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Abstract:

In Australia, outbreaks of clinical theileriosisusad byTheileria orientalis have been largely
associated with the lkeda genotype which can oaswua sole infection, or more commonly,
as a mixture of genotypes. The most prevalent tgpep Chitose, frequently co-occurs with
type Ikeda, however the role of this genotype imicél disease has not been clearly
established. Furthermore, the dynamics of indi@idyenotypes in field infection of cattle
have not been examined. In this study we developeantitative PCR (qPCR) and
genotyping methods to examine the role of the Ghitgenotype in clinical disease and to
investigate the temporal dynamics Tforientalis Ikeda, Chitose and Buffeli genotypes in
naive animals introduced toTa orientalis-endemic area. Analysis of the major piroplasm
surface protein (MPSP) genes of Chitose isolatesated the presence of two distinct
phylogenetic clusters, Chitose A and Chitose B.gehotyping assay aimed at determining
Chitose A/B allele frequency revealed that the @@t A phylogenetic cluster is strongly
associated with clinical disease but nearly alwayccurs with the lkeda genotype. qPCR
revealed that the Chitose genotype (particularliidSk A), undergoes temporal switching in
conjunction with the lkeda genotype and contribugabstantially to the overall parasite
burden. The benign Buffeli genotype can also ugaléemporal switching but levels of this
genotype appear to remain low relative to the Ikadd Chitose types. Interplay between
vector and host immunological factors is presuneetdd critical to the population dynamics
observed in this study. Genotypic switching liketgntributes to the persistence of

orientalisin the host.



1. Introduction:

Theileria orientalis is a tick-borne haemoprotozoan parasite of cattte lzuffalo which can
cause disease during the intraerythrocytic (pirmplastage of its lifecycle. The major
clinical manifestations of the disease are anaejaumdice, lethargy, tachycardia and late-
term abortion in pregnant animals (Eamens et 8l132; 1zzo et al., 2010; Kamau et al.,
2011). T. orientalis infections can remain subclinical, although stm@sy cause the disease
to recrudesce (Kamau et al., 2011; McFadden ef@lll) and animals are infected long-
term, perhaps for life (Kubota et al., 1996). Thechanisms for the persistence Tf
orientalis in the host have not been elucidated. Currentgyesm genotypes of. orientalis
have been identified, types 1-8 and N1-N3 (Jeon@let2010; Khukhuu et al., 2011
Sivakumar et al., 2014). These genotypes are eltfimased on the sequences of the major
piroplasm surface protein (MPSP), an immunodomirarttgen expressed during several
phases of the parasitdifecycle (Sako et al. 1999). Of the eleven MPSRaggpes, Chitose
(Type 1) and lkeda (Type 2) have been associatéd ahinical disease (Cufos et al., 2012;
Eamens et al., 2013b; Eamens et al., 2013c; Mcladtdal., 2011); while the Buffeli type
(Type 3) and its phylogenetic sister group, Typar& considered benign (Kamau et al.,
2011a). The clinical relevance of the remainingey has not been clearly elucidated,;
however recent clinical outbreaks of disease inalrappear to be related to the presence of
Type 7, a phylogenetic relative of the lkeda typgdrna et al., 2011). In Australia, the
lkeda, Chitose and Buffeli genotypes have thusldeen identified, with Type 5 also

occurring in infected cattle, albeit with low présace.

T. orientalis infection often occurs as a mixture of genotyp&ecent outbreaks of clinical
theileriosis in Australasia have been linked toeation with the lkeda genotype. In one
study, this genotype was found to be present mcal cases as a sole or mixed infection
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(Eamens et al., 2013c), but most commonly co-oecuwith the Chitose genotype. In
contrast to the lkeda genotype, the Chitose gewrotygs rarely found to be associated with
disease when present as a sole infection (Eameals €013c); however other studies have
suggested that the Chitose genotype may directigecalinical disease (McFadden et al.,
2011). While the Buffeli genotype is considereahiga and does not cause disease when
present as the sole infection, it can also occuwombination with the lkeda and/or Chitose

genotypes in clinical cases (Eamens et al., 2013c).

In this study, we used quantitative PCR methodsinigestigate associations between
phylogenetic subpopulations of the Chitose genotgpd disease, and to monitor the
temporal dynamics of the Ikeda, Chitose and Buffelotypes of. orientalisin a group of

naive animals introduced toTaeileria-endemic area.

2. Methods:

2.1. Samples

Samples used in this study were derived from devgeographic regions of Australia, within
the states of New South Wales (NSW), Victoria, Qusésnd and South Australia. ATl
orientalis positive samples (n = 137) were derived either flards with clinical theileriosis
cases (n = 89) or from herds with subclinical itfats at the time of sampling (n = 48) and
were characterised in a previous study as Chitosdiye infections (Bogema et al., 2015;
Eamens et al., 2013a; Eamens et al., 2013b; Eaateals 2013c). Negative samples were
sourced from an area whefeorientalis was not enzootic and were confirmed negative by
conventional PCR (Bogema et al., 2015).orientalis-negative samples sourced from cattle
known to be infected witliBabesia bigemina or Babesia bovis, causative agents of the

clinically similar disease, tick fever; or derivédtbm cattle immunized withAnaplasma



centrale, were kindly provided by Dr Phil Carter at the Tiekver Centre, Wacol (Bogema et
al., 2015). Time-course samples were collectethfaomob of 10 naive Ayrshire cattle that
had been introduced to an area on the mid-coableaf South Wales, Australia, whefe
orientalis was known to be enzootic, and onto a property &itprior history of clinical
theileriosis cases. Blood samples were colleatedadiately upon introduction of the cattle
and approximately weekly thereafter for a period biweeks. Immediately following blood
collection, packed cell volume (PCV) was measuraed blood films were prepared and
stained with Diff-Quik (Australian Biostain, Tragan, Australia). All samples were
collected in vacuum blood tubes containing eith®TE or lithium-heparin. Blood was

decanted into sterile sample tubes and storedaC-for later extraction.

2.2. DNA extraction

Purification of sample DNA was performed using Ddeasy Blood and Tissue Kit (Qiagen,
Hilden, Germany) with a 100 pL starting volume ddddl and a 100 pL elution volume.
Negative extraction controls were included at &orat at least 1 per 20 DNA extractions as a

guality control measure.

2.3. Phylogenetic analysis

Partial MPSP genes from the Chitose genotype werplified as previously described
(Eamens et al., 2013a; Zakimi et al., 2006) fromected samples derived either from herds
with clinical theileriosis cases or from herds wahbclinically infected animals. Amplicons
were purified using the Qiaquick PCR purification ¢Qiagen) and were submitted to the
Australian Genome Research Facility (AGRF) for Sangequencing. Contiguous MPSP
gene sequences were compiled using Geneious vRMmégiers, Auckland, New Zealand)

and aligned with representative Chitose genotypeesgces from GenBank using MUSCLE.



Sequences were trimmed prior to analysis, withtal @f 703bp of sequence analysed. All
sequences have been submitted to GenBank (Accessimbers pending). Phylogenetic
analysis was performed within MEGA v6 using thegh®our joining, parsimony (maximum
composite likelihood), and maximum likelihood (TamNei) methods with 1000 bootstrap

replications. An MPSP gene sequence from the Byfémotype was used as an outgroup.

2.4. Primer and TagMan probe design

Dual-labelled TagMan hydrolysis probes were useadafb genotype-specific gPCR assays
and for the Chitose subpopulation analysis. Thpexific gPCR assays were designed to
target the three dominant Australidnorientalis genotypes (lkeda, Chitose and Buffeli). A
fourth assay was designed to determine the domptaylbgenetic subpopulation (Chitose A
or Chitose B) of the Chitose genotype. Each assagisted of a probe and a forward and
reverse primer set that were all genotype-specliach probe was'Habelled with a
fluorophore (Table 1) and 8abelled with a non-fluorescent quencher (NFQ)thia case of
the Chitose-specific gPCR, a degenerate designused to account for a polymorphism
between Chitose A and Chitose B subpopulations|€Tap All probes contained an MGB
moiety to confer additional probe specificity an@rev purchased from Life Technologies
(Carlsbad, CA, USA). All primer and probe sequenass listed in Table 1. Am silico
analysis was performed on all primers and probesoyparison with existing sequence data
in GenBank. Each probe and primer set was desigaethaximise detection of their

respective subtypes.



2.5. Quantitative PCR (QPCR) and generation of plasmid standards

Plasmid DNA standards, reagents, equipment, conslesrand thermal cycling parameters
for gPCRs performed in this study were as descriyedliously (Bogema et al., 2015) with

primers and probes for the Ikeda, Chitose and Bidtbtype assays as listed in Table 1.

The limit of detection (LOD) of each of these assasas defined as the limit where 95% of
gPCRs were successful (Bustin et al., 2009). Tlais determined experimentally by testing 8
replicates of an equimolar mixture of lkeda, Chetq&+B) and Buffeli plasmid DNA at

dilutions 1500, 150, 100, 50, 15, 5, 1.5 and 0.59RRjene copies per uL (GC/uL), followed

by Probit analysis.

The assay used for determining subpopulation ratidee Chitose genotype was performed
using the same method as the Chitose genotypin(RgiA the exception that the Chitose A
and Chitose B probes were present in different gogns and labelled with different

fluorophores (Table 1).

2.6. gPCR specificity

Probe specificity was tested by performing genotypecific qPCRs with pairwise
combinations of each primer set, probe and plagmidFor lkeda primers, probe/plasmid
combinations lkeda/lkeda, lkeda/Chitose, lkeda/8luff Chitose/lkeda, Chitose/Chitose,
Chitose/Buffeli, Buffeli/lkeda, Buffeli/Chitose anBuffeli/Buffeli were tested). Specificity
was also tested using 10 samples derived ffoanientalis-negative animals, OF. orientalis-
negative animals known to be positive Br bovis, B. bigemina or A. centrale. The
performance of each assay in detecting its targebtype within clinical samples was also

tested using 15 well-characterised (sequenced amelted with alternate assays) samples



known to be positive for one or more of the Ikedhitose and Buffeli genotypes (Bogema et

al., 2015; Eamens et al., 2013a).
2.7. Data Analysis

Analysis of gPCR data was performed as previouslgcdbed (Bogema et al., 2015).
Genotyping of selected samples were confirmed @ag8r sequencing at the Australian
Genome Research Facility (AGRF) using sequencinggrs detailed in Table 1. For the
Chitose subpopulation assa@hitose A/B ratios were determinday comparing to 7
duplicate ratio standards of 1.00:0.00, 0.95:0@%5:0.25, 0.50:0.50, 0.25:0.75, 0.05:0.95
and 0.00:1.00 Chitose A:Chitose B plasmid at 10Qlfg. Subpopulation ratio determination
was performed by analysis of real-time PCR cunfkexion points as described in Chen et
al., (2014). To obtain these, raw fluorescence ustgvere normalized to a passive reference
dye (ROX), baseline-subtracted and corrected favsstalk using pure fluorophore
calibration data. CalculatedRn values were then fitted to a non-linear sigmioidction
using Prism 4.0(GraphPad Software, La Jolla, CA, USAhd transformed fluorescence
ratios (k') were calculated from inflexion pointdnknown Chitose A:Chitose B ratios were
calculated from a standard curve of transformedréacence ratio (k') vs Chitose A allele
frequency fitted to a non-linear function (Chenaét 2014). A conservative upper allele
frequency limit of 95% was used to define ‘pure9%%6) Chitose A or B alleles from mixed
populations Chitose A/B ratios from this analysis were usedsdrt Chitose positives into
three groups, >95% Chitose A, mix Chitose A/B artb% Chitose B. Correlations of
Chitose A/B ratio with clinical disease and Ikedeealence were determined using

Pearson’s chi-squared test.

3. Results



3.1. Sequence analysis reveal s phylogenetic subpopul ations within the Chitose genotype

While the role ofT. orientalis Ikeda in clinical theileriosis has been noted imesal prior
studies (Eamens et al., 2013c; Kamau et al., 2Béfera et al., 2013), the role of the Chitose
genotype is less clear. To investigate the Chiges®type further, twenty twd. orientalis
Chitose MPSP gene sequences derived from indivgdugthin herds displaying clinical
theileriosis cases, and from herds with subclihyeaffected animals were compared with
reference sequences from GenBank (Figure 1). Segquanalysis revealed two distinct
phylogenetic clusters of. orientalis Chitose (referred to here as Chitose A and ChiB)se
that were consistently observed using disparateogkpetic methods and were well-
supported by the bootstrap analyses. These twamgégktic clusters were characterised by a
series of single nucleotide polymorphisms withire tMiIPSP gene sequences (data not
shown). There was slightly more sequence diversitlyin the Chitose B cluster (98.7-100%
identity) than the Chitose A cluster (99.3-100%nialy). The Australian Chitose sequences
were polyphyletic, with sequences from both thet&@d A and B clades represented,;
however the sequences analysed from Queenslande whlatively few clinical outbreaks
have occurred, were all of the Chitose B type. héuhore, sequences belonging to the
Chitose A cluster were all from New South Wales rehelinical outbreaks have been
occurring since 2006 and showed a close relatipnsith Chitose sequences from Japan. Of
the Australian samples sequenced in this studwag noted that all sequences from the
Chitose A phylogenetic cluster (n = 7) were deriemm herds with clinical cases. In
addition, 3 Australian sequences (Foster3, Fosaadt Kempsey6) from a previous study
(Kamau et al., 2011) were also derived from cliliyeaffected herds. All of the samples
sequenced in this study from herds with subclihyaafected animals (n = 9) belonged to the
Chitose B cluster; however this cluster also inetildsome sequences from herds with

clinically-affected (n = 6) animals. Finally, aequences within the Chitose A cluster had
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been identified in prior studies as mixed infecsipall co-occurring with the Ikeda genotype
(Eamens et al., 2013a), while sequences from th®<ehB cluster derived from both cases

of sole Chitose infection or infections of mixechggype.

3.2. A phylogenetic subpopulation of the Chitose genotype (Chitose A) is strongly

associated with both clinical disease and genotype Ikeda

To test the association of the Chitose A phylogertgpe with clinical disease, a genotyping
assay based on the method of Chen et al., (20f@daat discriminating Chitose A and B
subpopulations was used to examine 137 sampleshwbg&ted positive for the Chitose
genotype in prior studies (Bogema et al., 2015; &ssret al., 2013a; Eamens et al., 2013c).
For this analysis the transformed fluorescence 1&t) and allele frequencies of the Chitose
A genotype (mixed with Chitose B) were comparednggredetermined standard plasmid
ratios, transformed fluorescence ratio (k) shoveedon-linear relationship with Chitose A
allele frequency (R= 0.998; Figure S1). Allele frequencies determiriemn the blood
samples are summarised in Table 2. Pearson’s Qlrsd test indicated a strong association
of clinical disease (P < 0.0001) and presence efldkgenotype (P < 0.0001) with samples
that were predominantly Chitose A. Conversely, #ane analysis indicated that high
proportions (> 95%) of Chitose B were associateth whe absence of clinical disease and
negative detection of the lkeda genotype. 100% ®kamples with >95% of Chitose A allele
were sourced from the state of NSW (Table 3). Adddlly, the presence of Chitose A (>
95% + mixed) was found to have a significantly l@gltorrelation with Ikeda than the
presence of Chitose B (P < 0.0001). In additioh,saimples sourced from Queensland

contained >95% of the Chitose B type (Table 3).
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3.3. Temporal dynamics of genotype populationsin T. orientalis-infected cattle

To investigate the temporal dynamicsToforientalis populations in field-infected animals,
we developed specific gPCR assays for the threernggnotypes of this parasite found in
Australia, namely the lkeda, Chitose and Buffeln@ypes. Analytical sensitivity statistics
and the linearity of standard curves from thesedlassays are outlined in Table 4 and Figure
S2. The specificity of primer-probe sets for eactended target was confirmed using
plasmids containing Ikeda, Chitose (A+B) and BifféPSP gene sequences at 100 pd.uL
(Figure S3). In addition, 10 samples collected froattle cPCR-negative far. orientalis or
that were infected with eithd3. bovis, B. bigemina or A. centrale were all negative in each
genotype-specific assay. The performance of easyawas further assessed on 15 well-
characterised blood samples from orientalis-positive animals and yielded comparable

results to conventional PCR (Eamens et al., 2013c).

The lkeda, Chitose and Buffeli gPCR assays werdieghpo DNA extracts from 10 naive

cattle that had been introduced onto a propert witecent history of clinical theileriosis.

The 10 animals became infected with all three ggrest over the study period, with the
Ilkeda allele the first to be detected in the majooi animals (7/10 cows positive at Day 11
and the remaining three cows positive at Day ZINe Chitose allele was also detectable in
Cow 8 at 11 days post-introduction, but was noéected in the other nine animals until Day
20. Buffeli allele was detected in nine animal®aty 20 and the remaining animal at Day
34. Together these data suggest that the Ikedatygenmay be either favoured during vector
transmission, or out-competes the Chitose and Bg#aotypes. Interestingly, in all animals

the dominant genotype, as detected by gPCR, slofted the course of the study, from the
Ikeda genotype to the Chitose genotype, with theddk genotype re-emerging as the

dominant allele around Day 60 in most cases (Figlw&uantitative data for each genotype
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revealed that the levels of Ikeda allele peaked@%iays post-introduction in the majority of
animals (Figure 2). In most animals, the conceioineof Chitose allele peaked only after the
initial peak in the lIkeda genotype, from 40-55 dpgst-introduction. These peaks coincided
with the peak in parasitaemia as determined bydbfm, which in most animals was at Day
40 (Figure 2). The Buffeli genotype, while detectiadall animals over the course of the
study, was usually detected at concentrations deraf magnitude lower than the lkeda and
Chitose alleles. One exception was Cow 1, in wihiehBuffeli genotype reached a higher
concentration than the lkeda and Chitose genotypespite this, the peak in parasite DNA
in Cow 1 was 1-2 orders of magnitude lower thathm other nine animals. Furthermore,
Cow 1 was the only animal that did not become amae&hring the course of the study.
Eight of the remaining nine animals first becamaeamic approximately eight days following
the peak in concentration of the lkeda genotypel amund the time when the Chitose
genotype was peaking, the exception being Cow li@hwiirst became anaemic at Day 34,

coinciding with the peak concentration of the Ikadlale.

The Chitose subpopulation genotyping assay wasezppb samples from the time course
study where the Chitose genotype was at its pedBf the ten samples, six were
predominantly (>95%) Chitose A allele (Cows 2, 4657 and 8) and the remaining four
samples were a mix of Chitose A and B. Of the daspontaining a mix of Chitose A and
B, Cows 9 and 10 contained a much higher proporobrChitose A (75% and 86%
respectively), while Cows 1 and 3 contained cldsean equimolar mix of the two alleles
(43% and 52% Chitose A respectively). Quantitataéa from the Chitose gPCR assay also
demonstrated that Cows 1 and 3 had the lowest lbwenacentration of the Chitose allele

when this genotype was at its peak.

4. Discussion
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The aim of this study was to explore subpopulatiand dynamics of. orientalis MPSP
genotypes in field-affected cattle. It has beenl wstablished that both clinical and
subclinicalT. orientalis infections frequently occur as a mixture of genetyfBogema et al.,
2015; Eamens et al. 2013b, Kamau et al., 2011,e0#&., 2009; Sivakumar et al., 2014), a
phenomenon characteristic of apicomplexan paraghiégboma et al. 2012; Katzer et al.
2006). While the lkeda genotype of orientalis has been clearly associated with clinical
outbreaks of disease, in Australian herds it hasnbdemonstrated to co-occur with the
Chitose genotype with high frequency (Eamens et28l13c) in the presence or absence of
benign genotypes (Buffeli and Type 5) (Eamens gt28l13c; Perera et al., 2013). In this
study, naive cattle introduced td'heileria-endemic area rapidly became infected with a mix
of MPSP genotypes (lkeda, Chitose and Buffelijvds not established whether these mixed
infections arose from successive inoculations efinltt parasite populations from multiple
tick bites, or transmission of multiple sporozagenotypes from individual ticks. However,
evidence from field studies of mosquito transmissid the malaria parasité&lasmodium
falciparum (Nkhoma et al. 2012}5uggest that genetic recombination within the inhgector

is sufficient to generate a genetically diverse ytafoon of sporozoites. Indeed,
recombination within the vector is believed to he major source of genetic diversityRn
falciparum, rather than “superinfection” from multiple mostpés. It has been demonstrated
that subsequent sporozoite inoculations are in $appressed once blood-stage parasites
reach a minimum density threshold (Portugal et24111). Multiple MPSP genotypes have
been detected withiff. orientalis sporozoites harvested frolaemaphysalis longicornis
ticks in Japan (Kubota et al., 1996), suggestirag thixed genotypes of this parasite can be
transmitted in a single infective bite.H. longicornis is a competent vector for the

transmission of the Ikeda and Chitose genotypdsman and whilél. longicornisis present
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in Australia, whether this species acts as a vdotahe varioudl. orientalis genotypes is yet

to be confirmed.

The observed temporal and magnitudinal dynamideeT. orientalis genotype populations
observed in this study could be explained by veehod/or immunological factors. The
pathogenic lkeda genotype was the first to be tkdein the blood of all of ten cattle post-
introduction to the affected property, with the déssof the Chitose and Buffeli genotypes
peaking after the lkeda genotype had reached &k.p@&his pattern was consistent in all 10
animals examined. Prior studies drhelleria parva demonstrated that different tick
populations display distinct preferences for pattic genotypes of the parasite (Katzer et al.,
2006). Repeated early detection of the Ikeda ggeots consistent with transmission of a
sporozoite population that is skewed towards tl@sogype, although host immunological
factors could also account for this phenomenon (a&®). Experimental transmission
studies conducted in the 1980s suggested that gigma ofH. longicornis from Queensland
were unable to transmit the Buffeli genotype, while humerosa and H. bancrofti were
competent vectors (Stewart et al.,, 1987; Stewaralet1989). However, of these three
potential vectors, onlyH. longicornis is known to be endemic to the mid-coast of NSW
where the herd examined in this study was locatedtherefore is the most likely candidate
vector. The relatively lower levels of Buffeli gagpe observed in this study is consistent
with the idea thaH.longicornis is not a competent vector for transmitting Bufigdinotypes
but further research is needed to assess the epidgmal role ofHaemaphysalis sp. ticks in

T. orientalis genotype transmission dynamics. Selection of kieed and Chitose (especially
Chitose A) genotypes within the tick vector coulsbaexplain the common co-occurrence of
these genotypes reported here and elsewhere (Eahahs 2013b; Eamens et al., 2013c).
Preferential selection of genotypes within the tckild also explain apparent differences in

the geographical prevalence of the Chitose A ve@hitose B allele. The Chitose genotype
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was found to be the most prevalent genotyp&.adrientalis in Queensland herds during a
recent survey (Eamens et al., 2013a); howevenfathe Chitose-positive samples sourced
from Queensland that were tested in this studygredantly harboured the Chitose B allele.
In addition to the natural boundaries of potent&dtor species (Riek, 1982), local controls of
cattle movements at the Queensland-NSW bordemndimay mandatory drenching for ticks,

may assist in creating genetically divergent ingemses tick populations with disparate

parasite genotype preferences.

The host immunological response likely played a g in the epidemiology of theileriosis
outbreaks in Australia and the genotype switchihg .oorientalis observed in this study.
While T. orientalis has been enzootic to parts of Australia for appnately 100 years, since
2006 there has been a large increase in the nuohloéinical cases attributed to this parasite
(Eamens et al., 2013c; Izzo et al., 2010; Pereeh &013). This increase in clinical cases is
attributed to the detection of a new genotype insthalia (lkeda), while previous
observations ofTheileria in Australian cattle were presumed to be of theidrerBuffeli
genotype (Kamau et al. 2011). Mafalciparum infections, immunity to one allelic variant is
not necessarily cross-protective for another (Joetaal., 2011), therefore it is reasonable to
assume that lack of a cross-protective responseebefl. orientalis genotypes in Australian
cattle may have contributed to the rapid spreadclafical theileriosis since 2006.
Additionally, lack of immune suppression of typedia in cattle that had not been previously
exposed to this genotype would allow out-competitaf genotypes to which cattle had
already been exposed. Allelic diversity within tlkeda genotype (eg. at loci other than the
MPSP) may explain the apparent re-emergence ofMIRISP genotype in the majority of
cattle towards the end of the sampling period. tHaurstudies ofi. orientalis populations
using markers additional to the MPSP gene are weadato fully elucidate the genetic

diversity within this species and how these popaottet interact with the host immune system.
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Prior research conducted in Japan using experitheméected splenectomised calves have
suggested that the lkeda and Chitose genotypesgmdemporal switching (Kubota et al.,
1996; Matsuba et al., 1993). Temporal switchinghafse same genotypes was observed in
the field-affected cattle monitored in this stu@though switching occurred more rapidly
than reported for the splenectomised animals. Kaubet al. (1996) reported that in
splenectomised calves, the Ikeda genotype domirett@® days post-inoculation with and
Ikeda-Chitose mix of sporozoites. The infection nthewitched to a dominant Chitose
infection by Day 48 which persisted for the couo$ehe study (120 days), only switching
back to an Ikeda-dominant infection in some animals15 days post-inoculation. The more
rapid switching observed in this study is likelylated to the intact status of the cattle
examined, compared to the splenectomised animald us the prior studies, creating a
greater immunological selection pressure for maped shifting. Indeed, prior studies on the
malaria parasitePlasmodium falciparum suggest that the spleen plays an important role in
the sequestration of erythrocytes containing theapee (Contamin et al., 2000), with
different parasite variants inducing the expressibalternate antigens on the erythrocyte cell
surface, thereby allowing the parasite to avoi@msigl destruction (Borst et al., 1995). While
the role of MHC in immune modulation @t orientalis has not been confirmed, in parva

and T. annulata infection, CD8 T cell responses are directed against class | Mbi@b
antigenic peptides and display a clear dominanesaiihy (MacHugh et al., 2009; MacHugh
et al. 2011). T cell responses are restricted éurbly the specific MHC haplotypes of host
cattle and inT. parva infection, the majority of these responses are §sed on a single
antigenic epitope (MacDonald et al. 2010). A simylaestricted immune response 10
orientalis infection could explain the relative pathogeniafythe different genotypes as well
as the relative susceptibility of individual animalo pathogenic forms of the parasite.
Although stress (transport, pregnancy, lactatias) been widely reported as a disease trigger
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(Eamens et al., 2013c; Izzo et al., 2010), the4raed intra-breed susceptibility of cattleTto
orientalisinfection has not been extensively investigateder& is however, some suggestion
that there may be differential susceptibilityRBufs taurus versusBos indicus breeds (Yang et
al., 2014) and that Japanese black cattle (Wagwy) lme less susceptible to disease (Terada
et al., 1995). The animals tested in our tempdradyswere all of a single breed (Ayrshire)
and the patterns of genotype switching and dis@asgression were remarkably similar
amongst the majority of animals. One exception @aw 1 which contained peak parasite
levels 1-2 orders of magnitude lower than its cthodid not become anaemic over the
course of the study, and ultimately displayed ititec dominated by the Buffeli genotype.
These differences in the progression of infecticayyrwell be related to the nature of the

immune response in Cow 1 resulting from the inegrdetween host and parasite genotype.

While the lkeda genotype dF. orientalis has been clearly linked to clinical disease, the
pathogenicity of the Chitose genotype is less cl&#hile this genotype frequently co-occurs
with type Ikeda, it has only rarely been suggestelde the sole cause of disease (McFadden
et al.,, 2011). Futhermore, McFadden et al., ueedl8S rRNA and cytochrome oxidase Il
genes, rather than the MPSP gene to charactegsedblate, therefore the MPSP genotype
of this isolate remains unconfirmed. Indeed, @oent research shows the Chitose genotype
is only associated with high parasite loads whetuotg in combination with type Ikeda
(Bogema et al., 2015). Here, we identified a diaafly higher association between clinical
disease and the presence of the Chitose A compardgw Chitose B genotype; however it
was noted that the Chitose A genotype almost alwaygars with type Ikeda (~95% of cases
examined); therefore there is little evidence tggast that Chitose A is a direct cause of
clinical disease. While gPCR and allele frequenoglysis revealed that the Chitose A
genotype contributed significantly to the overalrgsite burden in some animals, particularly

during the acute phase of the disease where anlmealame anaemic, an analysis of clinical
17



parameters in sole lkeda versus mixed Ikeda-Chitofeetions is required to determine
whether this genotype exacerbates disease. Atrageoduction of the Ikeda genotype to
Australia, co-inciding with the increase in diseasgbreaks, is believed to have occurred,
with a phylogenetic relationship between Australeard Japanese lkeda isolates proposed
(Perera et al. 2015). The phylogenetic analysihefChitose sequences presented here also
supports a Japanese origin for Chitose A but nothi® Chitose B genotype. Combined with
the strong association observed between the Chit@sel Ikeda genotypes, we postulate that
these genotypes were likely introduced to Australithe same time; however further studies
on less highly conserved molecular markers are amégd to investigate this further. In
contrast, a Chitose type B MPSP sequence was ddtgct Japanese study (Kim et al. 1998)
from animal imported from Australia as early as 8,98uggesting that Chitose B may have

been present in Australia for some time prior ®@disease outbreaks.
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Figure legends:

Figure 1. Phylogenetic tree summarising resul@mfrneighbour-joining, Maximum
Likelihood and Maximum Parsimony analyses. Boafstvalues were calculated using each
method. The tree depicted was generated usinglthemum Likelihood method and the
bootstrap values are indicated by closed circl&€9%& support in all three analyses) and open
circles (<50% support in one or more analysis).e Thitose A and Chitose B phylogenetic
were well-supported in all three analyses. Segewerived from this study are shown in

bold.

Figure 2: Temporal population dynamics of thileerientalis subtypes in 10 field-infected

cattle. For each cow, Top: PCV (dotted line) anchpdaemia as determined by blood film
analysis (solid line). Bottom: Allele concentratsodetermined by qPCR targeting the Ikeda
(dashed line), Chitose (solid line) and Buffeli ffgd line) genotypes. Note that y-axes are

not equivalent for each cow.
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Table 1: Oligonucleotides used in this study.

Working

. rar .
Oligo Seguence (5'-3") Target concentration Reference
Ikeda quantitative assay
MPSP-I-F ATTGGTAGACGGAAAATGGAAGAAGG Ikeda MPSP gene 900 nM This study
MPSP-I-R GAGACTCAATGCGCCTAGAGATAATAGA lkeda MPSP ge 900 nM This study
Prl VIC-CATGAACAGTGCTTGGC -MGB-NFQ lkeda MPSP gene 250 nM SIO%%TS) et
Chitose quantitative assay
MPSP-C-F CCGGTGATGAGAGATTCAAGGAAGTA Chitose MPSPrge 900 nM This study
MPSP-C-R GACTCAATGCGCCTAGARATAGTAGG Chitose MPSPnge 900 nM This study
Pr-Ca NED-TCCTCAGCGCTGTTCT-MGB-NFQ Chitose A MPSghg 100 nM Z"%%T;‘) o
Pr-Cb NED-TCCTCGGCGCTGTTCT-MGB-NFQ Chitose B MPSing 150 nM SIOQZ%T;‘) et
Buffeli quantitative assay
MPSP-B-F AAGTATACGTAGGTACCGATGATAAGAAAGTA  Buffeli MPSP gene 900 nM This study|
MPSP-B-R GAGACTCAATGCGCCTAGAGATAGA Buffeli MPSP gen 900 nM This study
Pr-B FAM-AGCGCTTTCCTCATCG-MGB-NFQ Buffeli MPSP gene 250 nM This study
Chitose subpopulation assay
MPSP-C-F TCGACAAGTTCTCACCAC Chitose MPSP gene 900 n This study
MPSP-C-R CATGAACAGTGCTTGGC Chitose MPSP gene 900 nM This study
Pr-Ca (VIC) VIC-TCCTCAGCGCTGTTCT-MGB-NFQ Chitose MPSP gene 150 nM This study
Pr-Cb NED-TCCTCGGCGCTGTTCT-MGB-NFQ Chitose B MPSflg 150 M SIOQZ%T;‘) et
Primers used for generation and sequencing of standard plasmids
Ikeda MPSP gene (cPCR (Zakimi et
Tsl CACCATCGTCTGCTACCGCCGC forward and sequencing 400 nM L 2006
primer) al., )
Chitose (cPCR forward (Zakimi et
TsC CACCTTCCTCATCGTCTCTGCAACT and sequencing primer) 400 nM al., 2006)
TsB CACCTTCCTCATCGTCTCTGCAACT Buffeli (CPCR forward 55 (Zakimi et
and sequencing primer) al., 2006)
T. orientalis (cPCR (Zakimi et
TsR CACCTGCTCTGCAACCGCAGAG reverse and sequencing 400 nM | 2006
primer) al, )
Chb Chitose plasmid Bogema et
CTATGTGAGACTCAATGCGCCTA mutagenesis forward 400 nM al 92015)
mutF primer '
Chb Chitose plasmid Booema et
GATGAGAACAGCGCCGAGGACGGCAAGTG mutagenesis reverse 400 nM al %015
mutR primer ' )
T7F CACTTGCCGTCCTCGGCGCTGTTCTCATC PET100/GW/D-TOPO g4 Bogema et
vector forward primer al, 2015)
T7R TAATACGACTCACTATAGGG pET100/GW/D-TOPO 830 nM Bogema et
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vector reverse primer al, 2015)

Table 2: Relative occurrence of Chitose A and Bladl in Chitose PCR positive samples and

their association with clinical disease cases hedkeda genotype.

Allele frequency % associated with clinical % co-occurrence with lkeda
disease genotype

>95% Chitose A (n = 56) 100% (56) 98% (55)

Mix Chitose A/B (n = 52) 67% (35) 90.4% (47)

>95% Chitose B (n = 29) 27.6% (8) 44.8% (13)
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Table 3: Relative occurrence of the Chitose A arall@es in Chitose PCR positive samples

by geographic origin
Allele frequency Geographic origin by State
NSW QLD VIC SA
>95% Chitose A (n =56 56 0 0 0
Mix Chitose A/B (n = 52) 45 0 3 2
>95% Chitose B (n = 29 11 16 4 0
Total 112 16 7 2
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Table 4: Analytical sensitivity (limit of detectiphOD) of the Ikeda- Chitose- and Buffeli-

specific assays, 95% confidence limits are showbrackets.

gqPCR Parameter Ikeda Chitose Buffeli
R’ 0.997 0.999 0.994
Efficiency (%) 91.2(87.9-949) 95.1(92.9-97.4 90.7 (86.4 - 95.3)
LOD (GC.uLh 8.4 (3.1-23) 35 (14 - 88) 19 (8.5 - 44)
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Figure 1

Chitose B2, (2011) Kempsey, New South Wales, Australia
Chitose T-CM-C 104, Thailand (AB562544)

Chitose B11, (2010) Armidale, New South Wales, Australia
Chitose Guyra21, Guyra, New South Wales, Australia (AB520941)
Chitose B6, (2013) Queensland, Australia

Chitose 6, (2010) Victoria, Australia

Chitose B12, (2010), Armidale, New South Wales, Australia
Chitose B7 (2012) Bairnsdale, Victoria, Australia

Chitose 5, (2010) Queensland, Australia

'Chitose B8, (2013) Lismore, New South Wales, Australia

_‘
Chitose B1, (2010) Queensland, Australia

Chitose B3, (2013) Queensland, Australia
Chitose B5, (2013) Queensland, Australia
Chitose Undur-2, Undur, Mongolia (AB571938)
Chitose 2, (2010) Victoria, Australia
Chitose T18, Talawakele, Sri Lanka (AB701415)
Chitose T-BR-W-39, (Buffalo), Thailand (AB562571)
Chitose Pathein13, Pathein, Myanmar (AB871351)
Chitose 1, (2010) Victoria, Australia
Chitose AM8, Ampara, Sri Lanka (AB701461)
Chitose AU3. Janan. ex Australia (D87188)

+ Chitose B4, (2013) Queensland, Australia

Chitose Kempsey12, Kempsey, New South Wales, Australia
Chitose Scone25, Scone, New South Wales, Australia (AB520939)
Chitose, Scone24, Scone, New South Wales, Australia (AB520938)

Chitose, TW38-1, Taiwan (D87208)
Chitose Kempsey5, Kempsey, New South Wales, Australia

Chitose T-RE-W-29 (Buffalo), Thailand (AB562580)

L

Chitose ABS, (2010) Forbes, New South Wales, Australia

Chitose J31, Jaffna, Sri Lanka Jaffna (AB701473)

Chitose Kagawa, Japan (AB668375)
Chitose Clone OK2, Okushiri Island, Japan (D87204)

Chitose, Fukushima, Japan (AB016280)

Chitose CH24, Japan (D87194)
Chitose, Ningxian, Gansu, China (FJ515689)

Chitose Ts-U-1, North East China (HQ322618)

Chitose CB22 Chonju, Korea (D87192)

>—Chitose C82, Okinawa, Japan (AB218431)

Chitose Al, (2013) Lismore, New South Wales, Australia
Chitose A2, (2013) Lismore, New South Wales, Australia
Chitose A10, (2012) Camden, New South Wales, Australia

! Chitose A9, (2010) Bowral, New South Wales, Australia
Chitose Al4, (2011) Bomaderry, New South Wales,

Chitose Foster3, Forster, New South Wales, Australia

Chitose Kempsey6, Kempsey, New South Wales, Australia (AB520943)
Chitose Foster4, Forster, New South Wales, Australia

Chitose Al1, (2011) Gloucester, New South Wales, Australia
Chitose, Changchun, China (FJ515692)

Chitnse A15 (2011) Willala New Sniith \Wales Aiistralia
Chitose Ts-U-11, North East China (HQ322621)

Chitose, (Buffalo) Russia (AB016279)

0.01

Buffeli AU9, Japan ex Australia, (D87189)

Chitose B

Chitose A
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Figure 2.
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