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Abstract

The disease caused by the apicomplexan protozoan parasite Theileria parva, known as East Coast fever
or Corridor disease, is one of the most serious cattle diseases in Eastern, Central, and Southern Africa.
We performed whole-genome sequencing of nine T. parva strains, including one of the vaccine strains
(Kiambu 5), field isolates from Zambia, Uganda, Tanzania, or Rwanda, and two buffalo-derived strains.
Comparison with the reference Muguga genome sequence revealed 34 814—-121 545 single nucleotide
polymorphisms (SNPs) that were more abundant in buffalo-derived strains. High-resolution phylogenetic
trees were constructed with selected informative SNPs that allowed the investigation of possible complex
recombination events among ancestors of the extant strains. We further analysed the dN/dS ratio (non-
synonymous substitutions per non-synonymous site divided by synonymous substitutions per synonymous
site) for 4011 coding genes to estimate potential selective pressure. Genes under possible positive selec-
tion were identified that may, in turn, assist in the identification of immunogenic proteins or vaccine can-
didates. This study elucidated the phylogeny of T. parva strains based on genome-wide SNPs analysis with
prediction of possible past recombination events, providing insight into the migration, diversification, and
evolution of this parasite species in the African continent.
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1. Introduction has caused a serious economical problem to the live-

stock industry. Although the mortality in cattle may

Theileria parva is a tick-borne protozoan parasite
belonging to the phylum Apicomplexa. Infection of
T. parva in cattle causes a severe disease known as
East Coast fever (ECF) or Corridor disease.' ™ The
disease is endemic in East African countries, where it

reach 100%, especially in exotic breeds, the Cape
buffalo (Syncerus caffer) shows no clinical signs and
is considered to be the main natural host. Although
clinical differences have been documented,* ECF and
Corridor disease have similar presentations. However,
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a major epidemiological difference is that, whereas ECF
spreads from cattle to cattle, Corridor disease is
believed to be transmitted solely from buffalo to cattle.
The parasites causing ECF and Corridor disease were
designated as T. p. parva and T. p. lawrencei, respectively.®

Vaccination against ECF is based on an infection and
treatment method that involves inoculation of live
sporozoite-stage parasites and simultaneous treat-
ment with long-acting tetracycline.” The Muguga
cocktail, consisting of the three strains of Muguga,
Serengeti-transformed, and Kiambu 5, is the most
widely used vaccine in East Africa. Importantly, there
is an extensive debate concerning the risk of vaccin-
ation with live non-attenuated sporozoites such as
the Muguga cocktail vaccine, as the vaccination may
introduce parasites with an exotic §enetic background
into the local parasite population.°~? This was proven
to be a real risk when Oura et al.” demonstrated the
transmission of a strain of vaccine constituent to un-
vaccinated cattle under field conditions in Uganda.
In addition, the presence of the vaccine component
strain (Muguga or Serengeti-transformed) was con-
firmed in clinical cases of ECF in the Southern
Province of Zambia,® following deployment of the
Muguga Cocktail over a 7-year period, ranging from
1986 to 1992. Therefore, two indigenous Zambian
strains (Katete and Chitongo) have been used as a
vaccine in the Eastern and Southern Provinces of
Zambia,'? although the consequences of this vaccin-
ation have not been analysed.

Given that Theileria parasites could recombine
between divergent strains during the sexual stage in
ticks, vaccine-derived ‘exotic’ and ‘local’ strains could
exchange genetic information, resulting in parasites
with genetic mosaics and diversity. In addition to
the problems with the current vaccine, quality
control of the cocktail vaccine in terms of the com-
position of each component is difficult. This may be
related to recombination and selection during the
maintenance and passage of the stabilates through
ticks."" Thus, precise and reliable methods for para-
site genotyping or phenotyping during vaccine pro-
duction and its field application are required.

Genetic diversity between different T. parva strains
has been assessed using various approaches, including
polymerase chain reaction (PCR) or PCR-restriction
fragment length polymorphism (RFLP) of polymorph-
ic antigen-encoding genes,®'? or the indirect
immunofluorescence assay (IFA) using monoclonal
antibodies against the surface protein, the poly-
morphic immunodominant molecule (PIM)."® A
panel of micro- and mini-satellite markers has also
been developed' ' that is widely used in the genetic
analysis of field populations”® and has also been used
to characterize vaccine stabilates'' and genetic recom-
bination analysis."®~'® However, the resolution of
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genetic differentiation in these studies is limited
because of the relatively low marker density.

In this study, we carried out the whole-genome se-
quencing of nine T. parva strains, comprising seven
cattle-derived and two buffalo-derived strains, using
next-generation sequencing technology. Genome-
wide comparison of strains revealed genetic poly-
morphisms on a fine scale and was used to infer
phylogenetic relationships among the parasites. The
analysis enabled us to determine potential immune
selective pressures against parasite genes, which
may prove useful in identifying potential antigens.
Moreover, the allelic diversity pattern among strains
gave us insight into the evolution, diversification, and
migration of this parasite in the African continent.

2. Materials and methods

2.1. Parasite strains

In total, nine strains of T. parva, mainly isolated in
the 1980s, were used in this study. The place and
the year isolated are shown in Table 1. These strains
were originally isolated in ticks from infected cows
and cultured as schizont-infected bovine lymphocyte
cell lines. ChitongoZ2and KateteB2 have been used
as sporozoite stabilate vaccines in the Eastern and
Southern Provinces of Zambia.'® Kiambu 5'? is one
of the Muguga cocktail vaccine components, and
KiambuZ464 /C12 is a strain that has been cloned
out from Kiambu 5 (Kenya, stabilate 68). Zambian
strains KateteB2, ChitongoZ2, and MandaliZ22H10
were isolated before the introduction of the Muguga
cocktail into Zambia, thus representing ECF epidemi-
ology in Zambia, excluding human-induced genetic
contamination. In addition, the analysis included
two buffalo-derived isolates, LAWR and Z5E5. Z5E5
is a buffalo-type isolate obtained from a bovine,
whereas LAWR is a buffalo-type isolate obtained
from a buffalo. KiambuzZ464/C12, MandaliZ22H10,
and Z5E5 were cloned by limiting dilution. These
Theileria-infected cell lines did not undergo extensive
passages (<30 passage) and were stored in liquid
nitrogen until use. Cultures were maintained in
Roswell Park Memorial Institute (RPMI) -1640
culture medium containing 10 or 20% heat-inacti-
vated fetal bovine serum, 50 uM 2-mercaptoethanol,
50 units/ml penicillin, and 50 mg/ml streptomycin.

2.2. Parasite purification and genomic DNA
preparation
Schizont-enriched material was prepared from the
infected lymphocytes by a density-gradient separ-
ation method as previously described,”°~%? with
some modifications. The cells were treated with
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Table 1. T. parva strains sequenced in this study with the summary of Solexa sequence results

SNP density (per 1kb)
Coding Non-coding Overall

SNP number

covered (%)  Overall

Average  Genome

Mapped

Reference
genome

Total reads
obtained

Isolated
year

Place

Strain name

coverage

read (%)

isolated

Coding Non-coding

mapped reads

5.99
5.06
5.50

5.48
5.44
5.70

5.63
5.33

14613
12340
13414

46366 31753
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97.3
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95.3 103880 68454

22.4

34.5

N

Mandaliz22H10 Zambia

Entebbe
Nyakizu

Tanzania

Katumba

Kenya

Buffalo LAWR
Buffalo Z5E5

Zambia

3 wM nocodazole for 18 h, and then harvested cells
were lyzed for 30—-60 min at room temperature
with a Gram-negative bacterium, Aeromonas hydro-
phila (AH-1)-derived haemolysin, in a suspension of
HEPES-CaCl, (10 mM-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES), 150 mM NaCl,
20 mM KCI, and 1 mM CaCl,, pH 7.4) to obtain a
cell concentration of 4 x 107 cells/ml (0.5-2 x 108
cells in total). Crude AH-1 haemolysin was prepared
by bacterial culture supernatant according to a previ-
ously described method?® and was added to the cell
suspension at a final concentration of 100 U/ml.
Lysis of infected lymphocytes was observed under a
microscope. If complete cell lysis was not observed
after 15 min, then the incubation period was pro-
longed until almost 100% of cells were lyzed,
whereas schizonts remained intact. Because the sensi-
tivity of schizont-infected cells varied significantly
between cell lines, the maximum incubation time
was 120 min. After lysis, the suspension was washed
with HEPES-CaCl, and re-suspended in 3 ml of
HEPES-ethylenediamine tetraacetic acid (EDTA)
(10 MM HEPES, 150 mM NaCl, 20 mM KCI, and
5 mM CaCl,, pH 7.4). Four layers of Percoll solution
comprising 10, 10, 5, and 5 ml of 65, 40, 30, and
20% Percoll in HEPES-EDTA, respectively, were pre-
pared in an ultracentrifuge tube. The cell lysate was
overlaid on top of the Percoll solution and ultracentri-
fuged at 87 000 g for 30 min at 4°C, using a SW41
rotor (Beckman, USA). The schizont layer that
formed at the interface between 40 and 65% Percoll
solutions was carefully collected with a Pasteur pipette
and then washed in phosphate-buffered saline (PBS)
to remove the Percoll. A sample of each schizont prepar-
ation was stained with Giemsa, and preparations with
negligible amounts of contamination with host-cell
components were subjected to DNA isolation.

2.3. DNA preparation, whole-genome amplification,
and lllumina genome analyzer Il (GAll) sequencing
Genomic DNA was prepared from the purified schi-
zonts using the NucleoSpin Tissue XS protocol
(Machery-Nagel, Duren, Germany). Whole-genome
amplification was performed on 10 ng of the total
template DNA using an lllustra GenomiPhi V2 DNA
Amplification Kit (GE Healthcare) following the man-
ufacturer’s instructions.”*?®> The obtained DNA was
purified by ethanol precipitation and subjected to se-
quence analysis. A 36 nucleotide, single-end sequence
run was performed on the lllumina GAIl Analyzer fol-
lowing the manufacturer’s protocols (lllumina, San
Diego, GA, USA).
The obtained reads, as listed in Table 1, were mapped on
the 8 235 476 bp sequence of the T. parva Muguga strain
(AAGK01000001, AAGKO1000002, AAGK0O1000005,
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AAGK01000006, and AAGKO1000004) using the CLC
Genomics Workbench (CLC bio, Aarhus, Denmark,
Version 4.0.2). The ungapped alignment algorithm
was used for all alignments, keeping the default
parameters for mismatch and deletion costs (mismatch
cost = 2,deletion cost = 1).Files containing these short
sequence reads were submitted to the DDBJ Sequence
Read Archive (accession number DRA00061 3).

2.4. Single nucleotide polymorphisms (SNPs) analysis

Three sets of single nucleotide polymorphisms
(SNPs) were defined (Supplementary Fig. S1). SNPs
were identified by comparing each re-sequenced
genome with the reference Muguga strain.?® SNP de-
tection was performed using the SNP detection tool in
the CLC Genomic Workbench with the default para-
meters (window length = 11, maximum number of
gaps and mismatch = 2, minimum average quality
surrounding bases= 15, and minimum quality of
central base = 20),%” except for the minimum cover-
age that was set at five reads, and the list was manu-
ally curated to include only SNPs, where all reads
within a single sample agreed (SNP dataset I). The
extracted SNPs data were exported and analysed by
Microsoft Office Excel 2010. SNP dataset | was used
for creating a SNPs density map and for dN/dS ana-
lysis. From SNP dataset I, SNPs identified among the
eight bovine T. parva strains were extracted. To avoid
calling block substitutions as SNPs, SNPs were only
selected, if they did not exist within 100 bp of
another SNP, and this provided SNP dataset II. Allelic
data from each strain were extracted, and this infor-
mation was used for the allelic combination and re-
combination analysis. SNP dataset Il was created
using the eight cattle-derived and two buffalo-
derived strains, and again SNP positions were required
to have at least 100 bp intervals. Thus, the high strin-
gency dataset encompassing all 10 Theileria strains
(including the reference strain), SNP dataset I, was
used for phylogenetic analysis. Plots of the allele com-
bination pattern for each chromosome were gener-
ated using freeware and open-source R software
version 2.11.1 (R Development Core Team, 2010;
http://www.R-project.org). Genes under selection
pressure were estimated by calculating the dN/dS
between strains with the SNP dataset | by the
method of Yang et al,?® implemented in the PAML
package.”® Signal sequences for all the annotated
genes of the Muguga strain were predicted using
SignalP v4.0.3°

2.5. Phylogenetic tree and recombination detection

To identify the relationship between the sequences
of the nine strains and the Muguga reference strain,
an unrooted neighbour-net tree®' was constructed
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based on the concatenated SNP dataset lll using
Split tree version 4.11.3.32 The Recombination
Detection Program version 3.44 (RDP3) was used to
detect possible recombination regions.*® This soft-
ware incorporates several recombination prediction
methods. As the reliability of each method has not
been fully evaluated, it is anticipated that some of
the recombination events predicted may be artifac-
tual. We manually curated the results choosing
Geneconv®* and maximum Chi-square®® as the selec-
tion priority, as the accuracy of these tests is relatively
well defined.?® Predicted recombination events were
considered valid, if at least one additional program
supported the findings, ie. (P<0.001) for that
event from RDP>7 Boot scannin§,38 3 Seq method,*?
or the sister-scanning method.*® Predictions that did
not meet these criteria were removed. For phylogen-
etic analysis of p150 and p104, we used mapping
sequence information for each strain, and unmapped
or unreliable regions were filled by manual Sanger
sequencing. The sequences obtained in this study
were submitted to GenBank under accession no.
AB739676—AB739693.

3. Results

3.1. Genome sequencing of nine T. parva strains using
IHlumina technology

Single runs of Illumina produced over 10 million
reads for each sample, and this provided coverage of
94.7-97.5% for genomes of individual strains
against 8.3 M of the reference Muguga genome,
with an average coverage between x17 and x49
(Table 1). Depending on the purity of the prepara-
tions, 11.6—77.9% of the total reads for any one
strain were successfully mapped, whereas unmapped
reads were considered to be derived from host
genomic DNA. All four chromosomes of each stock
were evenly covered in general, except for
ChitongoZ2 (Fig. 1). As the concentration of extracted
DNA from purified schizonts in ChitongoZ?2 strain was
lowest, we suspect that the whole-genome amplifica-
tion procedure for this strain caused biased amplifica-
tion, resulting in an uneven distribution of the
coverage; however, this did not affect SNPs detection.

3.2. SNPs detection

Stringent conditions for SNPs detection were used,
i.e. more than five high-quality reads covering the
SNPs and 100% concordance in position. If multiple
allele variants calling was allowed, 5216 loci had
complex SNPs in at least one strain (0.0633% of the
reference Muguga genome). As the genome of
Theileria at the schizont stage is haploid, only a
single allele is expected at each locus, and complex
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Figure 1. SNPs distribution across the Theileria genome. SNPs in individual strains were detected after mapping to the reference genome
Muguga strain. The entire datasets of 34 814—121 545 SNPs (SNP dataset I) were plotted as SNP densities (per 10 kb intervals)
alongside chromosome 1—4. The x-axis shows the chromosomal position, and the left y-axis shows the number of SNPs (black bars)
per 10 kb interval. Average short read coverage is also shown on the right y-axis (above line). Arrowheads indicate the possible

location of the centromere.

SNPs are unexpected, if the sample contains a clonal
population. The appearance of these multi-allelic
SNPs could represent base-calling or mapping errors
(due to repetitive sequence or paralogous genes).
Because other possibilities that these SNPs were gen-
erated during in vitro passages after cloning by the
limited dilution and that minor populations in the ori-
ginal materials obtained from host animals remained
in the analysed samples cannot be excluded, such
questionable SNPs were excluded in further analysis.
Although it is likely that some genuine SNPs may be
overlooked, a high stringency SNPs calling protocol
was utilized to avoid false SNPs calls.

The number of SNPs identified in bovine-derived
strains when compared with the Muguga strain
ranged from 34814 in the Entebbe strain to
51790 in the Nyakizu strain. Additionally, 121 545
and 103 880 SNPs were identified in buffalo-derived
LAWR and Z5E5 strains, respectively (Table 1). The
densities of the SNPs in each chromosome tended to
be higher in chromosomes 1 and 3 than in chromo-
somes 2 and 4 in most of the strains (Fig. 2). Out of
a total of 533642 SNPs identified in 9 strains
(Table 1), 364 719 were present in coding regions
(cSNP) and 168923 were present in non-coding
regions (ncSNP), although the SNP density (calculated
per 1 kp) of cSNPs and ncSNPs were similar (Table 1).
The numbers of SNPs ranged from 34 814 (Entebbe)
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Figure 2. SNP density in each chromosome (SNP dataset ). Average
SNP densities per 1 kb interval were calculated for each
chromosome in nine T. parva strains with reference to the
Muguga genome strain. In the published full genome sequence
of T. parva, there is a large gap in the assembly of
chromosome 3, due to the repetitive Tpr locus. The large
contig AAGK01000005 and smaller contig AAGK 01000006
are shown as Chr3_530 and Chr3_531, respectively.

to 121 545 for the buffalo-derived LAWR strain, and
more than 2-fold SNPs were identified in 2 of the
buffalo-derived strains when compared with the
cattle-derived strains (Table 1), suggesting a degree
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of genetic differentiation between these types of
Theileria. As shown in Fig. 1, clustered distribution of
SNPs was observed (black bars in each panel). The
uneven distribution of SNPs was not found to correl-
ate with the sequence coverage distribution (line);
thus, the effect of low SNPs calling efficiency in par-
ticular regions can be excluded. In addition, lower
SNPs densities were observed within defined regions
on chromosomes 1, 3, and 4, which was most
evident in buffalo-derived Theileria strains (Fig. 1,
arrowhead). These regions correspond to the putative
centromeres with an extremely AT-rich composition.

3.3. dN/dS analysis

The ratio of the number of non-synonymous substi-
tutions per non-synonymous site (dN) to synonymous
substitutions per synonymous site (dS) both at the
inter- and intra-species level has been used to esti-
mate the potential selective pressure acting on the
genes.*! A dN/dS ratio lower than one suggests nega-
tive or purifying selection, whereas a ratio higher than
one suggests positive selection or diversification.
Estimation of dN/dS ratios can potentially identify
genes encoding immunogenic proteins and, thus, pu-
tative vaccine candidates.*? Therefore, we calculated
dN/dS ratios for individual genes using SNP dataset |
for seven bovine Theileria strains with the yn00
program of the PAML package.”® Overall, the dN/dS
ratios calculated between cattle T. parva strains were
average values of 0.0894-0.0993 when pair-wise
comparisons were performed against the Muguga
strain, with similar values to those observed in the
comparison between T. parva versus Theileria
annulata (average dN/dS = 0.097).*> Among a total
of 4011 genes annotated on the Muguga genome,
263 genes showed elevated levels of dN/dS values
(average + 3SD) in at least 1 strain (Supplementary
Table S1). We further narrowed the list down to 71
genes by selecting only those genes that have a
signal sequence for targeting to the endoplasmic re-
ticulum. Those selected genes may be potential
targets of the host’s immune system. The final list of
these possible antigenic, and therefore vaccine
target, genes is shown in Table 2, and the orthologous
groups were also assigned according to our previous
study.** Most of the other genes listed here are cur-
rently annotated as hypothetical proteins without
any predicted functional domain. However, some of
them are known to be recognized by host humoral
immunity. For example, p32 (TP01_1056)*° and
23 kDa piroplasm surface protein (TP02_0551)*°
are erythrocytic piroplasm stage antigens, and
strong antibody response in infected cattle has been
reported.
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3.4. Phylogenetic relationship among 10 T. parva
strains and evidence of recombination

The allele frequency or combination of the bovine
Theileria strain alleles collected in SNP dataset Il was
determined. By scoring biallelic positions only, 127
allelic combinations were identified among 8 bovine
Theileria. Each of the 15901 SNPs was assigned 1 of
the 127 combinations. When the rank order of these
combinations was calculated, the allele pattern
unique to the Muguga strain came first, followed
by Nyakizu-, KiambuzZ464/C12-, and Katumba-
unique allele combinations (Fig. 3). Because Muguga
strains were used as the reference sequence, ranking
‘Muguga strain-unique allele pattern’ as the first
event seems reasonable, as it incorporates a minor
allele that is present in the Muguga strain. The distri-
bution of frequencies among the 127 events was
uneven because 54% of all SNPs were assigned to
these top 10 allelic combinations. When the list was
extended to cover the top 20 or 25 combinations,
this ratio increased to 73 and 80%, respectively, indi-
cating that most of the SNPs alleles were represented
by a limited number of combinations. The distribution
of these different SNPs patterns is represented on a
schematic diagram of the chromosomes, and different
combination events are colour coded (Fig. 3). As
shown in Fig. 3, allelic combinations among the
strains are distributed throughout every chromosome.
A major observation was that SNPs with particular
allelic combinations tend to cluster into defined loci,
giving rise to a rough, large-scale mosaic pattern of
allelic combinations. If the evolution of these strains
had taken place completely independently, i.e.
without interaction between strains, this clustering of
allelic combinations would not be expected.

The relationships among the 10 T. parva strains
were analysed by creating a phylogenetic tree
(Fig. 4). The allelic combinations are well correlated
with the phylogenetic relationship among these
strains, and the top 10 allelic combination events
represented major nodes in the tree. Neighbour net
is a phylogenetic network construction method that
combines aspects of the neighbour joining and Split
tree. In this neighbour-net analysis, the appearance
of the reticulated branches indicates the recombin-
ation events. Considered together with the mosaic
allelic combination patterns as described above
(Fig. 3), we speculate that recombination events are
responsible for the interrelationships between
strains. To verify this hypothesis, we carried out
further recombination event estimations with the
RDP programs. The concatenated SNP dataset Il was
subjected to six recombination detection tests,
namely Geneconv, maximum Chi-square, RDP, Boot
scanning, 3 Seq., and sister-scanning methods. This
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Table 2. List of genes with high dN/dS ratios and a secretion signal peptide 71 genes were listed from 263 genes (higher dN/dS ratios),

K. Hayashida et al.

by selecting secretion signal peptide-predicted genes
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GenelD Description Ortholog group  Signal ~ GenelD Description Ortholog group  Signal
TPO1_0144  Hypothetical protein PiroF0002444 Y TP03_0003 Hypothetical (SVSP) PiroF0100037 Y
TP01_0178 Hypothetical protein PiroF0002919 Y TP03_0039 Hypothetical protein Not assigned Y
TPO1_0180  40S ribosomal protein S11  PiroF0000589 Y TP03_0040 Hypothetical protein PiroF0003613 Y
TP01_0291 Hypothetical protein PiroF0002390 Y TP03_0123  Hypothetical protein PiroF0002851 Y
TP0O1_0367 Hypothetical protein PiroF0000012 Y TP03_0217  Hypothetical protein PiroF0000012 Y
TP01_0378 Hypothetical protein PiroF0003402 Y TP03_0297 Hypothetical (FAINT PiroF0100056 Y
superfamily)
TP0O1_0380 Hypothetical protein PiroF0003404 Y TP03_0298 Hypothetical (FAINT PiroF0000056 Y
superfamily)
TPO1_0610 Hypothetical (Tash family) ~ PiroF0100038 Y TP03_0319 Hypothetical protein PiroF0000012 Y
TPO1_0619  Hypothetical (Tash family)  PiroF0100038 Y TP03_0368 Hypothetical (FAINT PiroF0100056 Y
superfamily)
TPO1_0621 Hypothetical (Tash family)  PiroF0100038 Y TP03_0405 Hypothetical protein PiroF0002425 Y
TP01_0914  Hypothetical protein PiroF0002316 Y TP03_0498 Hypothetical (SVSP) PiroF0100037 Y
TP0O1_0955 Hypothetical protein PiroF0003569 Y TP03_0520 Hypothetical protein PiroF0000012 Y
TP01_0987 Hypothetical protein PiroF0002967 Y TP03_0530 Hypothetical protein Y
TPO1_1011  Hypothetical protein PiroF0100045 Y TP03_0664 Hypothetical protein PiroF0000012 Y
TPO1_1044 Hypothetical protein Not assigned Y TP03_0780 Hypothetical protein PiroF0002660 Y
TPO1_1056 32 kDa surface antigen PiroF0002963 Y TP03_0810 Hypothetical protein PiroF0002675 Y
TPO1_1109 Hypothetical protein PiroF0000207 Y TP03_0886 Hypothetical (SVSP) PiroF0100037 Y
TPO1_1227  Hypothetical (SVSP) PiroF0100037 Y TP03_0893 Hypothetical (SVSP) PiroF0100037 Y
TP02_0004 Hypothetical (SVSP) PiroF0100037 Y TP04_0009 Hypothetical (SVSP) PiroF0100037 Y
TP02_0006 Hypothetical (SVSP) PiroF0100037 Y TP04_0012 Hypothetical (FAINT PiroF0100056 Y
superfamily)
TP02_0010 Hypothetical (SVSP) PiroF0100037 Y TP04_0013  Hypothetical (SVSP) PiroF0100037 Y
TP02_0018 Hypothetical protein PiroF0100055 Y TP04_0096 Hypothetical (FAINT PiroF0100056 Y
superfamily)
TP02_0239 Hypothetical protein PiroF0002609 Y TP04_0097 Hypothetical (FAINT PiroF0100056 Y
superfamily)
TP02_0327 Hypothetical protein PiroF0000012 Y TP04_0101  Hypothetical (FAINT PiroF0100056 Y
superfamily)
TP02_0331 Ubiquitin-activating PiroF0002575 Y TP04_0104 Hypothetical (FAINT PiroF0100056 Y
enzyme, putative superfamily)
TP02_0551 23 kDa piroplasm PiroF0003021 Y TP04_0110 Hypothetical protein PiroF0001224 Y
surface protein
TP02_0575 Hypothetical protein PiroF0003017 Y TP04_0116 Hypothetical protein PiroF0003546 Y
TP02_0819 Hypothetical (FAINT PiroF0100056 Y TP04_0150 Hypothetical (SVSP) PiroF0000037 Y
superfamily)
TP02_0856 Hypothetical (FAINT PiroF0100056 Y TP04_0328 Hypothetical protein PiroF0002219 Y
superfamily)
TP02_0875 Hypothetical protein PiroF0002985 Y TP04_0411 Hypothetical protein PiroF0003185 Y
TP02_0952 Hypothetical protein PiroF0003456 Y TP04_0437 104 kDa antigen PiroF0003088 Y
TP02_0954  Hypothetical (SVSP) PiroF0100037 Y TP04_0558 Hypothetical protein PiroF0001517 Y
TP02_0956 Hypothetical (SVSP) PiroF0100037 Y TP04_0919 Hypothetical (SVSP) PiroF0100037 Y
TP03_0001 Hypothetical (SVSP) PiroF0100037 Y TP04_0920 Hypothetical (SVSP) PiroF0100037 Y
TP03_0002 Hypothetical protein PiroF0100037 Y TP04_0921 Hypothetical protein PiroF0000056 Y

(SVSP)

(FAINT superfamily)

€T0Z ‘Y2 aunC uo Areliqiayl - aunipa |y [eoidol] Jo aininsu| e /610°seulnopio xo yoeass leup/:dny Wwolj pepeojumod


http://dnaresearch.oxfordjournals.org/

[Vol. 20,

216 Whole-Genome Sequencing of Theileria parva
Chrl
Chr2
Chr3
chr4 [ THWUIABATTMITE I AU A 1 TP YT AADER T T
[ RANK | Muguga ChitongoZ2 KateteB2 Zlilz;lgl;z Ig;;&::; Entebbe Nyakizu Katumba snljll:n'l:)zsre
1 B A A A A A A A 1740
Top 10 allele T W A A A e
combination 4 A A A A A A A B 935
pattern T 5 A A A B A A B B 667
. 6 A A A B A A A B 569
A= Major allele 7 A A A A A B A A 562
B= Minor allele 8 A B B A B A A A 493
° B A A A A B A A 425
- 10 A A A B A A B A 401

Figure 3. Mosaic pattern of SNPs in T. parva strains. The frequency of each of the 127 possible allelic combinations for the 8 cattle-derived
T. parva strains was calculated using the SNP dataset Il. The 10 top-ranking combinations were plotted onto schematic chromosomes in
the assigned colours. Each line within a chromosome represents a single SNP marker position.

resulted in a minimum of 133 recombination events
being predicted as shown in Supplementary Fig. S2.
A snapshot of the alignment of a concatenated
version of the SNP dataset Il is also shown in
Supplementary Fig. S3. An RDP analysis was also
carried out using the SNP dataset IlI, but no significant
evidence for recombination was detected between
cattle- and buffalo-derived strains (Z5E5 and LAWR,
data not shown).

As polymorphic antigens such as p104 or p150 have
been used for the genotyping of T. parva,® we com-
pared results of genotyping based on p104 or p150
with those obtained by SNPs analysis. As shown in
Supplementary Fig. S4, there was no congruency in
tree shapes. The most likely explanation for this incon-
sistency is that the recombination event between the
ancestral strains involved these loci, as is evident in
Supplementary Fig. S2. RDP3 program predicts recom-
bination events within those two loci. In p104 loci,
KateteB2 and Katumba are predicted to be recombin-
ant from unknown parent or Entebbe strains. And this
is true for Muguga, KiambuzZ464/C12, and the pos-
sible donor, Nyakizu, at the p150 locus as marked in
Supplementary Fig. S2.

4. Discussion

Comparison of whole-genome sequencing data of
several Theileria strains, using short reads sequencing
and mapping on the reference genome sequence,
revealed genome-wide nucleotide-based polymorph-
isms in this species. SNPs density plots evaluate clus-
tered SNPs distribution across the genome and
identify SNP-poor and SNP-rich regions. Such a

clustering of SNPs has been also reported in mamma-
lian genome, although the forces responsible (e.g.
mutation hot spot, recombination, or balancing selec-
tion) remain poorly understood.*”*® For apicom-
plexan parasite, reports for the genome-wide SNPs
analysis are limited, but similar SNPs distribution
pattern was observed in Plasmodium®® suggesting exist-
ence of the same underlying mechanisms between
parasite and mammalian genomes for these SNPs
clustering.

Our SNPs analysis clarified the phylogenetic rela-
tionships among 10 Theileria strains on a genome-
wide scale. When these Theileria strains were further
analysed using neighbour-net analysis, clusters were
formed in accordance with both host species and geo-
graphical origin. For example, three Zambian strains
(ChitongoZ2, MandaliZ22H10, and KateteB2) were
clustered together in the same node, inferring that
they are closely related genotypes, but distant from
strains isolated in Eastern Africa. In addition, there is
a clear demarcation between the bovine- and
buffalo-derived strains (Z5E5 and LAWR). Genetic dif-
ference between Z5E5 and LAWR was also confirmed
as high numbers of SNPs were not shared between
Z5E5 and LAWR, as is shown in Supplementary Fig.
S5. However, reticulated patterns between strains
belonging to different clusters are evident, as shown
in Fig. 4, which suggests genetic recombination
between ancestors of the strains that are currently
geographically separated. The evidence for recombin-
ation among the analysed strains was further sup-
ported by the presence of a mosaic pattern of allelic
combinations, together with the statistical analysis
of recombination. This result is intuitive when one
considers the fact that the parasite has an obligate
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Figure 4. Neighbour-net network analysis of 10 T. parva strains. Neighbour-net network analysis was performed with the concatenated
SNP allele sequence data from SNP dataset Ill. Bootstrap values are based on 100 replicates and were near 100 at most of the nodes.

sexual cycle and that analysis of field populations sug-
gests that recombination in the tick vector is com-
monplace.'* There are two possibilities of ticks being
infected with parasites with different genotypes: infest-
ation on a single bovine host infected with genotypi-
cally mixed parasite populations or multiple
infestations on different animals infected with different
parasite genotypes that are possible for two or three
host tick species. However, the latter is less likely, as
synchronization of the sexual stages (micro- and
macro gamete) between two parasites is difficult, if
they are picked up by ticks at different feeding times.

We hypothesize that genetic recombination oc-
curred in the ancestral bovine Theileria populations in
the distant past, and parasites had evolved independ-
ently after geographical isolation. The origin of

T. p. parva in cattle is unknown, but it is considered
likely to have originated in the African buffalo.*°
Evidently, T. parva populations in buffalo are consid-
ered to be more diverse than in cattle®'*°' and
cause severe disease in cattle. Historically, domestic
cattle were believed to have been introduced to the
African continent thousands of years ago, possibly
into Sub-Saharan Africa from the Mideast.>*>* After
the introduction of cattle, a subset of the buffalo
Theileria population may have been transmitted (at
that stage, it would be called T. p. lawrencei, as it
could not infect other cattle), adapted, and co-
evolved within cattle, resulting in the emergence of
T. p. parva that can spread within cattle.

It should be emphasized that the phylogenetic tree
obtained from two polymorphic antigens (p104 and
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p150) showed a different topology from that based
on genome-wide SNPs. Thus, the interpretation of
the phylogenetic relationship, analysed by a limited
number of loci, must be made carefully in the case
of pathogens that acquire genetic diversity by recom-
bination, rather than by accumulation of mutations.
This is due to the fact that each locus can become chi-
maeric by crossing over between genotypes that have
different evolutional histories. Therefore, a number of
independent loci should be included to estimate the
real relationship between isolates such as multi-
locus sequencing typing, but genome-wide SNPs ana-
lysis is the ultimate solution in this context.

Two buffalo-derived strains (Z5E5 and LAWR) were
genetically distant from cattle-derived Theileria
strains and between the two strains, as expected
from earlier studies.>'>°" It has been proposed that
genetic exchange between buffalo-derived Theileria
and cattle-derived Theileria still occurs through
sexual recombination, based on evidence that
T. p. lawrencei and T. p. parva showed a mosaic se-
quence pattern in the ITS region.>> However, in our
recombination analysis using the RDP program, no re-
combination events were detected between bovine
and buffalo Theileria strains. It might be hypothesized
that cattle-infecting strains were originated from a
subset of buffalo-infecting T. parva population that
has been circulating in Africa for a long time and
now have evolved a genetic barrier to recombination.
Further analysis with a greater number of buffalo-
derived samples and denser SNPs coverage would be
needed to clarify the genetic relationship between
buffalo and cattle Theileria more precisely.

Estimation of dN/dS values can potentially identify
immunogenic genes under possible selective pressure
and, thus, possible vaccine candidate molecules. The
selected candidate 71 antigen list (Table 2) covers
most of the known genes for antigenic or host-inter-
acting proteins, which confirms the effectiveness of
this genome-wide approach. p23*® and p32*° are
surface or secreted antigens recognized by humoral
immunity in infected animals. The diversification of
these genes may be related to immune evasion of
the Theileria parasite.

On the other hand, although several genes with CTL
targets have been identified as being under possible
immune pressure,®® only Tp1 (TP03_0849) showed
a higher dN/dS value in this study, whereas other
genes for CTL targets (Tp2-9) showed relatively low
dN/dS values (Supplementary Table S2). Relative con-
servation of the sequences of these CTL antigen genes
among the different parasite strains has already been
reported.”®>” Considering that the CTL response is a
function of the host MHC type/TCR repertoire and
antigenic types of parasites, the positive selective pres-
sure acting on a particular gene may be too weak to
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be detected. In addition, CTL recognizes short pep-
tides presented by MHC class | molecules, and, there-
fore, immune-based selective pressure is likely to be
focused on a limited region of the targeted genes
that dN/dS analysis is not sensitive enough to detect.

The selected 71 antigen list also contained several
genes from 3 large gene families, namely the Tash gene
family (Ortholog group number: PiroF0100038), the
SVSP gene family (PiroF0100037), and FAINT super
family (PiroF0100056, also called as Sfil-subtelomeric
fragment related protein family member). The Tash
gene family has been characterized extensively in
T. annulata.>® Some of the Tash and SVSP gene products
have been predicted or demonstrated to be translocated
in the host nucleus, and most of the Tash and SVSP genes
are expressed predominantly in the schizont stage.>®>°
This entails that the potential selective pressure will not
be humoral, although the possibility that these proteins
are exposed to the humoral immune response when
infected cells are lysed cannot be excluded. A previous
comparison between T. annulata and T. parva genomes
also revealed high inter-species dN/dS ratios for the
Tash and the SVSP family,®® consistent with our analysis.
It was argued that gene expansion and divergence of
Tash and SVSP family genes were associated with different
functionality in each species.

In conclusion, this study highlighted the phylogenet-
ic relationship of 10 T. parva strains based on full
genome sequences with prediction of possible past re-
combination events. The high-density SNPs map devel-
oped in this study is now applicable for genotyping or
linkage analysis of the parasite. Practically, SNPs-based
genotyping can discriminate vaccine and field strains
of T. parva. Recent methodological advances in high-
throughput technologies such as Tag man-real-time
PCR and Golden gate technologies®' for SNPs genotyp-
ing will likely facilitate future genotyping studies.
Further phylogenetic analysis in combination with
phenotypic data will assist in the investigation of the
virulence and evolution of bovine theilerias after their
diversification from buffalo. Importantly, the putative
antigen-encoding genes listed in this study should be
further investigated to assess their candidacy as
Theileria subunit vaccine components.

Supplementary data: Supplementary Data are
available at www.dnaresearch.oxfordjournals.org.
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