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Abstract

Molecular classification and systematics of the Theileria is based on the analysis of the 18S
rRNA gene. Reverse line blot or conventional sequencing approaches have disadvantages in
the study of 18S rRNA diversity and a next-generation 454 sequencing approach was
investigated. The 18S rRNA gene was amplified using RLB primers coupled to 96 unique
sequence identifiers (MIDs). Theileria positive samples from African buffalo (672) and cattle
(480) from southern Africa were combined in batches of 96 and sequenced using the GS
Junior 454 sequencer to produce 825711 informative sequences. Sequences were extracted
based on MIDs and analysed to identify Theileria genotypes. Genotypes observed in buffalo
and cattle were confirmed in the current study, while no new genotypes were discovered.
Genotypes showed specific geographic distributions, most probably linked with vector
distributions. Host specificity of buffalo and cattle specific genotypes were confirmed and
prevalence data as well as relative parasitemia trends indicate preference for different hosts.
Mixed infections are common with African buffalo carrying more genotypes compared to
cattle. Associative or incongruent co-infection profiles were observed between genotypes that
may have implications for speciation and systematics: specifically that more Theileria species
may exist in cattle and buffalo than currently recognized. Analysis of primers used for
Theileria parva diagnostics indicate that no new genotypes will be amplified by the current
primer sets confirming their specificity. Theileria parva SNP variants that occur in the 18S
rRNA hypervariable region were confirmed. A next generation sequencing approach is useful
in obtaining comprehensive knowledge regarding 18S rRNA diversity and prevalence for the
Theileria, allowing for the assessment of systematics and diagnostic assays based on the 18S

gene.
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1. Introduction

The Babesia and Theileria are part of the phylum Apicomplexa (Order
Piroplasmorida) (Mans et al. 2015). The Theileria are distinguished by their life cycle, where
tick transmitted sporozoites infect host leukocytes to form schizonts, which mature to
merozoites that infect red blood cells to establish the piroplasm carrier stage (Uilenberg,
20006). Parasite morphology, host cell specificity, schizonts and piroplasm parasitemia levels,
clinical disease presentation, serological and molecular methods, host and vector specificity
have been used for classification and systematic purposes (Mans et al. 2015). Classification
and diagnostics of the Theileria is important since they are the causative agents for a number
of debilitating diseases in domestic and wild animals (Bishop et al. 2004), such as for
example, Theileria parva, the causative agent of East Coast fever, Corridor disease and

January disease in East and southern Africa.

A significant proportion of the systematic study of the Piroplasmorida comprise
analysis of the 18S rRNA gene (Allsopp et al. 1994; Chae et al. 1999; Chansiri et al. 1999;
Criado-Fornelio et al. 2004; Reichard et al. 2005; Criado et al. 2006; Altay et al. 2007;
Bhoora et al. 2009). The reverse line blot (RLB) method (Gubbels et al. 1999), based on
simultaneous detection of the 18S rRNA gene for various Babesia and Theileria species, has
been extensively used for surveillance purposes (Georges et al. 2001; Almeria et al. 2002;
Oura et al. 2004; Nijhof et al. 2003, 2005; Altay et al. 2007; M'ghirbi et al. 2008; Altay et al.
2008; Matjila et al. 2008; Oosthuizen et al. 2008; Almeria et al. 2009; Salih et al. 2010;
Yusufmia et al. 2010; Tomassone et al. 2012; Ceci et al. 2014; Githaka et al. 2014; Eygelaar
et al. 2015; Njiiri et al. 2015). The method relies on the amplification of the V4 hyper-
variable region of the 18S rRNA gene, followed by hybridization to probes for various

Babesia and Theileria species. Inclusion of a Babesia/Theileria catch-all allows detection of



novel genotypes when other probes are negative, but is hampered when mixed-infections are

present (Mans et al. 2011a).

The ultimate gold standard for detection of genetic diversity based on the 18S rRNA
gene remains direct sequencing (Mans et al. 2011a), since this is the only direct way to
confirm novel genotypes. This approach has been used to study 18S rRNA genetic diversity
of Theileria species in African buffalo and cattle from southern Africa (Mans et al. 2011a).
Genotypes unique to buffalo included 7. sp. (bougasvlei), 7. sp. (buffalo), 7. mutans-like 1,
T. mutans-like 2, T. mutans-like 3, T. buffeli C, T. sinensis-like (T. buffeli-like D) and T.
velifera B. Genotypes unique to cattle included 7. taurotragi, T. sp. (sable)-like, T. buffeli
Warwick and 7. buffeli-like B. Genotypes shared between buffalo and cattle included T.
mutans, T. mutans MSD, T. parva and T. velifera. Other studies supported these observations
for 7. sp. (buffalo) and 7. sp. (bougasvlei) (Chaisi et al. 2011; Mans et al. 2011b; Pienaar et
al. 2011a; Pienaar et al. 2014), T. mutans-like 1, T. mutans-like 2, T. mutans-like 3, T velifera
and T. velifera B (Chaisi et al. 2013), T. buffeli C and T. sinensis-like (Chaisi et al. 2014).
Sequence variants for 7. parva in the V4 hyper-variable region of 7. parva were also detected
(Mans et al. 2011a). This study, however, only sampled 62 buffalo and 49 cattle and
sequenced 10 clones from each, yielding ~1000 informative sequences. The current study
expanded this by developing a next-generation sequencing approach for investigating 18S
rRNA diversity in the Theileria for African buffalo and cattle and to determine whether any
novel genotypes are circulating in southern Africa and what their geographic distribution may

be.

The 18S rRNA gene is also important in diagnostic analysis of Theileria species
(Mans et al. 2015). In this regard, diagnostic real-time PCR assays for 7. parva based on the
18S rRNA gene was developed and include the hybridization and Hybrid II assays (Sibeko et

al. 2008; Pienaar et al. 2011b). These assays are currently used for diagnoses in South Africa
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to control and monitor Corridor disease and buffalo movement as mandated by the
Department of Agriculture, Forestry and Fisheries (Animal Disease Act 1984, Act No. 35).
The hybridization assay employed 7. parva specific forward and a Theileria genus specific
reverse primers that amplifies 7. parva, T. sp. (buffalo) and 7. sp. (bougasvlei) genotypes
(Sibeko et al. 2008). The Hybrid II assay uses Theileria genus specific forward and 7. parva
specific reverse primers, optimized to specifically amplify 7. parva (Pienaar et al. 2011b).
The current study aimed to assess whether other genotypes may be amplified by the primers
used in these assays, since it was shown that multiple templates may affect sensitivity of the

diagnostic assays (Pienaar et al. 2011a).

2. Materials and Methods

2.1 Sample selection and DNA extraction

EDTA-blood samples for buffalo (n=1029) were sourced from National Parks, for cattle
(n=828) were sourced from dip tanks or commercial farms, from various regions in southern
Africa (Fig. 1; supplementary Table 1). Dip tanks refers to localities where communal
farmers bring their animals for dipping purposes for State assisted tick control initiatives.
EDTA-blood samples were extracted using the MagNAPure Large blood extraction kit using
automated MagNAPure procedures and purified DNA eluted into 100 ul elution buffer (Mans

etal. 2011).

2.2 Reverse line blot PCR for preparation of next-generation sequencing amplicons

A first round of PCR was performed using the RLB primers, RLBF
(GAGGTAGTGACAAGAAATAACAATA) and RLBR (TCTTCGATCCCCTAACTTTC)
to amplify the V4 hypervariable 18S rRNA region (Gubbels et al. 1999). GreenTaq DNA

polymerase (25 ul) were used for amplification (10 pmol primer, 2.5 ul sample DNA) in a
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final volume of 50 ul. The PCR consisted of initial denaturation (94°C, 2 min), 10 cycles of
denaturation (94°C, 30s), touchdown annealing (67°C-57°C, 30s, one degree step down) and
extension (72°C, 1 min), followed by 30 cycles of denaturation (94°C, 30s), annealing (57°C,
30s) and extension (72°C, 1 min). The PCR was rounded off at 72°C (7 min). Products were
analysed using agarose gel electrophoresis and samples with bands at 400-500 bp were
selected as positives. A second assembly PCR were performed using 2.5 ul of this PCR
product. The forward primer consisted of a wuniversal sequencing adapter A
(CGTATCGCCTCCCTCGCGCCATCAG) linked to 96 different multiplex identifiers
(MID), linked to the RLBF primer (supplementary Table S2). The reverse primer consisted of
a universal sequencing adapter B (CTATGCGCCTTGCCAGCCCGCTCAG) linked to the
RLBR primer. PCR consisted of initial denaturation (94°C, 2 min), 15 cycles of denaturation
(94°C, 30s), annealing (57°C, 30s) and extension (72°C, 1 min), followed by extension at
72°C (7 min). Products were analysed and quantitated using agarose gel electrophoresis and
visually confirmed to have incorporated the sequencing adapters by band shift analysis.
Products (96 samples per batch, each with unique MID primer) were combined in equimolar
ratios (10-20ul of PCR product from each sample), mixed and separated on preparative
agarose gel electrophoresis by loading 10 lanes. Bands with the correct size (~600 bp) were
cut from the gels, purified using a gel extraction clean-up kit, combined and quantified using
nanodrop spectrophotometry and agarose gel electrophoresis. Batches were submitted to
Ingaba Biotechnologies Ltd (South Africa), for sequencing on the Roche GS Junior as 96

combined samples using the universal forward primer.



2.3 Bioinformatic analysis of the sequenced amplicons

After 454 GS-Junior sequencing, samples were filtered for quality, the universal
sequencing adapters trimmed and reads extracted based on their unique MID tags into 96
individual sample sets. Sequences smaller than 280 bp were discarded, since these did not
cover the 18S rRNA V4 hyper-variable region. A non-redundant database of Theileria and
Babesia 18S rRNA sequences were constructed by retrieving all 18S rRNA sequences using
BLASTN analysis (Altschul et al. 1990). Neighbor-joining analysis using Mega 5 (Tamura et
al. 2011) was performed to identify a representative from each monophyletic clade to remove
redundant sequences. Sequences were trimmed to include the V4 hyper-variable region and
served as non-redundant database. Sequences from all batches were queried against this
database using BLASTN analysis. Sequences that aligned across the V4 hyper-variable
region and showed 98-100% identity (1-2 SNP’s) were considered as positive hits. Sequences
that did not give positive hits were retrieved and assembled to identify novel genotypes.
Assembly was performed using the BLAST tool and CAP3 assembler (Ribeiro et al. 2006).
Sequences were clustered which showed 99% identity over 95% of the sequence. Consensus
sequences derived from the clustered contigs were then manually analysed by BLASTN
analysis against the non-redundant database, followed by neighbor-joining analysis to
determine whether they are novel. Genotypes considered to be novel were then confirmed
using conventional cloning and sequencing of the 18S rRNA gene as described (Mans et al.
2011a). Genotypes were then included in the non-redundant dataset and BLAST analysis of
the various batched sequences were repeated until no novel genotypes were retrieved.
Positive sequences for various genotypes were counted to determine the total number of

sequences/genotype in each sample.

After genotypes were identified, sequence identifiers unique to each genotype
(electronic signature; supplementary Table 3) were used to scan all sequences and confirm

genotype identities and identify possible chimeric sequences. Chimeric sequences (those that



possess more than one genotype specific identifier) that indicate potential PCR-derived
chimers were discarded from the analysis. In the case of 7. parva variants, all T. parva
positive sequences were extracted and SNP’s were identified using specific sequence
identifiers (supplementary Table 3), as well as by clustering and alignment of 7. parva

sequences and manual inspection of the hyper-variable region.

2.4 Determination of a cut-off value for each genotype

Parasitemia ranges for 7. parva, T. sp. (buffalo) and 7. sp. (bougasvlei) were shown to
exhibit normal distribution curves (Pienaar et al. 2011a; Pienaar et al. 2014). Assuming that
parasitemia ranges for all Theileria species will exhibit normal distribution curves (Mans et
al. 2015), frequency distribution plots were constructed for all genotypes and cut-offs were
determined to include 97% of all sequences for each genotype (supplementary Fig. S1). In
some cases the lower 3% of all sequences made up an extensive proportion of the sequences
below the cut-off and implies that the carrier-state parasitemia for these genotypes falls over
the cut-off range. For these genotypes the prevalence will be under-estimated, but will
minimize false positives. To validate this method, results were also compared to the real-time
hybridization assay for 7. parva, currently used as diagnostic assay in the PVVD laboratory
(Pienaar et al. 2011). Real-time hybridization PCR assays for 7. parva was performed as

described (Sibeko et al. 2008; Pienaar et al. 2011a).

3. Results and Discussion

3.1 Sample screening using RLB primers



Samples were screened using the RLB primer set and this identified 1150 as Theileria
or Babesia positive, of which 672 were buffalo and 478 cattle. This represent a ~10 fold
increase in sample coverage from the conventional sequencing approach and a larger
geographic sampling of southern Africa (Mans et al. 2011a). Of interest was that buffalo and
cattle from the Northern Cape region, as well as buffalo from the Free State were all negative,
suggesting that the main vector ticks found in this region, namely, Hyalomma rufipes, H.
truncatum, Rhipicephalus decoloratus and R. evertsi (Howell et al. 1978; Horak et al. 2007;
Spickett, 2013; Horak et al. 2015), are not major vectors for buffalo or cattle Theileria

species, or that bovines from these areas were not previously exposed to infected ticks.

3.2 Sequence statistics

The 672 positive buffalo samples were allocated to 7 batches of 96 samples each
(Batch 1-7) and the 478 positive cattle samples to 5 batches (Batch 8-12) (supplementary
Table 1). Each batch was sequenced on a GS Junior 454 run, which is expected to yield ~100
000 reads with an average length of ~400 bp (Glenn, 2011). The total reads (87692 + 13446)
and read length (381 £ 31 bp) was consistent with this estimate (Table 1). However, for
informative reads (> 280 bp) the read length was larger (424 £ 22 bp). Sequences that
possessed more than one electronic signature comprised from 0.004-0.15%, indicating that
chimeric sequences were minimal and were removed from the final analysis (Table 1). After
removal of sequences that fall below the cut-off, the total sequences obtained were ~79% of
the initial sequences and ~94% of the informative sequences. This comprised 825711 total
sequences and ~778 fold increase in sequence coverage from the conventional sequencing

approach that sampled ~1061 clones from 62 buffalo and 49 cattle (Mans et al. 2011a).



3.3 Comparison of cut-off values and the real-time PCR assay

Results using the determined cut-off values compared well to the gold-standard real-
time PCR assay for 7. parva, even though it is less sensitive (Fig. 2A). Of 668 buffalo
samples tested with the 7. parva real-time PCR, 97% correlation was found for those samples
considered to be true negatives with 55% having zero sequences and 42% sequences below
the cut-off. Three percent (6 samples) had sequences above the cut-off. For the true positive
samples, 83% gave sequences above the cut-off, while 21.7% gave sequences below the cut-
off and would be considered false-negatives. This correlated well with the cut-offs
determined using the frequency distribution plots and suggest that the latter method of
determining a cut-off is appropriate as well as conservative, i.e. the method would under-
estimate the number of true positive samples to an extent of ~20%, while detection of false
positives will be limited. No correlation between the real-time PCR parasitemia calculated
from the CP values (Pienaar et al. 2011a), and the number of sequences obtained using 454
sequencing could be found (Fig. 2B). This indicates that the 454 approach would not be
suitable for absolute quantification and may be ascribed to the presence of mixed infections,
PCR competition and PCR suppression by more abundant templates. This was observed for
RLB analysis, which only detected 37% positive samples, compared to ~80% with the real-

time PCR (Pienaar et al. 2011).

3.4 Genotypes described

Genotypes for four main clades were found in buffalo and cattle in southern Africa,
namely the 7. taurotragi clade (T. parva, T. sp. (buffalo), 7. sp. (bougasvlei) and T.
taurotragi), the T. mutans clade (T. mutans, T. mutans MSD, T. mutans-like 1, T. mutans-like

2 and T. mutans-like 3), T. velifera clade (T. velifera, T. velifera A and T. velifera B) and the
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T. buffeli clade (T. buffeli Warwick, T. buffeli B, T. buffeli C and T. sinensis-like) (Mans et al.
2011a; Mans et al. 2015). The current study identified eighteen genotypes: eight buffalo
specific, five cattle specific and five found in buffalo and cattle, as well as 7. parva variants
I, 3, 5 and 7 (Fig. 3). Genotypes unique to buffalo included 7. sp. (buffalo), 7. sp.
(bougasvlei), T. mutans-like 1, T. mutans-like 2, T. mutans-like 3, T. buffeli C, T. sinensis-
like and 7. velifera A (Fig. 3). Genotypes unique to cattle included 7. buffeli Warwick, T.
buffeli B, T. taurotragi, B. bigemina and B. bovis. Genotypes found in buffalo and cattle
included T. parva, T. parva variant 1, T. parva variant 3, T. parva variant 5, T. parva variant
7, T. mutans, T. mutans MSD, T. velifera and T. velifera B. No unique genotypes were
obtained in the present study, indicating, perhaps surprisingly, that sampling of 49 cattle, 62
buffalo and sequencing 10 clones from each had sufficient sequencing depth to cover the
sequence diversity observed in buffalo and cattle (Mans et al. 2011a). Conventional
sequencing for genetic diversity characterization of the Theileria may be useful, where next-

generation sequencing technology is not available.

3.5 Geographic distribution of genotypes

Babesia species

No Babesia genotypes were found in buffalo and corresponds to other RLB studies
(Mans et al. 2011a; Chaisi et al. 2011; Pienaar et al. 2014). Conversely, B. bigemina and B.
bovis were prevalent in cattle with geographic distributions similar to the main tick vectors
for these species in South Africa, namely R. decoloratus and R. microplus (Combrink et al.

2014).
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The T. taurotragi clade

The geographic distribution of 7. sp. (buffalo) and 7. sp. (bougasvlei) (Fig. 3), were
similar as found using real-time PCR assays (Pienaar et al. 2014). The incongruent
distribution (Pienaar et al. 2014), was observed with the 454 data in that only ~9% of all
positives showed mixed infections for 7. sp. (buffalo) and 7. sp. (bougasvlei), even in
sympatric regions, such as the Kruger National Park and Niassa National Reserve. Other
localities were exclusive for 7. sp. (buffalo) (Hluhluwe Nature Reserve, Marakele National
Park), or T. sp. (bougasvlei) (Chobe National Park, Hwangwe National Park, Waterberg
Platue Park). This was mainly attributed to genetic incompatibility in the same vector tick
species, though a number of other possibilities were considered (Pienaar et al. 2014). No
cattle were positive for 7. sp. (buffalo) or 7. sp. (bougasvlei), similar to other studies
(Yusufmia et al. 2010; Pienaar et al. 2014), suggesting that cattle in southern Africa are not
natural carriers. Conversely, 7. sp. (buffalo) has been detected by RLB analysis in cattle co-
grazing with buffalo in Kenya and are able to infect and transform cattle lymphocytes

(Githaka et al. 2014; Bishop et al. 2015).

Theileria taurotragi was only found in cattle where R. appendiculatus, its vector tick
is present (Pienaar et al. 2011a). In contrast, buffalo sampled in the Corridor disease endemic
region was infected with 7. parva, while the only cattle infected with 7. parva correspond to
Corridor disease outbreaks in Kwa-Zulu Natal (Mbizeni et al. 2013). This suggest that
buffalo are not carriers of 7. faurotragi, and detection in buffalo may be incidental (Chaisi et

al. 2013).

A number of SNP’s in the 18S hypervariable probe region of the hybridization and
Hybrid II assays for 7. parva are of particular interest with regard to diagnostics and
epidemiology (Mans et al. 2011a). 7. parva variants 1, 3 and 5 were found in cattle samples,
while variant 1, 3 and 7 were found in buffalo. Variants 2, 4 and 6 were not found, suggesting

that these were probably sequencing errors as suggested (Mans et al. 2011a). 7. parva variant
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1 (61 animals), 3 (17 animals), 5 (9 animals) and 7 (3 animals) occurred in 14.6%, 4.0%,
2.1% and 0.7%, respectively, of all T. parva infected animals. These results corresponds with
results which indicated that variants 1, 3 and 5 could be confirmed by aberrant melting curves
using real-time PCR (Mans et al. 2011a), and suggest that these may be true circulating
SNP’s in the 7. parva population. Of interest is the high prevalence of 7. parva variant 1 in
the Chobe, Hwangwe and Marakele National Park. It was suggested that infection of buffalo
in Marakele could have been a founder effect (Pienaar et al. 2011), which may explain the
high prevalence of variant 1 in these parks. Deeper sequencing and larger sampling would,
however, be necessary to determine the prevalence of specific variants for either buffalo or

cattle.

The T. mutans clade

Theileria mutans-like 1, T. mutans-like 2 and T. mutans-like 3 were found in buffalo
in all localities except for Niassa National Park, Karoo Nature Reserve, Waterberg Platue
Park, parks from the Eastern Cape region (Addo Elephant Park, E’zulu Game Reserve, Great
Fish River Reserve) and the North West Province (Borakalalo National Park, Molemane
Nature Reserve). Theileria mutans and T. mutans MSD were found in buffalo, but at lower
prevalence in buffalo than to cattle compared to the buffalo specific genotypes. All genotypes
from the 7. mutans clade have been shown to be vectored by Amblyomma spp. (Uilenberg
1974; Purnell et al. 1975; Uilenberg, 1976; Young et al. 1977; Young et al. 1978; Perie et al.
1979; de Vos and Roos, 1981). It is therefore of interest that 7. mutans and T. mutans MSD
were extensively found in the Eastern Cape in buffalo and cattle, whereas buffalo specific
genotypes were absent from this region. The main vector in southern Africa for these
genotypes is considered to be A. hebraeum (de Vos et al. 1981), which have a large
geographic distribution (Horak et al. 2007; Spickett, 2013), with the implication that the

buffalo specific genotypes would have been expected to occur in the Eastern Cape. The
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absence of buffalo specific genotypes may be due to different tick vectors, or historical
segregation of Corridor disease positive (Kruger National Park and Hluhluwe stocks) and
negative (Addo Elephant Park stocks) buffalo in South Africa (Laubscher and Hoffman,
2012). The absence of the 7. mutans clade genotypes in Niassa National Reserve
(Mozambique) and Waterberg Platue Park (Namibia), would support the latter possibility,
since both A. hebraeum and A. variegatum are absent from these regions (Walker and

Olwage, 1987).

The T. buffeli clade

For the T. buffeli clade, a clear demarcation of genotypes exist. Theileria buffeli C and
T. sinensis-like (T. buffeli D-like, Mans et al. 2011a), were found in buffalo, while 7. buffeli
Warwick and 7. buffeli B were found in cattle. The distribution of 7. buffeli C and T.
sinensis-like was confined to Chobe National Park, Niassa National Reserve and the Eastern
Cape region (Addo Elephant Park, E’zulu Game Reserve, Great Fish River Reserve). A few
positive animals were found in Hluhluwe Nature Reserve, Marakele National Park,
Borakalalo National Park and Molemane Nature Reserve. In contrast, 7. buffeli and T. buffeli
B was mainly found in the Vryheid district of KwaZulu Natal, Hazyview diptanks in
Limpopo and the Port Elizabeth region (Eastern Cape). This suggest that the buffalo and
cattle specific genotypes may be different species and that the 7. buffeli clade consist of more
species than recognized (Mans et al. 2011a; Mans et al. 2015). Various Haemaphysalis
species have been implicated in transmission of 7. buffeli clade genotypes and include
Haemaphysalis bancrofti, H. bispinosa, H. concinna, H. cornigera, H. humerosa, H.
Jjaponica, H. longicornis, H. mageshimaensis, H. punctate and H. ginghaiensis (Shastri et al.
1985; Stewardt et al. 1987; Stewardt et al. 1989; Fujisaki et al. 1994; Yin et al. 2004;
Hammer et al. 2015). None of these species occur in Africa and the only species from this

genus that parasitize cattle or buffalo is H. silacea which occurs in the Eastern Cape and parts
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of Kwa-Zulu Natal (Walker 1991; Horak et al. 2007). It could be a potential vector for 7.
buffeli Warwick/T. buffeli B in cattle and T. buffeli C/T. sinensis-like in buffalo (Chaisi et al.
2014). The extralimital presence of the different genotypes in Limpopo, Botswana and

Mozambique suggest that other tick species may be vectors as well.

The T. velifera clade

Theileria velifera and T. velifera B were found in buffalo and cattle, while 7. velifera
A was found in buffalo. This differed from studies where T. velifera B were only found in
buffalo (Mans et al. 2011a; Chaisi et al. 2013). Amblyomma spp. transmits 7. velifera
(Uilenberg and Schreuder, 1976), and the absence of 7. velifera and T. velifera B in Niassa
National Reserve (Mozambique) and Waterberg Platue Park (Namibia) fits with this, similar
to the 7. mutans clade. Of interest, was the presence of 7. velifera A in Mozambique,
suggesting that this genotype is vectored by a different tick species. This genotype was also
found in buffalo from Niassa using a conventional sequencing approach (Mans et al. 2011a).
The T. velifera A genotype was also found in 12 Nyala, 7 Eland and 10 Kudu samples from
South Africa, using the 454 next-generation sequencing approach, while no 7. velifera or T.
velifera B genotypes were found in these samples (manuscript in preparation). Of interest, is
that RLB screening of Nyala, Eland and Kudu also did not detect 7. velifera in areas endemic
for A. hebraeum and A. variegatum (Oura et al. 2011; Pfitzer et al. 2011; Berggoetz et al.
2014). This suggest that the preferential host of 7. velifera A may be antelope and an antelope

tick vector.

Genotypes not found

It should be noted that 7. sp. (sable) genotypes were not found in the current study,
even though several RLB based studies indicated the presence of this genotype in cattle and

buffalo (Nijhof et al. 2005; Yusufmia et al. 2010; Eygelaar et al. 2015; Njiiri et al. 2015). It
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was indicated that the 7. sp. (sable) probe cross-hybridize with the 7. velifera probe (Mans et
al. 2011a). The current study confirmed this, indicating that RLB based analysis should be
approached with caution. The only sequence confirmed case for a cattle sample infected with
a T. sp. (sable)-like genotype, were an animal that showed apparent signs of theileriosis

(Mans et al. 2011a), suggesting an immuno-compromised incidental infection.

3.6 Prevalence and relative parasitemia trends

Relative trends in parasitemia may be observed from the data. As such, buffalo
specific genotypes are not only prevalent, but also show a higher numbers of sequences
compared to genotypes found in both cattle and buffalo (Fig. 4). More sequences were found
for 7. mutans-like 1/2/3 compared to 7. mutans and T. mutans MSD, suggesting that these
latter genotypes generally occur at lower parasitemia in buffalo than buffalo specific
genotypes. This is of interest since, RLB based studies indicated a high prevalence of 7.
mutans in buffalo (Oura et al. 2011; Chaisi et al. 2011; Pienaar et al. 2014), but this has
probably been confounded by the non-specificity of the 7. mutans probe that also detect T.
mutans-like 1/2/3 (Mans et al. 2011a). In this regard, buffalo specific genotypes show sub-
structuring with regard to co-infection compared to 7. mutans and T. mutans MSD. Buffalo
specific genotypes show co-infection rates of 80-87% (Fig. 5). In contrast, co-infection with
T. mutans and T. mutans MSD range from 4-5% which is comparable to that observed for 7.
sp. (buffalo) and 7. sp. (bougasvlei) (Pienaar et al. 2014), suggesting that discrepant co-

infection patterns also occur in the 7. mutans clade.

While T. velifera is prevalent in both buffalo and cattle, higher numbers of sequences
are retrieved in cattle compared to buffalo samples, suggesting that this genotype is dominant

in cattle samples, but not in buffalo. Better estimations of parasitemia ranges may in future be
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possible using genotype specific real-time PCR assays or improved next-generation
sequencing technologies. In this regard, specific assays for 7. parva, T. sp. (buffalo) and T.
sp. (bougasvlei) indicated that their parasitemia levels range from 0.001%-0.1% in carrier
animals (Pienaar et al. 2011a; Pienaar et al. 2011b; Pienaar et al. 2014). The latter
observations are supported by data from the current study and suggest that genotypes from

the 7. mutans and T. velifera clades are present at much higher parasitemia.

3.7 Number of genotypes per animal and co-infection patterns

Previously it was shown that mixed infections were prevalent in buffalo and cattle and
conventional sequencing found more genotypes than RLB analysis, while the average number
of genotypes were higher in buffalo compared to cattle (Mans et al. 2011a). The current study
confirmed these general observations, but found up to 7 genotypes in cattle (91% from 1-5
genotypes, peak at 4 genotypes) and 10 genotypes in buffalo (75% from 3-8 genotypes, peak
at 7 genotypes) (Fig. 5A). For both this was higher than the previous observed number of
genotypes found per animal (Mans et al. 2011a), but confirmed the observation that buffalo

on average carries a higher diversity of genotypes than cattle.

A number of studies have commented on the patterns of co-infection observed
between different parasite genotypes or species (Dib et al. 2008; Vaumourin et al. 2014;
Njiiri et al. 2015). Given that the Theileria may have life-long carrier status, co-infection or
lack thereof can be ascribed to the same vector or vector distribution, vector infectivity and
transmission efficiency, similar host preferences, host age, parasitemia ranges, ability to
propagate asexually in the host, mechanisms of immune evasion or host immunity,
competition for the same resources or genetic incompatibility between parasites (Pienaar et

al. 2014). In the current study we define levels of co-infection as low (<10%), moderate (10-
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40%) and high (>40%) (Fig. 5). Low levels of co-infection may represent poor host
preference as seen for the buffalo and cattle specific genotypes. Differences in vector
distribution could account for low levels of co-infection as seen for the buffalo specific 7. sp.
(buffalo), 7. sp. (bougasvlei), T. parva, T. mutans 1/2/3 versus the T. buffeli C/T. sinensis-like
genotypes or the cattle specific 7. taurotragi versus T. buffeli Warwick/T. buffeli B
genotypes. Genetic incompatibility may account for low levels of co-infection as suggested
for 7. sp. (buffalo) and 7. sp. (bougasvlei) (Pienaar et al. 2014). The current study also
suggest that this may be the case for 7. mutans 1/2/3 versus T. mutans and T. mutans MSD or
T. velifera A versus T. velifera and T. velifera B. In contrast, in areas considered to be
endemic for certain genotypes, moderate to high levels of co-infection were observed. This
was the case with most buffalo specific genotypes (7. parva, T. sp. (buffalo), 7. sp.
(bougasvlei), T. mutans 1/2/3, T. velifera and T. velifera B) and the same or common vector
distributions probably account for this. In some instances, genotypes from the same clades
show high levels of co-infection as observed for 7. mutans 1/23, T. velifera/T. velifera B, T.
buffeli C/T. sinensis-like, T. buffeli Warwick/T. buffeli B. This may be accounted for by the

same vectors or possibly different genes in the same genome as discussed below.

3.8 Are unique genotypes unique species?

A central question in the study of 18S rRNA diversity are whether a unique genotype
represents a unique species? It is generally recognized that the 18S rRNA gene is conserved
within species and that as little as 3 nucleotide differences may differentiate Theileria species
(Mans et al. 2011a; Mans et al. 2015). In the 7. taurotragi clade, different species are well
recognized, even though this clade shows the least intra-specific genetic diversity for the 18S

rRNA gene. Conversely, while the 7. buffeli, T. mutans and T. velifera clades show much
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higher intra-specific diversity, they are generally considered as representing a single species,
1e. T. buffeli, T. mutans and T. velifera (Mans et al. 2015). If this is indeed the case, an

explanation for the genetic diversity observed is needed.

The 18S rRNA gene occurs as two copies in all Theileria genomes, including 7.
annulata, T. equi, T. parva and T. orientalis (Gardner et al., 2005; Pain et al., 2005;
Hayashida et al., 2012; Kappmeyer et al., 2012). There is therefore no reason to postulate that
the extensive genetic diversity observed is due to more than two 18S rRNA copies, as found
in Babesia and Plasmodium (Gunderson et al. 1987; Lau, 2009; Laughery et al. 2009). The
two gene copies are also conserved due to concerted evolution (Eickbush and Eickbush,
2007). If the genotypes existed as multiple genes in the genome, they should be co-detected
in samples and their quantitative ratio relative to each other would represent their gene copy
number. Pairwise comparison of intra-specific co-localization of genotypes found in the
different clades indicates a poor correlation that does not support multiple genes in the same
genome (Fig. 5). As such, 7. mutans-like 1/2/3 and T. mutans/T. mutans MSD do not co-
occur at high incidence. In the case of 7. mutans-like 1/2/3, a high level of co-occurrence was
observed that ranged from 80-87%. However, 7. mutans-like 3 was absent from some
geographic localities. Similarly, although high levels of co-occurrence was found for T.
velifera and T. velifera B (63%), it hardly approached levels expected for co-occurrence in
the same genome. The same holds for the 7. buffeli-like genotypes. Evidence for different

genotypes in the same genome is therefore not convincing with the current dataset.

If genotypes were alleles, their prevalence will be determined by population genetic
factors and prevalence data cannot distinguish species. However, if genotypes within clades
represent the same species, host specificity would not be expected. Specificity of 7. mutans-
like1/2/3, T. buffeli C/T. sinensis-like and T. velifera A for buffalo argue against them being

alleles of 7. mutans, T. mutans MSD and T. velifera, respectively. This suggest that different
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species do exist within the 7. buffeli, T. mutans and T. velifera clades, with the presence of at
least buffalo and cattle specific species. Whether the genotypes specific to cattle or buffalo

represent the same species cannot as yet be resolved until more genes are analysed.

3.9 Assessment of the hybridization and Hybrid Il assays for T. parva detection

BLASTN analysis and motif detection of the 7. parva specific primer sequences
against a database of the 454 sequences were performed. The 7. parva specific forward
primer (5’-CTGCATCGCTGTGTCCCTT-3’) used in the hybridization assay was only
detected in 7. parva, T. sp. (buffalo) and 7. sp. (bougasvlei) sequences. Similarly, the 7.
parva specific reverse primer (5’-AAAGTAAACATCCAGACAAAGCG-3’) employed in
the Hybrid II assay was only detected in 7. parva sequences. This confirmed that these
primers are specific for the current genotypes amplified and validate the specificity

parameters of these assays.

4. Conclusions

The study of 18S rRNA diversity has practical application in the design of diagnostics
assays based on this gene. Finite knowledge regarding the genotypes that circulate in buffalo
and cattle allows for an objective assessment of the specificity of real-time PCR assays such
as the hybridization and Hybrid II assays. The current study confirmed the prevalence and
identity of Theileria genotypes that circulate in buffalo and cattle in southern Africa. It
confirmed that the only templates that possess the primers used in the hybridization PCR
assay remain 7. parva, T. sp. (buffalo) and 7. sp. (bougasvlei), and that 7. parva is the only
genotype that possess the Hybrid II assay primer pair. No other genotype circulating in

buffalo or cattle in southern Africa will as such, affect the hybridization or Hybrid II assay
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with regard to specificity or PCR suppression. No novel 7. parva variants within the probe
areas were detected in the current study. These assays therefore remain methods of choice in
the diagnoses of buffalo-derived 7. parva and determination of the disease free status of

buffalo herds in South Africa.
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Figures

Figure 1: Sampling sites for cattle and buffalo samples used in study. The number of animals
sampled per site are indicated in circles (buffalo) or rectangles (cattle). Provinces in South
Africa are indicated in dotted circles and include Western Cape (WC), Eastern Cape (EC),
Northern Cape (NC), Free State (FS), Kwa-Zulu Natal (KZN), North-West (NW), Gauteng
(GP), Limpopo (LP) and Mpumalanga (MP). Refer to Table S1 to identify specific localities

indicated in the map.

Figure 2: Comparison of the 454 data and the hybridization PCR assay for 7. parva. A)
Indicated are the expected true negative and true positive samples as determined with the
hybridization PCR assay and the number of samples above or below the determined cut-off
threshold (10 sequences) for the 454 data. The horizontal dashed line indicate the cut-off
threshold and the vertical dashed line indicate the demarcation between true negative and
positive samples. B) Comparison of parasitemia and number of sequences obtained using 454

sequencing. Indicated are the R? value for the linear regression fit.
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Figure 3: A presence-absence heat map of different Theileria and Babesia genotypes.
Vertical axes: Buffalo and cattle samples and their origins. Horizontal axes: Genotypes (1-22)
divided into buffalo specific, buffalo and cattle genotypes and cattle specific genotypes. 1) T.
sp. (buffalo), 2) T. sp. (bougasvlei), 3) 7. mutans-like 1, 4) 7. mutans-like 2, 5) 7. mutans-like
3,6) T. buffeli C, 7) T. sinensis-like, 8) T. velifera A, 9) T. parva, 10) T. parva variant 1, 11)
T. parva variant 3, 12) T. parva variant 5, 13) T. parva variant 7, 14) T. mutans, 15) T.
mutans MSD, 16) T. velifera, 17) T. velifera B, 18) T. buffeli Warwick, 19) T. buffeli B, 20)
T. taurotragi, 21) B. bovis, 22) B. bigemina. Grey shading indicates presence and white

absence.

Figure 4: Comparison of the total number of animals and sequences for each genotype.
Indicated are the number of animals (top), number of sequences (middle) and average number

of sequences per animal.

Figure 5: The number of genotypes found per animal. A) Indicated are a frequency
distribution curve for the number of genotypes found per animal in cattle and buffalo. B) Co-
infection observed between different genotype pairs. Indicated are the percentage co-
infection observed for low (white), moderate (gray) and high (dark gray) for different
genotype pairs. Genotypes are indicated for 7. sp. (buffalo) (TsBuff), 7. sp. (bougasvlei)
(TsBgvl), T. mutans-like 1 (Tml), T. mutans-like 2 (Tm2), T. mutans-like 3 (Tm3), T. buffeli
C (TbC), T. sinensis-like (Tcfsin), T. velifera A (TvA), T. parva (Tpar), T. mutans (Tm), T.
mutans MSD (TmMSD), T. velivera (Tv), T. velifera B (TvB), T. buffeli Warwick (TbW), T.

buffeli B (TbB), T. taurotragi (Ttau), B. bigemina (Bbig), B. bovis (Bbov).
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Figure 2

A Correlation of 454 data and gold standard real-time PCR assay for Theileria parva
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Figure 3
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Figure 4
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Figure 5

A 30

Percentage
- N N
(4] o (4]

-
o

Bl
TsBgvl
Tm1
Tm2
Tm3

Tefsin
TvA

Tm
TmMSD

TvB
TbwW
TbB

= Buffalo (n=669)
m Cattle (n=479)

.II”“Il |

10
Number of genotypes per animal

TsBuff TsBgvl Tm1 Tm2 Tm3 TbC Tcfsin TvA Tpar Tm TmMSD Tv TvB TbW TbB Ttau Bbig
4
-27.0
-zu h
69 31 14 06
47 29 26 1.7 15
94 224 79 68 54 200 115
-m EEN0Ee e 35 120
37 82 86 81 17 11 13 9.1
44 1.3 50 48 42 05 07 05 63 398
269 59 303 280 313 0.7 1.2 3.0 316 395
319 142 1.0 1.5 52 WESI20.1 289
00 00 00 00 00 00 00 00 07 56 36 3.7 03
00 00 00 00 00 00 00 0.0 04 37 32 27 o7 08
00 00 00 00 00 00 00 0.0 03 193180 164 10.11.9 15

0.0 0.0 00 00 00 0.0 0.0 0.0 0.2 17.0 234 152 10012 06 175
0.0 0.0 00 00 00 00 0.0 0.0 0.0 141193 108 50 48 26 143 307




Table 1

Table 1: Statistics for sequences generated using GS-Junior 454 sequencing.

Total Average | Total Average | Total after | Total | Percentage | Percentage
reads length reads length chimeric after total reads | informative
total >280 bp | >280 bp | removal cut-off reads
reads

Batch 1 | 92991 363 £ 106 | 77049 403 +55 | 76997 73528 | 79.1 95.4

Batch 2 | 95034 392 £126 | 80294 448 +37 | 80177 74912 | 78.8 93.3

Batch3 | 75346 357£120 | 59680 409£59 | 59639 54072 | 71.8 90.6

Batch 4 | 86426 341 £ 121 | 63011 402+49 | 62969 58880 | 68.1 93.4

Batch 5 | 77302 401 £103 | 75970 433 +51 | 75915 62604 | 80.9 82.4

Batch 6 | 114138 | 382+ 124 | 92952 434 +54 | 92909 87424 | 76.6 94.0

Batch 7 | 89164 400+97 | 79546 430+47 | 79489 75225 | 84.4 94.6

Batch 8 | 101262 | 409+ 103 | 90405 442 +47 | 90394 87273 | 86.2 96.5

Batch 9 | 70733 397+ 112 | 60376 437+60 | 60371 58297 | 82.4 96.6

Batch 10 | 68980 357+108 | 57190 396 £58 | 57185 55204 | 80.0 96.5

Batch 11 | 97754 334+ 132 | 68290 399+ 66 | 68286 66694 | 68.2 97.7

Batch 12 | 83178 440+£92 | 73257 462 +51 | 73254 71598 | 86.1 97.7

Total N/A 877585 82571 | N/A N/A
1052308 878020 | N/A 1

Average | 87692+ | 381 +31 | 73168+ |424+22 | 73132« 68809 | 79+6 94 +4

+SD 13446 11796 11785 +

11482






