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probes TPL2 and/or TPL3a, there was no absolute distinction between T. p. parva

and T. p, lawrencei isolates using the eleven probes. Nonetheless, this panel of

oligonucleotides will be useful in epidemiological surveys to determine the

distribution of the different genotypes.

It has been shown that the sequence of the major sporozoite antigen, p67, is

conserved amongst. To p. parva isolates but varies in T. p. lawrencel isolates. The

variable region of the p67 gene of a number-of T. parva isolates was amplified and

sequenced to determine whether probes that would distinguish between T. p. parva
and 1.p, lawrencei could be identified in the p67 gene. The conserved p67 sequence

characteristic of T, 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

buffalo contained a variable region in their p67 gene sequences, which is

characteristic of T.p. lawrencei isolates. However, T. p. lawrencei i=olates 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 T. p. parva and 1. p, lawrencei parasites contained different

combinations of identifiable segments of sequence in the variable regions, resulting

in a mosaic of ITS sequence segments in anyone isolate. A sequence mosaic was

also identified in at least Oneof the T. parva p67 gene sequences. These sequence

mosaics indicate that T. parva parasltes undergo genetic recombination. It appears,

therefore, that the T. p. parva and T. p, lawrencei parasite populations are not yet

separate gene pools. Under these circumstances no probe will distinguish between

0.111:p, parva and all T. p. lawrencei parasites unless it targets a sequence which is

directly associated with the mechanisms responsible for their differential behaviour

in cattle.

iii



ABSTRACT
The aim of this thesis was to develop DNA probes to distinguish between the

protozoan parasites Theileria parva parva and T. p. lawrencei which cause East

Coast fever (ECF) and Corridor disease respectively. ECF was eradicated from

South Arrlca in 1954, ~.td today Corridor disease has become 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 disease, At present there is no reliable means of distinguishing

between 2~p. parva and T. p. lawrencei.

Sequence differences between T. parva and other Theileria species have previously

been found in the small subunit ribosomal RNA (rRNA) gene; probes designed to

detect these sequence differences Can be used to distinguish between Theileria
species. We therefore decided to search for differences in the rRNA genes of

T. p. parva and T.p. lawrencei. To this end, the entire "RNA transcription unit was

amplified from a cloned T. p, lawrence; parasite; the unit comprises the small subunit

rRNA (SSUrRNA) gene, the internal transcribed spacer (ITS) and the large subunit

rRNA (LSUrRNA) gene. The amplification products were cloned and sequenced,

and the To p, lawrencei l'RNA sequence was compared tL' that of T. p, parva, While

there was little variation in their SSUrRNA and LSUrRNA gene sequences, there was

major sequence variation in the ITS. The 1TSs from twelve T. parva isolates 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. lawrence! isor Itt , hybridised with many

more of the probes, indicating that the T. parva population in cattle is more

homogenous than that in buffr.ro. There thus appears to have been a selection in

cattle of a relatively homogenous subpopuiation of T. parva from a much larger,

more diverse gene pool in buffalo. Although most T.p. parva isolates (93.5%) were

detected by probe TPP1, and most T.p, lawrencei isolates (81.8%) were detected by
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waterbuck Kobus defas.I'a) are also reservoirs of the parasite in East Africa (Stagg
et al., 1994). but there is as yet no evidence to suggest that common watcrbuck
(K, ellipsiprYlll1ttls) are involved in the epidemiology of theileriosis in southern
Africa (H, Stoltsz, pel's, comm.).

1.3,1 Theilel'ia j){II'Va

It has been recognised that the parasites cllusing East Coast fever, Cord do!' disease
and January disease are morphologically and serologically tndlsrlngulshable, and that
they were classified solely on the basis of the clinical and epidemiological features
of the infections they produce, Ullenberg (1976) and Lawrence (1!J'79)thus proposed
thae they be classified as subspecies of T.parva. Under this trlnomlnl clnsslficntion
system, Theileria pal"Vll parva was considered to be the cnnsativc agent of East Coust
fever, T. p, lawrencei was considered to cause Corridor disecse, While 7~p, bovls was
considered the causative agent of Januury disease in Zimbabwe (Lawrence, 1979;
Uilel1bcl'g', 1981). T. n; bovis has also been implicated in Tzaneen diseuse in South
Africu (Stoltsz, 1989).

East Coast fever is an acute and usually fntnl diseuse, which C1\n result in mortallttcs
as high us 90%, In its enrly st!.\gcsthe.disease Is lyrnpho-prollferative; at the onset of
pyrexin, u Iympho-destructive pnasc is initiated, Clinical symptoms include enlarged
lymph nodes and pulmonary oedema, and widespread subcutaneous oedema may 1\180

be seen. The disease is chnractcrised by high schizont und plroplasrn pnrasltcscs
observed in lymphocytes and erythrocytes respectively (Neitz, 1957; Uilenberg,
1981), High plrcplasm pnrasltaemtas result in the muj(ll'ity of ticks becoming
infected thus enabling effective rransmlsslon of the parasite between cattle, The
brown ear tick, Rltipiceplwlus appelldicllicUlIS, is the main vector, and it has been
shown experimentally that R, ZlIlIlbeZ(C'Ilsis can tronsmit ECF (Lawrence at al., 1983).

7
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placed in a different genus as it WIIS believed that the stage of this pnrasite in the

erythrocyte did not divide; members of the genus Gotuleria Were believed to multiply

ill the erythrocytic stnge. Neitz consldered G. bovis to be different from G. lawrence!
based 011 its ability to persist in carrier cattle; when he demonstrated a carrier stare for
G. lawrence! (Neitz, 1958a; 1958b) the name G. bovis was made synonymous with

G. lawrencei. The genus Gonderia was later abandoned but the term "bovl:/' Wt\S

later reintroduced to describe the Zimbabwean parasite (see section 1.3).

1.2 Life cycle

A diugrammntic reprcsentntlou of the Theiloria parva life cycle us it is now known

is shown in fig. 1.1. Sporozoltes nrc introduced Into cattle in the sullvn of Infected

ticks when they take a blood meal. The sporozoltes enter pe1'I1'l1eL'(\1lymphocytes

(Stagg at (II., 1981 j Fawcett et (II" 1982n) which eventually migrate to the lymph

nodes, Here, the sporozoites develop into macroschlzonts (Stugg et al., 1981), The

ptll'asites transform the host cells and induce lyrnphoblastogenesis; parasite Imd host

cells divide synchronously, and daughter schlzonts are distributed into each of the

daughter lymphocytes (Stagg et al., 1980). A proportion of mneroschizonts

differentiates to produce merozoltes, which arc released when the infected
lymphocytes rupture, Merozoltes penetrate erythrocytes and develop into piroplasms,

the stage infective for ticks. In the tick, it is thought that u number of sexual stages

(Mclhol'll and Schein, 1984) lends to Infection of the Type III salivary glum\ aetnl
with sporozoltcs (Fawcett et al.,1982b: Binnington (It al., 1983).

1.3 Theileria species ill southern Afdcn

The African buffalo (SYllt7(!/'ltS cc(ifer) is the major reservoir Ior a mixed populutlon

of nntlgenically diverse theilerial pal'l\sites. There is evidence to suggest that defussll

5



1.1.2Corridor diseuse and January disease

In 1953, there was an outbreak of theilerlosis in the corridor between the Umfolozi
and Hluhluwe game reserves in Natal (Neitz £It at" 1955), although East Coast fever
had not been reported fl'OI11 thut area for fifteen years, The clinical symptoms and
pathology of the disease, named Corridor disease, were distinct from East cons:
fever. Schizont and piroplasm parasltoses were low and the paraslte could only be
transmttted directly from buffalo to cattle; it could not be transmitted between cattle
as affected animals 1\1:ltmlly died before piroplasms appeared (Neitz, 1955; Neitz at

lll" 1955). Corridor diseuse was thus considered tv be caused by a different theilerial

pamslte which was named Theileria iawrence! (Neitz, 1955),

The symptoms of Cordelol' dlsense were simllar to those which had been reported by
Lawrence (1935; 193G) of a seasonal outbreak. of thellerlosis which was clinically
tnllder thnn East Coast fever and associated with the presence of buffalo in Southern
Rhodesl« (although lutcl' cases of this diseuse (Lawrence, 1937; 1938; 1939) were not
nlways associated with buffalo), Post-mortem results were not typical of those
reported fer Eust Cons', fever (Lawrence, 1937), schlzoues were I'LU'elyif ever found
and there were also very few piroplasms, These findings, combined with the fact that
anlmnls which had recovered from this atypical11lei[c'ria lntoction were not Immune
to nn Eust COllst fever challenge, led Lawrence (19:38) to distinguish between East
cons: fever and this new f01'111 of theileriosis. Mortulttles from Bnst Coast fevel'
occurred throughout the year (Edmonds, 1924, cited in Koch, 1990), but ill outbreaks
of this atyplcal form of theileriosis mortalltlcs were hlghest in Jnnuary nnd outbreaks
stopped before 01' in Murch, The disease thus became known as JUl1tlUl'Y disease (it

has also been called Rhodosinn/Zimbt\bwcall malignant thcilerlcsls),

The pnrnsltes causing East Const fever, Corridor disease and January eliseuse wore
originully attributed to three differcnt pathogenic species: Tlietleria parva, Gonderla
lawrence! and G. bovts (Neitz and Jansen, 1956; Neitz, 1957). 71wlieria parva was

4



in Lawrence, 1992) had published a description of the piroplasm, the stage of the

organism which OCClIl'S in erythrocytes and which is Infective f01' ticks. The parasite

was thus n.mcd Piroplasma kachi by Stephens and Christophel's in 1903 (cited in

Lawrence, 11.)92). Theiler (1905) renamed the parasite Piroplasma parvum; this

name was changed to Theileria parva by Bettencourt et al. in 1907 (cited in
Lawrence, 1992). Koch (1903) was also the first to recognize the schizont (or

"Koch's bodies"), the str~e of the organism which occurs in lymphoid cells.

The effects of the East Coast fever epidemic were ruinous. Commercial transport
routes, which relied 011ox-wagons, came to u stnudsttll and cattk: funnel'S suffered

heavy losses. Mortalities were greater than ~O% and thousand» of cattle died. A
policy of' emdlcation was decided upon ill South Alrica and the campaign to control

ano finally to eradicate Bast Coust fever was to lust for more than fifty yeats, Strict

quarantine measures and control of cattle movement effectively stopped the spread

of the disease. Infected pastures were cleared of the disease by removing healthy

cattle and slaughtering sick animals, then maintaining the area free of cattle fOl'

eighteen months. Strict dipping regimes and nil intensive surveillance program,

involving regular inspection of cattle and examination of blood and spleen smears,

were introduced in ull potential East Coast fever areas. In Intel' years, outbreaks of

East Coast fevee were controlled by slaughtering nll cattle on Infected furms: over

100.000 anlmals were alnughtered in control operations (Lawrence, 1992). As a

resnu of these rigorous control measures, East coast fever was eradicated from South

Africa between 1948 and 1954 (Anon" 1981), the lust Cl\SC was reported in Southern

Rhodesia in 1954 (Adamson, 1954) and in Swnzllnnd in 1960 (LaWI'MCe, 1992).

Totnl mortalities from 1901 to 1960 have been estimated at 1.4 million head

(Lawrence, 1992) and the total cost to South Africa ttl RIOO million (Anon, 1981).
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subsequent three years this disease spread to Bechuaualand (now Botswana), the

Transvaal, Natal, Orange Free State and finally to the Cape of Good Hope"

decimating the cattle population as it spread, The Anglo-Boer War (1899-1902) also

contributed to the decrease in the cattle population of the region, When peace was

re-established 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 Transvaal,

large numbers of cattle wore Imported from countries around the world including

Great Britain, the United States of America, Argentina, Australia, Madagnscar, and

from further north in Afden Including Northern Rhodesia (now Zambia), German
East Africa (now Tanzania) and Kenya (Lawrence. 1992),

Grny and Robertson (cited in Lawrence, 1992) fil'st reported an outbreak of the

disease that would later become known as East Coast fever CECP) in Southern

Rhodesia in 1902, alrhough they mistook it for a virulent form of redwater, caused

by Babesia (Henning, 1956), It is thought that East Coast fever was introduced by

a shipment: of cattle from Oe1'111(\11East Afrlca (Lawrence, 1992), where the parasite

had probably existed fOl' centuries (Norval et al, 19C)2), Bast Coast fever also

became established in thc Lourenco Marques (now Maputo) area and the first

outbreak of the dlscasc in South Atrlca occurred at Komatlpoort in the eastern

Trnnsvaal (Anon. 1981), It spread t'CIpidly along the transport routes furthe» into the

Trenevaal nnd into Swazilund. Eventually, Natal, Transkei and finally Hl'Ct\S of the

eastern Cape Province wore affected, despite attempts to prevent the movement of

infected cattle into these regions.

Robert Koch, a German microbiologist brought to Rhodesia to consult Ot1Bust Coast

fever, was the first person to recognise that the disease WI\S different from redwater,
being CLlUIlCd by 1\ previously unknown pnrasltc (Koch. 1903). In 1898, Koch (cited

• Theso lour tcrrltorles 1'101'0JnuivldunJ colonies until 19J 0; Illthls lime they were comblned us the
Union of Soinh Afdcn
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CHAPTER 1: INTRODUCTION

Theileriosis is a widespread disease of wild and domestic animals caused by

Apicomplexan parasites of the genus Theileria, There are two economically

important species: 7: annulata causes tropical theileriosis in areas of North Africa,

Mediterranean Europe, the Neal' and Middle East, India and Central Asia; T. parva
occurs in parts of Kenya, Uganda, Tanzania, Sudan, Rwanda, Burundi, Zaire,

Malawi, Zambia, Zimbabwe, Mozambique and South Afdca, where it causes East

Coast fever, Corridor disease and January disease. The African buffalo is the

reservoirfor T. parva parasites and transmisslon to cattle via ticks results in disease

(Dolan, 1989).

East Coast fever was eradicated from South Africa in 1954 (Anon., 1981) and today

Corridor disease has become the most Important form of thelleriosls In the country.

Although East Coast fever has been eradicated, the vector ticks are still prevalent in
South Afdca and the cattle population would be highly susceptible to a recurrence of

the disease, At present, there is 110 reliable means of distinguishing betw-en the two

forms of the parasite. The aims of this project were therefore to develop DNA probes

to distinguish between the causative agents of East Coast fever and Corridor diseuse,

1.1 His1:01·Y of theileriosis ill southern Ardea

1.1.1 East Coast fevel'

At the tUI'I1 of the century the cattle population in southern Africa had been

drarnatically reduced by the rinderpest epidemic! which crossed the Zambez! River

and spread into Southern Rhodesia (now Zimbabwe) in 1896 (Henning, 1956). In the
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communication), This was the first T. p, lawrencel clone to be produced und we were

fortunate to have been supplied with this cell line,

1.6 Aims of this project

The aims of this project were to sequence the LStJl'RNA genes and the trnnscrlbed

spacer regions of the T.p, lawrence! clone and the p67 sporozoite antigen genes of

some South African T. p. lawrence! isolates, in order to idctltify variable regions that

might be used as targets for probes to distinguish between the causative agents of

Eunt Coast fever and Corridor disease.
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gene of T. p, bovis (Boleni), T. p. [larva and 1: p. lawrencel (Hluhluwc 3) were
identical, although the full-length SSUrRNA sequence of u cloned T. p. lawr-nce;
parasite has never been obtained,

None of the polymorphisms detected by the methods described above correlate with
cross-protectlon, not' do they distinguish between the causative agents of Bast Coast
fever and Corridor disease. Another approach needs to be adopted if we are to
distinguish between T: p, [larva and 1: p, lawrencei. There is l\ great deal !11<11'e

variation between species in the expansion segments of their large subunit rlbosoiuul
RNA (LSUl'RNA) genes. In uddltlon, the non-coding spacer region which separates
SSUrRNA l\l1dLSUI'RNA genes, the Internal transcrfbcd spacer (ITS), is under low
structuml and functional constraint, and is consequently 11101'e variable thalll'RNA
genes (Noller, 1984). It has recently been shown that il11l'l'ovcd dlscrlminatlon
between different Thetlerla species 0l\11 be obtained using cligonucleotlde probes
derived from LSUl'RNA sequences (Bishop et al•• 1995), It therefore seemed likely
that unique differences between T, p. parva and T. ]A lawrencei might lie within a
variable region of the LSUl'RNA gelle. 01' in the ITS. Most of the sequence of the
1: p. parva rRNA tmnscription unit (including the SSUI'RNA lind LSUI'RNA genes
and the ITS) has recently been obtained (Kibe at al., 1994): this provides a basis for
the comparison of new 7: parva l'RNA sequences,

1.5.6 Cloned r. parva purasltes

The extenslve polyrnorphlsms which occur between 1: parva stocks and the presence
of more than one genotype in some stocks have necessitnted the generatlon of
parasite clones, a number of which have now been produced (Mol'znl'ia et (11" 1995).

Workers at ILRAD (lnternntlcnal Laboratory for Res- veil on Animal Diseases) in
Kenyn have cloned, in a buffalo lymphoblnstold cell line. a parasite which produces
tho cllnlcal symptoms of Corridor disease (Dolan and Spooner, personal
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piroplasm parasitaernlas. III addition, results obtained from stocks containing mixed

isolates tU'C difficult to interpret.

},5.5,3 Ribo.w)}}wl RNA genes

Small subunit ribosomal RNA (SSUI'RNA) genes have been used in numerous
evolutionary studies of many different organisms, resulting in the availability of a
great denl of informntlon all the sequences of rfbosornal RNAs, Phylogeneticnlly
ordered alignments of both large and small subunit l'RNA sequences are available
from the Ribosomal Database Project (Maidak et ai; 1996), A new I'RNA sequence
can be compared to existing sequences to identify homologies with other organlsms
and to locate conserved nud variable regions within the molecule,

Portions of the nucleotide sequence of L'RNA are highly conserved between l\11

organisms, particularly in regions which determine the secondery structure of the
molecule (Noller, 1984), other regtons of I'RNA genes which nrc not under pressure
to remain unchanged vary between species, Species-specific variations foun« in
rRNA genes, together with the abundnnce of rlboscmes (and therefore l'RNA) ill
cells, can be used to develop very specific unci sensitive probes (Waters and
Mccutchan, 1989),

Allsopp et al. (993) turned to the T/wileria SSUl'RNA genes in the hope tht\t these
might contain less vt\l'it\I~ilitythan the 1'1'1', and might define broader gl'Oupings of
similm'1: parva parasttes, The entire sequence of the 1~pcrva Muguga SSUl'RNA
gene was obtained und (i hypervarlnblc region Wt\S Identified, This region was
sequenced from u runge of To parva stocks isolated from cattle unci buffalo, 1'1'0111

1', annulate, T. IIIuuu IS, 1~ 11111feliLIndT, taurotras; samples, and also from an
unknown cloned purasite from n buffnl0 in Kenya which was designated Thetleita sp.
(buffalo), Oligonucleotides were designed for LIseus probes to distlugulsh between
these six species. However, the sequence of the variable region of the SSUrRNA

17



1.5.4.5 l\vo dimensional gel electrophoresis

Stock-specific differences in Infection-specific proteins have been detected using

two dimensional gel electrophoresis (Sugimoto et al., 1989) and two-dimensional

Western blotting (Kishlma et al., 1995). HOWeV~11\these techniques are difficult to

perform and are often difficult to interpret,

1.5.5 Molecular genetic characterlsatlon (If 7~parva

1.5.5,J Pol.v1l1011Jhlsm detected by DNA probes

Extensive polymorphism has been detected amongst T. parva stocks using repetitive

DNA probes (Conrad et ul.. 1987b; Allsopp and Allsopp, 1988). Allsopp et at.
(1989) obtained the first unequivocal discrlrnlnarion between different T. parva

stocks. These workers amplified a variable region of the 1: parva repetitive (Tpl')

gene family (Baylis et al., 1991) "ising the Polymerase Chain Reaction (peR); two
oligonucleotide probes were used to distinguish between peR products, Telomerlc

and ribosomal DNA probes have been used to chnracterlse 7: ptuva stocks (Bishop

et ai; 1993n; Kibe at at" 1994). However, to date, oligonucleotide probes based 011

sequence differences in the Tpr (Bishop et al., 1993n) and rDNA (Klbe (It al, 1994)
can only distinguish between some 1~ /}(//'\I(/ stocks in a positive/negative manner.

1.5.5.2 Genomic POlYll1011Jllism

Genomic polymorphisms between To parva stocks and clones have been detected by

pulsed field gel electrophoresis (PFGE) of Sfl l-dlgestcd DNA (Morznrla at al; 1990)

and by using peR with single nrbltrnry primers (Bishop et al., 1993b). HOWCVCI',

these techniques requlre l'udfied parasltc DNA free from host DNA contuminntlen:

this is difficult to obtain, especlally from isolates which do not produce high
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nmongst six enzymes in different 7: parva stocks, but concluded that the method was
not practical for lnrge scale surveys.

1.5.4.2 Protein ballding patterns using SDS·PAGE

Protein banding pattel'l1s of purified thellerial piroplasms and schizonts of different
T. parva stocks have been studied by sodium dodecylsulphate polyacrylamide gel

electrophoresis (SDS·PAGE) (Allsopp, 1981; Creemers, 1983). Creemers (1983)

was able to detect minor dlffererces in protein bands between T. p, parva and
T. p, lawrencei. Problems experienced in these studies included the diffic~llty of

obtaining parasites free of contamlnat'ng bovine proteins.

1..5,4.3 Schizont antigens

Dlfferences between schlzon. p"~:gel1shave been identified in different T. parva

stocks by probing Western blots of the relevant proteins with anti-schizont
monoclonnl antibodies (Minami at al., 1983), Foul' of these MAbs recognised a

polymorphic, Imrruntodomlnant molecule (Shapiro et al., 1987) which displayed
polymorphisms In both size and expression of antibody epitopes nmong different
stoc; s of To parva (Toye et (1[., 1991; 1995).

1.5.4,4 Sporozoite alltigens

The malor untlgenio detcrmlnnnts of 1: parva sporozoltes have been identified using
all autiscrum directed against the sporozoite stage of the parasite (Iams et al., 1990).

The mejor target of sporozoite neutralising auttbodtes, p67, has been cloned and
oharecterised (Nene et al., 1992). The sequence of the gene coding for p67 is
conserved amongst 1: parva parasites Isolated from euttle (Nene et al., 1996), but is
variable in 1: parva parusltes isolated from buffalo (V, Nene, pel's. comm).
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1.5.2 Cross immunity trials

Cross-protection between different stocks of T. parva can be tested by lmmunislng

cattle with one stock and challenging hnmunlsed animals with other stocks. Stocks

that are able to cause disease in immunised animals are considered immunologically

distinct (Norval et al., 1992). However, cross immunity trials are time consuming

and, because of the number of animals involved, vel'y expensi v" In addition, they

are sometimes difficult to interpret (Irvin, 1987), probably because some stocks

contain more than one T. parva immunotype, There is thus a need for more practical

and reliable labol'ulory methods to characterise immunologically distinct T. parva

populations.

1.5.3 Screening with monoclonal antibodies

A number of monccloual antibodies (MAbs) directed against schizont antigens have

been used to characterise 1'. parva stocks (Pinder and Hewett, 1980: Mlnaml £It al.,

1983; Irvin fit (II.• 1983; Conmd fit al., 1987n; 1989; Koch et a/ .• 1988: Bishop et al.,

1994). T, parva schizont-infected cells derlved from cell cultures are detected in
Indirect fluorescent antibody tests using a panel of MAbs. These MAbs detect

enormous divc.slty amongst T. parva stocks, but they luck sensltlvlty and some
parusltes may be overlooked, as certain subpopulatious can be selected during the

establishment of cultures (Norval et al., 1992). The results are also rather subjective.
difficult to interpret and may not be reproducible (a, A. Allsopp. pel's. comm.),

1.5.4 Analysis of proteins

1.5,4.1 Enzyme Clnalysis

Negligiblo polymorphism has been found between most T. parva lsoenzymcs
(Melrose et al., 1980; Mtlsisi et al., 1981). Allsopp et (/1. (1985) found variations
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1.5 Characterisation of T.parva stocks

Some cattle recover from infection with T. parva; these animals are resistant 1'0

challenge with the pnrasitc which caused the infection, but immunity after challenge

with an heterologous parasite varies from partial to 11011~ (Irvin, 1987). Attempts to

lmmunlse cattle against theileriosis by the infection and treatment method have

produced similar results (Irvin, 1987; Mutugi et al., 1989). It is increasingly obvious

that there is enormous antigenic variation between diffcrent stocks of T.parva and

that mixed infections are coml11OI1in tho field. Therefore, in order to understand the

different patterns of theileriosis in southern and eastern Africa and to develop

effective vaccines against theilel'iosis, precise chnracterisntion of different T, parva

tsolates has become necessary. Several dlffercnt techniques have been used to

chamcterise T. parva isolates.

1.5.1 Pathogenicity

The clinical symptoms, parnsttclogical chnracteristios and pathology of infections

with different 1: parva stocks con be rnonitorcd in vivo. Differences between

T. p, parva, T. p. Iawrence! and T. p, uovts are displayed in the length of the prepatent

period, time to fever, durntton of fever, time to appeamncc of piroplasms, levels of

schizont and piroplasm parasitoses and time to death or recovery, Such parhologicnl
fentures are generally too variable to be of value in parasite strain churacrerisatlou,

but sufficiently consistent differcnces have resulted in the ttinomfnl classification

system for subspecles of T. narva (Irvin, 1987).

However, the severity of diseuse is dependent 011 the dose of sporozoltes applted

(Dolan at al., 1984). Thus, a stl\11di\t'd dose of sporozoltes must be used for

infectivity assays and, although it Is possible to count total numbers of sporozoltes,

it is difficult to determine numbers of infective aporozoltes (Irvin, 1987).
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present, but there is as yet no evidence to suggest that these antelope are involved in

the epidemiology of theileriosis in southern Africa (H. Stoltsz, pel's. cornrn.),

The movement of buffalo f om the large herds in the Kruger National Park is

prohibited as both foot and mouth disease and Cord dar disease are endemic there.

In the Natal parks, buffalo are free from foot and mouth disease but, because Corridor

disease is endemic in these areas, the relocation of these animals is also prohibited,

The mojor source of annuals free from both diseases has previously been a relatively

small herd at the Addo Park in the eastern Cape (Stonsz, 1989). However, these

disease-free buffalo are very expensive because of their limited numbers, there are

not enough animals at Addo to meet the increased demand and the stock is limited

in genetic diversity.

A situation has thus developed where unscrupulous fanners may be tempted to

circumvent the regulations and move buffalo from prohibited areas. An ourbreak of

o 1'id01' disease occurred in tho Warmbath» area in early 1994, as a result of such an

illegal translocation of buffalo from the foot and mouth control area nom' the Kruger

National Park (Kotze et al., 1994). In addition, it is feared that, with the ever-

expanding hU111t\11 pl'il(!lution and the consequently lncreaslng needs fOI.' gl'uzing for

growing herds of cattle, pnl'ticulnrly in mens bordering the game reserves, there might

be a relaxation of the strict control mensures that have previously been applied. The

combination of these factors could load to an Increase in the number of Corridor'

disease outbrenks in the future.

Thus there is l\11 urgent need in SOllth Africu for practica! awd rellnblc methods to

chnracterise and distinguish between T. parva pnraaltes in the field. It would be very

useful to be able to identify Thellorla pnrasites In buffalo and to identify

T. p. lawrence/-free anlrual« for translocation. Also, it is of pararnount importance
to know whether thoro is a clanger of a recrudescence of Bust Coast fever from the

To parva population that remalns in buffulo in South Ardell.

12



confined to well fenced game reserves, and rigorous quarantine and tick control

measures are 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 East Coast 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 occur if the parasite was reintroduced into the country

from an endemic area, In addition, there is a historical fear that T: p, lawrence!' may

be able to 'transform' to T.p, parva. Barnett and Brocklesbury (1966) first reported

'ttansforrnatlon' in Kenya during the passage of aT: p. lawrencei Isolate through

cattle. However, no evidence for 'transformatton' has ever been found in South

Africa (Bigalke et al., 1976; Potgieter et al., 1988). In Central and East Africa,

buffalo carry mixed populations of theiletial parasites (Norval et al., 1992). It seems

likely that what has been described as transformation may occur as a result of the

reservoir host harbouring a mixed infection, including both T. p. lawrencei and

T.p. parva, Passage in cattle may then result in the selection of a subpopulatlon of

parasites characteristic of 7'. p. parva,

1.4.3 Relocation of buffalo in South AMen

The rlsing popularity of commercial game farms and private game reserves in South

Africa in recent years has led to an increasing demand fa I' buffalo. In order fOI'

buffalo to be translocated, the animals must be certified free of both foot and mouth

disease and Corridor disease to prevent the spread of these virulent diseases. In

addition, Stagg et al. (1994) have shown that, when passaged through defassa

waterbuck (Kobus de!assa), a subpopulation of parasites that resembles T. p. parva
can be selected from the origlnal Z' parva population in buffalo. Although defassu
waterbuck do 110t occur in South Africa, common wuterbuck (K, ellipsiprYIIIllus) nrc
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1.3.2 Other Theileria species

Other Theileria species occurring in South Africa include the mildly pathogenic

T. mutans (Theiler, 1906) and T. taurotragi (De Vos and Roos, 1981a), and the non-

pathogenic T. velifera (Berger, 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. lawrencei infections.

T. mutans is transmitted by ticks of the genus Amblyomma; in South Africa

A. hebraeum has been shown to be an efficient vector (De Vas and Roos, 1981b).

Pathogenic strains of T. ntutans have been reported in Kenya (Moll et al., 1986) and

in Zambia (Musisl 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. taurotragi, transmitted by R, appendlculatus, has been implicated in bovine

cerebral theileriosis in South Africa (De Vos, (982). T. taurotragl is wide-spread in

Zimbabwe and seriously complicates investigations 01) T. p. bovis (Koch, 1990),

1.4 Current epidemiology of theileriosis in South Africa

1.4.1 Corridor disease

Corridor disease hrs become the 1110St hnportant form of thellerlosis in South Africa,

since the eradication of Bast Coast fever and presumably of its causative agent,

T, p, parva. Outbreaks of Corrldor disease occur periodically on farms bordering the

Kruger National Park and the Natal parks, Hluhluwe and Umfolozl: such outbreaks

are always associated with the presence of the African buffalo (Bigalke et al., 1976).

This animal is also a reservoir of the highly virulent foot and mouth disease virus.

Tnorder to prevent the spread of foot and mouth disease in South Africa, buffalo are

10



of parasites; this would have resulted in subclinical infections and carrier animals

which spread the disease.

It has recently been recommended (Anon., cited in Norval et al., 1992) that the use

of the, trinomial system be discontinued as there ate no real biological grounds for

distinction between the three SUbspecies. Different T. p. parva stocks have been

found to display a 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 et 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, i.e,

cattle-derived or buffalo-derived (Anon., cited in Norval et al., 1992). However, this

nomenclature raises a serious question. How should 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 genetically identical to the

original stock in the buffalo, although 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 T. parva stocks from

eastern and southern Africa which cause East Coast fever, Corridor disease 01'

January disease, it will be gimpier, more convenient and easier for the reader to

follow, if the trinomial system is use,' 'eader should therefore note that, in cases

where we had no information about tlu, tl symptoms caused in cattle by specific

T. parva stocks we have simply indiczted the host of origin but without using the

cattle-derived and buffalo-derived terminology, 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, parva for East Coast fever-inducing stocks and

T. p, lawrencei for Coni dol' disease-inducing stocks.

9



Corridor disease i;.. also a severe and normally fatal disease in infected cattle. There

is a marked Iympho-proliferative phase, but the lympho-destructive stage is less

severe than in East Coast fever. Clinical symptoms include characteristically swollen

lymph nodes and the development of pyrexia. Pulmonary oedema is not necessarily

seen, whereas subcutaneous oedema is common. One of the main features

distinguishing Corridor disease from East Coast fever is that very few schlv.» •. -md

piroplasms are produced in cattle. As a result, T. p. lawrencei parasites:' ~ll~'; 1 ',:,

transmitted directly from buffalo, as the low numbers of piroplasms produced m

cattle result in a low rate of infection in ticks and therefore poor transmission

between cattle, The tick vectors are R. appendiculatus and R. zambeziensts, but there

is evidence to suggest that the latter might be the preferred vector (Blouin and Stoltsz,

1989).

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

"January disease 01' theileriosis is a seasonal disease of Zimbabwe,

characterized by lymph node swelling and oedema of the lungs, usually with

a low morbidity and a high mortality of the affected cattle. Outbreaks are

usually associated with high numbers of the vector, adult Rhipicephalus

appendiculatus. Rhipicephalus zambeziensis might sometimes be the vector,

Calves in the field have more resistance to the disease than adult cattle. A

number of cattle will remain infective to ticks after recovery from infection.

The frequency of schizonts in the lymph nodes of affected cattle vades, but the

percentage of erythrocytes containing, t'lroplasms is always low."

Koch (1990) postulates that the parasite which causes January disease was a strain

of T. parva which was selected 1'1'0111 the East Coast fever complex introduced into

southern Africa, Tick control measures as applied in Rhodesia may have suppressed

the disease but allowed infection of ticks and susceptible cattle with small numbers

8
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Fig. 2.3: Strategy used to clone and sequence 1: p. lawrencel ITS and
LSUrRNA peR amplification products
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2,2,5 Cloning 01' the LSUrRNA and ITS amplification products

Shotgun cloning (Bankier et al., 1987) was used to clone random fragments of the

LSDl'RNA and ITS peR products into M13mp18 for sequencing.us lllustmted in fig.

2.3.

2.2.5.1 Preparation of recomb 'nani pUC J 8 clones

After the arnplidcution of each fragrnent the products from three PCRs were pooled

and concentrated by precipitation with sodlum acetate and ethanol (Appendix

C.l.2.2), The termini of the PCR products were filled in and klnased as described in

Appendix C.G. The resulting blunt-ended fragments were purified from residual

enzymes, oligonucleotide primers and unincorporated nucleotides by gel-pul'Wcutiol1
(Appendix C.7.1). Two ITS PCR products were obtained and were separated at this

stage by fractlonatlon 011 u 1% agul'oscrrBE gel and excision of the sepnrated
frngments, The shorter of the two ITS peR products Wl\S designated 1TS ..S and the

longer one lTS-L. The peR products were gel-purified (Appendix C.7.1) unci cloned

into Sma I-cue and dephosphorylated pUC18 (Appendix C,B), White colonies were

picked and mtuiprepnrartous of recomblnnnt plasmid DNA were made by the alkaline

lysis method (Sambrook et al, 1989) (Appendix C,9.1.1). Plasmid DNA Was

digested (Appendix C.S) with Eco RI and Bam HI and checked by electrophoresis to

ensure that the correct inserts had been cloned, A QIAGEN tip 100 (Appendix C.9.2)

was used to prepare DNA from three recombinant pUC 18 clones of each of the

LStJl'RNA peR products nnd fl'0111 six clones of each of the ITS PCR products.

2.2.5.2 Sonication ofrecolllbilUlllt pUC18 clones

Fol' each cloned ITS lind LSUI'RNA, the recombinant pUC18 clones were pooled and

10 I-Igof purified recombinant plasmid DNA was sonlcated for 120 seconds at (\11

output of 1GO watts in a Branson Cuphorn Sonificl' 250. The soulcates were
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2.2.3.4 Amplification of rRNA genes

The PCR was performed as described in Appendix C.S. Annealing was performed

at 60GC for primers A and B and the ITS primer pail', and at 65°C fOI' both of the

large subunit primer pail's. Cycling conditions wore: 72 "C for 1.5 minutes, 95°C for

1 minute and GO°C (small subunit and US) 01' GSoC (large subunit) for 1 minute, for

30 cycles. A positive 1~p. parva Muguga LNIMIII and a negative calf thymus DNA

(Sigma) control were included with each PCR performed.

2.2.4 Cloning of the SSUrRNA ampllfleatlon product

A scheme showing the stt'Utegy used to clone the amplified SSU"RNA gene into the

sequencing vectors M13tnp18 and 1111'19(Messing, 1983) is shown in fig, 2.2.

5 1-11allquots of the SSUrRNA product were initially digested with the enzymes

included in the primers to determine which enzymes could be used for directlonnl

cloning (i.e, those that did not cut the PCR product internally). Restriction digests

were performed as described in. Appendix C.5. Bam HI nnd Ben RI were the enzymes

of choice fOl' cloning the SSU1'RNA gene,

The products from three PCRs were pooled, concentrnted by precipitation with

ammonium acetate and propanol (Appendix C.1.2.2), and double-digested with

Bam HI and &0 Rl (Appendix C.S). Digested products were separnted from residual

enzymes, oligonucleotide primers and unincorpornted nucleotldes by gel.purification

uslng a modification of the "freeze-squeeze" technique (Koenen, 1989) (Appendix

C.7.1), they wore ligated into Bam HI· and &0 RI·ClIt, dcpltosphotylated M 131111'18

01' mp19 and transfotmed into competent E. coli TOI cells (Appendix C.8).

colourless, recombinant phage plaques were picked nnd single-stranded templates

W~:l'Cprepared for sequencing as described in Appendix C. 12.1.1.
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2.2.3.2 Primers for amplification of the large subunit

Six eukaryotlc LSUI'RNA sequences, available at the time, were extracted from the

international databases EMBL and Genbnnk, These included two protozoan

L8Ut'RNA sequences, Tetrahymena pyriformis (Engberg et al, 1990) and

Prorocen/rum mlcans (Lenaers et al., 1989), Caenorhabditls elegans 28S I'RNA

(Ellis et al., 1986) and three mammalian 28S l'RNA sequences, Mus musculus
(Hussouna et al., 1984), Rattus norvegicus (Chan et al. 1983; Hadjiolov et CIt" 1984)
and Homo sapiens (Gonzalez et lit" 1985), CLUSTALV (Higgins et al., 1992) was

used to hlign these 288 sequences with the T.p. parva LSU1'RNA sequence (Kibe and

Bishop, pel's. comm.); two Theileria-specific primer pairs, lLO 465 and lLO 4t and

NC 1 and NC2, were Identified 1'01' amplification of the large subunit. 110465 and

ItO 467 were designed to amplify the 5' half of the large subunit (designated LSU·1);

Nel 'd NC2 the 3' half (designated LSU~2), Primer sites are Illustrated in fig, 2,1,

ILO465 anneals to the coding strand approximately 140 bp downstream of the 5' end
of the large subunit. 11.0 467 is complementary to the non-coding strand and is

locat.!u in l\ L Iwil(!l'ia"consct'ved region approximately 1.5 kbp downstream from !LO

465, NCl, complementary to the coding strand, lies npproxlmntely 90 bp upstream

fromIl.O 467, NC2 anneals to the non-coding strand at the 3' end of the large subunit

gene, Details of PCR primers are ill table 2.1.

2.2.3.3 Primers for amplification of the internal transcribed spacer

Primers tor amplification of the ITS were designed ln reglons which wore specific for
Tliaileria at the 3' end of the small subunit and at the 5' end of the large subunit (Klbe

et al.; 1994), The 5' end ofILO 466 anneals to the coding Shand 90 bp upstream of

the 3' onl of the SSUrRNA gone. ILO464 is complementary to the uon-eoding strand

upproxlmately 140 bp downstream of the 5' end of the large subunit (fig, 2,1) (ILO

464 Is the reverse complement of primel'!LO 465, which was used ro nmplify LSU-l),
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Table 2.1: Oligonucleotides used f01' amplification of rRNA genes

PrimeI' I.Cllgth GC Strand Tm Sequence 5' • 3' RcnlllrkslRcfcrcncG
(bl) content lit 0C..

A 35 19 + 69.0 eeG AAT TCG TCG ACA ACC TGG TTG ATC eTG For U9Qwith primer B to mnpllfy SSUI'RNA gene (Soghl, 1990)
eCA or

B 39 22 71.8 CCC GGG ATC CM GCT TGA Tce HC TGC AGG For usc with primer A to amplify SSUrRNA gene (Sogln, (990)
HC ACe TAC

11...04(;6 22 11 + 71.0 GGG AAC GTe TAG GGA AGr TTT G For usc with ILO 464 to umplify Internal transcribed spncer

~
(Klbe, ct al, 1994)

11...0464 25 II 70.7 CCG TTG GCA AAT TCA ACG GAT TTT C For use with ILO 466 (0 amplify Internal transcribed spacer
(Kibc. el a[. 1994)

IL0465 25 II + 70.7 GAA AAT CCG 1'TG AAT 1'TG eCA ACG G Po' \lSl'wlth ILO 46'/ to amplify 5' hnlfofLSUrRNA gene.
r,Qvcrsc complemcl\t of ILO 464

lL0467 25 12 72.4 TGC GTC GAG AAG HC ACT TGT GTT G ;,'01' use with !LO 46S t(' nrl1plify 5' hal] of LStJrRNA gene

Net 23 14 + 75.3 eGe CAe GTT AAC TGe GTG TGA GG Por lisa with NC2 to nmpllfy 3' half of I..SUrRNA gene

NeZ 25 15 77.3 GAG CAC eTC GGG TAG AAT eTC AGC G For use with N..8 to mnelilY 3' h~lr of LSUtRNA gene
"

lI<Tm:tho temperature at which 50% of the probol tnrgt)! DNA dup[cl\cS nrc dissociated. Sec Appendix C.4 for cnlculntlon of dlssoctntlo» temperatures.



with 40 rnl of 0.1 % (v/v) nonidet P40 in II 50 ml polypropylene tube, and the cells

were pelleted by centrifugation at 1600g for 20 minutes. The pelleted cells were

lysed in 5 ml of lysis buffer (10 mMTl'is·HCl pH8.0, 10 mM NnCI, 10 mM EDTA,

1% w/v 8DS] at 70°C for five minutes. Most of the protein was degraded initially

by incubation at 37QC overnight, with proteinase K (Boehringer Mannheim) added

to the mixture to a final concentration of 0.1 mg/mt. After the addition of 1 ml of

ANB [10 mM sodium acetate, 0.1 M sodium chloride, 1 mM BDTA, 0.5% SD!)),

residual proteins were removed by extraction with phenol and chloroform (Sambrook

et al., 1989) (Appendix C.l.l). DNA was recovered by precipitation with sodium

acetate and etr:'1101 (Sambrook et al; 1989) (Appendix. C.1.2.1) and dissolved i11300·

5001-11ofTE (Appendix B). The concentration of the purified DNA was determined

speotrophotometrically (Appendix C.2.1).

2.2.3 Polymerase chain reaction (peR) amplification of rRNA genes

The polymerase chain reaction (PCR) (Saiki ot al 1988) was used to amplify the

T.p.lawrencei 73441'RNA transcrtptlon unit from the mixture of bovine lind parasite
DNA extracted from cell culture. Oligonucleotide primers wore synthesized by the

Biochemistry Department, University of Cape Town.

2.2.3.1 Primers/or amplification of tile small subunit

Primers A and 13, designed to amplify and clone eukaryotic 16Swlike l'RNA genes

(Medlin at al. 1988; Sogin, 1990), were used to umplify the 'It. p. lawrence! 7344

SSUl'RNA gene. Primer A anneals to the coding strand at the 5' end of the small

subunit, while primer 13is complementary to the non-coding srrand at the 3' terminus

(fig. 2.1). Primer A contalns &0 RI t\l1d Sal I restriction sites; 1),'lm01' B includes

sites for sma 1,Bam HI, Hind III and Pst I. Details of peR primers nrc in table 2.1.
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genetic studies (reviewed in Hillis and Dixon, 1991), It therefore seemed likely that

differences between T. p. parva and T. p, lawrence! might lie within a variable region

of the LSUl'RNA gene, 01' in the 11S. Most of the sequence of the T. p, parva I'RNA

transcription unit (including the SSUl'RNA and LSUrRNA genes and the ITS) has
recently been obtained (Kibe et al., 1994); this provides a, basis for the comparison

of new T, parva rRNA sequences.

In this chapter, I describe the sequencing of the transcription unit of the cloned

T. p. lawrencei parasite.

2.2 Materials and methods

2.2.1 Parasites

T. p, lawrencel clone 1344/GS/PS/E8, which causes classical Corridor disease in

cattle, was obtained from workers at ILRAD, Kenya (S. Morzarl •••P. Spooner and T.

Dclan, pel's. COItlIU.; Morzarla at al., 1995). It W!1S cloned from a T. parva stock

isolated from. a naturally infected buffalo (7014) in the Nauyukl area, Kenya (Karlukl,
et al., 1990: Moranrla et ai., 1990).

T.p, parva Muguga LN/MJ/l was used us a positive control in PCRs. The T.p./HII'VCl

Muguga stock was isolated from Klambu district, Kenya (Brocklesby et al., 196 I).

and causes East Coast fever. Muguga LN/MIIl was obtained from schlzont-infected
lymph 110de material from a bovine infected at ILRAD ' 'ith To p. parva Muguga

(T. Dolan, pel's. comm.).

2.2.2 DNA extraction

Genomic DNA. which includes both bovine and T. p. lawrenc« DNA, MIS extracted

f1'01n sehizcnt-infecred IYl11phoblm;toldcell cultures. Ten ml of CUllUl'O was washed
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Species-specific variations found in I'RNA genes, together with the abundance of

ribosomes (and therefore rRNA) in cells, can be used to develop very specific and

sensitive probes. This technique has been successfully applied in distinguishing

between species and strains of various Apicomplexan parasites, e.g. Plasmodium

(Waters and McCutchan, 1989), Babesia (Dalrymple, 1990; Persing et al., 1992;

Allsopp, 1994) and Theileria (Allsopp et al., 1993: Allsopp, 1994).

Allsopp et al. (1993) sequenced a hypervnriable region of the small subunit l'RNA

(SSUl'RNA) gene from various T. parva stocks isolated from cattle and buffalo, from

T. annulate, :'. nuuans, T. buffeli and T. taurotragl samples, Md also from an

unknown clon ..rl paraslte fl'(' 4 buffalo in Kenya which WH designated Theileria sp.

(buffalo). Oligonucleotides were designed for use as probes to distinguish between

these six species. The T. parva probe did not distinguish between 7~ p, bovls

(Boleni), T. p, parva and To p. lawrencel (Hluhluwe 3) ~ the variable region of their

SSUl'RNA gene sequences was identical, The full length SSUl'RNA gene sequence

of a cloned T. p. lawrencei parasite had not been obtained When this work began,

although it seemed llkel, that it would be Identical, It was necessary, however, to

confirm this experimentally.

Assuming that the SSU1'RNA sequences of the two parasites were found to be

identical, we would need to look for a region of great or variability in order to

distinguish T. p, parva and T. p. lawrencei parasites. There is a great deal more
variation in the expansion segments 01' divergent (D) domains of large subunit rRNA

(LSUl'RNA) genes (Noller, 1984; Hillis and Dixon, 1991) and it has recently been

shown that improved dlscrlrnlnatlon between different Theileria species can be

obtained using oligonucleotide probes derived from LSUrRNA sequences (Bishop

et al., 1995). In addition, ITS regions, which are non-coding spacer reglcns under

low structural and functional constraint, accumulate mutations at a higher rate nnd
arc consequently more variable than loRNAgene coding regions. Variations in ITS

regions have been used to identify species 01' strains, and us markers in population
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by the ITS 1 and the ITS2; finally there is the large subunit rRNA gene. The

transcrlptlon unit is transcribed as a single precursor RNA molecule (45S); before

leaving the nucleus the primary transcript is cleaved to release the individuall'RNA

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 I'RNAs have shown

that parts of the sequences are highly conserved between all organisms, particularly

in the regions which determine the secondary structural core of the molecule (Gerbi,

1986). The features of l'RNA 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.

Evolutionarily conserved segments withln the I'RNAs of many different organisms

are correlated with important functions of ribosomes, including sequences important

for interactions with tRNA and mRNA, and ribosomal subunit association. Other

regions of the rRNA molecule which are not under such constraints are vatiable, It

is precisely these characteristlcs that make I'RNAs good candidates for a number of

applications, including phylogenetic studies and the development of species-speclflc

probes. Small subunit ribosomal RNA (SSUI'RNA) genes have been used in

numerous evolutionary studies of many different organisms, resulting in a groat deal

of information 011 the sequences of ribosomal RNA<:, Phylogenetlcnlly ordered

alignments of both large and small subunit rRNA sequences are available from the

Ribosomal Database Project (Maidak at al., 1996). A new rRNA sequence can be

compared to existing sequences to identify homologies with other organisms and to

locate conserved and variable regions within the molecule for the development of

ampllficetion oligonucleoddes and charncterlsnrlon probes.
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Fig. 2.1: Structure of the T.parva ribosomal RNA transcription unit, showing rRNA coding regions
(open bars) and transcribed spacers (solid bars). ETS: external transcribed spacer. ITS:
internal transcribed spacer. Arrows indicate approximate positions of primers used to
amplify rRNA genes.



CHAPTER 2: SEQUENCE OF THE RIBOSOMAL RNA TRAf\lSCRIPTION
UNIT OF A CLONED T. P. LAWRENCEI PARASITE

2.1 Introduction

2.1.1. Ribosomes and ribosomal RNA genes

Ribosomes are complex ribonucleoprotein organelles, responsible for translating the

mformation encoded by messenger RNA and synthesising proteins (Alberts et al.

1989). The structure of ribosomes is similar in prokaryotes and eukaryotes, and

comprises a small and a large subunit which consist of ribosomal RNA (l'RNA) and

protein molecules, Because the different rRNA 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 subunit of the ribosome is

made lip of 17S 01' 18S rRNA and a number of proteins. The large subunit consists

of three l'RNA molecules, the 58, 5.88 and 26S 01' 288, and a number of proteins,

2.1.2 Orgnnlsatton of rRNA genes

The general pattern of I'RNA gene organisation is identical in most eukaryotes,

Multiple copies of the genes coding for rRNA are organised ill d tandemly arranged

series (Long and Dawld, 1980). The repeating units which make up the tandem

clusters can be divided into the transcription unit, which is transcribec' into rRNA,

and the non-transcribed spacer, which separates transcription units. The transcription

unit (fig. 2.1) is made up as follows: firstly there is a 5' leader sequence, the external

transcribed spacer (B'TS); this is followed by the small subunit rRNA gene; thirdly

we find the internal transcribed spacer (ITS), which contains the 5.88 gene flanked
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SStJrRNA sequence analysis can be used as a very effective tool to elucidate
phylogenetlc relation». ) between organisrns, but this technique cannot always be
used to distinguish between species. Therefore, although the SSUrRNA genes of
7: p. parva Mugugu and the ClOI1Cd To p, lawrencei 7344 are identical, this does not

necessadly mean that they are the same species. The sequence similarities between
the SSUrRNA nnd LSUl'RNA genes of T.p. parva Mugug» and T. p. lawrence! 7344

do, however, indicate that these two organisms U1'0 VC1'Y closely related.

2.3.2.2 The internal transcribed spacer

The sizes of the two ITS sequences from the 3' end of the SSU to the putative 5' end
of the LSU were 1120 bp and 1070 bp. These sequences have been submitted to

Genbank with acccsaion nurnbers U03601 (ITSoL) and U03602, (1TS·S). There were
throe regions of variability between tho two sequences, located just downstream of
the SSm'RNA gene and 011 either side of the 5.8S gene. Deletions, tnsertlons and

substitutions were ull found, and both sequences differed f1'0111 the 7'. p. parva

Mugugu and Uganda ITS sequences (Kibe (!t al., 1994), although lTS-S tended to be
more similar to these thl1lll1'S~L, The ITS was the first region in the 1: p. lawrencei

unci 1: p parva tRNA transcrlptlon units in which tnl\jOl' sequence variations were
identified.

Tin 5.8S gene sequence was highly conserved l'letween the two 1:p. lawrence; 7344

l'RNA units and those of 1: p. lWI'VC1 M\lguga nud 7: p. parva Uganda. This is
different fl'0111 the situation ill Plasmodlllmjaldparlllll ill which rom different S.8S
genes have been found (Snippen-Lentz ef al.. 1990). Only one of these is nnnscrlbcd
in the erythrocytic stage of the pm'usitc.

The presence of ~wo polymorphic lTS sequences in the cloned T. /' ,',ll1Jl'ellCei

pal'ashe suggests the existence of tit least two l'RNA coding units ..1 '1: "arm. Kibe
et aZ. (1994) showed that there were two l'RNA transcrlption units ill 1: p. /)(1/'1'(1



Muguga LSUrRNA gene sequence have insertions of 3 and 6 bp when compared to

that of To p. lawrencel 7344 (fig. 2.8).

The fact that the SSUI'RNA genes of T. p. parva Muguga and a cloned

r. p. lawrence; arc ideutj'.!'d «nd their LSUl'RNA genes are very similar would seem

to indicate that these two organlsms belong to the same species. However, although

SSUl'RNA sequence analysis has proven very useful for establishing phylogenetic

relationships across a broad range of taxonomic levels, there are no universally

applicable criteria for deciding how many sequence differences in SSUt'RNA

sequences are sufficient. to justify establishment of a ncw species (Stackebrandc and

Goebel, 1994). In fact, studies to date indicate thnt "the resolving power of this

method dissipates somewhere near the species level" (Wilson, 1995). SSUl'RNA

sequence analyses of certain organisms fail to dlstlngulsh between recognised

species; examples include Mycobacterium avtum and M. paratuberculosis which

have identical SSUt'RNA sequences (Rogall et al., 1990: Stahl and Urbance, 1990)

and Brlichia phagoG:vtophila and E, equi which have a single base pair difference in

their SSt1l'RNA genes (Maidak et (1[., 1996). On the other hand, unique SSUl'RNA

sequences have been found amongst SOl'OVUI'S of the same species, e.g, FrwlCisella
tularensis (Forsman at al.. 1994), and in Esdwriscltia coli there arc five diffcrent

SSUl'RNA sequences with sequence differences ranging up to 1.2% (Maldak et ((I.,
1996). To further complicate till.' situation, more dum one copy of a SSUI'RNA gene

can be present within the sumo organism, e.g, in Halobaaterlun: marisniortui the two

l'RNA copies are diffcl'ent for S. 1% of their sequence (Maidnk et al., 1996). In n

recent large-scale taxonomic study of the Mycobactt!ria in which DNAwDNA

hybridlaation, SSUl'RNA sequences, nntibody binding, and cheruotaxonomtc and

phenotypic characteriatics were compared, Wayne et at. (1996) could identify "no

single 16S lRNA intersunln nucleotide sequence difference value that unequivocally
defined species boundaries",
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CLUSTALV (Higgins et (Ii .• 1992) was used to align sequences obtained from nil

1: p. lawrencel 7344 peR products with the sequences of the 1'. p, parva Muguga

rRNA trnnsortption unit (Allsopp at al.; 1993; Klbe et al., 1994; Kibe and Bishop,

pel's. comm.), The sequences allgncd lire listed ill table 2.3 (p. 45). The alignment

is ShOW11111 fig. 2.8 (1'1'. 46 ·56). The SSUrRNA gene is located between columns 1

and 1.742. The positions of the 5.88 and LSUt'RNA genes were estimated by

comparlson of our sequence with other 5.8S and LSUl'RNA sequences, so start and

end positions arc approxlmnte, The approximate location of the T./XI/WI S.8S gene

(between columns 2367 and. 2546 in fig. 2.8) was deterrnlned by comparison with

two other Pl'OtoZOI.Ul 5.88 sequences, Prorocentruni mlcans (Marctenux et al., 1985)
and Giardia ardeae (van Keulen at al., 1991(\; 1991b). The estimated stnt't of the

5.8S gene was 14 nucleotldes upstream of the highly conserved sequence, GOAT,

All known 5.88 l'RNA sequences begin 14 to 18 bp upstream of this sequence (NnZlU\

1984). Sequence homology with two other protozoan LSUrRNA sequences,

Tetrahymena pj'l'tformis (Etlgbel'g et al., 1990) and Prorocentrum micans (Lel1net·s

et al; 1989), allowed U reasonable esumate of the 5' end of the T. pa: V(I LSUI'RNA

gene (COhll1l11 2929 in fig. 2.8), but the position of the 3' terminus was more difficult

to determine duo to decreased sequence homology in this region.

2.3.2.1 The small (lnd/arge subunits

The T.p.lawrencel 7344 SSUl'RNA gene sequence was 1741 bp in length and was

ldenticul to that of 1: p, parva Mugugn (fig 2.8). Altbough the T. p, parva Mugugn

SSUd~NA gene hus previously been sequenced (Allsopp et ut; 1993; Allsopp, 1994),

this represents the fit'st T. p. lawrence! SSUt-RNA gene sequence, us a cloned

T. p. lawrencei pnl'uslte had not previously been avnilablc,

There were only minor sequence differences between the T. p, Iawrencet 7344 and

1: p, purva Muguga LSUrRNA gene sequences, Two regions in the T. p. parva
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Figure 2.7:
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Screening of rccomblnnnt M 13 plaques for M 13 clones containing
LSD-l insert. Plaques wore lifted in duplicate onto Hybond N+
filters. Duplicate plaque lifts (1 and 2) were from two plates (A
and B) which contained 42 and 48 CIOIII' plaques respeotively.
LSU·! peR product WIlS labelled using the Multlprlmc DNA
labe1Hngkit (Amershnm) and used as a probe to identify 16 (plate
A) nile! 21 (plate B) M13 plaques containing LSU·l Inserts.
Plaques which were detected by the probe all both filtet's were
picked for sequencing,
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Recombinant pUC 18clones containlng the LSU·1 PCR product.
peR products were end-filled and kinased and Ilgarcd into Sma j,
cut pUC18. Recombinant clones were digested with Bam HI and
&0 RI to ensure that they contained the correct insert (Innes 2-5).
The LStJ·l PCR product (lane 6) contained 110 Bam HI sites (lane
8) but two Eao RI sitos (lane 9). )..Hind III molecular weight
markers (lane M) were used to estimate the size of the peR
products,
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Recombinant pUe18 clones of the LSUMl amplification product are shown in fig. 2.6

(lanes 2..5).

Random DNA fragments generated by sonication were subcloned into M13tnp18 for

sequencing. The sonicate comprises l'RNA insert and pUe18 fragments in a ratio of

approximately 1:2 (the inserts ranged in size from 1.2 MJ.8 kbp, pUelS is 2.69 kbp),

Therefore, approximately two thirds of recombinant M13 plaques obtained would

contain pUe18 fragments, It was thus necessary to screen recombinant plaques to

select only those that had l'RNA inserts. peR products were radio-labelled and used
to probe plaque lifts of recombinant M13 clones. Positive recomblnant plaques

detected by radiclabelled LSUMI ampllficatlon product are illustrated in fig. 2.7.

These plaques were picked for sequencing.

2.3.2 Sequence of the T.p, lawl'lmcei 7344 transerlptlon unit

The sequence of each peR product was obtained at least once on each strand, The

lengths of the consensus sequences obtained for each portion of the rDNA unit and

the "wrage number of gel characters pCI' consensus character lire shown in table 2.2.

Table 2.2: sequence details of the T, p, lawrencei 73/4 I'RNA transcription unit
obtained from cloned peR products,

SC(IUCllCC Amplificntioll 1'otnllcngth A'I'cl'ngc number of gel chnl'nctcl's-. prill~s - ~b~ _gc~ COllSCUS11Schnracter

SSt A&13 1741 2.86

tsu-i lLO 465 & ILO467 1564 6.07

LSD·2 Net &NC2 1761 5.30

l'rs·s Ito 466 & ILO464 1262 7.28

ITS·L ILO 466 & It,Q 464 1315 7.06
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Figul'C 2.5:
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Two ITS peR products were genernted from T, p. lawrencei 7344
(Lunes 2 and 3) with primers JJ..O466 and 1LO464. Only one ITS
peR prodnct wns obtained from T. p. parva Muguga (Innes 4 and
5). LUllC 1: calf thymus negative control reaction, ,\ lilllel 1I1
molecular weight markers (lane M) were used to estlmnte tl.e size
of the peR products.



NCl and NC2 amplified approxlmately 1.8 kbp at the 3' termlnus (fig, 2.4, Panel C,

lane 1), A single 1~p, lawrencei 7344 I'RNA amplification product was obtained

with each set of primers, The T, p. parva Muguga positive control sample yielded

very similar products (fig, 2.4, Panels Band C, lane 2), No amplification product

was obtained in either of the bovine negative control reactions (fig, 2.4, Panels Band

C,Int)\.; 3),

Two ITS amplification products differing by approximately 50 bp were obtained from
To p, law1'encal7344 (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 in

length and was designated ITS-S. T. p, parva positive control samples yielded a

single peR product (lanes 4 and 5), No amplification product was obtained in the

bovine negative coutrol reactlon (lane 1).

Shotgun cloning and sequencing of randomly-generated DNA fragments is a quick

and efficient method of gathering sequence information (Bankier et al., 1987). A

lineal' DNA fragment is not randomly sheared by sonication £IS the centro of the

molecule experiences the maximum shear energy; linear fragments tend to be halved

and subfragments halved ugaln. To increase the random nuture of the process, DNA

must be in n circular form for souicatlon, Thus, as sonication was used to shem'DNA

11 this study, the T. p, lawrencet 7344 ITS and LStJl'RNA PCR products were
initially cloned into pUCl8 and the circular recombinant plasmids were sonicated.

Taq DNA polymerase preferentially adds n single adenosine nucleotide to the 3' ends
of the double stranded DNA molecules that it produces dul'ing a PCR (Clerk, 1988).

These 3' overhangs had to be filled in and the ends of the molecules klnased before

they could be cloned into Sma I-cut pUetS (the 3' A overhung produced by Taq
polymetase was later utilised for direct cloning of PCR products into a new

generation of Twcctors which became availnble, as described in Chupters 3 and 4).
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Figure :M: peR products of T. p. lawrelU..'c!17344 l'RNA genes (lane 1,panels
A, B and e), Panel A: SSUrRNA gene amplified with primers A
and B, Panel B: S' half of the LSUl'RNA gene (LSU ..l) umpllfted
with primers !LO 465 and !LO 467, Panel C: 3' half of the
LSUl'RNA gene (LSU~2) amplified with p1'iI11el'S Net and Ne2,
respectively, Positive T. p, parva Mugugn (lane 2, panels A, Band
e) and negative calf thymus (lane 3, panels A, B and C) controls
were included with each PCR performed. {1>X174nae III (Innes
Ml) and t.l:li/ld HI (lanes M2) molecular weight l11Ul'kCI'S were
used to estimate the size of the PCR products.
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in order to eliminate the possibility of obtaining sequence errors originating early in

anyone of the reactions. 3-6 clones in each orientation were sequenced, and a

consensus sequence determined. This eliminated minor sequence heterogeneities

resulting from Taq polymerase errors as well as from individual variation between

parasites. The sequencing of more than one clone also allowed for detection of

heterogeneous copies of the gene.

2.3.1.1 Amplification and cloning of the SSUrRNA gene ofT. p, lawrencei 7344

Primers A and B specifically amplified the SSUl'RNA genes of T. p, lawrencei 7344
and T. p, parva Muguga (fig. 2.4, Panel A, lanes 1 and 2, respectively) from the

mixture of bovine and parasite DNA extracted from cell culture, Bovine SSUrRNA

genes did not amplify (fig. 2.4, Panel A, lane 3), indicating that there are sufficient

mismatches between the sequences of 16S-Uke genes and mammalian 18S l'RNA

genes at the primer sites to prevent primlng on the bovine rI~.1',TAtranscription unit.

The T. p, lawrencel 7344 sample yielded a single amollfication product of

approximately 1.8 kbp (fig. 2.4, Panel A, lane 1); this size corresponds closely with

that obtained from the T.p. parva Muguga positive control (fig, 2.4, Panel A, lane

2).

The 1: p. Iawrencel 7344 SSUrRNA gene contained Hind III and Sma I restriction

enzyme sites; enzymes which did not cut the peR product internally, Eco RI and

Bam HI, were therefore chosen for cloning. Eight SSUrRNA clones were pooled and

sequenced in both orientations.

2.3.].2 Amplification tuul cloning of the LSUI'RNA gene and the ITS of
T. p, lawrence! 7344

Primers lLO 465 and ILO 467 specifically ampllfled approximntelv 1,6 kbp of the 5'

end of the T, p. lawrencet 7344 LSUl'RNA gene (fig. 2.4, Panel B, lane 1); primers
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2.2.6,2 LSUrRNA and ITS templates

The M13 -20 forward sequencing primer was used to sequence 48 random clones for

LSU-I, 61 clones for LSU-2, 37 for ITS-S and 38 for ITS-L,

2.2,6,3 Sequence compilation and manipulation

Sequences were read using a Graf/Bar' Markll sonic digitiser and the READ GEL

program (D. Judge, Department of Biochemistry, University of Cambridge, pel's.

comm.), Sequences were assembled and edited using the Stnden-Plus Program

Package (Amersham), and aligned using CLUSTALV (Higgins et al. 1992).

2.3 Results and discussion

2.3.1 The need to amplify parasite l'RNA genes

It is difficult to obtain T. p, lawrence! DNA free from host DNA. With other

theilerias and T. p, parva it is possible to extract substantially pure parasite DNA

from preparations of piroplasms. However, T. p, lawrence! produces very lew

piroplasm paraslteemias and it is therefore not possible to purify enough piroplasms

to extract DNA. The polymerase chain ction was therefore utilised to amplify

T. p, lawrencei SSUrRNA and LSUrRNA genes specifically from the mixture of

bovine and parasite DNA extracted from cell culture,

Taq polymerase has an error rate of approximately 1.0 x 10-4 enol's pel' base pail' per

cycle, including both base substitutions and frarneshlft mutations (Tindall and

Kunkel, 1988; Keohavang and Thilly, 1989; Cariello et al., 1991; Ling et al., 1991;

Lundberg et at" 1991; Barnes, 1992). Therefore, when sequencing DNA obtained

by ml:)UI1SofPCR, it is necessary to sequence a number of clones to detect nucleotide

mlsincorporatlons by Taq polymerase. Products from a number of PCRs were pooled
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separated out on a 0.8% agarose/T'Bf gel with <l>X174Hae illsize markers (New

England Biolabs). The smear between 300 and 800 bp 'NUS excised and gel-purified

as described in Appendix C.7.1.

2.2.5.3 Preparation of recombinant M 13 subclones

The ends of the DNi'l..fragments obtained by sonication were repaired and kinased

(Appendix C.6), ligated into Sma l-out and dephosphorylated M13mp 18 and

transformed into competent E. coli TO 1 cells (Appendix C.8). The recombinant

plaques were screened to select only those that had rRNA inserts. Plaques were lifted

onto Hybond N+ (Amersham) filters (Appendix C.lO.l). The Multlprime DNA

labelling kit (Amersharn) was use"!to label the LSU-l, LSU-2, ITS-S and ITS-L peR

products (Appendix C. 11.1) and recombi nant plaques were identified by hybridising

these probes with DNA immobilized on the filters (Appendix C.I0.2). Recombinant

phage plaques 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 consensus.

2.2.6.} SSUI'RNA templates

Aliquots of eight single-stranded templates were pooled and 5 III aliquots of this pool

were used in annealing reactions. The Ml1 -20 forward primer (Messing, 1983) and

a series of 5 primers for eacli strand (Elwood et al., 1985) were used to sequence the

full length SSUrRNA gene in both directions.



Tpp~SSU L0236G
Tpp_SSU L20999
TIIP_lIuUc.!TS L26~31
Tpp_Ug~ITS L2G332
lpp.lSU_5' L20U36
TPIl_LSU_l1nk
Tpp_LSU_3' L2B990
Tpl_S~U
Tpl_m·l U03601
Tp'UTS'S U03602
Tpl_LSU •.1 (5' lind)
Tp 1,.LSU_2 (3' end)

Tpp_ssU L023G6
Tpp_SSU l28m
Tpp_HUQ_ITS L~6331
TPP_UO_lTS L26332
Tpp_LSU_6' LzM36
Tpp_t~U_l1 ok
rpp_I,SU_a' L26998
Tpl,.$SU
Tpl_ITS·I. IJ03GOI
Tpl_ITS'S U03602
Tpl_lSU_1 (5' ~nd)
Tlll_LSIU (3' and)

Tpp_SSU L02S66
Tpp_S5U L28999
Tpp_Hu9_lTS L2B33!
Tpp_uo.1TS L26332
Tpp_LSU_6' L20036
TlIP_LSU_llnk
TpP ••LSU••3' L28998
Tpl_S5U
Tpl_ITH U03601
Tpl_ITS'S U03602
Tpl_LSU_l Wand)
lpl .. LSU_2 (3' and)

TpP~SSU L023Gr.
Tpp .•S5U L28999
l""~Hug.1TS L2G331
Tpp~Ug.m l~6332
Tpp~LSU~6' l20Qa6
Tpp,.LSU~11nk
TpP~LSU.3' l20990
Tpl.SSU
Tpl~lTS'L U03601
Tpl~ns,S U03002
Tpl~LSU.1 Wand)
Tpl.LSU_?, (3' olld)

G~st S261 ~211 5281 G291 5301 5311 5321 5331 5341 5351 5361 6311 6381 5391 5400
I I I I I I I I I I I I I I I I....................... , •.•••••••• ' " " 1742
.................................................................................................................................................. '" lU05
............. ~ · •• N " ~ " " ••• ' , ~ ,. iO 1276
......................................................... , 1338
••••••••••••••••••••••••••••• , 1021
•••••••••••.•••••••••.••••.••••.••.•..•••••••••..••. '" •••..••..••••.•.•....•..••••..•..•••••. ,. ••. ••. •.•••••••••••••••••••••••••••••. ••••••• .•••••.•• las
rcccr ATeT ATCArcr AGCGMACCACAGCcAAGGuAACGGGcTTGQCAAAA TCAGCGOUGMAGAAGACCCTGTTQAGCT1 CAclCT AGTCCOGCTTTGTGAMCGACTTGMGGGTGT AGGATA~GTGGGAGC:TCcGGCG.\CAGTGAA l'j61
...................................................................................................................................................... 1141
...................................................................................................................................................... 1315
............................ , 1262
......................... "." IO.~ ~ ,,· · · fI* .. ~ ~. , ~ " ••• " " 1564
tcccr AleTA TCA rCT AGCGAAACCArAGCCAAGGGAACGGGCTTGGCAA' ATCAOCGGMAAAGAAGACCCTGTTGAGCTTCACTCT AGlCCGGCTTTGTGAAACGACTTGAGGGGTGT AnGATMGTGGGAGC TCCGGCGACAG1'GM 9~6

5401 ~Hl 5421 5431 5441 5451 5461 5471 54nl 5491 5501 ssu 5521 5531 5541 5550
I I I I I I I I I I I I I I I
...... " " ~ ~ 4 "' ~ " ~ " " 1142
...................................................................................................................................................... 1805
.......................... , " 1276
............................... .,. " - " ,........... 1336
•••••• " 1021
." ~.• Ii .._~ Ii , , .. " ,..iii '" "' '" • Ii .. if ,." " .. ,. Ii Ii " "." " t • " " ~ " • 18S
ATACCACTACTCnUATGT TGTTlT ACTTATTeCG rMT ATTAMAC TTGGCTTCOCCATGTTTTTGCACAAGGCTCTGCTGA TTAACGCGGAAGACArAUCCAOI>TOGGGAGTlTGGCTGtlOncaal AC" r~TOrT AAAAGATAACACA 1511................................. ~..·.. · ·.1 · ·~ ,,·.·.,,·.·..-··.·· , ~ ~ 1141
,1<" •• "Ii ,. 10 ~ II " "........ ••• 1315
...................................................................................................................................................... 1262
... · "· ,, • 10.' 10 , (I....•••.• , _ " 11 " 1504
ATACCACTACTCrTGATGTTGTTlT Acn Arr CCUTMTA TTMGACnGGmr.GtcA TGnrnGCaCAAOGCTCTGcTGA TTMe JCGGAM~ CATAGCCAGo1'GGGGAGTTTGIlCraaOGCGGT ACATeTGrT AMAGA TMCAC A 1076

.551 5561 5511 550! G591 5601 5611 5621 5631 5641 6451 5661 5671 5GOI 11691 5700
I I I I I I I I I I I I I I I I
......................................................................... " ••••••••• ;0 ••••••••••• it " " ,...... 1742
..................................................................................................................................................... 100S
.......... IO ~ • ·•• ~·,.~ •••• " ~ , , ••••• " IO ".~ ".* 1216
....... ;, ,,, ~" ~ ~ iI , ••• " " " " " ~ 1330
................................ , ~ ~•••••••••••••••••••••••••• " ~ ~ "••••••••• t"·!l
••• ". 11 "" ••• " " ~ _ _ _ 11 lOG
GG rro, CCCAAGGCaAACTC~A lGAOGACAGAAATC'! CATGTTe ICCMAAGGIlGAAAAGlTCGCTTOA TTl'TGA TTnC~Gr ACAAA1 ACAAACT01GAAAGCATGGGCTATCM TCcrrTGAG TCTaTAAGATA TMAGCT AGAaGTaT 16GI
.............................. II." ~ " " _ " iii t · 11 " " ".. 1741
........ " •• " a." ,. ·••••••••• · ". , •••• " " " , " ~ 1316
•· " n ~.• '" ••• M ••••• ~ .. ~ " , .. , , " , •• , I'" ,. ~... 12Q2
." It " •••••• MIO "' " •••• 1564
QGTGTCCcMGGtGMCTCAA TUAGGACA(lAAATCTCATGT TGACCAAAAGGUGAAAAGTTCGCTTGAlTTTGA TrrrCAGTACAAA TACAAACrG rUAMGC ATQGCCTATCGATCCTTTUAGTCTGT AAGArAT ACAGCTAGAGGTGT 1226

6701 5711 6721 5731 5741 5751 ~761 lim 5781 6701 GOOI SOli 5021 '031 5841 SOGO
I I I I I I I I I I I I I I I I......................................................................................................................... ' 1742
...................................................................................................................................................... lD05
................................................................. ,.~ ~, 'IO , " ~ 1216
........ ,. , •• " ~ ••• " " ••• " •••••• 10 •• ~ l33n
............. ".IO~_ ••••••••••••••• ·.~ " ••••••••••••••••• " " 102.1
.......... " ~•• " " " " " " "" •• " " " " "............................. 105
CAGAAAAGTTACCACAGGOArMCTOOCTTG TGGCAGCCMGCGTTCA rAGCGACGTTGCn TTTGATCcnCGATGTCGGCTCTTCCr ATC ATlaMA TGCAGAAOTCTCAAAGTOTCMA rTGTTCACCcaCT AA rAGGaAACGTaAO 1D 11
................................................... , 1741
.,," .. , • " , ,,' " " " .. " ••••• "" " ••••• , , •••••• ~ ~ '" " II " •• t.. l315
.. ~.~_ ··'I ~ " 4 " •• ·• •• • ~.".4 t ••• • 1I••••••••• ~ •••• " li:!G2
..... t , ;; ,. •• "':" " " " " 10 ~ t 1564
CAGAAAAGTrACCACAGGGATAACTGGCTTGTGGCAGCCAAGcGnCA TAGCGACOTTGCrrrnGA TCCTTCGAraTCGOI, l'CTTCCT ATCATTGAOATr,rAGAAG TCTCAMOTOTCOOA TTGTTCACCCGCT AATAGGGAACGTGAO 1316

Figure 2,g cOlIllllUCQ, pago 10 of I J •



Tpp_SSU L623G6
Tpp_SSU L20909
Ipp. Hug_ITS L~6331

p_UO_ITS L26332
• ~p_LSU_5' L2003G
Tpp_'.SU_11 nk
Tpp_LSU_3' L209!l0
Tpl_SSU
Tpl~nS'L U03GOI
TIlI_ITS-S U03~OZ
Tpl~LSU_' :5' Gnd)
'rp 1~LSU_t (3' end)

4651 4661 4611 4601 4691 4101 41tl 41?1 4731 4741 4751 4761 4111 HOI 4191 4000
I I I I I I I I I I I I I I I I...................................................................................................................................................... 1742
........................................................................................................................................... " 1006
..... "" " , , •••••••••• " •• _ _ " II 1276
.......................................... " ·••• · ~ I •••••• " 1338
•••• " R ••. ~~· .. ~ ~ " , "' 102t
................................. to •••••••••••••• , Ii.' ". •.•••••••••••• 186
fATCTGGCGA TAGGGACTl~TGTGCTanM TMCA TC1CGACTl'TCGGGGTG TtTGGTGCQCCCACGACTGTCCG TGAAAAGGGAAGGGAACATTGTT ATTCGCACCCCCGTCCGl ACCTATA TCCGr.A 'iCAGGTCTCCAAGGTT AGCAGC 161
.............. , ~ s ~ •••••••••• ~ ••••••••• _ " •••••• ~ •• , , 1741
....... " ,," " ,. t ".. •••••• 1315
...................................................................................................................................................... 1262
.......... "' ' •••••••••••• " ~.. 1564
TATCTOGcaA,. MaGAClC· GTGCTGGAATMeA ICTCGACTTTCGOGGTGTCTGG TGr.GCCCACGACTG TCCGlGAAAAGOGMGOOAACA 'TTOTT ATTCGCACCCCCOTCCGl' ACCTAtATCCGCATr.AGGTCTCCAMG TTMeMc 320

4801 4BlI 4021 4031 4041 4061 4061 4071 4001 4091 4001 4011 4921 49~1 494\ 4950
I I I I I I I I I I I I I I I I
•••••• ", ••••• " .• " ·,· 11 , t742
••• " ••••• , t " 1805
........................... ·oi .ti " I •• G , " 1216
••• " •••••••••••••• " " ••••.•••• _ , •••••••••• 11 , •••••• "' ~ 1330
, " ••••••••.••••• ,. III. , " "'. "' ~ ", "" ~ " •• "." "" """. "".11 " " " •• ""." ••• "." If •• " " ••• " 1021
••••••••••••••••• , ~ "., 10 ••••• fl " ,....... lOS
CTCTGQTCGA r AOM TAAGGTAnATAAOQGAAGTCOOCMAA TOGATCCGr AACTTCGGGACAAGGATTGGCTCTGAGGGCCGGGcAnCA TOGOGCCcrrGaCGTTTCtTOAGCGCCTTTGTTTGGCTQGTTGCCcQT OAGGGrrTcCGO 911
.. It " ••• , , u 4 •••••• '."Iio ,," t •••• ~" ;0 ". 1741
............................................................... , ,. , " ••• ~. 13:15
...... " ••••• " " , , .. "., "' ~ " jIo" 12G2
....................................................... "••• ".~.M " .., ,,~. , , ~ 1564
ctcfGGYCGA TAlJAAr AAaul AnA r AAaGGAAOTCaGCAAAA TGGATeCOT AACTTCGGGACAAGGATTGGCTCTGAGGGCCGGGCAGCA TGGGGCCCCTOGCGTl'TCC TGAGCGCCTTT am GGCTGGTl'GTCCGCGAGGGTTTCCGG 470

4951 4001 4911 4901 4991 5001 5011 Gael 5031 6041 6051 5061 6071 5001 609) 6100
I I I I I I I I I I I I I I I I
" It t .. "." 11 " " .. II •• · " 4 t , ••• " t " " , " 11"" " ~ •• " '"" ". "'" 1742
......................... ,...~.*••'"•••••• , ••••••••••••••••••••••••••••••• s · ~ •• "' , •.••••••••.••••••••••• 1005
....... " - ,," Ii "' •••••••••• ,,, f •••• " ••.• '" ••• 1270
' •• Ii , •• , ••••••••••••••••• , •••••••• " •• ,. " ••••• , ••••• ".. ••• ••• ••• •••••• 1330
........................ , •••••••••••••• " , ••••• I •••••••••• , ••••••• ~ •••••• _. 'II' •.••• II •• ,., ••.•••••••••••••••••••••••.• , •••••••••••• lI...... ••• 1021
.................................. "••• "••" fl.' •• < ~ " ••••••••••••• " " •••••••••• ••••.•••• ••• 106
ACT1'GCA TaQGCnCTC TGGTATTTGCCQAQGGTTGGCTCaCCTTCCCAGCrnr An TGAACGGCTIIACTCAGAACTGGAGCGGACAAGOGGAA TCCGACTG TTYAATTMAACA TMCA TTGCGATGGCTTGAAAAGGTG TTc.ACGCAA TO 1061
....... f •• " fl •••• *. \1..", •• " •••• ' ••••••• " , ~ fI·•••••••• N ••••••••.••••• ,...... ,\741
............................. ~ " 1·"••••••• , ••••• IIi , !o' •••• ' 'Ii II.. 1315
.......... , , , ,.~ •.•••••••• " ~ 1262
........................ " ••• " , ••••.••••••• Oi "I'" '."'Ii .11: ••••••••• " ,.................... ••••• •••• 1664
ACTTGCATGaOCaCTCTGUTA TTTGCCnGaOGTTGGCTCGCCTTCCCAGC TOTAGTGmGG· TMCTCAUAAcrOGAGCGGACAAGGGGAA TeeOACT errr AATTAAAACATAGtA rTGCGATGGCTTGAAAAGGTG TTGACGCAA TO 627

5101 Dill 6121 6131 6141 6161 6161 6111' 51UI 5191 5~01 5211 6221 ml 6241 5260

! " ! ! 1. 1. ! ! !. ! ! ! ! !. !. ! ! 1742
••• " •• " •••••••••••••••••.•••••••••• ~ ~ •••••••••••••••••••••••••••••••••••••••• , ••• , - 11 1005
........... ~ ••.•••••• " ••• , •.•• , ~ II •• ~c"',, lI , •••• ' •• 4. Ii , ~ ••••• , "....... 1210
•••••••••••••••••••••• ~ s , •••••••••••••••••••••• "' < ••••••••••• ~ •• 1338
." ~ " " ••• II .. • •• ~ .. " " " " " , • "" " • " ••••• " ••• II ~ " ." • " , " ~ 11 "". a •• 11• " "" , ••••• It...• .l0 21...... " .....•....• , ..••.•.•.•....•••••..•....••. " ,." " ••••••...•.•. >.~ ,." - •...•..• .••• •.• 185
rllA TTTCTGCCCAOTGCTCrOAA TOrCAAAOTGA TGAM nCAACC AAOCacOMT AAACGOcaaGAGT MeT ATMCTeTcn MGnT AGCCAAA1 (lCCTCOTCA TCTM TTAOTGACGCaCA Tr.AA TOGATTAACOAGATTCCCACTG I a II
...................................................................................................................................................... 1741
•• ~ " •••••••• " " , - ~ , ,. ,., ••• , " ~ III .,., .. III ••••• 131.6
••• ~.~ ,~ •••••••• ~.•• ~•.• " , ••• " •• ~ " 1262
••••••••••• d , •••. '.~'tI.II •• ~.I.~ ••• _1I ~., ••••••• ".•• , ••••••••• " 111••.• '." _ ••• ~ •••••• 1i. 1564
TOATTTcrCCCCAGTOC mOM TOTeMAO rOA TOAM TTCAACCAAGC~CGMT MACaaCMGAaT MeTA TGAC rete TTMOOT AGCCAAArace TCGTCATCT M TTAGTGACGCGCATGAATOGATTAACGAIJATTCCCACTG 177

Fillure :I.a continued. IIIICO 91lf' II ,



Tpp .SSU L0236G
Tpp_,SIJ L20999
Tpp"HuD .. 1TS la63~1
Tpp_Ug.lTS I.Z633~
Tpp_LSU~5' L26036
lpp_I.SU_1 Ink
Tp!l~LSU •.3' 1.2099B
lpLSSU
Tpl~lTs'L UO:lGDl
Tpl_ITS-S U03~OZ
Tp1..l5U~1 (6' QI\~)
Tpl_L5U_2 (3' und)

Tpp_SSU L02366
lpp_S5U 1.26999
Tpp~Hug_ITS L2G33l
lPP_UD_ITS L2G3n
Tpp_LSU_5' L20036
Tpp_LSU_llnk
TPPc.LSU_3' 1.209911
lpl_SSU
lpl_ITS·1. U03601
r"UT5·S U03602
Tlll_1.5U_l (5' and)
Tpl_L51'-2 (3' and)

Tpp_5SU LU2366
Tpp_SSU L28999
TpP_Hug_ITS L26331
Tpp_Ug. ITS L2S332
TPP_LSU_5' L20036
Tpp~I.SU_l Ink
TpP •. LSU_3· 1.28990
Tpl.SSU
Tpl_ITS·1. U03601
Tpl_ITS'S U03602
Tpl_1.5U_1 ($' and)
TpI_L5U ••2 (3' and)

TPII.S5U L023G6
TpP#SSU L2B999
Tpp~~Hug.1T5L26~~1
YPP.UQ_ITS LPf,11~
TPP~LSU_5' L~ll~JO
Tpp~LSU_ll nk
Tpp~LSU_3' LZaggn
lpl~SSU
lpl~ITS'L U03601
TPUTS·S U03602
Tpl~LSU_l (6' und)
Tpl •• l.SU.2 (3' and)

4051 4061 4011 40BI 4001 4101 4111 4121 4131 4141 11&1 4161 4171 4101 4191 4200
I I I I I I I I I I I I I I I I............................................................................................................ , 1742
...... "" " " ~~ " "'." ••••••••• '''''~ " •• " " "' , " ,........ ••• 1005
...................................................... , 1276
... ." ~ " "~ ..- " ,, " •••• - 133U
........ ;0."' ••• " " II. _ _ ij .. , ••• _" " ~ 0 ••• "." ~ , ~ "........... l02t
GQCCATTT •••••••••••••••• ••• ••••• ••• ····.·.·.·.···.·,· ,.................................... IDS
GGetA TTTTTGGT MacM r M TaGeGA TGAGGGATGCACCTAACGCTGGGTTMaGTGCCT AAAr ACCTGCTCATCMAr ACCAr AAAAGQTaTTGaTTcA TATAOACAGCAGGACGGTGGTCATGGAAGTCGMATCCaCT MOGAnT t 62
•• , 1141
..... " , _. ~ .11 " ,. , •• , 01- 1316
~ lIt •• "I • " ••••• " •.••• » ". _ ••••••••• " 1262
GaCCA rrnrGGTAAGCAA r AAr GGeGA raAQGDA lGCACCT AACGCTGOGTT AAGBTGCCTAM r ACCTaCTCATCAGA T ACCA tAMAGGTarTQGTTCA r ATAGACAGCAOGACGGTGGTCA TGllllAOTCGMATCCGCT AAGCMT 117 n
.. ~ " " ' , ·t _ " " " 10 ._ " " •.• to·· ..• .."",, , ~ " "." ".."...... 0

4201 4W 4221 4231 4241 4251 42&1 4211 421)1 4291 4301 4311 4321 4331 43H 4350
I I I I I I I I I I I I I I I I
............ ~.'I- ••••• ~ ••• t ~••••••••• ·., , " , ••••• , t " · 1142
.................................. ~ •.••••• , •• ~ ••••• JI Jlt ••••••• ~ ,·." •• • ••• " .,....... lOOG

•• "' , ••• _ >11 _ •••••••• Q _ t ." " , ••• , .. ' "........ •.••••• 1276
.......... "' ••••• _ "."' •• s , _ , " " ••. ~ • '.......... ••• 1330
, ~ - •••.•.••••.•••••••••••••••••••••••••.•••••••• ~ " 102.1
......... ~ ~ " " ". II •• Ii a " II J,tlG
GTllT AACMCl'tACCT~CCGAAT(\~ACTGGCCCTnAMATGQA TGOCGCTCMUCAGQTT ACC!lAAAcr.caocc~ rtGTCGCAGA nCTCGGTGACAA TGTaTAGGAAGACGTGGCCGTTGCGGCGAAOraraaCaCOTOAGCCCACA TO 312
j, ' ~ ~ •••• ~ " , ·.t ••••••••••• " ·••••• 1!. •• • 1741
...................... ~ "•.••••.•••••" ·••••~.t ••.•_"._ 1315
• •.• "' .. "'" _ , ~" ", _ , <Ii" ~." •. ,. " " II " •••• '" ""' ••• ,,, •••• ,1 " " II .. ".. 1202
OTGTAACAAcrCACCTGCCGA~ TGAACTMCC¢TGAAAA rr.GA TGGCGCTCAAGCAGOr rAcCOAAACCCGGCCAtroT CoCAGATTCTCGGCGCCAA TOTOTAMAAQAC(\Tt\QOcllnGCGGCM~QTQTaaCQCGTMaCrCACA TO 1320
••••• ~ ~ •• -,. •••••••••• ijo .. ._ ~" •••• " " ••••••• " " ~ " "'.. 0

4351 ~361 4371 4381 4301 4401 WI 4421 4431 4441 4461 4461 WI 4491 4491 4600
I I I I I I I I I I I I I I I I

........... ~., ~ ~~ , "' , " .• - ' •• "'.' •• 11( ·i!' OI Ii .• ,.JIi ~ 1742
,." •• ,; , ~ , " "•••••••••• ,." •• · ,..R.' "'••••••• '41 " ¥!t 1006
............................................................ , , , , •• 1'."'.,'1' •• ' ".• "" •.":.,, ••••• : 1276
••••• ," " ••••••••••••• " " _ iI ••••••• " " .. ·iI·' ••• ,; ••••••••• , · r'lIO .. ""'lIi oi; •••• JIi_ "........... 1330
................. " <11.4. iii ".,. " •• 0;.10 ill •... , •• , " •• ;-'.111.';", II!"." "'•• Ii 11·" • •• ••• 1021
...... _ " ~ " •• , •••••••• " :" •••. " " 111>$.' "It., •••••• " lOG
!lAGeGOeGCCT AOTQCCGATCTTGGCOOTAOTAGTTAATATfCMA '·GAGAAlTTTGAAGACTG~~GTOaAOCAaGGTTCCA TOTGMCTATOTTTOaACAraoorr AGCCGaTCCT MaCaCCA~'iTAMTGCQTG"QAQ~TaACTTT 4 61
.' " t 'I" _••• '" ,. "' ,,' •••• "' " " ••••••• ,. •• "' , ., :•••••• " 1141
... ". P ,,, ••• ,, >Ii ~ w.o. ~. 11 , 1> ,.. II "' " •• :. """.f''' •• '''' -."' •• , ••• ~•••• ". 13l.G
......... ,. ,. ~•• ~." it" " ~ , ~ "' lIio.." ;O' •••••• ".1 ••• 111 ·" 11 "' ••• '" of ·.,," Ii '" "'." •• fI " 01. 1202.
GAGCOGCaCCT ~llTGCCGA rcrruaceer AGrAGTT AA rATTCMA TGAGAA mrGAAGActaAAGTnOAGCAQGQTTCT II TOTGMCr ATaTrraalCA Taam AGCCaOl'CCTAAGCecCAQQY1 MCTIlCQTGTOMiaTOAmr 1478
..................... • _ '~MQAC~TTMctnC(\Tnl~AaaTQACTTT 30

Ntl ~
4501 4511 4521 4531 4541 4551 ml WI 4601 4591 4601 • ~GII 4Gi!1 4631 4641 4GSO
I I I I I I I I I I I I I I I I
............ " ••••••• , .• , _ •••••••. ""',, " •• ·., .• (!I .. ".11 , •••• , •••••••••••••••• , •• " ••• , ~.•••••••• ,. 1742
......... , - : "'.,,, •••••••••• .,,, , It "'" "... •••• ••• lUaU
• i<."~'Il'*" , I ••••••••••••••••• , •••••••••••••• ,",. , •• ' ••• , •••• ,., ".' .. lI' •• " ,"'.I( •••• _ " , ." _ \ •• ,..... •••• 1276
..... ~•••• " ~••• " - " "r,..Jj, •• """."""" , " ••• ~ ft " 1330

,,, ,, _ oi " ,]0".11 •• " "1" "' """ .,,_ ~ •• " "' ••• " I •• " " .-..... 1021
InsGil

1741
1316
'2Gn
156·1
179

• ••••••••• " ;0 , , 11 •••••••••••••••••••• ,'1' .. 11111" ·11"'."" , .•••••••••• - ·•• 11 •••••• _ •.•• , ,' ••••••

GQTCCGCTCCGCGAAAGOOAATCQ(lQCTM TArTCCCGAGCCanOTCGTGGArACT GanTGUcMc..:tAI\~'tMACncTcMcacMGC(lrnGOTCCCGMAAnCQTT ATCTTTGClTTTT MCM TCTCGAIlTQCCtTOOM TeMCr
........ _ 11 ••••• " ~ ~ '" ~ " " '" 111 "., "''Ir' It •• " •••• "'. 11.10 !Ii" " '" to III" t , , • to,
..... _ "',." , w M " " •• r~ ".••liI4 ·.·.if.".".-;·· ·· ".· ·.·.·".·· " " .
QnT~:a~TCCQCQ~~i,~~ai,ATcciaGCTA.it~lT~CC;;AGCCaaa;CUrGaATACTaaaTQ;,c.iAc;'~A.iDTG;'.i~;:rOTCQ;,r.OCh::::::·:::::: ::: :::::::::::::::::::::::::::::::::::::::::::::::
an TccaCTCCGCGAMnOaAA TCGGGeT AAT ~TTCCCOAOccaaa rca rG\l~ TACTGQQ TGGCMCACAMTQM~rrCTCqAC~CAGGCGTOGG rCCCGGGAAGCG TT ATCTTTnCTTTTT • ACAG TCTCGAO raccc TOGAA TeAGeT

~ "IL0407
Fhlllrc 2.8 continued, pogo Bof II •



3~51 3011
I

3541
I

35GI
I 1142

1005
1276
1330
730

o
o

17411m
1262
1i01

o

3m
I

3561
I

359)

I
3600
I

365)
I

3621 3B3t
I

3461 341\ 3~OI 3491 3501
I I I I I I
... iii .. iii Ii iii • iii"" iii iii .. iii iii • Ii" iii Ii ..... Ii iii Ii iii iii .. iii Ii ..... iii •• iii ~ .. Ii iii .... iii Ii.'"iii iii" Ii iii" iii .. Ii iii Ii ..... Ii iii .. , ••• iii .. ., iii Ii iii Ii" iii" .... Ii" .......... iii" Ii .... Ii""" .." iii" .. "·Ii Ii .... " .. iii" Ii" Ii"· iii ...... Ii .. Ii. Ii .. 1Ii .......... iii • Ii Ii .. "''''' Ii Ii .. Ii.
.. iii " ......... iii .. iii Ii·. iii ~ iii ••• "' ... ~ iii'll .. Ii Ii •• Ii .......... Ii .. " <1 .... "., .......... " .... Ii iii Ii ... to iii" 1Ii .. """" Ii .......... " .. iii .... iii ... Ii"" ... " Ii" .. Ii .. 1Ii1O .. "" .... Ii iii'" Ii Ii.Ii Ii Ii .. Ii)l Ii ...... iii iii Ii iii ..... Ii Ii iii • Ii .. ., .... Ii .. " .... Ii Ii ...... Ii Ii Ii .. "

'II" Ii ••••• Ii Ii' ." Ii "., •• iii Ii iii"" Ii Ii Ii •• Ii iii Ii Ii "''' ••• ~ II" .. Ii .. Ii., Ii Ii Ii Ii Ii Ii iii Ii. Ii IIi iii Ii •.••• iii Ii •• Ii Ii Ii Ii Ii iii Ii' Ii Ii.''' ••iii Ii ...

." Ii " "." ,,' •• " " .

GAeT AGCAGA TtCCAGACTCTACAGCCTcrccceOA Ta r AM TACCCTA YT ACA TTTGGGTATOCTccaAcT GOAQCCTCUCTOT<:TaGAOTACA TaTTCCAACl GACTCGTClTGAAACACGAGCCAAGnAG TCT AACA~TCIlTOCAAG
............ " ." , " ,. oo or oo , " " ".".oo ••• " ,," ." " , .. ~ .
••••• "" 11 ~ ."' " " 11 ;.,,, , ••••• U II j!. 11.11 11 II .!I " •• " .

........... " _ 11 '.It 9· " , .

................ 11 · " ••• 11 " ••••••• 11 •••••• 11 •••••• " 11 11 11 11 ••••.••• · 11' 11 "11 ~ ••••

............. o, - .. III , III II, "' "' " , " ". ~ " It 1iI • .II " 11 "',. ~ .. "" .. "' ..

GAcT ADCADA rrCCAGACTCTACAOccrCT CCCCOA TQTAAATAcccr A TAA' ••••• GOTATGCrCCGACTGnAalCrCQC rnn:TGOAaTACA TGTTCCAACTGACT CGTC TTaAAACACGAGCCAAGGAGTC r AACACTCGTGCAAG
• "" ,," ~ It " It. 111 " ~ " "." " , "1'1 ".,, to •••• Ii " II ._ ' " .. * •• ~ " to ..

3601 3Gll 3621 363\ 3G41 36Gl 3661 3671 3MI 3GO! 3701 3711 3121 3731 3741 3750
I I I I I I I I I I I I I I I I
•••••••••••••• _ " ••••• , •••••••••• \1 , " ~" •• "' , ~ ••••• "' ,.... 1742
" a Il •••••••••••• , ", 0 •••• ''' ~ •••••••••••••• " •••••••••• , , ••••••••• , 11·." 1005
" •• "'" " , ~ I 1 ••••• ·,. , ••••••• 11 ••••••••••••• 1276
......................... , .••••••••••••••••••.••••••• " ••••••••••• , ••••••••••. q ,. , " ••••••• 1330
TaTtlMOTnGCAAACCCGTACGCGAAA TOAAAGTGAAAnCA TQQCCTTQGGAC TnOTCGTCTCAA mACA TGCGGCCnaTcr.CCTTTQGG TGGATTaCGCAGOAGCATGGTTnTT AGGACCCGAMOA TGQTGAACT A raCeTGODr 000
..... " ••••• " ••••• " "" I "'. to •.•• II 11 ,'it"".""'" ••• , ~" " "." •• "·1 1 "." """.,'... 0
..... " .. to· it."""." ..~."''' "•• vI." " •• " ·t ".~ , II•• " ." ". 11." •••••• " ••••• , " ,.,......... .0
..................... tll ••••••••• " ".~ , , •• 11., ••••• ·, ••••• • ••••••••••• ~ , •••• ~ •••• ~ 1141
, , 11. '.~II ••• ~.' •••• , ~ ••••••••••••• ~ " \I ••. ~ •• ' ••• 4 "..... •.••••••• 13tS
......................................................... " , 1262
TaTTTotlQTOGCAAACCCOT ACacQMATMAAG10AAAGCA r GI)CCTrGOQACCT· •• CQTeTCM mACA TOCaOCCQQTCOCCTTTGMTGOA naCGCAGGAQcA TQQTTarT AGQACCCMAAIlA T~G10AACT ATGCCTOGnr 720.·."· ..II " ~··· ·.··········.I ~ " ~ ~, ~................ 0

315t 3761 3m 3701 3191 3001 3011 3021 3031 3841 3061 30Gl 3071 3801 3001 3~OO
I I I I I I I I I I I I I I I I•• ,. '11' •••••••••••••• , , •••••••• "' •• , ., .••••••••••. " , 11•••••••••••••• " , ~ ,. 1742
• " •• " " Ii ~ , ••• " ••••••• ,." " •••• ,,, ••••••••••••• ••••••••••••••• •••••••• ••• •••• •.•••• lJlOG
.................................. " " •••••• " 4 " , •• t , •. ".... • ••• ,. II •• Il. 1~76
••••• , •••••••••••••••••••••• ~•• , •••• #,.~ •."•••••• "'•••• II ••• , ••••••••••••• , ""'.,................ 13:18
AnnA TOAAOTCAaGCGAAMCCTM tQOAQGTCCaCCaCOATACTGACG TGCAM TCalrCGTCMAcCTGGOT AT AGGGaCaAAAGACT AA TCGAACCATCTAGT AGCTOOTlrCTTCCOAAGlTTCTCTCAOGAT ABeT' •• • • • •• • 1021
' " " ". ,·· AUrTrCTCTCAUDATAGCTGOAATTCAT 20
............................... , '".' •••••.• , •••• Ii " , " 11 a ,. ~ ••••••• Ii If. - '" "' " , ,.. 0
" , •••• 11•••••••••• II." ., ..•• <1 •• , ••••• III ••••••••• " •• ,.,. , " ," 11 ••••••••••••• "Ii * 1741
• .i.•••.••• , ••••.............. , ••••••••••• , •., 11 •••••••••••.• , , " "'.. 1316
••••••• ~.· ·•••••• t·••• !1 ,.· ~.. 1 ••••••• , tI · · ·'.~.HllO " "" 1202
MBA 1GAAGTCAOQCGAAAGCCTOA TQQ~GQTCCACeDCGA l'ACTOACoMAAA Tca TtCOTCAAACC1 GUUT ATAGGMCGAMGACT AATCQMCCA TCT AnT AGCTUGTTTCTTCCOAAGTTTCTCT CABBAT AGCl'aGAA YTCA T n 7U
••• " '·1 ,. '10 '·.11 t 11 " 1 ••• , 11 ••••••••• ~ , •• "." 11 · ' •••• 1 "' ••••••• , "... 0

3~Ol
I

3~GI am 306t 3~O\ 400t 4011 4021 4031 4G4) 4060
I I I I I I I I I I I I." •••• ~ ••• '10"'. 1· •••••••••••• 11 •• " '" II" ~ " ••••••••••••••••• "'. n I· , 11.. •••• " " " ., ...

3911
I..." _ ..'..' 3921

I
3031
I

1742
1606
1m
1336
1021
177
12

1741
1315
1262
102Uo

• ••.••• "."., , , .••••• , ., _ , 1. I •••. " ~ ••• " .. , __. I , .•• ". '"' ." " "." "" "' •••••• ,. ••

ON 'GCGT AOCACTGTCTCAUTTTT ACCAOOT AAAOCT AA raA TT AGAGOTA TCQOTOOaCTGTGCCTGTTMCCTA rt CTCAAAcm AM TOM r AAOA!!iI,:CG TCTGtTGCTT AACTOAAC~ TTCOGUtTOAA TOTGM rrerr An TO
• ••• , •• ,., ••• , , u 6, " ., II ••• · ~ •••••••••••• , ••••••• ,.,. , •••• , , tltt ""OAATTCI TAGTO
• ~ ~ I , , " , •• 'iI " •••• , , •••• " " " ,. ••••• , •• - , " •

.. • " t , .1• ,< , .. ". ~ , , " ". , OJ 1' , u " •• OJ. " " ~ ., •••• t ,.• t "' t. ~•

••• ~ , " ~•• "" , " ill" •• 8" •. ~ ••••• t " " •••• '" , , , , 11. t •., 9

Pillute 2.8 conlillucd, (lUGe7 of 11.

on TaCTT AGCACTGTCTCAOm TACCAGGTAAAGCT AA lOAn AMOGT ATeGa TGOOCrnTr-CCTG ITGACCr ATTCTCMACTTT AAACGGOT AAGACCCCGTCTOTTGCTT MCTOA~CA TTCGaGTTOAA TGTGAA TTC TT AGTa



Tpp~SSU L023GG
Tpp~SSU L2B999
TPp_HUQ~, ITS L2G331
Tpp",UO.1TS UG332
Tpp••LSU~5' L2803G
Tpp,.LSU~llllk
Tpp,.,LSU.3' L20ngO
Tpl~SSU
Tpl_ITS'L U03601
TpUTS'S U03602
Tpl ••LSU,.1 (5' and)
Tpl.LSU_2 (3' end)

~051 2061 2071 2881 zan 2901 2911 2921 2931 2941 2951 2961 2911 290\ t.H 3000

!.~ ! ! ! I ! ! 1 1 ! 1 !. ! !. ! ! 1742
........ " 180G
ArMCCCTGT TATCTOTTGCCGTOOACGA rOTGCCGT MCOGAGTTCCTGMA TTOGGTOAGGCT ATCCACTOAATTl MACAYA TAArrAAGlMMGMOAGAAAA TAM TATOAmCCCTAGT AACQGcMQCGAAGAGGGAOOAG 1243
Ar ACTATGOTTATCAArrOCCUTGoACaA TGCGCCGT AACGOAGrTCC lGAOA TrOOG TGAOGCTATCCACTGAAn TMACAT AfAA TT AAOTOGAAGAAGAGMAA rAM TATOArreecer AOi MCGGCGAGCGAAGAGGGAGGA1 1305
•••••••••••••••••••• coraoACGA TOlaceOT AACGOAGTTCCTGAGA TTOGOTOAGQCTA TCCACTOAArrrMACA TATAA TT AAGTGOAAGAAGAGAAM TAM TATOATrCeCCT AGTAACGOCGAGCGMGAGGGAQOAG 13~
.. " " ••• t •••.• " " M ••• " .. " "." ••• ,," " "" " " ~ "" ""." .. "' "' •• Of .. " " .. • .. •• " .. ",,···.... 0
.................................. 0
Ii' ••••••••• "" •••••••• " •• ~ •• 11 ••••••• ''' •••• · •••••••• "." ~.......................... • " 1741
ATACT ATOGTT ATTTGYTGCCG TGnACGA TOCGCCa TAACGGAGTTCCTOAGA TtGnOTGAQOct ATCCACTGAATTT MACAT ATAA AO) GOAAGAAOAGMAA TAM TATGATTCCCCTAGT AACGUCGAGCGAAMGOOAGaAO 1202
ATACTArna rrArTToTTGCCGTGOACGA TOTOGeGT MCMAaTTCCTOAGA TTGGGTGAGGCT AlCCACT OM rrrMACA TATAATT AAGTGGAAGAAGAOI •• r ~AATATOATrCCceT AGTAACGOCGAOCGAAGAGGGAMAG 1220
.......... " ", ••••••• * •.••••• ~ " ~ " " ,. " •••••••. "..... • · ti ~....... 0

............... ", ,. , , ,., " " 0

I Putative beginning 01 largo lubunlt rRNA go no
3001 3011 3021 3031 3041 3061 ae, 3071 30a1 ~091 3101 311L 3121 3131 314\ 3160
I I I I I I I I I I I I I I I I,,'I' •• "t ,..;01 , • ., " " ~ It _ .. " M •• · t · ".""."",, " ••• ,. 17·42
" ..,," ~." " " ••• 'I" ~ ~•••••• " ~. It "' «" •• " " "" •• " " ••. " •••••••• " ,. '" " ""." ~ ~ .. "" ••••• II. 1005
CCCAAAGTGAMATCCaTrMATTTGCCAACUG •• •••••••••••• •• •••• •• ••• .. • ,.......................................... 1276
CCCMAUlOAAMTCCarrOMTTTaCCAACQG' •••••••• ••••• •••••••••••• • ••••••••••• •••••• ••• ••• •••• 1330
CCCAAAGTGWA fCCGTTaM tTfaCCAACQGAC no TaG ret tGAQcaaCQfTGCCAGTGGTAGCrraOTGCr MaTTTe tTGGGACAGGACA rCAGAGAGGGTGACAA receer ACrCGCTCCT ATUreT ATCCACGTGTCGQT ACO 2UO
•••• '.1I." · t> ""." •• " ~ •••••• ~." •••• " ••.•• ".IiIlW -, " •••••••• J ••• " "' " ••••••••••••••• '" 0
.~ " "' ••• 011.' ••• "' ••• li ,.,.,., ",. '., , • " •••• ' ••••• 11••••••• ,1...................... 0
"".11. " "' Hi·+ ••• " jI "' • ,. " ~ ' , , •••.• - ' ••• 1141
CCCAMGTOAAAATCCUfrQAATTTGCCMCOO·· ".. ••••• 1316
CCCAAAOTnAMAfCCQTrOMTnnCCMCGQ····· .. • I2G2
, •••.••••••••• rCCQTTGAA TTTGCCMcnOAcnOTIlO rCTTOAGCOQCQ TTOCCAGTGGT AGCtTGGTGCT AAGTTTtnMGACAaOACA rCAGAOAGaG TOACAAtccccr ACTCOCTCCT ATOTCTA TeeAtO TUTCIlO TAeo 137
•·•• ' 01· >1·••••• "".· ·••••••••• .. •••••• '. ~ ~~ •••.•••••••• " •••••••••••••••• " "' """ •••• " " •• ~ ,'.""."." 0

• '11.0 404 I~O 466 •
3191 31Gi 3111 ~IBI 3191 3201 3211 3W 3231 3W 3m 3lGI 3271 328( 3201 3300
I I I I I I I I I I I I I I I I
•••••• " "." •••• ". 111 •• " ~ ••••• "." " .•••• " •• " •••••••• " ••• "., ,., "." " 1o· IIi' .. ' " " "....... 1742
••••• ~ Ii •••••••••••••• " ••••• " ••• , " , ••• - •••••.••• ,." , " " 1005
.............. , •• " •• ".11 " , •• " •••• , •••••••••••••••• ••• ••.•• ••• •••• ••• l216
.. " II " ••••••.••••.•••• ~ " .. 11 " ·•• · 6 6 " 1Jt!11.' ••• _ , ~ 13311
ccraCATAGAGTCGTOCTTrmGaATtaMGCGCAAATTGTGAGGTAGTCTTCTCATAAGGCTAAATACGGGTGTQAGACCGATAGCGAACAAaTACCGTGAGQGAAAGGTGWAGMCmOMAAGAGTOliAAAAaTACCTGMA 430
........ it; II ~ •• " , 11.. II .. ~ " " It ~ ." •••• " ' ' " ••• _ 11 , ,,'" .. 0
."", ·•• 6 , 11 , ••.••••••••••• , •••• , " · 11........... 0
.. "'."' •• fi "' ••••••• , •• tI .......•.• , t". t " " ,. " .:." ••••• ., ~ " ..11.," •••• ,.· " - ll41
•• " .. , ••• " , ~ t 01 •• 11' , " "." ".. 1316.......... ~."., 'Il" •. II ,.•••••• "" " " •., •.•• " """ " ..Il """" ,,"•.•••• iIi" •• ' ••••• " " " 10.............. 1262
CCTMATAGAQTCGTGCTTTTTOGOATTGAAGCaCAAATTGTQAaGTAGTI:nCTCATAAGGCTAMTACaGGTGTOAMCCGATAQCGAACAAaTACCGTGAGGGMAGGTGAAAAGAACmOAAAAGAOmTAAMGTACCTaAAA 287
............................... , ••••••••••••••••••••••••••••••••••••••• I1 ••••••••••••• · " ••••• 1I.a ••••••• , " 11. " ".. 0

3301 3311 3321 3331 3341 3391 33Gl 3m 3301 339) 3401 3411 3421 3431 3441 3460
I I I I I I I I I I I I I I I I.......... a, " " ';" "••• " ••••••••••••.• , " Ii , ' •• " ••• " ••• ' "....... 1742
.11 " " , , •• , ••• " •.•••••••••••••••••• " •••• "."" " •••••••••••• &. '.'1"'11 " ",,1.6 ,11.. ••••• 1006
•• "0 KiI It, •••• " ,. , •••• "".".,,~ •••••••••• " " ••••• , •••••••••••• ~.I ••••• , •• , " '11 •• " ". "' ". ••• 1216
......................... ,. II •••••••. , " •••••• " , 11 ~, , ••••••• ,..... •••••.• •.••• 1330
CTGCrGAAMGGAACCAA TTOGa.\COT ACOCTTCCACtGGG TGCCACAGT CClGTCCCOGA TAATTATCCTGaCA TaGTC rQAGT h ~TCCCTTTGOTTCAGCCAG9G raCA TTGGaOTGTCaCT AMCACAOTCGTGCC ATtrCT AGTar 600
........ ',.". t t "" <011. M. 0; 11" " " "_." .. ,, ••• 11•• It ..,.o " " ~ •••••••• " t " ,. ,..,.. 0
.,," ~ " 11••• , •• " " , , ".,,,,, II ii " " .. ". II ". ~ " •••• ". a " 11 " " •• " ••• "' .. to 11 ~ • .. ••• 0
........................... " •••• " " .. " ••••• "" "'. ~ " .. " "" ' ·".".11 •••••• " "." , " ..- ~ "' ".... .. .. • .. ••• 1741
..... , •• P "" ~ "." •• " ,,, , , " " OJ ••• 11••••• ". " ,. 1315
...... ".9 ••• '" .t •••••••••"••, ., ~ , " ".••"' t •••••• 11.." t ••• " ,,~ ~ lIE •• !I. •• ,.".... 1262
CTGCTGAAAGGGAACCAAmOGACa TACGCTTCCGCTGGGT CCCACAGTCCTGTCCCGGA TACTT ,\ TeCT QGCATGGTCTGAGT AATCCCTTTGaCTCAGCCAGCaTaCA TTGQGGTGTCQCT AAACACAUTCGTaCCA TClC TAnTGr 437
•.• " , 10 w. ~ , " ~ •... '. " " ". It •••••• ' ,,, " ,," " "' ~." "" " .. • 0

FIgure 2.8 continued, P"!lC 6 o( 11.



Tpp",SSU L023GG
lpp.SSU L209D9
TIlII"HuO.ITS L26331
TPP.,UU.ITS L20m
lllp~LSU",6' L2003G
TPI1.LSu~ll ok
TI1P••LSU ,3' L2000Q
tpl,SSU
Tpl. ITS'L UOJOOI
Tpl~ITS·S U03602
TpL.LSU.,1 (5' Qnd)
Tpl_LSU,2 (:I' qlltl)

225. 2t61 WI 2281 2291 2301 2311 2321 2331 2341 2361 2361 2371 2381 2391 2400
I I I I I : I I I I I I I I I I.................................................................................................................................................. 17·12
................ , ,. ,. ~ , ••••• , 1005
TTGOTA" ACTA7QT1T" rA' •••• CATATTACCTl OATOAret aT OAAAGACGTGTACCAATOTAATaTOOA TTArr ATAaTer AcAAACACTGOT ACCCM TaCT AraA rTT AM.CTtrCAGCOOl anA TGTClTGtlCTCACI.CAA 692Trnar A' • ACTAIG rrr •• TA' •••• CAtATTACtn GATaA rer- aTGAAAGACG TaT ACCAATOTAATalaGA TTATTATAGICT ACAMCACTGGTACCCAA reer ATOAtTT AAACTnCAGCGG TGGATGTCTTGGCTtACAOAA 717
............................... " .• _ _ J> If" " It 11 .., ~ .. It-............ 0
•••••••••• ".01 · ,. _ 1"......................... 0
..................... , "' _•••• "' ".......... 0
....................................... ".~ •••• "." ••••• " •••• 1II' •• <i ~ ·.iO ~." ••••• • "'.···· ••• • •• ··Ii " 1741
nGG~MT ACCATGAI tAOT AAAAAACGTGr.CAAAclaaTl At TCTOT· AGTT ACGTA' ArrACTTT AATT ATTO TM nGCA' • TrOT AAtCACTTGGTT AtATTA TAA· ATTTT AAACTTTCAGCGalGGA TGTtTTGGCTCAC_CAA GOB
traer A' ·1.eTA TaTT r- • TA' ••• 'CA r Arr ACCTTnGTOA Te TAOrGAAAAACaTOT ACCAATn TAA" AUTO ·UATTAAr· • CTACATACACTOGTACCCACT Arr ATA1TTT AMCTTTCAQCOOTGGATGTcnaGC TCACACAA 660
" ~ ~ 1Ii •••• " _........... 0
;o It , .. "·~.· ••• ··.·Jj· · • II ••• "' ••••• " ~ , ,... 0

t Ilaglnnln~ af 5.8S gonG
2401 2411 2421 2431 2441 WI 2461 2471 2401 2491 2501 2511 2W 2631 2541 2550
I I I I I I I I I I I I I I I I
••••• 1I ~ iI. 11 " •••••• , •••••••••••• " 11 1142·
............ · · 1j. 4 •••• "" •••• " ~ •••• io ~ , " "' •• - 1005
CG~tGAAMAC¢r.AOCOAAGTGCGA TMOCA TTGTOACTTGCAGACT rCrGCGAATCAACAOA TrrCTGAACaT Arr AGACAr.ACCACCrCrGCTrGCI\CGTr,~ TACTCCCAT1TCAGTOAACCTCAAA trCCT ArCCCAACCCAA' • • • aaa
CGATOAAOOACOCAGcGAAG TaCnA TAAGCATTOrOACnGCAGACTTCTGCGM TCAACAGATTTCTGMCOT ATTAOACAcACCACCTCTGCTTGCACaY(lGT ACTceCA ,'TTCAa TOAACCTCAAAnCCT ATCCCAACCtAA TAAC U61
.......................................... " "" •• " " •• "." 6. ~." j." •••• " """",, ,,"" "' "." "." _ ••••• 01 a·."" ".""....... 0
......................................... " · AIO ••••••••••• , "' " ••••• " "... 0
•· ·•••••••• · _14 · · ,. " ·•• · ~••• It •••• ·.;l "........ 0
" " ' .••• A •••••••••••••• ~.· •• t 4 , " •••••• 1741
eGA lGAAGGACQr.MCGAAGTGCGA tMGCA TTGTGACTTCCAGACTTCTGCGAA TCAACAGATTTC TOAACOTATTMACACACCACCTCTGCTTGCACGTIlGT ACrCCCA t 1 TCAGTGAACCTCAAA neCTA TCCCMtCCAA TMe 84 B
eGA TOAAGGACnC ~GCGAAQTGCGATAAGCATtOTGACTTGC AGAClTCTGCGAA 1CAACAGATTTCTOAACGT ATTAGACACACCACCTCTOCTTGCACG TGOr ACTCCCA TT1CAGrGAACCTcAAA TTCClG TCCCAACCT AA' • • • 014
......................... ,.'" " "'•••••• ~••••• " '"" "" - •• ~ ~ " ••• ,.,. ,. ••• ".,.. 0
........................................ " " " , "......... .Q

I!n~ aiMS gent t
2551 2661 ml 2501 2591 2601 2611 2621 2631 2541 2551 2661 2G11 2681 2691 ?,7Q()
I I I I I I I I I I I I I I I I
....... "' , , ·.R •••.•••• w · ·•• _ " •• 1742
•. 10 ••••••• <t " II ~ · "" •••• ·•• 1805
....... orAAlGOAT" •• OTa·· ACTO' ATMCn A' • aTtACca· OTTA CCACTOT' TAGA· GTTOGGA GrOAGTaAAAACCCA tat· •• TG· OOGOTTTTCGA TTTlAGGCT CTGGTCGCr AorTaT 947
ACACMGCr AclGOGlT ATAGTGTllAT AACTTT GHACT AGlT AACACAGTTAATACACAGTTMelCTOTT AOTATOTT AGAilT TGl\OATOTGAOTGAAAACCCATGT· •• TO· GGGGrrnCGA TfTT AoaCTCTaaTCGCT AOTTO rio 13
...... " ,.. " " """ If" '"" ,," •• ,," ~ "" .. " ••• _. t" •• "•• """" ,,•• "." " .." ..",11"." ;, to·" " 11".. 0
". 11"." " •• Ii 11 " , "" ~ " "" ~ , " If"" " "" " ,;•••• " ;, " •• " " M " •• "." " "."........ •• 0
..................... " ~ ••.•••••• " " " •.•••••• .1 ••• ., ••••••••••••••••••••••• , n
••• '" , •••••• _••• , •• " , , ••••• " _ 1/41
A' At" rACTACTGAOT' ••• GlGrOAT AGTOTOACTT ATOG TTMeACT ATTAA· • CTCAn 1'TA· ••••• ceAC1' A1'OrT An· aTTGOOA TGTGAQTOAGAACCTGTGTaY A' • TAGGaTTTTCGATTTi AGaCTcTOUTCGCr AOTTGT ~02
••• • CTAATOGAi··· ·OlG"ACTO·ATAAcrtA· ·OTTACCO··QTTM··CTTTOTTA····· ..... •• .. TTAQ·OTTOGGATGTQAGTOAAAACCTGTOTGTGTGTMGoTtTTCGAtTrTAatlCTCTGG1'CGCTAGnGT m
•••· '••'.I•.'••~.,.•••..•, ,•••.••••••~•••••••iI.· •••••• ~ ' ,.......... 0..... " , , " ••.• _ 1>....... 0

2701 27) \ ml 2m 2741 2751 27GI 2111 2101 2191 2BOI 2011 2021 ~aJI 2SH 2G60
I I I , I I I , I I I , I I I I
......................................................... ~ " " 01 .. 01.' " ••••• " ii to "'"" 11 ", " ·"..... 1142
"' , "' " ' ••• 11 ",.,.................. •••••• •••• 1005
TaA TBAOTQAAACT AAOCTGTATGCMBT mCTA m TTT ACAATROAGTBGCTAQTGGACTATMAGTCCCAAA TGGATTTOGCAGTGTCAACAGCAA TOaA TA· ••• ACTAGaTmGT M TMeT MCTCAOTCAGTTOACA TT AC 1093
TCArcmOAAACT AABCTor ATGCAAGTACTCT ATGTTTTACAA TGCAOTOGCT AOTGOACTAT AGAQTTCCAMTGGA TTTGGCAG1GTCAACAGCAACGGA TT· ••• ACTAGallGTOT AATMer MClCAGT AA' ••• ATATT <lC 1166
•••••••••••• , ". _. 11 ••••• "" " • ~ " ".. 0
•••••• II * •• IHI ••••••. ~ " ••••• "" 'tI " " , ••••••• III ••• 111 ~ •• 110. _ .. "' •• iii 111 ,.,... 0
...... " •••• ·110 •••• ' •• • •••••••••••• " • •• , •• • M ••••• ·· •• " ~* , , •••••••••••• "......... 0
.... , •••••••••••••••••••••••••• , •• " _••••• " " •••• " , •••••••••• , " ".. 1741
TaA TGAGTaAAACT AAGCl nTATGCAAGl ACTeT ATQTTTT Ar.M TGCAGTGGCr AGTOGA~TATAQAGTCCCAAOTGOATTTCGCAGTG TCAACAGCAACTM TAAATT ACCAGGTTaTGT AATAAeT AACTCMTCAQ TTGA TAl TAt 113 ~
TOATOAGTGMACT AAGCTGTAlaCAAO' ACTe TATOHTT ACAAraCAQTOaCT AGTGGACTATAGAOTCCCAAATGGATTTGGCAGTOTCAACAQCAACGGA TAGAT1 ACCAGGTTOTal AATMCT AACTCAGTCAoTlGA TATT At 1 Q 7 9
................. ~ •• , •• " •• , ••••• ~••• ,,~ , _ , ••••••••••• ~........ 0
.............. ·t ·••• • '.H.·."., •. , , , "." ~ ~.. ~ ~.......•... _............ 0

Figllre 2,8 continued, P080 S of II.



rpp~ssu LO~3GG
TPP.SSU L20909
Tpp_lIuQ •.lTS Lat33!
TPP_UO_ITS 1,26332
l'pP_LSU••S' L2B036
Tpp~LSU~IIi1k
Tp~ LSU~3' L~09~O
TpUSU
Tpl~lTS'L U03601
Tpl_ITS'S U~l602
TP\_LSU_1 (S' '>1111
Till lSU_2 (3 and)

Tpp ••S5U L0236G
TpPmSSl1 L28999
TPII.HuO.1TS L2G331
Tpp~.Ug ,ITS L2G332
TPI).,LSU~G' t2003G
TPP .. LSU_I Ink
TPP .. lSU_3' L20g9S
Tpl_GSU
lpl~ns'L U03601
Tpl.ITS·S U03602
Tpl_LSU,,1 (6' and)
Tpl ••LSU_2 (3' and)

1651 16Gl 1671 1601 1691 1701 1111 1m 1731 1741 1761 1761 1771 1781 1791 1000
I I I I I I. I I I ... I. I I I I I ICAGOGAAcaTC'I'AUMMGTTrrilrMACCTTATCACTTAAAGGAAGGAGAAGTCGTAACAAGGTTTCCGiAGGrMMctClcMAAGGAta····· .. • •••••• •••••• ••••••••••• •••• 1742
CAOaGAACaTCr AROGAAGTrTTQ rGAACCTTATeACH AAAGGAAGOAGAAGTCGr MCAAGOTTTCmr MUTQAAcCrOCAOAAUOA rdA TT C~CA TT ArCA 1'CTAGOTCCTCTOGACCACATTGTAACAGAOTt·· •• CAm ART 1724
• TAOGGAAGTTTTQTGAACCn AreACTT MAGGAAGGAGAMTCGT AACAAGOTTTCCaTAG. TQAACCT~CGQAMGA rqA TTCACATTACCATeT AGGTCCTCTGGCA' ACAno tAACAOAGTT" •• QA TTal.GT 133
• • QGGMGUTCTAMGMUTTTTQTOAACCTT ATCACTT MAGGAAGGAGAAGTCGTA leMGOT1 TCCaTAGQTGMCCTaCGGAAGQATCA TTCACATTACCATCtA~GTCCTCTGGAc, ACATTGTAACAGAGTTTT ATGOCTAGAG 147

ooo
1141
133
133

o
o

.' " lOY". 'I 11" .. " 1"" iI·"' " " - ~ C »~ " " !II "1'" ;t ~ """" " .. ,, to .. " " .. 11 "" " .. ", It ..

,. !l' ' <'11 ,. •• 10 11 1•• " 10""": "_.,, "' •• " Iolot ".

•• " ,."., •• _ " t" " "' '""' '•••• "' fj ••• "" , .

CAGGOMCGTI:T AaGOAAnTTTTaToMCC m TCACTT AAAGoMGGAGM~ TrGT MCAAGOmCcQ TAGaToMCCTGCAaAACQA re- " .
• • GGGAACOTCTMGQAAOTTTTQTGIIACcn IITeAC l'TAAAGGAAGGAGMGTCGTMCMOonTCCGTAGGTOMCCTMOGAAGoA TCATTCACArrr- •.TCACACAGTTTTC MeT· ••••••• ACAGAGiT' ••• GATTGAGT
• '(\GOAACaTCT AQGOAAGTTTTaTGAACC TT ATCAcn AAAGGMGGAGAAGTCG TMeA IcaTl'TcCQTAGGTGAACe raCGGAAaOA TCATTCACA TTA·" TCACACAGrr (fCOAcr· ••••• " ACAGAGTr·· • 'OA nOAGT
".~ "'." it •• ",lOt " ", " .•• .,." " " * " " " ~. " "1!I""·.1I 01''''8;0"" " ."1" It·" "." " "' -. " •••• " ".~" (I. .

•••••••• 1>1 , '" '" ".".<i " " 11 " iII .. ~ .. · .. ·•• "10 "'''' * fOI '" " \I •• "!i',, » " " .. ' ..

" "Prlm~r D tEnd 01omll1l8ubunlt rHNA gono
1831 IU4! 1051 lOa! 1071 IDOL 1091 1901 nu 1921 1031 1941 1950
I I I I I I I I I I I I I
........ "' " ~ " " , " " 11 " t "' "" " " "",, II 1742

GAeT ·CAe ,TAGT'AUT'" TACTA'C, ·eTA 1CATO 'AACTACACTAGTAGTTTCAtT MCTAA TrelGCT AlGAe' GGTOTTe· ·nOTl'T·· • •• ••••••••••••• •••••••• ••••• •••• •••••••• 1005
GAeT ,CAC· TAGT 'MT" • TACt'A' C··C ' '\TCACG' AACTACACTAG1AGTTTCACt ACCTAATTCtGcr JAC IGOTGTTC" TAGTTTT AGTGOGAAGATGTGACOGGACMTA· ·QAAM TCtA nCaaGTTTGCTTA ,'CUTCA 269
AQTTTTGTAGTTTGAGrGA~ r ACArtGAQT AUTrT TGTOACTACACTAGTAGTT~CATTACCl AATTCTGC1 .AGACTMTo TIC·' TAGTTTT AGTGGGAAGATGTGAcaGaAC GGr MAGAMA lCCA lTCGGGTTT ATTT ATCOTCA 20G

o
o
o

,.." ,.. 1<., ' " '" ~ ' _ 01 •• " ". ,,. ,, •. ,. "' " ,... 1741
256
24?

o
o

I~O 4GB ..
1001 1011 1021
I I I
................ e .. ~ " " " .

GACTACACAGAGNGf··CTUAGTTC··cAGAGG·G·AACTAC·····TTG·m .. ••• .. ····croCfACGACTGGTAT·ClCTAUTTTlAGTGGGAMATaTGACaMACGGTA·.QAAAATccArtCGGGmaCrTATCGTCA
GAeT AtACGMG NG T· , • TACATT ACTA' •••••••••••••••••• N TTCTGeT MoOCTOG TOTTC' • TAGTrTT AGTGGOAAGAT.;' GACOGQACOGTA' • GAAAATCCAfA TaGG TTTGCTT ATCGTeA

1951 1961 19'11 1901 19~1 2001 20\1 2021 2031 2041 2051 20Gl 2011 2061 2091 2100
I I I I I I I I I I I I I I I I
••••• iI " •• · •••• , ••• ~ ••••••••••••••• -, •••••••••• , ••••••• , "".......................................... 1142
_ •••• 0 , , .. " t "'.. •••• 160G
rCCCWGGOTCAGCTGGCTAAnCGAT AGAOGCAATeM T I OllTCGOrrGACTTTQA~OOcQmCACCCT ACCCCGCCGGATCCTCA rrcr ACTAaTT ACTAGTAOTTTGAAGAO'rACCCGGQrMGCteA TOCCM TUCOQATCMll A 419
,'CCCTcAoa· TCAOCTGQCTAI JCGAT AGAGGCAATCGATTan TCAGTTOACTTTOOOQOCOTTACAcctT ACCCCGCCGOATCCTe" TTCTACT AGTCACTAGl'AQTTTGAAOAGTACCCGOOTAAQCCCATOCCAATOCUGATCAGt A 444
•••••••••• ~ ••••• a ••• ~ •••••• • •• ~ " •••••••••.•••.••••••••.• " ~ • ••• •• ••• · •••• , II ••••••• ~... 0
..... 10 .,." fl " ",. "" ~ 10 • ,,, •. ~, .", ~ •••••••••• " n " ••• " ••• '" " _ " "' " '" "" R •••• " " .. " " •• 0
............................ " " " ••••••••••••• •••• ••• ••• ••••• ••••• ••••• 0
• ". " """ ,,. ". " "."" " " ••• " " •••• ~ " " " •••• "' .. ,. " " ~ 4 " ti"".... 1741
TCCC1CAQGGTCAGCTGGCT MGCM TAOAGGCAATCM rTGGTCAGTTGACTTTGMGOCGTT MAtCCT ACCCCGCCGOATCCTCAnCT ACTABTtACT AGTAGTTTOAMAG1'ACCCGGGTAAGCCCA TGCCAATACOGAJCAUT A 40 G
TCCtTC AGIlGTCAGC'rGGcT MnCGAT MAQGCAA TCM TTGGTCGG TTOACTTTGAGGGCGTTACAccer ACCCCGCCGGATCCTCA nCT ACTAnn ACTMT AGTlTGOAGAGT ACetaOGT AAOCCCATGCCCACAAOTOATAn TA 30 a
....... - •• "." '" " "" .. ~." " '" "' ·t • .. • , II '. '" •••• ~ " •• " ." 10 ti." ., " ,.• 0
"•• ,," " ..t" "." " " ' oj "' ~ " ~ " .. 10 'Ii - " ••••• ,. " " Of " •• " •• " ." Ii Ii ". 0

2101 2111 2121 2131 21 HSI 2161 2111 2101 ml 2201 2211 2221 2231 ml 2250
I I I I I I I I I I I I I I I I
............. , a ~ " .. ,4O , -~ ••••• ~ , \742
........... ., •• ~ ~ " •.•• " 11. " "11 .-., '·iI .,4O '" ~ .. II •••• t· l " II II ".,," 11'.11 " 100&
TnT~GAGaATTa····TTTAGGGTTTTaaaTTAAmATTAACC·TArrATACTTTAT·ATmAATCCT·nTGCATACTGNCACGTGaHATGUnATGTTCCTTAAGATACTTGGTAGATTAAGGAUCTtrAtcAT'"······C m
TOTGGAUGATTG·· .. TTrAGGGTrrlGGGTTAATmrWCC·rAfTATACmANTCTTMTcCr·rTfGCATACTaT,cCACGTGGTTATGOGATaCTCCmTGATACrraaTAGATTMUOAOCTTTATCAr·········C m
......... _ , " t '8'."~"'.II ;" t "....... 0
" 4 ·••••••••• " _ " '·'4 " "' " •••• ,. ,.. 0
.... "' "' " t ( , "' " " ~ "....... 0
...... " , >1 , " ~ " " "" "."....... 1141
TQGA!.TaaA TTl'AOaT ITTAGIIOrrr AUrMCeCTTT AGGOn AATAIT ATTC, • TAT' MCT AGATCCTACt TOCATACTGn COACaTM rr ATaoOA TOTTCCTT ATGAl'ACTTMT AUAT rAMlUAGCrTT ATCATGGGAAACC1'T G53
TaTOT AnUATTAOOGTTTTGGGTTTl' AOAAACCCTTTAGGIITT AATTTTAl'ACrTT AnAACTAGATCCT· THGCATACTGTlCCGTGTGGTT A1aanATGTTCCTT ATQATACTTGGTAGATTAAGaAGCilTATCA T' •••••••• C 532••••••••••••••••••••••• " •••••••••••• ".~ " ~ ~•••••••••••••• " ••.•••.••• " •••••••• ~ a
• ".;, t " ••• .. •• • ~ "." " "..... ."." " ••••• ,,_.•••• t " If ' 0

Plgure 2.8 eontlnued, 1111804or J I.



1051 lOGI 1071 10GI 1091 1101 1111 lIU 1131 1141 1151 1161 WI 1101 1191 1200
I I I ; I I I I I I I I I I I I
CTMGGGGAGTA TaGrcaCAAaGCTUAAACT TMAGMA TTGAcGGAAGOGCACCACCAGGCGTGGAQCCTGCGGCTT AATTTGACTCAACACGGGGMACTCACCAGGTCCAGACAAAGGAAGQA TrOACAGA'fTGA TAGCTCTTTCTT 1200
CTGGGGGGAGTATGGTCGCAAGGCTGAMCn AAMGAA TTGAtGGMGGGCACCACCAQGCGTGGAGCCTGCOGC TTM TTTGACTCAACACGOGGMACTCACCAGGTCCAGACAMGGAAGGA TTGACAUAHGAT MCTCTTTcn 1128... ~~.•.. ""-."."."" ·'.'·"""" .. "." .. ·."".~.".OJ ..• " " ~" " "'........... 0
................. " ;0 " " " ,................................... 0
••• _~" " ~ ..- ~~ , "................... 0.* _ " "., " ~..~ *.............................. 0
" , , ..,,_ " , _............ 0
ClaOGGGOAOTA TGGTCGCAAQGCTGAAACTT AAAQGAATTGACaOAAGGGG ACCACCAGGCrTGGAnccTaCaOCTT MiTTOACTCAACAi:GGGGAAACTCACCAaG TCCAGACAAAGGAAGGI, TTGACAM TTGA TAGCTCTTTCn 1199
..... .iI , , " _ •••• " , " _.. 0
...................... ~.10.' , ~.· _ ~.· ••• '."" " _~ ~ ., "..... 0
.......... , .. "' ••• '''' ~.'''''............... , ~ " - '!j' •• , ~.............................................. 0
........ : _ , ~.. ••••••• 0

1201 1211 uu 1231 1241 1251 1261 1271 1201 1291 1301 1311 Int 1331 1341 1360

!A nCiqGG~TOOToQrucl TQQcr.QTTC~r AGlTanTO!AGTGA TTTIl~CTOGTT AAT~CCGTT AAca1A<,,,; ,"ACCT~ MCCTQCT AlA TMaai AC!GGAA r Mod r TCGCTGTC!CGTCATCGcfTCTT AGAGQ!ACTTTOCG~ 1350
OAnCTTT GOGTUGTGOTGCATGGCCGTTCTT AGTTGGTGGAG1'GA nYOT CTGGTT AAmCOlT MCOAACOAGACCn MCClaCT AAATAGGGTACQGOAATAAQ4TCT~QCT GTCCCOTCA reeerrcrr AllAGGGACTTTGCQO 127 G
............. _ t- •• ' , _ _ ".................................. 0
........ ., "._ ".•••••• - 11.' _ ••••••••••••• _ •••••• 1: •••••.•••••••• _to 0
•••.• " _ , , ~ " •••. ~ ~••• ~" " " " , ..". •••• 0
". • •• " •••••• ., ,,, •• "' ,. ;t ,. "' _ .,........ 0

oJ.T~c:;:;:;~iiGTao:;~atQCATaa~CQTTcT:; .ici;TanTOn;';; TOAT:;ToTCTGG1T Ai, T:;ccarT Ai,coA;'coAOACeT:; A;'CCTOCT .ii-A:; AnoaT .icono;,;, t .i.iaci,CTCGCTGTCCrOrcA TcacTTcTT AaAaQaACT:;TOCGG 134~
.... "'•• , _ - , _................................................... 0
••• io. "."" _ 10 "" " !II "" !II ,. & •• '" ,.~ _., _ ·Ii " "." 11 '''.· 0
, ••• '" II ~·I.'." "." _ .. " ,. " "" _" " " " " •• ' "'. ~." it 11........ 0
.,•••• "" •••••••• ~•• " •• , •••••••.• , ~ "•••• " •• - ~. 0

1361 13GI 1371 1301 1391 1401 1411 1421 1431 1441 1451 1461 1471 1461 1491 1600

~1 ATAAATca!AAGGAAOTT~ A~O(\cAA ThlCAGOTCTG T~A TOCCC rr A!ATGTCCiGG!CTocAcacO!GCTACACTol TMonCA T~GAGTTT ATC!TTooccoAnlaacccaQOT lA TC l'TTAIlT leocA TeoTal TODOGATC! 1600
TT A1 AM TcaCAAGUAAGnf AARGCAATMCAGeTt T0 lOA TGcee TTAGATOTCCTGOQCTOCACGCOCOCTAC ACTGATGCOTTCA TCGAnn r ArccltGGCCGAGAGQCCCGGG TAATerTT MT ACGCATCO lOA TaGGGA TCG 1428
.................... , , ••••• '· t ••••• ll _ •••••• , t _. 0
~ , " " , •.••••••••••••• ~••• ,. ~ t ••••••••••••••••• " _ _ ••••• u...... 0
.................................................. , , _ , , - " " - 0
............................................................ " ••• ~ ,." 10'" __ " q ~ " • " II " - t • .. .. .. 0
•••••• " t " •.•• _•••••• "'''" , " ••••• - iIj •••••••.•••.••••• - •••••• 0
rr ATAM TCocAAGGAAGTTT AAGGCAATAACAGGTCTGTOA rceeerr AGArer CCTaaGCraCACOCaCGCTACACTGA TGCGTTCATcaAorrr ArcctrGGCCGAGAGGCaCGOGT AATC'iTT AGTAca~~. TCGTGATGGGOA TCG 1409
••.•••••••••• ".-."._ ••••••••• - " _ ,.- •••••••••••••••••• , ••••••••••• _................ 0
....................................... " _ ".~ ••. " , •••• ,,-."" ;;. _ t ,.~ ,,_.... 0
............. f " •••• "Ii ·u ·•••••••••••••••• ,. It , •••• Ii " .. " , •• , ••••• , •••• 0
..................... - ••••••••••• ". I _ " - - "... 0

1601 1&11 1521 1531 IG·l1 1661 1661 1671 1601 1m 1601 uu 1m lG31 1641 1650

Am TTGCM tran ,IAT~O~OMCGAGGAl rGCcrAGT A~acccAAorcl TcAQCmr!cAoATT AvoJcccTaCCCr~rGT ACACAC~GCCCUTCGcJcCT ACCGAT!OAOTGA rcc!oroAA rr AihaomoToAToTTCccol 1650
Al TATTltCAA TTO rr AArCI, TGAArJAGGAA ToCCT AnT ATOCaCAAG TCAT~AQCTTGTQCAijA TTACGTCCCTGCr.CTTTaT ACACACCaCCCG TCGeTeeT AceOA rCGAGTGA rCCOGTUM TTATTCGGACCGTGA TGTTCCCG~ I a 7 0
.... , n_ , ,' __ _ ,." _._ _.11· ".... 0
.... " ·1........ ." .. "" _ ~ " ~ _ l! •• " ~ 10' _ 10 " ,. " " " •• "" If •• " " ., " 0
................................................ "11 , " " " , .. ' •• " ••••• _ •••• , •• , " ".. 0
_ "' , ., , " •• , , - _ ' · ••• 4 ••• "................. 0
......................... - , " " " ..Q.'" , •• t • - "'." " " " ~" " " ~. • ••• " .. 11 " " _ " 0
ATTAnaCAA TTaTT AATcnYGAACGAGGAA rr.CCT AnT ATaCGC AAaTCA TCAGCTTOTQCAGA TTACGTCCCTGCCCTrTGT ACACACCGCCCGlcac TCCT ACtGA reGAG rGATCCGGTQAA rr ATTCGGACCD rGA l'GTTCCCGA 10,19
.......... " Q _ .. " " ' .. ~ ~ ~ ". " , •• " II .. - .. , - " 11 " ".... •• .. 0
.......... " ~ ••• ,.. - 111 .. " ~ " , •••• "" .. " • " " " " •• ·t _ •• It " "' " " " ~ " II a
............ "." ~ " " ••• f •••••• * , " ••• " "'. ••• •••• 0
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• , •••••• , •• , •••••••••••••••••• , •••••••••• 0

Flllure 2.8 continued, pllgu 3 of II,



Tpp_SSU LQ2l6G
Tpp_S$U L28999
Tpp.Hull.1TS Li!6331
Tpp_UU_ITS L26332
TPP .. LSU_$' L20036
Tpp_lSU_' ink
Tpp~LSU••3' L2899B
Tpl_SSU
TJlI_m·L U03601
Tpl_ITS'S U03G02
Tpl_lSU.l (5' Ond)
Tpl_LSU_2 (3' end)

451 461 411 481 4Q1 501 511 521 531 541 551 561 m 5111 591 GOO

1MTAACAATlcGMGCTT A1AGTCTTGT Al lTGI\AA TOA~GGGAATTT A1AccTc rrcclGAGTATCM ~TGGAQ(lGCA1GTCTGGTGC~AGCAGCCGc!GT AAnccA!cTCCAA TAQ~GT ATATTM1A TTGTTGeA4n AAAAAG~ 600
MAT AACAATACOGGGCTt llAAOTCTToT AATTGOM rGAl GGGAATTT AAAr.·r,TCTTCCAGAGTATCAA TTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGT AATT.:cAGCTCCAA TAQCGTATATTAAAATTGTTGCAG I TMAAAGC 528
.......................... " ••• " ~ ~."._ 'J •• ~ ••••.•• "' " "' ~, -........ 0
....................... II " • "" "' "' ~ .. "" , ". ~ " ill... . ()
.................................... Ii ~ , " it. 10 Of.. a
......... ~.""'''.'''''''' •• '''' ••• ''''''''''.''''''.'' •• ''''.''''''.''''''''''.''.''.''.''''''.''''''' " II " " " 11 " "' ~.................. 0
'" "·10 ,., ~ " ••••• 'I.'''1O.~ •• ''.''.'''''''''''''' •••• ''.''.'' •• ''.'''''.'''''.'' •• '' •••••• ''.'''' " " " 0
MAT AACAATACGGGGCn MAG TCHOT AATTGGM TGATGGGAArrt AAACCTClTCCAGMl ATCAATTGGAGGGCMGTCTGGTGCCAGCAGCCGCGGT AATTCCAQCTCCAA rAGCal ATATTAAAATTGTTGCAGTT AAAAAGC 600
••••••••••••••••••.•••••••••••••••••••••••.••••••••••••••••••••••••••••••• ". ••• •••• ••• ••••••• •••••• •••••••• ••• •••••••••••• •••••••• ••••••• •••• ••• ••••••• 0
lit '" ~ ,. ~ <I •••••• ~ , ,,_ •• , 11 " .;.. 0
.................. "' 1> "'" " "'. 0
" ., t· " •••.•• " lIt ~ •••• ".".""."""" " " " lIt" ,. lit .. lit ••.• " " ".................... 0

601 611 1i21 631 641 651 661 611 601 6!11 701 111 721 731 741 150
I I I I I I I I I I I I I. I I I
rcer AGTTGAATTTCTGCTGCA TCGCTrOTGTCCCTTCQaGOTCTCTGCA TGTOGCTT ATTTCGGACGGAGTTCacTTT GTCTGilA TGTTT ACTTTGAaAAAA TTAGAGTGCTCAAAGr.AGGCTTTTGCCTToAA rAGTn AnCATGGAA 1 SO
TCOT AGTTGAAHTCTOCTGCA rcecrre lGTCCCTTCGGGGTCTtTBCA TGlOGeTT ATTTCnOACGGAGTTCGCTTrG TCTGGATOTTT ACTTTGAGAAM rr AGAOTGCTCAAAGCAGGCTTTTGCC TTOM TAIlTTT AnCATGQAA 670
,,, , , ••••••• '"•• ~.~ ~••• .,.•• ~.................. 0
•••.• "'. WI ""'" 11 "'1i.;I1O ~ " t , "' •••• " " " 10· " " "' IS oJ· 0
..................... '1 •••••. , , ,' •• , ".... ••.•••••• 0
.................... , , " "' ••• " "'•• """.~~ •• -" ~"."................... 0
....... "',. oo ••• ·11.' " " "'''' 1< " "' ~ 0
TeGT AnrTGAA TTTCTGCTUrA react- GTOTCCCTTCMGG rCTCTOCA TOreccrr Arncl\GACGGAGTTCacnraTCrGGATGTTT ACT rTGAGMAA rr AGMTGCTCAMCCAGGcTTTTGrCTTUAA TAorrT AOCATGGAA 749
............ " , ~ , '''''''.'' ~• " , " _. 0
....... " II , " ~ " " " "' " "......... 0
.................. ~ 11 " to \ Io· "' , "' " ••• ,,· oo " Q
......... ••••• • _ · •• oo ,.............. ••• ••• 'l

151 761 m )81 791 001 an 021 e31 041 051 061 071 801 091 900

+AAl'AAABT A!GACTTTGGT+CT ATTTTGTfoaTTTT AGG~ACCAAAOl Al ToaTT AATA!GAACAGTTo!nGGCA TTCO+ ATTT AACTGfCAGAOOTGA~A TTeTT AGAfrron AAAG~CGMC TACT!CGAAAGCA ThGecAAGGl ~oo
TMY MAaT MGACTTTOOTTCT AtTTTGTTGOnn AMT ACCAAAOTAAroan AAr ABIlAACAGTTGGGGGCATTCGTArrr MCTG TCAOAOGTGAAAnCTT AGATTTGTT AMoACOAACTACTGCGAAAGCA TTTGCCAAGGA ow
.... oo III It ., .. IO " ". )1 ~ " ••• " " _ " "" " ~ .. 11> •••• " •• "."" it ••• to " " •. " ~ 0
.iI • , " ,,' •• ",. _ · 11 0; " •• " ", .•• "... 0
..... II ••• ~ ·••••••••••• -.· ·, "''' , ~ ~ •••• I.I "'''' ••.. ""................ 0
............................................ to " " " to " ~.". 1( "Ii to " " .. " .••• " •••••.•••• ".10 ""." "............... Q
........... , •••••• , " "' " , "II •••••••••• " "' •••• ""11 ~ _ ••• , •• "' "' , a
TAATAAAOTAGGACTTrQanc TAnTTGTTGGT'fTT AGOTAcCAAAOYAArnn TTAATAGGAACAQTTQGGOOCATTCGTA rrr AAcTaTC.lGAGGTGMA TTOTT AQATTTGT r AAAQACGAACYACT~CGAMaCA TTTGCCMUGA 099................ ill. " .. l'"'' • "'" " .. " ,,'- ~ ~ " II •• II •••• " '" .' II " " •••• II. 11 "' " ." ~ '" •• 0
If· "'" " ••••••••••••••• " •••••••• " ••• " ,." " ••••••••• '-.. 0
................... , "' •• ", .••• " ,,, " •••••.•• " "01" 10 ••••••• "' •• ~"'....... ••••• •••••••• ••••• 0
"' , " ~ ~ •• , ., , ~ •• ~., , , tH , " ••••••• ~ ••• "...... 0

901 911 921 931 941 951 961 971 nOI 991 1001 1011 1021 1031 1041 1050

}arrnCA TT lATCAAOMC!AAAOTT AGn!GA TCGAAGA~GATeA~ATA~COTCQ r AGT~CT MCCA TA1ACAATGccnlcT AaAGA TT~OAOQTCilTClaTTTTT AcalcTccTTCAG~ACCTTGAGA!AAA TCAAAGfCTTTGGOTl 1050
TGTTrrCA rr AATC~AaAACaAAAGTT AOnaGA TCGAAGACOATCAGATACCGTCGT AGTCCTMeCA r AAACM TGCCGACTAQAGArrOGAGOrCn TCAGTTTTT ACGACTCCTTCAQCACCTTGAOAGMA TCAAAGTCTTTGGGTT 978
"''' "'·"''' M 11 ~ ••••• " II .. ",,, " •• ~ " II II .,."" " •• " ".................. 0
... · 6 " , ,. _ ~ "' , , " " t "."....... 0
....... " " ~ _ ••• "' ," " " , " " " .. 11 " "''' " ~ , " 0
....... , ft , , • ,,, iI ". 0
................................................................. " ,,4 " ~ " ••• ,.", " •• " _.... (,)

rem TCArr AATCAAGAACaAAAQTT MGGOA TCGMOACGATCAOA 'TACCOTCOTAOTCCl MCCA' IMCM TOCCGACT MAG ATTGOAGOTCOTCAGTTTTT ACGACTCCrrCAGCACCTTGMAOAAA TCAAAaT CTTlGOGTT 1049
....................... "' & ., ••••••••• , •• ~ •• ~ •••••• ,,~ ••••••• ~.t " o- · "...... 0
............................................. 11 • , "' " , .', t "R·'.1O.. •••• 0
....................................... "' _ ••••• ,,, , , , ••.••. , ,. Q....................... ', " ,.. , ~ ~ It···"· ·.. ,, fl -·~ 11~ _........... 0

Flgurc 2.8 cOl\lh,IICd, poge 2 of II.



Figure 2.8:

TI1P_SSU L02l6G
Tpp_SSU L20999
Trp~HuQ_ITS LZBl31
1'1'I'.UO.I1S \,26132
Tpp_lSU.6· L2003G
Tpp_lSU_llnk
Tpp ••LSU_3' L?6990
Tpl_SSU
TpU T5' L U0360 1
Tpl_ITS'S U03602
Tpl_LSU_1 (5' end)
Tpl_LSU_2 (3' end)

TPP_S$U l02366
Tpp_SSU L20999
Tpp.Huo_1rS L2G331
Tpl',.ug~I1S L2G332
'tPP.UU~6' LZ003G
TPp.LSU~ll nk
'rpp_LtU.3' LZD09a
Tpl_SSU
Tpl_ITS>I, U03601
Tpl.iTS·S 1103602
Tpl_LSU_1 (5' and)
Tpl_LSIJ~2 (3' and)

Alignment of T. p, parva (Tpp) and T. p. lawrencei 7344 (TpJ) rRNA transcriptionunits from the 5' end of the small
subunit to the approximate 3' end of the large subunit. Details of sequences are in table 2.3. Genbank accession numbers
of published sequences are given. SSU: small subunit; ITS: internal transcribed spacer; ITS-L: longer ITS; ITS-S: shorter
ITS; LSU: large subunit. Positions of amplification primers are highlighted.
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2.3.3 Summary

There was little variation between the SSUrRNA and LSUrRNA gene sequences of

T. p. lawrencel 7344 and T. p, parva Muguga. However, major sequence variation

was identified in the ITS regions. We hoped to identify regions within the ITS which

could be used as target sequenc ~sfor distinguishing between these two parasites; this

work will be discussed in the following chapter.

Table 2.3: T. p, parva and T. p. lawrencei rRNA sequences aligned in fig. 2.8.

Sequence code Stock Genbank Reference
accession no.

Tpp_SSU_L02366 T. p. parva Muguga L02366 Allsopp et al, (1993)

Tpp_SSU_L28999 To p, parva Muguga L28999 Kibe et al, (1994)

Tpp_Mug_ITS_L26331 To p, parva Muguga l.26231 Klbe et al, (1994)

Tpp_Ug_ITS_L26332 T. p, parva Uganda L26332 Klbe et al. (1994)

Tpp_LSU ...5'_L28036 T. p, parva Mugugn L28036 Kibe et at. (1994)
Tpp_LSU_link T, p, parva Muguga Kibe and Bishop (pers, comm.)

Tpp_LSU_3'_L28998 T. p. parva Muguga L28998 Kibe at al, (1994)

Tpl_SSU T. p, lawrence! 7344

TpUTS-L_U03601 T. p. lawrencei 7344 U03601 Kibe et al, (1994)

TpUTS·S_U03602 T. /1. lawrencei 7344 U03602 Kihe et al. (1994)

Tpl_LSU_5' T. /1. lawrencei 7344

Tpl_LSU_3' T. p. lawrencel 7344
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Muguga but that their sequences were identical. They were mapped to two different

chromosomes and were not tandemly repeated. This unusual arrangement of rRNA

genes is similar in some other Apicomplexa, including Plasmodium [atciparum
(Langsley et al., 1983; McCutchan et al., 1988), Plasmodium berghel (Dame and

McCutchan, 1983), Babesia bovis (Dalrymple, 1990) and Babesia bigemina (Reddy

et al., 1991).

In Plasmodium, the sequences of the different rRNA transcription units are distinct

and different ones are transcribed at different life cycle stages (Langsley et al., 1983;
Gunderson et al., 1987; Waters et al., 1989). The polymorphism observed between

the two rDNA units in the cloned 1: p, lawrencei parasite can be used in studies to

determine whether stage-specific transcription of the rRNA coding units OCCUI'S in

T. parva. The sequence differences between the two ITS sequences of

T. p. lawrence! 7344 have been used to design primers which will differentially

amplify the ITS and LSUrRNA gene of the two different l'RNA transcription units

from this parasite. Primers usee for amplifications were the reverse complements of
T. parva characterisation oligonucleotides 2_7344rrSS (specific for the short rrs of

T. p, lawrencei 7344) 01' 3_7344frSL (specific for the long ITS of T. p. lawrencei

7344) in conjunction with NC2 (Details of primers 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 CR.Bishop and E. Gobright, pel's. comm.). Work is currently in progress to

determine whether the transcription units are stage-specifically transcribed.

Oligonucleotide probes that will detect one 01' the other transcription unit have been

designed and probing conditions to detect the transcription units at different life cycle

stages are being determined. Preliminary results suggest that both transcription units

were transcribed into l'RNA in T. p. lawrencei 7344 schizont RNA (R. Bishop, pel'S.

comm.).
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33.1.3 An additional putative T. p. lawrencei characterisation oligonucleotide

A region conserved between T. p, lawrencei 7344 ITS-L and both T. p, lawrencei
Hluhluwe 3ITS sequences was identified and a new oligonucleotide, 5_TPUfS, was

synthesised (Table 3.2). This oligonucleotide was used to screen ITS amplification
products of the same panel of T. p, parva and T. p, lawrence; isolates previously used

(fig 3.1, panel S). Probe 5_TPlJTS detected all of the T. p. lawrencei isolates except

for KNP 2 and Warmbaths 1. It did 110tdetect T. p, pa.va Muguga, but it did

hybridise strongly to the South African isolate, T. p. parva Schoonspruit,

This probe was closer to the T. p, lawrencei-specific probe (hat we were seeking, but

it still did not detect all of the South African T. p. lawrencel isolates. We therefore

decided to sequence the ITS regions of a number of other T. parva isolates to

determine whether there exist any regions in the ITS v.hich could be used to

distinguish absolutely between a:; the causative agents of East Coast fever and all the
causative agents of Corridor disease,

3.3.2 Nucleotide sequence 0 the ITS of a range of T.parva isolates

At this stage sufficient ITS sequence data had been accumulated to plan a new rapid

strategy for cloning rnd sequencing '1~parva ITS amplification products, Restriction

enzyme sites were added to the ITS amplification oligonucleotides, such that the PCR

products could be digested and cloned directionally into the MI3 sequencing vectors.

Foul' internal sequencing primers were identified which, along with the M13 ·20

forward sequencing primer, could be used to obtain the entire sequence of the nOI1-

coding strand of each cloned ITS relutively quickly.

ITS sequences were amplified, cloned and sequenced from the T. parva isolates listed

in table 3.1. Many of the isolates 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 may offer information on the relatedness between isolates but did not

distinguish between the causative agents of Bast Coast fever and Corridor disease.

As a further step towards refining probes that might define a broader grouping of

T. p, lawrencei isolates, we sequenced the ITS of T. p. lawrence" Hluhluwe 3.

3.3.1.2 Nucleotide sequence of the T. p.Iawrencei Hluhluwe 3 ITS

Two T. p, lawrencei Hluhluwe 3 ITS amplification products were generated and they
were cloned and sequenced separately, The two ITS sequences from the 3' end )f the

SSUrRNA gene to the putative 5' end of the LSUrRNA gene Were 1210 bp (ITS-I-)

and 1144 bp (ITS-S) in length. The T, p, lawrencei Hluhluwe 3 ITS sequences

comprised an arrangement of conserved and variable regions slmilar to that

previously observed in the IT8s of 7: p, lawrencei 7344 and 1: p, parva Muguga unci

Uganda. To p, lawrencei Hluhluwe '3 rrS-L contained It unique insert, approxlmately

70 bp in length, located in the conserved region between Vl and V2 (see the region
between columns 206 and 287 in fig. 3.2, no. 8L), which accounted for the large size

difference between the two T, p. lawrencel Hluhluwe 3 ITS sequences. There were

also other minor deletions lind insertions as well as nucleotide substitutions (fig. 3.2).

Shnilnl'ities to each of the T. p. lawrence! 7344, 1: p, parva Muguga and T. p, parva
Uganda sequences were observed in different regions of the T. p, lawrencel Hluhluwe
3 ITS. For example, in the first variable region (Vl), To p, lawrence! Hluhluwe ;3

lTS-S (110. 8S in fig. 3.2) was similar to the T.p, parva Muguga ITS, whereas in the

second variable region (V2) it resembled 1: p. lawrence! 7344lTS·L (no.7L in fig.

3.2). As a result of further varlatlou downstream of the 5.88 gene it was similar to

T, p, lawrencet 73441TS-S (no. 78 in fig. 3.2).



Figure 3.1:

PROBES

- T. p. lawrenael7344_1

1. p. lawrencel7344_2

1. p. lawrencel Hluhluwa 3

1. p./awrencel KNP 2

1. p. lawrencel Warm baths 1

T. p. lawrencel Warmbalhs 2

T. p. lawrencel Warmbaths 3

T. p./awrence/9890 (1991)

,.. T. p./awrence/9890 (1993)

1. p. parva. Muguga SM

To p. parva Muguga LN/MIII

T. p. parva Schoonsprult

Calf thymull ·va control

TARGET
DNA

Putative ITS characterisation oligonucleotides for T. p. parva (l_TPPfI'S) and T. p. lawrencei (2_7344rrSSI
:,_7344fI'SL, 4_7344fl'S, 5_TPUfS). ITS peR products were slot-blotted onto Hybond N+ and probed with 3' end-
labelled oligonucleotides. DCUli1S of probes are in table 3.2.
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3,3.1,J Experimental probes based on T, P: lawrence! 7344 and T, p, parva

Mugug« and Uganda ITS sequences

One putative T, p, parva and three putative T, p, lawrencei characterisation

oligonucleotides were designed in the ITS region. Details of the probes are shown

in table 3,2, Probe l_TPprrS was designed ill a region of the ITS that was specific

to T. p. parva Muguga and Uganda, Probe 2_7344rrSS was unique to the shorter

ITS of T, p. lawrencel 7344 while probe 3_7344ITSL was unique to the longer one,

Probe 4_'/344frS was designed in a region that was conserved between the two

7', p. lawrencei 7344 ITS sequences, ITS amplification products of a number of

T. p, parva and T. p. lawrencei isolates were slot-blotted and probed with the four

radiolabelled characterisation oligonucleotides (fig. 3,1).

Probe LTPPITS hybrldlscd strongly to T. p. parva Mugugu and Schoonsprult

samples (fig. 3.1, panel 1) and weakly to only one of the South African

T. p. lawrencei field isolates (Warmbaths 3). This oligonucleotide appeared to be a

good candidate for It T.p. parlla-speclflc probe.

Probe 2~,7344rrSS (fig. 3.1, panel 2) detected only T. p, lawrencei 7344; it did not

hybddise to any of tho other isolates tested, Probe 3_7344!TSL (fig. 3.1, panel 3)

detected T. p, lawrence! samples 7344 and KNP 2 and hybridlsed weakly to

Warmbuths 1, but it also detected T.p. parva Schoonsprult, Probe 4_734411'S (fig.

3, I,pnnel4) detected T. p. lawrence! 7344 and hybridlsed weakly to T. p, lawrencel
KNP 2. but did not detect any of the other T. p, lawrence! samples tested. None of

these probes detected the SOllth African T. p, lawrencei isolate, Hluhluwc 3,

indicating that this isolate differs from T. p. lawrencei 7344 in the variable reglon of

the ITS where the probes are located.

The sequence differences detected by probes 2_7344!fSS, 3_7344rrSL and

4_7344!TS appeared to be Isolate-specific rather than subspectes-specitlc. These



3.2.4 Experimental probe design and testing

The ITS sequences were aligned using CLUSTALW (Thompson et al., 1994) and the

Genetics Data Bnvironment (GOB) alignment e'!'~OI'(Smith, 1992), and the alignment

is shown in figure 3.2. Eleven negative strand characterization probes were designed

in unique regions (Table 3,2),

A modification of the slotblot hybridisation of PCR products described by Saiki et al,
(1986) was used to screen ITS amplification products with radiolabelled

oligonucleotide probes. PCR amplification of the ITS region of a number of T.parva

isolates was performed as described previously I using unmodified prlmers !LO 466
and Il.O 464, A 10 j.ll aliquot of each PCR product was denatured and slot-bloued

onto replicate Hybond N+ filters (Amersham) as described in Appendix C,13, One
filter W[lS prepared for each probe to be used, The filters were pre-hybridised in

0.5 M sodium phosphate buffet' (pH 7.5) and 7% SOS (modified from Church and

Gilbert, 1984) for [It least one hour at 65°C in a Hybaid hybridisatlon oven.

Oligonucleotide probes were 3' end-labelled with [Ct~32p]using terminal transferase

(Appendix C,11 .2) and were added directly to the hybridisation solution,

Hybridisntion was carried out at Tnt20°C overnight, The filters were washed in
4xSSC (Appendix B), three times at room temperature for 10 minutes, and once at

TI1l~lO°Cfol' 1 minute. Filters were autoradlogrnphed with Cronex 4 X~myfilm (Ott

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. lawrencei- and T. p, pal'va·spccific probes in the ITS

This section describes how the search for characterisation probes developed, At each
stage the probes designed showed where more data were required, modifications were

then made and further probes designed as the extra data became available,
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3.2.3.2 Primersfor sequencing T. parva ITS amplification products

The T. p, lawrencei 7344 and Hluhluwe 3 ITS sequences 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

ITS, along with the M13 -20 forward sequencing prime!'. The sequencing primers

were complementary to the coding strand and were located approximately 250 bp

apart in conserved regions of the T.parva ITS.

3.2,3.3 Cloning and sequencing of ITS amplification products

Allquots (5 pI) of peR products were digested with Eco RI, Sac' I, Xba I and flinel

III (Appendix C.S), to select enzymes for directional cloning which did uot cur the
peR product internally, None of the ITS amplification products contained internal

Eco RI or Hind m sites.

For each isolate, amplification products from three PCR reactions were pooled,

digested vlth Eca RI and Hilld III and gel-purified using the Wizard" DNA

purlficatlon system (Appendix C.7.2). The resultant sticky-ended PCR products were

ligated into appropriately digested M 13mp 19 (Appendix C.S). 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 forward primer and the

fOUL'internal sequencing primers (Appendix C.12.1). Autoradiographs of sequencing
gels were scanned and sequences determlned using an automatic base scanner and

semi-automatic base-calling software (Amcrsham); 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 1: parva ITS.

Identity Strand Remarks'rm*
(OC) Sequence 5' • 3'

Amplfticution oligonucleotides

mILO 466

miLO 464 +

Sequcncing oligonucleotides

82.6 OGG AAT TOG AGO TCG GGA ACG
TCT AGG caAAGTT TTG

MOdified from Kibe (!/ al, (1994).
Include restriction enzyme sites for
cloning
Modified from Kibc at al, (1994),
include restriction enzyme sites for
cloning

TPTSI + 59.3
TPTS2 + 63.1
TPTS3 + 64.1
TPTS4 + 59.3
E8pcrlmcntul probes

1-,rpPrrS 59.3

2_7344rrSS 62.1

3_7344rrSL 72.4

4_7344rrS 62.1

5_TPLrrS 63.2

TPPI 55.0

TPP2 50.7

TPLI 59.3

80.3 GCT CTA GAA GCT TCC GTT GGO
AAA TTC AAC GGA rrr TO

TAG m TAG TGG GAA GAT G
GAG TAO CCG GGT AAG 0
GGT GGA TGT CTT GGC TO
""'1 ATG MT GAA ACT AAG 0

TPL2

TPL3u

TPL3b

TAA TAG GTT AAT AAA TTA ACC CA

ATA TAG TAA TGT AAC TAO TCC G

AOA AGT AGT TCC OTC TGG AAe
TOAG

ATT AAC OeT AAA GGG rrw OTA A

GTG AIT ACA ATG SAA TTA OAA
TAATT
AGG TTA ATA AATTAA OOC A

TGT TAW TAA AAT TAA OOA A

CTt>.AAO CGT AAA AOe CAA T

63,6 TAR GTe CGA AGA eve WAA A

Sequenclng primer for To parva ITS
ScqUl,lIlclngprimer 1'01' T. parvu ITS
Sequencing primer for T. [}(ItVI/ ITS
Sequencing primer for T. [larva ITS

Specific fOI To p./){I/'Vtl Ugnndn ond
MugugnlTS
Specific for T. p. !mv/,ellcel7344
11'S·S
Spcciflc for T. p. iCIIVl't!llcel7344
lTS·L
Speclflc for T. p. /mvl'cllcei7344
ITS·S nnd ITS.L
Specl fie for T. I). /Cllvrcllcci 7344
and Hluhluwc 3 ITS
Specltlc for T. fl. parv« lsclntcs
Specific for Zimbnbweunr. fl. /1(11'1'(1 Isolatcs
Spcclt1c for group I T. p. lawrencei
isolates
Speclflc for group 2 7: [I. lawrence!
lsolntcs
Specific for group 3 T,p. lawrencel
lsolutes
Specific for group 3 T. p. /Cllvl'cllcci
lsclates

lowest
62.4 AAC CeH AAW GGG nw eTA AA

* T",: the temperature nt which 50% of the probe I targe; DNA duplexes nrc dissociated. Sec Appendix C.4 [()1'
calculation or dlssoclntlon tcmpernturcs.

57,1 OCT AAA AAG GGT TTC TAA A
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3.2.2 Cloning and sequencing of the 1'.p. lawrencei Hluhluwe 3 ITS

1', p. lawrencei Hluhluwe 3 is a South African T. p, lawrencei isolate, derived from
buffalo, which has remained unchanged after successive passages through cattle

(Potgieter et al., 1988), The ITS of this isolate was amplified with primers Il.O 466

and n..O 464 as described in section 2,2.3 and two amplification products were

obtained, They were isolated by fractionation 011 a 1% agarosetrBE gel and the two

fragments were excised separately as previously described (section 2,2.5.1). Each

fragment was cloned directly into pOEM-T (Promega) as described in Appendix C.8.

Shotgun cloning and sequencing (Bankier et al, 1987) was used to obtain the

sequences of the PCR products as described in section 2.2.5.

3.2.3 A new strategy for amplification and sequencing of 1'.parva ITS regions

After obtaining the full sequence of the T. p. lawrencei Hluhluwe 3 ITS we altered
OUI' methods in order to gather information from the other isolates more rapidly. The

amplification primers were modified to facilitate more rapid cloning, internal

sequencing primers were designed to avoid the need for shotgun sequencing, and a

decision was taken to sequence only one strand of each amplicon,

3.2.3,} Amplification ofT. parva }1'S regions

T. parva"specific oligonucleotide primers, n..o 466 and Il.O 464 (Kibe et at" 1994)

were modified such that the resulting ITS amplification products could be digested

with a selection of restriction enzymes, Eco RI and Sac I sites were included at the

5' end of n..o 466; Xba I and Hind III were added to the 5' end of!LO 464 (Table 3.2).

PCR amplifications were performed and the amplieons analysed as described in

Appendix C.3. Cycling conditions were: 72 °C for 1.5 minutes, 95°C foJ' 1 minute

and 60°C for 1 minute, for 30 cycles.
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Table 3..1: Theileria stocks used as sources of DNA from which ITS regions were sequenced

Species origin Stock I
Isolate code

ReferenceRemarks

T. parva Isolated Muguga
from cattle

Field Isolate from Kiambu District, Kenya. Enst
Coast fever reference stock,

Brocklesby I!/ al,
(1961)

Mugugn
LN/MIII

T, T, Dolan (pel's,
comm.)

Schizont-infected lymph node material from u
bovine l.tfected at ILRAD, Nairobi, with 1. parva
Muguga,---------
S hizont-lnfccted IYl11phnode material from u
I:ovlne infected I\t the CTVM, Edinburgh, with
~: parva Muguga,

MuguguSM C. G, D, Brown (pel's,
comm.)

School1spruit Neitz (1948)Isolated in 1937 from natural bovine ECF infection
In Transvaal, South Africa,

T.p.lCHIII6 Isolated from naturally Infected bovine on Chlkeyn
farm, Zitnbnbwe, Typed as 'cattle-derived' using
MAb profile and TfJl' & rRNA probes.

Bishop et al, (1994)

T.p.lCHII23 Bishop at al, (1994)

T. p.lAYRl I 2

Anlrnal experlmentally infected by ticks collected
from reacting animal ,It Chlkeya furm, Severe
renctlon, died. Typec us 'cattle-derived' using Tpr
& rRNA probes, but '\:lUl'i'ulo·derlvcd' Using MAb
promo.---------------------------------
Isolated from nlltul'OllyInfected bovine on Ayrshire
farm, 21mbnbwe. Tyned as 'cattle-derived' using
MAb promo and Tf1I' & rRNA probes.

Bishop et al. (1994)

T.llalWI Isolated '7344/G5/FS/E8
fro111 buffalo

Karlukl et al, (1990);
Morzurln at al. (1995)

Hluhluwo S

Clone generated from an lsolatc made In Lalktpla
District, Kenya, from naturally Infected buffalo
7014. Clussicul Corrtdor dlscnse In cnule,,----------------------
Isolated from naturally Infected buffalo In Natal,
South Africa. Extensive passage through cattle,
stable Corridor disease clinical picture,

Potgletcr et (II. (1988)

KNP2 H. Stoltsz (pel's,
COI11111.)

Isolated from nnturally Infected buffulo In the
Kruger Nnlionnl Park, eastern Trnnsvaal, South
Africa. Clusslcnl Corridor disease In cattle,

T.p.lBALl25 Bishop et (1/. (1994)Animal experimentally Infected by Ilcl:s collected
from buffalo grazed paddock, Buily Vaughn Game
Pnrk, Zimbabwe. Typed as 'buffalo-derived' using
MAb profile and T(lI' probe,

T.p.lBALl93 G, 1<. Kanha! and p,
Spooner (pel's. comm.)

Produced severe reaction 111cattle, typed as
'buffalo-derived' using MAll profile.

T,p.lMAS/38 Naturnl lnfection In bovina kept on buffulo grazed
paddock, Masurl Inrrn, Zimbabwe. Typed as
'buffalo.derlved' IIs,ng MAb proflle and Tpr &
rRNA probes.

Bishop I1t al, (1994)

T.p.lMASI40 Bishop 111 (II. (1994)NatUl'ullnicctlonil1 bovine kept Oil buffalo grazed
paddock, Masur! Inrm, Zimbabwe. Typed as
'buffulo-derlved' \Ising MAll pronto and 1[>1'&
rRNA probes.
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the general degree of conservation in the IT'S 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 variability 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 (Botelho and Planta, 1994; Mitchell et al.,

1992), Anopheles mosquitoes (Porter and Collins, 1991), triohostrongyle nematodes

(Gasser et al., 1994), trematodes (Adlard et al., 1993; Anderson and Barker, 1993)

and a number 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 probes to distinguish between T. p. lawrencel

and T. p, parva parasites, we sequenced the ITS of a number of T. parva parasites

from South Africa, Zimbabwe and Kenya,

3.2 Materials and methods

3.2.1 Parasites and preparation of DNA

DNA extractions were performed as described in section 2.2.2 and Appendix C.I.

DNA from the Zimbabwean T. parva isolates was provided by R. Bishop

(International Livestock Research Institute, Nairobi, Kenya), ITS sequences were

amplified from DNA extracted f1'0111the eleven T. parva isolates from South Africa,

Kenya and Zimbabwe detailed in Table 3.1. 1'. parva DNA samples used in

characterization studies were extracted either from schizont-infected lymphoblastold

cell cultures or from whole blood.
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CHAPTER 3: SEQUENCE VARiATION IN THE THEILERIA PARVA
INTERNAL TRANSCRIBEU SPACER

3.1 Introduction

It1 the previous chapter I described the finding that the SSUrRNA genes of

T.p, parva and a T. p. lawrencei clone are identical and the L'::UrRNA genes are very

similar, but that there is considerable variation in the internal transcribed spacer. We

therefore decided 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 ill different regions

of rDNA (reviewed in Hillis and Dixon, 1991). In subgroups of Drosophila

melanogaster variation has been shown to 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
situation obtains in the rDNA within and between other species. Sequence

divergence is found in the transcribed spacers of Xenopus laevis and X. mullerl

(Brown et al; 1972) and X. laevis and X. borealis (Furlong and Maden, 1983;

Furlong et 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 28S genes, where substitutions are clustered in the

variable regions (Gonzalez et al., 1990).

Although ITS regions display greater variability than the rRNA 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 processing of rRNA genes

(Musters et al., 1990; van del' Sande et al.; 1992). SI.:;llOttel'el'et al, (1994) assessed
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Tpp_SSU L02366
Tpp_S5U L28999
Tpp_HuQ_ITS L263U
TpP_U9.ITS L26332
Tpp_LSU_5' L2B03;
Tpp_LsU_11nk
Tpp_L5U_3' L28998
Tpl_5SU
TpUTS·L U03601
Tpl_ITS·S U03602
Tpl_LSU_1 (5' erld)
Tlll_LSU_2 (3' end)

Tpp_SSU L02366
Tpp_SSU L2R999
Tpp~Hu9_1T.l L2B331
TPP_UQ_lTS L263~2
TI>I'_LSU_5' L28036
Tpp_LSU_11nk
Tpp_LSU_3' L2899B
Tpl_5SU
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5B51 5B61 5871 5881 5891 5901 5911 5921 5931 5941 5951 5961 5971 5981 5991 6000
I I I I I I I I I I I I I I I I..................................................................................................................................................... 1742
...................................................................................................................................................... 1805
...................................................................................................................................................... 1276
• •••••••••••••• •••••••••• •••••• ••••••• ••••••••••••••••••••• ••••••••••• ••• •••••••••••••••• •••• ••••••••• •••• ••••••••••••••••• •••••• •••••••• ••••• ••• ••••• 1338
...................................................................................................................................................... 1021
••••••••••••••••••••••••••••••••••••••••••••••••••• '" ••••••••• ••• ••••••••••• ••••••• ••••••••••••• ••••••••••• •••••••••••••••••••••• •••• ••••••• ••••••••• 185
CTGGGTTTAGACCGTCGTGAGACAGGTTAGTTTT ACCCTACTGATGCACCGACC,TTGTGACAGTAATCCM TTT AGTACGAGAGGAACAGTTGGTTCGGATACTTGGTl AATGCGGCTAGTTGAAAAGCTAGTGCCGCGAACGTACCArc 1961
...................................................................................................................................................... 1741
...................................................................................................................................................... 1315
...................................................................................................................................................... 1262
...................................................................................................................................................... 1564
CTGGGTTTAGACCGTCGTGAGACAGGTTAGTTTT ACCCTACTGATGCACCGACGTTGTGACAGTAA TCCM TTT AGTACGAGAGGAACAGTTGGTTC·GATACTlGGTT AATGCGGCrAGTTGAAAAtlcT AGTGCCGCGAAGCTACCATC i525

6001 6011 6021 6031 6041 6051 6061 6071 6081 6091 6101 6111 6121 6131 6141 6150
I I I I I I I I I I I I I I I I....................................................................................................................................................... 1742
.................................................................................................................................................... 1805
..................................................................................................................................................... 1276
.................................... .. 1330
.................................................................................................. • 1021
................................................................................................... 185
CGTTGGATA~TGACTGMCGCCTCTAAGTCAGAA TCtA TGCTGAACATCAACGTTTTCCATCACTTTTUGCGCTTTCGCAACGCT ATATGCCTGCAGTTC •CCACGGCTcTGCCGTCAACACAAnrCTCCCGCCCAAAGTGATACA TCC 2110
...................................................................................................................................................... 1741
...................................................................................................................................................... 1315
...................................................................................................................................................... 1262
...................................................................................................................................................... 1564
CUTTGGATAATGAcTGAACGCCTCTAAGTCAGAATCCATGCTGAACATCAACGTT' TCCATCACTTTTGGCGCTTTCGCAACGCT ATACGCCTGCAGTTCTCCACGGCCCTGCCGTCAACACMTTTCTCCCGCCCAAAGTGA TACATCC 1674

61~1 6161 6171 6181 6191 6201 6211 6221 6231 6241 6251 6261 6271
I I I I I I I I I I I I I
...................................... ~ .. ~ ;.' " OJ , " ;, ; I' ~<iI .. '" 't,.Ioi';''' .. 10!•• ~ ~li: .. ,1( " ..

...... ~ " " '!!,., oj , .,'",,. .. ' '''.~:~ ,.~ .. ,.: .: ~ ~ ' ..

......................................................................................................... :•• I'~ " '!. •.• It;, .. ;.!t "''t~,. , ..
.............. .,. ~ ~""""""" •• """""""""""""""".""''''' ;, ,~ ". "' "110~ .. ·,, .. "". "(" " " _ ..

....................................... " " ~ It "'. "' ,..,,. ,,'..:~ ~-: "'" .1Ii, .o ..

.............. _ "" , ".;01". I> ~ !' 'O ~ ",. " "- ~ 'O ..

ATCGCAGACGACCTTGACGCACCCGGGTAnGT AAGCGCGAGAGTAGGCTTGTcTl ACGATCCGCTGAGATTCTACCCQAG!\TOOTt:GATGTGT ACAACATTCCACGTTGTCACG.IGTAGACA
............................ _ ,." "' iO ~ ~ " ~.~ .. '1'10"'1" ,•. "" 'O. If 'Ii ,._ "' ..

........ to fit ~ o..; oi"!P" J!"" oj ;Io' ;j. • ., .. "It'" ",., '" "" ..

.... o. ~ " :j "1"'" .. ~'''~'" ~ ..' .. ", ~" •• "" io· ~ Ii " _10 " ..

..................... ~ ~ • .o ~ " o. ·oo oo ;"!ol!."'~ ;, 'l,,!'o "." ~ ,,' " .. ..: " io;o ;, ..

ATCQCAGACGACCTTGACGCACCCGGGTAlTGT AAGCGCGAGAGTAGGCTTGTCTTACGATCC\lCTohM lTcr "'CcCM~!lTQCTd· , .
~ -NC2

Figure 2.8 cuntlnued, page t t of II.

1742
1805
11.76
133B
1021
105

2233
1741
1315
1262
1564
1761



All of the South African T. p, lawrencei isolates were detected by one 01' more of the

T, p. lawrencei probes, but none of them was detected by TPP1, which detected
almost all T. p, parva and T. p, bovis isolates. If TPPl is truly detecting only

T. p. parva and T. p, bovis isolates, this might indicate that there are no such parasites

in South Africa, at least not amongst the isolates that we have screened in this study.

All the isolates of the South African T. p, lawrencei Hluhluwe 3 stock, made after

different numbers of passages, were consistently detected by the same probes (TPP2,

TPL! and TPL3a). These results suggest that the genotype of this isolate has changed

little after extensive passage through cattle which supports reports that it has never
'transformed' to a form that could cause ECF (Potgieter et al., 1988; H. Stoltsz, pel's.

comm.).

All of the isolates obtained from cattle ill Zimbabwe were detected by TPP I, except

for T.p./CHII23. This correlates with a previous study (Bishop et al; 1994) in which

all of the sume isolates, except for T.p./CIU/23, were typed as 'cattle-derived' using

anti-schizont MAbs and RFLP analysis and probing with T. parva Tpr repetitive and
ribosomal DNA probes, T.p./CHtJ23 was obtained from Chikeya farm, where the

cattle were not exposed to T. parva infection from buffalo, yet screening with a panel

of anti-schizont MAbs indicated that this isolate was more similar to isolates from
buffalo from elsewhere in Zimbabwe (Bishop et al., 1994). However, the rRNA gene

pattern WU'l similar to that of isolates from. cattle and although the Tpr Rl'':''P 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 contained .hree distinct ITS sequences (section 3.3.2).

T. parva Bolenl (Lawrence and Mackenzie, 1980) was the only isolate made from

cattle in Zimbabwe which was detected by one of the T. p, lawrencei ITS probes,

TPLl, as well as by the T. p. parva probe. TPPI. Bishop et al, (1994, were also able

to distinguish between this stock and other Zimbabwean isolates from cattle by using

a telomerlc probe. 2~parva Boleni is being used for immunization in Zimbabwe us
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Table 3.4: Probing of amplified T. parva ITS regions with experimental characterization
oligonucleotides

,p.lCH1117
",p,/CHIII P
T,p.lCHII20
T,p.lCHII2J
T,p.lCH1/22
T,p.lCHII23 + + + +
T,p.lAYRlII
T.p.lAYR/12
1'.p.lAYR/13
T.p.lAYR/14
T,p.lOAIJ30

VEl!>

IlIuhluwl) 113 '"n Hluhluwc liS ~.
t' Hhlhluwc 116 +
F IlIuhlulVo 117 .~
I~ KNP2 ~. +
A South Ardcli KNP/!>4_1 '"1. KNP/94_2 ,~
0 KNP/94_3 +

KNP/!l4_4 .~
Wnrlllbl\ths I
Wormbnths 2 '"Wnrmbnths 3

+

+
Zimbabwe '" .~ 'r +~. +

+ 4-

'" .~ .~ +
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Table 3.4: Probing of amplified T. parva ITS regions with experimental characterization
oligonucleotides

T.pJCHIl17
T.pJCHL'18
T.pJCH1'20
T.pJCHI!21
TpJCHI!22
T.plCHU23 + + + +
T.pJAYRIll
T.pJAYRlI2
T.pJAYRl13
T.pJAYRl14
T.pJGAIl30
T.pJAVFl9

Hluhluwe#3 +
B Hlnhluwe#5 + +
U Hluhluwe #6 + +
F Hluhluwe#7 + +
F KNP2 + +
A SLuth Africa

KNP/94_1 +
L Kl'''PJ94~2 +
0 KNPJ94_3 +

KNP/94_4 +
Warmbaths1
Warmbaths2 +
Warmba!hs3

-i + +
T.pJBAU27
T.pJBAlJ93 +

Zimbabwe T.pJDOM/28 + + +
T.plMAS/37 -e- T
T.pJMp.sl38
1:pJMASl39 +
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source Is()l~te

C,ttlo Mu9UIlD
Uganda
~N/MIII
SM
S~hoonsprult
i,p,/AYR/12_'TS·~
T,pJAYR/12_1T-':!·S
T,pJOHII1 G_Il'f.l·S
T,p,/CHI/19_ITS·1.

aulfolo 1 HllIhluwe3_liS·S

Buffalo 2 T.p,/MAS/3Il_1TS.!..
T, p.lMAS/40_ITs.I..
T.p.lBAL/93_1TS.!..

--.l T,p.IBA!../,,3_1T').S0\

Buffalo 3 7~44-,TS·!"
7:l44_1TS'S
HluhluWQ3_1TS.1.
KNP2_1TS·1..
KNP2_1TS·S
T,p./ElAL/215_1TS.1.
T.p.lSALl25_1TS.S
T,pJMAS/36_1TS'S
T,p.lMAS/40_lTS.S

,l1li';Ii

Fig. 3.3: Candidate region for distinction between To p. pal'vtll\nd 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 different sequences
in this region. whereas of fourteen sequences from seven isolates obtained from buffalo there were thirteen different sequences,
This is representative of the rest of the ITS; the Isolates from buffalo were more variable,



3.3.3 Screening of 1'.parva Isolates with new ITS experimental probes

One variable region in the US 1 appeared to be a likely target for distinguishing
between T. p. parva and 1: p. lawrence! isolates (Fig. 3,3), The T, p, lawrence!

isolates could be divided into three groups 011 the basis of sequence differences in this

region, Six new experimental chnracterisatlon oligonucleotides were designed (Table

3,2). The results of screening T. parva ITS ampllficntion products with the six new

ITS probes ate shown In Table 3.4.

The putative 7: p, parva probe, T1'1>l, hybridised to all of the isolates originating

from cattle, with the exception of 1:parva Mu·Jf.knni and T.p.lCHJl23. TPP 1 did not

detect any of the South African T,p. lawreu, : isolates, but it did hybridlse with two

of the stocks which had putatively been isolated from buffalo in Zimbabwe, That

T1'P1 detects both 1:p. parva and 1: I}, bovis isolates but not T. p. lawrencei lsolates
suggests that the former are more C1\~el:' related to each other than they are to

T. p. lawrence!. There was no pattern which distinguished T. p. parva isolates from

nil T. p, bovis Isolates, although TPP2 detected nine out of the thirteen Zimbabwean

isolates f1'0111 cattle, TPP2 was designed specifically to detect isolates, obtained from

cnttle in Zimliabwe, whose sequences were slightly different from those of other

1: p. parva iSf "ates (Fig. 3.3). Ho wever, this probe also hybridlsed tel 7~p, lawrence;

Hluhluwe 3.

The oligonucleotide designed to detect group 1 T,. p, lawrence! isolates, TPLL

detected seven 7: p. lawrence! isolates but also a number of T, p. parva isolates.

Between them, probes TPL2, TPL3u and TPL3b detected 19 of the 2:~1:p, lawrencei
Isolates tested. Probes TPL2 and TPL3u did not hybridlse to any of the lsolares
originating from cattle, except for T.p.lCHII23 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, lawrencei parasites

contain different combinations of identifiable segments of sequence in the variable

regions, resulting in a mosaic of ITS sequence segments. This suggests that the

T. parva parasites have undergone genetic recombination. Recombination events

between different T. p, parva genotypes have been unequivocally demonstrated.

Unique genetic markers were used to study isolates made after joint passage of the

original genotypes through ticks (Bishop, pel's. comm.), This finding adds ..upport

to OUI' conclusion,

Some studies of ITS sequences indicate that, in many species, intraspecific variation

in ITS sequences is undetected 01' low (Porter and Collins, 1991; Lee and Taylor,

1992; Botelho and Planta, 1994; Gasser et al., 1994; Zhuo et al., 1994). This is

probably due to homogenisatlon which is thought to OCClH' in tandemly repeated
genes and results in new mutations spreading through the rRNA genes in a tandem

array, The mechanisms involved include unequal crossing over, gene conversions

and transpositions (Dovel', 1982), In species where new mutations have arisen but

have not yet undergone homogenisation, there may be extensive intruspeclfic ITS

variation. This variation 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 mycobncterla can be distinguished in this way (De

S111etet al; 1995; Frothingham and Wilson, 1993; 1994). Two or more distinct ITS 1

types were shown to exist in isolates of Bclunococcus granulosus (Bowles and

McManlls, 1993), which is very similar to the situatton that we have found in the

T. parva ITS, Sequence divergence between a pathogenic and a non-pathogenic

strain of Bniamoeba htstolytica has been found in the I1'S2 (Cevallos et al., 1993).
Majol'diffel'ences 111 ITS 1 and ITS2 secuences correlate with pathogenicity grouping

of isolates of Leptosphaeria maculans (Morales et al., 1993), Three distinct ITS

types were found in Trtchoderma harzianum Isolates: group 2 isolates, which were

aggressive colonizers of mushroom compost, could be distinguished from the other

two groups using the ITS sequences (Muthnmeennkshl et al., 1994),

74



homogeneous (Bishop et at" 1994), In the same study T,p,/CHV23, another isolate

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

similar to Zimbabwean stocks which were putatively derived from buffalo, but the

rRNA gene pattern was similar to that of isolates from cattle. The Tpr RFLP pattern

differed from the predominant genotype seen in most isolates from cattle, but it was
not similar to that of the other isolates from buffalo. We have found three distinct

IT8s in T.p.lCHI/23 (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.! AYRl12 and

T.p.lCHVI6 (fig 3.2).

T.p.lMAS/38 and T.p.!MAS/40, two isolates obtained from buffalo on Masuri farm,

also each contained two ITS sequences. The rrS-L sequences shared 99.3% identity

but the 1TS-8 sequences were identical (nos. 12L, 128, 13L and 13S in fig. 3.2).

Differences in the lTS-L sequences of these isolates occurred as a few point
mutations which suggests that these sequences have only very recently diverged from

a common genotype.

By contrast two isolates obtained from buffalo on a second farm , Bally Vaughn,

T.p.lBAU25 and 'f.p.IBAU93 each contained two ITS sequences and all foul' of
these ITS sequences were distinct (nos. 10L lOS, ilL find 11S in fig. 3.2). It is

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

region between VI and V2 in T. p. lawrencei Hluhluwe ITS·L (see the region

between columns 206 and 287 in fig. 3.2). This insert was also found in

T. p, lawrence! KNP 2 lT8·L (no. 91. in fig 3.2). The sequence of this insert was

virtually identical in these four isolates, differing by only two 01' three point mutations

per sequence, so it is reasonable to assume that these isolates shared a common

ancestcr in the relatively recent past.
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The full length of the T. parva ITS sequences from the 3' end of the SSUrRNA gene
to the putative 5' end of the LSUrRNA gene varied between 1058 and 1210 bp. The

ITS 1 varied between 500 and 600 bp in length and contained two variable regions as

described in Chapter 2. The Theileria 5.8S gene was approximately 180 bp in length

and was highly conserved between all of the T. parva isolates studied. The ITS2 was

approximately 300 bp long and could be further divided into two variable regions (V3

and V4) separated by a conserved sequence (fig. 3.2).

Few of the ITS sequences were identical 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 regions. FOrexample, T. p, parva Schoonspruit ITS (No.3 in fig.

3.2) was initially similar to T. p, parva Muguga and Uganda at the beginning of VI,
but in the middle of VI (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). A, the start of

V2, T. p. parva Schoonspruit was once again identical to T. p, parva Muguga and

Uganda, whi .~in the middle of V2 its sequence became more similar to those of

7: p, lawrencei 7344 ITS-L, 1: p. lawrencei Hluhluwe 3 ITS-L andlTS-S (see

column 619, fig. 3.2). In V3 and V4 the T. p. parva Schoonspruit ITS again
resembled that of T. p. parva Muguga and Uganda.

The ITS sequences obtained from the Zimbabwean isolates, T.p.lAYRl12 and

T.p./CHII16 were almost identical. The isolates were obtained from cattle on two

different farms, Ayrshire and Chikeya, where there were no buffalo, 1101' ticks which

may have fed on buffalo. Each of these isolates contained two ITS sequences, a
longer one (L) and a shorter one (S) (table 3.3 and nos. 4L, 4S, 5L and 5S fig. 3.2).

T.p./CHII16lTS-L was 98.3% identical to T.p.lAYRl12ITS-L, while T.p.lCHI/16

ITS~Sand T.p.lAYRl12 ITS-S were identical. This finding correlates with a previous

study in which RFLP analysis and probing with T.parva Tpr repetitive and ribosomal

DNA probes and screening with a panel of anti-schizont MAbs indicated that

T. parva parasites isolated from cattle on nine farms in Zimbabwe were relatively
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Figure 3.2: Alignment oflTS sequences obtained in this study with T. p, parva Muguga (Genbank accession number L2633l) and Uganda
(Genbank accession number L26332) ITS sequences (Kibe et al., 1994). ITS sequences arc numbered and correlate to ITS
sequences listed in table 3.3. Variable regions in the T. parva ITS 1 can be found between columns lO and 567 (VI) and
between columns 619 and 752 (V2). The 5.8S gene is located between columns 756 and 935. The ITS2 of T.parva can also
be divided into two variable regions between columns 936 and 1079 (V3) and between columns 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 et 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 sequences (Kibe et al., 1994) is shown in fig. 3.2.

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

Species ol'igln Isolate No.ofITS Length Designation No. ill
sequences (bp) fig. 3.2

T. parva isolated Mugugn 1 1286
from cattle LNIMI/l

MugugaSM 1 1286 2

Schoonsprult 1310 3

T.p.lAYPJ12 2 1329 ITS-L 4·L
1318 1T8-8 4-8

T.p.!CHI/16 2 1328 ITS-I. 5-L
1317 1T8-8 5-S

T.p.lCHII23 3 1342 ITS-L 6-1.
1304 ITS-Sl 6-S1
1305 ITS·82 6-S2

T. parva Isolated 734IVG5/F5/E8 2 1316 ITS-L '7-1.
from buffalo 1262 1T8·8 7.S

Hluhluwe 3 2 1405 1T8L 8·L
1339 ITS-8 8-S

KNP2 2 1354 ITS·L 9-L
1267 ITS-S 9-8

T.p.IBAU25 2 1396 ITS·L lO-L
1368 ITS-8 lO-S

T.p.IBAU93 2 1357 ITS-L ll-L
1294 ITS-8 11-S

T.p.lMAS/38 2 1333 ITS-L 12·L
1253 ITS-8 12-S

T.p.lMA8/40 2 1334 ITS-L 13·L
)253 1T8-S 13-S
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peR amplification with primers 613 and 792 generated products approximately 1000

bp in length from the T. p. lawrencel Hluhluwe series (fig. 4.1, lanes 5·8) and the

Zimbabwean isolates from buffalo (data not shown). However, four !J6'7 g-ne
amplification products were generated from each of the four new T. p, hi, . .nce!
KNP/94 stocks (fig. 4.1, Innes 1-4). The shortest of these was 800 bp in length (this

peR product was designated S), there was a medium-length product of

approximately 900 bp (designated M) and a doublet at approximately 1000 bp

(designated Ll and L2). There moetherefore at least four different parasite genotypes

in each of the four T. p. lawrencel KNP/94 stocks, as the p67 gene is a single copy

gene (Nene at al., 1992). It is possible that these were not all derived from T. parva

(see section 4.3.3). That an identically-sized set of four different peR products were

amplified from each of these stocks, might indicate that there WaSa uniform mix of

parasite genotypes ill the buffalo herd from which these stocks were isolated. ITS

probing data (Chapter 3) also indicated that these foul' buffalo were carrylng u

uniform population of parasites: all four were detected by the T. p, lawrencei ITS
probe TPL2, but by no other probes.

4.3.2 Variation between T.parva p67 sequences

The 7: parva p67 nucleotide sequences obtained in this study were aligned with 1'67
nucleotide sequences previously obtained by V. Nene and E. Gobrlght (pel's. comm.),

An alignment of the variable regic« of the p67 gene sequences from primer 613 to

the end of the 29 bp lntron (Nene et al; 1992) is shown in fig 4.2. The sequence of

the 29 bp lntron is shown in lower case letters. An allgnment of the amino acid

sequences deduced from these nt, leotide sequences is shown in fig. 4.3. Amino acid

residues that differ from those of the T. p, parva Muguga 1'67 amino acid sequence

(Nene et al., 1992) are highlighted. Differences between To parva p67 sequences are

more easily visuallsed in the deduced amino acid sequence shown in fig. 4.3, and I

will therefore refer to this figll1'ein the following discussion (Note: numbers given

in brackets after isolate names refer to rows in fig. 4.3).
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mg. 4.1: peR products of the vartable region of the p67 gene generated with
primers 613 and 792. FOlU' products were generated from the four
1: parva KNP/94 isolares (lanes 1..41 note: running of this gel for an
extended period revealed that the upper band was a doublet). A single
product of approximately 1000 bp was generated from the
1: p. lawrence; Hluhluwe series (lanes 5·8). The arnplification products
from the two Zambian 1: parva stocks isolnted from cattle were
approximntely 900 bp (lanes 11 und 12). A negative calf thymus DNA
control (lane 9) fmc!u positive 7: p./XlI'V(/ Mugugn control (lone 10) were
included. cl>X174liae III markers (lane M) wore included for'cstlmation
of peR product size.
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4.2.2.3 p67 gene sequence analssis

Antoradlographs of sequencing gels were scanned and sequences determined using

all automatic base scanner and seml-automutic base-calling software (Amersham);

gel readings were assembled and edited using XBAP (Staden, 1994). The p67 gene

sequences were aligned using CLUSTALW (Thompson at at" 1994) and ODE

(Smith, 1992) and amino acid sequences were deduced in ODE.

4.3 Results and discussion

4.3.1 Ampliflcation of' the variable region of 1'. parva p67 genes

Amplification products of the vurtable region of the p67 gene generated with primers
613 and 792 are shown ill fig. 4.1. 'rhe ampllficatlon p.oducts from the two Zambian

T. parva isolates isolated from cattle were approximately 900 bp in length (fig. 4.1,

lanes 11 and 12); this product size is charscteristlc of other 7: parva isolates 0'0111

cattle (Neue et al., 1996). An amplification product of the variable region was 110t

obtained from the Zimbabwean isolates T.p.lCHII16 ann T.p.!AYRl12 (data not
shown). This suggests that the sequences of their p67 genes may vary at the primer

sites. An amplification product of approxirnntely 1000 bp was obtained from the

Zimbnbweun isolate from cattle, T.p.lCHJl23 (data not shown). This product slze is

chnractertstic of T. parva isolates fr0111 buffalo. Screening with a panel of anti-

schizont MAbs (Bishop at al., 1994), as well as screening with ITS probes (Chapter
3) have indicated that this Isolate is more similar to 1:parva isolates from buffalo

than to those isolated from cattle. However, the I'RNA gene pattern was slmllar to

that of isolates from cattle nnd although the Tpr RFLP pattern differed from the

predominant genotype seen in most isolates from cattle, it was not slmllar to lllat 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 7~parva 1'67 genes.

Identity Strand Til, Sequence 5' • 3' Reference(0C)

613 '" 62.4 ACA AAC ACA ATC CCA AGT TC
792 61.7 CCT TTA OTA OGT TGG CG Nelle et eil.. !996
145 69.5 GTT CTT TCC COT TOA TAT GCC 0

4.2.2.1 Direct sequencing of single p67 peR products

Oligonucleotide primers 613 and 145 (table 4.2) wore end-labelled and used fOI' direct

thermocycle sequencing of single PCR products according to the jinot' DNA
Sequencing System (Promega) (Appendix C.12.2).

4.2.2.2 Cloning and sequencing of muliiple p67 PCR products

The four PCR products of different sizes which were generated from 7~p, lawrence!
KNP/94_1 were cloned directly into 1'MOSBlue-T (Amersham), This vector contains

3' thymidine overhangs which hybrldise to the 3' adenosine nucleotides added to the

ends of PCR products by Taq polymerase during the PCR (Clark, 1988), White
colonies were picked and mlnipreparations of recombinant plasmid DNA were made

using the Wizard™ Minipreps DNA Purification System (Promega) (Appendix

C.9.1.2), Plasmid minlpreparadons were digested (Appendix C.4) with Bam HI and

Hind ill and examined by electrophoresis to ensure that the correct inserts had been

cloned; clones containing inserts of all four sizes were obtained. The nucleotide

sequences of the fOlll' T. p. lawrencel KNF'/94_1 partial p67 gone clones were

obtained by double stranded sequencing of plasmid rniniprepnratlons uslng the

dldeoxy chain termination method (Sanger et al. 1977) (Appendix C.12.1) with the
T7 promoter primer and the U·19mel' primer (Amersham),
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7344/0S/F5/Est 12 Clone generated from stock 7014, Morznrln, Spooner ami
Clnsslcnl Corridor disease in cattle, Dolan (pers, comm.);

Morzarla et (II, (1995)

T,pJBAU2S** 13 Anlmul experimentally Infected by Bishop et al, (1994)
tlcks collected from buffnlo grnzcd
paddock, Bully Vaughn Game
Pork, Zimbabwe,

T,p,/l3AU93** 14 Produced severe reaction In cattle, 0, K.Kanhnl und P,
typed as buffalo-derived using Spooner, pel's, comm,
monoclonal antibodies

T,p.lMAS/38** 15 Naturnl lnfecuon In bovine kept on Bishop et (II, (1994)
buffalo grazed paddock, Masur!
farm, Zimbabwe,

T.pJMAS/4Dl/ii 16 Naturnl lnfcctlon In bovine kept 011 Bishop at (II, (1994)
buffalo grazed paddock, Masurl
farm, Zhnbnbwc, --

Hluhluwc 3t 17 Isolated from nmurally Infected Potglcter at al; (1988)
Hluhluwc 3 113",1 buffalo In Natal, South Afrlcn, Nos,
Hluhluwe 3 itS",1 3, 5. 6 & 7 nrc pnssnges through
Hluhluwe 3 #6** cnule, Slnble Corridor dtsensc
Hluhluwe 3 Ir71/i1 clInical plciure,~--
KNP :: 18 Isolated from nnturally Infected 1-1, Stoltsz (pel's, comm.)

buffalo In the Kruger Nationnl
Park, enstern Tronsvuul, Soulh
Afrlca, Clnsslcal Corridor diseuse
In cattle.

KNP!94_I*t 19 Isolated from naturnlly lnfectcd H, Stoltsz (pel's, comm.)
cnrrlcr buffulo In the Kruger
National Park, enstern Transvnal,
South Africa, Corridor dlsease In
cattle, Also positive 1'01' Theiler/(/
sp, (buffulo) mId T. IIIl1lmlS,,.

KNP/94_2* Isolated Irom nntul'ully Infected 1-1, Stoltsz (pel's, C01l1111,)
curriel' buffulo In tho Kruger
Nntlonnl Park, eastcnt Trartsvaal,
South Afrlcl\, Corridor diseuse In
cnttle, Also positive for Theileria
sp, (buffulo) und T. 1I1(1(((IIS,

I<NP/94_3* lsolaled 1'1'011\ 1\l\tUl'ullyInfected 1-1, Stoltsz (PCl'S, comm.)
carder buffalo ln the I<l'llg()r
Nutlonal Park. enstern Trnnsvnnl,
South Atrlcn, C(lrrldor discnse In
cattle, Also positive 1'01' Theilel'la
sp, (burrnio) and T, lillI/elliS,

I<NP/94_4* lsolatcd from nnturnlly Infected H. Sloltst'. (pers, comm.)
cnrrler buffalo In the Kruger
Natlonnl Park, eastern Trnnsvnnl,
South Afrleu, Corridor dlsense In
cnttle, Also positive for theileria
sp, (buffalo) and T. IIl1ltmls,
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Table 4.1: Theileria stocks used as sources of DNA from which the variable region of the p67
gene was amplified and sequenced. The variable region of the p67 genes was
amplified from stocks marked with an asterisk (*) in this study. p67 sequence data
was obtained from stocks marked with a double cross (*) in this study. p67 gene
sequences have already been obtained from stocks marked with It cross (t) (V. Nene
and E. Gobright, pel's. comm.).

=
tlp~clcs origin Stock No, In figs. Remarks Relerence

4,2 and 4,3
;;.<

To parva Isolated Mllgugn*t Field isolate from Klambu District, Brocklcsby et al. (I96 I)
from cattle Kenya, Enst Canst fever reference

stock.

Ugundnt 2 Isolated from a beef ranch In north- Mlnnml et ul, (1983);
western Uganda. Morznrln (!I al. (1995)

Marlkebunl' 3 Isolated Irom Kill 11District, I<cnyn Irvin et til. (1983)

Waterbuck- 4 Wntcrbuck experimentnlly Infected Stllgg et til. (1994)
pnssagcd' with T. parlin derived from buffalo

7014 unnsmlued u subpopulatlon
of pnrasitos which caused ECF In
cattle,

Schoonsprult' 5 Isolnted In 1937 Irom nntural Neitz (1948)
bovlne ECF infection In Tr(lllsvunl,
South ACrlon.

Zumbia LI~1 6 Isolnted from n form neer Chlputu, D. Oeyscn, pers, COIl1Ill ..
Etlst Zmnbla. ECF cllnlcal picture,_,_.

Zumbln S I051~j '/ lsolated from n form nl LUlld.If·I. D. Geyscn, pel's. comm ..
Bast Zambia. ECF cllntca' rlct!Jl'c .

..-..-.'"
T.Il.lCHII16'~ Isolated from naturdl)! jtlfcctcd Bishop at (II. (1994)

bovine 01\ Chlkeyo Iurm,
Zimbubwe.

'l·.p.lCHr/23*t Animal expurimentally infected by Bishop et (II. (1994)
ticks collected from Ienctlng unlmnl
at Chikcyu farm. SCI()rc reaction,
died.

T.p.lAYR/12* Isolated from nuturully Infected Bishop at al. (1994)
bovine on Ayrshire Iunu,
Zimbabwe.

T.p.lHUNI961 9 lsolated from Hunyonl estate, O. K, t-:unhui and P.
?;~'?~II:~:ulnCF cllnicully. Spooner, pers, COl1l1n.

To pflI'valsolnted 70131 10 s"la;~,' from nrturally Infected Karluk!, (II al, (1990)
from buffalo car •.0" tu. Ii}l J 7013 captured In the

NUn~lil<lnrc[\, Kenya

70141 II Iso luted frlllt1nuturnlly Injected I{ot'lukl, at al, (1990);
cnrrter buffnlo 70)4 captured In the Morznrln 11/ al. (1990)
Nr,nyukl nrC:1, Kenya.
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isolated from cattle and buffalo are 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. parva stocks used as sources of DNA from which the variable region of the po7

gene was amplified in this study are marked with an asterisk (*) in table 4.1. Those
from which sc--uences of the variable region of the p67 gene were subsequently

obtained are marked with a double cross (*). Stocks from which p67 gene sequences

have previously been obtained (Neue et al., 1996j V. Nelle and E. Gobright, pel's,

comm.) are marked with a cross (t).

4.2.1 peR amplification of the variable region of the p67 gene

Primers 613 and 792 (table 4.2, Nene et 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 performed as described in Appendix C.3. Annealing was

performed at 55dC. Cycling conditions were: 72°e fOl'1.5111in, 93°e fOl' 1 min and

55°e for 1 min, for 30 cycles. PCR products were purlfled using Wizard" peR
Minlpreps (Prornega) 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 a single p67 PCR product (fig. 4.1), which was

sequenced directly. POtU'differently sized products were generated from each of tbe

T. p, lawrence! KNP/94 isolates (fig. 4.0, these fragments therefore had to be cloned

individually prior to sequencing.
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mass estimated from SDS-polyacrylamide gels is larger than the calculated mass.

Nene et al. (1995) attempted to express the protein in the correct conformation using

the baculovirus expression system, but this system resulted in only a very small

amount of the protein in the correct form in insect cells and large amounts of a

partially modified form.

4.1.3 Could the p67 gene be used to distinguish between T. 1'. parva and

T. p. lawrencei stocks?

In order to be effective, a candidate vaccine antigen must provide protection against

a broad range of T. parva stocks, To determine whether there was variation in p67

between different T. parva stocks, the gene coding for p67 was amplified from a

number of different T. parva stocks and sequenced (Nene et al., 1996), The sequence

of the gene coding for p67 was found to be conserved amongst T. parva parasites

isolated from cattle studied to date, but there was a variable region In the p67 gene

of 1:parva parasites isolated from buffalo (Musoke et al, 1993; Nene et al., 1996).
This evidence suggests that the variable region of the p67 gene could be a possible

target region for the development of DNA probes to distinguish between T. p, parva

and T.p. lawrence! stocks. In most stocks isolated from buffalo there were a number
of nucleotide differences which translated to several amino acid substitutions, [\S well

us an additional segment of 129 bp which had no homologue in stocks isolated from

cattle. The only exception was the p67 gene of the T, p. lawrencei KNP 2 stock,

isolated from buffalo, which had a number of nucleotide differences but which did
not contain the additional segment of 129 bp (V. None, pel's. comm.),

Four new 1:parva isolates were recently obtained fl'0111buffaloes 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 a number of Zimbabwean T. parva isolates, to

determine whether the differences previously observed betw . 'T' parva stocks
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sporozoites from the same stock as well as from a number of other stocks. Immunity

in these animals correlated with the level of anti-sporozoite antibodies produced:

those with high antibody titres were completely protected, those with low titres

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 1: parva sporozoites were identified using C16,
an antiserum directed against sporozoite antigens (lams et al., 1990; Musoke and

Nene, 1990). The major target antigen of sporozoite neutralislng antibodies, p67, was

identified and the gene which codes for p67 was cloned and characterised (Neue et

al., 1992). The deduced amino acid sequence of the p67 gene contains 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 Wasmapped to a 780 kbp Sfi I fragment,
located on T. parva chromosome 3 (Morzaria and Young, 199:l). The p67 gene is

expressed only in the sporozoite stage.

The T. parva Muguga p67 gene was cloned into pGEX and pMGI and expressed in

E. coli (Nene et al., 1992; Musoke at al., 1992). Recombinant p67 expressed from

pMGI was produced as a fusion protein with the first 85 amino acid residues of a

nonstructural gene (NS 1) of influenza virus A. This fusion protein, NS 1~1'67,was

shown to induce protection against homologous challenge in six out of nine cattle

(Musoke at al., 1992). Six out of ele ven cattle were protected against heterologous

challenge with the T. parva Marikebuni stock (Musoke at al., 1993). However, NS 1~

p67 does not have the same characteristics as the native form of1'67: Tp M12, a MAb

which binds to native 1'67, does not react with NS I-p67 and the relative molecular
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CHAPTER 4: VARIATlr~ IN THEILERIA PARVA p67 GI::NES

4.1 Introduction

4.1.1 Both schizonts and sporozoites stimulate immune responses to T.parva

infection

Ithas been shown that both cell-mediated responses directed against 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 is 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; Morrison et al., 1987). The

effector cells responsible for clearance of pnrasitised cells are MHCI-restricted, CD8+

cytotoxic T lymphocytes (Morrison and Goddeeris, 1990), which are often parasite-

stock specific. A limitation of the current infection and treatment method of

immunisation is that it induces cell-mediated immunity and is therefore usually
parasite stock specific (Radley, 1981).

Musoke at al, (1984) showed that sera from cattle lmmu .ised with T. parva Muguga

were able to neutralise the infectivity of sporozoites from both homologous and

heterologous stocks in vitro. Monoclonal antibodies (MAbs) raised against

sporozoite antigens display a similar ability to neutralise sporozoltes from both

homologous and heterologous stocks ill vitro (Musoke et al., 1984j Dobbelaere et al.,
1984j 1985). Musoke et al. (1984) obtained comparable results in vivo: cattle were

immunized by infection und treatment, using a method of immunization that favoured

the production of antibodies. These animals were protected from challenge with
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The mosaic of sequences present in the ITS suggests that T. parva parasites undergo

genetic recombination. Therefore, the finding that the probes for T. p. lawrencei and

T. p, parva isolates are not conserved between all T. parva isolates that we have

screened 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

panel of oligonucleotides which can assign a probability to the origin of a T.parva

parasite, Bxtrapolating from the results WI ;lave obtained (29 out of 31 T. parva

isolates from cattle were detected by TPP 1; 19 out of 23 isolates from buffalo were

detected by TPLl and/or TPL3a) we can say that if probe TPPI hybridises to an
isolate, there is a 93.5% probability that it is a T.p, 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 epidemiological surveys to determine the

distribution of most of the different genotypes.

3.3.4 Summary

We had hoped that variability within the ITS would be such that a clear-cut

distinction between T. p, lawrencei and T. p. parva isolates could be made, as has

been done previously to distinguish between isolates of other organisms (Cevallos

et al., 1993; Morales et al., 1993; Muthumeenakshi et al., 1994). It 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 clrcumstances no probe will

distinguish between all 7: p, lawrencei unci 2'. p. parva parasite" unless it targets a

sequence which is directly associated with the mechanisms responsible for their

differential behaviour in cattle.
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it has been shown to provide protection against a broad range of Zimbabwean

T.parva isolates (Koch et al., 1990; Hove et al., 1995). It is intercstin[, that T. parva
Boleni has the same ITS profile as isolates obtained from cattle in Malawi and

Zambia and the South African T.p. parva Schoonspzult,

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, lawrencel ITS probes,

with the exception ofT.p,IBAU27. This isolate was only detected by TPPl, one of

the T.p. parva ITS probes. T,p.lMASI37 was also detected by TPPl, although it also
hybridised to TPL3a and TPL3b. If the sequence detected by TPPI is 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, bovls are also present in buffalo in Zimbabwe, It is

possible that these parasites Wereintroduced via ticks into the buffalo through contact

with infected cattle, resulting in a mixed population of T. p, lawrencei and T, p, bovis
parasites in the buffalo, Alternatively, these parasites could be representative of an
ancestral form of T. parva occurring in buffalo which, when introduced into cattle,

has the potential to adapt to cattle and cause January disease, However, this seems

unlikely as January disease and East Coast fever were never recognised in southern

Africa prior to the Introduction of T, p, parva from East Africa.

In general, the T. p, parva isolates hybridised with a limited subset of the probes,

while the 1: p. lawrencei isolates hybridised with many more of the probes, resulting

in a more variable pattern of reactivity, These results support previous suggestions

(Koch et al. 1990; Bishop et al; 1994) that there appears to have been a relection in

cattle of a relatively homogenous subpopulation of T, parva from a mucl, larger and

more diverse gene pool in buffalo, Unfortunately, however, there is no absolute

distinction between T. p, parva and T, p, lawrencei isolates using these probes, The

possibility that some of the isolates could be derived fr0111mixed 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 already produced a number

of T. parva parasite clones (Morzaria et al., 19951.

4.3.5 Summary

The p67 gene of T. parva stocks isolated from cattle is, with some exceptions, highly

conserved, while it is very much more variable in T. parva stocks isolatvl front

butfulo. This is consistent with the ITS probing results which also indicate that the
T. parva population in buffalo is more diverse, In other parts of Africa, e.g. in
zlmbabwe (Bishop et al., 1994) and possibly in East Africa, there appears to have

been a selection of a homogenous subpopulatlon of T. parva, able to replicate and

maintain itself in cattle populations, fr0111 !\ much larger and more diverse gene pool

in buffalo. It seems likely that the two forms of the paraslte are In the process of
speciation, with T. p, parva types adapting to cattle as their host. The 2~p. parva-like

p67 genes that we have found in T. pa: va isolates from buffalo in the Kruger Park
may represent a subpopulatlon of T. parva parasites which gave rise to ECF-cHlIsing

T.parva parasltes in other putts of Africa, t.e, it may be representative of all ancestral

T. p, parva cicnotype.
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parasites could then be used to infect cattle, to determine if one is more likely to

become established in cattle. The p67 gene could be used as a marker for

distinguishing between these cloned parasites, using peR to obtain amplification
products of the different p67 genes.

It is also of interest to 110tethat T. p, parva-like p67 sequences were found in isolates

from buffalo. If we did isolate a T. parva parasite which caused ECF from the

mixture of T. parva genotypes in the buffalo, should Ne call this isolate buffalo-
derived 01' cattle-derived? This is an obvious problem with the cattle-derived I

buffalo-derived terminology. T. p, parva isolates presumably originated in buffalo

and there is 110 re(lSOI1to suppose that T. parva isolates which could cause ECF may

not still be found ill buffalo.

4.3.4 p67·nased probes to distinguish between T. p. parva and 1: p. lawrencei

The presence of an additional sequence in the p67 gene in 1~p. lawrencel stocks

suggests a possible region for the development of DNA probes to distinguish between

T. p, parva and T. p. lawrencei stocks. FOI' T. p, parva stocks a probe could be
designed which spans the region of the additional sequence in T. p. lawrencel
isolates, while f01' 2~p, lawrence! stocks, a conserved region in this insert could be
used, However, an obvious problem with this strategy is that tho probe for

7: p. parva would detect uUof the KNP isolates, which contain a 1: p. pal'va·JJkc 1'67

gene. Conversely the probe for T. p. lawrence! isolates would detect at least two

j~il\1babwenn Isolates, T.p.lCHI/23 and T.p./HUN/96, both isolated from cattle.

These Isolates could (and probably do) contain a mixture of T, parva genotypes. This

highlights the necessity of obtaining cloned parusites, with well-defined disease

syndromes, from field isolates. It is cssentiul that we know exactly what sort of a
parasite we are working with before we can begin to attempt to develop probes to

distinguish between them. Work to this end is well under wny 1\(: the Internntlonnl
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destroyed). Thus, T. parva parasites have not had the opportunity to become

established in cattle in South Africa since the eradlcatlon of ECF. However. this does
not address the question of why ECF did not arise in South Africa prior 1.0 its

introduction in the curly 1at't of this century. Perhaps the T. pC(I'Va parssites present

in buffalo had not accumulated the necessary mutations which made them fit to

survive in cattle in other parts of Africa. Norval et al. (1991) have proposed that

'tmnsformatlon' 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 passages through cattle, 'tmnsformatlon' has never been reported

in the South Afrlcau isolate T. p, lawrencei Hluhluwe 3 (Pot~ieter et al; 1988). ITS
and p67 data reported here support previous indications that this isolate has remained
genetically unchanged ufter successive passages in susceptible splenectornised cattle,

Both ITS and 1'67 sequence data suggest that T. p, parva-like sequences ure 110t

present in this isolate. However, 1'07 data Indicate that the T. p. lawrence! isolates

from the Kruger National Pnrk do contain T,p, pal'va-like p67 sequences. It would

be interesting to infect cattle with the T. p. lawrence!': KNP/94 isolates nne! to
determine if a T. parva parasite with a T. p. pmw/-like 1'67 type is able to become
established in cattle, and whether that subpopulatlon would cause typical ECF,

Unfortunately, there would be practical difficulties in passaging these parasites

through cattle, as the T. p, lawrence! parasites which cause Corridor diseuse nrc likely

to kill the cattle before any other subpopulutlon of (e.g. T. /1. patva-like) parnsites

could become established. In addition, the outcome of such an experiment could
depend 011 the initial dose of sporozoltes of ench type (001[111 et (1/., 1984). It would

therefore be necessary to make parasite clones, each one contalniug one of the foul'

different p67 types. Cattle could then be infected separately with equivalent doses

of each cloned pLU'nsite and the disease caused by each could be determined, This

would also confirm the hypothesis thut 1..2 and S are clones of the p(tl genes of

Theileria sp. (buffalo). Mixtures of equal numbers of sporozoltes from tIt, cloned
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the PCR products (M) was characteristic of T. parva stocks isolated from caule in

that it lacked the 129 bp region specific for T. p, lawrencei, although there were a

number of amino acid substitutions.

Although all of the T. p. lawrencei Isolates from the Kruger Park contained a

T. p. parva-like p67 gene, 110l1e of them was detected by T. p. parva ITS probes

(Chapter 3). T. p. lawrencel KNP 2 was detected by TPL3a and TPL3b, while the

fout'1: p. lawrence; KNP/94 isolates Were detected by TPL2 (Chapter 3). III addltio.i,

these isolates cause classical Corridor disease when transmitted to cattle by infected
ticks (H, Stoltsz, pers, comm.), even though To p, pal'va-like forms of the p67 gene

were present in the buffalo. It is tempting to speculate that the T. p, pCll'va-Jike 1'67
gene may represent a subpopulatlon of 1: p, parva-like parasites. The differences
found in the deduced umlno acid sequence could lndlcate that it is an ancestral

T. p, /)al'va-like genotype which may have given rise to ECF·ccttlsing T. parva
parasites in other parts of Africa, Alternatlvely, the T. p. IXlI'V(1 parasite which was
introduced into South Africa in the early PUtt of this century may have been
transmitted Into the buifulo population; mutations could have resulted in the slight

sequence differences we have observed ill the p67 gene. Either way, this raises the

issue of whether T. parva purasltes which could cause ECF exist in South African
buffalo.

It is thus of importance to establish what the T. p, purva-1ike p07 sequences in the

1: p. lawrence! KNP/94 Isolates actually represent. Me they in fact indicative of n
subpopulnticn of T. parva parasites that could cause ECF? This could well be the

case because the strict control measures implemented in the areas surrounding the

Kruger Park have prevented T.parva parnnltcs from spreading into cattle herds. That

there have not been uny outbreaks of ECF in South Africa since 1954 can be

attributed to the regulur dipping regimes, which destroy potentially Infective ticks

before sporozoltes can be transmitted, and to the stl'ict ccnrrcl measures asscciated
.vith outbreaks of Corridor disease (herds arc lsolated and infected animals
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completely specific fOl'1~ parva p67 genes (V. Nene, pel's. comm.), It has already

been shown that the SSUrRNA genes of T. parva and Theileria sp, (buffalo) are very

similar (Allsopp et al., 1993:', it is thus not unlikely that the p67 gene sequences of

these two species could also be very similar. It thus seems possible that L2 and S

represent the p67 genes of Theileria sp, (buffalo).

It is possible that the cell cultured T. p, lawrence! KNP 2 is representative of only a

portion of the T. parva pnrasites that were present in the original buffalo from which

the T. p, lawrence! KNP 2 isolate was made. T. p, lawrence! KNP 2 was isolated

from an African buffalo cow captured in the southern part of the Kruger park.

Rhipiceplutilis zambeziellsis nymphs were fed on this buffalo; adult ticks reared from
these nymphs transmitted Corridor disease to an adult cow, B9678·2. Schlzont-

infected lymphoblastold cells were estubllahed in vitro from lymph node aspirate
obtained from B9678·2 (H. Stoltsz, pet's. comm.), The vnrlable region of the p67

gene u.uplifled from DNA extracted from these cell cultures was found to be similar

to the p67 gene of T. p, parva; it did not contain the region specific for
T. p. lawrencei, although a number of amino acid substitutions distinguished it from
other T. p, parva 1'67 sequences (V. ~ene and E. Gobrlght, pel's. comm.), Selection
of a subpcpulatlon of parasites able to survlve in cattle mny have occurred tn the

7: p. lawrence! KNP 2 isolate, either ill vivo 01' in cell culture (Note: 110 attempts have
been made to infect cattle with cell-cultured T. p. lawrencei KNP 2, so we do not

know what clinical symptoms it would produce). If the 1'67 gene is a determinant of

the ability of T. parva parasites to survive in different hosts, such selection could
favour those with sequences charucterlstlc of T. p. parva Isolates,

The 1'67 genes of the new T. p, iawrence! KNP/94 isolates were amplified from DNA

extracted directly from blood samples taken from four buffalo which were also

captured in the southern part of the Kruger park, This amplification yielded four

peR products. One of these (L I) was characterlsttc of other T.parva stocks isolated

from buffalo: it contained the 129 bp region speclfic for T. p, lawrencei. Another of
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4.3.3 Sequence analysis of T. p. lawrencei KNP/94_1 p67 genes reveals sequences

characteristic of both r ,. ~"f""a and T. p, lawrencei

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 Ll, L2,
M and S) from T. p. lawrencei Kt'l1'/94_1 were cloned into pMOSBlue-T and

sequenced separately, The deduced amino acid sequences arc shown in fig. 4.3

(Note: numbers given in brackets after isolate names in the following discussion refer
to rows in this figure), Sequence analysis of the cloned T. p. lawrence! KNP/94 (no.

19) p67 amplification products showed that the longest, Ll, was similar to those of

the Zimbabwean stocks isolated from buffalo (nos. 13-16); it contained the additional

44 ambo acid T. p, lawrellcei·specific region and the amino acid substitutions

(between the 7th lmd 17th amino acid residues of this region) which were

characteristic of the Zimbnbwean samples. The deduced amino acid sequence of

clone M was similar to those of the stocks isolated from cattle In that it did not
contain the T.p, lawrencei-specific region, but like that of 1: p, lawrencei KNP 2 (no.
18), there were n number of amino acid substitutions when compared to 1: parva
stocks isolated from cattle. The deduced nmlno acid sequences of clones Ll and M

contained a number of identical amino acid substitutions when compared to the

7: parva stocks isolated from cattle,

The sequences of T. p, lawrencei KNF )_1 p67 clones L2 and S were completely

different from any of the other 1: parva p67 gene sequences. The foul'

T. p, lawrencel KNP/94 buffalo samples were dlaguosed as positive for 71leileria sp,

(buffalo) and 1: I1IUtaflS as well as T. ptirva (A. I<. Mynhul'dt, pel'S. comrn.) by peR
amplification of It variable region of the SSUI'RNA gene and probing with specles-

specific probes (Allsopp at al; 1993), Neue et al, (1992) found that a 1'67 gene probe

did not hybridlse to DNA isolated from T. tnutans 01' 7: taurotragi, although nt low

hybddisntlol1 stl'lngency, a 3.4 kbp ECD RI DNA fragment of T. annulata was

detected. No studies have been done to dctermlne whether primers 613 aud 792 are
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t 1), 7344 (no, 12) and the Zimbabwean isolates (nos, 13·16), were more similar to

those of the To parva stocks isolated from cattle in this region.

The deduced amino acid sequence of T,p.lHUN/96 p67 (no, 9) (E, Gobright and V,

Nene, pet's. comm.) contained regions homologous to the p67 sequences of a number
of the other isolates, resulting in a sequence mosaic much like tht\t found in the ITS

sequences (Chapter 3). The T,p.lHUN/96 p67 amino acid sequence had a large

unique insert of 23 amino acid residues. The amino acid sequence approximately 30

to 50 residues prior to this insert contained seven substitutions which were
characteristic of th~ other Zimbabwean isolates (nos, 13~16). Immediately after the

unique insert, the T.p.lHUNI96 amino acid sequence contained ten substitutions,

eight of which were also found in the T. p, lawrence; KNP 2 sequence (no. 18). The

81 residue variable region immediately upstream of the sequence specific to

1~p, lawrencei stocks was Identical in T,p.lHUN/96 and the T. p, lawrence!
Hluhluwe series (nos. 17, 17#3, 17#5, 17#6 and 17#7). In the region specific to
To p. lawrencei stocks, the T,p,/HUN/96 amino acid sequence initially resembled that
of the T. p. lawrence; Hluhluwe series, although there wore three (1""'10 acid

differences, but at the 3' end of this region T.p.lHUN/96 contained a number of
amino acid substitutions in C01111'11011 with 7013 (110. 10). After the region specific to

To p. lawrence! stocks, there wore three amino acid substitutions in the T.p.lHUN/96

sequence which were also found ill 7013. Thus, the deduced amino acid sequence

of the T.p,IHUN/96 1'67 gene resembled first that of the Zlmbab'vcan stocks isolated
from buffalo, then 7: p. lawrence! KNP 2, then 1~p, lawrencel Hluhluwe 3, then

again the Zimbabwean Isolates and finally T. p. lawrence! 7013. This sequence

mosaic, like that found in the ITS sequences, suggests that there has boon genetic

recombination amongst 1: parva parusttes,
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which is attributable to a single base pall' difference (fig. 4.2). One would expect to

find at least one identical p67 gene in 7: p. lawrencei 7344 and 7014, as 7344 was

cloned from the 7014 isolate. The single base pail' difference may therefore be

attributable to a Taq polymerase copying errol'. When compared to 7014 and 7344,
7013 contained a deletion of three amino acid residues in this region; other nucleotide
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 Zimbabwean stocks isolated from ticks or cattle

in areas where buffalo were present, were identical to each other in the

T. p, lawrencei-specific region, but were different from the other To p. lawrencei
isolates (fig. 4,3). The first six amino acid residues were conserved between all of

the T. parva stocks isolated from buffalo (except for the '1: p, lawrencei KNP

isolates, see discussion in section 4.3.3). The subsequent amino acid sequence was

variable until the fil1U124residues where each sequence differed by only a few amino
acid substitutions, except for To p. lawrence; 7013 which had seven amino acid

substitutions.

The p67 deduced amino acid sequences were identical in the foul' cattle passages, #3,

#5, #6 and 417,of the T. p, lawrence! Hluhluwe 3 isolate (17#3, 17#5, 17#6 and 17#7,

fig. 4.3). The same ITS probes (namely, TPP2, TPLl and TPL3a) detected DNA

isolated from these fOUL'cattle passages of the 1:p. lawrencei Hlnhluwe 3 isolate (see
Chapter 3). These results suggest that the genotype of this isolate has remained

unchanged after extensive passage through cattle. There was a variable region in the

1: p. lawrence! Hluhluwe 3 p67 sequence, which began approximately Bl resldues

(column 136, fig. 4.3) upstream of the addltlollul sequence which is specific to most

T. p. lawrence! stocks. The sequence of this portion of the 1'67 variable region in
T. p, lawrencei Hluhluwe 3 was very slmllnr to that of 7: p, lawrencei 7013 (no. 10).

The p67 gene sequences of the other T.pal'va stocks isolated from buffalo, 7014 (no.
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The p67 amino acid sequences of the two Zambian To parva isolates from cattle (nos.

6 and 7) were identical to those of other T. parva isolates from cattle; they did not

contain the additional sequence that is characteristic of T. parva stocks isolated from

buffalo and there were no amino acid substitutions. However, the p67 sequences of

two of the isolates from Zimbabwe Were aberrant. The p67 amino acid sequence of

T,p./CHI/23 (no. 8) isolated from cattle was identical to those obtained from the

Zimbabwean 1:parva isolates from buffalo. It contained the additional sequence that

is characteristic of T, p. lawrencei isolates and there were a number of amino acid

substitutions. This provides 1"1101'eevidence to suggest that this isolate is more like

other Zimbabwean T. parva isolates from buffalo, even though it was obtained from

Chlkeya farm where there were no buffalo, nor ticks which may have fed on buffalo
(Bishop at al; 1994). T.p.lHUN/96 (no. 9), another Zimbabwean isolate from cattle,
also contained the additional sequence that is characteristic of To p, lawrencei
isolates. However, ITS probing results ate 11101'econsistent with the provenance of

this isolate: it was detected by TPPt, a T. p, pal'va-specific probe (Chapter 3).

Sequence analysis of the p67 amplification products generated from the
7~ p, lawrencel Hluhluwe series (nos. 17, 17#3, 174~5, 17#(, and 17#7) and the

Zimbabwean T, parva stocks putatively isolated from buffalo (nos. 13-16) revealed

that they all contained a number of amino acid substitutions when compared to

isolates from cattle (fig. 4.3), as well as the additional sequence which lS typical of

most other T, parva stocks isolated from buffalo (Nene at al., t 996). This

T. p. lawrence/-specific sequence, located between columns 227 and 270 in fig. 4.3,
is also present in To p, lawrencei 7013 (no. to), 7014 (no. 11) and 7344 (110. 12), but
is absent [1'0111 T. p. lawrence; KNP 2 (no. 18). The length of this sequence ranges

from 40 amino acid resldues in 7013, to 43 amino acids in 7014, 7344 and the

Hluhluwe series. or 44 residues in the Zimbabwean Isolates,

Within the additional sequence specific to buffalo-derived stocks, T. p, lawrence!
7014 and 1~p. lawrencei 7344 differed by a single amino acid residue (fig. 4.3).

94



I 10 ro 30 40 00 M 10 eo 90 100 110 I~ 130 loVl 100
I. . I... I I I I . I I I 1.1 I I I ... I
QTOSQVCONVKCQOOYKONnSOSl!l!E,NEOSTLSTOVqpT I PTPVGEE I I TPTLOAOTKEn'/PPAO,SQQVPG, , ,NOaDSEEEONKSTSSKDEKELKKTLOPOKTSrOI!TTSaQO,NSKQQQTDV80LA tie
OTOBCVCONVKCQQOTKONnS08EaE, NEDSTL8TOVSpr I PTPVeEE II YPTLQACTKEEVPPADLSOOVPS, " . ,NOSOSEEEONK"TOSKOEKELKKTLQPOKTOTORTTSOOOLNDKOOOTOV80LA I2d
CTCSOVCONVKQQOOTKONR80BEEI!,NEOSTLSTOVSPT I PTPVSfiE II TPTLCACTKEEVPPAOLBOCVPB ""',",' ,NOSOSEEEONKSTSSKOUKELKKTLQPOKTSTOETTSOQOLNSKQCOTOV80L A 120
QTCSCVCONVKCQCOTKONRBO.EEE, NI!OSTLBTOVSPT I PTeVSEE I I TPTLCACTKEF.VPPAOLSOCVPB , , , . , , , , . NOSOSEEEONKBTSBKOEKELKKTLOpaKTBTOFTTSOCO,NSKCCOTOVSOLA 120
CYosoVCONVKOQOOTKaNRBOBEEE, NEOULG10VSPT I PTPV~EE I I Tpr.OACTKEaVPPAULSOCVP8, , , ,NaSOSEEEONKOTS8KOGKELKKTLOPOKTSTOSTTSOCOLNBKCOOTaV80LA 128
•••••••••••• '.OTKONRS08EEE ,NEoaTLSTOVSPT I PTPVSEE II TPTLOAOTKEEVPPAOLSOQVPS , , , , , , , , , , , , , , , , " , "NUSOS~EEONK8TSGKOEKELKKTLCPOKTSTOETTSOOOLNSKOCOTQVODLA 1:0
••••••••••••••• TKONn80BEGE ,NEOSTLSTOV.PT I PTPVSEE I I TPrLCAQTKEEVPPAOLBOOVPO , , , , , , , , , , " ". " , , .NO.OSEEEONKSTSSKOEKELKKTLOPOKT STOETTSOCOLNSKQCOTQVSOLA '"
......... ••• •• OTKON1(sO.E~EKNEoe~L·UToVpd:tIPTPVnE I I TPTLCAOTKEEVPPAOLSOOVPS, . , , , , , , , ., . , , , , , .. , , .OOSOSEEEONKSTSBKOEKELKNTLOPOKTSI OETTSMOLNSKCQcl0VSOLA 127
IlTC8C'iQONVKCOOOTKONKSOSEEEKNE08~L~TDV~llJlI P TPVSEE I I TPTLQACTKEEvpPK8DU~JijmKlIK~R~Mg~VqH~N~KrKl1t'~Nosos EEEOn~S«'Jl.tPJl.np~KK TllepoKT S TOETTsooOLN8N0nKIiOj;s!!rll 110

I I TPTLOACTKEEVPPAOLSooVlfs, , ,
I I TPTLOAQTKUEVPPAOLSOOVPS, , , , , , , , • , ,
II TPTLOACTKEEVPPAOLSOCVPS, , , , , , ,
IITPTLOAOTKEEVPPAOLSOOVP.8, , , , " ,.,",

,I!TOVf'c" p'rpVIEEI ITPTLOACTKEEVPPAOL80CVJ.8, , " "","
IITPTLOAOTKEEVPPAOLSOCVPS, "
J ITPTLOAOTKEEVPPAOLSOOVPS, " ,,"','
IITPTLCAOTKEEVPPAOLSOOVPS, , , , , , , '" , ,
IITPTLCAOTKEEVPPAOLSOCVP6, ,,' , , , " ,
IITPTLOAQTKG~VPPAO~socvpa, , , ,
11TPTl.OAQTKUVPPADL80aVPD ..• ,
IITPTLQACTKEEVPPAOLBOQVPB, " ,

'nv" • ., I p,rov •• tt IITPTLQAOT.KEEVPPAOLSOOVPS, , , .

: :mj;g~g~[m~~m:ggm::::"
IITPTLC.AOTKDEVPPAOLSO)nOI!." ' , ,
II TpnCQCTK~EVPPAlQso.,e9~, , , ,

\11 110 ,110 110 I 111) 100 I liD 210, 230 I"j' l!<) '110 210 ,110 I I
8. ,OBHa.OLKvpovovrOAVSPCQQQILASNTSIlEOCACHQCVROaOanv I BP, , , " K IOLPa, p , PSAPVP , , , , , BPGAPOI I VRES
., ,O.HI80~KVrOvovrOAv.rQQa~8LASNTlnDOOAQHCQVROGOaRV I EP, '" "K IOLPO, p, P.APVo, , , , , , , , " ,BPQArO IIVRES
., ,OBHD8QLKVPOVQVPOAVIPOaaCILMNUnn,\QAOHQQVIlOaOOnv I DP, , , , , , ,K ICLPO, P. PBAPVP, , , , , , , , , , , , , , , , , , , , , , , , , , , ' , ,BPGAPa IIVRns
G, ,OSll880LKVraVOVPOAvapOOOOS,ASNTlRUQQA IEP, , , , , , ,K IOLPO, p, PSAPVP, , , , , , , , , , , , , , , , , ,spaAPa IIVnES
B, ,08HB80LKVpaVOVPaAVIPOQOQILABNT8R£OOA I EP. , , , , , ,K laLPa, p, PSArvp, , , , , , , , , , , , , , , , , , , , ,sraAPO IIVRnB
8, ,O&llOBOLKVPOVOVPOAvspooaORLAINTellr.OUA lOP, , , , , , ,K IOLPO, p, PSAPVI', , , , , , , " ", "", "',., ",',',,',.,',',. BPOAPOI IVRES

:. :g:~:mmg~g~~gamgggg:t~:~~:~~gg~QHOCVnoaoanv: ~~ : : , : : : : ~ Igt~3:~:mm'i'npptii';;,i'<":iTili~v6pI\A~o(\p~aaDn~it~TR~ttl'$V+i\",v~:~g~~gI:m:
1.W,v.ay:tqso"'1WNQ(Qn:Q!Qapll.aI(Aa~llllQ'J :Oll!l:$nON.gollQ~li 111,1,, , , , , ,Q~OMpO_pj\liS!rl",PJllP.~tQ; "l,rJ!~TMMsq~Jl!l~qp~'ll,.qJAJI'..T..IiIUJ ne.ves pOAMlt Ivn.\i

I
I

Fig 4.3: Deduced amino acid sequences of partial T,parva p67 gene sequences shown in fig, 4,2. Numbering (1-19) corresponds
to T. parva stocks listed in table 4,1, Amino acid residues which differ from those of the T, p, parva Muguga (no. 1)
p67 amino acid sequence are highlighted. -: sequence not obtained,

127m
126
m
"1m
127
125
12,I.,
125us
121\
121
117
121
12'



It6Ift'"
fl'om
ollie

,.
""\3
14
'6
II

llr.lalU II~.. 1m
bUll'lIlo IT~,,,.

"'""It>'
" ..\,1
".L2
1••.•

liol'ln
~.m
(iill,

,.
\0 "N 12

II
14
16••hel.11I II~.m 1713

buffalO 11l1li
11l1li
11"
II

10>'
t~ 1.',,:'2
10..'

1~t hI\i 11'
I I I

1I001IIn"'.utili

•• , ••••••• '··0 ••••••• , ••••••• , ••••••••• , ••••• ' •••. , •••••• , •• "., ••

·······.··." •• t ••••••••• ·., ••• , •• " •• , ••• ,' ••• , •••••• , •••••• '

• •• ·.".·.· ••• ·•••• 1 •••••••• , •• " •••••• • ••••••• , ••• • •• """"""

~ .•• , , •••••••••••••••••••••••••• , • , , , , • , • t ••• , •••••• , , •••••• , •• ,. ,

'0
\I
II
I~
14
10,.

1'0131.. 11
fl'om 'tIl
bun"li n""..".,

11
11_M
11.1.'
II.La".9

Flgul'c 4.2 continued, page 2 of 2.

~O
6<0
rAO
6<0
6<0
6'9
691
114
6<1

16)'.0IG.
II),~
114
114
164
121
'01
m
tal
010
043
111
II!
613



Itill.ln
hom
Canl.

10

"-o la,_. I!
14
II
1G

'Iclll .. "h?in 111,)
buntlO ,,~

17J1i6
17"
".~"1,1

'9 ..1.1
IIl ...L2

" ..0

I.Qltltr
from
(lIt),

10

"1~
1l,.
1&
'&

1101,Iit 11
front "ttl
II\IfI'IiIO 11M)

1110117.,.,
"IO .. M

ft..1,.1
'1_~2

" ... 111

Fig. 4.2: Nucleotide sequence of the variao,c region of T. parva p67 genes, from primer 613 to the end of the 29 base pair intron (shown in lower
case letters). Numbering (1~19) of T. parva stocks corresponds to numbers shown ill table 4.1. -: sequence not obtained.

..,.."T".,. ....... ""'" 'al
~u
m",
'"IH,I,
l!O!O,,I!
,ae
Ii!
2~1
II,
,eo
,:1
lIG)

W,'!4,I,~...
;to
~it

W'l1oWoI,,"i-lodoO ;::
:l;J!,



APPENDIX C: DETAILS OF MOLECULAR BIOLOGICAL TECHNIQUES
USED IN THIS STUDY

C.l Purification of nucleic acids

C.l.l Phenol: chloroform extraction

Nucleic acids were purified from proteins by phenol and chloroform extractions as

described by Sambrook et al: (1989). The total volume of the solution was
determined and all equal volume of water-saturated p'ienol was added. The solution
was mixed very gently to form an emulsion when extracting genomic DNA, 01'

vortexed to form an emulsion when isolating small DNA molecules «10 kb), The
phases were separated by centrifugation at 1600g for 10 minutes in a Beckman .TA·14

rotor for large volumes, 01' at 12000g fol' 3-5 minutes in a rnicrocentrifuge for smaller
volumes. The upper, aqueous phase was transferred to u fresh tube. Deproteinlzaticn
is more efficient when two organic solvents are used, so if large amounts of protein

were present (e.g, in extractions of DNA from cell culture 01' blood samples) a fllrthet'

extraction with an equal volume of phenol: chloroform: isoamyl 0,100'101 (25:24: 1

(v/v)) was performed. Truces of phenol were removed by exrracrion with an equal
volume of chloroform: isoamyl alcohol (24: 1 (v/v».

C.1.2 Ethanol preelpltatlon

C.1.2.j Of genomic DNA

Genomic DNA was precipitated by adding 0.1 volumes ol' 3 M sodium acetate
(pH 5.2) ancl2.S volumes of absolute ethanol at room temperatnre (Sumbrook at al.;
1989). The solution was mixed to consolidate the strands of DNA, which were then
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2xTY

bacto-tryptone 16 g
yeast extract 109
sodium chloride 5 g

Make to one lit-e with distilled water

10xM9 salts

sodium hydrogen phosphate 60 g
potasslum dlhydroge» phosphate 30 g

ammoniumchloride 109

sodium chloride 5 g

Glucose / minimal medium (GMM) plates

Autoclave the following reagents separately nnd cool before mixing aseptically:

ngnr 15 g in 900 1111 water

10xM9 salts 100 ml
1M magnesium slllfnte 1 rul
0,1 M calcium chloride 1 ml
J M thiamine Hel 1 lUI

2.0% glucose 10 tnt
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Luria ..Bertanl (LB) medium

bacto-tryptone 10 g
yeast extract 5 g

sodium chloride 109
Make to one litre with distilled water

LB plates

bacto-tryptone 109
yeast extract 5 g

sodium chloride 109
agar 15 g

Make to one litre with distilled water

H agar plates

bacto-tryptone 109

sodium chloride 8 g
agur i:'2 g
Make to one lltre with distilled water

H top agar

bacto-tryptcne 109

sodium chloride 8.;

agnr 8 g
Make to one litre with distilled water
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APPENDIX B: COMPOSITION OF COMMON SOLUTIONS AND
MEDIA USED IN nils STUDY

TE

10 111MTris-Hel, 1 tuM EOTAI adjust to pH 8.0

lOxTBE

Tris-Hel 108 g

boric acid S5 g
BDTA 9.3 g
Make to one litre with distilled water

20xSSC

sodium chloride 175.3 g
sodium citrate 88.2 g

Adjust to pH 7.0
Make to 0110 litre with dlstlllcd water

Hybrldlsatlon buffer

1M sodium phosphate buffer (pH7.5) is mucic by mixing 840 ml of 1 M dl-sodium

hydrogen phosphate and 160 ml of 1M sodium dlhydrogen orthophosphate,

Hybrldisntlon buffel' [0.5 M sodium phosphate buffer (pH 7.5) and 7% SDS] is then

mnde by mixlng equal quantities of 1M sodium phosphate buffol' and 14% SOS.
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tris-HCI

triton X·100

Boehringer Mannhelm

BDH

USBurea
Xsgal (5.bl'omo·4·chloro·3·indoJyl-~·gnluctoside)
xylene cyanol FF

yeast extract

Promega

Sigma

Difco

Bucterlal strain

Esonerlchia coli TOr [slipE IzsdtJ5 tltitJ(lac·proA.))t' tt'aD36 proAB" lacl"
lt7cZtJM15] maintalr .1Oil OMM plates
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ethidium bromide
ethylenedlnminetetra-ucetic acid dlsodlum salt (EDT A)

ficoll
forrnamide
glucose

herring sperm DNA

isoamyl alcohol

isopl'opyl-~-D-thiognlactopYl'l\noside (IPTG)
lithium chloride
magnesium chloride

magnesium sulfate

mineral oil
nonldet P40
phenol
polyethylene glycol (PEG) 8000
potassium acetate

povissium chloride
potassium dlhydrogcn orthophosphate

propan-z-ol
sodium ncetntc

sodium chloride
ni-scdlum citrate
sodium dodecyl sulfate (SDS)

sodium dihydrogen orthophosphate

dl-sodium hydrogen phosphate
sodium hydroxide

tetracycllne

N,N,N' ,N'·tell'Ulllcthyl·ethylcnediul11ino (TElv!ED)

thiamine Hel

trtchlorcncetlo acid

109

Sigma

BDH
Sigma
Saarchem

Merck

Boeht'ingel' Mannhelm
Merck
Boehringer Manuhelm
Sigma

BDH

Merck

Sigma

Saarchem
Merck
BDH
Merck
Merck
BDH
BDH
Merck
Saarchem
BDH
Sigma

Merck

Merck

BDH, Snarchem

Boehringer Mnnnheim
Sigma

Sigma

Sanrchcm



APPENDIX A: SOURCE OF REAGENTS AND CHEMICALS USED IN
THIS STUDY

agnt

Saarchern

Merck
Merck
Dirco

Sigma

DDH
BOB

acetic acid (glacial)

ncrylamide
N,N' -methylene-bis-ucrylamide

agarose type I·A: low BEO

ammonium acenue

ammonium chloride
ammonlurn pcrsulfnte
ampicillin
bacto-tryptone

boric acid
bovine serum albumin (BSA), acetylntcd

bromophenol blue
calcium chloride
chloroform
deoxynucleoslde trlphosphates (dNTPs)

dldeoxynucleoside triphosphates (ddNTPs)

7·c!enzu-21·dGTP

[(X)2p] dCTP (10 mCI/ml, 3l)OOCi/mmol)

[(X_3~S] dATP (10mel/ml, 1000 Cl/mmo))

[y.33p] dATP (10 mel/ml, 5000 Cl/mmol)

dimethyl sulfoxide (DMSO)

dimethyldlchlorosilane

m:dithiothreitol (OTT)

ethanol

Sigma
Boehringer Mannhelm
Dlfco
BOH,Mel'ck

Prornega

Sigma
Merck
Merck

Boehringer Mannbeim

Boeltrlnger Mannheim

Boehringer Mannhelm

Amcrsham
Amcrsham
Amersham

Merck

BOH

Sigma

BDH
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5.3 Conclusion

By using both ITS probes and p67 gene sequences we were able to distinguish
between most To p, lawrence! and 1~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 recombination between T. p. lawrencei and T, p, parva parasites,

The mosaic of ITS sequences in T, parva, with different combinations of similar
sequences present in the ITS of both T, p, lawrencei and T, p, parva, indicates that

there has been genetic recombination amongst T. parva parasites, A similar mosaic
effect was observed in the p67 gene of at least one of the Zimbabwean T, parva

isolates, T,pJHUN/96, What appeal's to be happening is that a relatively

homogeneous subpopulation -.f To 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,

so the gene pools of T, parva parasites in cattle and in buffalo nrc not yet completely

separate. Under these circumstances, no DNA probe will distinguish between all

T. p, parva and 1: p, lawrence! genotypes unless it targets u sequence which is

directly associated with the mechanisms responsible for their differential bebuvlour
in cattle.

Such a difference might be found ill the gene (or genes) responsible for the increased

number of schizonts and piroplasms seen ill T. p, parva infections, or In a promoter

which lncreases the expression of scch a gene, HOWeVel\this gene could be involved

at any number of stages in the life cycle of the parasite: e.g, in determining the ability
of schlzonts to replicate, in determining the proportion of macroshlzonts which

differentiate to produce merozoites, 01' In the ability of merozoltes to penetrate

erythrocytes. It will undoubtedly be very difficult 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 lesser extent the situation in T. parva may be similar, but with the

continuum of types spread across cattle and buffalo hosts rather than geographically,

7'. 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. lawrence! can diverge may be limited by the overlap
between cattle and buffalo and subsequent interbreeding in the tick host which they
still share. Nonetheless, there are distinguishing features between most r. p, parva
and most T. p, lawre ,'~eiparasites: there are recognizable clinical differences

between the diseases they cause, and ITS characterisation probes and p67 gene

sequence differences distinguish them to an extent.

Since the re are 110 formal criteria 1'01' defining subspecies of protozoa, they are
commonly described 011 the basis of differences in host range, geographical

distribution, pathological effects and epidemiological features. For example,

Tl"j1Jl1110SOIIUl brucei is divided hHO three subspecies, namely T. b. brucei, a parasite

of nonhuman animals, T. b. gamiJiellse which causes trypanosornlnsls in humans in
West and central Africa and r. b. rhodeslense which cutises trypanosomiasis ill
humans in East Africa, Most Trypanosoma brucel isolates can be grouped Into one
of these subspecies using isoenzyme unalysis (Godfrey et al., 1990) but a small

number cannot be grouped by these means.

Thus, T. p, lawrencei and 7: p. parva may be valid sub-specles labels which really
do describe the majority of T. parva parnsltes, Although this terminology may result

in misclusslficCltion of some isolates, it conveys more lnformatlon about the parasite

than the "cattle ..dcrlved/buffulo-derlved'' terminology.
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in most T. p, parva stocks ar1 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 datu, which correlates in general with the
grouping assigned to them using ITS probes. However, we found exceptions which

cannot be classified using p67 genes (e.g, T. parva isolates from the Kruger National

Park which r..ontain both types of p67 genes).

"Subdivision of a species forming a group whose members resemble each other

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 occurs between members of different
subspecies of the same species, it does not OCClIl' as freely as within the

confines of the subspecies. Because reproductive isolation is incomplete,

subspecies nearly always grade into each other. The partial reproductlve

isolation is commonly due to the occupation of different geographical areas.
Some subspecies are probably new species in the making."

5.2 Are '1: p. parva and T.p. lawrencei valid labels?

The Penguin Dictionary of Biology (Abercrombie at al., 1983) defines a subspecies

as follows:

This definition is directly applicable to the different forms of T. parva,

In addition, there is extensive variation within many species. In the case of "ring

species" this variatlon may result in populations which are classified I\S separate
species (Ridley, 1993). For example, in Europe the lesser black-backed gull and the

herring gull are two distinct species. These birds do not interbreed, they choose

different nesting sites and there are a number ,')f phenotypic differences between

them. If one follows the distribution of the herring gull to the west and the lesser
I
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Bishop and E. Gobright, pers, comm.), Work j.! currently in progress to determine

whether the transcription units are stage-specifically transcribed. Preliminary results

suggest that both transcription units are transcribed into rRNA in T. p, lawrencei

7344 schizont RNA (R. Bishop, pel's. comm.),

Although we could not identify probes in the ITS which give an unequivoc al
differentiation bet ....'len 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 parasites present in an isolate, TPP 1detected most T.p. parva genotypes,

although some T. parva stocks isolated from cattle were also detected by TPLl and

TPL3b. Most T. parva stocks isolated from buffalo were detected by one or more of

the probes TPL!, TPL2, TPL3a and TPL3b, but not by TPP1. Thus, extrapolating
from the results we have obtained, we can say that if probe TPPl hybridises to an
isolate, there is a 93.5% probability that it is aT, p. 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. T. parva stocks isolated from buffalo
that are detected by both types of probes could contain a mixture of T, p. parva and
T. p, lawrencel genotypes. Alternatively this pattern of reactivity would result from
a single genotype containing segments of sequence found in both T. p, parva and

T. po tawrencei, but it would not be possible to classify such isolates. It is important

to note that there are exceptional Isolates which do not react with ITS probes as

expected (e.g, T. parva Mariakani G281E6IF8IE7, isolated from cattle, reacts with
only TPL3b). Despite these reservations, the panel of T. parva ITS characterisation
probes developed ill this study represents a practical laboratory method for
characterisation of T. parva parasites and should be useful for epidemiological

surveys of the prevalence of the different genotypes.

The p67 gene in most 1: parva stocks isolated from cattle is conserved, while it is

very much more variable in T. parva stoc'.s isolated from buffalo. The p67 gene of

most T. p. lawrence! stocks contains an additional sequence which has no homologue
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CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS

5.1 Can sporozoite antigen and ribosomal RNA gene sequences be

used to distinguish between T.p. parva and T.p. lawrenceit

The SSUrRNA and S.8S genes of the cloned T. p. lawrencei parasite, 7344, were
identical to those of T. p, parva Muguga and there were only minot sequence

heterogeneities between their LSUl'RNA genes. Although SSUrRNA sequence

analysis can be used as a very effective tool to elucidate phylogenetic relationships

between organisms, it cannot always be used to distinguish between species (see

discussion in section 2,3.2. I). Therefore, although the SSUrRNA genes of

T.p. parva Muguga and the cloned T. p. lawrencei 7344 are identical, this does not
necessarily mean that they are the same species, even though there are sufficient
sequence differences in the SSUrRNA gene to distinguish between 1: parva and other

Theileria speci ~S (Allsopp, et al., 1993; Allsopp, 1994; Allsopp, et al., 1994). The
sequence similarities between the SSUrRNA and LSUl'RNA genes m~ T, p. parva
Muguga and T. p. lawrence! 7344 do, however, indicate that these two organisms are
very closely related.

Two polymorphic ITS sequences were identified in 1:p. lawrencei 7344. Kibe et al,
(1994) have shown that there are two identical rRNA transcription unite; in T. parva
Muguga, which are located on different chromosomes and are not tandemly repeated,
The sequence differences between the two ITS sequences of T. p, lawrencei 7344
have been used to design primers to differentially amplify the ITS and LSUrRNA

gene of the two different I'RNA transcription units from this parasite. Sequence

analysis of the two ampllcons revealed that there were differences between the

LSUrRNA coding regions of the two T. p. lawrencei 7344 transcription units (R.
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Purification Resin was added to the cleared cell lysate and the mixture was mixed by

inverting the tube. The resina, NA complex was loaded onto a Wizard!" minlcolumn

using a 5 1111 syringe and washed with 2 1111 of Column Wash Solution. The

mlnicolumu was supported in a 1,5 ml microcentrlfuge tube and centrifuged for two
minutes to dry the resin, The minlcolumn was transferred to n fresh rnlcrocentrifuge
tube and 50 ~11ofTE pH8.0 was added, After l minute the plasmid DNA was eluted

by microcentrifugation for 30 seconds at 12000g. Plasmid mlnlpreps were digested

with appropriate restriction enzymes to ensure that the correct insert had been cloned.

C.9.2 Large-scale isolation of' recombinant ••lasmid clones

DNA was prepared from recombinant plasmid clones using the QIAG1aN Midi

protocol, according to the methods stipulated ill The Qiagenologlst: applicatlou
protocols, QIAGEN columns contain an anion-exchange resin consisting of a silica
gel with a hyd.opblllc coating which selectively binds to nucleic acids. 0.5 ml of the
overnight culture, of the chosen plasmlds was inoculated into SOml of L13containing
50 }.Ig/ml ampicillin and grown overnight at 37°C with vigorous shakil1g. The cells
were pelleted by centrifugation at 3000g fol' 10 minutes at lfoC in a Beckman JA~14

rotor, Alkaline lysis was used to prepare a cell lysate which was loaded onto all

equilibrated QIAGEN tip·lOO. The plasmid DNA was adsorbed to the resln, and
residual proteins and RNA were removed by washing with buffer QC. Double

stranded DNA was eluted at a higher salt concentration using buffer QF. The DNA
was preclplrated with 0.5 volumes of PI'0pul1-2·o1, and collected by centrifugation nt

15000g for 30 minutes at 4 °C in L\ Beckman JA-20 rotor, The DNA pellet was
resuspended in 0.5 ml :>f TE pH8.0,
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C.9 Preparation of DNA from recombinant plasmid clones

C.9.1 Small-scale isolation of recomblnant plasmid clones

White. colonies were picked, inoculated into 3 ml of LB containing the appropriate

selection antibiotic at 50 J.ls/ml. and grown overnight at 37°C with vigorous shaking,
The cells were pelleted by centrifugation at 12000g in a mlcrocentrifuge and the
supernatant was removed by asplratlon. Miniprep irnrlons of plasmid DNA were
prepared initially by the alkaline lysis method according to Sambrook et al. (1989)
and Intel' using Wlzard" Plasmid miulpreps,

C.9,J,l Alkalin« lysis

The cell pellet was resuspended in 100 III of ice-cold Solution I [50 111M glucose,
25 mM Tris-He! (pH 8.0), 10 mM EDTA (pH 8,0)], 'rhe cells were lysed by

addition of 200 III of Solution II [0.2 M sodium hydroxide, 1% (w/v) SDS] and the

solution wus neutralised by addition of 150 ~llof lee-cold Solutlon III [Soilltion Ill
is made by mixing 60 ml 5 M potassium acetate with 11.5 tnt of glnclnl acetic ncld
and 28.S ml distilled water: the resulting solution is 3 M with respect to potassium
and 5 M with respect to acetate], After Incubation 011 ice for 5 minutes, cell debris
was pelleted by centrifugation at 12000g for 5 minutes at 4 QC. The cleared lysate

was trnusferred to u fresh tube, plasmid DNA was extracted with phenol and

chlol'oform/lAA and recovered by ethanol precipitation. Plasmld mlnlpreps were
digested with upproprlutc restriction enzymes to ensure that the correct insert had
been cloned.

C.9.1,2 Wit.ar(ZU'pl(/smid millipl'('ps

Cells Were resuspended, lysed nnd the solution neutrnllsed using the buffers supplied
with the WilurceM Minipreps DNA Purification system. I ml of Wizard" peR
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15llg/ml tetracycline and spread with X-Gal and IPTG as described above, Plates

were incubated inverted overnlght at 37°C.

C.S.4 Plate analysls

Numbers of blue and cleat' plaques (for M13 cloning) or blue and white colonies (for
plasmid cloning) on each plate were counted and recorded.

C.8.4, 1 COlitrois

OJ Transfornuuion control

Numbers of blue plnques 01' colonies were counted on the transformation control
plate and the nnnsfcnnnuon efficiency per J,lgof vector DNA was caloulated.

(ii) LiglltiOl' controls

A very small number of blue plaques 01' colonies (01' none at all) on ligation control
platea would indicate that restriction enzyme digestion and dephosphorylnrlon were
satisfactory.

a) CIIt vector control: n large number of blue plaques or colonies would
indicate that the vector had not been efficiently ltnennscn.
b) Cut find relig(/ted vector control: the presence of clear 1'ln'1\\08 01' white
colonies would indicate exonuclease dnrnnge to the cut ends of the vector

dlll'ing restriction enzyme digestion 0(' dephosphorylation,
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DNA mixed with 200 ~'l of competent cells) was included to determine the

transformation efficiency of the competent cells,

(i) M13clones

The ceJlslligatiol1l11ix were warmed to 37°C before adding to 3 ml of top H agar at
sooe containing 0,1 mg/ml IPTO and 0,25 mg/ml X-gal. The top agarwas poured

onto prewarmed 11 plates and incubated overnight at 37 "C. Recombinant plaques

were colourless,

(it) pUC18 andpGEM.YclOlles

1 1111of 2xTY was added, and the cells were grown at 37°C for 1 hom' with gentle

shnklng to allow expression of the antibiotic resistance genes, LB plates containing

50 /.Ig/ml ampicillin were prepared, )00 pI of 100 mM IPTG and 20 ~'1of SOmg/ml
X-gal were spread over the surface of the plates und allowed to absorb for 30 minutes
ut 37°C prior to use. 50 III and 300 ~ll altquots were plated out unci plates were
incubated inverted overnight at 37°C,

C,8,3,2 For trmls!ormation oj'pMOSBlue.Y clones

Clonin~ of peR products into pMOSBllle~T was performed ns described in the

pMOSlJIue T·vectol' kit insnnction manual (Amershsm), MOSBlue competent cells
supplied with the kit were transformed as follows, 1 pI of each llgntlon mix WI\S

added to 20 ~llof high efficiency MOSBllle competent cells, Aftel' a 30 minute

incubation on ice, the cells wore heat shocked nt 4? "C for 40 seconds and placed on

ice for 21l1illutes, 80 ~'l of SOC medium (It room temperature WaS added to each tube
and tnuisformed cells were grown ut 37°C for 1 hour with gentle shaklng, 50 ul of
transfonned cells were plated onto 1,B plutes containing 50 ~lg/ml amplclllln,
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These 3' A overhangs were utilised for direct cloning of PCR products into the

thymidine tailed vectors, pGEM- T (Promega) 01' pMOSBlue- T (Amersham),

C.8.2 Llgatlous

Ligation reactions were set up with molar ratios of vector to insert of 1:1 and 1:3.
Ligations were performed in 10,..1 volumes using tt.,~following conditlons: 30 mM

Tris-BCI (pH 7.8); 10 mM magnesium chloride; Ie mM OTT; 0.5 mM ATP and 3

units of T4 DNA 'ligase (Promega), Ligation reactions were incubated at 4°C

overnight.

Two controls were included for M13 and pTTCvectors: one with 10 ng of cut vector
to indicate restriction enzyme cutting efficiency, and one with lOng of cut and

religated vector to indicate efficiency of dephosphorylation.

C.8.3 Preparation nnd transtormatlon of competent cells

C.B.3.} For trans/ormation of M13, pUC and pGEM,T clones

Competent bacterial cells were prepared according to the method of Chung et at.
(1989) which utilizes PEG and divalent cations to induce competence. Escherichia
coli TGl cells were Inoculated into Luria-Bertanl (LB) broth and grown at 37°C with

shaking to the early exponential gl'owth phase (A600 = 0,3-0.4). Cells were pelleted
by centrltirgatlon at 1OOOg for 10minutes unci resuspended ill 0. .1 volumes of ice-cold
transformatlon and storage solution, TSS [L13broth containing 10% (w/v) PEG 8000,

5% (v/v) DMSO, 50 tuM magnesium chloride, pH 6.5].

5,..1 of each ligation and control reaction was mixed with 200 ~Ilof competent cells,
and stored on icc Ior 3\J minutes to allow unnsformatlon to take place (no heat-shock
stage was necessary). A transformntlon control (50 pg of the relevant, Intact vector
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C.S Cloning of peR products

C.B.l Preparation of vectors

C.B.}.} M13mp18 and 111p19

21lg of RF (replicative form) DNA of each M13 strain mp 18 and mp 19 (Boehringer
Mannheim) was double digested with appropriate enzymes for directional cloning of
peR products. 21lg of RF DNA of M 13mp 18 was digested with Sma I for shotgun

cloning of sonicated PCR products,

C.B.l.2 pUC18

5 I-lg of pUC1S DNA (Boehringer Mannhelm) was digested with Sma I for cloning
of blunt-ended PCR products.

C.B.1.3 Dephosphorylation qt·vectors

Rellgatlon of M13 and pUCl8 vectors is greatly reduced by dephosphorylation. 0.5

units of alkaline phosphntase (Boehringer Mannheim) was added to the digestion and
the reactlon was incubated for a further 30 minutes at 37°C. The cleaved,
dephosphorylated vector WaS purified by phenol and ch101'0fol'111extraction, and

precipitated with sodium acetate and ethanol. The pellet was reconstituted in 20 I-ll
of TE and the concentration determined by spectrophotometery.

C.8.1.4 Twectors

Taq DNA polymerase preferentially adds a single adenosine nucleotide to the 31 ends

of the double stranded DNA molecules that it produces during a PCR (Clarki 1988).
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slice was placed in a 0.75 ml mlcrocentrifuge tube prepared as described. The
agarose matrix was disrupted by incubation in liquid nitrogen for 5 minutes. The

tube was then placed in a 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
lithium chloride were added and the DNA was extracted with phenol and

chloroform/Ie.A. The purified PCR product was precipitated with three volumes of

ethanol at M70°Cfor 15 minutes and washed with 70% ethanol. The pellet was dried
and resuspended in 1O~50III of T13pH8.0, depending on the starting concentration

of PCR product.

C.7.2. Wizal'd™ DNA purification system

The Wizard™ purification 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,

300 111 (the products of three PCRs) were added to 100 III of Direct Purification
Buffer and vortexed briefly to mix. 1 ml of Wizard™ PCR Purification Resin was
added and the mixture was vortexed for 30 seconds to mix. The l'esinlDNA complex
was londed onto a Wizard™ minlcolumn using a 5 ml syringe and washed with 2 11)1

of 80% propan-z-ol. The minicolumn W(lS supported in a 1.5 1111microcentrifuge
tube and centrifuged for 30 seconds to dry the resin, The mlnicolumn was transferred

to U fresh microcentrlfuge tube and 50 III ofTE pH8,0 was added. After 1 minute the

DNA was eluted by mictcceutrifugation for 30 seconds at 12000g,
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C.6 Filling in recessed 3' or 5' ends and phosphorylation

Both reactions were carried out in polynucleotide kinase (PNK) buffer [lOx stock:
0,5 M Tris, o.:M MgCI2• 50 111Morr, 1 mM spermidine, 1 111MEDT A (Sambrook
et al., 1989)J. The end-filling reaction was perfomed with both Klenow and T4 DNA

polymerase. 1 pg of DNA was mixed with 21-11 of lOx PNK buffer. 2.5 mM dNTPs

were added to a final concentration of 0.1 mM. 10 units of both Klenow (Promega)

and T4 DNA polymerase (Promega) were added and the volume made up to 20 pi
with distilled water. The reaction was incubated at 11°C for 2 hours and then heat
inactivated at 7SQC for 10 minutes (Ausubel et al., 1996),

51 phosphate groups were then attached to the repaired termini using T4

polynucleotide kinase (Promegn), 100 mM ATP was added to a final concentration

of 1.0 tnM, 1 pi of lOx PNK buffer and 10 units of enzyme were added and the
volume was made up to 30 ul with distilled 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 peR products

Modified PCR products were separated from residual enzymes, oligonucleotide
primers, and unincorporated nucleotides by gcl-perification using It modification of
the "freeze-squeeze" technique using liquid nitrogen (Koenen, 1989), 01', later, by

l1sing the Magic or Wizard DNA purification system (Promega),

C.7.1 "Freeze-squeeze": recovery of DNA from ugUl'OSC gels using liquid

nitrogen

A hole made in the base of a 0.75 ml mlctocentrifuge tube with a hot needle, was

plugged with plas tic wool. peR products were fractionated 011 a 1% ngul'osefI'BE

gel, the fragment of interest was excised in as small a volume as possible and the gel
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All gels were photographed using a Polaroid camera or a video documentation system

(Omnisclence),

C.4 Dissociation temperature of oligonucleotide primers and probes

The dissociadon temperature (TI\\)of an oligonucleotide is the temperature at which

50% of the oli ~onucleotide / target DNA duplexes are dissociated. The Tm of
oligonucleotide primers for PCR and T. parva ITS characterisation probes were
calculated using the following formula (Davis et al., 1986):

Till = 16.610glO[Na+] + 0.41Pgc + 81.5 - 675/L
Pgc is the percentage of G and C bases in the oligonucleotide

L is the probe leng th in base pairs

C.S Restriction digests

Enzymes used in this study were Bam HI, Eco RI, Hillel III, Pst I, Sal]. and Sma 1
(Promega or Boehringer Mannhelm), Reactions were performed in 20 /-II volumes;
2/-11of the appropriate lOx restriction buffer was mixed with the DNA to be digested
and 8-12 units (usually 11-11)of enzyme was added. The digests were! incubated for

at least 1 1101.11' at 37°C, except for Sma I which was incubated at 30°C. Reactions

were usually heat inactlvnted at 75°C for 10 minutes. 2 pi of loading buffer was

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

Double digestions with Eco RI and Bam HI were performed in Boehringer Mannheim
buffer B using the conditions described above.
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C.3 Polymerase chain reaction

C.3.1 The reaction (Saiki et al., 1988)

The magnesium chloride concentration which yielded the best product for each set

of primers was determined by performing the react: ms with magnesium chloride
concentrations increasing in 0.5 mM steps from 1.5 111Mto 3.0 mM. PCRs were

performed in 100 1-11 volumes using the following conditions: 50 mM potassium
chloride; 10 mM Tl'is-HCl (pH 9); 1.5-3.0 mM magnesium chloride; 0.1% Triton X-

100; 200 11Mof each dNTP; 11-\Mof each oligonucleotide primer and 50-200 ng of

purified DNA. The reactions were overlaid with 200 ~t1of mineral oil and denatured

at 95QC for 5 minutes on a Hybaid HB-TRI programmable heating block.

All primer pairs were designed to have balanced dissociation temperatures (TI1\) (see
section C.4 for calculation of Tmvalue). Annealing was performed at (Till-10) to (TIll-

5)OC. The heating block was programmed to hold at the annealing temperature (AT)

during the initial annealing stage while 2.5 units of Promega Taq polymernse 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 otherwise stipulated. Positive and
negative controls were included with every PCR performed.

C.3.2 Checking for peR products

peR products were removed from beneath the mineral oil layer and transferred to a

fresh microcentrifuge tube. A 101-\1aliquot was mixed with 21-\1of 6x gel-lending
buffer [0.25% bromophenol blue, 0.25% xylene cyanol, 15% Flcoll (Sambrook et ai;

1989)] and loaded on a 1% agarose gel containing 0.5 ~lg/lUlof ethidiurn bromide

(Boehringer Mannhelm). 0.2 ~lg of t..Hilid III 01' <l>X174Hae 1II size markers were

also loaded as appropriate to determine the size of the products. Electrophoresis was

performed in lxT13E buffer and DNA was visualised using a UV trnnsillum'nator,
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C.2 Quantitation of DNA

C.2.1 Double-stranded DNA

The absorbance readings at 260 nm (A2Go) and 280 nm (A 2sd of an appropriate
dilution of each DNA sample were measured using a Beckman DU®640

spectrophotometer, which determines the concentrations of nucleic acids and proteins

automatically using coefficients determined by Warburg and Christian (cited in

Dawson et al., 1969). The Warburg-Christian assay calculates protein and nucleic

acid concentrations using the following equations, which ate based upon the

absorptivitles of yeast enolase and RNA:

[Nucleic acid] = (-36.0 x Am) + (62.9 x A2Go) J.lgllnl

\

r
I
\

/'r

[Protein] = (1552 x A2so) • (757.3 x A2Go) ug/ml

C.2.2 Single-stranded oligonucleotides

The A2GO of a 1M solution using a 1 em light path is equal to its molal' extinction

coefficient (molar 6) (Dawson et al., 1969). Molar 6 for an oligonucleotide is the

sum of the molal' extinction coefficients of the individual nucleotides which make up
the oligonucleotide, and was calculated for each oligonucleotide from the following

nucleotide contributions: T = 8400, C::: 7050, G = 12010, A = 15200 (Sobel', 1970).

The absorbance reading at 260n111(Au>o)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 its A260 measurement

multiplied by its dilution factor.

116



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 microcentrifuge tube was incubated open in a 37 QCoven for 10-30

minutes to evaporate remaining ethanol. The purified nucleic acid was dissolved in

an appropriate volume of TE.

C.l.2.2 Of smaller DNA molecules (~15 kbp)

DNA was usually precipitated by adding 0.1 volumes of 3 M sodium acetate (pH 5.2)

and 2.5 volumes of absolute ethanol 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 ml of 70% ethanol! and the

DNA recovered by centrifugation as above for 10 minutes, The miorocentrifuge tube

was incubated open in a 37°C oven for 10 nHlIl."';S to evaporate remaining ethanol.

The purified nucleic acid was dissolved in an appropriate volume of TE.

Ammonium acetate reduces the co-precipitation of dNTPs, but cannot be used to

precipitate DNA that is to be phosphorylated, as ammonium ions inhibit the activity

of T4 polynucleotide kinase (Sambrook et al., 1989). To minimise the total volume,

PCR products that were not going to be phosphorylated were precipitated by adding

0.4 volumes of 10M ammonium acetate and an equal volume of propan-Z-ol (Brow.

1990). After a 10 minute incubation at room temperature, DNA was recovered by

centrifugation at 12000g for 10 minutes in a microcentrifuge, The DNA pellet was

washed, dried and resuspended as described above.
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C.13 Preparation of slot-blots

To 10 1-11aliquots errrs PCR products, 90 pI or TE pUB and 6 1-11of O,S M EDT A
were added, DNA was denatured by addition of 81-11of 6 M NaOH, 1 to ~tlof 2 M
ammonium acetate was added and the sample was blotted onto Hybond N+
(Amersham) filters using a Schleicher and Schuell Minifold nslot-blotting apparatus,

After a brief wash in 6xSSC for 15 seconds, DNA was fixed to the filters by

transferring them to Whatmaun 3MM paper soaked with 0.4 M NaOH, Filters were

washed briefly in 6xSSC as before, prehybridlsed and probed with 3' labelled
oligonucleotides as described in the text (Chapter 3),
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C.12.3.2 Loading and running of gels

Sequencing reactions were incubated at 80DC for 5 minutes to denature the DNA
strands immediately prior to loading onto the gel. The sequencing reactions were

held on ice during loading; 1111of each sequencing reaction was loaded.

Gradient gels were run at 33 W in 0.5x TBE until tbe oromophenol blue just reached
the bottom of the gel. Linear gels were electrophoresed at 38 W in O.Sx TBE for five
and a half hours: the upper reservoir buffet' WLiS changed after two and a quarter hours

to replenish depleted Ions,

Gels were fixed in 10% (v/v) acetic acid, 10% (v/v) propen-z-ol, transferred to

Whatmann 3MM paper and dried under vacuum at 80°C on a Dl'ygelSl'. SE 1160 slab
gel drier, Dried gels were placed in direct contact with Xsrny film and
autcradlographed for 24-48 hOUl'S at room temperature,

C.12.4 Compilation and manlpulatlon 01' sequences

Sequences were read 111l\l1UnUy using n Gmf/Bnr Markll sonic dlgitiser and the

READGEL program (D. Judge, Department of Biochemistry, University of
Cambridge, pel'S. comm.), or nutorndlographs of sequencing gels were scanned and
sequences determined using an autornntlc base scanner and semi-automatic base-
culling softwar» (Amersham), Sequences wore assembled and edited using the

Staden-Plns Program Package (Amershem) 01', Intel' XBAP (Studen, 1994).

CLUSTALV (Higgins ei al, 1992), CLUSTALW (Thompson et al.; 1994) and GDE
(Smith, 1992) were used to align sequences.
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Where it was necessary to extend the readings, the reactions were run on lineal' gels

(6% acrylamlde, 7 M urea, containing 0.5x TBE) which usually allowed the reudlng

of a further 100-200 bp. The dimenslons of the gels were: 480 x 200 x 0.4 mm,

eJ2.S.1 Pouring of gels

Plates were cleaned with "Bundy Andy", washed with distilled water and finally

cleaned with ethanol. The eared plate was sillconlzed with dlmethyldichlorosllane
in a fume cupboard, excess dlmcthyldichlorosllane was washed off with ethanol,
Platca WC1'C taped together with autoclave tape using 0.4 tum-thick plastic strips as

81'l\C01'8.

Gradient gels were poured as follows. In one beaker, 8 1111of lower gel mix [6%

acrylamlde, 7 M uren, 5x TaE, 0.05% (w/v) bromophenol blue] was combined with
250 ~IIof 1.6% (w/v) arnmonlum pel'sulfnt\ (APS) and 61-11ofTEMED, III a second
beaker, 50 ml of upper gel mix [6% aorylamlde, '7 M urea, O,Sx TBE] was combined
with 1.56 ml of 1.6% APS and 37.5 ~Ilof TEMED. 42 ml of the upper gel mix was
taken \11' in a 50 ml ginss syl'inge: the lower gel mix was then carefully drawn into the
same sydngc so that it formed a layer under the first gel mix. The plates were held

at 45°C find the g.~l solution Was Introduced. The plates were squeezed and tlked
from side to side to even alit the gradlent, The gel was topped up with tipper gel mix
if neccssnty, A 48 well shnrk's tooth comb (Bio-Rae!) was reversed, inserted it1tl ;he
top of the gel and clamped in position to form the well.

Linear gels were poured by polymctlzlng 50 ml of \IPP01' gel mix alone.
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C.12.2,l End-Labelling oj the sequencing primer

To prepare enough primer for sequencing six templates, primer labelling reactions
were performed in 10 ~ll volumes using 10 pmol of prirner, 10 pmol [y~3~P]dATP
(10 mCi/tnl, 5000 Cl/mmol), 1 ~llT4 polynucleotide kinase lOx buffer and 5 units
ofT4 polynucleotide kinase, The reaction was incubated at 37°C for 30 minutes, and

the kinase was inactivated at 90°C for 2 minutes. This reaction was scaled un or

down according to the number of sequencing reactions to be performed; sufficient
primer was labelled so that there would be 1.5 pmol of labelled primer pel' template

to be sequenced.

C.12.2.2 Bxtension/terminatiou.

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

To 4·40 fmol (2-4 '..AIof a PCR product. purified using the Wlzard" DNA Purification
System) of each template, were added: 5 ~ll jmotM sequencing 5x buffer, 1.5 III

labelled primer and sterile Water to 161-11. 5 units of sequencing grade Tat] DNA

polymerase were added, and 4 III of this enzyme/primer/template mix were added to
each of the four wells of the mlcrotltre plate containing d/dclNTP mixes, A drop of
mineral oil was added to each well and the microtltre plate was placed ill a thermal
cycler preheated to 95°C for two minutes. Cycling condltlons 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 III offillot~1sequencing stop solution,

C.12.3 Sequencing gels

Sequencing reactions were run all gradient gels (6% ncrylamtde, 7 M urea with u

gradlent of 0.5·5x TBE) which allowed 300·350 bp from the primer to be rend,



water to 5 Ill. 5 III of this master mix was added to each annealed prlmer/templnte
and these labelling reactions were incubated at room temperature for 5 minutes,

(iii) Termination reaction

The labelling reaction is terminated by the addition of one of the four 2'3'-
dldeoxyribonucleotlde triphosphates (ddNTPs), which lack the 3'·OH group needed

for DNA synthesis,

Columns of a disposable 96-well Mlcro'Fest III flexible assay plate (Falcon) were

labelled A,C,O and T. 2.5 III of the appropriate termination mixes were added to the
side of the wells in each column. The four termination mixes contained an excess of

each dNTP (80 ~IM) and the UPPI'opl'illte ddNTP at a concentration of 8 11M. 3.5 ",1
of each labelling reaction was added to each well along a row of the plate, The

reactions were mixed by centrlfugtng the plate for 10 seconds at 1000 rpm in a
Hermle 2320 bcnchtop centrifuge with a plnte-splnning attachment, then covered

with cling-film and incubated ut 37QC for 10 minutes, The reactions were stopped

by addition of 4 III of stop solution [95% formnmlde; 20 mM EDTA; 0.05%
bromophenol blue; 0.05% xylene cyanoll, Plates were stored Ill' ·20oe.

C.12.2 Direct thermo cycle sequencing of I)CR products

Direct thermocycle sequencing of PCR products using end-labelled primers Wl\S

performed using thejillolDNA Sequencing System (Promega), Sequencing primers
nrc end-labelled nnd the DNA template lind labelled primer are repeatedly annealed
11l1denzymatically extended/tenntnnted.
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C.12.1.2 Sequencing reactions

The dideoxy chain termination method (Sanger et ul., 1977) was used to sequence

single-stranded and double-stranded templates, Buffers and reactions were as

described in the Sequenaset Step-by·step Protocols for DNA sequencing with
Sequenase' Version 2 T7 DNA Polymerase manual (United States Biochemical).

(I) Annealing reaction

During the annealing reaction, the oligonucleotide primer unneals to a specific site,

which may be u conserved region ill the vector or a conserved region ill the sequence
of the insert itself. Synthesis of the complementary strand is then initiated at this site.

2 f.ll of 5x annealing buffet' lind 1 /-IIof the approprlate primer (0.5 pmol//-II) was
added to 5 f.l1of each single-stranded MI3 preparation (approximately 11-115)01' to
each denatured plasmid template. Sterile distilled water was added to bring the total

volume to 10 ~11. l)l'imcI' Was annealed to template at 65°C for 10 minutes, then
allowed to cool to room temperature slowly OYCl' 20 minutes,

(ii) Labelling reaction

During the labelling reaction, complementary DNA strands nrc synthesized by

Sequenase and [CG_35S] dATP is Incorporated, which allows for visualisation of the
sequence by nutorndlogrnphy,

A master mix, sufficient for 5 ~Ilfor euch annealing reaction, was prepared with the
following components in each 5111 aliquot: 1 pI of 0.1 M DIT, 0.4 f.ll of 5x labelling

mix [7.5 f.lMdCTP; 7.5 ,~M dTTP; 7.5 ~IM7..deaza ..2' ..dOTP), 0.5/.11of [a)SS] dATP

(10 mel/ml, 1000 Cilmmol), 2 units of Sequcnase Version 2, nnd sterile distilled
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The presence of insert was confirmed for each phage before continuing with single-

stranded DNA preparntion. 15 f.ll of the phage supernatant was mixed with 5 ul of
loading buffer containing 5% 8DS and run on a 1% agal'ose/TBE gel, using the
supernatant from it blue non-recombinant plaque as a control. The 8DS 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-recomblmmt

control.

Phages were precipitated by addition of 200 f.llof PEG/NaCl [20% (w/v) PEG 8000;
2.5 M NaCl] and pelleted by centrifugation. The supernatant was removed by
asplrntlon and the phage pellet was resuspended in 100 f.llof TE pH 8.0. Phenoland
chloroform extractions were performed as described previously (Appendix C.l.l) to
remove coat proteins, Single-stranded DNA was precipitated by addition of sodium

acetate and ethanol (Appendix C.1.2.2), and resuspended In 30 ~t1ofTE pH 8.0.

(Ii) Denaturing double-stranded tempi" tes

Alknllne-dcuaturation was used to separate the strands of double-stranded plasmid

templates 1'1'101' to sequencing. 3-5 pg of plasmid DNA (usually 12·16 f.l1 of a
plasmld miniprep.) was denatured by the addition of 0.1 volumes of 2 M sodium
hydroxide and 2 111MEOTA, the mixture was incubated at 65°(: for two minutes,
neutralised by the additlon of 0, 1 volumes of 3 M sodium acetate (pll 5,0) unci the
DNA precipitated by the addition of 2.5 volumes of absolute ethanol. The denatured

DNA strands were recovered by centrifugutlon at 12000g for 20 minutes; the pelleted

DNA was washed once with 70% ethanol and redissolved in 7 ~Ilsterile distilled
water,
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The reaction was terminated by heating to 70°C for 10 minutes. The probe reaction

was diluted with 80 III TE and Ill! was removed for Cerenkov counting (Appendix

C.I0.3) before adding the probe directly to the hybridisation buffer.

C.ll.3 Assay of [et·32p] incorporation of radiolabelled probes

Probe activity was determined by Cerenkov counting as follows: 1 III of the diluted

probe reaction was mixed with 0.5 ml carder DNA [200 ug/ml sheared herring sperm
DNA in 0.1% aqueous SDS], 0.5 ml of 20% trichloroncetlc acid was added and the
mixture was allowed to stand at room temperature for 10 minutes to precipitate the
DNA. The mixture was filtered through a glass fibre filter (Whatmann GF/C) to

collect precipitated DNA. The filter was washed three times with 10% trichloroacetic
acid to remove unincorporated label; it was air-dried and the activity measured with
a Packard Tri·Cul'b'l'M 1600CA liquid scirttillation analyser.

C.12 Sequencing

C.12.1 Dldeoxy ehaln termination sequencing

C.l2.1.} Preparation a/templates for sequencing

(i) Preparation of single-stranded template

Slngle-stranded template for the sequencing reaction was prepared as described in the

M13 Cloning and Sequencing Handbook (Arnersham), Recombinant plaques were

picked with a sterile wooden toothpick and inoculated into 2 ml of 2x.TY containing

a 1:100 dilution of all overnight E, coli TO 1 culture. The cultures were grown at
37°C fOI' 5 hours with vigorous shaking (300 rpm). Bacterial cells were pelleted by
centrifugation at 12000g in a mlcrocentrlfuge and the supernatant containing single-

stranded phage was poured into a fresh microcentrifuge tube.
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e.11 Preparation of radiolabelled probes and assay of [a.32p]

incorporation

C.ll.1 Random primed labelling of double stranded DNA

The Multiprime DNA labelling kit (Amersham) was used to label peR products,

Random sequence hexanucleotide primers are used to prime DNA synthesis at
random points along the length of the denatured peR product, Labelled nucleon. 'es
are incorporated into the DNA that is subsequently synthesised by Klenow.

25 ng of each peR 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 f.ll
volume. 10 III of Solution 1 (a buffer containing unlabelled dNTPs) and 5 ~tlof
Solution 2 (containing hexanucleotide primers) were added. 5 III of (a-32PJ dr.TP
(10 mCi/ml, 3000 Ci/mmol) was added followed by 2 units of Klenow. The reaction

was incubated at 3rC for I hour, The probe reaction was stopped by addition of

5 f.ll of 0.2 M EOTA, and 1 1-11was removed for Cerenkov counting (Appendix
C.l1.3). Labelled probes were denatured by heating to lOO°C in a heating block for
2 minutes, before adding directly to the hybrtdisation buffet'.

C.1l.2 3' Termlnal labelllng of oligonucleotides

Terminal deoxynucleotidyl transferase catalyses the addition of mononucleotidea
from a clNTP to the 3'»bydroxyJ termini of a DNA molecule, accompanied by the
release of inorganic phosphate (Ausnbel at al .. 1991 enzyme can therefore be
used to label the 3' termini of oligonucleotides W11 • l-npJ "tail". Labelling

reactions were performed in 201-11volumes as follows: 4).11of 5x terminal transferase

buffer (Promega); 100 pg/ml BSA; 2 pmoles primer and 1.6 f.ll [CX_32p] dCTP

(10 mei/ml, 3000 Ci/mmole). 1 pI of terminal deoxynucleotidyl transferase (10-20

units/pI) (Promega) was added and the reaction was incubated at 37°C for 1 hour,
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C.lO Screening of recombinant plaques

C.lO.1 Plaque lifts

Plaques were lifted onto Hybond N+ (Amersham) filters using the method described
by Sambrook et al. (1989). Duplicate Hybond N+ filters, marked asymmetrically,

were placed onto the surface of the agar plates for 1minute to allow transfer of DNA.
The asymmetric markings were duplicated on the base of the petri dish, The filters
were transferred to 3MM paper (Whatmann) soaked in denaturing solution [0.5 M

sodium hydroxide; 1.5 M sodium chloride] for 5 minutes. Filter's were then

tranferred to 3MM paper soaked in neutralizing solution [1.5 M sodium chloride;
0.5 M Tris-Hfll (pH7.4)] for 5 minutes. Filters were transferred to 3MM paper
soaked in 2x SSC before fixing the DNA to the membrane by tranferring to 3MM
paper soaked in 0.4 M sodium hydroxide for to minutes.

C.10.2 Hybridlsation with peR product as probe

Filters were prehybridlsed in 0,5 1\1 sodium phosphate buffer (pH 7.S) and 7% SDS
(modified from Church and Gilbert, 1984) in bottles in a Hybaid hybridisaticn oven
at 65°C with rotation for at least 1 hour. Positive plaques were selected by
hybridising the DNA immobilized on the filters with randomly labelled PCR product

(Appendix C.11.1) at 65°C overnight. Filters were washed twice in 10 m12xSSC at

65°C for 10 minutes followed by one wash in 10 ml 2xSSC containing 0.1% SDS at

65°C for 10 minctes, Filters were exposed to Cronex 4 X-ray film (Du Pont)
overnight at -70QCwith an intensifying screen. Positive pla'l..tes were identified by

aligning the autoradiographs with the markings on the petri dishes, Only those

plaques which had hybridised to both of the duplicate filters were picked.

127



LONO, E. O. ANDDAWID, 1.B., 1980. Repeated genes in eukaryotcs. Annual Review

of Biochemistry, 49: 727~764.

LUNDI3ERO,K.S"SHoEMAKER,D.D.,ADAMS,M.W.,SHoRT,J.lv? '')~aE,J.A. AND

MATHUR, E. J., 1991. High-fidelity amplification usfng a the mostable DNA

polymerase isolated from Pyrococcus furiosus. Gene, 108: 1-6.

MAIDAK, B. L., OLSBN, O. J., LARSEN, N., OVERBEEK, R., MCCAUOHLW,M. J. AND
WOESE, C. R., 1996. The ribosomal database project (RbP). Nucleic Acids

Research, 24: 82·85.

MAROTEAUX, 1., HERZOG, M. AND SOYER-GOBILLARD, M. -0., 1985. Molecular
organisation of dinoflagellate ribosomal DNA: evolutionary implications of the

deduced 5.8S l'RNA secondary structure, BioSY.I'tellls, 18: 307~319.

MCCU1'CHAN, T. F., DELACRUZ, V. F., LAL, A. A., GUNDERSON,J. H., Et,WOOD, H.
J.ANDSOOrN,M. L., 1988. Primary sequences of two small subunit ribosomal
RNA genes from Plasmodium [alciparum. Molecular and Biochemical

Parasitology, 28: 63·68.

MEDLIN, L.\ ELWOOD, H. J., STICI(EL, S. AND SOGIN, M. I.., 1988. The
characterizatlon of enzymatically amplified eukaryotic 16S-likc l'RNA coding

regions. Gene, 71: 491-499.

MELHORN, H. ANDSCHEIN, E., 1984. The piroplasms: life cycle und sexual stages.

Advances ill Pc/rasitology, 23: 37-103.

MELROSE. T. R., WALKER, A. R. AND BROWN, C. G. D" 1980. Identtficntion of
Theileria infections in the salivary glands of Hyalomnu: anatollcum and
Rhi[Jicepll(llll~' appendiculatus using isoenzyme electrophoresis. Tropical
Animal Health and Production, 12: 214-218.

MESSING, J" 1983. New MlS vectors for cloning. Methods iu Enzymology, 101: 20-

78.

MINAMI, T., SPOONER,P. R" IrwIN, A. D., OCAMA, J. G. R., DOIlBELAHlUl,D. A. E.
ANt) FUJlNAOA, T., 1983. Characterlzntlon of stocks of Theileria parva by

monoclonal antibody profiles. Research ill Vetel'illm:v Science, 35: 334-340.

ISO



LAWRENCE, D. A., 1936. Report oftlU! Director afVeterinary Research for tiie year
1935. Rhodeslan Printing and Publishing Co., Ltd., Salisbury. pro 4-5.

LAWRENCE, D. A., 1937. Report of tile Director afVeterinary Researchfor the year
1936. Rhodesian Printing and Publishing Co., Ltd., Salisbury, 1'1'. 6,,8.

LAWRENCB, D. A., 1938. Report of the Director 0fVeterillary Researchfor the year
1937. Rhodesian Pl'inting and Publishing Co .•Ltd., Salisbury, 1'1'. 9·12.

TAWRENCE, O. A., 1939. Report of the Director of Veterilla/:v Researchfor tlU' year
1938. Rhodesian Printing and Publishing Co., Ltd., Salisbury, pp. 4.

LAWRENCE, J, A., 1979. The differential diagnosis of the bovine thellerla» of southern

Africa. Journal of the Soutl: African vetertnur» Associatton, 50: 311~313.

LAWRENCE, J, A., 1992. History of bovine theileriosis in southern Africa, In: Tile

Epidemiology of Thelleriosts ill Aj)'ica, R. A. r. Norval, B. D. PetTY& A. S.
Young (Bds.), Academic Press, London, 1'1'. 1·39.

LAWRENCE, J. A. AND MACKENZIE, P. K. I., 1980. Isolation of a non-pathogenic
Theileria of cattle transmitted by Rhipicephalus appendlculaius. Zimbabwe
Veterillal:v JOI//'IIal, 11: 27·3S.

LAWRENCB, .T. A., NORVAT., R. A. t. ANI) UILBNDERO, G., 1983. Rhipicephalus
Z(llllbe1.iensis as a vector of bovine theileriae. Tropical Allilllal Health and
Production, 15: 39·.,...\.

LEE, S. E. AND TAYLOR, r. W., 1992. Phylogeny of five fungus-llke protoctistan

Ph.wophtllOr(l species, inferred from the internal transcribed spacers of

ribosomal DNA. Molecular Biolo!::» and Evolutkni, 9: 636·653.

LENAtlRS, G., MAROTEAUX, L., MICHOT, B. ANDHERZOG, M., 1989. Dlnoflugellutea
in Bvolution, A molecular phylogenetlc analysis of large subunit ribosomal

RNA. Journal of Molecular Bvolutton, 29: 40·51

LING, L. L., KEOHAVONG, P., DlAS, C. ANDTHILLV, W.O., 1991. Optimization of the
polymerase chain reaction with regard to fidelity: modified 1'7, Taq, and Vent
DNA polymerases, peR Methods and Applications, 1: 163·69.

149



two single copy units in Theileria parva ribosomal RNA genes. Molecular (mel

Biochemical Parasitology. 66: 249-259,

KISHIMA, M., DOLAN, T, T., NJAMUNGGEH, R, B" NKONGE, C, G. AND SPOONER, P.

R, 1995, Ht1l1101'alimmune responses to Theileria parva in cattle as measured

by two-dimensional Western blotting. Parasitology Research, 81: 334·342,

KOCH, H. '1'., 1990, Aspects of the epidemiology of Janunry disease. Ph. D, Thesis,
University of Utrecht, Utrecht, The Netherlands.

KOCH, H. T" OCAMA, J. G, R., MUNATSWA, F, C., BYROM, 13" NORVAL, R. A. 1"
SPOONER, p, It, CONRAD, P. A. AND IRVIN, A, D., 1988, Isolation and
chnractedzatlon of bovine Theileria parasites in Zimbabwe, Veterinary
PCll'asit')logy, 28: 19·~2.

KOCH, H. 1'" KAMBBVA, L" OCAMA, J. G. R., MUNATSWA, F. C., FRANSSnN, F. F. J,
UILBNBBRG, G., DOI"AN, T. T. AND Nc. WAL, R. A.I., 1990. Immunization of
cattle ugainst Theileria parva bovts lind their exposure to nntural challenge,
Veterillm:v Parasitology, 37: 185-196.

KOCH, R., 1903. Professor Koch on Rhodesian redwater or African Coast fever:
Interim report. Journal oj Comparative Patliology and Therapeutics, 16: 273·

280.

KOENEN, M., 1989. Recovery of DNA from ngarosc gels using liquid nltrogen,

Trends ill Genetic«; 5: 137.

KOTZE, J., VAN VUlJREN, C., COETZEU, E., COOl<:,L., LE Roux, L., LOURENS, M. AND
VILJOEN, C. (l~ds.), 1994. Illegal movement of buffalo causes caule mortallties,

In: Agricultural News; no. 2, 17 J[lI1., Department of Agriculture, Republic of
South Africa,

LANGSI.EY, G., HYDE, J. E., COMAN, M. AND SCAIFE, J. G., 1983. Cloning and

chnractctlsatlon of the l'RNA genes from the human malnrlu parasite
PlaslllOdilllllfalciparllm. Nllcleic Acids Research, 11: 8703-8717.

LAWRENCE, D. A., 19:15.Report oft/w Director of Veterillary R<ls(Jal'chfol' tile sear
1934. Rhodesian Printing unci Publishing Co., Ltd., Snlisb\l1'Y,pp. 5.7.

148



HOVE, T., MOSISI, F. L., KANHAI, O. K., LATIP, A., MASAKA, S., MUNATSWA, F. C.,
PEGRAM, R. G., KAMWENDO,S. P., QUIROGA, J. C., MWANGONDWE,R., AND
DOLAN, T. T., 1995. Challenge of Theileria parva (Bolenlj-tmmunlzed cattle
with selected East African Theileria stocks. Tropical Animal Health ami
Production, 27: 202·210.

lAMs, l(. P., HALL, R., WEBSTER,:'. ANDMUSOKE, A. J" 1990. Identiflcaticn of A.gtll
clones encoding the major f,ntigeniG determinants expressed by Theileria parva
Spol'ozoites.lnjectioll and Immuntty, 58: 1828-1834.

IRVIN,A. D" 1987. Characterization of species and strains of Theileria. Advances in

Parasttology, 26: 145·197.

IRVIN, A. D., DOBDELAERE,D. A. E., MWAMACHl, D. M., MINAMI, T" SPOONER,P.
R. AND OCAMA, J. G. R., 1983. Immunisation against Eust Coast fever:
correlation between antibody profiles of Theileria parva stocks and cross

immunity in vivo, Research ill Vef<!I'illw:1' Science, 35: 341·346.

IRVIN, A. D., MORZARIA, S. p" MUNATSWA, F. C. AND NORVAL, R. A. I., 1989.
Immunization of cattle with a Theileria parva bovis stock from Zimbnbwo
protects against challenge with virulent T. p. ptuva and 1:p. lawrencet stocks
from Kenya. Veterinary Pm'cIsift?logy, 32: 271 N278.

KARluKr, T. M., GROOTENHuIS,.T.G., DOLAN,T. 1'., BISHOP,R. P. ANDBALDWIN, C,
1•., 1990. Immunizatlon with Theilf.!l'itlparva pnrasltes from bllffaloes I'CSUlb

in generatlon of cytotoxic T cells which recognize antigens common among

cells infected with stocks of T. parva parva, 7: patva bovis and 1'. parva
Zawrellcei.llljectioll and /1/II/llmit.v, 58: 3574-3581.

KnoHAvoNO, P. ANDTrm,LY, W. G.,1989, Fidelity of DNA polymerases in DNA

amplification. P"oceedillgs of the National Academy of Sciences, USA, 86:
9253~9257.

KnUl, M. K., OLENMOIYOl, O. K" NElNE,V.) KHAN, 13" Al.LSOPP, B. A., COL!.INS, N.
g., MORZARIA, S. P., GODRIOH1'.E. r. ANDBISHOP, R. P., 1994. Evidence for

147



GODFREY, D. G., BAKER, R. D., RICKMAN, L. R., AND MEHLITZ, D., 1990. The

distribution, relationships and identification of enzymic variants within the

subgenus Trypanozoon, Advances in Parasitology, 29: 1·43.

GOGGIN, C, L" 1994. Variation in the two internal transcribed spacers nnd 5.8S
ribosomal RNA from five isolates of the marine parasite Perkinsus (Protistn,

Apicomplexa), Molecular and Biochemical Parasitology, 65: 179·182,

GONZALEZ, 1. L., GORSKI, J. L., CAMPEN, T. J., DORNEY, D. J., ERICKSON, J. M.,

SYLVESTER, J. E. ANDSCHMICKEL, R. D., 1985. Variation among human 28S

ribosomal RNA genes. Proceedings of the National Academy of Sciences, USA,

82: 7666·7670.

GONZALEZ, I. L., SYLVESTER, J. E., SMITH,T. F., STAMBOLIAN, D. AND SCHMICKEL,

R. D., 1990. Ribosomal RNA gene sequences and hominid phylogeny.

Molecular Biology ami Evolution, 7: 203·219.

GUNDHRSON,J. H., SOGIN, M. L., WOLLET'l" G., HOLLINGDALE,M., DBLA CRUZ, V.
F., WATERS, A. P. ANDMCCUTCI·IAN, T. P., 1987. Structurally distinct, stnge-

Ilpecific ribosomes occur in Plasmodium. Science, 238: 933·937.

HADJIOLOV, A. A., GEoROmv, 0. I., NOSII<OV,V. V. ANDYAVACHBV, L. P., 1984.
Prlmnry and secondary structure of rat 28S ribosornal RNA. Nucleic Acids
Research, 12: 3677·3693.

HASSOUNA, N" MrcHoT, B. AND BACHELLERIE, J., 1984. The complete nucleotide
sequence of mouse 288 rRNA gene. Implications for the process of size
increase of the large subunit rRNA in higher eukaryotes. Nucleic Acids
Research, 12: 3563·3583.

HENNING, M. W., 1956. Allinwl Diseases in Soutli Africa (Third Edition). Central
News Agency Ltd., Cape Town.

Hm01NS. D,G., BLEASDY, A,J. AND FUCHS, R., 1992. CLUSTALV: improved

software for multiple sequence alignment, CABIOS, 8: 189·191.

HU.LIS, D. M. AND DIXON, M. 1'., 1991. Ribosomal DNA: molecular evolution and
phylogenetic inference. The Qllal'fel'ly Review of Biology, 66: 411·446.

146



FAWCETT, D. W., DOXSEY, S., STAGG, D. A. AND YOUNG, A. S., 1982a. The entry of
sporozoltes of Theileria parva into bovine lymphocytes in vitro. Electron

microscopic observation. European Journal of Cell Biology, 27: 1()..21 ,

FAWCETT, D, W., BUSCHER, G. ANDDOXSEY, S., 1982b, Salivary glands of the tick
vector of Easr Coast fever, IV. Cell type selectivity lind host responsiveness to

Theileria parva, Tissue and Cell, 14: 397·414.

FORSMAN, M., SANDSTROM, G. AND SJOSTEDT, A., 1994. Analysis of 16S ribosomal

DNA sequences of Franciscella strains and utilization for dererrnlnation of the

phylogeny of the genus and for ldentiflcatlon of strains by PCR. International

Journal o/Systematic Bacteriology, 44: 38·46.

FROTHINGHAM, R. ANI) WICSON, K H., 1993. Sequenoe-based differentiation of
strains in the Mycobacterium avium complex. Joumal of Bacteriology, 175:

2818·2825.

FROTHINGHAM, R, AND WILSON, K. H., 1994. Molecular phylogeny of the

Mycobacterium avium complex demonstrates clinically meaningful divisions.

Journal of Infectious Diseases, 169: 305·312.

FURl.ONG, J. C. AND MAL)EN, B. E. H., 1983. Patter'll:; of moJOl' divergence between
the intcrual transcribed spacers of ribosomal DNA in Kenopus boraali» and
Xenopus Iaevis, and of minimal divergence within ribosomal coding reglons.

The EMBO Journal; 2: 443·4 ..t8.

FURLONO, J. C., FORBES, J., ROBERTSON, M. AND MADE'l, D. E. H., 1983. The
external transcribed spacer and preceding region of Xenopus borealis rDNA:
comparison with the corresponding region of Xenopus laevls IDNA. Nucleic
Acids Research, 11: 8183·8196.

GASSBR, R.. B" CHILTON, N. B.. BOSTF. "1. AND STEVENSON, L. A., 1994. Species

identification of'trichostronuvrc nematodes by peR·lInked RFLP.lmel7latiollal
Journal for PCll':.;,liu,iogy, 24: 291·293.

GERBI, S. A., 1986. The evolution of eukaryotlc ribosomal DNA. /3i()Systems, 19:
247·258.

145



DB VOS, A. J, AND Roos, J. A., 1981b. observations on the transmission of Theileria
mutans in South Africa. Onderstepoort Journal o/Veterinary Research, 48: 1-

6.
DOBBBLAERE, D. A. E., SPOONER, P. R., BARRY, W. C. AND IRVIN, A. D" 1984,

Monoclonal antibody neutralizes the sporozoite stage of different Theileria

parva stocks. Parasite Immunology, 6: 361·370,

DOnBELAERB, D, A, E., SHAPIRO, Z. S. AND WEBSTER, P., 1985. Identification of a

surface antigen on Theileria parva sporozoites by monoclonal antibody.

Proceedings of the National Academy oj Sciences, USA, 82: 1771·1775.

OOLAi T. T., 1989. Theileriasis: a comprehensive review. Revue Scielltijique et
Technique, Of/ice International des E'plzooties, 8: 11·36.

DOLAN, T. T., YOUNO, A. S" Loses, G. J" McMILlAN, I" MINDER, CH, E. AND

SOULSBY, I(., 1984, Dose dependent responses of cattle to Tlieilerla parva

stabilnte, lnternatlonal Journal/or Parasitology, 14: 89·95.

DOVER, G., 1982. Molecular drive: a cohc 've mode of species evolution. Nature,
299: 111 .. 117,

ELLIS, R. E, SULSTON, J. E. AND COULSON, A.R.. 1986. The rDNA of Caenorhabdltis
elegans: sequence and structure. Nucleic Acids Research, 14: 2345-2364.

ELWOOD, H. J., OLSEN, G. J. AND SOOIN, M. L" 1985. The small subunit ribosomal

RNA gene sequences from the hypotriclous ciliates Oxvtrtclu: /lova und

Stylonychia nusudata. Molecular Biology lind Evolution, 5. 399·410.

ENGBERG, J., NIELSEN, H" L13NAERS, G., MURAYAMA, 0., FU.llTANI, 1-1, AND

HIOASHINAI<AOAWA, T" 1990. Cornparison of primary and secondary 268

rRNA structures in two Tetrahymena species: evidence for a strong

evolutionary and structural constraint in expansion segments. Journal of
Molecular Bvolution, 30: 514-521 I

EUOUI, E. M. AND EMERY, D. L., 1981. Genetically restricted cell-mediated

cytotoxicity in cattle immune to Theileria parva. Nature, 290: 251-254.

144



CONRAD, P. A., lAMS, K., BROWN,W. C., SOHANPAL,B. ANDOLE-Mar YO!, O. K.,

1987b. DNA probes detect genomic diversity in Theileria parva stocks.

Molecular and Biochemical Parasitology, Z5: 213-226.

CONRAD,P. A., OLE-Mal YOI, O. K., BALDWIN,C. L., DOLAN,T. T., O'CALLAGHAN,
C. J., NJAMUNGGEB,R. E. G., GROOTENHUIS,J. G., STAGG,D. A" LEITCH,B.
L. AND YOUNG, A. S., 1989. Characterization of buffalo-derived theilerinl

parasites with monoclonal antibodies and DNA probes. Parasitology, 98: 179-

188.

CREBMERS,P., 1983. Characterlzatlon of antigens of Theileria parva macroschlzonts

and immune precipitation studies. Journal of Parasitology, 69: 54·59.

DALRYMPLE, B. P., 1990. Cloning and characterlzation of the rRNA genes and
nanking regions from Babesia bovls: use of the genes as strnln dtscrlmlnuting
probes. Molecular and Biochemical PClrClsitoiogy,43: 117-124.

DAME, J. B. ANDMCCOTCHAN,T. F., 1983. The foul' ribosomal DNA units of the
malaria parasite Plasmodium berghel, The Journo' of Biological Chemistry,

258: 6984-6990.

DAVIS, L. G., DIBNER, M. D. ANDBATTEY, J. P. (Eds.), 1986. Basic Methods in
Molecular Biology, Elsevier, Ne:v York.

DAWSON,R.M. C., ELLtOTl\ D. C., ELLIOTT, \V. H. ANDJONES,K. M. (Eels.), 1969.

Data for Biochemical Research, Clarendon Press, Oxford, p. 628.

DE 5MBT,K.A., BROWN,I. N., YATES,M. ANDIvANYI, J., 1995. Ribosomal internal
transcribed spacer sequences are identical among Mycobacterium avium-

intraoellulare complex isolates from AIDS p..tlents, but vary among isolates

from elderly pulmonary disease patients. Microbiology, 141: 2739-2747.

DE Vas, A. J., 1982. The identity of bovine Theileria spp, in South Africa, lvI. Med.
Vet, (Paraslt.) Dissertation, University of Pretoria, Pretoria, South Africa.

DE vos, A. J. ANDRoos, J. AI, 1981 a, The isolation of Theileria? taurotragi in

South Afrlce. Onderstepoort Journal oj' Yeteriu« ... ' isearch, 48: 149-153.

143



CEVALLOS,M. A., PORtA, H., ALAG6N, A. C. ANDLIZARDI,P. M., 1993. Sequence
of the 5.8S ribosomal gene of pathogenic and non-pathogenic isolates of

Entamoeba histolytica. Nucleic Acids Research, 21: 355.

CHAMBERS, C., DUTIA, S. K. AND CROUCH, R. J., 1986. Neurospora crassa
ribosomal DNA: sequence of internal transcribed spacer and comparison with

N. intermedia and N. sitophila. Gene, 44: 159-164.

CHAN, Y., OLVERA,J. AND..WOOL, I. G., 1983. The structure of rat 28S ribosomal

ribonucleic acid inferred from the sequence of uucleotides in a gene. Nucleic

Acids Research, 11: 7819·7831.

CHUNG. C. T., NIEMELA, S. L. ANDMILLER, R. ., 1989. One-step preparation of

competent Escherichia coli: transforrnatiou and storage of bacterial cells in the

same solution. Proceedings of the National Academy of Sciences, USA, 86:

2172·2175.

CHURCH, G. M. ANDGILBERT,W., 1984. Genomic sequencing, Proceedings of the
National Actldemy of Sciences, USA, 81: 1991·1995,

CLARK,J. M., If'~8. Novel non-template nucleotide addltlon reactions cntalysed by

procaryotic and eucaryotic DNA polymerases, Nucleic Acids Research, 16:

9677-9686.

COEN,E. S., STRACHAN,T. ANDCnVER, G., 1982n. Dynamics of concerted evolution
of rlbosomal DNA and histone gene families in the melanogastar species

subgroup of Drosophila. Journal of Molecular Biology, 158: 17·35.

COEN, B. S., THODAY,J. M, ANPDoVER, G., 1982b. Rate of turnover of structural

variants in the rDNA gene family of Drosophila melanogaster, Nature, 295:

564"568.

CONRAD, P. A., STAGG, D. A., GROOTENHUlS,J. G., IRVIN, A. D., NEWSON, J.,
NJAMUNGOEH,R. E. G., ROSSITER,P. B. ANDYOUNG,A. S., 19870. lsolauon

of Thederta parnsltes from African buffalo (Syncel'lIs caller) and

characterization with untl-schtzont monoclonal antibodies. Parasitology, 94:
413·423.

142



oligonucleotides derived from large subunit ribosomal RNA sequences.

Experimental Parasitology, 80: 107"115.

BLOUIN,E. F. ANDSTOLTSZ,W. H., 1989. Comparative infection rates of Thellerui
parva lawr. eel in salivary glands of Rhipicephalus appendiculatus and

R. zambeziensls. Onderstepoort Journal of Veterinary Research, 54: 211·213.

BOTELHO, A. R. AND PLANTA,R. J., 1994. Specific identification of Candida
albicans by hybridization with oligonucleotides derived from ribosomal DNA

internal spacers. Yeast, 10: 709-717.

BOWLES, J. ANDMcMANUS, D. P., 1993. Rapid discriminatlon of Echinococcus
species and strains using a polymerase chain reaction-based RFL? method.

Molecular and Biochemical Parasitology, 57: 231-240.

BROCKLES}3Y,D. W., BARNETT,S. F. AND SCOTf, G. R., 1961. Morbidity and
mortality rates in East Coast fever (Theileria parva infection) and their

application to drug screening procedures, British Veterinary Joumal, 117: 529-

531.

BROW,M. A. D., 1990. Sequencing with Taq DNA polymerase. In: peR Protocols,
M. A. Innis, D. H. Gelfand, J. J. Snlnsky & T. J. White (Eds.), Academic Press,
Sal1 Diego, pp.189-196.

BROWN, D. D., WENSINK, P. C. AND JORDAN, E., 1972. A comparison of the

ribosomal DNNs of Xenopus laevis and Xenopus mulleri: the evolution of

tandem genes .•Iournal of Molecular Biology, 63: 57·73.

CAl, J., COLLINS,M. D., McDoNALD, V. ANDtHOMPSON, D. E., 1992. PCR cloning
and nucleotide sequence determination of the 18S I'RNA genes and internal
transcribed spacer 1 of the protozoan parasites Cryptosporidilillt parvum and

Cl'yptosporidium muris, Blochimlca et Biophysica. Acta, 1131: 317·320.

CARIELLO, N. F" SWENBERG, J. A. AND SKOPEK, T. R., 1991. Fidelity of
Thermocoocus litoralls DNA Polymerase (Vent) in peR determined by

denaturing grudient gel electrophoresis, Nucleic Acids Research, 19:
4193"4198.

141



BARNETT, S. F. ANDBROCKLESBY,D. W., 1966. The passage of Theileria lawrence!

(Kenya) through cattle. British Veterinary Journal, 122' 396-409.

BAYLIS,H. A., SOHAL, S. K., CARRINGTON,M., BISHOP, R. P. ANDALLSOPP,B. A,
1991. An unusual repetitive gene family in Theileria parva which is stage-

specifically transcribed. Molecular and Biochemical Parasitology, 49: 133·

142.

BERGER, J., 1979. Theileria velifPl't demonstrated in cattle in the Eastern Cape

Province of the Republic of South Africa. Journal of the South African

Veterinary Association, 50: 45-46.

BIGALKE,R.D., DE VOS, A J. ANDBAHROWMAN,R. P., 1976. The control of some
tick-borne diseases in South Africa, Bulletin de I' Office International des

Epizooties, 86: 89·100,

BINNINGTON, K. C., YOUNG, A, S, AND OBENCHAIN, p, D., 1983, Morphology of
normal and Theileria parva infected salivary glands of Rhipicephalus
appendlculatus, Journal of Parasitology, 69: 421·424.

BISHOP,R. P., SOHANPAL,B. K., ALLSOPP,B. A, SPOONER,P. R., DOLAN, T. '1', AND

MORZAfUA,S, P, 1993a. Detection of poly morph isms among Theileria parva

stocks using repetitive, telornerio and ribosomal DNA probes and anti-schizont

monoclonal antibodies. Parasitology, 107: 19~31.

BISHOP, R. P., SOHANPAL, B. K. ANDMORZARlA, S. P., 1993b, Theileria parva:

detection of genomic polymorphlsms by polymerase chain reaction

amplification of DNA using arbitrary primers. Experimental Parasitology, 71:
53-61.

BISHOP, R. r. SPOONER, P. R" KANHAI, G, K., KlARlE, J" LATIF, A, A., HOVE, T"
MASAI<A,S. ANDDOLAN,T. T., 1994. Molecular characterisntion of Theileria
parasites: application to the epidemiology of ::Iciledosis in Zimbabwe.

Parasitology, 109: 573-581.

BISHOP, R. P., ALLSOPP, B., SPOONER, P., SOHANPAL, B., MORZARIA, S. AND

GOBlUGHT, E., 1995, Theileria: improved species discrimination using

140



polymerase chain reaction and oligonucleotide probes. Molecular and

Biochemical Parasitology, 35: 137-148.

ALLSOPP,B. A., BAYLIS,H. A., ALLSOPP,M. T. E. P., CAVALIER-SMITH,T., BISHOP,
R. P., CARRINGTON,D. M., SOHANPAL, B. AND SPOONER, P., 1993.

Discrimination between six species of Theileria using oligonucleotide probes

which detect small subunit ribosomal RNA sequences. Parasitology, 107: 157-

165.

ALLSOPP,M. T. E. P., 1994. The phylogeny of Babesia, Theileria and related
parasites and the development of species-specific probes for diagnostic

purposes. Ph. D. Thesis, University of the Witwatersrand, Johannesburg, South

Africa.

ALLSOPP,M. T. E. P., CAVALIER-SMITH,T., DE WAAL,D. T. ANDALLSOPP,B. A.,
1994. Phylogeny and evolution of the piroplasms. Parasitology, 108: 147·152.

ANDERSON, G. R. AND BARKER, S. C., 1993. Species differentiation in the
Dldymozoidae (Digenea): restriction fragment length differences in internal

transcribed spacer and 5,8S ribosomal DNA. International Journal for

Parasitology,23: 133·136.

ANON., 1981. The eradication of East Coast fever in South Africa. Journal of the
South African Veterinary Association, 52: 71-73.

AUSUBEL,F. M., BRENT,R., KINOSTON,R. E., MOORE,D. D., SEIDMAN,J. G., SMITH,

J, A., STRUHL,K., ALBRIOHT,L. M., COEN,D. M. ANDVARKl,A. (Eds.), 1996.

Current Protocols in Molecular Biology, John Wiley and Sons, Inc., New
York.

BANKIER,A. T., WESTON,K. M. ANDBARRELL,B, G., 1987. \~andom cloning and
sequencing by the M13/dideoxynucleotide chain termination method. Methods

ill Enzymology, 155: 5 t~93.

BARNES,W. M., 1992. The Fidelity of Taq polymerase catalysing PCR is Improved

by an N-ter11linal deletion. Gene, 112: 29~3S.

139





ZHUO,L" SAJDAK, S, L. AND PHILUPS, R. B., 1994. Minimal Intraspecific variation

in the sequence of the transcribed spacer regions of the ribosomal DNA of lake

trout (SalveUlllis lla/1lClycusll), Genome, 37: 664-671.

159



UrLENBERG, G., 1981. Theilerial species of domestic livestock. In: Adwllt, JS ill th«
Control a/Theileriosis, A. D. Irvin, M. P. Cunningham &.A. S. Young (Eds.),

Martlnus Nijhoff, The Hague, pp. 4·37.

VAN DER SANDE, C. A. F. M., KWA, M., VANNUES, R.W., VAN Hmm.1KHUlZEN, H.,
RAU~, H. A. AND PLANTA, R. J., 1992. Functional anaiysis of internal
transcribed spacer 2 of Saccharomyces cerevisiae ribosomal DNA. Journal 0/
Molecular Biology, 223: 899·910.

VAN KEULEN, H., CAMPBELL, S. R., ERLANDSEN, S. L. AND JARROLL, E. r., 1991n.
Cloning nnd restriction enzyme mapping of ribosomal DNA of Giardia
duodenalis, Giardia ardeae and Giardta murts, Molecular and Biochemical
Parasitology, 46: 275·284.

VAN KE1JLBN, H'I HORVAT, S., ERLANDSEN, S. L. AND JARROLL, E. L., 1991b.
Nucleotide sequence of the 5.8S and hlt'go subunit l'l<NA genes and the internal
transcribed space!' and part of the external spacer from Giardia ardeae, Nucleic
Acids Resea,.",!, 19: 6050.

WATERS, A. P. I\.~DMCCUTCHAN, T. P., 1989. Rapid, sensitive diagnosis of malaria
based on ribOS0!l1111 RNA. Lancet, it 1343·1346.

WA1'ERS, A, P., SYIN, C, ANDMCCUTCHAN, T. F" 1989. Developmental regulntion

of stage-specific ribosome populations in Plasmodium. Nature, 342: 438·440.

WAYNE, L. G., GOOD, R. C.! BO'ITClER, E, C., BUTLER, R" DORSCll, M" EZAKI, T"
GROSS, W., JONAS, V" KILBURN, J., KIRSCHNER, P., KRICHrlVS!{Y, M. I.,
RTDELL,M., SHINNICK, T. M., SPRINGER, B., STACKEBRANDT, E., TARNOK, Z.,

TASAI<A, H., VINCENT, V., WARREN, N. Q., KNO'IT, C. A. AND JOHNSON, H."
1996. Semantlde- and eheruotaxonorny-based analyses of some problematic

phenotypic clusters of slowly growing mycobacterla, a cooperative study of the

Intematlonul Working Group on Mycobncterial Taxonomy. International
JO/(/'II(/I oj'Systematic Bacteriology, 46: 280-297.

WILSON, 1(. H" 1995. Molecular biology (IS n tool for taxonomy, CUnicalInjectiolls
Diseases, 20 Suppl2: S 117-S 121.

158



STRACHAN,T., COEN, E. S., WEBB,n. A. ANDDOVER, G. A., 1982. Modes and rates

of change of complex DNA families of Drosophila. Journal of Molecular

Biology, 158: 37·':4.

SUGIMOTO, C., MUTHARIA, L. M., CONRAD, P., DOLAN, T. T., BROWN, W. C.,
GODDEElUS, B. M. AND PEARSON,T. W., 1989. Protein changes in bovine
lymphoblastord cells induced by infection with the intracellular parasite

Theileria parva, Molecular and Biochemical Parasitology, 37: 159·169.

THEILER,A., 1905. Report of the Veterinary Bacteriologist, 1903·1904. In: Report
of the Transvaal Department of Agriculture, lsi Jilly 1903 to 30th June 1904.
Government Prlntlng and Stationary Office, Pretoria, pp, 79·248.

THEILER,A., 1906. Piroplasma mutans (n. spec.) of South African cattle. Journal of
Comparative Pat/wIOB)' and Therapeutics, 19: 292-300.

THOMPSON,J. D., HIGOINS,D. G. ANDGIBSON,T. J., 199,l. CLUSTAL W: improving.
the sensitivity of progressive multiple sequence alignment through sequence
weighting, positions-speciflc gap penalties and weight matrix choice. Nucleic
Acids Research, 22: 4673·4680.

TINDALL,K. R. ANDKUNKEl.,T. A., 1988. Fidelity of DNA synthesis by the Thermus
aquaticus DNA polymerase. Biochemist,:v, 27: 6008-6013.

TOYE, P. G., GODDEBlUS,B. Iv!., IAMs, K., Mt1S0KE, A. J. ANDMORRISON,W. I.,
1991. Charactcrlzutlou of a polymorphic lmmunodorninnnt molecule in
sporozoites and schizonts of11l1.iileriaparva. Paraslte Immunology, 13: 49·62.

TOYE, P. G., METZELAAR,M . .T., WUNOAARD,P. L. J.,NUNE,V., lAMS,K., ROOSB, J.,
NYANJUI, .T. K., GOBRIGH1\ E., MtJSOKE, A. J. AND CLEVERS, H. C., 1995.
Characterlzatlon of the gene encoding the polymorphic lmmunodomlnant

molecule, a neutralizing antigen of Theileria parva, Tile Joumal of
Immunology, 155: 1370-1381.

Un.ENBERG, G., 1976. Tick-borne livestock diseuses and their vectors. 2.

Epizootiology of tick-borne diseases. World Animal Review, 17: 8·15.

157



SOorN, M. L., 1990. Amplification of ribosomal Ri'l'A genes for molecular evolution

studies. In: peR Protocols: A guide to Methods andApplications, M, A, Innis,
D.1-1. Gelfand, J. J. Sninsky, & T. J, White (Eds,), Academic Press, San Diego,

pp. 307-314.

S'tACKEBRANDT,E. ANDGOBBEL,B. M., 1994. Taxonomic note: a place for DNA·
DNA reassociation and 16S rRNA sequence: analysis in the present species

definition in bnctel'iology.llltemlltiollal Journal ofSvstematic Bacteriology,

44: 846-849.

S'fADEN,R., 1994. The Stnden package. In: Methods in Molecular Biology, Vol 25,
A.M. Griffin and H.G. Griffin (Bds.), Humann Press Inc .. Totawa, NJ, pp.

9-170.

STAGG,D. A., CHASB\', D., YOUNG,A. S., MORZARIA,S. P. ANDDOLAN,T. 1'., 1980.
Synchronization of the dlvlslon of Theileria rnacroschlzonts and their
mammullan host cells, Annals of'lrapica! Medicine and Parasitology, 74: 263·

265.

STAGG, D. A., DOLAN, T. 1'., Larrea, B. L. ANDYOUNG, A. S., 1981. The initial
stages of Infectlou of cattle cells with Theileria parva sporozoltes ill vitro.
Parasitology,83: 191·197.

STAGG,D. A., BISHOP,R. P., MORZARIA,S. P., SHAW,M. K., WESONGA,D., ORINI)J\,

G. 0" GROO'l'BNHUIS,J. G., MOt.YNEUX, D. H. AND YOUNG, A. S., 1994.
Cliaraoterizntion of Theiler ,Ulrva Which infects waterbuck (Kobus defusso),

ParasitoloBY, 108: 543·5!1'h

STAHL, D. A. AND URBANCE, J. W., 1990. The division between fast- and slow-

growing species corresponds to nntuml relctlonshlps among the mycobacteria,
Journal 0/ BacterioloBY, 172: 116-124.

STOLTSZ,W.H., 1989. Theileriosis In South Africa: n brlef'revlew. Revue Scientlfiqu«
at Technique, o.t.fice lnteruational des !1'piwoties, 8: 93-102.

156



Mycobacterium. International Journal afSystematic Bacteriology, 40: 323~330.

SAIKI, R. K., :SUOAWAN.T. L., HORN, G. T., MULLIS, K. B. ANDERLICH,H. A., 1986.

Analysis of enzymatically amplified P-globilland HLA-DQa DNA with allele-

specific ollgonucleotide probes. Nature, 324: 163-166.

SAIKI,R. K., GELFAND,D. H., STOFFEl.,S., SCHARF,S. J., HIGUCHI, R., HORN, G. T.,
MULLIS, K. B. AND EHRLICH, H. A., 1988. Primer-directed enzymatic
amplification of DNA with 1\ thermostable polymerase. Science, 239: 487·491.

SAMBROOK, J., FRITSCH, E. P. AND MANIATIS, T., 1989. Molecular cloning, a
laboratory manual (Second Edition). Cold Spring Harbor Laboratory Pres,

New York.

SANOER,P., NrcKLEN, S. ANDCOULSON,A. R., 1977. DNA sequencing with chain-
terminating lnhlbltors, Proceedings oftlw National Academy of Sciences, USA,
74: 5463·5467.

SCHL{j'fl'ERER, C., HAUSER, M.-T., VON HAESELER, A. AND TAUTZ, D., 1994.
Comparative analysis of rDNA ITS regions in Drosophila. Molecular Blolov,
and Evolutiott; 11: 513·522.

SHAPIRO, 5, Z., FUJISAKI, K., MORZARIA, s. p" WEBSTER, P., FUJINAGA, '1'.,
SPOONER,P. R. ANDIRVIN,A. D., 1987. A life-cycle stage ..speciflc andgen of

Theileria parva recognized by nnti-macroschizont monoclonal antibodies.

Parasitology, 94: 29·37.

SHIPPEN-LENTZ, D., AFROZB, T. AND VEZZA, A. C., 1990. Heterogeneity and
expression of the Plasmodium falciparlllll 5.8S ribosomal RNA genes.

Molecular and Biochemical P(ll'asitology, 38: 113·120.

SMITH. S., 1992. Genetic Datu Bnvlronment, version 2.0: Docurnentation. (Harvart!
University & University of Illlnols),

SOBER, H. A., 1970. Handbook of Biochemistl)' (Second Edition). Tho Chemlcnl
Rubber Company, Cleveland, Ohio.

155



NORVAL,R. A I., LAWRENCE,J. A, YOUNG,A. S., PERRY,B. D., DOLAN, T. T. AND
SCOTT, J., 1991. Theileria /){/I'va: influence of vector, parasite and host

relationships on the epidemiology of theileriosis in southern Africa.

Parasitology, 102: 347-356.

NORVAL,R. A I., PERRY,B. D. ANDYOUNG,A S. (Eds.), 1992. The Epidemiology

of Theileriosis in A/rica, Academic Press, London.

PERSING,D. H., MATHIESEN,D., MARSHALL,W. F., TELFORD,S. R., SPIELMAN,A.,
THOMFORD,J. W. ANDCONRAD,P. A., 1992. Detection of Babesia mlaroti by
polymerase chain reaction. Journal of Clinical Microbiology, 30: 2097·2103.

PINDER, M. AND HEWETT, R. S., 1980. Monoclonal antibodies detect antigenic

diversity in Theileria parva parasites. Journal of Immunology, 124: 1000-100 I.

PORTER, C. H. AND COLLINS, F. H., 1991. Spectes-dlagnostlc differences in a
ribosomal DNA internal transcribed spacer from the sibling species Anopheles

freaborn; and Anopheles liermsi; American Journal of Tropical Medicine and
Hygiene, 45: 271 ·279.

POTGIETER,F. T., STOLTSZ,W. H., BLOUIN,E. F., ANDROoS, J. A., 1988. Corridor
disease in South Africa: a review of the current status. Journal of the South

African Vete"inary Association, 59: 155- 160.

RADLEY, D. E., 1981. Infection and treatment method vf immunisation against
thclleriosis, In: Advances ill tile Control of Theileriosis, A D. Irvin, M. P.
Cunulnghun & A. S. Young (Bds.), Martlnus Nijhoff, The Hague, i'P. 227-23'7.

REDDY,G.a, CHAKRABARTl,)),' YOWELL,C. A ANDDAME, J, B" 1991. Sequence
microheterogeneity of the three small subunit ribosomal RNA genes of Babesia
bigemina: express it, 1 in erythrocyte culture. Nucleic Acids Res(J(lrch, 19: 3641-
3645.

RIDLEY,M., 1993. Evolution, Blackwell Scientific Publications, Boston.

ROGALI., T., WQl"TERS, J., FLOHR, T. AND BOTTGER, E. C" 1990. Towards a

phylogeny and definition of species at the molecular level wlthtn the genus

154



NAZAR, R. N., 19R4.The l'ibosomal5.8S RNA: eukaryotic adaptation or processing

variant? Canadian Journal of Biochemistry and Cell Biology, 62: 311·320.

NEITZ,W.O., 1948. Studies on East Coast fever. South African Science, 1: 133·135.

Narrz, W.O., 1955. Corridor disease: a fatal form of bovine theileriosis encountered

in Zululand. Bulletin of Epizootic Diseases of Africa, 3: 121·123.

NEITZ, W.O., 1957. Theileriosis, gonderiosis and cytauxzoonosls, A review.

Onderstepoort Journal of Veterinary Research, 21: 275·430.

NEITZ, W. a., 1958a. Corridor disease. Bulletin of Epizootic Diseuses of Africa, 6:

65.

NEITZ, W.O., 1958b. Can Corridor disease-recovered cattle serve as reservoirs of

Gonderia lawrenceil Bulletin of Epizootic Diseases of Africa, 6: 151·154.

NEITZ, W. 0" CANHAM,A. S, AND KLUGE, E, B., 1955. Corridor disease: a fatal f01'111

of bovine theileriosis encountered in Zululal1d. Journal (),f tile South Aji'ican

Veterinary and Medical Association, 26: 79-87.

NEITZ, W. O. ANDJANSEN,B. C., 1956, A discussion on the classification of the

Theileridae, Onderstepoort Journal of Vetc'rillary Research, 27: 7·18.

NnNE, V., JAMS, K, P., GOBRlGHT, E. AND MUSOKE, A. .T" 1992. Characterisntion of
the gene encoding a candidate vaccine antigen of Theileria pUrV{1sporozoites,
Molecular and Biochemical Parasitology, 51: 17·28.

NENE, V., lNuMARU, S., McKEEVER, D., MORZARIA, S., SHAW, M, AND MUSOKU, A.
J.• 1995. Characterisation of all insect cell-derived Theileria parva sporozoite
vncclne antigen and lmrmrnogenlcity in cattle, Infection (lilt! Immunity, 63:

503·508.

NENE, V., MUSOKB, A., GOBRIOHT, E, AND MORZARIA, S., 1996. Conservation of the

sporozoite p67 vaccine antigen ill cattle-derived Theileria parva stocks with

different cross-immunity profiles. Infection and imlllullity, 64: 2056·2061.

NOLLER, H, F., 1984. Structure of ribosomal RNA. Annual Revie» of Biochellli,\'tI:V,
53: 119·162,

153



NAZAR,R. N., 1984. The ribosomal 5.88 RNA: eukaryotic adaptation or processing

variant? Canadian Journal of Biochemistry and Cell Biology, 62: 311-320.

NEITZ.W.O., 1948. Studies on East Coast fever. South Africcill Science, 1: 133-1:15.

NEITZ,W.O., 1955. Corridor disease: a fatal form of bovine theileriosis encountered

in Zululand, Bulletin of Epizootic alseases of Africa, 3: 121-123.

NEITZ, W.O., 1957. Theileriosis, gonderiosis and cytauxzoonosis. A review.

Onderstepoort Journal of Veterinary Research, 27: 275-430.

NEITZ, W.O., 195811.Corridor disease. Bulletin of Epizootic Diseases of Africa, 6:

65.

NEITZ, W.O., 1958b. Can Corridor disease-recovered cattle serve as reservoirs of

Gonderia lawrenceit Bulletin of Epizootic Diseases of Africa, 6: 151-154.

NEITZ,W.O., CANHAM,A. S. ANDKLUGE,E. B., 1955. Corridor disease: a fatal form
of bovine theileriosis encountered in Zululand, Journal of the Souili African

Veterinary and Medical Association, 26: 79-87.

NEITZ, W.O. ANDJANSEN,B. C., 1956. A discussion on the classification of the

Theilerldae. Onderstepoort Journal ofVeterillmy Research, 27: 7-18.

NENE,V., lAMs, K. P., GOBRIGH1\E. ANDMUSOKE, A. J., 1992. Characterisation of
the gene encoding a ca-didate vaccine antigen of Theileria [larva sporozoites,

Molecular and Biochemical Parasitology, 51: 17~28.

NBNB,V., J,NOMARU,S., McKEEVER, D., MORZARIA,S., SHAW,M. ANDMUSOI<E,A.
J., 1995. Characterisation of an insect cell-derived Theileria parva sporozoite
vaccine antigen and immuuogenicity in cattle. Irfectton and lmmunlty, 63:
503-508.

NENE,V., MUSOI<E, A., GOBRIGHT,E. ANDMORZARIA,S., 1996. Conservation of the

sporozoite p67 vaccine antigen in cattle-derived Theileria parva stocks with

different cross-immunity profiles. Infection and Immunity, 64: 2056~2061.

NOLLER,H. F., 1984. Structure of ribosomal RNA. Annual Review of Biochemistry.
53: 119·162.

153



MUSISI,F. L., JONGEJANF. ANDPEGRAM,R. G., 1984. Isolation and transmission of

Theileria mutans (Chlsamba) ir Zambia. Research in Veterinary Science, 36:

129·131.

MUSOKE,A. J. ANDNENB,V., 1990. Development of recombinant antigen vaccines
for the control of Theileriosis. Parassitologia, 32: 73-85.

MUSOKE,A.J.,NANTULYA, V. M.,BusCHER,G.,MASAKE,R. A. ANDOTIM,B., 1982.
Bovine immune response to Theileria parva: neutralizing antibodies to

sporozoites, Immunology: 45, 663-668.

MUSOKE,A. J., NANTULYA,V. M., RURANGIRWA,F, R. ANDBUSCHER,G., 1984.
Evidence f01' a common protective antigenic determinant on sporozoites of

several Theileria parva strains. Immunology, 52: 231-238.

MUSOKB, A. J., MORZARIA,S., NKONGE,C., JONES, E. ANDNBNE, V., 1992. A
recombinant sporozoite surface antigen of Theileria parva btl'lces protection

in cattle. Proceedings of the National Academy of Sciences, USA, 89: 514-518.

MUSOKE,A. J., NENE,V. ANDMORZARIA,S., 1993. A sporozoite-bused vaccine for

Theileria parva, Parasitology Today, 9: 385-388.

MUSTERS,W., BOON,K., VANDERSANDE,C. A. F. M., VANHEERIKHUIZEN,H. AND
PLANTA, R. L, 1990. Functional analysis of transcribed spacers of yeast

ribosomal DNA. 11w EMBO Journal, 9: 3989-3996.

MUTHUMEENAKSHI,S., MILLS, P. R., BROWN, A. E. AND SEABY, D. A" 1994.
Intraspecific molecular variation among Trichoderma harzianum isolates

colonizing mushroom compost in the British Isles. Microbiology, 140:

769-777.

MUTUGI, J. J., YOUNG, A. S., MARITIM,A. C., NDUNGU, S. G., MINING, S. K.,

LINYONYI,A., NauMI, P. N., LEITCH,B. L., MORZARIA,S. P. ANDDOLAN,T.
T., 1989. Immunisation of cattle agalnst theileriosis in Coast Province, Kenya:
laboratory evaluation of a Theileria parva parva stabllate for 'use in 'infection

and treatme t' immunisation in the field. Research in Veterillary Science, 47:
170-177.

152



MITCHELL, T. G., WHiTE, T. J. ;\ND TAYLOR, J. W., 1992. Comparison of 5.8S
ribosomal DNA sequences among the basidiomycetous yeast genera
Cystofllobasidium, Filobasidium and Fllobasidiella . Journal oj Medical and
Veterinary Mycology, 30: 207-218.

MOLL, G., LOHDING, A, YOUNG, A. S., AND LEITCH, B. L, 1986. Epidemiology of

theileriosis in calves in an endemic urea c Kenya. Veterinary Parasitology, 19:

255·73.

MORALES, V. M., PELCHER, L. E. AND TAYLOR, J. L., 1093. Comparison of the 5.8S
rDNA and internal transcribed spacer sequences of isolates of Lepo:: haeria

maculans from different pathogenicit', groups. Current Genetics. 23: ·i90-495.

MORRISON, W. 1. AND GODDEERlS, B. t·!., 1990. Cytotoxic T cells in Immunity to
Theileria parva in cattle. Current Topics in Microbiology and Imll1ullo{ogy,

155: 79-93.

MORRISON, W. I., GODDEERIS, B. M., TEALE, A. J., GROOCOCK, C. M., KEMP, S. J.
AND STAGG, D. A, 1987. Cytotoxic T-cells elicited in cattle challenged with
Theileria parva (Muguga): evidence for restriction by class I MHC

determinants and parasite strain specificity. Parasite Immunology, 9: 563-678.

MORZARlA, S. P. AND YOUNG, J. R., 1992. Restriction mapping of the genome of the
protozoan parasite Theileria parva. Proceedings of the National Academy of
Sciences, USA, 89: 5241·5245.

MORZARIA, S. P., SPOONER, P. R., BISHOP, R. P., MUSOl<E, A J. AND YOUNG, J. R.,
1990. S.fil and Notl polymorphisms in Theileria stocks detected by pulsed field

gel electrophoresis. Molecular and Biochemical Parasitology, 40: 203-212.

MORZARIA, S. P., DOLAN, T. T ••NORVAL, R. A. 1" BISHOP, R. P. AND SPOONER, P. R.,
1995. Generation and characterlzation of Theileria parva parasites.

Parasitology, 111: 39·49.

MUSISI, P. L., KILGOUR, V., BROWN, C. G. D. AND MORZARIA, S. P., 1981.

Prelimlnury lnvestlgations on isoenzyme variants of lymphoblastoid cell lines

infect"r,l.with Theileria species. Research in Veterinary Science, 30: 38-43.

151



Author: Collins, Nicola Elaine.
Name of thesis: The relationship between Theileria parva parva and T.p. lawrencei as shown by sporozoite antigen
and ribosomal RNAgene sequences.

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2015

LEGALNOTICES:

Copyright Notice: All materials on the Un ive rs ity of th e Witwa te rs ra nd, J0 han nesb u rg Li b ra ry website
are protected by South African copyright law and may not be distributed, transmitted, displayed or otherwise published
in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page)for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.


