UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

e

b

W UNIVERSITEIT VAN PRETORIA
foont

CHAPTER 5
Sequence variation and molecular phylogeny of novel
Theileria buffeli-like and Theileria sinensis-like genotypes of the
African buffalo (Syncerus caffer) based on their 18S rRNA gene

and internal transcribed spacer (ITS) sequences

5.1 Abstract

In a previous study, we identified 7. buffeli from samples originating from the African buffalo
(Syncerus caffer) in South Africa. The aim of this study was to characterize these 7. buffeli
genotypes, and to establish their phylogenetic positions based on their 18S rRNA gene and internal
transcribed spacer (ITS) sequences. The 18S rRNA gene and the complete ITS (ITS1-5.8S-1TS2)
region was amplified from DNA extracted from blood samples originating from buffalo in the
Hluhluwe-iMfolozi Game Park (HIP) and the Addo Elephant Game Park (AEGP), and cloned and
sequenced. We identified novel 7. buffeli-like 18S rRNA gene and ITS genotypes from buffalo in
the AEGP, and novel T. sinensis-like 18S rRNA genotypes from buffalo in the HIP. Phylogenetic
analyses indicated that the 7. buffeli-like sequences are similar to 7. buffeli-like sequences from
cattle and buffalo in China and India, and the 7. sinensis-like sequences are similar to 7. sinensis
18S rRNA sequences of cattle and yak in China. There was extensive sequence variation between
the novel T. buffeli genotypes of the African buffalo and previously described T. buffeli and T.
sinensis genotypes. The presence of organisms with T. buffeli-like and T. sinensis-like genotypes in
the African buffalo is of significant importance, particularly to the cattle industry in South Africa as
these animals might act as sources of infections to naive cattle. This is the first report on the
characterization of the full-length 18S rRNA gene and ITS region of T. buffeli-like and T. sinensis-
like genotypes in South Africa. Our study provides invaluable information towards the
classification of the complex T. buffeli/T. sergenti/T. orientalis group of benign and mildly

pathogenic species.
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5.2 Introduction

Theileria buffeli/Theileria sergenti/Theileria orientalis is a group of closely related parasites of
cattle and buffalo with a cosmopolitan distribution. They infect cattle and buffalo in Africa,
Australia, Asia, Europe and the United States of America (USA) (Chae et al., 1998; Chansiri et al.,
1999; Cossio-Bayugar et al., 2002; Sarataphan et al., 2003; Aktas et al., 2007; Altay et al., 2008;
M’ghirbi et al., 2008; Gimenez et al., 2009, Liu et al., 2010a, Wang et al., 2010). Ticks of
Haemaphysalis spp. act as vectors in Australia, Asia and Europe, but the vectors in Africa and the
USA are still unknown (Yin et al., 2004; Bendele, 2005; M’ghirbi et al., 2008). Benign isolates
from Britain, Australia and the USA were initially designated as 7. mutans as their pathology was
similar to that of 7. mutans (Chae et al., 1999¢). However, further studies indicated that 7. mutans is
an African species and is serologically and genetically distinct from other benign Theileria spp.

(Morzaria et al., 1977, Chae et al., 1999¢).

Theileria sergenti and T. orientalis were first described from eastern Siberia in the early 1930s by,
respectively, Yakimoff and Dekhtereff, and Yakimoff and Soudatschenkoff, while 7. buffeli was
first described from the Asian water buffalo (Bubalus bubalis) in 1908 by Schein (reviewed by
Fujisaki et al., 1994). The classification of these benign parasites is still confusing and is
complicated by their similar morphology, serology, vector transmission, geographical distribution,
difficulties in obtaining pure isolates and incomplete life-cycles (Uilenberg et al., 1985; Chae et al.,
1999c; Chansiri et al., 1999; Yin et al., 2004; M’ghirbi et al., 2008, Uilenberg, 2011). It is still
unclear if these organisms represent the same species or different species. Theileria sergenti is
pathogenic to cattle and yak, and is regarded as a separate species from the benign 7. buffeli/T.
orientalis (Kawazu et al., 1999). Other authors (Fuujisaki, 1992; Chae et al., 1999a; Uilenberg,
2011) indicated that although the term “7. sergenti” has traditionally been used for this species, 7.
sergenti actually refers to a sheep parasite and it was incorrectly termed as a parasite of cattle and
buffalo. Due to all this confusion, Uilenberg et al. (1985) suggested that the benign species (7.
buffeli/T. orientalis) should be classified as T. orientalis. However, the term T. buffeli is preferred
over T. orientalis on the basis of molecular data, as well as the fact that all characterized isolates are

infective for buffalo (Steward et al., 1996).

Gubbels et al. (2000) proposed that these organisms should be referred to as 7. buffeli until more
biological data becomes available for further classification, and the names T. orientalis and T.
sergenti should only refer to isolates that have been previously described under these names.

Another closely related species, Theileria sinensis, was recently described in China and is also
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regarded as a cause of bovine theileriosis in that country (Bai et al., 2002a; b, cited by Yin et al.,

2004).

Molecular biology studies based on the 18S ribosomal RNA (rRNA) gene, internal transcribed
spacers (ITS), major piroplasm surface protein (MPSP) gene and other genetic markers have
provided useful information on the epidemiology, diagnosis, taxonomy and phylogeny of these
benign Theileria spp. (Allsopp et al., 1994; Chae et al., 1998, Chansiri et al., 1999; Gubbels et al.,
2000, 2002; Sarataphan et al., 2003; M’ghirbi et al., 2008; Liu et al., 2010a; b; Wang et al., 2010;
Kamau et al., 2011). However, there is no molecular data on these species in the African buffalo
(Syncerus caffer) in South Africa although T. buffeli has been identified in some buffalo populations
in this country (Chapter 3). The aims of this study were to: (1) sequence the 18S rRNA gene and
complete ITS (ITS1-5.8S-ITS2) region of T. buffeli of the South African buffalo; (2) determine the
level of genetic variation between novel 7. buffeli-like and T. sinensis-like genotypes of the African
buffalo with known 7. buffeli and T. sinensis genotypes; and (3) to establish their phylogenetic
positions based on their 18S rRNA gene and ITS sequences.
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5.3 Materials and Methods
5.3.1 DNA samples

A molecular epidemiological survey based on the 18S rRNA gene was previously carried out to
determine the prevalence of Theileria spp. from the African buffalo in different geographic areas in
South Africa and Mozambique using the reverse line blot (RLB) hybridization assay (Chapter 3).
Theileria buffeli was identified from buffalo blood samples originating from the Hluhluwe-iMfolozi
Game Park (HIP) (Chapter 3). From these results, four samples (HIP/A2, HIP/A4, HIP/CS,
HIP/C23) were selected for the characterization of their full-length 18S rRNA genes, and the
complete ITS (ITS1-5.8S-1TS2) region was characterized from ten samples (HIP/A36, HIP/B62,
HIP/C11, HIP/C13, HIP/C15, HIP/C18, HIP/C19, HIP/C23, HIP/C25, HIP/C27). Theileria buffeli
is also known to occur in buffalo in the Addo Elephant Game Park (AEGP), Eastern Cape Province,
South Africa. The parasite 18S rRNA gene and ITS region were also characterized from seven
samples originating from buffalo in the AEGP (AEGP/65, AEGP/66, AEGP/69, AEGP/70,
AEGP/73, AEGP/74, AEGP/76). These samples were analysed by the RLB hybridization assay in a

separate study.

5.3.2 Amplification, cloning and sequencing of the full-length 18S rRNA gene

The 18S rRNA gene and ITS from all samples were amplified, cloned and sequenced separately as
we were unable to amplify the approximately 3 kb rDNA fragment which spans both regions. For
this reason, in the samples originating from HIP, cloned 18S rRNA gene and ITS sequences from

the same sample could not be directly compared due to mixed infections.

The full length 18S rRNA genes of 11 samples (4 from HIP and 7 from AEGP) were amplified by
conventional PCR using forward primer Nbab-1F and reverse primer 18SRev-TB (Chapter 3).The
reaction mixture and cycling conditions were as described in Chapter 3. The resulting amplicons
were purified using the QIAquick PCR Purification Kit (Qiagen, Southern Cross Biotechnologies).

Amplicons of four reactions per sample were pooled to avoid 7ag polymerase induced errors.

For the HIP samples, which all contained mixed Theileria spp. infections and therefore could not be
directly sequenced, purified amplicons were ligated into the pGEM-T Easy Vector and transformed
into E. coli IM109 High Efficiency Competent cells (Promega, Madison, WI). At least 5 positive
white colonies were selected per sample. Recombinant plasmid DNA was extracted from overnight
bacterial cultures using the High Pure Plasmid Isolation kit (Roche Diagnostics, Mannheim,
Germany). The plasmids were initially screened by sequencing using the ABI BigDye™

Terminator Cycle Sequencing Ready Reaction kit (PE Applied Biosystems), 350 ng plasmid DNA
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and 3.2 pmol of primer RLB-F2. The obtained sequences were subjected to a BLASTn (Altschul et
al., 1990) similarity search. The full-length 18S rRNA genes of recombinants with sequences that
were closely similar to the published 18S rRNA gene sequences of 7. buffeli or T. sinensis were
subsequently sequenced using primers Nbab-1F, 18SRev-TB, RLB-R2, BT18S-2F, BT18S-3F,
BT18S-4F, BT18S-4R, SP6, T7 (Chapter 3). For samples from the AEGP, which had single
Theileria species infections, full-length 18S rRNA genes were directly sequenced using ABI
BigDye™ Terminator Cycle Sequencing Ready Reaction kit (PE Applied Biosystems), ~40 ng of
PCR product and 3.2 pmol of each primer. Sequencing was done on an ABI3100 genetic analyzer at
the sequencing facility of the Agricultural Research Council-Onderstepoort Veterinary Institute
(ARC-OVI), South Africa.

5.3.3. Amplification, cloning and sequencing of the ITS (ITS1-5.8S-ITS2) region

A nested PCR protocol was used to amplify the complete parasite ITS region. The primary reaction
contained 2.5 ul (~75 ng) genomic DNA, 0.1 pM each of primer 1055F (5’- GGT GGT GCA TGG
CCG-3’) and LSUR300 (5’-T(A/T)G CGC TTC AAT CCC-3’) (Holman et al., 2003; Aktas et al.,
2007), 1.5 mM MgCl,, 200 pM dNTPs, High Fidelity Enzyme blend (concentration unknown) and
nuclease-free water to a total volume of 25 ul. The thermal cycling programme was done at an
initial denaturation at 96°C for 3 min, followed by 30 cycles of denaturation at 94°C for 30 s;
annealing at 50°C for 30 s; extension at 72°C for 3 min; a final extension at 72°C for 7 min and
then hold at 4°C. Primers ITSF (5’-GAG AAG TCG TAA CAA GGT TTC CG-3’) and LSURS0
(5’-GCT TCA CTC GCC GTT ACT AGG-3’) (Holman et al., 2003) were used for the nested PCR.
The reaction mixture was as above, except that 1 pl (~ 30ng) of the primary PCR product was used
as template. The cycling conditions were also as above, except that annealing was done at 60°C for

30 s and extension was done at 72°C for 2 min.

Amplicons of the correct size (approximately 1200 bp) were excised from ethidium-bromide stained
gels and purified using the Qiaquick Gel Extraction Kit (Qiagen, Southern Cross Biotechnologies),
after which they were directly ligated into the pGEM-T Easy Vector and transformed into E. coli
IJM109 High Efficiency Competent cells (Promega, Madison, WI). Sequencing reactions were done
using the ABI BigDye'™ Terminator Cycle Sequencing Ready Reaction kit (PE Applied
Biosystems), ~300 ng of plasmid DNA and 2 pmol each of primers ITSF, SP6 and T7. The
reactions were purified by the Zymo research sequencing clean-up kit (Inqaba Biotechnogies, South
Africa) according to the manufacturer’s protocol, and analysed with an ABI 3500XL genetic

analyzer. Sequencing was done at Inqaba Biotechnologies, South Africa.
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5.3.4 Sequence and phylogenetic analyses

The sequences were assembled and edited using the GAP4 program of the Staden package (version
1.6.0 for Windows) (Bonfield et al., 1995; Staden et al., 2000). A BLASTn homology search of
GenBank was done using the full length consensus sequences. These were then aligned with 18S
rRNA gene sequences (Table 5.2) or ITS sequences of related genera from GenBank using the
MAFFT (multiple sequence alignment programme) v6 employing the FFT-NS-1 algorithm (Katoh
et al., 2005). The alignments were manually examined and edited across their full-lengths, and then
truncated to the size of the smallest sequence using BioEdit v7 (Hall, 1999). Sequences with PCR or
sequencing-induced artifacts (Thompson et al., 2002) were eliminated from the alignments. A total
of 58 (new and known) 18S rRNA gene sequences (1514 characters), and 30 ITS sequences (1510
characters) for the complete ITS region, were analysed. Estimated evolutionary divergence was
calculated by determining the number of nucleotide differences between similar sequences over a
region of 1499 and 1215 nucleotides for the 18S rRNA gene and ITS sequences, respectively.
Nucleotide differences were also determined in the V4 hypervariable regions of the 18S rRNA

sequences, and in the ITS1, 5.8S gene and ITS2 regions of the ITS sequences.

Phylogenetic trees were inferred from the alignments by the neighbor-joining method (Saitou and
Nei, 1987), maximum parsimony and maximum likelthood methods using PAUP* v4bl10
(Swofford, 2003). These were done in combination with bootstrapping (1000 replicates). Bayesian
inference was done using MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003), accessible via the
Computational Biology Service Unit, Cornell University. For comparison of the phylogenetic trees,
18S rRNA gene and ITS sequences of the same species or isolate were included, where possible.
The 18S rRNA gene and ITS sequences of Babesia canis, B. caballi and B. orientalis were included
as outgroups to root the phylogenetic trees. All consensus trees were edited using MEGA4 (Tamura

et al., 2007).
5.3.5 GenBank Accession numbers

The near full-length 18S rRNA gene sequences have been deposited in GenBank under accession
numbers JQ037779 — JQ037790: The complete ITS sequences have been deposited in GenBank
under accession numbers JQ0377791 —JQO037795.
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construction of phylogenetic trees.

Thelleria sp. type A
T sergenti

7. sergenti

T bufeh

T bufelt Marula
Theileria sp. type B
T. sergenti (Ikeda)
Theileria sp. type B1
T sergenti (Ikeda)
TypeC

T. butiel:

T bufelt

Theileria sp. Macheng
Theilerta sp. Xiaogan

TypeD

T. sinensis

7T. sinensis

Theilerta sp China (cattle)
Theileria sp. Thung Song

TypeE
Thetlerta sp. Ipoh
Theileria sp. Hongan

T, bufeli Warwick
T, bufeh

T. bugfeh (cow)
Theilera sp. Hubei
T bugelt

T buffedi China
T buffed

7. bufleh Indian
AEGP/65/18S
AEGP/66/18S
AEGP/69/18S
AEGP/70/18S
AEGP/73/18S
AEGP/74/18S
AEGP/76/18S
HIP/A2/a
HIP/A4/c
HIP/A4/e
HIP/C23/a
HIP/C23/b
Type H
Theileria sp. Medan

Accession number

uU97047
AF081137
EUD83802
AF236097
Z15106
U97048
AY661515
U97049
AB000271
U97051
EU407240
AT616716
DQ256380
DQ256381

uU97052

EU277003
EU274472
AF036336
ABOD0270

U97053
ABO00273
DQ286801

AB000272
FJ225391

DQ289795
DQ104610
AF236094

DQ104611
HM538212
EF126184
JQD37779
JQO037780
JQ037781
JQ037782
JQO037785
JQ037783
JQ037784
JQ037790
JQ037786
1Q037787
JQ037788
JQO037789
U97050
ABO0D274

Country of origin

USA, Korea, Japan
China

China

China

Kenya

USA, Korea, Japan
Japan

USA, Korea
Japan

Korea

Tunisia*

Portugal *

China

China

USA, South Korea
China
China
China
Thailand
Korea
Malaysia
China
Australia
Spain
Spain
China
Australia

China

China

India

South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
Korea

Indonesia

* Partial sequences were not included in the phylogenetic trees.
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Table 5.1: 18S rRNA gene sequences of 7. buffeli-like isolates and field samples used in the

Reference

Chaeetal, 1998
Gubbels etal., 2000
Notpublished
Gubbelsetal, 2000
Allsopp etal, 1994
Chaeetal., 1998
Atkasetal, 2007
Chaeetal., 1998
Chansirieta, 1999
Chae etal., 1998

M’ ghirbi etal.,, 2008
Brigido etal., 2004
Liu etal, 2010a
Liuetal., 2010a

Chaeetal, 1998
Not published
Notpublished
Gubbelsetal.,, 2000
Chansiri etal., 1999

Chaeetal, 1998
Chansiri etal,, 1999
Liuetal, 2010a

Chansiri etal,, 1999
Gimenez etal., 2009
Criado ctal., 2006
Liuetal, 2010a
Gubbelsetal.,, 2000

Liuetal, 2010a
Notpublished
Notpublished
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
Chaeetal, 1998
Chansirietal.,, 1999
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5.4 Results
5.4.1 Identification of 7. buffeli-like 18S rRNA gene sequences

Samples HIP/A2, HIP/A4 and HIP/C5 had mixed Theileria spp. infections (as identified by the
RLB hybridization assay) (Chapter 3; Appendix A). Sample HIP/C23, together with the AEGP
samples had single 7. buffeli infections (Appendix A). Single bands of approximately 1700 bp, as
viewed on a 2% ethidium bromide stained agarose gel, were obtained after amplification (Figure
5.1a). These were cloned and sequenced. Five near full-length 18S rRNA sequences (1582 — 1592
bp) were obtained from the HIP samples (Table 5.2). A BLASTn homology search did not reveal
any 1identical sequences in GenBank, the closest homology (98% and 99%) was found with 18S
rRNA gene sequences of Theileria sp. (Thung Song) (AB000272), Theileria sp. type D (U97052),
T. sinenses (EU277003), T. sinensis (EU27442) and Theileria sp. China (cattle) (AF036336) (Table
5.3).

1kb

M
( .
2Kb ::Ii_nu-—- - - — H"""W"‘WH

Figure 5.1: Agarose gel eletrophoresis analyis of amplicons of the full-length 18S rRNA gene
(1-10) and ITS region (11-17) of Theileria spp. of buffalo from field samples. M =

100 bp plus marker, + = 7. parva positive control, - = water negative control.

Examination of the alignment of the novel sequences with other 18S rRNA sequences suggested
that sequence HIP/C5/e was a cross-over sequence (Thompson et al., 2002) between 7. parva and T.
buffeli, it was therefore excluded from further analyses. Seven 18S rRNA sequences
(AEGP/65/18S, AEGP/66/18S, AEGP/69/18S, AEGP/70/18S, AEGP/73/18S, AEGP/74/18S,
AEGP/76/18S) with lengths of 1587 — 1588 bp, were obtained from the samples originating from
the Addo Elephant Game Park. BLASTn similarity searches of these sequences did not reveal any
identical sequences, but they were most similar (99%) to T. buffeli 18S rRNA gene sequences from

China (DQ104611 and HM538212) and India (EF126184).
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Table 5.2: Highest percentage identity BLASTn hits of novel Theileria spp. 18S rRNA gene

sequences obtained from samples from the Hluhluwe-iMfolozi Game Park (HIP).

Sequence (length: bp) GenBank match (Accession number)
Theileria sp Theileria sp T. sinensis Theileria sp T. sinensis
Thung Song type D (EU274472 ) China (cattle) (EU2770073)
(AB000270) (U97052) (AF036336)
HIP/A2/a (1589) 99% 98% 99% 98% 98%
HIP/A4/c (1592) 98% 98% 98% 98% 98%
HIP/Ad/e (1582) 99% 99% 99% 99% 98%
HIP/C23/a (1588) 99% 99% 99% 99% 98%
HIP/C23/a (1579) 99% 99% 99% 99% 98%

5.4.2 Sequence and phylogenetic analyses of the 18S rRNA genes

Neighbor-joining, maximum likelihood, maximum parsimony and Bayesian inference were used to
determine the relationships of the novel 18S rRNA 7. buffeli sequences with known T. buffeli
sequences isolated from cattle and buffalo in different countries. The 7. buffeli sequences formed 9
distinct clusters, and were clearly separated from other Theileria spp. (Figure 5.2). The clustering
was similar in all trees, but there were differences in the branching of the clusters in some trees.
Figure 5.2 is a representative tree generated by neighbor-joining analysis. Six of the nine 7. buffeli
genotypes (designated Types A, B/lkeda, C/Medan, D, E/H/Ipoh, Warwick) (Figure 5.2) are
previously identified 7. buffeli 18S rRNA genotypes (Chae et al., 1998; 1999a; Chansiri et al., 1999;
Gubbels et al., 2000; Yin et al., 2004). Types F and G are 7. cervi 18S rRNA sequences from the
elk and white-tailed deer in the USA and Canada (Chae et al., 1999c¢) and are distantly related to the
T. buffeli genotypes (Figure 5.2).
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Sequence and phylogenetic analyses indicated the presence of one more known, but unclassified 7.
buffeli genotype from China (Liu et al., 2010a) and India (unpublished), and two novel T. buffeli-
like genotypes from South Africa which we designated as types SA1 and SA2 (Figure 5.2).
Genotype SA1 is composed of 18S rRNA gene sequences originating from the AEGP, and the
sequences of this group are closely related to those of the unclassified group (DQ104611,
HM538212, EF126184). Genotype SA2 is composed of 18S rRNA gene sequences from the HIP,
and is closely related to the 7. buffeli type D/T. sinensis group (Figure 5.2).
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T. sergenti (AF081137) China
T. sergenti (EU083802) China Type A (1)
Theileria sp. type A (U97047) USA, S. Korea, Japan
T. buffeli Marula (Z15106)
IfeB\i¥ell (AF236097) China
Thellena sp Medan (ABOD0274) Indonesia
T. sp Xiaogan (DQ256381) China
T. sp Macheng (DQ256380) China Type C (2)
T. sp typeC (U97051) S. Korea
T. buffeli (AF236094) Australia
Theileria  sp Hubei (DQ104610)
85 PNl Warwick (AB000272) Australia
T. buffeli (FJ225391) Spain
90 IT. buffeli (DQ287959) Spain
Theileria sp. typeH (U37050) S. Korea
Theileria sp Hongan (DQ286801) China]
TypeE (4)

33

5

99 Warwick type (3)

Theileria sp typeE (U97053) S. Korea
Theileria sp |poh (AB000273) Malaysia
T. sergenti lkeda (AB000271) Japan
Theileria. sp. typeB1 (U97049) USA, S. Korea
.T sergenti lkeda (AY661515) Japan Type B (5)
73 LTheileria sp typeB (U87048) USA, S. Korea, Japan
EGP/70/185 SA
EGP/76 /185 SA
EGP/66 /18S SA Type SAL (6)
AEGP/T4/185 SA
AEGP/T3 /188 SA
EGP/65 /185 SA
8 IAEGP/9 /18S SA
T. buffeli Indian (EF126184) India Unclassified (7]
o5 | |T. buffeli (DQ104611) China
98 LT, puffeli (HM538212) China
T. sinensis (EU274472) China
T sinensis (EU277003) China
7. sp. China (cattle) (AF036336) China TypeD (8)
Theileria sp typeD (U97052) USA, S. Korea
Theileria sp. Thung Song (AB000270) Thailand

4]

2

89
Type SA2 (9)

95 |{HIP/C23/a SA
i 65 HIP/C23/b SA
46 7 luwenshuni (AY262117)

T. velifera (AF097993)

T. taurotragi (L19082)

Theileria sp. (buffalo) (DG641260)

T parva (AF013418)
3 T. annulata (AY524666)

100 T. lestoquardi (AF081135)

T. cervitype F (U97054)
Msrvi type G (U97055) Types F and G
100 T. cervitype G1 (U97056)

T. uilenbergi (AY262121)
—T. mutans (AF078815)
100 L Theikeria sp. MSD (AF078816)
B. canis (L19079)
00 B. caballi (Z15104)
95 B. orientalis (AY596279)

100 |¢

Figure 5.2: Phylogenetic relationships of novel 7. buffeli-like and 7. sinensis-like 18S rRNA gene
sequences from South Africa (red) with known 7. buffeli sequences as inferred by the
Neighbor-joining method. GenBank accession numbers are indicated in parenthesis.
Numbers in brackets are designated cluster numbers. Bootstrap values are indicated at the

nodes.
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In order to estimate the genetic distance between the 7. buffeli-like sequences, the novel genotypes
were aligned with 17 known 7. buffeli 18S rRNA gene sequences (representing the different
genotypes), and compared along a region of 1499 bp. Sequence variation was observed both within
and between the different 7. buffeli genotypes. All seven novel sequences from AEGP were
identical within this region and along their full lengths (results not shown). These sequences
differed from those of the closely related genotype (unclassified) by 9 — 12 bp, and from the novel
sequences from HIP by 21 — 23 bp (Table 5.3). The HIP sequences differed from the 7. buffeli type
D/T. sinensis sequences by 11 - 16 bp. Sequences HIP/C23/a and HIP/C23/b were identical, while
there was a 7 bp difference between sequences HIP/A4/c and HIP/A4/e. The other novel sequences
from HIP differed from each other by 2 — 7 bp. The greatest variation (~ 45 bp) was observed
between sequence HIP/A4/c and Theileria sp. type E, which is from cattle isolates in the USA and
South Korea (Chae et al., 1998).
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Table 5.3: Estimates of evolutionary divergence between novel T. buffeli-like (SA1 —red) and 7. sinensis-like (SA2 — green) 18S rRNA genotypes of
the African buffalo, and known 7. buffeli (black and blue) and 7. sinensis (orange) genotypes of cattle and buffalo. The number of base
differences per sequence from analysis between sequences is shown. The results are based on the pairwise analysis of 29 sequences.

Analyses were conducted using MEGA4 (Tamura et al., 2007). There were a total of 1499 positions in the final dataset.

1 2 = 4 | [ 7 8 9 10 11 12 13 14 15 16 17 | 18 19 20 | 21 | 22 23 | 23 25 126 | 27 | 28 | 29
1097047 - A
2 ABO0OO2 72 8
3 ABOOCO2 74 o =
<4 ABOOO2 71 20 | 18 13
SUQ7048- B | 22 | 20 15 2
6 U97049-B1 | 25 | 23 28 s s
T U970S3 - E 24 | 22 o o 11 14
8 U9T051 - C 12 o 12 17 19 22 22
9 U9T050- H 17 11 14 19 19 | 18 | 23 | 15
10 EF1Zol84 | 21 2 19 20 31 34 33 26 28
11 DQlo4611 | 22 2 20 20 ;2 35 A4 27 29 .
12 HME=38212 | 23 24 21 31 32 H 35 | 28 30 &) 1
13 AEGP/6S 22 23 20 30 32 |33 |34 |27 | 27 o 11 12
14 AFGCP/G6 22 23 20 30 32 3% |34 |27 | 27 o 11 g o
15 AEGP/GO 22 13 20 30 32 33 |34 |27 | 27 o 11 12 (L] o
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21 AFO3a6336 10 Az 31 40 | 42 | 44 | 44 34 A7 z3 22 3 F <] K P E I8 s 25 3
22 EUzZ74472 0 32 31 40 | 42 44 | 44 34 3T 23 - =3 2= s L x5 2% zS 25 2= 3 Q
23 UoTOs2 9 32 31 40 | 42 | 44 | 44 34 AY 23 22 X3 25 25 z5 25 2% =4 25 -3 L] o
24 EU27T003 30 33 32 40 42 <45 45 35 38 24 I3 24 26 26 28 26 26 la 26 e 1 1 1
22 HIP Ad/c 3z 38 34 | 41 | 43 45 | 452 ) A7 A8 23 24 25 Ia 23 3 3 | 23 23 3 14 | 15 1= 15 Lo
6 HIP Ad'e 30 Az 31 38 | 43 | 42 | 42 34 as 21 22 z3 21 2L 21 z1 z1 21 21 11 12 12 1z 13 L
27 HIP/C23/a 30 32 21 28 | 40 | 42 | 42 a4 | 35 - X x5 1 21 21 21 z1 21 Zl 11 12 X 12 13 = z
28 HIP/ T35 30 32 21 38 | 40 | 42 42 34 as 21 22 23 21 21 z1 21 21 23 -3 | 11 12 12 =z 1= £ 2 L]
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5.4.3 Analysis of the V4 hypervariable region of the 18S rRNA gene

Most of the variation between 7. buffeli-like genotypes occurred in the V1 variable region
(positions 70 — 140) and V4 hypervariable region (positions 490 — 560) of the gene (Figure 5.3A
and B). The T. buffeli probe (Figure 5.3B) that we used in the RLB hybridization assay (Chapter 3)
was designed for the detection of all 7. buffeli 18S rRNA gene sequences (Gubbels et al., 1999).
Subsequently, Gubbels et al. (2000) designed more probes for the specific detection of the different
T. buffeli genotypes (Figure 5.3B). Gubbels et al. (2000) showed that the Type A and Type D
probes detected, respectively, all 7. buffeli type A and type D 18S rRNA sequences that were
known at the time, and the non-D type detected all sequences that were not classified as type D (in
black). However, we have identified three additional non-D genotypes (in green, blue and brown)

with at least 4 nucleotide differences from the sequence of the non-D probe (Figure 5.3).
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Figure 5.3: Alignment of novel T. buffeli-like (blue) and T. sinensis (brown) 18S rRNA gene
sequences with known T. buffeli sequences (black, green and pink) showing V1 variable
(A) and V4 hypervariable (B) regions of the gene. RLB probes were designed from the V4
hypervariable region (B). Blocks indicate sequences from which the RLB probes were
designed. Nucleotide differences in the probe sequences within the different genotypes are

underlined.

5.4.4 Sequence and phylogenetic analyses of the novel ITS sequences

All of the 17 samples (section 5.3.1) selected for characterization of the ITS region tested positive
for single T. buffeli infections by the RLB hybridization assay (results not shown). Amplicons of
approximately 1200 bp, as viewed on a 2% agarose gel (Figure 5.1b), were observed from the
nested PCR products. Since T. buffeli is the only Theileria spp. known to infect buffalo in the
AEGP, the amplicons obtained from samples from this game park were directly sequenced.
However, the samples from the HIP were cloned prior to sequencing as mixed Theileria spp.
infections are common in buffalo from this game park (Chapter 3). Amplicons from five out of
seven samples from AEGP were successfully sequenced. ITS sequences were obtained from 11
clones obtained from the 10 samples from HIP. The new sequences were subjected to a BLASTn
analysis and then aligned with similar sequences from GenBank. Examination of the alignments
indicated that two HIP ITS sequences were closely similar to published 7. buffeli ITS sequences,
and five HIP ITS sequences were more closely similar to published 7. parva and T. mutans ITS
sequences. This result was confirmed by phylogenetic analysis of the complete ITS, 5.8S gene and
ITS2 sequences. The other 4 ITS sequences from HIP were eliminated from the analysis as they

were very different from each other and from any of the Theileria sequences.

The sequence alignment of the AEGP ITS sequences (AEGP/65/ITS, AEGP/66/ITS, AEGP/69/ITS,
AEGP/73/ITS, AEPG/73/ITS) is indicated in Figure 5.4. The sequences differed in the lengths of
their complete ITS region (952 — 1173 bp), as well as in the ITS1 (458 — 642 bp) and ITS2 (297 —
344 bp) regions. The 5.8S gene was conserved amongst the sequences and shorter (187 bp) than the
ITS1 and ITS2 regions. Unlike the novel 18S rRNA gene sequences which were identical, there was
polymorphism among the novel ITS sequences, with most of the variation occurring in the ITS1
region. This was mainly due to insertions or deletions of blocks of sequences as seen with the
sequences of the ITS2 region (Figure 5.4). Three sequences (AEPG/65/ITS, AEPG/66/ITS,
AEPG/69/ITS) were identical, while sequences AEPG/73/ITS and AEPG/73/ITS differed from each
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other at 4 positions, and differed from the other samples by 134 bp. There was extensive variation
between these sequences and the homologous T. buffeli ITS sequences from China (107 — 164 bp),
USA and Japan (159 - 200 bp), and T. sinensis ITS sequences (144 — 178 bp). These differences
were in concordance with those obtained from analyses of similar genotypes/species of the 18S

rRNA gene.
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Figure 5.4: Sequence alignment of the complete ITS2 region of novel Theileria spp. from the Addo
Elephant Game Park. The dots indicate conserved nucleotides; gaps (-) indicate missing

nucleotides and were introduced to maintain homology.
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Neighbor-joining, maximum likelihood, maximum parsimony and Bayesian inference were used to
determine the phylogenetic relationships of the novel ITS sequences with closely related T.
buffeli/T. sergenti and T. sinensis sequences. A representative tree generated by Bayesian inference
is shown in Figure 5.5. Three distinct clusters of the T. buffeli sequences were observed in all the
trees. Cluster 1 was composed of the 7. sergenti and T. buffeli sequences from the USA and Japan
(Chitose). These two groups share identical 18S rRNA sequences (Figure 5.2, Chae et al., 1998,
1999a; Aktas et al., 2007) but different ITS (Figure 5.5; Aktas et al., 2007) and MPSP (Gubbels et
al., 2000) sequences.

Cluster 2 was composed of the novel ITS sequences from AEGP and the 7. buffeli ITS sequences
from China. The latter clade is probably synonymous to that of the unclassified 18S rRNA
sequences which also grouped together with AEGP 18S rRNA sequences (Figure 5.2). Cluster 3
was that of the T. sinensis ITS sequences (Figure 5.5). The ITS sequences of 7. cervi, T. uilenbergi
and T. luwenshuni always grouped together, while the 18S rRNA gene sequences of these species
grouped separately. The 18S rRNA T. cervi sequences (Types F and G) grouped together, the T.
uilenbergi 18S rRNA sequence grouped together with 7. mutans, and the 18S rRNA sequence of 7.
luwenshini grouped together with the 7. velifera sequence (Figure 5.2). Unlike with the 18S rRNA
sequences, the T. mutans ITS sequence grouped together with the T. parva and T. annulata

sequences (Figure 5.5; Aktas et al., 2007).
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Figure 5.5: Phylogenetic relationships of novel 7. buffeli-like ITS sequences from South Africa
(red) with known 7. buffeli-like ITS sequences from Genbank (accession numbers in
parenthesis) as determined by Bayesian inference. The numbers in brackets are designated

cluster numbers. Posterior probabilities are indicated at the nodes of the tree.
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5.5 Discussion

5.5.1 Identification of 7. buffeli-like and T. sinensis-like 18S rRNA genotypes

We identified 7. buffeli from buffalo samples originating from the Hluhluwe-iMfolozi Game Park
(HIP) (Chapter 3), and from the Addo Elephant Game Park (AEGP) (Appendix A). It was the most
commonly occurring species in buffalo in the HIP, mainly co-occurring with other Theileria spp.,
and was the only Theileria sp. infecting buffalo in the AEGP. In contrast, 7. buffeli was not
identified from buffalo samples from the Kruger National Park (KNP), Greater Limpopo
Transfrontier Park (GLTP) and a private game farm bordering the KNP (Chapter 3; Chaisi et al.,
2011). This species was also identified as the most common Theileria spp. infecting cattle in
Tunisia, and was more frequently identified in the sub-humid zone of the country than from the

other climatic zones (M’ghirbi et al., 2008).

The cosmopolitan distribution of the 7. buffeli/T. sergenti/T. orientalis species has been attributed to
the global movement of cattle (and buffalo) without any regard to infection, and therefore their
distribution mainly depends on the availability of a suitable tick vector (Chae et al., 1999c; Cossio-
Bayugar et al., 2002). Haemaphysalis ticks act as vectors for this species in Australia, Asia and
Europe, but the vectors in the USA and Africa are still unknown (Uilenberg, 1995; Yin et al., 2004;
M’ghirbi et al., 2008). We speculate that Haemaphysalis silacea is the possible vector of T. buffeli
in South Africa. This tick has a wide host range (Horak et al., 1983) and has been identified from
nyalas from game parks in north-eastern KwaZulu-Natal (including the HIP), and from kudu
originating from the AEGP, but not from animals in the KNP and surrounding game parks (Horak

etal., 1992; 1995). Tick transmission studies are needed to confirm this speculation.

Our study has revealed that extensive variation exists between the 18S rRNA gene sequences of T.
buffeli of the African buffalo and homologous sequences of Asian buffalo (Bubalus bubalis) and
cattle. More variation would probably have been observed if more samples were analysed. The
distribution of the different T. buffeli 18S rRNA genotypes (A, B, C, D, E, H) in buffalo and cattle
has previously been reported (Chae et al., 1998; 1999a, Chansiri et al., 1999, Gubbels et al., 2000;
2002). Although the initial classification of these genotypes was based on a 200 bp fragment of the
V4 hypervariable region of the 18S rRNA gene (Chae et al., 1998), it is applicable to the full-length
of the sequences. Theileria buffeli type D was indicated as the most divergent genotype (Gubbels et
al., 2000), and Type A as the most cosmopolitan genotype (Chae et al., 1999a). Although we did
not include all known T. buffeli 18S rRNA sequences from GenBank in the analyses, our results
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indicated that both types might be equally cosmopolitan as each type has been identified, mainly
from cattle, from at least five different countries (Table 5.2). Type A and D-like organisms have
been associated with bovine theileriosis in Missouri (Stockham et al., 2000), Texas (Chae et al.,

1999b) and Michigan (Cossio-Bayugar et al., 2002).

There was extensive variation between 7. buffeli type D sequences and those of the other 7. buffeli
types. Analyses of the 18S rRNA gene and MSPS gene sequences in other studies (Chansiri et al.,
1999; Gubbels et al., 2000; Yin et al. 2004; Liu et al., 2010b) indicated that 7. buffeli type D
organisms may be genetically intermediate between the well-characterized pathogenic Theileria
spp. (T. annulata, T. parva, T. lestoquardi, T. uilenbergi, T. luwensuni) and the benign T. buffeli/T.
orientalis spp. Maximum likelihood and parsimony analysis of 18S rRNA gene sequences of
Theileira spp. by Chanisiri et al. (1999) grouped the 7. buffeli type D sequences with the pathogenic
Theileria spp., whereas distance methods grouped them with those of the other 7. buffeli sequences.
Additionally, randomly amplified polymorphic DNA (RAPD) profiles generated from Theileria sp.
Thung Song (a type D sequence), were different from those of the other benign 7. buffeli-like
species (Chansiri et al., 1999). For these reasons, these authors indicated that the classification of 7.
buffeli type D species is questionable and should be investigated. Bai et al. (1995) identified a
sequence from cattle in China that was similar to the 18S rRNA sequences of 7. buffeli type D and
Theileria sp. Thung Song. After studying the morphology, vector and phylogenetic relationship of
this novel genotype with other Theileria spp., this genotype was found to be a distinct species and

was designated as T. sinensis (Bai et al., 2002a, b).

Further investigations indicated that 7. sinensis is transmitted by Haemaphysalis qinghaiensis ticks
and is pathogenic to cattle, yak (Yin et al., 2002; 2004; Sun et al., 2008) and probably water buffalo
(Lan He — personal communication) in China. Together with 7. annulata, T. sinensis and T. sergenti
are the causative agents of bovine theiloriosis in China (Liu et al., 2010b). Morphologically, T.
sinensis and T. sergenti are indistinguishable (Yin et al., 2002), but they have different tick vectors
as T. sergenti is transmitted by Haemaphysalis longicornis (Liu et al., 2010b). Liu et al. (2010b)
developed a PCR assay, based on MPSP gene sequences, for the detection and discrimination of

these two species from cattle and yak.

The presence of organisms with 7. sinensis-like 18S rRNA gene sequences in the African buffalo is
of significant importance, particularly to the cattle industry in South Africa as these animals might
act as a source of infection, via infected ticks, to naive cattle. However, there are currently no

reported cases of theileriosis that have been attributed to T. buffeli in South Africa.The vectors of
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both 7. buffeli-like and T. sinensis-like genotyes of the South African buffalo are unknown, and

should be investigated.

5.5.2 Identification of novel 18S rRNA gene sequences by the RLB hybridization assay

The T. buffeli RLB hybridization assay probe that was used in Chapter 3 was designed by Gubbels
et al. (1999) and it has been shown to detect rDNA of all known T. buffeli-like genotypes. All
characterized samples tested positive for 7. buffeli by this assay. Subsequently, Gubbels et al.
(2000) designed additional RLB probes for the specific detection of Type D, non-type D, and Type
A genotypes, and another probe that detected all the other known 7. buffeli 18S rRNA genotypes
(Ikeda, B, C, E, H, Warwick).

The novel T. buffeli genotype that we identified from buffalo in South Africa, and the unclassified
genotype that was identified from buffalo and cattle in China and India, are all non-D genotypes but
they will not be detected by the non-D probe due to the nucleotide differences (4 — 7 bp) in the RLB
probe sequence. A new non-D probe can be designed in a different area to include the detection of
these novel variants from buffalo in South Africa. Additional probes can also be designed for the

specific detection of type SA1 and SA2 genotypes in cattle and buffalo in South Africa.

5.5.3 Theileri buffeli-like ITS genotypes

The ribosomal ITS region in eukaryotes is located between the small (18S) and large (28S) subunits
of the ribosomal RNA gene, and spans the two ribosomal RNA transcribed spacers and the 5.8S
gene (ITS1-5.8S-ITS2) (Aktas et al., 2007). Unlike the 18S rRNA gene which is highly conserved
between closely related species, the spacer regions (ITS1 and ITS2) are subjected to higher
evolutionary rates and are therefore more variable in their lengths and nucleotide composition
(Hillis and Dixon, 1991). These regions have therefore been used for the discrimination of closely
related species and subspecies, and in the description of new species (Zahler et al., 1998; Holman et
al., 2003; Lew et al., 2003; Aktas et al., 2007; de Rojas et al., 2007; Hilpertshauser et al., 2007;
Saito-Ito et al., 2008; Niu et al., 2009; Bosman et al., 2010).

Theileria parva, T. annulata, T. mutans, T. ovis, T.sergenti and T. buffeli/orientalis have previously
been studied at this locus (Collins and Allsopp, 1999; Bendele, 2005; Aktas et al., 2007; Kamau et
al., 2011). As observed in our study, the two spacer regions (ITS1 and ITS2) were highly
polymorphic in both length and nucleotide composition, and the 5.8S region is highly conserved
between sequences of related species and is shorter than the spacer regions. Our results also indicate
a closer evolutionary relationship between 7. mutans and 7. parva at this locus as previously
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indicated by Aktas et al., 2007. Minor polymorphism occurring in a single sequence is possibly due
to Tag polymerase error but nucleotide differences occurring in more than one sequence are
regarded as real (Zahler et al., 1998; Aktas et al., 2007). We therefore regard the variations that we

observed as real as the variations were observed in more than one sequence.

Aktas et al. (2007) indicated that there were more variations in the ITS sequences of the pathogenic
T. annulata, than in the mildly pathogenic 7. mutans and T. sergenti, or benign T. buffeli/orientalis.
The genetic variation in pathogenic species may be due to the presence of mixed parasite
populations within isolates or to the ingestion of greater numbers of organisms by ticks during the
acute phase of the disease, leading to a greater chance of recombination during gametogenesis
(Collins and Allsopp, 1999, Aktas et al., 2007). We could not make a comparison of the variation

between the different Theileria species as our study was based only on the 7. buffeli/orientalis

group.

As was the case with the 18S gene sequences from HIP clones, we expected the cloned ITS
sequences from samples from this park to group together with the 7. sinesis ITS sequences from
China. However, this was not the case as five of the ITS sequences grouped together with 7. parva
and T. mutans sequences and two ITS sequences were more similar to the 7. buffeli-like ITS
sequences from AEGP. It is therefore possible that buffalo in HIP harbour both T. buffeli and T.
sinensis-like ITS genotypes, however, a lot more sequence data is required to verify this
speculation. The occurrence of T. parva and/or T. mutans sequences in samples that had tested
negative for these species by RLB probably indicated parasitemia that was below the detection limit
of the assay. This also confirms the complexity of identification of Theileria spp. in mixed

infections in buffalo as we reported in Chapters 3 and 4.
5.5.4 Classification of the novel Theileria spp. genotypes

Based on the phylogenetic positions, nucleotide differences (with known sequences) in the full-
length sequences and the hypervariable (V4) region of the 18S rRNA gene and ITS region, it is
possible that the two novel Theileria spp. genotypes from the South African buffalo represent
distinct species. However, additional molecular and biological data are required for such
classification. Moreover, there is currently no consensus in the classification of novel genotypes as
new species based on the number of nucleotide differences. It is also not clear if the genetic
distances within the 18S rRNA gene sequences of Types B, C, E, H, Ikeda, Ipoh and Medan
represent heterogeneity within the same or different Theileria spp. (Chae et al., 1999a). The 18S
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rRNA sequences of these genotypes form a monophyletic group that is separated from the other T.

buffeli genotypes (Figure 5.2).
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5.6 Conclusion

We established the phylogenetic position, based on 18S rRNA gene and ITS sequences, of T.
buffeli-like organisms occurring in buffalo in the AEGP. We also established, by 18S rRNA gene
sequence analysis, that the novel Theileria spp. of buffalo in the HIP is more closely related to the
T. sinensis-like genotype of cattle and yak from China. This study has confirmed that 7. buffeli is a
highly diverse and cosmopolitan species. The role of buffalo and other wildlife as reservoir hosts of
these species should be investigated as buffalo are known to be sources of many infectious diseases
of cattle in South Africa (Mashishi, 2002). Future studies should focus on animal transmission
studies in order to determine the tick vectors of the T. buffeli-like and T. sinensis-like genotypes,
and on epidemiological studies using new probes that specifically detect and differentiate these
novel genotypes in hosts and tick vectors in South Africa. Our study provides useful genetic

information towards the proper classification of this very complex group.
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