoresis (SDS-PAGE) (Allsopp, 1981; Creemers, 1983), Creemers (1983)
was able to detect minor differerces in protein bands between T. p. parva and
T. p. lawrencel, Problems experienced In these studies insluded the difficulty of
obtaining parasites free of contaminat'ng bovine proteins,

1.5.4,3 Sclizont antigens

Differences between schizon. »~<gens have been identified in different T. parva
stocks by probing Western blots of the relevant proteins with anti-schizont
monoclonal antibodles (Minami ef ad,, 1983), Four of thess MAbs recognised a
polymorphic, immunodominant molecule (Shapire ef al,, 1987) which displayed
poiymorphisms in both size and expression of antibody epitopes among different
stoc, 3 of 7. parva (Toye et al., 1991; 1995),

1.5.4.4 Sporozoite antigens

The major anfigenic detetminants of 7, perve sporozoites have been dentified vslng
an ankiseruin divected against the sporozoite stage of the parasite (Tams ef al., 1990).
The major target of sporozolte neutralising antibodies, p67, has been cloned and
characterised (Nene of al,, 1992). The sequence of the gene coding for p67 is
conserved amongst T, parva patasites Isolared from cattle (Nene et al,, 1996), but Is
varlable in T% parva patasites isolated from buffalo (V. Nene, pers. comm).



1.5.2 Cross immunity trials

Cross-protection between different stocks of T, parva can be tested by immunising
cattle with one stock and challenging immunised animals with other stocks. Stocks
that are able to cause disease in immunised animals are considered immunologically
distinct (Norval ef al,, 1992). Howaver, cross immunity trials ate time consuming
and, because of the number of animals involved, very expensiv:  In additlon, they
ate sometimes difficult to interptet (Irvin, 1987), probably because some stocks
contain more than one 7, parve imtmunotype, There is thus a need for more practical
und relinbie Jaboratory methods to characterise immunologically distinct 7. parva
populations,

1.53 Screcning with monoclonal amtibodies

A sumber of monoclonal antibodies (MAbs) directed against schizont antigens have
been used to characterise 7, parva stocks (Pinder and Hewett, 1980; Minaml et al.,
1983; Irvin et al,, 1983; Conrad ¢t &, 1987a; 1989; Koch et al,, 1988; Bishop et al.,
1994}, T. parva schizont-Infecind cells detived from cell cultures are detected in
indirect fluorescent antibody tests vsing o panel of MAbs, Thiese MAbs detect
snormous dive.sity amongst T, parva stocks, but they lack sensitivity and some
‘parasites may be ovetlooked, as certaln subpopulations can be selected during the
establishment of cultures (Norval et al., 1992). The results are also rather subjective,
difftieult to interpret and may not be reproducibie (B. A. Alisopp, pers. comm,).

1.5.4 Analysis of proteins
1.5.4.1 Enzyme analysis

Negligible polymorphismy hias been found between most 7% parva isoenzymes
(Melrose ef al., 1980; Musisl et al,, 1981). Allsopp er ol (1985) found varlations
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1.5 Characterisation of T\ parva stocks

Some cattie recover from infection with 7, parua; these animals are vesistant fo
challenge with the parasite which caused the infection, but immunity after challenge
wlth an heterologous parasite varies from partial to none (Irvin, 1987), Attempts to
immunise cattle against theileriosis by the infectlon and treatment method have
produced similar results (Trvin, 1987; Mutugl et al., 1989, Tt is incrensingly obvious
that there is enormous antigenic variation between different stocks of T, parva and
that mixed infections are common in the field, Therefore, in order to understand the
different patterns of theileriosis in southern and eastern Aftica and to develop
effectlve vaccines against thelleriosis, precise characterisation of different T, parve
igsolates has become necessary. Several different techiniques have been used to
characterise 7. parva isolates,

1.5.1 Pathogenicity -

The clinical symiptoms, parasitological characteristics and pathology of infections
with different T, parve stocks can be monitored it vive, Differences between
T. p. parva, T, p. lawrencel and T. p. bovis are displayed in the length of the prepatent
period, time to fever, duration of fever, time to appedrance of plroplasms, levels of
schizont and piroplasim parasitoses and time to death or recovery, Such pathologieal
fentures are generally too variable to be of value in parasite strain characterisation,
but sufficlently consistent differences have resulted In the trinomini ¢lassification
system for subspecies of 7. parva (Irvin, 1987),

However, the severity of disense Is dependent on the dose of sporozoltes applied
(Dolan ¢t al, 1984), Thus, a standaed dose of sporozoites must be used for
infectivity assays and, nlthough it Is posaible to count total numbers of sporozoites,
it s difficult to determine numbers of infective sporozoites (Trvin, 1987).
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present, but there is as yet no evidence to suggest that these antelope are invelved in
the epidetniology of thelleriosis in southern Africa (H. Stoltsz, pers. comm.).

The movement of buffalo from the iarge herds in the Kruger National Park is
ptohibited as both foot and mouth disease and Corridor dlsease are endemic there,
In the Natal parks, buffalo are free from foot artd motith disease but, because Cortidor
disense is endernic in these areas, the relocation of these animals is also prohibited,
The major source of animals free from both diseases has previously been a relatively
small herd at the Addo Park in the eastern Cape {Stousz, 1989). However, these
disease-free buffalo are very expensive because of their limited numbers, thete are
not eﬁough gnimals at Addo to meet the increased demand and the stock is limited
In genetic diversity.

A situation has thus developed where unserupulous farmers may be tempted to
clrcumvent the regulations and move buffalo from prohibited areas. An outbreak of
C ridor diseass securred in the Warmbaths avoa In early 1994, as a result of such an
{llegal transloention of buffalo from the foot and month control area nenr the Kruger
National Park (Koize ef al., 1994). In addition, it is feated that, with the ever-
expanding humen po;«datton and the consequently increasing needs for grazing for
growing herds of caitle, particularly in areas bordering the game reserves, there might
be a relaxation of the strict control measures that have previously been applied, The
combination of these factors could lead to an increase in the number of Corridor
disease outbreaks in the future,

Thus there is an urgent need in South Africa for practical ond relinble methods to
charncterise and distinguish between T, parva parasites it the field. It would be very
useful to bz able to identify Thefleria parasites in buffalo and to ldentify
7. p. lawrencei-free animals for translocation, Also, it Is of paramount importance
to know whether there is a danger of a recrudescence of Enst Coast fever from the
T. parva population that rerains In buffalo In South Africa,
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confined to well fenced game reserves, and rigorous quarantine and tick control
meastres ate enforced in areas bordering these reserves. These measures have also
contributed to preventing the spread of Corridor disease (Stoltsz, 1989),

1.4,2 The threat of East Coast fever

Although Bast Const fever has been eradicated in South Africa, the vector ticks are
still prevalent and the cattle population would be highly susceptible to a recurrence
of the disease, which could oceur if the parasite was reintroduced into the country
from an endenic area. In addition, there is a historical fear that 7. p. lawrencel may
be ablﬁ to *transfory’ to 7, p. parva, Barnett and Brocklesbury (1966) first reported |
_ 'transfomiation* in Kenya duting the passage nf a 1\ p. lawrencel isolate throtigh
cattle, However, no evidence for ‘transformation’ has ever been found in Souta
Africn (Bigalke er al., 1976; Potgleter ef al., 1988). In Central and East Africa,
buffalo carry mixed populations of thellerial parnsites (Norval ef al., 1992), Tt seems
likely that what has been described as transformation may occur as a result of the
reservoir host harbouting 4 mixed infection, including both T, p. lawrencei and
T. p. parvae. Passage in cattle may then result in the selection of a subpopulation of
parasites charneteristic of T, p parva. |

1.4,3 Relocation of buffalo in South Afriea

The rising popularity of commerclal game farms and private game reserves in South
Africa in recent years has led to an inereasing demand for buffalo, In order for
buffaie to be franslacated, the animals must be certifled free of both foot and mouth
disense and Cortldor disease to prevent the spread of these virglent diseases. In
_nddition, Staggz et al, (1994) have shown that, when passaged through defassn
waterbuck (Kobus defassa), a subpopulation of parasties that resembles 7, p, parva
can be selected from the otiginal 7\ parva population in buffalo. Although defassa
waterbuck do not oceur in South Africa, common watetbuck (K. ellipsiprymmnus) are
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1.3.2 Other Theileria species

Other Theilerin species occurrig in South Africa include the mildly pathogenic
T. mutans (Theiler, 1906) and 7' taurotragt (De Vos and Roos, 1981a), and the not-

pathogenic T. velifera (Berget, 1979); these species are of little or no economic
| importance (Stoltsz, 1989), However, they produce schizonts and piroplasms and in
- mixed infections they may complicate the diagnosis of T. p. lawrence! Infections.

1. mutans is teansmitted by ticks of the genus Ambiyomma, in South Africa
A, hebpaeum has been shown to be an efficient vector (e Vos and Roos, 1981b),
Pathogenic strains of T, mutans have been reported in Kenya (Moll et af., 1986) and
in Zumbia (Musisi et al., 1984), Although T, mutans appears to be widely distributed
in both cattle and buffalo in South Africa, all South African isolates thus far observed
appear to be non-pathogenic in cattle (Stoltsz, 1989).

T. taurotrags, transmitted by R appendiculatus, has been implicated in bovine
cerebral theileriosis in South Africa (De Vos, 1982), T. taurotragi is wide-spread in
Zimbabwe and serlously complicates investigations on T, p. bovis (Koch, 1990),

1.4 Current epidemiology of theileriosis in South Africa
1.4.1 Corridor disease

Corridor disease hes become the most hmpottant fornt of theileriosis in South Africa,
since the eradication of East Coast fever and presumably of its causative agent,
T, p. parva, Outbreaks of Corridor disease occur perlodically on farms bordering the
Kiuger Nattonia! Patk and the Natal parks, Hluhluwe and Umfolozi; such outbreaks
are always associated with the presence of the African buffalo (Bigalke et al., 1976).
This animal is also a reservolr of the highly virulent foot and mouth disease virus,
Th order to prevent the spread of foot and mouth disease in South Africa, buffalo are
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of parasites; this would have resulted in subclinical infections and caerier animals -

which spread the disease.

It has recently been recommended (Anon., cited in Norval ef ¢l., 1992) that the use
of the trinomial system be discontinued as there are no real biological grounds for
distinction between the three subspecies, Different T, p. parva stocks have been
found to display & wide range of schizont and piroplasm parasitoses and
pathogenicities (Norval et al., 1992) and there are varying degrees « ¥ cross-immunity
between stocks of T p. parva, T, p. lawrencei and T, p. bovis (Irvin er al,, 1989). It
has therefore been suggested that T. parva is the only justifiable species and that
T. parva parasites should rather be classified according to their host of origin, Le.
cattle-derived or buffalo-dertved (Anon., cited in Norval et al., 1992). However, this
nomenclature raises a serious question. How shouvid one designate a stock isolated
from a bovine if the infection had been received from a tick which had become
infected from a buffalo? The stock could conceivably be geneticaily identical to the
otiginal stock in the buffalo, althongh experience suggests that this would not be
likely because of genetic recombination in the tick. In any event the different labels
would merely reflect the investigator’s (unavoidable) ignorance of the provenance of
the parasite,

For the purposes of this thesis, which deals with many different 7, parva stocks from
eastern and southern Africa which cause Bast Coast fever, Corridor disease ot
Tanuary disease, it will be simpler, more convepient and ensier for the reader to
follow, if the {rinomial system is nsex’ wader should therefore note that, in cases
where we had no information aboutthe 1l symptoms caused in cattle by specific
T, parva stocks we have simply indiceted the host of origin but withont using the
cattle-derived and buffalo-derived terminulogy, since that has implications of
exclusivity to one host. In cases where the clinical symptoms induced in cattle were
known we have used T, p. parve for Bast Coast fever-inducing stocks and
T, p. lawrencei for Corridor disease-inducing stocks,



Cotridor disease 1. also a severe and normally fatal disease in infected cattle. There
is a marked lympho-proliferative phase, but the lympho-destructive stage is less
severe than in Bast Coast fever. Clinical symptoms include characteristically swollen
lyraphi nodes and the development of pyrexia. Pulimonary oedema is not necessarily
seen, whereas subcutaneous oedema is common. One of the main features
distinguishing Corridor disease from Bast Coast fever is that very few schizvi » mnd
piroplasms are produced in cattle. As a result, T. p. lawrencel parasites &~ &1ty
transmitted directly from buffalo, as the low nubers of piroplasms produced m
cattle result in a Jow rate of infection in ticks and therefore poor transmission
between cattle. The tick vectors are R, appendiculatus and R, Zambeziensis, but there
is evidence to suggest that the latter might be the preferred vestor (Blouin and Stoltsz,
1989).

Koch (1990) has described contemporary January disease as follows:

“January disease or theileriosis is a seasonal disease of Zimbabwe,
characterized by lymph node swelling and oedema of the lungs, usually with
a low morbidity and » high mortality of the affected cattle. Outbrenks are.
usnally associated with high numbers of the vector, adult Rhipicephalus
appendiculatus, Rhipicephalus zambeziensis might sometimes be the vector.
Calves in the figld have more resistance to the disease than adult cattle. A
nunber of cattle will remain infective to ticks after recovery from infection,
The frequercy of schizonts in the lymph nodes of affected cattle varies, but the
percentage of erythrocytes containing, yiroplasms is always low.,”

Koch (1990) postulates that the parasite which causes Januaty disease was a strain
of T. parva which was selected from the East Coast fever complex introduced inte
southern Africn. Tlek control measures as applied in Rhodesia may have suppressed
the disease but allowed infection of ticks and susceplible cattle with small numbers
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2.2.5 Cloning of the LSUrRNA and ITS amplification products

Shotgun cloning (Bankier e al., 1987) was used to clone random fragments of the
LSUrRNA and ITS PCR products into M13mp18 for sequencing, as illustrated in fig,
- 2.3,

2,.2.5.1 - Prepuration of recombmant pUC!S clones

After the amplification of cach fragment the produgts from three PCRs were pooled
and concentrated by 'precipitn._tion with sodium acetate and etharol (Appendix
C.1.2.2), The termini of the PCR products were filled in and kinased as desoribed in
Appendlx C.6. The resulting biunt-ended fragments were purified from residual
enzymes. oligonucleotide primers and unincorporated nucleotides by gel-purification
{Appendix €,7.1). Two ITS PCR products were obtained and were separated at this
stage by fractionation on a 1% agurose/TBE gel and excision of the separated
fragments, The shorter of the two ITS PCR products was designated ITS-S and the
longer one ITS-L, The PCR products were gel-purified (Appendix C.7.1) and cloned
into Snia Fout and dephosphorylated pUC18 (Appendix C.8), White colonles were
picked and minipreparations of recombinant plasmid DNA. were mads by the alkaline
lysis method (Sambrook et al., 1989} rAppendix C9.1.1), Plasmid DNA wus
digested (Appendix C.5) with Zeo RI and Bam H! and checked by electrophoresis to
ensure that the correct inserts had been cloned, A QIAGEN tip 100 (Appendix €.9.2)
was used to prepare DNA from thtee recombinant pUC1S elones of each of the
LSUIRNA PCR products and from six ¢lones of each of the ITS PCR products.

2252  Sonication of recombinant pUCI8 clones
For each clohed ITS and LSUMRNA, the recotnbinant pUCIS clones were puoled and
10 ug of purified recombinant plasmid DNA was sonfcated for 120 seconds at an

“output of 160 watts In a Branson Cuphorn Sonifier 250, The sonicates wore
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2.2.34  Amplification of rRNA genes

The PCR was performed as described in Appendix C.3, Annealing was performed
at 60°C for primers A and B and the ITS primer pair, and at 65°C for both of the
large subunit primer pairs. Cycling conditions were: 72°C for 1,5 minutes, 95°C for
1 minute and 60°C (small subunit and ITS) or 65°C (large subunit) for 1 minute, for
30 cycles, A positive T, p. parva Mugaga LN/MI/ and a negative calf thymus DNA
(Sigma) control were included with each PCR performed,

22,4 Cloning of the SSUrRNA emplification product

A scheme showing the strategy used to clone the amplified SSUTRNA gene into the
gequencing vectors Mi3mpI8 and mpl9 (Messing, 1983) is shown in fig. 2.2,

5 ul nliquots of the SSUrRNA product were initially digested with the enzymes
included in the primers to determine which enzymes could be used for directional
cloning (1., those that did not eut the PCR produet internally). Resttiction digests
were perforvied as deseribed in Appendix C.5, Bam Hland Eeo RI were the enzymnes
of choice for cloning the SSURNA gene,

The products from three PCRs were pooled, concentrated by preeipitation with
ammonium acetate and propanol (Appendix C.1.2,2), and double-digested with
Bam Hlund Eco RI (Appendix C.5). Digested products were separated from residual
enzymes, oligonucleotide primers and unincorporated nucleotides by gel-purtfication
using a modification of the “freeze-squecze” technique (Koenen, 1989) (Appendix
C.7.1), they were lignted into Bam HI- and Eco Rl-cut, dephiosphorylated M13mpl8
or mpl9 and cransformed into competent B coli TG cells (Appendix C.8),
Colonrless, recombinant phage plagues were pleked and single-stranded {fomplates
were prepared for sequencing ns doseribed in Appendix C.12,1.1,
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2.2.3.2 Primers for amplification of the large subunit

Six eukaryotic LSUrRNA sequences, available at the time, were extracted from the
international databases EMBL and Genbank. These included two protozoan
LSUIRNA sequences, Tetrahymena pyriformis (Bngberg et al, 1990) and
Prorocenteum micany (Lengers et al., 1989), Caenorhabditis elegans 285 tRNA
(Ellis er al, 1986) and three mammalian 285 rRNA sequences, Mus musculus
(Hussouna et al., 1984), Rattus norvegieus (Chan et al,, 1983; Hadjiolov et al., 1984)
and Homo saplens (Gonzalez et ul,, 1985), CLUSTALYV (Higgins et al., 1992) was
used to align these 288 sequences with the ) p. parva LSUrRNA sequence (Kibe and
Bishop, pers. comm.,); two Theileria-specific primer paits, ILO 465 and IL0O 4¢  and
NC1 and NC2, were identificd for amplification of the large subunit. 100 465 and
TLO 487 were designed to amplify the 5' half of the large subunit (designated LSU-1);
NC! -d NC2 the 3' half (designated LSU-2), Primer sites are illustrated in fig, 2.1,
ILO 465 anneqls to the coding strand approximately 140 bp downstream of the §' end
of the large subunit, ILO 467 is complementary to the non-coding strand and is
locatad in u 24eilerig-conserved reglon approximately 1.5 kbp downstream from ILG
465, NC1, complementary to the coding strand, lies approximately 90 bp upstream
from ILO 467. NC2 anneals to the non-goding strand at the 3' end of the large subunit
genie, Detalls of PCR primers are in table 2,1,

2233  Primers for amplification of the internal transeribed spacer

‘Primets for amplification of the ITS were designed in rcgions which were specific for
Thetleria ut the 3' end of the small subunit and at the §' end of the Iarge subunit (Kibe
etal., 1994), The 5' end of ILO 466 anneals to the coding suand 90 bp upstream of
the 3'end of the SSUrRNA gene. 1L0 464 is complementary to the non-coding strand
approximately 140 bp downstream of the 5' end of the large subunit (fig. 2.1) (L0
464 1s the reverse cormplement of primer ILO 465, which was used o amplify LSU-1),
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Table 2.1: Oligonucleotides used for amplification of rRNA genes

Primer  Length GC Strand T,  Sequence -3 Remarks/Referonce
A 35 19 + 690 CCA EAT TCG TCO ACA ACC TGG TTG ATC CTG  Foruse with primer B to amplity SSUrRNA gane (Sagiit, 1990)
o cea a7 .
B ag- 2 » 718 GUC GGG AT CAA GCT TGA TCC TTC TGC AGE  Foruso with primer A 10 ampilly SSUrRNA gene (Sogln, 1590}
' “TTC ACC TAG .
o466 22 1 + 7.0 GGG AAC GTC TAG GGA ABIM TTT & For use with 1L0 464 1o amplify intecnnl tronseribed spacer
_ _ (Kibe, o1 af, 1994}
1LO 464 25 11 » 707  CCG TTG GCA AAT TCA ACG GAT TTT C Far uso with 1LO 466 10 ampllly intemal teansorlbed spacer
' . (Kibo. of af, 1994)
1L0 465 25 U + 707 GAA AAT CLG TTG AAT TTG GCA ACH G For e With 1LO 467 to amplify 5* hulf of LSUCRNA gene,
_ . Teverss comploment of ILO 464
ILD 467 25 12 . 724 TGO BTC GAG AAG TTC ACT TAT GTT @ ifgr se with JLO 465 (o araplify §' halfof LSUIRNA gene
NGt 23 14 + 753 GAC GAC GTT AAC TAC GTH TEA 48 For usa witk NC2 to nroplily 3 half of LSUtRNA gene
MNC2 25 15 - 113 GAG CAG CTC GGG TAG AAT CTC ABC & . For use with NCi (o amphily 3 holf of LSURNA jene

i tho temperature at which 50% of the probe / wrget DNA dupleses wre dissocisied, Seo Appendix C.4 for enleulation of diesooiation temperatires,



with 40 ml of 0.1% (v/v) nonidet P40 in a 50 ml pdlypropylene tube, and the cells
were pelieted by centrifitgation at 1600g for 20 minutes. The pelleted cells were
lysed in 5 mi of lysis buffer [10 mM Teis-HCl pt8.0, 10 mM NaCl, 10 mM EDTA,
1% wiv SDS) at 70°C for five minutes, Most of the protein was degraded initially
by incubation at 37°C overnight, with proteinase K (Bdehringm‘ Mannheim) added
to the mixture to a final concentration of 0.1 mg/mlt. After the addition of 1 m! of
ANE [10 mM sodium acetate, 0.1 M sodium chloride, 1 mM EDTA, 0.5% SDS},
residual proteins wete removed by extraction with phenol and chloroform (Sarbrook
et al,, 1989) (Appendix C.1,1), DNA was recovered by precipltation with sodfum
acetate and ethrmol (Sambrook e¢ 4/, 1989) (Appendix C.1.2.1) and dissolved in 300~
500 11 of TE {Appendix B). The concentration of the purified DNA was determinied
spectraphatometrically (Appendix C.2.1).

2.2.3 Polymerase chain reaction @CR) amplification of rRNA gencs

The polymerase chaln reaction (PCR) (Saiki of «f . 1988) was used to amplify the
T p. lowrencei 7344 tRNA teansetiption unit from the raixture of bovine and parasite
DNA extracted from cell culture, Oligonucleotide primers were synthesized by the
Biochemistry Department, University of Cape Town.

2.2.3.1 Primers for amplification of the smedl subunit

Primers A and B, designed to amplify and clone eukaryotic 16§-Hke tRNA genes
(Medlin et al., 1988; Sogin, 1990), were used to smplify the T\ p. lawrencel 7344
SSUTRNA gene. Primer A anneals to the coding strand at the 5' end of the small
subunit, while primer B is complementary o the non-coding strand ot the 3' terminus
(flg. 2,1). Primer A contains Eco Rl and Sal I restriction sites; primer B includes
sites for Sma 1, Bam HI, Hind I and Pst 1, Details of PCR primers are in table 2.1,
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genetic studies (reviswed in Hillis and Dixon, 1991). It therefore seemed likely that
differences between T p, parva and . p, lawrencei might lie within a variable region
of the LSUrRNA. gene, ot in the ITS, Most of the sequence of the T p. parva IRNA
transctiption unit (including the SSUfRNA and LSUrRNA genes and the ITS) has
recently been .obtained (Kibe ¢t al., 1994); this provides a basis for the comparison
of new 7. parva tRNA sequences, ' '

In this chapter, I describe the sequencing of the transetiption unit of the cloned
T. p. lawrencei poresite. '

2,2 Materials and methods

2.2.1 Pavasites

T, p. lawrencei clone /344/G5/F5/88, which causes classical Corrldor disease in
cattle, was obtained from workers at ILRAD, Kenya (8. Morzaiu, P, Spooner and T,
Dolan, pers. comm.; Motzatia ¢t al,, 1995). It was cloned from a I. parva stock
isolated from & naturally tnfected buffalo (7014} in the Nanyuki arca, Kenya (Kariukl,
et al., 1990; Morzaria et al., 1990).

T. p parva Muguga LN/MIA was used g8 a positive control in PCRs, The T, p, parva
Muguga stock was isolated from Kiambu district, Kenya (Brocklesby et al., 1961),
and causes Bast Coast fover, Mugtga LN/MF1 was obtained from schizont-Infected
lymph node material from a bovine infected at ILRAD * dth 7. p, parva Muguga
(T. Dolan, pers, comm,). '

2,22 DNA oxtracilon

QGenomic DNA, which Includes both bovine and T, p. lawreneei DNA, wus extracted
from sehizont-infected lymphoblustoid cell exltures, Ton ml of culture was washed
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Species-specific variations found in rRNA. genies, together with the abundance of
tibosomes (and tﬁerefore tRNA) it cells, can be used to develop very specific and
sensitive probes, "I;his technique has been successfully applied in distinguishing
between species and strains of various Apicomplexan parasites, e.g. Plasmodium
(Waters and McCutchan, 1989), Babesia (Dalrymiple, 1990; Persing et ol., 1992;
Allsopp, 1994) and Theileria (Allsopp et al., 1993; Allsopp, 1994),

Allsopp ef al. (1993) sequenced a hiypervariable region of the small subunit rRNA
(SSUtRNA) gene from varlous 7. parva stocks isolated from cattle and but‘falo; from
T. antulate, T, mutans, T. buffell and T. raurotragi samples, aad also from an
unknov eloner parnsite frr . buffalo in Kenya which wa  designated Thelleria sp,
{buffalo). Oligonucleotides were designed for use as probes to distinguish between
these six species, The T, parva probe did not distinguish between T, p, bovis
{Boleni), T\ p. parva and T, p, lawrencet (Hiuhluwe 3) « the variable reglon of their
SSUIRNA gene sequences was identical, The full length SSUCRNA gene sequence
of a cloned T, p. lawrencel parasite had not been obtained when this work hegag,
although it seemed likel, that it would be ldentleal, It was necessary, iowever, to
confirm this experimentally,

Assuming that the SSUrRNA sequences of the two parasifes were found to be
identical, we would need to look for a region of greater variability in order to
distinguish 7. p, parve and 7. p. lawrence! parssites. Thete is a great deal more
vatiation in the expansion segments or divergent (D) domains of large subunit ’RNA
(LSUIRNA) genes (Noller, 1984; Hillis and Dixon, 1991} and it has recently been
shown that tmproved disctimination between different Theilerin species can be
obtained using oligonucleotide probes derived from LSUrRNA sequences (Bishop
et al, 1995), Tn addition, ITS regions, which are non-coding spacer tegtons under
low structural and funetional constraint, accumulate rmutations at a higher rate and
are consequentiy more varlable than (RNA gene coding regions, Variations in ITS
regions have been used to identify specles or strains, and as markers In population
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by the ITS1 and the JTS2; finally there is the large subunit tRNA gene. The
transcription unit is transeribed as a single precursor RNA molecule (458); before
leaving the nucleus the ptimary transcript is cleaved to release the individual rRNA
molecules. The leader and most of the ITS regions are degraded to nucleotides in the

nucleus,
2.1.3 Using rRNA genes to distinguish between closely related species

Nucleotide sequence analyses of both the small and large subunit tRNAs have shown
that parts of the sequences are highly conserved between all organisms, particularly
in the reglons which determine the secondary structural core of the molecule (Gerbi,
1986). The features of tRNA structure that have been conserved in evolution are
presumably needed for rRNA function in the ribosome; any changes which
deleteriously affect this function would be harmful and selected against.
Bvolutionarily conserved segrrients within the tRNAs of many different organisms
are correlated with important functions of ribosomes, including sequences important
for interactions with {RNA and mRNA, and ribosomal subunit assoclation, Other
regions of the IRNA molecule which are riof under such constraints are variable, It
is precisely these characteristics that inake tRNAs good candidates for a number of
applications, including phylogenetic studies and the development of species-specific
probes. Small subunit ribosomal RNA (SSUrRNA) genes have been used in
numerous evolutionary studies of many different organisms, resulting in a great deal
of information on the sequences of ribosomal RNAs, Phylogenetically ordered
alignments of both large and small subunit rRNA setjuences are available from the
Ribosomal Database Project (Maidnk et al., 1996). A new rRNA sequence can be
compared to exigting sequences to idetitify homologies with other organisms and to
locate conserved and varlable regions within the molecule for the development of
amplification oligonucleotides and characterisation probes,
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CHAPTER 2: SEQUENCE OF THE RIBOSOMAL RNA TRANSGRI PTION
- UNIT OF A CLONED 7. P. LAWRENCEI PARASITE

2.1 Introduction

2.1.1 Ribosomes and ribosomal RNA genes

Ribosoines are complex ribonucleoproteir organelles, responsible for translating the
information encoded by messenger RNA and synthesising proteins (Alberts ef e,
1989), The structute of ribosomes is similar in prokaryotes and eukaryotes, and
comprises a small and a lerge subunit which consist of ribosomal RNA (fRNA) and
protein molecules, Becavse the different ’IRNA species were initially separated by
density gradient centrifugation, they are referred to by their sedimentation coefficients
measured in Svedberg units (S), In eukaryotes, the small suburiit of the ribosome is
made up of 178 or 185 tRNA and a number of proteins. The large subunit consists
of three IRNA molecules, the 58, 5,85 and 268 or 288, anl a number of proteins,

- 2.1.2 Organigation of TRNA genes

The general pattern of tRNA gene organisation is identical in most enkaryotes,
Multiple copies of the genes coding for fRNA ave organised 1a a tandemly arranged
serles (Long and Dawid, | 1980}, The repeating units which make up the tandem
clusters can be divided into the transcription unit, which is transcribed into rRNA,
and the non~{ranscribed spacer, which separates transeription units. The transeription
unit {fig, 2,1} is made up as follows: firstly there is a §' leader sequence, the external
trangcrtbed spacer (ETS); this is followed by the stnall subunit rRNA pene; thirdly
we find the internal transcribed spacer (ITS), which containg the 5,88 gene flanked

20



SSUzRNA sequence analysls ean be used us a very effective tool to elucidate
phylogenetic relations.. - § between organisins, but this technique cannot always be
used to distinguish between species, Therefore, although the SSUrRNA genes of
T, p. parva Mugugn and the cloned T p, lawrencel 7344 are identical, this does not
necessavily mean that they are the same species, The sequence similarities between
the SSUIRNA and LSURNA genes of T, p, parva Mugugn and 7, p. lawrencei 7344
do, however, indicate that these two organisms ave very closely related,

2322 The internal transcribed spacer

The slzes of the two 1TS sequences from the 3'end of the SSU to the putative 5' end
of the LSU were 1 120 bp and 1070 bp. These sequences hiave been submitted to
Genbank with aecession numbers 03601 (ITS-L) and U03602 (ITS-8). There wore
thres regions of variabllity between the two sequences, located just downstream of
the SSURNA gene and on either side of the 5.8 gene. Deletions, insettions and
substitutions were all found, and both sequences differed from the T, p. parva
Muguga and Ugands ITS sequences (Kibe et al., 1994), although ITS-S tended to be
more similar to these than ITS-L. The ITS was the first region in the T, p, lawrencet
and 7, p. parva fRNA transcription units in which major sequence variations were
identified,

Th2 5,88 gene sequence was highly conserved between the two T, p. lawrencef 7344
fRNA units and those of T, p. parva Mugugn and 7, p. parva Uganda. This 1s
different from the situation o Plasmodium felciparum in which fovr different 5.8
genes have been found /ShippensLentz ef al., 1990). Only one of these is transcribed
in the erythrocytic stage of the parasite,

The presence of iwo polymorphic JTS sequences in the eloned T p Lawrencel
parasite suggests the existence of ut least two rRNA codlng units .a 7. parvg, Kibe

et al. (1994) showed that there were two rRNA transcription units In T3 pi parva
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Mugugn LSUSRNA gene sequence have insertions of 3 and 6 bp when compared to
that of T\ p. lawrencel 7344 (fig, 2.8).

The fact that the SSUrRNA genes of 7. p. parva Muguga and a cloned
T\ p. lawrenced are identicad and thelr LSURNA genes are very similar would seem
to lndicate that these two orgunisms belong to the same species, However, although -
SSUrRNA sequence analysis has proven very useful for establishing phylogenetic

relationships neross a broad range of taxonomie levels, there are no universally
| applicable criteria for deciding how many sequence differences in SSUFRNA
sequences are sufficient to justify establishment of a new species (Stackebrandt and
Goebel, 1994), In fact, studies to dete indicate that “the resolving power of this
method dlssipates somewhere neat the species level” (Wilson, 1995), SSUIRNA
sequence analyses of certain organistas fail to distinguish between recognised
specles; examples include Mycobacteriunt avium andt M. paratubercuiosis which
have identical SSUMRNA sequences (Rogall ef al., 1990; Stah! and Urbance, 1990}
and Brlichia phagocytophila and E, equi which have a single base palr diffetence in
their SSUIRNA genes (Maidak ef ¢, 1996), On the other hand, unique SSUIRNA.
sequences have been found amongst serovars of the same species, ¢.g. Franeiselln
tularensis (Forsman ef al., 1994}, and In Escherischia coli there nre flve different
SSUrRNA sequences with sequence differcnces ranging up to 1,2% (Maidak ef af,,
1996). To further complicate the situation, more than one copy of a SSURNA gene
can be present within the same organlsm, e.g. in Halobacterlinon marismoriul the two
tRNA copies are different for 5.1% of thelr sequence (Maidok et al,, 1996). Ina
recent lurge-senle taxonomic study of the Mycobacteria In which DNA-DNA
hybridisation, SSUrRNA. sequences, antibody binding, and chiemotaxonomic and
phenotyple characteristics were compated, Wayne et af, (1996) could identify “no
single 168 rRNA interstraln sucleotide sequence difference vatue that unequivoeally
defined species boundaries”,
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CLUSTALY (Higgins ef al,, 1992) was used to align sequences obtuined from all
T, p. lawrencel 7344 PCR products with the sequences of the T. p. parva Muguga
fRNA transeription unit (Allsopp et al., 1993; Kibe ¢t al, 1994; Kibe and Bishop,
pers. comm.). The sequences aligned are listed in table 2.3 (p. 45), The alignment
is shown in fig, 2.8 (pp. 4656), The SSURNA gene is located between columns 1
and 1742, The positions of the 5,85 and LSURNA genes were vstimated by
.compari'son of our sequence with other 5,85 and LSURNA sequences, so start and
end positions are approximate, The approximate location of the 7, parva 5.85 gene
(between columns 2367 and 2546 in fig. 2.8) was determined by compayison with
two other protozonn 3.8 sequences, Prorocentrum micany (Maroteaux et al,, 1983)
and Glardia ardeae (van Keulen et al.,, 1991a; 1991b), The estimated start of the
5.88 gene was 14 nucleotides upstrenm of the highly conserved sequence, GGAT,
All known §.85 rRNA sequences begin 14 to 18 bp upstreatm of this sequence (Nazar,
1984), Sequence homology with two other protozoan LSUrRNA sequences,
Tetrahymena pyriformis (Bugberg e al., 1990} and Prorocentrum micans (Lenaers
et al,, 1989), allowed a reasonable estimate of the §' end of the T, parva LSURNA
gene (column 2929 o fig. 2.8), but the position of the 3' terminus was more diffioult
to determine due to deeregsed sequence homology in this region,

2,321  The small and large subunits

 The 7, p. lawrencei 7344 SSUMRNA gene sequence was 1741 bp In length and was
identical to that of 7. p, parva Muguga (fig 2.8), Although the T\ p. parva Mugugn
SSUIRNA gene has previously been sequenced (Allsopp etul., 1993; Alisopp, 1994),
this represents the first 7. p, lawrencel SSUrRNA gene sequence, as a cloned
T p. lawrencel parasite liad not previously been available,

There wete only minor sequence differonces between the T p, lawrencel 7344 and
T. p. parva Mugugn LSUrRNA gene sequences. Two toglons in the 7. p. parva
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Sereening of recombinant M13 plagues for M13 clones containing
LSU-1 insert, Plaques were lifted in duplicate onto Hybond N+
filters, Duplicate plague lifts {1 and 2) were from two plates (A
and B) which contained 42 and 48 clear plagues respectively.
LSU-1 PCR product was labelled wsing the Multlprime DNA
lnbelling kit (Amershiam) and used as a probe to 1dentify 16 (plate
A) and 21 (plnte B) MI3 plaques containing L8U-1 inserts,
Plagues which were detected by the probe ot both {llters were
picked for sequencing,
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Figure 2,63
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Recomblnant pUC!S clones contalning the LSU-1 PCR produet,
PCR products were end-filled and kinased and ligated into Sma I-
cut pUCIS. Recombinnnt clones were digested with Ban HI and
Eco R to ensure that they contained the correct insert (Janes 2-5).
The LSU-1 PCR product (lane 6) contatried no Bam HI sites (lane
8) but two Eco RI sltes (lane 9), A Hind III molecular weight
markers (lane M) were used to cstimate the size of the PCR
products.

39



Recombinant pUC18 clanes of the LSU-1 amplification product are shown in fig. 2.6
(lates 2-5),

Random DNA fragments generated by sonication were subcloned into M13mp18 for
* sequencing. The sonicate comprises tRNA insert and pUCIS fragments in o ratio of
approximately 1:2 (the inserts ranged in size from 1.2 - 1.8 kbp, pUCI8 15 2,69 kbp).
Therefare, apptoximately two thirds of recombinant M13 plaques obtatned would
contain pUC1S fragments, It was thus necessary to screen recombinant plaques to
select only those that had rRNA inserts, PCR products were radio-labetled and used
to probe plaque lifts of recombinant M13 clones, Positive recombinant plagues
detected by mdiclabelled LSU-1 amplification product ate {llustrated in fig. 2.7,
These plaques were pidkecl for sequencing.

2.3.2 Sequence of the T, p, lawrenzei 7344 transcription unit
The sequence of each PCR product was obtained at least oiice on each strand, The

lengths of the consensus sequences obtained for each portion of the tDNA unit and
the ~vorage number of gel characters per consensus character ate shown in table 2.2,

Table 2.2: Sequence detalls of the 7. p. lawrencel 73/4 {RNA transeription unit
obtuined from cloned PCR prducts,

Sequence  Amplifteation Totnl length  Averhge wuniber of gol charncters

primers {bp) pey consensns chavacter
88t A&B 1741 246
LSU-1 1.0 465 & IL0 467 1564 6,07
LSU.2 NC1 & NC2 1761 530
1T8-8 TLO 466 & IL0 464 1262 128

1T8-L L0 466 & 1L0 464 1315 706
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Two ITS PCR products were generated from T, p, lawrencei 7344

(Lanes 2 and 3) with ptimers 1.0 466 and ILO 464, Only one 1T
PCR product was obtained from . p. parva Muguga (fanes 4 and
5), Lane 1: calf thymus negative control renction, A Hind Nl
molecular welght markers (Iane M) were used to estimate G.o size
of the PCR produets,
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NC1 and NC2 amplified approximately 1,8 kbp at the 3' termirius (fig. 2.4, Panel C,
lane 1), A single T, p. lawrencei 7344 (RNA amplification product was obtained
with sach set of primers, The 7. p. parva Muguga positive control sample yiclded
very sirnilar products (fig. 2.4, Panels B and C, lane 2). No amplifisation product
was obtained in elther of the bovine negative corntrol redetions (fig, 2.4, Panels B and
C, lane 3). '

Two ITS amplification produets differing by approximately 50 bp wete obtained from
T p. lawrencei 7344 (Fig. 2.5, lanes 2 and 3). ‘The longer product was approximately
1.3 kbp and was designated ITS-L; the shorter one was approximately 1.25 kbp jn
length and was designated ITS-S, 7. p parva positive control samples yielded a
single PCR product (lanes 4 and 5). No smiplification product was obtained in the
bovine negative control reaction (latie 1),

Shotgun cloning and sequenclig of randomly-generated DNA. fragments is a quick
and efficient method of gathering sequence information (Bankier et al., 1987). A
linear DNA feagment is not randomly sheared by sonicatlion s the centre of the
moleculs .éxpeﬂences the maximum shear energy; lineur fragmenis tend to be halved
and subfragments halved again. To increase the tandom nature of the process, DNA
must be in a circular form for sonication, Thus, as sonicatlon was uged to shear DNA
n this study, the T0 p lawrencel 7344 ITS and LSUrRNA PCR products were
initially cloned into pUC18 and the circular recombinant plastnids were sonicated,

Taq DNA polymerase preferentially adds a single adenosine nucleotide to the 3' ends
of the double stranded DNA molecules that it proruces durlng a PCR {Clark, 1988).
These 3' overhangs had to be filled in and tlie ends of the molecules kinased before
they could be cloned into Sia I-cut pUCIS (the 3' A overhang produced by Tag
polymerase waos later utillsed for direct cloning of PCR products into a new
generation of T-vectors which became avallable, s deseribed in Chapters 3 and 4},
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Figure 2.4;
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[

PCR products of 7, p. lawrencel 7344 rfRNA genes (lane 1, panels
A, B and C), Panel A: SSUrRNA gene amplified with primers A
and B. Panel B: 5 half of the LSUrRNA genc (LSU-1) amplified
with primers ILO 465 and 1.0 467. Panel Ci 3' hall of the
LSUIRNA gene (LSU-2) ampiified with primers NC1 and NC2.
respectively, Positive 7, p, parva Muguga (lang 2, panels A, B and
C) and negative call thymus (lane 3, panels A, B and C) controls
were included with each PCR performed. $X174 rae IT (lanes
M1) and A Hind 1T (lanes M2) molecular weight markers were
used to estimate the size of the PCR products,
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In order to eliminate the possibility of obtaihin_g sequence errars orlginating early in
any one of the reactions. 3-6 clones in each orientation were sequenced, and o
congensus sequence determined, This eliminated minor sequence heterogeneities
resulting from Taq polymerase errols as well as from individual variation between
parasites, The sequencing of mote than one clone also atlowed for detection of
heterogeneous coples of the gene,

2311  Amplification and cloning of the SSUrRNA gene of T. p. lawrencei 7344

Primers A and B gpecifically amplified the SSUrRNA genes of T p, lawrencef 7344
and T. p. parva Muguga (fig. 2.4, Panel A, lanes 1 and 2, respectively) from the
mixture of bovine and purasite DNA extracted from cell culture, Bovine SSUTRNA
genes did not amplify (fig, 2.4, Panel A, lane 3), Indicating that there are sufficient
mismatches between the sequences of 165-like genes and mammalian 185 1RNA
genes at the ptlmer sites to prevent priming on the bovine fRMA transcription unit.
The T. p. lawrencei 7344 sample yielded a single arolification product of
approximately 1.8 kbp (fig. 2.4, Panel A, lane 1); this size corresponds ¢losely with
that obtained from the 7. p. parva Muguga positive control (fig, 2.4, Panel A, lane
2).

The T. p. lawrencel 7344 SSUIRNA gene contained Hind IIL and Sma 1 restriction
enzyme sites; enzymes which did not cut the PCR product interqally, Eco RI and
Bam Hl, wete therefote chosen for cloning, Right SSUrRNA clones were pooled and
sequenced in both orlentations, |

2.3.12  Amplification and cloning of the LSUrRNA gene and the ITS of
T. p. Jawrencei 7344

Primers 1L 465 and TLO 467 specilically amplified approximately 1.6 kbp of the 5'
end of the 7. p. lawrencei 7344 LSUIRNA gene (fig. 2.4, Panel B, lane 1); primers
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22.62  LSUrRNA and ITS templates

The M13 -20 forward sequencing primer was used to sequence 48 randorn clones for
L8U-1, 61 clones for LSU-2, 37 for ITS-8 and 38 for ITS-L,

2263  Sequence compilution and manipulation

Sequences were read using a Graf/Bur Markll sonic digitiser and the READGEL
program (D, Judge, Department of Biochemistry, University of Cambridge, pets.
comm,). Sequerices were assembled and edited using the Staden-Plus Program
Package (Ametsham), and aligned using CLUSTALV (Higgins et al,, 1992).

2.3 Results and discugsion

2.3.1 The need to amplify parasite rRNA genes

It is difficult to obtain T. p. lawrence! DNA freo from host DNA, With other
theilerias and T, p. parva it is possible to extract substantially pure parasite DNA
from preparations of piroplasms. Howevey, T, p. lawrencei produces very luw
- piroplasm parasitsemias and it is therefore not possible to purlfy enough piroplasms
to extract DNA, The polymerase chain - 'ction was therefore utilised to amplify
T, p. lawrencel SSURNA and LSUrRNA genes specifically from the mixture of
bovine and parasite DNA extracted from cell culture,

Tag polymerase has an errot tate of approximately 1.0 x 10 errors per base pait per
cycle, including both base substitutions and frameshift mutations (Tindail and
Kunkel, 1988; Keohavang anid Thilly, 1989; Carlello et al., 1991; Ling e al., 1991;
Lundberg et al., 1991; Barnes, 1992), Thercfore, when sequencing DNA obtained
by means of PCR, it is necessary o sequence o number of clones to detect nucleotide
misincorporations by Tag polymetase. Produets from a number of PCRs were pooled
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separated out on a 0.8% agarose/TBE gel with ¢X174 Hae III size markers (New
England Biolabs), The smear between 300 and 800 bp 'was excised and gel-purified
as described in Appendix C.7.1.

2.2.5.3  Preparation of recombinant M13 subclones

The ends of the DN fragments obtained by sonication were répai‘red and kinased
_ (Appéndix C.6), ligated into Sma I-cut and dephosphorylated M13mpl8 and
-~ transformed into competent B coli TG cells (Appendix €.8), The tecombinant
plaques were screened to select only those that had rRNA inserts, Plaques were lifted
onto Hybond N+ (Amersham) filters (Appendix C.10.1). The Multiprime DNA
labelling kit .(Amersham) was use to label the LSU-1, LSU-2, ITS-S and ITS-L, PCR
products (Appendix C,11.1) and recombinant plaques were identified by hybridising
these probes with DNA immobilized on the filters (Appendix C.10.2). Recombinant
phage plagues were picked and single-stranded templates were prepared for
sequencing as described in Appendix C.12,1.1.

2"2.6 Sequencing

The dideoxy chain termination method (Sanger et al., 1977) was used to sequence
single stranded templates as described in Appendix C.12,1, A number of clones in
each orientation were sequenced to obtain a consetisus,

2,2.6.1  SSUrRNA templates
Aliquots of eight single-stranded templates were pooled and 5 ul aliquots of this pool
were used il annealing reactions, The M13 -20 forward primer (Messing, 1983) and

a series of 5 pfimers for each strand (Elwood et 4l,, 1985) were used to sequence the
full length SSURNA gene in both directions,
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" Alignment of T, p. parva (Tpp) and T. p. lawrencei 7344 (Tpl) rRNA transcription units from the 5' end of the small
- gubunit to the approximate 3' end of the large subunit. Details of szquences are in table 2,3, Genbanl accession numbers
of published sequences are given. SSU: small subunit; ITS: internal transcribed spacer; YTS-L: longer ITS; ITS-S: shorter

Figure 2.8:
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2.3.3 Summary

There was little variation between the SSUrRNA and LSUrRNA gene sequences of
T. p. lawrencei 7344 and T, p. parva Mugugs. However, major sequence variation
was identified in the ITS regions. We hoped to identify regions within the ITS _which
could be used as target sequenc2s for distinguishing between these two parasites; this
work will be discussed in the following chapter.,

Table 23: T. p. parva and T. p, lawrencei rRNA sequences aligned in fig, 2.8,

" Genbank

S@quenoe code Stock Reference

: - gecession no,
Tpp_SSU_L02366 | T, p. parva Mugugn  L0O2366 Allsopp et al, (1993)
Tpp_SSU_L28999 7\ p. parva Mugugs 128999 Kibe et af, (1994)
Tpp. Mug ITS 126331 T p. parva Muguge L2631 Kibe er al, (1994)
Tpp Ug ITS 126332  T.p parva Uganda 126332 Kibe et al, (1994)

" Tpp_LSU.5_L28036 . - T\ p, parvaMugugs 128036 Ribe et al. (1994)
Tep_LSU dink T\ p. parva Muguga Kibe and Bistiop (pers, comm,)
Tpp_LSU_3' L2R998 7. p, parva Muguge  L28998 Kibe et af, (1994)
Tpl_SSU T, p. lawrencei 7344
Tpl_ITS-L_U03601 T p. lawrencel 7344 UD3601 Kibe ef af. (1994)
Tpl _ITS-5_103602 T p. lawrencel 7344 V03602 Kike ot i, (1994)
Tpl LSU_3" T. b lawrencel 7344
Tpl_LSU_3 T\ p. lawrencel T344

. G s
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Muguga but that their sequences were identical, They were mapped to two different
chromosomes and were niot tandently repeated. This unusual arrangement of IRNA
genes is similar in some other Apleomplexa, including Plasmodium falciparum
(Langsley et al,, 1983; McCutchan et al,, 1988), Plasmodium berghei (Dame and
McCutchan, 1983), Babésia bovis (Dalrymple, 1990) and Babesia bigemina (Reddy
- etal, 1991),

In Plasmodium, the sequences of the different tRNA transcription units are distinct
and different ones are transcribed at different life cycle stages (Langsley ot al,, 1983;
Gunderson et al., 1987; Waters et al., 1989). The polymorphisim observed bet-veen
the two rDNA units in the cloned T. p. lawrencei patasite can be used In studies to
determine whether stage-spetific transcription of the rRNA coding units occurs in
T. parva. The sequence differences between the two ITS sequences of
. T. p. lawrencei 7344 have been used to design primers which will differentially
amplify the ITS and LSUrRNA gene of the two diffetant fRNA tranécription- units
from this parasite, Primers used for amplifications were the reverse complements of
T. parva character{sation oligonucléotides 2._7344/TSS (specific for the short IT'S of
T. p. lawrencel 7344) or 3_7344/TSL (specific for the long ITS of T, p, lawrencei
7344) in conjunction with NC2 (Details of primets can be found in Chapter 3, table
3.2). Sequence analysis of the two amplicons revealed that there were differences
between the LSUrRNA coding regions of the two T, p, lawrence] 7344 transcription
units (R, Bishop and E, Gobright, pers, comm.), Work is currently in progress to
determine whether the transcription units are stage-specifically transcribed,
Qligonucleotide probes that will detect one or the other transcription unit have been
designed and probing conditions to detect the transcription units at different life cycle
stages are being determined, Preliminaty results suggest that both transcription vnits
were transcribed Into rRNA in T, p. lawrencei 7344 schizont RNA (R, Bishop, pers,

comm.).



3 313  Anadditional putative T, p. lawrencei characterisation oligonucleotide

A region conserved between T, p. lawrencei 7344 ITS-L and both T, p. lawrencei
Hluhluwe 3 ITS sequences was identified and @ new oligonucleotide, 5_TPL/TS, was
synthesised (Table 3.2), This cligonucleatide was used to sereen ITS amplificat'ion

. products of the same panel of T\ p. parva and T. p, lawrencet isolates previously used
(fig 3.1, panel 5), Probe 5_TPL/TS detected all of the T, p. lawrencei isolates except
for KNP 2 and Warmbaths 1. It did not detect T\ p. pa:va Muguga, but it did
hybridise strongly to the South Afrivan isolate, 7. p. parva Schioonspruit.

This probe was closer to the T. p. lawrencel-specific probu dat we were seeking, but
it still did not detect all of the South African T. p. taw.!'enaef isolates. We therefore
decided 1o sequence the ITS regions of a number of other 7. pgrva isolates to
determine whether there exist any regions in the ITS which could be used to
distinguish absolutely between &% the causative agents of East Const fever and all the
causative ageits of Corvidor disease,

3.3.2 Nucleotide sequence o' the ITS of a range of T. purva isolates

At this stage sufficient ITS sequence data had been accumulated to plan a new rapid
steategy for cloning rnd sequencing 1) parva ITS amplification produets. Restriction
enzyme sltes were added to the ITS amplification oligonucleotides, such that the PCR
products could be digested and cloned directionally into the M13 sequencing vectors,
Four infernal sequencing primers were identified which, along with the M13 <20
forward sequencing primer, could be used to obtain the entire sequence of the non-
coding strand of each cloned ITS relatively quickly.

ITS sequences were amplified, clofied and sequenced from the 7. parva Isolates Jisted
in table 3.1. Many of the {solates contained more than one ITS sequence (Table 3.3),

This might Indicate that these isolates contain mixed populations of T. parva
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probes mpay offer information on the relatedness between isolates but did not
distinguish between the causative agents of Bast Coast fever and Cotridor disense.
~ As a further step towards refining probes that might define a broader grouping of
T. p. lawrencel isolates, we sequenced the ITS of T, p, lawrencei Hluhluwe 3,

33,12  Nucleotide sequence of the T. p. lawrencel Hiuhluwe 3 ITS

Two T. p. lawrencei Hluhluwe 3 ITS amplification products were pencrated and they
were ¢loned and sequenced sepatately, The two ITS sequences from the 3 end »f the
SSIIIRNA gene to the putative §' end of the LSURNA gene were 1210 bp (ITS-L)
and 1144 bp (IT5-8) in length, The T p; lawrencel Hluhluwe 3 TTS sequences
compriseﬁ an arrangement of conserved and variable reglons similar to that
previously observed in the YTSs of 7. p. lawrencet 7344 and 7. p, parva Mugugs and
Uganda. T, p. lawrencei Hluhluwe 3 ITS-L contained « unique insert, approximately
70 bp in length, located in the conserved region between V1 and V2 (see the region
between columns 206 and 287 in fig, 3.2, no. 8L), which nccounted for the large size
difference between the two T, p. lawrencel Hluhluwe 3 1TS seqﬁences. There were
also other minor deletions and insertions as well as nucleotide substitutions (flg. 3.2),

Stmilarities to each of the T, p, lawrencel 7344, T. p. parva Mugugsa and T, p. parva
Uganda sequences wete observed in different teglons of the 7. p. lawrencei Hiuhluwe
3 ITS, For exampie, in the first variable reglon (VI), . p. lawrence! Hiuhluwe 3
ITS8-3 (no. 88 in fig, 3.2) was sitilar to the 7 p. parva Muguga ITS, whereas in the
second variable region (V2) it resembled T, p. lawrencei 7344 ITS-1 (no.7L.in fig,
3.2). As aresult of further vatiation downstream of the 5,88 gene it was similar to
T\ p. lawrencel 7344 ITS-3 (no. 78 in flg. 3.2),
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PROBES

R B s T p fwrencel 73441
x “ 0 WS 7.0 lawrencel 7344 2
S = $E T o inwrence/ Hihluwe 3
& T Tp. lawrencel kNP2
T, p. lawrence! Warmbatha 1
T p. lawronce! Warmbaths 2
_ T p. fawrsnoel Warmbaths 3
o | - T.p. fawrenoei 9890 (1891)
| SR 7. p. lawrencel 9800 (1003)
T p. parva Muguga SM
_ T p. parva Muguga LN/MIA
e T p. parva Schoonaprult

Gatf thymus -ve conlrol

Figore 3.1:

TARGET
DNA

* Putatlve ITS characterisation oligonucleotides for 0 p. parva (1_TPP/TS) and T. p. lawrencei (2,.7344/1SS,

3_T344/TSL, 4_7344/T8, 5_TPL/TS), ITS PCR products were slot-blotted onto Hybond N++ and probed with 3' end-

Inbelled oligonucleotides. Deuails of probes are in table 3,2,



3,3.1.1  Experimental probes based on T. p. lawrencei 7344 and T. p. parva
Muguga and Uganda ITS sequences

One putstive 7. p, parva and three putatlve T, p. lawrencei characterisation
oligonueleotides were designed in the ITS region. Details of the probes are shown
in table 3.2, Probe 1 TPP/TS was designed in a region of the ITS that was specific
to T. p. parva Muguga atid Uganda. Probe 2_7344/TSS was unique to the shorter
ITS of T. p. lawrencei 7344 while probe 3_7344/TSL was unique to the longer ong,
Probe 4._7344/TS was designed in a repion that was conserved between fie two
T. p. lawrencel 7344 TS sequences, ITS amplification products of a number of
T\ p parva and T, p, lawrencei isolates were slot-blotted and probed with the four
tadiolabelled characterisation oligonucleotides (fig. 3. 13.

Probe 1_TPP/TS hybridised strongly to T. p. parve Mugugn and Schoonspruit
sumples (flg. 3,1, panel 1) and wenkly to only one of the South African
T. p. lawrencei ficld isolates (Warmbaths 3), This oligonueleotide appeared tobe a
good candidate for a T, p. parva-specific probe,

Probe 2_7344/188 (fig, 3.1, penel 2) detected only T. p. lawrencel 7344; it did not
hybridise to any of the other isolates tested, Probe 3_7344/TSL (fig, 3.1, panel 3)
detected T\ p. lawrencel samples 7344 and KNP 2 and hybridised weakly to
Warmbaths 1, but it also detected 7. p, parva Schoonsprult, Probe 4_7344/TS (fig.
3.1, panel 4) detected 7, p, lawrencel 7344 and hybridised weakly to 7. p. lawrencel
KNP 2, but did not detect any of the other T, p. lawrencel samples tested, None of
these probes detected the South African 7. p. lawrencel isolate, Hivhluwe 3,
indicating that this isolate differs From 7. p, lawrencel 7344 in the variable region of
the ITS where the probes are located,

The sequence differences detected by probes 2.7344/TSS, 3_7344/TSL and
4, 7344/TS appaared to be Jsolate-specific rathet than subspecies-gpecific. These
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3,24 Experimental probe design and testing

The ITS sequences were aligned using CLUSTALW (Thompson et al., 1994) and the
Geneties Data Environment (GDE) alignment e-Lior (Smith, 1992}, and the alignment
is shown in figure 3.2, Eleven negative strand characterization probes were designed
-in uniaque regions (Table 3.2).

A modification of the slotblot hybridisation of PCR products desctibed by Saiki et al,
(1986) was used to secreen ITS amplification products with radiolabelled
oligonncleotide probes, PCR amplification of the ITS region of a number of T, parva
isolates was performed ag described previously, usiiig unmiodified primers ILO 466
and ILO 464, A 10 pl aliquot of each PCR product was denatured and slot-blotied
onto replicate Hybond N+ filters (Amersham) as deseribed in Appendix C.13. One
filter was prepared for each probe to be used, The filters were pre-hybridised in
0.5 M sodium phosphate buffer (pH 7.5) and 7% SDS (modified from Church and
Gilbert, 1984) for at least one hour at 65°C in a Hybaid hybridisation oven,
Oligonucleotide probes were 3' end-labelled with [6-**P] using terminal transferase
(Appendix C.112) and were added directly to the hybridisation solution.
Hybridisution was carried out at T, -20°C overnight. The filters were washed in
4x53C (Appendix B), three times at room temperature for 10 minutes, and once at
Tor10°C for 1 minute, Filters were autoradiographed with Cronex 4 X-ray film (Du
Pont) at -80°C with an intensifying screen for 2,5 hours and overnight.

3.3 Results and discussion
3.3.1 The search for T. p. lawrencel- and T, p. parva-specific probes in the ITS
This section describes how the search for characterisation probes developed. At euch

stage the probes designed showed where more data were required, modifications were
then mado and further probes designed as the extra data became available.
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3.2.32  Primers for sequencing T, patva ITS amplification products

The T p. lawrencei 7344 and Hluhluwe 3 TTS sequencas were aligned with those of
T. p. parva Muguga and Uganda (Kibe et al., 1994). Four internal primers (Table
3.2) were designed for obtaining the sequence of the non-coding strand of the entire
1T8, along with the M13 -20 forward sequencing primer, The sequencing primers
were complomentary to the coding strand and were focated approximately 250 bp
apart in conserved regions of the T, parva ITS.

3233  Cloning and sequencing of ITS amplification products

Allquots (5 i) of PCR products were digested with Zeo R, Sac I, Xba I and Hind
IIT {Appendix C.5), to select enzymes for directional cloning which did not cut the
PCR product internally, None of the ITS amplification products contalried Internal
Eco RY or Hind 1T sites,

For each isolate, amplification products from three PCR vetctions were pooled,
digested "vith Eco RI and Hind 10 and gel-purified using the Wizard™ DNA
purification system (Appendix C.7.2), The resultant sticky-ended PCR products were
ligated into appropriately digested M13mp19 (Appendix C.8), Single-stranded
templates of six clones from each isolate were sequenced by the dideoxy chain
termination method (Sanger et al., 1977) using the M13 -20 forwazd primer and the
four internal sequencing primers (Appendlx C.12.1), Autoradiographs of sequencing
gols were scanned and sequerices determined using an sutomatic base scanner and
semi-antomatic base-calling software (Amersham); gel readings were assembled and
edited using XBAP (Staden, 1994),
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Table 3.2; Oligonucleotides used for amplification, sequencing and probing of the T. parva ITS,

T

Identliy Stund oy Sequence 8.3 Remarks
Amplification aligonucleotides o o
) - _ Modlifled from Kibe et al, 11994,
mILO 466 - 826 g‘:’g? rég ;ﬁg Q%C_‘r;_[‘.l%ﬁ GGA ACE includa restriction enzyme sites for
claning
; : Madifled from Kibe et af. {1994},
. @CT CTA GAA GCT TCC GTT GAC
miLO 464 + 80.3 AAA TTG AAG GQA T TG L?:LL;:; resttletion enzyme sited for
Sequencing uﬁgmuclenﬁﬂ&s_ _ _ e _ _
"TPTS1 + 593 TAGTTTTAG TGO GAA GAT @ Sequencing primer for 7, parva ITS
TRTS2 + 63,1 GAG TAQ COG GGT AAG C Seguencing priener for 7% parva ITS
TPTS3 + 64,1 GG'_I" QBATGTCTTGGC TC Sequeniclng primer for T, pasvg 1T8
TPTS4 % 593  TTAATOAGT GAAACTAAGC ~ Sequencing primer for T, parva ITS
_ Experimental probes _ ) ' B
' . - Spevific for T2 p, parva Ugnnda and
1TPRITS - $3  TAATAQGTTAATAAATTAACCCA  \EW oo
LTSS - Gl ATATAGTAATGTAACTAGTOCG  prectoforT p. lawrencel 7344
3_TIA4/TSL . 724 #gg éGT AGT TCC CTC TGE AAC IS'F;fEm for T\ p, lawrencel ‘1344
— Speclfic for T\ p, lawrencel 7344
4,.7344/T8 - 62,1 ATT AAC COT AAA GBQ TTW CTA A ITS-8 nnd L,
GTG ATT ACA ATG SAA TTA CAA Specific for T p, lawrence! 7344
STLTS - B2 T and Hiuhlywe 3 1T
TPRL . 550 AGATTAATAAATTAACGCCA Speeiic for To py parva isolates
- , Specific for Zlmbabwesn
TFR2 - 507 TGT TAW TAA AAT TAACOA A T. p. patve lsolates
TPLI < 33 CTAAAGCOGT AAAACC OAAT el for group 1 7. p. et
PL2 - 66  TARGTCCGAAGACYC WAA A Uheclftefor group 2 7. p. kwrencel
TPL3Y - oa® AAGOCHAAW GGGTTW CTAAA  opelfic forgroup 3T.p. lawrencel
T3 - S50 GOTAAAAAG GGTTTGTAAA iocalfic or group & T. p. lawrencel
*Tyet  the temperatare ot which S0% of the prabo / targel DNA duplexes nre dlesacinted. Sew Appendix O lor

eolculndion of dissoclation tlemperalures,
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32,2 Cloning and sequencing of the T. p. lawrancei HluliluWe 3118

1. p. lawrencei Hiuhluwe 3 is a South African T p, lawrenced isolate, derived from
buffalo, which has réemained unchanped after stocessive passhges through cattle
(Potgieter et af., 1988), The ITS of this isolate was amplified with primers ILO 466
and ILO 464 as described in seotion 2.2.3 and two amplification products were
obtained. They wete isolated by fractionation on 2 1% agarose/TBE gel and the two
fragments were excised separately as previously described (section 2.2.5.1), Each
fragment was cloned directly into pGEM-T (Promega) as described in Appendix C.8,
Shotgun cloning and sequencing (Bankier ef al, 1987) was used to obtaln the
sequences of the PCR products as described in section 2.2.5,

3.2.3 A new strategy for amplification and sequencing of T, parve ITS regions

After obtaining the full sequence of the T, p, lawrencei Hluhluwe 3 ITS we altered
our methods in order to gather information from the other isolates more capidly, The
amplification primeis were modified to facilitate more rapid cloning, tnternal
sequencing primers were designed to avold the need for shotgun sequencing, and &
decision was taken to sequence only one strand of each amplicon,

3231  Amplification of T, parva ITS regions

T, parva-specific oligonucieotide primers, ILO 466 and ILO 464 (Kibe ef al., 1994)
were modified such that the resuiting IT'S amplification products could be digested
with a selection of restriction enzymes, Eco Rl and Sac Isites wete included at the
5'end of ILO 466; Xba I and Hind I were added to the 5' end of IL0 464 (Table 3,2).
PCR amplifications were performed and the amplicons analysed as deseribed in
Appendix C,3. Cycling conditions wete: 72°C for 1.5 minutes, 95°C for 1 minute
and 60°C for 1 minute, for 30 cycles,



Table 3,1: Theileria stocks used as sources of DNA from which ITS reglons were sequenced

Stock /

Species orlgin Remarks Reference
. . Isolate cade . . . :
e = ==
T parvaisolated  Muguia Fleld Isolate from Klambu Distriet, Konya, Bast Brocklesby & at,
from caltle . Couast fover reference stock, {1961)
Muguga Schizont-Infected lymph node materint feam B T, 'T. Dolan {pers.
LN/MIA bovine lufected at ILRAD, Nnimbl. with T parva com.)
_ | Mugugn, _
Muguga SM 8 ‘blzont-infected tymph nods mitetlal fom 4 L. G. D, Brov (pers.
b avinie Infected at the CTYM, Bdinburgh, with cotm,)
i\ parva Muguge, 3
Schoonsprait 1solnted |n 1937 from natural bovine BCP infection  Naitz (1948)
. InTransvadl, Sonth Africs. )
T.p/CHIG lsolnted from naturadly Infected bovine on Chikeyn  Bisliop et al, (1594}
farm, Zlmbisbwe, Typed 85 ‘catié-derlved' using
B . MAb profilg and Thr & rRNA probes. L
T fCHI/23 Animal experimontally infected by tioks cnllcctcd Bishop et af, (1954)
from reacting animal ot Chikeya farm, Sovere
reneiion, dicd, Typeo as ‘eottle-dodved® ustog T
& rRNA probes, but *“suffalo-detlved® vsing MAb
_ profiie, _
T JAYR/)2 Isolnted from risturally Infected bovine o Ayrshite  Bishop et al, (1994)
farm, Zimbabwe, Tyned ns ‘cattle-derlved” uslog
MAh profile and 7pr & rRNA probes. _
T. parva lsolated  7344/Q5/RS5/E8 _Clotie pencraied from ay lsobats made in Lalkipin Kaelukl et erf, {1990);
from buifalo Distrles, Kenyn, fram nalurofly infecied buffalo Morzorin ef af, {1995}
7014, Classlcat Corridor disease In cattlo, _
Hiwhinwe 3 Isolated (rom npturaily Infected buffalo In Notal, Polgicter et of, (§988)
South Africn, Extensive passngo through cartle,
stable Corrldot disease clinleal pleture, _
KNP 2 Isofated from naturally Infected buffalo fn the H. Stoltsz {pers,
Kruger National Park, enstern Tennsvanl, South comm.}
_ Afrien, Clossleal Corrldor disease in catle, _
T.p/BAL/2S Anbmal oxperimentally infocted by tleks colleciod Bishop et af, {1594)
from bulfolo grozed paddock, Bally Vaughn Game
Park, Zimbabwe, Typed rs 'buifalo-dprived® using
MAb pra(lle and T prohe,
T.pJ/BALI3 Protuced severe renctlon in caitle, typed as G, K. Konhnt and P,
"eufiile-derived’ using MAD profile. Spooner {pers, comm.}
Tp/MAS/IE Nureet Infection In bovine kept on buffolo grazed  Blshop et al. (1904}
paddock, Masurd facm, Zimbabwe. Typed ag
*huffalo-derived® uslng MADb profile and Tpr &
TRNA probes, _
T.pdMAS/AG Natyral inflection in bovino kept on buﬂ‘nlo grazed Bishop of af, (19943

paddoek, Masuel firm, Zimbabwe, Typed us
‘buffhlo-derlved’ uslng MAb pmﬂ!e aricl Tpr &

m gmbes.
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the general degree of conservation in the ITS of Drosophila and suggested that
approximately 40% of spacer sequences are not free to diverge. The non-constrained
parts of the ITS evolve with a rate close to the neutral rate of evolution in

Drosophila.

The vatiability displayed in the ITS can thus be used in phylogenetic studies and the
development of species- and strain-specific probes. ITS regions have been used to
distinguish between species of yeasts (Botelhio and Planta, 1994; Mitchell et al.,
1992), Anopheles mokquitoes (Porter and Colling, 1991), trichostrongyle nematodes
(Gasser e al,, 1994), trematodes (Adlard et al., 1993; Anderson and Barker, 1993)
and a numnber of protists (Cai et.al., 1992; Cevallos et al., 1993; Chambers et al.,
1986; Goggin, 1994; Lee and Taylor, 1992),

- In an attempt to find oligonucleotide probas to distinguish between 7. p. lawrencel
and T. p. parva parasites, we sequenced the ITS of a number of 7. parva parasites
from South Africa, Zimbabwe and Kenya,

3.2 Materials and methods
3.2.1 Parasites and preparation of DNA

DNA extractions were petformed us described in seotion 2,2.2 and Appendix C.1.
DNA from the Zimbabwean T, parva isolates was pravided by R. Bishop
(International Livestock Research Tstitute, Naiiobl, Kenya), ITS sequences were
amplified frdm DNA extracted from the eleven 7. parva isolates from South Africa,
Kenya and Zimbabwe detailed in Table 3.1, T. parva DNA samples vsed in
characterization studies were extracted either from schizont-infected lymphoblastoid
cell cultures or from whole blood,
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CHAPTER 3: SEQUENCE VARIATION IN THE THEILERIA PARVA
INTERNAL TRANSCRIBED SPACER

3,1 Introduction

In the previous chapter I described the finding that the SSUrRNA genes of
T. p. parva and a T, p. lawrencel clone are identical and the LLUrRNA genes are very
similar, but that there is considerable variation in the internal transcribed spacer. We
therefore decirled to search for T. p. lawrencei and T. p. parva specific probes within
the ITS,

Various studies indicate that there are different rates of evolution in different regions
of rDNA. (reviewed in Hillis and Dixon, 1991). In subgroups of Dfosophila
melanogaster variation has been shown td be greatest in the non-transcribed spacer,
the internal transcribed spacer exhibits less variation, while the rRNA coding regions
are almost identical (Coen et al., 1982a; 1982b; Strachan et al., 1982). A similar
sitnation obtains in the rDNA within and between other species. Sequence
divergence is found in the transcribed spacers of Xenopus laevis and X, mulleri
(Brown et al., 1972) and X, laevis and X. borealis (Furlong and Maden, 1983;
Furlong ef al., 1983), whereas the rRNA genes of these species have only rare
microheterogeneities. Amongst primates, there is greater sequence divergence in the
transcribed spacers than in the 285 genes, where substitutions are clustered in the
variable reglons (Conzalez et al., 1990),

Although IT'S regions display greater varlability than the tRNA coding regions,
functional analyses of the ITS in yeasts have shown that some regions in the ITS are
conserved and are essential for correct and efficient processlng of rRNA genes
(Musters ¢f al,, 1990; van der Sande ¢f al., 1992). Scalditerer ef al, (1994) assessed
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All of the South African T. p. luwrencei isolates were detected by one or more of the
T. p. lawrencei probes, but none of them was detected by TPP1, which detected
alrost all T, p. parva and T. p. bovis isolates, If TPP1 is truly detecting only
T, p. parva and T. p. bovis isolates, this might indicate that there are no such pafasltes
in South Africa, at least not amongst the isolates that we have sereened in this study.
All the isolates of the South African T, p. lowrencei Hluhluwe 3 stock, made after
different nunbers of passages, wete consistently detected by the sarme probes (TPF2,
TPL1 and TPL3a), These results suggest that the genotype of this isolate has changed
little after extensive passagé through cuttle which supports reports that it has never
“transformed’ to a form that could cause ECF (Potgieter et af., 1988; I, Stoltsz, pers,
comm,).

All of the isolates obtained from cattle in Zimbabwe were detected by TPP1, except
for T\p./CHI/23. This cotrelates with a previous study (Bishop of al., 1994) in which
all of the sume isolates, except for T.pJ/CHI23, were typed as ‘cattle-derived’ using
anti-schizont MAbs and RFLP analysis and probing with T, parva Tpr repétitive and
ribosomal DNA probes, 'T.p/CHI/23 was obtained from Chikeya farm, whete the
cattle were not exposed to 7, parvae infection from buffaloe, yet sereening with a panel
of anti-schizont MAbs indicated that this isolate was miore similar to isolates from
buffalo from elsewhere in Zimbabwe (Bishop ef al., 1994), However, the fRNA getie
pattern was similar to that of isolates from cattle and although the Tpr RELP pattern
differed from the predominant genotype seen in most isolates from cattle, it was not
similar to that of the other isolates putatively from buffalo, ITS sequence analysis
indicated that this isolate contalned thiee distinet ITS sequences (section 3.3.2),

T. parva Boleni (Lawrence and Mackenzie, 1980) was the only isolate made from
cattle in Zimbabwe which was detected by ohe of the 7. p. lawrences ITS probes,
TPL1, as well as by the T, p. parva probe, TPP1. Bishop et al, (1994, were also able
to distingnish between this stock and other Zimbabwenn isolates from cattle by using
a telomeric probe, T, parva Boleni is being used for lmmunization in Zimbabwe as

78



Table 3.4: Probing of amplified T. parva TT'S regions with experimental chatacterization
oligonucleotides
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Table 3.4: Probing of amplified T. parva ITS regions with experimental characterization
oligonuclectides :
PROBES
I. PARVA ISGLATES —
Qripin Name f Isolate code TPL: | TPE2 | TPL3a { TPL3b
‘Mugnga LM p - - - -
Mugnga SM - - - -
Mupupa 532433 _ - - - - -
Kenya Mugnga BI00 3 - - - - -
Maciakani G2REAGERET - - - - F
Marikebuni G371 o - - - +
Marikebni £171 ] - - - - +
Uganda BH3312 " - ¥
Ugendla Upanda BH257 3 - - - -
Burandi Bumndi - - - - _ ¥
) Malawi Malawi Y - = —
' [ Zebia V1 2 p T =
Zambia Zamibia S105 & - - -
Zanibia Ll + - - -
o South Afvica Schoenspruit + - -
| Zimbaowe Boleni D770 * = m
i} (vaccinestrain) | Boleni BH2 3369 % - -
Tp/CHUI® - p - -
| TpaCHING - - - -
T.pCHES - - - -
T.p/CHI2D - - - -
TpJCHIZ1 - - " -
TpfCHIZ2 . - - - -
: TpJCHUZ3 +
73| Zmbabwe TRIAYRIA) * * * +
TpJAYRIE2 - - -
T-pIAYRIS - - -
Tp AYRII4 - - - -
T, - - -
Tp/AVEY 5 - -
_ L : - - -
Kenya T344TGSIFSIER = = ry =
Hipklove 3 + - 5 -
{ Biuhfowe#3 + - +
B Hinhiowe 5 + - +
L4 Bluhlowe 36 + - + -
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[ F | P2 - - s
A - KNE/S4 1 - - - * - -
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TpmALDT AR - | - - -
Tp/BALN3 - - + -
T.pm - - + +
Zimbabwe | Tamiass7 : * * *
Tp/MASHS - - - z Z
Tp/MASEY - - % .
Tp/MAS/40 = - - 3 -
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Fig. 3.3t  Cundidate region for distination between T, . parva and T p. lawrencei genotypes, Boxes are drawn around the sequences of the
experimental probes, From a total of nine ITS sequences from five Isolates obtained from cattle we found three differsnt sequences
in this region, whereas of fourteen sequences from sevett isolates obtained from buffalo there were thirteen different sequences,
This is representative of the rest of the ITS; the isolates from buffalo wete more variable,



3.3.3 Screening of I\ parva isolates with new ITS experimental probes

One variable region In the 1051 appenred to be a likely target for distinguishing
between T, p. parva and T, p. lawrencel isolates (Fig, 3.3). The 7. p. luwrencel
isoldtes could be divided into three groups on the basis of sequence differences in this
region, Six new experimental characterisation oligonucleatides wers designed (Table
3.2). The results of screening T\ parva ITS amplification products with the six new
ITS probes are shown in Table 3.4,

The putative 7. p. parve probe, TPP1, hybridised to all of the isolates originating
from cattle, with the exception of 7 parva Ma+'skani and T.p/CHI/23, TPP1 did not
detect any of the South Afvican 7. p. lawrenc.+ isolates, but it did hybridise with two
of the stoeks which_haid putatively been {solated from buffale in Zimbabwe, That
TPP1 detects both 70 p. parva and T, n, bovis isolates but not T, p. lawrencel isolates
suggests that the former are more o «e'* related to each other than they ate to
T p. lawrencel, There was no pattern which distinguished T, p. parva Isolates from
all 7. p, bovis isolates, although TPP2 detected nine out of the thirteen Zimbabwean
isolates from cattle. TPP2 was designed spesifically to detect isolates, obtained from
cntle tn Zirbabwe, whose sequences were slightly different from these of other
T, p. parva ls "wies (Rip, 3.3). However, this probe olso hybridised to 7. p. luwrencei
Hiuhluwe 3. '

The oligonucleotide designed to detect group 1 T0.p. lawrencel isolates, TPLI,
detectsd seven T. p. lawrencet isolntes but nlso a number of T p. parva isolates.
Between them, probes TPL2, TPL3a and TPL3b detected 19 of the 22 T, p, lawrence!
Isolates tested, Probes TPL2 and TPL3a did not hybridise to any of the isolates
origlnating from cattle, except for T.p/CHI/23 from Zimbabwe, Probe TPL3b
detected seven T, p. parva isolates,
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We have demonstrated that the 1TSs of both T p, parva and T, p. lawrericel parasites
contain different combinations of idcntifiable segments of sequence in the variable
reglons, resulting in a mosaic of ITS sequence segments. This suggests that the
T. parva parasites have undergone genetic recombination, Recombination events
between different 7, p. parva genotypes have been unequivocally demonstrated,
Unlqus genetic markers were used to study isolates made aftet joini: passage of the
original genotypes through ticks (Bishop, pers. comm.), This finding adds Lupport
to our cohclusion,

Some studies of IT'S sequences indicatr: that, in many species, intraspecific variation
in ITS sequences is undetected or low (Porter and Collins, 1991; Lee and Taylor,
1992; Botelho and Planta, 1994; Gasser ef al., 1994; Zhuo et al., 1994), This is
probebly due to homogenisation which {s thought to occur 1n tandemly repeated
genes and results in new mutations spreading through the tRNA genes in a tandem
‘array, The mechanisms involved include unequal crossing over, gene conversions
and transpositions (Dover, 1982), In species where new mutations have arisen but
have not yet undergone homogenisation, there may be extensive intraspecific ITS
variation, This vasiation can be used to distinguish between Isolates and strains, ITS
sequence differences have been used to distinguish between closely related bacteria;
notably species and strain. of mycobactetia can be distinguished in this way (De
Stet ot al., 1995; Frothingham and Wilson, 1993; 1994), Two or more distinct 1TS1
types were shown to exlst in isolates of Eckinococcus granulosus (Bowles and
MeManus, 1993), which is very similar to the situation that we have found in the
T, parva ITS. Sequence divergence between a pathogenic and a non-pathogenic
strain of Entamoeba histolytica hag been found in the 11'82 (Cevallos er al., 1993),
Major differsnces in ITS1 and ITS2 scouences correlate with pathogenicity grouping
of 1solates of Leptosphaeria maculans (Morales ef al., 1993), Three distinet ITS
types were found in Trichoderma harzlanum Isolates; grovp 2 isolates, which were
aggressive colonizers of mushroom cotpost, could be distinguished from the other
two groups using the ITS sequences (Muthumeenakshi e al,, 1994),
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homogeneous (Bishop et al, 1994), In the same study T.p/CHI/23, another lsolate

originating from Chikeya farm, was found to be atypical, in that its Mab profile was

similar to Zimbabwean stocks which were putatively derived from buffalo, but the
tRNA gene pattern was similar to that of isolates from catile. The Tpr RELP pattern

differed from the predominant genotype seen in most isolates from cattle, but it was

not similat to that of the other isolates from buffala. We have found three distinet

ITSs in T.p/CHI23 (table 3.3), which is thus likely to be from a mixed infection.

The three ITS sequences were all different from the two ITSs of T.p/AYR/12 and

T.pJCHU16 (fig 3.2). |

T.p/MAS/38 and T.p/MAS/40, two isolates obtained from buffalo on Masuti fatm,
also each contained two ITS sequences, The ITS-L sequences shared 99.3% identity
but the ITS-S sequences wete identical (hos. 12L, 128, 13L and 138 in fig. 3.2).
Differences in the YTS-L sequences of these isolates oceurred as a few point
mutations which sugpests that these sequences have only very tecently divergéd from
8 common genotype.

By contrast two isolates obtained from buffalo on a second farm, Bally Vaughu,
T.p./BAL/25 und T.p/BAL/93 each contained two ITS sequences and all four of
these ITS sequences were distinet (nos. 10L 108, 11L ud 118 in fig, 3.2), Itis
Interesting to note that the longer ITS sequence of each of these Isolates contained the
large insert of approximately 70 bp which was previously observed in the conserved
segion between V1 and V2 in T, p, lawrencei Hluhluwe ITS-L (s¢e the reglon
between columns 206 and 287 in fig, 3.2), This insert was also found in
7. p. lawrencei KNP 2 1ITS-L (no, 9L in fig 3.2). The sequence of thls insert was
virtually identical in these four isolates, differing by only two ar three point mutations
per sequence, 8o it s rensonable to assume that these isolates shared a common
ancestor in the relatively recent past,
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The full length of the T parva ITS sequences from the 3' end of the SSUIRNA gene
to the pulative 5' end of the LSUTRNA gene varied between 1058 and 1210 bp. The
ITS1 varied between 500 and 600 bp in length and contained two variable regions as
desctibed in Chapter 2, The Theileria 5.88 geue was approximately 180 bp in length
and was highly conserved between all of the I% parva isolates studied, The ITS2 was
apptoximately 300 bp long and could be further divided inte two variable regions (V3
and V4) sepatated by a conserved sequence (fig, 3.2),

Few of the ITS sequences were itentical to any other over their full length, However,
each ITS had sections homologous to those of a number of other ITS sequences
- within the variable reglons. For example, T, p. parva Schoonspruit ITS (No, 3 in fig,
3.2) was initially similar to 7. p. parve Muguga and Uganda at the beginning of V1,
but in the middle of V1 (see the region between columns 61 and 111 in fig, 3.2) it
changed to resemble T, p. lawrencei 7344 ITS-L (no. 7L in fig, 3.2). At the start of
V2, T p. parvg Schoonspruit was once again identical to 7. p. parve Mugnga and
Uganda, whi ¢ in the middle of V2 its sequence became more similar to those of
T, p. lawrencei 7344 TIS-L, T. p. lawrencei Hluhluwe 3 ITS-L and ITS-§ (seo
column 619, fig. 3.2). - In V3 and V4 the 7. p. parva Schoonspruit ITS again
tesembled that of T. p. parva Muguga and Uganda,

The ITS sequences obtained from the Zimbabwean isolates, T.p./AYR/12 and
T.p/CHI/16 were almost identical. The isolates were obtained from caftle on two
different fatms, Ayrshire and Chikeya, whete there were no buffale, nor ticks which
may have fed on buffalo, Each of these isolates contalned two ITS sequences, a
longer one (L) and a shorter one (S) (table 3.3 and nos, 4L, 48, 5L and 58 fig. 3.2),
T.p/CHI/16 ITS-L was 98.3% identical to T.pJAYR/12 ITS-L, while T.p./CHI/16
ITS-S and T.p/AYR/12 ITS-S were identical, This finding correlates with a previous
study in which RELP analysis and probing with 7. penwa Tpr repetitive and ribosomal
DNA probes and screening with a panel of antl-schizont MAbs indicated that
T, parva parasites isofated from cattle on nine farms in Zimbabwe wete relatively
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Figure 3.2: Alignment of ITS sequences obtained in this study with 7, p, parva Muguga (Genbank accession number L26331) and Uganda
(Genbank accession number 1.26332) ITS sequences (Kibe et al., 1994). ITS sequences are numbered and correlate to ITS
sequences listed in table 3.3, Variable regions in the 7. parva ITS1 can be found between columns {0 and 567 (V1) and
between columns 619 and 752 (V2). The 5.8S gene is located between columns 756 und 935, The ITS2 of 7. parva can also
be divided into two variable regions between columns 936 and 1079 (V3) and between columins 1174 and 1270 (V4), ~;
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parasites, as most of them were field isolates and not cloned parasites. However, we
had already demonstrated sequence polymorphism between the two ITS sequences
within a cloned parasite (Chapter 2; Kibe er al., 1994), so the presence of more than

one ITS sequence was not necessarily an indication of the presence of a mixed

isolate, An alignment of these ITS sequences with T. p. parva Muguga and Uganda
ITs séquences (Kibe et al,, 1994) is shown in fig, 32,

Table 3.3: Number of ITS sequences cloned and sequenced from each T, parva

isolate
Species origin Isolate No,of ITS Length Designation  No,in
. _ ' sequences  (bp) fig, 3.2
T. parvg isolated  Mugugn 1 1286 1
from cattle LNMI
Muguga M 1 1286 2
Schoonspruit 1 1310 3
T.p/AYR/2 2 1329 ITS-L, 4.L
1318 ITS-S 4.5
T.pJCHING 2 1328 ITS-L 5L
1317 IT8-8 5-8
T.p./CHI23 3 1342 ITS-L 6L
1304 ITS-§1 681
_ 1305 ITS-82 6-82
T\ parva isolated  T344/GS/FS/ES 2 1316 ITS-L L
from buffalo 1263 IT8-3 7.8
Hiuvhluwe 3 2 1405 ms.L 8L,
1339 ITS-8 8.5
KNP 2 2 1354 ITS-L B.L
1267 1T8-8 9-8
T.p/BAL/25 2 1396 ITS-L 10-L
1368 ITS-8 10-§8
TpJ/BALG3 pl 1357 ITS-L L.
1204 1T8-8 11-8
T.p/MAS/38 2 1333 ITS-L 12-L
1253 1T8-§ 12-8
T.p/MAS/A0 2 1334 ITS-L 134,
1253 IT8-8 13-8
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PCR amplification with primers 613 and 792 genernted products approximately 1000
bp in length from the T, p, lawrencei Hluhluwe seties {fig. 4.1, lanes 5.8) and the
Zimbabwean isolates from buffalo (data not shown)., However, four p67 gete
amplification products were generated from each of the four new T, p, bur . cticel
KINP/94 stoeks (fig. 4.1, lones 1-4), The shortest of these was 800 bp in kength (this
PCR product was designated S), there was a medlum-ength product of
approximately 900 bp (designated M) and a doublet at approximately 1000 bp
(designated L1 and L2), There are therefore at least four different parasite genotypes
in each of the four 1\ p. lawrencel KNP/94 stocks, as the p67 gene is a single copy
gene (Nene et al., 1992), It is possible that these were not all derived from T, parva
(see section 4.3.3), That an identlcally-sized set of four different PCR products wete
amplified from each of these stocks, might indicate that thete was a uniform mix of
parasite genotypes in the buffalo herd from which these stocks wete Isolated, ITS
probing data (Chapter 3) also indlcated that these four buffalo were carrying a
uniform population of patasites: all fotr were detected by the 7. p. lawrencei ITS
probe TPL2, but by no othet ptobes.

4.3,2 Variation between 7. parva p67 sequences

The 7, parva p67 nucleotide sequerices obtatned in this study were aligned with p67
nucleotide sequences previously obtained by V. Nene and E. Gobright (pers. comm.).
An alignment of the varlable regir of the p67 gene sequences from primer 613 to
the end of the 29 bp intron (Nene et al,, 1992) is shown in fig 4.2, The sequence of
the 29 bp intron Is shown in lower case letters, An alighment of the amino acld
sequences deduced from these ni. leotide sequetsces is shown in fig, 4.3. Amino acid
residues that differ from those of the 1\ p. parva Mugugn p67 amino neld sequence
{Nene et al,, 1992) are highlighted, Differences between T parva p67 sequences are
more easily visualised in the deduced amino acid sequence shown in fig, 4.3, andt I
will therefore refer to this figure in the following discussion (Note: numbers given
i brackets after isolate names refer to rows In fig, 4.3),
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Fig, 4.1

PCR products of the varlable reglot of the pG7 gene gencrated with
primers 613 and 792, Four products were genetated from the four
T\ parva XNP/94 isolates {lanes 1-4, note: running of this gel for an
extended perlod revealed that the upper band was a doublet), A single
product of approximately 1000 bp was generated from the
7. p. lawrencei Hluhluwe series (lanes 5-8), The amplification products
from the two Zamblan 7, parva stocks isolated from cattle were
approximately 900 bp (fanes 11 and 12}, A negative calf thymus DNA
control (lane 9) and a positive T, p. parva Muguga control (lane 10) were
included, $X 174 Hae HI markers (lane M) were included for estimation
of PCR product size,
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4223  pO7 gene sequence analysis

Auforadiographs of sequencing gels were scanned and sequences determined using
an automatic base scanner and seml-automatic base-éauling software (Amersham);
pel readings were assembiled and edited using XBAP (Staden, 1994). The p67 gene
sequences were aligned using CLUSTALW (Thompson ef al., 1994) and GDE
{Smith, 1992} and amino acld sequences were deduced in GDE.

4.3 Results and discussion

4.3.1 Amplification of the variaiic reglon of 7\ parva 67 genes

Amplification products of the varlable reglon of the p67 gene generated with primers
613 and 792 are shown ifi flg. 4.1, ‘The ampiification p.oducts from the two Zambian
7. parvg isolates isolated from cattle were approximately 900 bp in length (fig, 4.1,
lanes 11 and 12); this product size is characteristic of other 7, parva isolates from
cattle (Nens et al,, 1996). An Iampllfi_cution product of the variable tegion was not
obtained from the Zimbabwean Isolates T.p/CHY/16 and T.p/AYR/12 (data not-
shown). This suggosts that the sequences of their p67 genes inay vary at the primer
sltes, An amplification product of approximately 1000 bp was obtained from the
Zimbabwean isolate from cuttle, T.pJCI—Ilea (data not shown). This product size s
characteristic of T. parva isolates from buffala, Sereening with a panel of anti-
schizont MAbs (Bishop et al., 1994), as well as sereening with ITS probes (Chapter
3) have indicated that this {solate {s more similar to 7, parva Isolates from buffalo
than to those Isolated from cattle. However, the rRNA geae pattere: was similar to
that of isolates from cattle and although the Tpr RELP pattern differed from the
predominant genetype seen In most isolates from cattle, it was not similar to taat of
the other isolates putatively from buffalo (Bishop et al.,, 1994),
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Table 4.2: Oligonucleotides used for amplification and sequencing of the variable
region of T, parva p67 genes,

Identity Strand ?:,“é) Sequence 5'- 3 Reference
'_ o i . 2
613 * 62.4  ACA AAC ACA ATC CCA AGT TC
192 " 61.7 CCTTTA CTACGT TGG CG Nene et al,, 1996
145 - -~ 695 QITOTTTCCOCTTCATATGCCGC :

4.2.2.1  Direct sequencing of single p67 PCR products

Oligonucleotide primers 613 and 145 (table 4,2) were end-labelled and used for direct
thermocycle sequencing of single PCR products sccording to the finel™ DNA
Sequencing System (Promega) (Appendix C.12.2),

4222  Cloning and sequencing of multiple p67 PCR products

The four PCR products of different sizes which were generated from T, p, luwrencel
KNP/94_1 were cloned directly into pMOSBlue<T (Amersham), This veetor contains
3' thymidine overhangs which hybridise to the 3' adenosine nucleotides added to the
ends of PCR products by Tag polymerase daring the PCR (Clark, 1988), White
colonies were picked and minipreparations of recombinant plasmid DNA were made
using the Wizard™ Minipreps DNA Purification System (Promegn) (Appendix
C9.1.2). Plasmid minipreparations were digested (Appendix C.4) with Bem HI and
Hind JIT nnd examined by electrophoresis to ensure that the correct inserts had been
cloned; clones containing inserts of all four stzes were oblained, The nucleotide
sequences of the four T, p. lawrencel KNF/O4_t partial ps7 gene clones werg
obtainied by double stranded sequencing of plasmid minlpreparations wsing the
.dldeoxjf chain termination method (Sanger et al., 1977) (Appendix C,12.1) with the
T7 promoter primer and the U-19mer primer (Amersham),
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T344/Q5/5/ER!

12

Clane generated from stock 7014,
Classical Corrldor clisease in cattle,

Morzoeln, Spooner and
Dolan (pers, comm.);
Morzneln ¢ al. (1995)

T.p/BALLRS*

Antmal experimentudly infected by
Weks eollected from bulfalo genzed
paddock, Bally Vaughn Game
Park, Zimbahwe,

Bishop ef o, (1994)

Tp/BALY3#

Prodyced sevérs renctlon In enttle,
typed ns buffalo-derived using
manoclotial antlbodles :

G, K, Konthal ond P,
Spooner, pers, comi,

T.p/MAS/28%

15

Nityrnl lnfecﬁun in bovine kept on
bulTalo grazed paddock, Mosuti
farm, Zimbabwe,

Blshop & af. ('1994}

T.p/MASEOW

Natural infeetlon 1n bovine kept on
buffalo grized poddock, Masuri
facm, Zitnbabwo,

Blshop of af. (1994)

Hluhlnwe 3t

Hinlfuwe 3 3%
Hiuhluwo 3 #5nt
Hiublwwe 3 f6e
Hivhluwe 3 #74

17

Tuolated from natuzally infected
buffalo In Nntal, South Africn, Nos.
3, 5, 6 & 7 vee passnges theaugh
catile, Stabls Cortldor discass
clinleal pleture, :

Potgleter ef al. {1988)

KNP 2

18

Isolated] from naturally infected
buffale in the Kruge: National
Park, costern Tranyvan!, South
Aftlen, Classien! Coreddor diseage
lo cattle.

H, Stoltsz {pees, comm.)

KNPO4_1#

19

Isolated from najuraliy Infected
cnerler bufisle In the Kuger
Nationnl Park, enstern Transvaal,
South Afrlen. Corrldor dlscass In
cattle, Alse posiive for Thetlaria

8p. (buffalo) and 7, stretans.

H. Stpltsz {pors. comm,)

KNP/04, 2%

Tsalated from natueally Infacted
eartier bufiflo in the Kruger
Nutional Park, enstemn Transvon),
South Afrlea, Corrldor disease {n
caitle. Also positive for Thelleria
s (bulfisdo) and 7, mutans,

H, Stoltsz (pers, comm,)

KNP/O4_2%

' lsoialéd From nalwrally infecled

crler buffalo ln the Kniger
Nailona! Pack, castern Tranavaal,
South Atricn. Coreldor disense in
cittle, Alsa positive for Theilaria
s (bulfalo) ond T, puetons,

. .Stulmz {pers. comm.)

KNP/ 4%

Lsolnted fromy naturally infected
edrrier buifitlo tn the Keuger
Notlonal Park, casteen Trangvanl,
South Afilen, Corrldor disense In
catlle, Also positive far Phetlerla
ap {buffnlo) and. 7% murans,

H. Stolisz {pers, comm.)

.
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Table 4.1; Theileria stocks used as sources of DNA from which the variable region of the p67
‘pene was amplified and sequenced, The variable tegion of the p67 genes was
amplified from stocks marked with an asterisk (*) in this stady, p67 sequence data
was obtained from stocks matked with a double cross (*) in thig study, p67 gene
sequences have already been obtained from stocks marked with a cross () (V. Nene
and E, Gobright, pers, comm.).

* No. In figs.

Remarks '

Ralerence

fipeciy orlgin Stock
o 42 and 4.3 S
7. parva fsolates  Mogugn 1 Fleld Isolate from Kiambu Distelet,  Brockleshy ef al. {1961)
from caitle Kenya, Bast Coase faver roforence
stock, _ )
Ugandnt 2 Tsalaled [rom a beef rach in north=  Minami et al, (1983)
- wosiern Ugande, Moczarla et al. (1995)
- Modkebunt' 3 Tsolated from KA Distelet, Kenyn  Trvin ez ol (1983)
Watatbucks 4 Whlerbuck experimentally Infected  Slagg et af. (1994)
passoged with T\ parve dotived from bulfalo
7014 teansinitted a subpapulatlon
of parnsites which caused BCP in
L enttle,
Schoonsprukt’ 3 Isolated In 1937 froms natural Neltz (1948)
bovine BCF Infection in Teanavant,
~ South Alrlen, _ _ N
Zambin L% 6 Isolated from n fanm near Chipata, D, Geysan, pers. contr,
: _ Enst Zambia, ECF clinico pleture, _
Znmbin S105% ¥ Tsoloted [rotn o Cuem ot Lond s, B, Cloysen, pets, comy,,
Easl Zowibio, BCE elinfes! pleture, . B
T/CHI 167 Tsolitted from maiwrelly {ufectod Bishap ef af, (1994)
bovine on Chikeya lurm,
_ Zimbnbwo,
T CHI23% t Animal expeeimentally Infeted by Bishop ef af, (1994)
tlcks collegted Rom 1caciing nofivob
at Chlkeya form, Sovers réastion,
dled, _
T\AYRAZY Isoiated from natuzally infecled Bishop el al, (1994)
: bovine an Aysshire fhm,
— Zimbabuwe, . —
T.pHUNOS! 9 - Isolnted from Hunyoni estato, Q. K. Kl nod B,
Zimhabwe. Tyrzul BCR clinlenlly.  Spooner, pers, comim,
T parva lwolnted — 7013" i0 sulazed fromn neturally infocted Karlukl, e af, (1930
from buffalo at~* hy, ot 7013 capiured Lo the
. Nanyuki aren, Kenyn _ B
7014 ] {soluted from natumlly Infected Knrikl, ef af, {1990);

ctirrler bulfafo 7014 enptured in the
Nrnyukl aren, Konya,

Morzaria ef af, {1990)
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{solated from cattle and buffalo itre consistent and could be used for the development
of probes to distinguish between the two forms,

4.2 Materials and methods

4.2.1 Parasites

T, pérva- stocks used as sources of DNA from which the variable region of the p67
gene was amplified in this study are marked with an asterigk (*) in table 4,1, Those
from which scermences of the variable reglon of the p67 gene were subsequently
obtained are marked withi a double cross ). Stocks from which p67 gene seguences
have previously been obtained (Nene ¢¢ al., 1996; V, Nene and E, Gobright, pets.
comin,) are marked with a cross (D). '

421 PCR amplification of the varinble rogion of the p67 gene

Primers 613 and 792 (table 4.2. Nene ef al., 1996) were used to amplify the variable
region of the p67 gene from the eighteen T, parva stocks marked with an asterisk in
table 4.1, A positive T, parva Muguga and a negative calf thymus DNA control were
included. The PCR was parformed as described in Appendix C.3, Annealing was
performed at 55°C. Cycling conditions were: 72°C for 1.5 min, 93°C for 1 min and
55°C for 1 min, for 30 cycles. PCR products were purified using Wizard"™ PCR
Minipreps (Promegn) as described in Appendix C.9.1,2,

4.2,2 Sequencing of the variable region of the p67 gene

Most T. parva stocks yielded n single p67 PCR product (flg. 4.1), which was
sequenced directly. Four differently sized products wore generated from each of the
T. p. lawrencei KNP/94 isolates (fig, 4.1), these fragments therefore had to be cloned
 individually prior to sequencing,
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1nass estimated from SDS-polyactylamide gels is larger than the calculated mass,
Nene ¢t al. (1995) attempted to express the protein in the correet conformation using
the baculovirus exptession systemn, but this system resulted in only a very small
amount of the proteln in the correct form in Insect gells and large amounts of a
partially modified form. |

413 Cou'ld the p67 gene be used to distinguish between T, p. parva and
T. p\ lawrencel stocks? ' '

In order to be effective, a candidate vaccine antigen must provide protection against
n broad range of T, parva stocks, To determine whether there was variation in p67
between different 70 parva stocks, the gene coding for p67 was amplified from o
number of different T, parva stocks and sequenced (Nene ¢t al,, 1996), The sequence
of the gene coding for p&7 was found to be conserved amongst T. parva parnsites
Isolated from cattle studied to date, but there was a varlable reglon in the p67 gene
of T\ parva parasites isolsted from buffalo (Musoke et al., 1993; Nene et al,, 1996),
~ This evidence suggests that the variable region of the p67 gene could be 1 possible
tacget region for the development of DNA probes to distinguish between T. p. parva
aud 7, p. lawrencel stocks. In most stocks isolnted from buffalo there were a number
of nucleotide differences which translated to several amino acid substitutions, as well
a5 an additlonal segment of 129 bp which had no horoologue in stocks isolated from
cattle, The only exception was the p67 gene of the 7. p. lawrencei KNP 2 stock,
isolated from buffalo, which had a sumber of nucleotide differences but which did
not contain the additional segment of 129 bp (V, Nene, pers, comnu.).

Fournew I, parva isolates were recently obtalned from buffaloes in the southern part
of the Kruger National Park, We sequenced the variable region of the p67 gene from
these isolates as well as from o number of Zimbabwsan T. parva isolates, to
determine whether the differences previously observed betw - = ™ parva stocks
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sporozoites from the same stock as well as from a number of other stocks, Tmmunity
in these animals correlated with the level of anti-sporozoite antibodies produced:
those with high antibody titres were completely protected, those with low tifres
developed a parasitosis. The broad range of protection induced by sporozoite
antigens suggests that there is a protective antigenic determinant that is conserved
between the sporozoites of different T. parva stocks. This would be an excellent
candidate for the development of a recombinant vaccine.

4,1.2 Identification and cloning of the gene encoding p67, the major sporozoite
antigen

The major antigenic determinants of I. parva sporozoites were identified using C16,
an antiserum directed against sporozoite sntigens (Tnns ef al,, 1990; Musoke and
Nene, 1990). The major tatget antigen of sporozoite neutralising antibodies, p67, was
identifled and the gene which codes for p67 was cloned and characterised (Nene et
al., 1992), The deduced amino acid sequence of the p67 gene contalns 709 residues

and it is predicted to be a membrane protein, The gene contains a short (29 bp), AT-

rich intron, It is a single copy gene which was mapped to a 780 kbp Sy I fragment,
located on T, parva chromosome 3 (Morzarin and Young, 1992), The p67 gene is
expressed otily in the sporozotte stage.

The T, parva Muguga p67 gene was cloned into pGEX and pMGI and expressed in
E. coli (Nene et ul., 1992; Musoke ¢t al., 1992), Recombinant p67 expressed {from
pMGI was produced as a fusion protein with the first 85 amino acid residues of a
nonstruchiral gene (NS1) of influenza virus A, "This fuslon protein, NS1-p67, was
shown to induce protection against homologous challenge in glx out of nine cattle
(Musoke ef al., 1992). Six out of eleven cattls wers protected against heterologous
challenge with the 7, parva Marikebuni stock (Musoke et ol., 1993), However, N§i-
p67 does not have the same characteristics as the nattve form of p67: Tp M12, a MAD
which binds to native p67, does not react with NS§1-p67 and the relative molecular
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CHAPTER 4: VARIATIC™! IN THEILERIA PARVA p67 GENES

4.1 Introduction

4.1.1 Both séhizonts and sporozoites stimulate immune responses to I parva
infection

It has been shown that both cell-mediated responses directed agalnst schizonts (Eugui
and Emery, 1981) and humoral responses directed against sporozoites (Musoke et al;,
1982) are responsible for Immunity in cattle which have recovered from T. parva
infection, It is believed that the cell-mediated response 1s most important for control
" of the parasite, as the appearance of cytotoxic T lymphocytes coincides with the
clearance of parasitlsed cells (Bugui and Emery, 1981; Motrisoh et al., 1987), The
effector colls responsible for clearancs of parasitised cells are MHCLyestricted, CD8*
cytotoxic T {ymphocytes (Mortison and Goddeeris, 1990), which are often parasite-
stock specific, A limitation of the current infection and treatment method of
.immunlsation is that it induces cell-mediated immunity and is therefore usually
parasite stock specific (Radley, 1981).

Musoke ¢t al. (1984) showed that sera from cattle jmmu .ised with 7. parva Muguga
were able to neutralise the infectivity of sporozoites from both homologous and
heterologous stocks in witre, Monoclonal antibodies (MAbs) raised against
sporozoite antigens display a similar ability to neutralise sporozoites from both
homologous and heterologous stocks ir: vitro (Musoke et al., 1984; Dobbeluere et al.,
1984; 1985). Musoke et al. (1984) obtained comparable results in vivo: cattle were
immunized by Infectlon und treatment, using a rethod of Immunization that favoured
the production of antibodles, These animals were protected from challenge with
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The mosaic of sequences present in the ITS suggests that 7. parva parasites undergo
genetic reco.mbination. Therefore, the finding that the probes for T. p. lawrencei and
T. p. parva isolates are not conserved between all 7. parva isolates that we have
sereened is probably due to recombination. We cannot identify probes in the ITS
which give an unequivocal differentiation between the two forms, but we have a
pane! of oligonucleotides which can assign & probability to the origin of a 7. parva
parasite, Bxtrapolating from the results wi. liave obtained (29 out of 31 T parva
isolates from cattle were detected by TPP1; 19 out of 23 isolates from butfelo were
detected by TPL1 and/or TPL3a) we can say that if probe TPP1 hybridises to an
Isolate, there is a 93.5% probability that it is a T ». parva isolate, Conversely, if an
isolate is detected by probes TPL2 and/or TPL3a, we have found an 81.8%
probability that it is a T, p, lawrencei isolate. However, there will be small numbers
of isolates that react with both types of probes and it would not be possible to assign
an origin to isolates such as this, Despite these reservations, our panel of 11
oligonucleotides will be invaluable for epidemiologicai surveys to detertnine the
distribution of most of the different genotypes,

3.3.4 Swmmary

We had hoped that variability within the ITS would be such that a clear-cut
distinetion between T, p, lawrencel and T\ p. parva {solates could be made, as has
been done previously to distinguish between isolates of other organisms (Cevallos
et al., 1993; Morales et al., 1993; Muthumesnakshi et al., 1994), Tt appears,
however, that 7\ p. lawrencei and T, p. parva parasites still undergo genetic
recombination, the two populations are, therefore, not yet separate gene pools and
absolute discrimination is not possible. Under these circumstances no probe will
distinguish between all T, b lawrencei and T, p, pcirva parasites unless it targets a
sequence which is directly associated with the mechanisms responsible for their
differential behaviour in caitle,
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it hes been shown to provide protection ngaiust a broad range of Zimbabwean
T. parva isolates (Koch et al., 1990; Hove et al., 1995). It is interesting that 7. parva
Boleni has the same ITS profile as isolates obtained from cattle in Malawi and
Zambia and the South African T, p. parva Schoonspruit.,

- All of the Zimbabwean isolates that have previously been typed as ‘buffalo-derived’
(Bishop et al., 1994), were detected by one or more of the T, p, lawrencei ITS probes,
with the exception of T.p/BAL/27. This {solate was only detected by TPP1, one of
the I\ p. parva ITS probes. T.p/MAS/37 was also defected by TPP1, although it also
hybridised to TPL3a and TPL3b, If the sequence detected by TPP1 1s truly a marker
for T. p. parva and T. p, bovis isolates, these results suggest that parasites with a
similar genotype to that of T. p, bovis are also present in buffalo in Zimbabwe. Itis
possible that these parasites were introduced via ticks into the buffalo through contact
with infected cattle, resulting in a mixed population of 7. p, lawreiicel and T. p, bovis
patasites in the huffalo. Alternatively, these pm'asites eould be representative of an
nncestral form of 7. pgrva oceurring In buffalo which, when introduced into cattle,
has the potential to adapt to cattle and cayse January disease. However, (his seems
unlikely as January disease and Bast Const fever were never recognised in southern
Africa prior to the introduction of 7. p. parva from East Africa,

In general, the T. p. parva isolates hybridised with a limited subset of the probes,
while the T p. lawrencei {solates hybridised with many more of the probes, resulting
in a more variable pattern of reactivity, These results support previous suggestions
{Koch at al., 1990; Bishop et al., 1994) that there appears to have been a selection in
cattle of n relatively homogenous subpopulation of T, parva from a muct. larger and
‘more diverse gene pool in buffalo. Unfortunately, however, there is no absolute
distinction between 7. p. parva and T, p, lawrencei isolates using these probeé. The
possibility that some of the isolates could be derived from mixed stocks cannot he
ruled out, although some isolates which gave mixed results were cloned parasites
(e.g. T parva Uganda),
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Live.  -Research Institute, Kenya, where workers have alveady produced a number
of T\ parva patasite clones (Morzatia et al., 1995)

4.3.5 Summary

The p67 gene of 7. parva stocks Isolated from cattle is, with some exceptions, highly
conserved, while it is very much more varlable in T, parva stocks isolat~ from
buffalo. This is consistent with the ITS probing results which also indicate that the
T. parva popﬁlation in buffalo is more diverse. In other parts of Africa, e.g. in
Zltbabwe (Bishop et al,, 1994) and possibly in Bast Africa, there appears to have
been a selection of a homogenous subpopulation of 7. parva, able te replicate and
maintain itself in cattie populations. from a much larger and more diverse gene pool
in buffalo. It seems likely that the two forts of the parasite are in the process of
speciation, with T. p, parva types adapting to cattle os their host, The 7. p. parva-like
p67 genes that we have found in T\ parva isolates from buftalo in the Kruger Park
may represent a subpopulation of 7. parva parasites which gave rise to RCR-causing
T. parva pernsites in other parts of Afrien, L.e, it may be representative of an sncestral
T\ p. parva senotype,
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parasites could then be uged to infect cattle, to determine if one is more likely to
become establishied in cattle. The p67 gene could be used as a warker for
distingnishing between these cloned parasites, uslng PCR to obtain amplification
products of the different p67 genes,

It is also of Inferest to note that T, p. parva-like p67 sequences were found in isolates
from buffalo. If we did isolate 8 I, parva parasite which caused ECF from the
mixture of T, parva genotypes in the buffalo, should we call this lsolate buifaio-
derived or cattle-derived? 'This is an obvious problem with the cattle-derived /
buifalo-derived terminology. 70 p. parva isolates prestmably originated in buffalo
and thers is no resson to suppose that T, parve isolates which could cause ECF may
1ot still be found in buffalo,

4.3.4 p67-Based probes to distinguish between T. p, parva and T p, lowreneei

The presence of an additional sequence 1n the p67 gene In T p. lawrencet stocks
suggests n possibile region for the development of DNA probes to distinguish between
T. p. parva and T\ p. lawrencel stocks. For T, p. parva stocks a probe could be
designed which spans the reglon of the additional sequence in 70 p. lawrence!
1solates, while for T\ p, lawrencel stocks, a conserved region in this ingett could be
used, However, an obvious problem with this strategy is that the probe for
T. p. parva would detect all of the KNP isolates, which contain o 7% p. parva-like p67
gene, Conversely the probe for T. p, luwrence isolntes would detect at least two
Zimbabwean isolates, T.p./CHI/2Z3 and T.p./HUN/AG, both isolated from cattle,

These isolates could (and probubly do) contain a mixture of T) parva genotypes, This
highlights the necessity of obtafning cloned parasites, with well-defined disense
syndromes, from field isolates, It is essential that we know exactly what sort of a
parasite we arg working with before we can begi to attempt to develop probes to
distinguish between them, Work to this end is well under way at the Internntional
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destroyed). Thus, 7. parva parasites have not had the opportunity to become
established in cattle in South Aftica since the eradication of ECF. However, this does
not address the gquestion of why BCF did not arise In South Aftlca prior to its
introduction in the gurly satt of this century, Perhaps the 7, parva parasites present
In buffalo had not accurmulated the necessary mutations which made them fit to
survive in cattle in other parts of Africa. Norval et al. (1991) have proposed that
‘ansformation’ has never occurred in southern Africa because of the limited contact
between cattle and buffalo and the seasonal occurrence of the tick vectors.

Despite numerous pagsages through cattle, *transformation’ hag never been fe'ported
in the South African isolate T. p. lawrence! Hlghluwe 3 (Potgieter et al., 1988), ITS
and p67 dota reported lere support preavious indications that this isolate has rematned
genetically unchanged after successive passages in susceptible splenectomised cattie,
Both ITS and pﬁ'? sequence data suggest that 7. p. parva-like sequences are not
present in this isolate. Flowever, p67 data Indicate that the 7, p. lawrencel isolates
from the Kruger Nattonial Park do contain I p, parva-like p87 sequences. It would
be interesting to infect sattle with the T, p. lawrencei KNP/94 isolates and to
determine if a T, parva parasite with a T2 p, parva-like p67 type is able to become
established in cattle, and whether that subpopulation would cavse typieal ECF.

Unfortunately, there would be practival diffieultles in passaging these parasites
through cattle, as the 7% p, lawrencei parasites which cause Corridor dlsensa age likely
to kil the enttle before any other subpopulation of (e.g, T, p. parva-like) parasites
could become established, In additlon, the outcome of such an experiment could
depend on the initial dose of sporozoites of each type (Dolan et al., 1984). Tt would
therefore be necessary to make patasite clones, each one contalning one of the four
different p67 types. Cattle could then be infected separately with equivalent doses
of each cloned parasite and the disense caused by ench could be determined, This
would alse confirm the hypothesis that L2 and 8 are clones of the p07 genes of
Thelleria sp. (buifalo). Mixtures of equal numbers of sporozoites from the cloned
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the PCR products (M) was characteristic of T\ parva stocks isolated from castie in
that it lncked the 129 bp region specific for T, p, lawwrencel, although there were a
number of amino acid substitutions,

Although all of the T, p, lawrencai isolates Trom the Kruger Park contained a
T. p. parva-like p&7 gene, none of them was detected by T, p. parva ITS probes -
(Chapter 3), T, p. lawrencei KNP 2 was detected by TPL3a and TPLBb. while the
fout T. p. lawrencel KNP/O4 isolates were deeoted by TPL2 (Chapter 3). In additioa,

these isolates cause classical Corrldor disease when transmitted to cattle oy infected
ticks (H. Stoltsz, pets, cotmm.), even though T p. parva-like fotms of the p67 gene
were present In the buffale. It is tempting to speculate that the T, p. parva-like p67
gene may represent a subpopuwlation of 7, p. parva-like parasites. The differences
found in the deduced amino acid sequence could indicate that it is an ancestral
T. p. parva-like genotype which may have given riso to ECF-catsing 7\ parva
purasites in other patts of Africa, Alternatively, the T, p, parva parasite which was
introduced into South Afrien in the early part of this century may have been
transmitted into the binfalo population; mutations conld have resulted in the slight
sequence differences we have observed in the p67 gene. Either way, this raises the
issue of whether T. parva purasites which could cause ECF exist In South African
buffato, -

It is thus of impottance to establish what the T, P parva-like p67 sequences in the
1\ p. lawrencet KNP/94 isolates actually represent, Are they In fact Indicative of a
subpopulation of 7% parva patasites that could cauge ECR? This eould well be the
case becatse the strict control measures implemented in the areas surrounding the
Kruger Park have prevented T, parva parasites from spreading Into cattle herds, That
there have not been any outbrenks of ECR in South Africa since 1954 can be
attributed to the regular dipping regimes, which destroy potentially infeetive ticks
before sporozoltes can be transntitied, and to the striet control measures assoclated
~ith outbreaks of Cortldor disease (herds are isolated ond infected animals
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compietely specific for 7. parva p67 genes (V. Nene, pers. comm.). It has alrendy
been shown that the SSURNA genes of T, parva and Theileria sp. (buffalo) are very
stmilar (Allsopp et al,, 1993}, it is thus not unlikely that the pG7 gene sequences of
these two species could also be very similar, It thus seems possible that L2 and §
represent the p67 genes of Theilerta sp. (buffalo). .

It is possible that the cell cultured 7. p. lawrencei KNP 2 Is representative of only a
portion of the T\ parva pacasites thet were present it the original buffalo from which
the 7, p. lawrencel KNP 2 isolnte was made. T. p, lawrencel KNP 2 was isolated
from an Africon buffalo cow captured in the southern purt of the Kruger park,
Rhipleephalus zambezlensis nymphs were fed oni this buffalo; adult ticks reared from
these nymphs transmitted Corridor disease to an adult cow, B9G78-2, Schizont-
infected lymphoblastoid cells were established in vitro frora lymph node aspirate
obtained from B9G678-2 (H. Stoltsz, pers, comm.). The variabls region of the p67
gene auiplified from DNA extracted from these cell cultures was found to be similar
to the p67 gene of 7. p. parva; it did not contain the region specific for
T. ;. lawrencei, although o number of amino acid substtutions distinguished it from
other 7. p, parva p67 sequences (V, Nene and B, Gobright, pers. comm.). Selection
of & subpopulation of parasites able to survive in cattle may have occurred it the
1. p. lawrencei KNP 2 'isolate, either in vive or in cell culture (Note: no attempts have
_been made to infect cattle with cell-cultured T. p. lawrencel KNP 2, so we do not
know what clinical symptoms it would produce). If the p67 gene is a determinant of
the ability of 7. parva parasites to suevive in different hosts, such selection could
favour those with se;:luences characteristic of 7% p. parva isolutes,

The p67 genes of the new T. p, lawrencel KNP/94 isolates were nmplified from DNA
extracted dirsctly from blood samples taken from four buffalo which were also
eaptured in the southern part of the Kruger park. This amplitication yielded four
PCR produets, One of these (L.1) was characteristic of other I\ parve stocks isolated
from buffalo: 1t contained the 129 bp region speclfic for T p, lawrencel, Another of
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4.3.3 Sequence analysis of T. p. lawrencel KNP/24_1 p67 genes reveals sequences
characteristic of both 7' = ==wpe and T p. lawrencel

Four different p67 amplification products (fig. 4.1} were generated from the four
T p. lawrencei KNP/94 stocks. The four products of different sizes (called L1, L2,
M and 8) from T. p. lawrencei KNP/94_1 were cloned into pMOSBlue-T and
sequenced separately, The deduced amino acid sequences are shown in fig, 4.3
(Note: numbers given in brackets after isolate names in the following discussion refer
to rows in this flgure), Senuence analysis of the cloned T. p. lawrencel KNP/94 (no.
19) p67 amplification products showed that the Jongest, L1, was similar to those of |
the Zimbabwean stocks isolated from buffalo {nos. 13-16); it contained the additional
44 amino acid T, p. lawrencel-specific region and the amino acld substitutions
(between the 7th end 17th amino acid residues of this region) which were
chatacteristic of the Zimbabwean smﬁples. The dedneed amino acld sequence of
clone M was shmilar to those of the stocks isolated from eattle in that it did not
contaln the T, p. lawrencei-specific region, but like that of 7' p. lawrencei KNP 2 (ho,
18), there wete o numbet of aming acid substitutions when compared to T parva
stocks isolated from cattle, The deduced amino acid sequesices of clones L1 and M
contained & nurber of identical amino acid substitutions when compared to the
- 1% parva stocks {solated from caitle,

“The sequences of T p, lawrencel KNE - *_1 p67 clones L2 and § were completely
different from any of the other T, parva p67 gene sequences, The four
T. p. lawrencel KNP/94 buffalo samples were diognosed s positive for Thetleria sp.
(buffalo) and T mutans as well as 7. parva (A, K. Mynhardt, pers, comm.,) by PCR
amplification of a varieble region of the SSTUIRNA gene and probing with species-
specific probes (Allsopp et al., 1993), Nene et al, (1992) found that n p67 gene probe
did not hybridise to DNA isolated from 7, mutans or . taurotragi, although at low
hybridisation stringency, n 3.4 kbp Eco RI DNA fragment of 7. annulata was
detected, No studies have been done to determing whether primers 613 and 792 are
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11}, 7344 (no. 12) and the Zimbabwean isolates (nos. 13-16), were more simiiar to
those of the T. parva stocks isolated from cattle in this region,

The deduced amino acid sequence of T.p./HUN/96 p67 (no. 9) (E. Gobright and V.
Nene, peis, comm,) contained regions hornologous to the p67 sequences of a number
of the other isolates, resulting it & sequence mosaie much like that found in the ITS
sequences (Chapter 3), The T.p/HUN/96 p67 amino acld sequence had a large
unique insert of 23 amino ncid residues, The amino acid sequence approximately 30
to 50 residues prior to this insert contained seven substitutions which were
charactetistic of the otfter Zimbabwes isolates (nos, 13-16). Immediately after the
unique insert, the T.p./HUN/96 amino acid sequence contained ten substiiutions,
elght of which were also found in the 7. p. lawrencel KNP 2 sequence (no.. 18). The
81 residue varlable region immedlately upstream of the sequence specific to
T, p. lawrencel stocks was identical in T.p/HUN/S6 and the 7. p. lawrencel
Hiuhluwe series (nos. 17, 17#3, 17#5, 1746 and 17#7). In tho reglon specific to
7. p. lawrencei stocks, the T.p./HUN/96 amino acid sequence initially resembled that
of the T. p. lawrencel Hiuhluwe series, although there were three ai'o acid
differences, but at the 3' end of this reglon T.p./ETUN/96 contained & number of
amino actd substitutions In common with 7C13 (no, 10), After the reglon specific to
T, p. lawrencel stocks, thers were thrée amino acld substitutions in the T.p/HUN/6G
sequence which were also found in 7013, Thus, the deduced amino acid sequence
of the T.p./HUN/96 p67 gene resembled first that of the Zimbabevenn stocks isolated
-from buffulo, then T, p. lawrencei KNP 2, then T p. lawrence! Hluhluwe 3, then
again the Zimbabwean isolates and finally 7\ p. Jawrencel 7013, This sequence
‘mosale, like that found in the ITS sequences, suggests that there has beon genetie
recombination amongst 7\ parva parasites,
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which s atteibutable to a single base palr differencs (fig. 4.2). One would expect to
find at least one identical p67 gene in T p. lawrencei 7344 and 7014, ns 7344 was
cloned from the 7014 isolate, The single base pair difference may therefr.e be
attributable to a Tag polymerase copying error. When compared to 7014 and 7344,
7013 contained a deletion of thres amino acid residues in this region; other nuclectide
differences in the 7013 p67 gene sequence In this region resulted in seven
substitutions in its deduced amino acid sequence.

The p67 amino acid sequences of the Zimbabwesn stocks isolated from ticks or cattle
in areas where buffalo were present, were identical to each other in the
T. p. lawrencel-specific reglon, but were different from the other 7. p. lawrencei
isolates (fig, 4.3). The first six amino acid residues were congerved between all of
the T. parva stocks lsolated from buffalo (except for the T, p. lawrencei KNP
isolates, see discussion in section 4,3.3). The subsequent amino acid sequence was
variable until the final 24 residues where each sequence differed by only a few amino
~ acld substitutions, except for 7. p. lmwrencel 7013 which had seven nmino acid
substitutions. |

The p67 deduced amino acid sequences were identieal in the four cattle passnges, #3,
#5, #6 and #7, of the T p. lawrencei Hluhluwe 3 isolate (17#3, 1745, 1746 and 1747,
fig. 4.3). The same ITS probes (namely, TPP2, TPL1 and TPL3y) detected DNA
isolated from these four cattle passages of the 7, p. lawrencei Hithluwe 3 fsolate (see
Chapter 3). These results suggest that the genotype of this isolate has remained
tinchinged after extensive passage through cattie. Thete was a variable region in the
T, p. lawrencet Hluhluwe 3 p67 sequence; which began approximately 81 residues -
{column 136, fig. 4.3) upstrzam of the additional sequence which is specific to most
T. p, lawrencei stocks, The sequence of this portion of the p67 variable region in
T\ p. lawrencel Bluhluwe 3 was very similae to that of 7% p, lawrenced 7013 (no. 10).
The p67 gene sequences of the other T, parva stocks isolated from buffalo, 7¢14 (no.
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The p67 amino acid sequences of the two Zambiun 7. parva isolates from cattle (nos.
6 and 7) were idertical to those of other T\ parva isolates from cattle; they did not
contain the additional sequence that is characteristic of 7. parva stocks isolated from
buffalo and there were no amino acid substitutions. However, the p67 sequences of
two of the isolutes from Zimbabwe were aberrant, The p67 amino acid sequence of
T.pJCHI/23 (no. 8) isolated from cattle 'was identtcal to those obtained from the
Zimbabwean T, parve igolates from buffalo, It contained the ndditional sequence that
is characteristic of 7. p, lawrencei isolates and there were a number of amino acid
substitutions, This provides more evidence to suggest that this isolate is more like
othé_r Zimbabwean 7, parva isolates from buffalo, even though it was obtained from
Chikeya farm where there were no buffalo, nor ticks which may have fed on bufTalo
{Blistiop ez al., 1994), T.p/HUN/OG (no. 9), another Zimbabwean Isolate from catile,
also contalned the additional sequence that is charactetistic of T\ p. lawrencet
isolates. Flowever, ITS probing results me mote congistent with the provenance of
this isolate: it was detected by TPP1, a T, p, parva-specific probe (Chapter 3).

Sequence analysls of the p67 amplification products generated from the
T, p. lawrence! Hluhluwe geties (nos, 17, 17#3, 1745, 1746 and 17#7) and the
Zimbabwean T. parva stocks putatively isolated from buffaie (nos. 13-16) revealed
that they all contained a nurber of smino acid substitutions when compared to
isolates from cuttle (fig. 4.3), 25 well as the additional sequence which Is typicnl of
most other 7. parvg stocks solated from buffalo (Nene et al., 1996). This
T. p. lawrencel-specific sequence, located between columns 227 and 270 in fig. 4.3,
is also presentin T, p, lawrencei 7013 (o, 1), 7014 (no. 11} and 7344 (ho. 12), but
is absent from T, p. lawrence! KNP 2 (o, 18). The length of this sequence ranges
from 40 amino acid residues in 7013, to 43 amino acids in 7014, 7344 and the
Hluhluwe series, or 44 residues in the Zimbabwean isolates,

Within the additional sequence specifie to buffalo-derived stocks, 7. p. lawrencei
7014 and T. p. lawrencei 7344 differed by 8 single amino acid residue (fig. 4.3),
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l_i'ig. 4.2:  Nucleotide sequence of the variab.e region of . parva p67 genes, from primer 613 1o the end of the 29 base pait intron (shown in lower
case letters). Numbering (1-19) of T. parva stocks corresponds to numbers shown in table 4.1, ~: sequence not obtained,
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APPENDIX C: DETAILS OF MOLECULAR BIOLOGICAL TECHNIQUES
USED iN THIS STUDY

C.1 Purification of nucleic acids
C.1.1 Phenol: chloroform exiraction

Nueielc acids were purified frotu proteins by pheno! and chloroform extractions as
deseribed by Sombrook ef al, (1989). The total' volume of the solutlon was
determined and an equal volome of water-saturated phenol was added, The solutlon
was mixed irery gently to forti an emulsion when exttacting genomic DNA, or
vorteXed to form an emulsion when isolating smail DNA molecules (<10 ki), The
phases were separated by centrifugation at 1600g for 10 minutes in # Beckman JA-14
rotor for large volumes, or at 12000g for 3-5 minutes in a microcentrifuge for smallet
volumes, The upper, aqueous phase was transferred to a fresh tube. Deproteinization
is more efficient when two organic solvents are used, so if large srnounts of protein
were present (e.g, in extractions of DNA from cell culture or blood samples) a further
extraction with an equal volume of phenol: chloroformy fsuamyl aleo'iol (25:24:1
(v/v}) was performed, Traces of phenol wore removed by extraction with an equal
volume of chlotoform: isoamyl alcohol (24:1 (v/v)),

Cl.2 Ethanol preeipitation
G121  Ofgenomic DNA
Genomic DNA was precipitated by adding 0.1 volumes o' 3 M sodium acctate

{pH 5.2) and 2,5 volumes of absolute ethanol at vaom teipperature {(Sambrook et al.,
1989). | The solution was mixed to consolidate the strnnds of DNA, which were then
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2xTY

bacto-tryptone 16 g
yeust extract 10g
sodium chioride 5g
Make to one lit*e with distilled water

10xM9 salts

sodium hydrogen phosphate 60 g
potassium dihydrogen phosphate 30 g
ammonium chiorlde 10g
sodiurn chlotide _ Sg

Glucose / minimal medium (GMM) plates

Autuclave tiie following regents separately and cool before mixing aseptically:

ngar 15 g in 900 mi water
105M9 salls 100 m
I M magnesium sulfate 1ml
0. M colelum chloride I'ml
I M ttlamine HC] | m}
20% glucose 10 !
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Luria-Bertani (LB) medium

bacto-tryptonie 10 g
yeast extract 5g
sodium chloride 10g
Make 0 one litre with distilled water

LB plates

bacto-tryptone 10 g

yeast extract g

sodium chlonide 10g
agar 15¢

Make to one litre with distilled water

H agar plates

bacto-tryptone 10 g
sodium chloride 8g
aguy ilg
Make to one litre with distilled water

H top agar

bacto-tryptone 10 g
sodium chloride 8
pgar 8¢
Muke to one litre with distilled water
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APPENDIX B: COMPOSITION OF COMMON SOLUTIONS AND
MEDIA USED IN THIS STUDY

TR
10 mM Tris-HC, | mM EDTA, adjust to pH 8.0
10xTBE

Tris-HCl 108 g
borlcacld S5g
EDTA 933
Make to one litre with digtilled water

20xSSC

sodiom chloride 1753 g

sodlum eitrate 882 g

Adjust to pH 7.0

Make to one litre with distilled water

* Hybridisation buffer

1 M sodium phosphiate buffer (pH7.5) is made by mixing 840 ml of 1 M di-sodium
hydrogen phosphate and 160 ml of | M sodium dihydrogen orthophosphate.
Hybridisation buffer [0.5 M sodium phosphate buffer (pH 7.5) and 7% SDS) is then
made by mixing equal quantitles of 1 M sodinm phosphate buffer and 14% SDS.
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~ iris-HCI Boehringer Mannheim

triton X~100 BDH
nrea UsB
X-gal (5-bromo-4-chloro-3-indolyl-B-galactoside) Promega
xylene cyanol FR : Sigma
yeast extract Difeo
Bacterial strain

Escherichia coli 'TGY [supE hsdd5 thid(lac-prosny™ traD36 proAB* lack
lacZAM15] maintair J on GMM plates
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ethidium bromide
ethylenediaminetetra-acetic acid disodium salt (EDTA)
ficoll

formamide

glucose

herring sgerm DNA

isoamyl alcohol
isapropyl-p-D-thiogalactopyrunoside (IPTG)
lithivm chloride

magnesium chloride

agnesium sulfate

mineral oll

nodidet P40

phenol

polyethylene glycol (PEG) 8000

potassium acefate

poasgium chioride

potassium dihydrogen orthaphosphate
propan-2-ol

sodlum acetate

sodium chloride

tri=sedium citrate

sodium dodecyl sulfate (SDS)

sodium dihydrogen orthophosphate
di-sodium hydrogen phosphate

sodinm hydroxide

tetracycline
N,NN’,N'«toteamethyl-ethylenediamine (TEMED)
thiamine HCL

trichloroacetle neld
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Sigma

BDH

Sigma

Sanrchem

Merek

Boehringer Marmheim
Merck

Boehringer Mansheim
Sigma

BDH

Metck

- Sigma

Saarchem
Merck

BDH

Merck

Merck

BDH

BDH

Merck
Saarchem

BDH

Sigmn

Merck

Merck

BDH, Saarchem
Bochringer Mannheim
Sigma

Sigran
Sasrchem



APPENDIX A; SOURCE OF REAGENTS AND CHEMICALS USED IN

THIS STUDY

aeetic acld (glacial)

acrylamide
N,N*-methylene-bis-acrylamide
agar

ngarose type I-A! low BEBO

smmonium acetute

ummonivwim chlorde

ammonium persulfate

ampicillin

bacto-tryptone

botie acid

bovine seruta albumin {BSA), acetylated
bromaophenol bing

ealcium chioride

chloroform

deoxynucleoside triphosphates (INTPs)
dideoxynucleoside triphosphates (ddNTPs)
7-denza-2'-dGTP

[%-*P] dCTP (10 mCi/ml, 3000 Ci/mmol)
[e-8] dATP (10 mCi/m, 1000 Ci/mmol)
fy-P] dATP (10 mCi/ml, 5000 Climmol)
dimethy! sulfoxide (DMSO)
dimethyldichlorosilune

pi-dithiothreito] (DTT)

ethanol
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Saarchetn
Merck
Merck
Difco
Slgma

‘BDH

BDH

Sigma _
Bochtinger Mannheim
Difco

BDH, Merck

Promega

Sigma

Merek

Merek

Boehringer Mannbaim
Boehringer Manntieim
Boehtinger Mannhelm
Amershiam

Amorsham

Amersham

Merck

BDH

Sigma

BDH

o .“_.‘.,‘..ﬂ.,.j.,_ .



5.3 Conclusion

By using both ITS probes and p67 gene sequences we were able to distinguish
between most T, p. lawrencei and T. p, parva genotypes, but there are exceptions
which do not conform to the patterns we have observed. These exceptions could be
the result of genetic recorbination between T. p, lawrencei and T, p, parva pavasites.

- The mosaic of ITS sequences in T\ parva, with different combinations of similar

sequences present in the ITS of hoth 7. p. lawrencel and T, p. parva, indicates that
there has been genetic recombination amongst 7. parve parasites. A similar mosaic
effect was ohserved in the p67 gene of at least one of the Zimbabwean 7. parva
isolates, T.p/HUN/G6, What appears to be happening is that a relatively
homogeneons subpopulation - £ T, parva parasites is becoming adapted to cattle and
is beginning to be distinguishable from the larger and more diverse gene pool in
buffalo, However, genetic recombination with the parent gene pool still takes place,
s0 the gene pools of T, parva parasites in cattle and in buffalo are not yet completely
separate, Under these clrcumstances, no DNA probe will distinguish between al!
T. p. parva and T, p. lawrencei genotypes nnless it targets a sequence which is
directly nssoclated with the mechanisms responsible for their differentlal behaviour
in cnttle,

Such a difference might be found in the gena (or geties) responsible for the increased
number of schizonts and piroplasms seen in T, p. parva infections, or in o promoter
which ingreases the expression of sueh a gene, Flowever, this gene could be involved
at any number of stages in the life cyele of the parnsite: ¢.g. In determining the ability
of schizonts to replicate, in determining the proportion of macroshizonts which
differentiate to produce merozoites, or in the ability of merozoites to penetrate
erythrocytes, It will undoubtedly be very diffleuit to identify such a gene (or genes).
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black-backed gull to the east, a complete series of interbreeding intermediates
between the two species can be traced in a ring around the world (Ridley, 1993).

To a much Jesser extent the situstion in T, parve may be similar, but with the
continuum of types spread across cattle and buffalo hosts rather than geographically,
T, p. parva appears to be adapting to cattle as host, and in the process it may be
diverging from the T, p, lawrencei population in buffalo. However, the degree to
which T. p. parva and T, p. lawrencel can diverge may be limited by the overlap
between cattie and buffalo and subsequent interbreeding in the tick host which they
still share, Nonetheless, there are distinguishing features between most T p, parva
and most 7. p, lawre el parasltes: there ate recognizable clinical differences
between the diseases they cause, and ITS characterisation probes and p67 gene
sequence differenices distinguish them to an extent.

Sincs there are no formal criterla for defining subspeciés of protozon, they are
commonly described on the basis of differences in host range, geographicel
distribution, pathological effects and epidemiological features, For example,
Trypanosoma brucei is divided lnto three subspecles, namely T. b, brucel, a parasite
of nonhuman antmals, 7. b, gambiense which causes trypanosominsis in humans in
West and centent Africa and 7. b, rhodesiense which cavses trypatsosomiasis in
humans in Bast Africa. Most Trypanesoma brucel isolates can boe grouped into one
of these subspécies using isoenzyme analysis {Godfrey ¢t al., 1990) but a smali
nuntber cannot be grouped by these means,

Thus, 7, p. lawrencel and T. p. parva may be valid sub-specles labels which really
do describe the majority of T, parva parasites. Although this terminology may result
in misclassificatlon of some isolates, it conveys more information about the parasite
than the “caitle~derived/buffalo-cderlved” terminology,
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In most 7. p. parva stocks ard also a number of nucleotide differences which
translate to several amino acid substitutions (Nene et al,, 1996}, Most T, parva
isolates can be classified using these p67 data, which correlates in gencral with the
grouping assianed to them usiug ITS probes, However, wa found exceptions which
cannot be elassified using p67 genes (e.g. 7. parva isolates from the Kruger National
Park which rontaint both types of p67 geﬁes). |

52 Arel p. parva and T. p. lawrencei valid labels?

The Penguin Dictionary of Biology (Abercrombie et al., 1983) defines a subspecies
as follows;

“Subdivision of a species forming & group whose members resemble each ather
in certain characteristics, and differ from other members of the species, though
there may be no sharp dividing line, Polymorphism is excluded, While
breeding is possible and in many cases acours between members of different
subspecies of the same species, it does not occur as freely as within the
confines of the subspecies, Becsure reproductive isolation is incomplete,
subspecies nearly always grade into each other, The partial reproductive
isolation is commonly due to the occupation of different geographical arens,
Some subspecies are probably new species In the making,”

This definition {s ditectly applicable to the different forms of 7 parva.

In addition, there Is extensive variatlon within many specles, In the case of “ring
species” this varlation may result in populations which are classified as separate
species (Ridlay, 1993). For exantple, in Europe the lesser black-backed gull and the
herring gull are two distinet species. These birds do not interbreed, they choose
different nesting sites and there are a number of phenotypie diffarences between
them. If one follows the distribution of the herting gull to the west and the lesser
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Bishop and E, Gobright, pers, comim.), Work is currently in progress to determine
whether the transcription units are stage-specifically traniscribed. Preliminary results
suggest that both transcription units are transeribed into rRNA in T. p. lawrencei
7344 schizont RNA (R. Bishop, pers. comm.).

Although we could not {dentify probes in the ITS which give an unequivocal
differentiation betw-wen the two forms, we can use the patterns of reactivity obtained
upon screening with ITS characterisation probes to assign probabilities to the types
of T. parva pa_rﬁsites present in an isolate. TPP1 detected most T, p. parva genotypes,
although some 7. parva stacks isolated from cattle were also detected by TPL1 and
TPL3b, Most 7. parva stocks isolated from buffalo wete detected by one or more of
the probes TPLI, TPLZ, TPL3a and TPL3b, but not by TPP1, Thus, exteapolating
from the results we have obtained, we can say that if probe TPP1 hybridises to an
isolate, there is 4 93.5% probability that it is & 7\ p. parva isolate, Conversely, if an
isolate is detected by probes TPL2 and/or TPL3a, we have found an 81.8%
probability that itis a T. p. lawrencei isolate. T. parva stocks isolated from buffalo
that are detected by both types of probes could contain a mixtute of 7\ p. parva and
7. p. lawrencel genotypes. Alternatively this pattern of reactivity would result from
a single genotype contalning segments of sequence found in both T, p, parva and
T. p. lawrencei, but it would not be possible to classify such isolates, It Is important
to note that there are exceptional isolates which do not renct with TTS probes as
expected (e.g. T\ parva Matiakani G28/E6/F8/E7, isolated from cattle, reacts with
only TPL3b), Despite these teservetions, the panel of 7, parve ITS charscterisation
probes developed in this study represenits a pracitical laboratory method for
characterisation of T\ parva parasites and should be useful for epidemiological
surveys of the prevalence of the different ganotypes.

The p67 genc ih most 7, parva stocks isoleted from cattle ts conserved, while it is
very much more varlable in T, parva stoc's iselated from buffalo, The p67 gene of

most T. p. lawrence stocks containg an additlonal sequence which has ne homologue
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CHAPTER 5: GENERAL DISCUSSION AND GONCGLUSIONS

51 Can sporozoite antigen and ribosomai RNA gene sequences be
used to distinguish between 7. p. parva and T. p. lawrencei?

The SSUrRNA and 5.8S genes of the cloned T. p. lawrencei parasite, 7344, were
identical to those of 7, p. parva Muguga and there were only minor sequence
~ heterogeneities between their LSURNA genes. Although SSUrRNA sequence
analysis can be used as a very effectlve tool to elucidate phylogesetic relationships
between organisms, it carinot always be used to distinguish between species (see
discussion in section 2.3.2.1), Therefore, although the SSUIRNA genes of
" T, p. parva Muguga and the cloned T, p. lawrencei 7344 are identical, this does not
niecessanly mean that they are the same species, even though there are sufficient
sequence differences in the SSUrRNA gene to distinguish between T, perva and other
Theileria speci =5 (Allsopp, et al., 1993; Allsopp, 1994; Allsopp, ¢t al., 1994), The
sequence similarities between the SSUrRNA. and LSUrRNA genes of 7. p. parva
Muguga and 7, p. lawrencei 7344 do, however, indicate that these two organising are
vety closaly related,

Two golymorphic ITS sequences were identifled in 7\ p. lawrencel 7344, Kibe et al,
(1994) have shown that there are two identical rRNA transeription units in 7, parva
Muguga, which are located on different chromosomes and are not tandemly repested,
The sequence differences botween the two ITS sequences of 70 p, lawrencei 7344
have been used to dusign primers to differentially amplify the ITS and LSUrRNA
gene of the two different tRNA transcription units from this parasite, Sequence
andlysis of the two amplicons revealed that there were differences between the
LSUIRNA coding regions of the two T. p, lawrencei 7344 transcription units (R,
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Puriflcation Resin was added to the cleared cell lysate and the mixture was mixed by
inverting the tube, The resin/L NA complex was loaded onte a Wizard™ minicolumn
using & 5 ml sytinge and washed with 2 m! of Column Wash Solution. The
minicolumn was supported in o 1.5 mi microcentrifuge tube and centrifuged for two
minutes to dry thie resin. The minicolumn was transferred to a fresh microcentrifugo
tube and 50 1 of TE pHR.0 was ndded, After 1 minute the plasmid DNA was eluted
by mierocentrifugation for 30 seconds at 12000g, Plasmid miinipreps were digested
with appropriate restriction enzymes to ensuye that the correct insett had been cloned.

C.9.2 Large-scale isolation of recombinant Jlagmid clones

DNA was prepared from recombinant plasmid clones using the QIAGEN Midl
protocol, according to the methods stipulated in The Qingenologist: application
protocols. QIAGEN columny coittaitt an anion—éxchange tesin consisting of a silica
gel with a hyd,ophilic coating which sclectively binds to nuclele acids. 0.5 ml of the
overnight cultus. of the chosen plasmids was inosulated into 50 ml of LB containing
50 pg/ml ampleiilin and grown overnight at 37°C with vigorous shaking, The cells
were pellsted by centrifugation at 3000g for 10 minutes at 4°C in a Beckman JA-14
rotor, Alkaline lysls was used to prepare ¢ cell lysate which was londed onto an
equilibrated QIAGEN tip-100. The plasmid DNA was adsorbed to the resin, and
ressttual proteins and RNA were removed by washing with buffer QC. Double
stranded DNA was eluted at o higher salt concentration using buffer QR, The DNA
was precipitated with 0.5 volumes of propan-2-ol, and collected by centrifugation ot
15000g for 30 minutes gt 4°C in 2 Beckman JA-20 rotor. The DNA pellet was
resuspended in 0.5 ml of TE pHB.0,
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C.9 Preparation of DNA from recombinant plasmid clones
C.9.1 Small-scale isolation of recombinant plasmid clones

White colonies were picked, inoculated into 3 mil of LB contalning the appropriate
selestion antibiotie at 5O pg/ml, and grown avernight at 37°C with vigorous shaking.
The cells were peileted by centrifugation at 12000g in a microgenirifuge and the
supernatant was vemoved by aspiration, Minipreparations of plasmid DNA were
piepared initially by the alkaline lysis metitod according to Sumbrook et al. (1989)
and later using Wizard™ Plasmic minipreps. '

C9.11 Alkaline lysis

The cell pellet was resuspended in 100 w of ice~cold Solution I [$8 mM glucoss,
25 mM Tris-HC] (pH 8.0), 1) mM EDTA (pH 8.0)). The cells were lysed by
addition of 200 w1 of Solution I [0.2 M sadium hydroxide, 1% (w/v) SDS] and the
solution was neutralised by additlon of 150 pl of ice-cold Solution II [Solution I
is made by mixing 60 ml 5 M potassium acetate with 11.5 ml of glacial acetic acid
and 28,5 ml distllled water; the resulting solution 15 3 M with respect to potassiurn
and § M with respect to acetate], After Incubntion on ioe for 5 minutes, cell debris
was pelleted by centrifugation at 12000g for 5 minutes at 4°C. The cleared lysate
was transferred to o fresh tube, plasmid DNA was exiracted with phenol and
chloroform/IAA and recovered by cthanol precipitation. Plasmid minipreps were
digested with approprinte restriction enzymes to ensure that the correct insert had
been cloned.

C.9.0.2 Wizard™ plasmid minipreps

Cellg were resuspended, lysed and the solution neutralised using the buffers supplied
with the Wizard™ Minipreps DNA Purification system, 1 ml of Wizard™ PCR

125



15 ug/ml tetracyeline and spread with X-Gal and IPTG as described above. Plates
were incubated inverted overnight at 37°C,

C.84 Plate analysis

‘Numbers of blue and cleat plaques (for M13 cloning) or blue anid white colonies (for

plasmid cloning) on each plate wete counted and recorded,
C.84.1  Controls
fi)  Trangformation control

Numbers of blue plaques or colonies were counted on the transformation control
plate and the transformation efficiency per pug of vector DNA was ealeulated,

(i)  Ligatior controls

A very small number of blue plagques or colonies (or none at all) on ligation control
plates would indicate that restriction enzyme digestion and dephosphoiylation were
satlsfactory,
a) Cut vector control o large number of biue plagues or colonies would
indicate thint the vector had not been efficiently linenrised,
b) Cut and religated vecior controk: the presence of clear plaques or white
colonies would Indieate exonuclense damage to the cut ends of the vector
during restriction enzyme digestlon or dephosphorylation,

4
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DNA mixed with 200 pl of competent cells) was included to determine the
transformation efficlency of the competent cells.

(i) MI3clones

The cells/ligatlon mix were warmed to 37°C before ndding to 3 mi of top H agar at
50°C containing 0.1 mg/ml IPTG and 0.25 mg/ml X-gal. The top agar was poured
onto prewarmed H plates and incubated overnight at 37°C. Recombinant plaques
were colourless,

(i} pUCI8 and pGEM-T clones

{'ml of 2xTY was ndded, and the calls were grown at 37°C for 1 hour with gentle
glaking to allow expression of the antiblotic resistance genes. LB plates containlng
50 pg/ml amplelllin were prepared, 100 pl of 100 mM IPTG and 20 w1 of 50 mg/ml
X-gal were spread over the surface of the plates and allowed to absorb for 30 minutes
at 37°C prior to use. 50 pl and 300 pl aliquots were plnted out and plates were
jncubated inverted overnight at 37°C,

C.83.2  Fortrensformation of pMOSBlue-T clones

Cloning of PCR products {into pMOSBIue-T was performed as descibed in the
pMOS&iue T-vector kit instruction manual (Amersham). MOSRlue eompetent colls
supplied with the kit were transformed as follows, 1 pl of each Hgation mix was
added to 20 pl of high efficiency MOSBIe competent cells, After o 30 minute
incubation on ice, the cells were heat shocked at 42.°C for 40 seconds und placed an
lee for 2 minutes. 80 pl of SOC medium ut room tempetattire was added to euch tube
and transformed cells were grown at 37°C for 1 hour with gentle shaking, 50 ulof
transformed eells were plated onto LB plates contalnlng S0 pghnl ampielllin,
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These 3' A overhangs were utilised for direct cloning of PCR products into the
thymidine tailed vectors, pGEM-T (Promega) or pMOSBlue-T (Amersham),

C82  Ligations

Ligation reactions were set up with molar ratios of vector to Insert of 1:1 and 13,
Ligations were performed in 10 pl volumes using ti: following conditions: 30 mM
Tris-HCl (pH 7.8); 10 mM magnesium chlotide; 16 mM DTT; 0.5 mM ATP and 3
units of T4 DNA ligase (Promega), Ligation reactions were incubated at 4°C
overmnight.

Two controls were included for M13 and ptTC vectors: one with 10 ng of cut vector
to indicute restriction enzyme cutting effictency, and one with 10 ng of cut and
religted vector to indicate efflctency of dephosphorylation.

C.8.3 Preparation and transformation of competent cells
83,1  For transformation gf M13, pUC and pGEM.T clones

Cotnpetent brcterinl cells were prepured according to the method of Chung et al.
(1989) which utilizes PEG and divalent cattons to induee competetice, Escherichia
colf TGl cells were Inoeulated into Luria-Bertani (LB) broth and grown at 37°C with
shaking to the carly exponential growth phase (Agg = 0.3-0.4), Cells were pelleted
by centriigation ut 1000g for 10 minutes and resuspended in 0,1 volumes of fee-cold
teansformation and storage solution, TSS [LB broth containing 10% (w/v) PEG 8000,
5% (v/v) DMSQ, 50 mM magnesium chlovide, pH 6.5,

3 ! of each ligntion and control reaction was mixed with 200 ul of competent cells,
and stored on jee for 3u minutes to allow transformation to take place (o heat-shock

Stage was necessnty), A transformation control (S0 pg of the relevant, intnet vector

122



C.8 Cloning of PCR products
C8.1 Preparation of vectors
C8.L1  MI3mpi8andmpl9

2 ug of RF (replicative form) DNA of each M13 strain mp18 and mp19 (Boshringer
Mannheim) was double digested with appropriate enzymes for directional cloning of
PCR products. 2 pug of RF DNA of M13mp18 was digested with Sma I for shotgun
cloning of sonicated PCR produets, '

C812  pUCIS

5 ng of pUC18 DNA (Boehringer Mannhelm) was digested with Sma I for cloning
of blunt-ended PCR produets.

C.8.1.3  Dephosphorylation of vectors

Religation of M13 and pUCI8 vectors is greatly reduced by dephosphorylation. 0.5
units of alkaline phosphatnse (Boehringer Mantiheim) was ndded to the digestion and
the reaction was incubated for a further 30 minutes ot 37°C. The cleaved,
dephosphorylated vector was purified by phenol and chloroform extraction, and
precipitated with sodium acetate and ethanol, The peliet was reconstituted {n 20 u!
of TE and the concentration determined by spectrophotometery.

C814  Tveators

Tag DNA polymerase preferentislly adds a single adenosine nucleotide to the 3' ends
of the double stranded DNA molecules that it produces during a PCR (Clatk, 1988),
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slice was placed in a 0,75 ml microcentrifuge tube prepared as described. The
agarose rhatrix was disrupted by incubation in Yiquid nitrogen for 5 minutes, The
tube was then placed in u 1.5 ml microcentrifuge tube and centrifuged at 12000g for
5 minutes to collect the aqueous solution containing the DNA. 0.1 volumes of 4 M
lithitim chloride were added and the DNA was extracted with phenol and
chioroform/JAA. The purified' PCR product was precipitated with three volumes of
ethanol at -70°C for 15 minutes and washed with 70% ethanol. The pellet was dried
and resuspended in 10-50 pl of TH pH8.0, depending on the starting concsntration
of PCR product.

C.7.2 Wizard™ DNA purification system

"The Wizard™ putification system (previously Magic™) utilises silicates, which in the
presence of the chaotrope, guanidine hydrochloride, will bind to double stranded
DNA. DNA fragments smaller than 175 bp do not bind efficiently to the resin; this
method can therefore be used to remove primers and unincorporated nucleotides
directly. RNA and proteins are also washed from the resin/DNA complex,

300 ul (the products of thiee PCRs) were added to 100 1 of Direct Purification
Buffer and vortexed briefly to mix, 1 mi of Wizard™ PCR Purification Resin was
added and the mixture was vortexed for 30 seconds to mix. The resin/DNA coraplex
was loaded onto & Wizard™ minicotumn using a 5 ol syringe and washed with 2 m!
of 80% propan+2-ol. The minicolumn was supported in a 1.5 ml microcentrifuge
tube and centifuged for 30 seconds to dry the resin, The minfeolumn was teansferred
to a fresh microcentrifuge tube and S0 pl of TE pH8.0 was added, After 1 minute the
DNA was sluted by microcentrifugation for 30 seconds at 12000,
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C.6 Filling in recessed 3' or 5' ends and phosphorylation

Both reactions were carrled out in polynucleotide kinase (PNK) buffer [10x stock:
0.5 M Tris, 0.1 M MgCly, 50 mM DFT, 1 mM spermidine, 1 mM EDTA (Sambrook
etal., 1989)]. The end-filling reaction was perfomed with both Klenow and T4 DNA
polymerase, 1z of DNA was mixed with 2 ul of 10x PNK buffer, 2,5 mM dNTPs
wete added to a final concentration of 0,1 mM., 10 units of both Klenow (Promega)
and T4 DNA polymerase (Promegn) were added and the volume made up to 20 ul
with distilled water, The reaction was incubated at 11°C for 2 houys and then heat
inactivated at 75°C for 10 minutes (Ausubel et al., 1996),

§' phosphate groups were then attached to the repalred termini using T4

. polynucleotids kinase (Promegn), 100 1nM ATP was added (o a final concentration
~of 1,0 mM, 1 ul of 10x PNK buffer and 10 units of ehzyme were added and the

volute was made up to 30 ui with distilied water, The reaction was incubated at
37°C for one hour and stopped by heat inactivation at 75°C for 10 minutes,

C.7 Purification of PCR products

Modified PCR ptoducts were separated from residual enzymes, oligohucleotide
primers, and unincorporated nucleotides by gel-purificatlon using a modification of
the “freeze-squeere” technique vsing llquid nitrogen (Koenen, 1989}, or, later, by
using the Magic or Wizard DNA purification system (Promega),

C71 “Frecze-squeeze”: recovery of DNA from agarose gels using Houid
nitrogen

A hole made in the base of 0 0,75 mi microcentrifuze tube with a hot needle, was
plugged with plastic wool. PCR products were fractionated on & 1% ngarose/TBE
gel, the fragment of interast was exclsed in as small a voluime as possible and the gel
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All gels were photographed using a Polaroid camera or 4 video documentation system
(OmniScience).

C.4 Dissociation temperature of oligonucleotide primers and probes

The dissociueinn temperatire (T,,) of an oligonuclentide Is the temperature at which
50% of the oli jonucleotide / target DNA duplexes are dissociated, The T,, of
oligonucteotids primers for PCR and 7. parva ITS characterisation probes were
caleulated using the following formula (Davis ef al,, 1986);

Ty, = 16.610g,o[Na‘] + 0.41Py, + 81.5 - 675/L,
P,;, I3 the percentage of G and C bases in the oligonucleotide
L is the probe length in base pairs

C.5 Restriction digests

Buzymes used in this study were Bam HY, Eco R, Hind I, Pst 1, Sal T and Sme 1
(Promega or Boehringer Ma'nnheim). Reactions were performed in 20 p! volumes;
2 pl of thie approprinte 10x restriction buffer was mixed with the DNA to be digested
and 8-12 units (usually 1pul) of enzyme was added. The digests wers incubated for
at least 1 hour at 37°C, except for Sa I which was incubated at 30°C, Reactions
wete usually heat inaetivated ot 75°C for 10 minutes. 2 pl of londing buffer was

. added to each digest and the reactions were analysed by agarose gel electrophoresis,

Double digestions with Eco RIand Bam HI were performed in Boehringer Mannheim
buffer B nsing the conditions described above.
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C.3 Polymerase chain reaction
Cal The venction (Saiki et al., 1988)

The magnesium chloride concentration which yielded the best product for each set
of primets was determined by performing the reacti-na with magnesium cliloride
concentrations iﬁcrensing in 0.5 mM steps from 1,5 mM to 3.0 mM. PCRs were
petformed in 100 pl volumes using the following conditions: 50 mM potassium
chloride; 10 mM Tris-HCI (pH 9); 1.5-3.0 mM magnesium chloride; 0,1% Triton X-
100; 200 pM of each dNTP; | pM of each oligonucleotide primer and 50-200 ng of

- purified DNA. The reactions were overlaid with 200 i) of minetal oft and denatured

at 95°C for § minutes on a Hybaid HB-TR1 programmable heating block.

All primer pairs were designed to have balanced dissoctation temperatures (T,,) (see

-gection C.4 for calculation of T,, value), Annealing was performed at (T,,-10) to (T~

5)°C, The heating block was programmied to hold at the annealing temperature (AT)
during the initial annealing stage while 2.5 units of Promega Tag polymerage were
added to each reaction. Cycling conditions were; 72°C for 1,5 minutes, 95°C for 1
minute and AT for 1 minute, for 30 cycles, unless otherwlise stipulated, Positive and
negative controls were Included with every PCR performed,

C32  Checking for PCR products

PCR products were removed from benenth the mineral oil layer and transferred to a
fresh microcentrifuge tube. A 10 pl aliguot was mixed with 2 1 of éx gel-loading
buffer [0.25% bromophenol blue, 0.25% xylene cyanol, 15% Ficoll (Sambrook et al.,
1989)] and loaded on a 1% agarose gel containing 0.5 pg/ml of ethidlum bromide
(Boehringer Mannheim). 0.2 ug of AHind I or $X174Hae I slze markers were
also loaded as appropriate to determine the size of the products. Electrophoresis was
performed in 1XTBE buffer and DNA was visualised using 8 UV transilluminator,
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C.2 Quantitation of DNA

C21 Double-stranded DNA

The absorbance readings at 260 nm (A,g) and 280 nm (A ) of an appropriate
dilution of each DNA sample were measured using a Beckman DU®G40

 spectrophotometer, which determines the concentrations of nucleic acids and proteins

automatically using coefficiénts determined by Warburg and Christian (cited in
Dawson et al., 1969), The Warburg-Chiristian assay calculates protein and nucléie
acid concentrations using the following equations, which ate based upon. the
absorptivities of yeast enolase and RNA:

[Protein] = (1552 X Agg} = (757.3 % Aggy) Mg/ml
[Nuclefe acid] = (-36.0 x Am) + (62,9 X Agg) Heftil
C22 Single-stranded oligonucleotides

The A, of o 1M solution using a 1 em light path is equal to its molar extinction
coefficient (molar €} (Dawson ¢/ al., 1969). Molar e for an oligonucleotide is the
sum of the molar extinction coefficients of the individual nucleotides which make up
the oligonucleotide, and was caleulated for each oligonuecleotide from the following
nucleotide contributions; T = 8400, C = 7050, G = 12010, A = 15200 (Sober, 1970),

The absorbance reading at 260nm {A,) of an appropriate dilution (usually 1:100) of
each oligonucleotide was measured using a Beckman DU®640 spectrophotometer,
The concentration of each oligonucleotide was inferred from lts A,q, measurement
multiplied by its dilution factor.
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removed and transferred to a microcentrifuge tube by gentle suction with a Gilson
blue tip. The DNA was washed twice with 80% ethanol, excess ethanol was poured
off gently and the micracentrifuge tube was incubated open in a 37°C oven for 10-30
minutes to evaporate remaining ethanol, The purified nucleic acid was dissolved in

an appropriate volume of TE.
C122  Ofsmaller DNA molecules (<15 kbp)

DNA was usually precipitated by adding 0.1 volurnes of 3 M sodium acetate (pH 5.2)
and 2.5 volumes of absolute ethatiol and incubated at 70°C for at least 30 minutes,
DNA was pelleted by centrifugation at 12000g for 20 minutes at 4°C in a
- microcentrifuge, A final wash was performed in 0.5 mi of 70% ethanol, and the
DNA recovered by centrifugation as above for 10 minutes, The microcentrifuge tbe
was incubated open in 2 37°C oven for 10 s to evaporate remaining ethanol.
The purified nucleic acld was dissolved in an appropriate volume of TE,

Ammoninm acetate reduces the co-precipitation of dNTPs, but cannot be used to
precipitate DNA that is to be phosphorylated, as ammonium fons inhibit the activity
- of T4 polynucleotide kinase (Sambrook et al,, 1989). To minimise the total volume,
PCR products that were not going Lo be phosphorylated were precipitated by adding
0.4 volumes of 10 M ammonium acetate and an equal volume of propan-2-ol (Brow.
1990). After # 10 minute incubation at room temperature, DNA was recovered by
centrifugation at 12000g for 10 minutes ih a microcentiifuge. The DNA pellet was
washed, dried and resuspended ag described above,
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C.13 Preparation of slot-blots

To 10 pl aliquots of ITS PCR products, 90 i of T3 pHR and 6 pi of 0.5 M EDTA.
weie added, DNA was denatured by addition of 8 pl of 6 M NaOH, 110 plof2 M
ammohium acetate was added and the sample was blotted onto Hybond N+
(Amersham) filters using a Schleicher and Schuell Minifold II slot-blotting apparatus,
After a brief wash in 62SSC for 15 seconds, DNA was fixed to the filters by
teansferring them to Whatmann 3MM paper soaked with 0.4 M NaOX, Filters wete
washed briefly in 6xSSC as before, prehybridised and probed with 3' labelled
oligonucleotides as deseribed in the texi (Chapter 3).
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C.1232 Loading and running of gels

Sequencing reactions were incubated at 80°C for 5 minutes to denature the DNA
steands immediately prior to loading onto the gel. The sequencing reactions were
held on lce during loading; 1 ul of each sequencing reaction was loaded.

Gradient gels were run at 33 W in 0.5% TBE unill the eromophenol blue just teached
the bottom of the gel, Linear gels were elgctropharesed at 38 W in .5x TBE for five
and & half hours; the upper resesvoir buffer was changed after two and o quarter hiouts
to replenish depleted ions.

Gels were fixed in 10% (v/v) acelic acid, 10% (v/v) propan-2-ol, transferted to
Whatmann 3MM paper and dtied under vacuum at 80°C on a DrygelSr, SE1160 slal
gel drler, Dried gels were placed in direct contaiot with Xoray film and
antoradiographed for 24-48 hours at room temperature,

C.12.4 Compilation and manipulation of sequences

Sequences were read manually using a Graf/Bar MarkIl sonic digitlser and the
READGEL program (D, Judge, Department of Blochemistry, University of
Cambridge, pers. comm.), or autoradiographs of sequencing gels were scanned and
sequences determined using an sutomatic base scanner and semi-nutomatic base-
calling software (Amersham), Sequences were assembled and edited using the
Staden-Plus Program Package (Ametsham) or, later XBAP (Staclen, 1994),
CLUSTALV (Higgins ef al., 1992), CLUSTALW (Thompson 2¢ al,, 1994) and GDE
(Smitly, 1992) were used to align sequances,
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Whete it was necessary to extend the readings, the reactions were run on linear gels
(6% ncrylamide, 7 M uren, containing 0,5% TBE) which usually allowed the reading
of a further 100-200 bp. The dimensions of the gels were: 480 x 200 x 0.4 mm,

Cl12.3.1 Pouring of gels

Plates were cleaned with “Handy Andy", washed with distilled water and finally
cleancd with ethanol, The earad plate was silloonized with dimethyldichlorosilane
In a fume cupboard, excess dimethyldichlorosilane was washed off with ethanol.
Plates were taped together with autoclave tape using 0.4 mm-thick plastic strips as
Bpacars,

Grodient gels were poured as follows. In one beaker, 8 mi of lower gel mix [6%
acrylamide, 7 M urea, 5x TBE, 0.05% (w/v) bromoplienol blue] was combined with
250 ul of 1.6% (w/v) ammonivm persuifas, (APS) and 6 ulof TEMED. In & second
benker, 50 m! of upper gel mix [6% acrylamide, 7 M uren, 0.5% TBE) was combined
with 1,86 m] of 1,6% APS and 37.5 pl of TEMED, 42 il of the upper gel mix was
taken up In a S0 ml gloss syringe: the lower gel mix was then carefully drawn into the
same syringe so that it formed a layer under tho first gol rix, The plates were held
at 45°C and the gel solution was Inttoduced. The plates were sequeezed and tlied
from side to slde to even out the gradient. The gel was topped up with upper gel mix

if nosensaty, A 48 wall shark’s tooth comb (Blo-Rad) was reversed, inserted inte e
top of the gel and clamped in position to form the well,

Linear gels were poured by polynietizing 50 ml of upper gel mix alone,
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C.i221 End-Labelling of the sequencing primer

To prepare enough primer for sequencing six templates, primer labelling reactions
wore performed in 10 i volumes using 10 prol of primer, 10 pmol [y-**P] dATP
(10 mCi/ml, 5000 C¥/immol), 1 pl T4 polynucleotide kinase 10x buffer and 5 units
of T4 polynucleotide kinase, The reaction was incubated at 37°C for 30 minutes, and
the kinase was inactivated at 90°C for 2 minuies, This reaction was scaled up ot
down according to the number of sequencing reactions to be petformed; sufficient
ptimer was labelled so that there would be 1.5 pmo! of labelled pritner per tempiate
to be sequenced,

1222 Extension/termination

For each template o be sequenced, four columns of a 96.well plate were labelled A,
C, G and T, 2.0 i of the approprinte d/ddNTP Mix were added to each well,

To 4-40 fmol (2-4 4l of a PCR product purifled using the Wizard™ DNA Purification
System) of each template, were added: 5 u! finol™ sequencing 5x buffer, 1.5 pl
labelled primer and sterile water to 16 pl, 5 unlts of sequencing grade Tag DNA
polymerase were added, and 4 pl of this enzyme/primer/template mix wete added to
euchi of the four wells of the mierotitre plate contaliting d/ddNTP mixes. A drop of
mineral ol wos added to each well and the microtitre plate was plseed in a thermal
cycler preheated to 95°C for two minutes, Cycling conditions were: 95°C for 30
seconds, 42°C for 30 seconds, 70°C for 1 minute for 30 cycles, Reactions were
stopped by addition of 3 pi of finol™ sequencing stop solution.

C.12.3 Sequencing gels

Sequencing reactions were run on gradient gels (6% aerylamide, 7 M urea with a
gradient of 0,5-5x TBE) which nllowed 300-350 bp from the primer to be read,
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water to 5 i, 5 pl of this master mix was added to each annealed primer/template
and these labelling reactions were incubated at room temperature for 5 minutes.

(i1} Termination reaction

The labelling reaction Is terminated by the addition of one of the four 23"
dideoxyribonucleotide triphosphates (ddNTPs), which lack the 3'-OH group needed
for DNA synthesis,

Columns of a disposable 96-well MicroTest I flexible assay plate (Falcon) were
labeiled A,C,G and T. 2.5 u! of the appropriate termination mixes were added to the
side of the wells in cach column, The four termination mixes contained an excess of
each dNTP (80 uM) and the appiropriate ddNTP at a concentration of 8 uM. 3.5 pl
of each labelling resction was added to each well along a row of the plate. The
reactions were mixed by centrifuging the plate for 10 seeonds at 1000 rpm in a
Hermle 2320 benchtop centrifuge with o plate-spinning attachment, then covered
with cling-film and incubated at 37°C for 10 minutes, The renc'tlons were stopped
by addition of 4 ul of stop solution [95% formamide; 20 mM BEDTA; 0.05%
bromophenol blue; 0.05% xylene cynnol], Plates were stored at -20°C,

C.12,2 Direct thermacycle sequencing of PCR products
Direet thermocyele sequencing of PCR products using endslabelled primers was
performed using the fnol DNA Sequencing System (Promega). Sequencing primers

ate end-labelled and the DNA tenplate and labelled primer are repeatedly annealed
antl enzymatically extended/terminated.
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C12.12  Sequencing reactions

The dideoxy chain termination method (Sanger ef al., 1977) was used to sequence -
single-stranded and double-siranded templates, Buffers and reactions werte s
deseribed i the Seguenase: Step-by-step Protocols for DNA sequencing with
Sequenase® Version 2 T7 DNA Polymerase manual (United States Biochemical),

(i) Annealing reaction

During the anhuealing reaction, the oligonucleotide primer anneals to a specific site, -
which mey be a conserved region in the vector or a conserved region in the sequence
of the insert itself, Synthesis of the complementary strand Is then Initiated at this site.

2 il of 5% annealing buffer und | p! of the appropriate primer (0.5 pmol/ul) was
added to § pi of ench single-stranded M13 preparation (approximately 1 ug) orto
each denatured plasmid template. Sterile distilled water was added to bring the total
volume to 10 ul. Primer was onnealed to template at 63°C for 10 minutes, then
allowed to cool to room temperature slowly over 20 minutes,

(i) Labelling reaciion

During the labelling reaction, complementary DNA strands are synthesized by
Sequenase and [«-"*3] dATP 1s Incorporated, which allows for visualisation of the
sequence by autoradiography.

A mastet mix, sufficient for 5 pl for ench annealing reaction, was prepared with the
followlng components in each 5 p1l aliquot: 1 ul of 0.1 M DTT, 0.4 pl of 5x labelling
mix [7.5 puM dCTP; 7.5 pM dTTP; 7.5 pM 7-denza-2-dGTP], 0.5 plof [-Y5) dATP
(10 mCi/ml, 1000 Ciftmol), 2 units of Sequenase Version 2, and sterile distilled
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The presence of insert was conflrmed for each phage before continuing with single-
stranded DNA preparation, 15 ptl of the phage supernatant was mixed with 5 ul of
londing buffer containing 5% SDS and run on a 1% agaroseJTBE gel, using the
- supernatant ftom a bjue non-recombinunt plague as a control, The SDS in the
loading buffer lyses the coat proteins, allowing the DNA to be visualized: DNA from
recombinant phages has a reduced mobility compared to the non-recombinant
control, '

Phages wers precipitated by addition of 200 pl of PEG/NaCl [20% (w/v) PEG 8000;
2.5 M NaClI] and pelieted by centrifugation, The supematant was removed by
aspiration and the phage pellet was resuspended in 100 pl of TE pH 8.0. Phenol and
chloroform extractions wete perforted as deseribed previously (Appendix C.1.1) to
remove cont proteins, Single-stranded DNA was precipitated by addition of sodinm
acetate and etitanol (Appendix C.1.2.2), and resuspended in 30 pl of TE pH 8.0,

(i} Denaturing double-stranded templates

Alkaline~denaturation was used to separnte the strands of double-stranded plasmid
templates prior to sequencing. 3-3 ug of plasmid DNA (usnally 12-16 pl of a
plasmid miniprep.) was denatured by the addition of 0.1 volumes of 2 M sodlum
hydroxide and 2 oM EDTA, the mixture was incubated at 65°C for two minutes,

néoitalised by the addition of 0,1 volumes of 3 M sodium ncetate (pi 5.0) and the

DNA, precipitated by the nddition of 2.5 volumes of absolute ethanol. The denatured
DNA strands were recovered by centrifugation ot 12000g for 20 minutes; the pelleted
DNA was washed once with 70% ethanol and redissolved In 7 pl sterlle distilled
water, '
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The reaction was terminated by heating to 70°C for 10 minutes, The probe reactiot
was diluted with 80 pl TE and 1 pl was removed for Cerenkov counting (Appendix
C.10.3) before adding the probe directly to the hybridisation buffer,

C.11.3 Asgay of [0-*P] incorporation of radiolabelled probes

Probe activity was determined by Cerenkov counting as follows: 1 pl of the diluted
probe reaction was mixed with 0.5 ml carrler DNA [200 pg/ml sheared herting spetm
DNA in 0.1% aqueous SDS], 0.5 ml of 20% trichloroacetic acld was sdded and the
mixture was allowed to stand at room temperature for 10 minutes to precipitate the
DNA, The mixture was flltered through a glass fibre filter (Whatmann GF/C) to
collect precipitated DNA, The filter wag washed three times with 10% trichloroncetic
aeld to remove unincorporated label; it was alt-dried and the activity measured with
a Packard Tri-Carb™ 1600CA liquid scintillation analyser, '

C.12 Sequencing

C.12.1 Dideoxy chain termination sequencing
CIal1 Preparation of terplates for sequencing
{1) Preparation of single-stranded templute

Single-stranded template for the sequencing reaction was prepared as described {n the
M13 Cloning and Sequencing Hendbook (Amersham), Recombinant plaques ware
picked with a sterile wooden toothpick and Inoculated into 2 mi of 2xTY containing
a 1:100 dilution of an overnight E, coli TG1 culture, The culturés were grown at
37°C for 5 hours with vigorous shaking (300 rpm). Bacterlal celle were pelleted by
centrifugntion at 12000g in a microcentrifuge and the supernatant containing single-
stranded phage was poured into a fresh microcentrifuge tube, '
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C.11 Preparation of radiolabelled probes and assay of {a-**P]

incorporation
C.11.1 Random primed labelling of double stranded DNA

The Multiprime DNA Jabelling kit (Amersham) was used to label PCR products.
Random sequence hexanucleotide primers are used to prime DNA synthesis at
random points along the length of the denatured PCR product. Labelled nucleoties
are incorpotated into the DNA. that is subsequently synthesised by Kienow,

25 ng of each PCR product was denatured in a heating block at 100°C for 2 minutes
and chilled for 2 minutes on ice, The labelling reaction was performed in a 50 pt
volume, 10 p! of Solution 1 (a buffer containing unlabelled dNTPs) and 5 pl of
Solution 2 (containing hexanucleotide primers) were added. 5 pl of {&-*2P] dC'TP
(10 mCi/m, 3000 Ci/mmol) was added fotlowed by 2 units of Klenow. The reaction
was incubated at 37°C for 1 hour. The probe reaction was stopped by addition of
5 ul of 0.2 M EDTA, and 1 ul was removed for Cerenkov counting (Appendix
C.11.3), Labelled probes were denatured by heating to 100°C in & heating block for
2 minutes, before adding directly to the hybridisation buffer,

€.11.2 3 Terininal labelling of oligomicleotides

Terminal deoxynucleotidyl transferase catalyses the addition of mononucleotides
from a dNTP to the 3-hydroxy! termini of a DNA molecule, accompanied by the
release of inorganic phosphate (Ausubel e gf,, 1994 enzyme can therefore be
used to label the 3' termini of olignnucleotides wan -, -P] “tail”, Labelling
reactions were performed in 20 i volumes as follows: 4 ul of 5x terminal transferase
buffer (Promega); 100 pg/ml BSA; 2 pinoles primer and 1,6 pl [a-%P) dCTP
(10 mCi/ml, 3000 Ci/mmele). | pl of terminal deoxynucleotidy] transferase {10-20
units/ul) (Promegs) was added and the reaction was incubated at 37°C for 1 hour,

128



C.10 Screening of recombinant plaques
C,10.1 Plague lifts

Plaques were lifted onto Hybond N+ (Amersham) filters using the method described
by Sambrool ef al. (1989), Duplicate Hybond N+ filters, marked asymmetrically,
were placed onto the surface of the agar plates for 1 minute to allow transfer of DNA.,
The asymmetric markings were duplicated on the base of the petrl dish, The filters
were fransferred to SMM paper (Whatmann) soaked in denaturing solution [0.5 M
sodium hydroxide; 1.5 M sodium chloride] for 5 minutes, Filters were then
tranferred to 3MM paper soaked in nentralizing solution [1.5 M sodium chloride;
0.5 M Tris-HCI (pH7.4)] for 3 minutes, Filters were transferred fo 3MM paper
soaked in 2x SSC before fixing the DNA to the membrane by tranferring to 3MM
paper sosked in 0.4 M sodium hydroxide for 10 minutes.

C.10.2 Hybridisation with PCR product as probe

Filters were prehybridised in 0.5 M sodium phosphate buffer (pH 7.5) and 7% SDS
(modified from Church and Gilbert, 1984) in bottles in a Hybaid hybridisation oven
at 65°C with rotation for at least 1 hour. Positive plaques were selected by
hybridising the DNA immobilized on the filtets with randomly labelled PCR product
(Appendix C.11.1) at 65°C overnight, Filters were washed twice in 10 ml 2xSSC at
65°C for 10 minutes followed by one wash in 10 m] 2x88C containing 0.1% SDS at
65°C for 10 minates. Filters were exposed to Cronex 4 X-ray film (Du Pont)
overnight at ~70°C with an intensifying screen, Positive play.es were identified by
aligning the autoradiographs with the markings on the petri dishes. Only those
plagues which had hybridised to both of the duplicate filters were picked,
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