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Theileria equi is a tick-borne intracellular apicomplexan protozoan parasite that causes equine theileriosis (ET).
ET is an economically important disease with a worldwide distribution that significantly impacts international
horse movement. Horses are an essential part of the economy in Xinjiang which is home to ~10% of all the
horses in China. However, there is very limited information on the prevalence and genetic complexity of T. equi
in this region. Blood samples from 302 horses were collected from May to September 2021 in Ili, Xinjiang, and
subjected to PCR examination for the presence of T. equi. In addition, a Bayesian latent class model was employed
to estimate the true prevalence of T. equi, and a phylogenetic analysis was carried out based on the 18S rRNA
gene of T. equi isolates. Seventy-two horses (23.8%) were PCR positive. After accounting for the imperfect PCR
test using a Bayesian latent class model, the estimated true prevalence differed considerably between age groups,
being 10.8% (95%Crl: 5.8% - 17.9%) in < 3-year-old horses and 35.7% (95%CrI: 28.1% - 44.5%) in horses that
were > 3 year-old. All T. equi isolates had their 18S rRNA gene (430bp) sequenced and analyzed in order to
identify whether there were multiple genotypes of T. equi in the Xinjiang horse population. All of the 18S rRNA
genes clustered into one phylogenetic group, clade E, which is thus probably the dominant genotype of T. equi in
Xinjiang, China. To summarize, we monitored the prevalence of T. equi in horses of Xinjiang, China, with a focus
on the association between age and the occurrence of T. equi by Bayesian modelling, accompanied by the
genotyping of T. equi isolates. Obtaining the information on genotypes and age structure is significant in
monitoring the spread of T. equi and studying the factors responsible for the distribution.

1. Introduction horses and further increasing the economic losses associated with ET

(Bishop et al., 2020). A particular issue with the disease (for both testing

Theileria equi is a tick-borne intra-erythrocytic hemoprotozoan that
causes equine theileriosis (ET) (Wise et al.,, 2013). In endemically
affected regions, ET causes significant morbidity and economic loss
(Rothschild and Chantal, 2013; Scoles and Ueti, 2015), occurring in
acute, sub-acute, and chronic forms. The acute form is characterized by
fever, hemolytic anemia, edema, and, occasionally death (Manna et al.,
2018). In non-endemic countries, regulatory testing for ET is required
before horses are imported, restricting the international movement of

and morbidity/mortality) is that horses that experienced acute infection
are likely to become asymptomatic carriers for life and serve as a
reservoir for tick transmission (Knowles et al., 2018; Sears et al., 2019).
Therefore, highly sensitive and specific diagnostic tests are required to
detect these asymptomatic reservoirs and prevent further transmission
between animals.

Polymerase chain reaction (PCR)-based methods that can detect
small amounts of protozoal DNA are useful in identifying asymptomatic

Abbreviation: ET, equine theileriosis; PCR, Polymerase chain reaction; CI, confidence interval; Crl, credible interval; qPCR, quantitive PCR.
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Table 1

The distributions of T. equi in horses in different age and sex groups, the strength
of association is measured using prevalence ratio and attributable fraction
among the exposed with 95% confidence interval (CI).

T. equi detected by PCR

Positive Negative Total Proportion
Age > 3-year old 64 146 210 30.5%
< 3-year-old 8 84 92 8.7%

Prevalence ratio: 3.5 (95%CI: 1.75, 7.01)

Attributable fraction among the exposed: 71.47% (95%CI: 42.95%, 85.73)

Sex Female 68 194 262 26%
Male 4 36 40 10%

Prevalence ratio: 2.6 (95%CI: 1, 6.72)

Attributable fraction among the exposed: 61.47% (95%CI: 0.18%, 85.13%)

carriers (Alhassan et al., 2005; Schwint et al., 2008) and have been
widely used in epidemiological studies of ET in endemic areas (Heim
et al., 2007; Motloang et al., 2008; Ros-Garcia et al., 2013). It is likely
that at least some areas of China are endemic to ET (Zhao et al., 2020),
but there is only limited data on prevalence. For example, the Xinjiang
Uygur Autonomous region has ~10% of all horses in China and is
considered to be an area where ET is endemic (Wang and Zou, 2020).
However, as far as the authors’ are aware, the only published data on
prevalence is the study by Zhang, who sampled 723 horses in Ili, Xin-
jiang (Zhang et al., 2017). They reported that 40.8% of horses tested
positive for T. equi using a PCR assay and suggested that older animals
were more susceptible to infection with T. equi. However, that study did
not report how animals were selected for sampling, with the difference
in prevalence between counties within Ili being explained by horses
being infected in one county and not the others. In addition, the calcu-
lation of prevalence assumed that the PCR test was perfect (100%
specificity and sensitivity). This is not likely to have been the case,
potentially resulting in bias due to misclassification (false positives
or/and false negatives). Thus, in addition to collecting and testing more
samples from horses in Xinjiang for T.equi using PCR, we also need to
estimate the true prevalence of T. equi infection after accounting for the
sensitivity and specificity of the imperfect PCR test (Rosales et al.,
2013).

Additionally, we need to better understand the genetic diversity of
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T. equi in Xinjiang. This is largely unknown and addressing this
knowledge gap will help develop robust diagnostic and preventive
strategies (Qablan et al., 2013). The 18S rRNA gene has been widely
used for phylogenetic studies of T. equi given its low nucleotide substi-
tution rates and variable regions with high taxonomic information
(Peckle et al., 2017). As such, T. equi isolates have been classified into
five clades: clades A to E. Three different genotypes of T. equi (A, B, C)
were initially reported in South Africa (Bhoora et al., 2009), with sub-
sequent studies identifying two additional genotypes (D and E) of T. equi
in Sudan (Salim et al., 2010) and Jordan (Qablan. et al., 2012),
respectively. As far as we know, there are only limited reports of the
T. equi genotypes present in China. Wang et al. identified that genotypes
C and E were present in Gansu province (Wang et al., 2019), while Zhao
et al. reported the presence of genotypes A and E in equids in Jilin
province (Zhao et al., 2020). Thus, the main objectives of this study were
to 1) estimate the age-specific true prevalence of T. equi in Xinjiang
region, and 2) explore the different genotypes of T. equi present in that
region.

2. Material and methods
2.1. Blood sample collection

Blood samples were taken from 302 horses in Ili, Xinjiang, China,
between May and September 2021. Horses were sampled on a conve-
nience basis on five breeding stations, three private farms and one
racecourse. The sample size calculation was based on the sampling
distribution of the estimated apparent prevalence. The previous data in
this area were used for the expected prevalence set at 25% and the
margin of error was set at 0.05, and at the 95% confidence level, the
minimum sample size required 289 horses. The age and sex of all horses
present on each of the nine establishments were recorded (239 from the
breeding stations, 42 on the private farms and 21 horses from the
racecourse). In all horses, blood samples were taken from the external
jugular vein into EDTA-coated vacutainer tubes. Samples were kept at 4
°C until transferred to the laboratory within 24 hours of sampling.
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Fig. 1. Map of the study area.
Scale bar=100 km
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Fig. 2. Molecular phylogenetic analysis of T. equi isolates from horses based on
the 18S rRNA gene sequence comparison.

Seventy-two sequences (430bp) are identified in this study and indicated with
black rhombuses, and the rest of the sequences are obtained from the GenBank
database. The phylogenetic analysis was performed using the Kimura model.
The five groups (A, B, C, D, and E) represent the different T. equi genotypes. All
the isolates in Ili, Xinjiang belong to genotype E.

2.2. DNA extraction and PCR detection

Two hundred pL of EDTA blood was taken from each sample, and
total genomic DNA was extracted using the Genomic DNA kit (TransGen,
Beijing, China) according to the manufacturer’s instructions. Extracted
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DNA was then stored at -20 °C until PCR analysis. The presence of T. equi
18S rRNA gene fragments was detected using the specific primers Beq F
and Beq R (Kumar et al., 2020). The target PCR amplification product
was approximately 430 bp. The PCR mixture consisted of 12.5 pL of 2 x
Taq PCR MasterMix II (TIANGEN, Beijing, China), 10 pmol of each
primer, 2 pL of template DNA, and DNase/RNase-free water. This was
added to the 25 pL PCR reaction system. The cycle conditions were as
follows: an initial denaturation for 10 min at 96°C, followed by 36 cycles
of 1 min at 96°C, 1 min at 60.5°C and 1 min at 72°C with a final
extension of 10 min at 72°C. All positive PCR products were extracted
and purified using the TIAgel Midi Purification Kit (TIANGEN, Beijing,
China). The products were cloned into the pMD™19-T vector cloning kit
(Takara, Shiga, Japan). The extraction of plasmids from the transformed
bacteria was performed using the E.Z.N.A. Plasmid DNA Mini Kit
(OMEGA Bio-Tek, Norcross, Georgia, USA). The reconstructed plasmids
were sequenced using Sanger (Sangon Biotech, Shanghai, China).

2.3. Phylogenetic analysis

The sequencing results obtained in this study were subjected to blast
analysis on the NCBI website using the BLASTn program (http://www.
ncbi.nlm.nih.gov/BLAST). The phylogenetic tree of the 18S rRNA gene
was constructed by trimming and aligning the sequences with the partial
deletion option using Clustal W in MEGA 7.0. The 18S rRNA phyloge-
netic tree of T. equi contains 89 nucleotide sequences, of which 72 se-
quences were obtained in this study. The rest were retrieved from the
GenBank database. The evolutionary tree was constructed using the
Kimura model with two parameters for both transitions and trans-
versions. Model selection between different candidate models was not
performed (Abadi et al., 2019). The parameters were estimated using the
maximum likelihood estimation, after which the bootstrap support
values were calculated using 1000 replicates (Harrison and Langdale,
2006). Sequences were grouped according to their branches (A-E).

2.4. Statistical analysis

2.4.1. Exploratory data analysis

A one-way table was used to study the frequency of each level within
a categorical variable (i.e. sex and age). Levels with a limited number of
observations were grouped with adjacent levels. For example, a small
number of horses > 10-year-old was observed; thus, the variable ‘age’
was re-categorised to 0, 1, 2, ..., > 10. The crude non-linear relationship
between age and the occurrence of T. equi was visualised using a uni-
variable generalised additive model (a binomial family with a logit link).
Based on this model, ‘age’ was then dichotomised as young (< 3-year-
old) and adult (> 3-year-old). The associations between dichotomised
‘age’, ‘sex’ and the occurrence of T. equi were tested using either a chi-
square test or a Fisher’s exact test. The crude strength of association
between any predictor and the presence/absence of T. equi was
measured using prevalence ratio and attributable fraction among the
exposed with 95% confidence interval (CI). A contingency table was
constructed to study the association between sex and age measured
using the risk ratio with its 95%CI. Both age and sex were then included
in a multivariable logistic regression model with presence/absence of
T. equi as the outcome. A backwards selection algorithm was applied to
retain variables with p-value < 0.05. This exploratory data analysis was
performed using R (version 4.1.2).

2.4.2. Bayesian modelling

The finalised model identified whether age and/or sex affected the
apparent prevalence of T. equi, but this did not account for the potential
misclassification bias introduced by an imperfect PCR test (Koop et al.,
2013). Therefore, a Bayesian latent class model that corrects the
misclassification bias was constructed. The observed test result for the it
animal was modelled as a realisation of a Bernoulli random variable,
where p; — the probability that the animal was test positive — was a
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Fig. 3. Contrast priors to posteriors for prevalence of T. equi in young stock and adult horses obtained using a Bayesian latent class model in Ili, Xinjiang, China.

Table 2
Effect of sensitivity analysis scenarios on estimated age-specific prevalences of
T. equi. The results are presented as posterior median (95% credible interval).

Prevalence Sensitivity analysis scenarios

(%)
Model” Scenario 1” Scenario 2° Scenario 3¢

< 3-year-old 10.8 (5.8, 10.5 (5.6, 10.9 (5.6, 10.9 (5.8,
17.9) 17.7) 18.6) 18.1)

> 3-year old 35.7 (28.1, 34.4 (27.1, 35.7 (28.3, 36.3 (28.8,
44.5) 43.9) 44.7) 45.3)

a

b

priors of the main model
a more diffuse but optimistic prior for sensitivity of the PCR test
a more diffuse but increased estimate of prior for the prevalence in foals
4 a more diffuse but increased estimate of prior for the prevalence in adult
horses

c

function of the probability that the animal was infected with T. equi (x;),
the PCR sensitivity (1) and the PCR specificity (¢) based on the law of
total probability (eq 1). Thus, p; and #; are analogous to the apparent and
true prevalence terms at the population level. In the last step, the rela-
tionship between #; and predictors x; were described using logistic
regression.

For this Bayesian analysis, we needed to incorporate previous un-
derstanding of PCR sensitivity and specificity into the data analysis (i.e.
creating prior distributions). For this study, the specificity of the PCR
test was not considered to be stochastic, but fixed at 1. This was because
all PCR positives were also confirmed by sequencing, indicating that no
false positives were found in the sample. Therefore, prior distributions
were required only for PCR sensitivity and the vector of the regression
coefficients (B). Previous studies have reported that qPCR tests have a
sensitivity for detecting T. equi of > 0.95 (Bhoora et al., 2010; Lobanov
et al., 2018). As qPCR is generally more sensitive than the PCR used in
this study, we chose a conservative mode for sensitivity of 0.85, and we
were 95% certain that actual sensitivity was > 0.75 (0.05-quantile =
0.75); this corresponds to a beta (46.35, 9) distribution. Informative
priors for the “p” were difficult to specify; therefore, they were induced
indirectly by specifying prior distributions for the prevalence of T. equi
in both age groups (Yang et al., 2019). Informative but diffuse priors
were used. The best-estimated prevalence for young stock (p,) was 10%,
and we were 95% certain it was smaller than 25% (0.95-quantile =
0.25), corresponding to beta (3.44, 22.99); for adult horses, our best
estimate (p;) was 20% and we were 95% certain it was less than 50%,

corresponding to beta (2.64, 7.55). A complete model structure was
presented as the following:

i ~ Bern(pi)v

pi=am+(1-m)(1-0) €]
logit(m;) = fy + 1 )
Bo = logit(py) (3)
B =logit(p,) — fy )

n ~ beta(46.35, 9),
=1,
Po ~ beta(3.44, 22.99),

P, ~ beta(2.64, 7.55).

A sensitivity analysis was undertaken to identify whether our priors
were driving our outcomes or whether it was the data. For this analysis,
we used moderately different (but still biologically plausible) priors that
were more diffuse (Johnson et al., 2019). We ran three sensitivity
analysis scenarios. Firstly, while holding the other priors unchanged, a
more diffuse prior beta (22.99, 3.44) was used for the sensitivity. This
prior suggests that the most likely value for the sensitivity is 0.9 while
keeping the 0.05-quantile at 0.75. Secondly, a more diffuse prior beta
(2.56, 15.03) was specified for the prevalence in young stock (mode =
10%, 0.95-quantile = 30%) while keeping the other priors the same as
they were in the main analysis. Finally, the prior prevalence in adult
horses was changed to beta (3.29, 6.33), suggesting that our best esti-
mate increased to 30% while we allowed the upper bound (0.95-quan-
tile) to go as high as 60%.

The model was constructed using JAGS. After discarding 5000 iter-
ations as burn-in, three MCMC chains with different sets of initial sto-
chastic parameter values were run 20000 iterations (Additional file 1:
Figure S1). Model convergence was ensured by examining trace plots as
well as Gelman and Rubin’s convergence diagnostic (Gelman and
Rubin, 1992).
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3. Results
3.1. Preliminary data analysis

Of the 302 horses sampled, 210 (69.5%) were adults (> 3 years) and
92 (30.5%) young stock (< 3 years), and there were 40 males (13.2%)
and 262 females (86.8%). Seventy-two horses (23.8%) were identified as
PCR positive (Additional file 2: Figure S2). The data showed a strong
association between age and sex, the probability of being older (> 3
years) in female horses was 15.88 (95%CI: 4.11, 61.38), higher than that
probability in male horses. Both age and sex were significantly associ-
ated with PCR results in the univariable analysis with a significance level
set at 0.05 (Table 1). However, after accounting for age, the p-value for
the association between the presence/absence of T. equi and sex was
0.954 (odds ratio: 0.96, 95%CI: 0.26 — 3.94). As removal of sex as a
predictor variable did not markedly influence the regression coefficient
for age (Additional file 3: Table S1), the final model included age as the
only predictor variable.

3.2. Sequence analysis

Fig. 1.

Seventy-two sequences of the T. equi 18S rRNA gene (430bp) ob-
tained in this study were deposited in GenBank (Additional file 4:
Table S2). The T. equi 18S rRNA gene sequences fell into one genotype
group designed as clade E (Fig. 2). Genotype group E contains 77 se-
quences, including the 72 sequences identified in this study, and the
other four existing sequences in Genbank that are Jordan (1) -
JN596986, Switzerland (1) - KM046918, China (2) - KF559357 and
MH651217, and Korea (1) - HM229407. These sequences represent all
five known clades.

3.3. Bayesian analysis

Based on the Bayesian modelling, after accounting for the sensitivity
of the PCR test, the prevalence of T. equi infection in youngstock (< 3
years) and adult horses (> 3 years) was estimated at 10.8% (95%
Credible Interval [CrI]: 5.8% - 17.9%) and 35.7% (95%CrI: 28.1% -
44.5%), respectively. The prevalence ratio (adult:youngstock) was
estimated at 3.31 (95%Crl: 1.92 - 6.36). The posterior distributions of
the age-specific prevalences were different from their prior distributions
indicating the data provided sufficient information to update our prior
knowledge (Fig. 3). The sensitivity analysis suggested that little varia-
tion in the posterior distributions was found when the priors were
changed (Table 2).

4. Discussion

In this study, 302 samples were examined to determine the preva-
lence of T. equi in horses in Xinjiang using the specific PCR assay. Of
those 302 samples, the proportion which was PCR positive was 23.8%.
This result is similar to previous surveys (unpublished data) of T. equi
prevalence conducted in Ili, which found the apparent prevalence of
T. equi to be 24% (2013), 31.7% (2015), 14.8% (2017), and 13.9%
(2018). However, direct comparison with such data is difficult, as our
study showed apparent prevalence is strongly affected by the age
structure of the sampled population and age was not recorded in those
previous surveys. Except for using PCR assay, an ELISA test had been
used in an early study which found 28/70 horses infected with T. equi in
1li, Xinjiang (Xuan et al., 2002).

After accounting for the possible false negatives, the estimated true
prevalences from the Bayesian modelling were 35.7% (95%CrI: 28.1% -
44.5%) in adult horses (> 3 years) and 10.8% (95%CrlI: 5.8% - 17.9%) in
young stock (< 3 years), respectively. Thus simply recording apparent
prevalence is likely to markedly underestimate true prevalence, partic-
ularly in adult horses. The Bayesian analysis confirmed that age was a

Ticks and Tick-borne Diseases 14 (2023) 102193

key risk factor, with adult horses being more likely to be infected with
T. equi than young stock. Horses older than three years were 3.31 (95%
Crl: 1.92 - 6.36) times more likely to be infected with T. equi (estimated
true prevalence 30.5%) than those of age < 3 (10.8%). This finding is
consistent with other studies (Kouam et al., 2010; Riiegg et al., 2007),
since the carrier state is life-long, the cumulative cases are therefore
expected to be higher in older animals. In addition, our finding is
probably explained by the transmission dynamics of the protozoa, with
older horses having a greater chance of being bitten by hard ticks (the
vector and host of T. equi) (Machado. et al., 2016).

In this study, we did not find an association between sex and the
prevalence of T. equi after accounting for age, though a crude association
was found in the univariable analysis. The crude effect of sex was
mediated by the study population being biased towards older females.
Although we did not find a clear effect of sex on T. equi, our data are
compatible with both a considerable decrease and a significant increase
in odds in female horses. This lack of clarity is also present in the
literature. Some studies found that female horses were at higher risk of
having T. equi infection while others showed that seroprevalence was
not different between females and males (Onyiche et al., 2019). Further
research is required on the effect of sex and the risk of T. equi infection.
We recommend that such research should include the building of a more
robust causal model to guide the data analysis.

Our study found 72 distinct 18S rRNA sequences for T. equi, all of
which belonged to one group: genotype E. This genotype is mainly found
in Asia (Munkhjargal et al., 2013; Tirosh-Levy et al., 2020) and Europe
(Camino et al., 2020; Kizilarslan et al., 2015; Liu et al., 2016), but seems
to be spreading within those continents, with recent testing identifying
the genotype in the Philippines (Dirks et al., 2021; Galon et al., 2021).
Previous genotyping studies of T. equi isolates derived from horses in
China (i.e. Wang et al. 2019 in Gansu province and Zhao et al. 2020 in
Jilin province) found that genotype E was the predominant genotype
(consistent with all of our isolates being genotype E). However, in
contrast to our study, they also identified that genotypes A and C were
circulating in Gansu and genotype A was present in Jilin. It is thus likely
that both genotypes A and C are present in Xinjiang, but our restricted
sampling area in Ili, with data being only collected from nine estab-
lishments, may have limited our chances of finding other genotypes.
Further studies should consider sampling sites across the province in
order to better identify the genotypes of T. equi present in Xinjiang.
Although most genotype studies of T.equi focus on the 18S rRNA (Tir-
osh-Levy et al., 2020), phylogenetic studies about p-tubulin, mitochon-
drial genes and equine merozoite antigen (EMA) genes should be
investigated in the future.

The geographical distribution of T. equi has been expanding in recent
years. Genotyping is likely to be of significant value in monitoring the
spread of T. equi and the factors responsible for that spread. This paper,
which to our knowledge, is one of the first reports of the genetic di-
versity of T. equi in horses of Xinjiang, China, is a start towards getting
that information.

Ethics approval and consent to participate

The experimentation protocols were reviewed by the Institutional
Animal Care and Use Committee of Xinjiang Agricultural University
(protocol numbers: GB/T35892-2018). All animal studies were con-
ducted following the Guidelines of the Chinese Animal Welfare Council.
Consent for publication

Not applicable.

Author statement

YZ, RL, ML, DAY, and BC contributed to the conception and design of
the study. QS, CL, WH, HZ, SL, and QG performed the experiments and



Y. Zhang et al.

carried out data curation. DAY performed the statistical analysis. YZ
wrote the first draft of the manuscript, and RL, ML, and DAY edited the
text. All authors contributed to manuscript revision, read, and approved
the submitted version.

Declaration of Competing Interest
The authors declare that they have no competing interests.
Data availability

Data will be made available on request.

Acknowledgments

We are indebted to Dr. Meng Liang for providing technical
assistance.

Funding

This research was supported by the Natural Science Foundation of
Xinjiang Uygur Autonomous Region (award number: 2021D01A78).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.ttbdis.2023.102193.

References

Abadi, S., Azouri, D., Pupko, T., Mayrose, 1., 2019. Model selection may not be a
mandatory step for phylogeny reconstruction. Nat. Commun. 10, 934.

Alhassan, A., Pumidonming, W., Okamura, M., Hirata, H., Battsetseg, B., Fujisaki, K.,
Yokoyama, N., Igarashi, I., 2005. Development of a single-round and multiplex PCR
method for the simultaneous detection of Babesia caballi and Babesia equi in horse
blood. Vet. Parasitol. 129, 43-49.

Bhoora, R., Franssen, L., Oosthuizen, M.C., Guthrie, A.J., Zweygarth, E., Penzhorn, B.L.,
Jongejan, F., Collins, N.E., 2009. Sequence heterogeneity in the 18S rRNA gene
within Theileria equi and Babesia caballi from horses in South Africa. Vet. Parasitol.
159, 112-120.

Bhoora, R., Quan, M., Franssen, L., Butler, C.M., Van der Kolk, J.H., Guthrie, A.J.,
Zweygarth, E., Jongejan, F., Collins, N.E., 2010. Development and evaluation of real-
time PCR assays for the quantitative detection of Babesia caballi and Theileria equi
infections in horses from South Africa. Vet. Parasitol. 168, 201-211.

Bishop, R.P., Kappmeyer, L.S., Onzere, C.K., Odongo, D.O., Githaka, N., Sears, K.P.,
Knowles, D.P., Fry, L.M., 2020. Equid infective Theileria cluster in distinct 18S rRNA
gene clades comprising multiple taxa with unusually broad mammalian host ranges.
Parasit. Vect. 13, 261.

Camino, E., Cruz-Lopez, F., de Juan, L., Dominguez, L., Shiels, B., Coultous, R.M., 2020.
Phylogenetic analysis and geographical distribution of Theileria equi and Babesia
caballi sequences from horses residing in Spain. Ticks Tick-Borne Dis. 11, 101521.

Dirks, E., de Heus, P., Joachim, A., Cavalleri, J.-M., Schwendenwein, 1., Melchert, M.,
Fuehrer, H.-P., 2021. First case of autochthonous equine theileriosis in Austria.
Pathogens 10, 298.

Galon, E.M., Macalanda, A.M., Garcia, M.M., Ibasco, C.J., Garvida, A., Ji, S., Zafar, L.,
Hasegawa, Y., Liu, M., Ybanez, R.H., Umemiya-Shirafuji, R., Ybanez, A., Claveria, F.,
Xuan, X., 2021. Molecular Identification of Selected Tick-Borne Protozoan and
Bacterial Pathogens in Thoroughbred Racehorses in Cavite. Pathogens 10,
Philippines.

Gelman, A., Rubin, D.B., 1992. Inference from iterative simulation using multiple
sequences. Statist. Sci. 7, 457-472.

Harrison, C.J., Langdale, J.A., 2006. A step by step guide to phylogeny reconstruction.
Plant J. 45, 561-572.

Heim, A., Passos, L.M., Ribeiro, M.F., Costa-Janior, L.M., Bastos, C.V., Cabral, D.D.,
Hirzmann, J., Pfister, K., 2007. Detection and molecular characterization of Babesia
caballi and Theileria equi isolates from endemic areas of Brazil. Parasitol. Res. 102,
63-68.

Johnson, W.O., Jones, G., Gardner, I.A., 2019. Gold standards are out and Bayes is in:
Implementing the cure for imperfect reference tests in diagnostic accuracy studies.
Prevent. Vet. Med. 167, 113-127.

Kizilarslan, F., Yildirim, A., Duzlu, O., Inci, A., Onder, Z., Ciloglu, A., 2015. Molecular
detection and characterization of Theileria equi and Babesia caballi in horses (Equus
ferus caballus) in Turkey. J. Equine Vet. Sci. 35, 830-835.

Knowles, D.P., Kappmeyer, L.S., Haney, D., Herndon, D.R., Fry, L.M., Munro, J.B.,
Sears, K., Ueti, M.W., Wise, L.N., Silva, M., Schneider, D.A., Grause, J., White, S.N.,
Tretina, K., Bishop, R.P., Odongo, D.O., Pelzel-McCluskey, A.M., Scoles, G.A.,

Ticks and Tick-borne Diseases 14 (2023) 102193

Mealey, R.H., Silva, J.C., 2018. Discovery of a novel species, Theileria haneyi n. sp.,
infective to equids, highlights exceptional genomic diversity within the genus
Theileria: implications for apicomplexan parasite surveillance. Int. J. Parasitol. 48,
679-690.

Koop, G., Collar, C.A., Toft, N., Nielen, M., Van Werven, T., Bacon, D., Gardner, LA.,
2013. Risk factors for subclinical intramammary infection in dairy goats in two
longitudinal field studies evaluated by Bayesian logistic regression. Prevent. Vet.
Med. 108, 304-312.

Kouam, M.K., Kantzoura, V., Gajadhar, A.A., Theis, J.H., Papadopoulos, E.,
Theodoropoulos, G., 2010. Seroprevalence of equine piroplasms and host-related
factors associated with infection in Greece. Vet. Parasitol. 169, 273-278.

Kumar, S., Sudan, V., Shanker, D., Devi, A., 2020. Babesia (Theileria) equi genotype A
among Indian equine population. Vet. Parasitol. Reg. Stud. Rep. 19, 100367.

Liu, Q., Meli, M.L., Zhang, Y., Meili, T., Stirn, M., Riond, B., Weibel, B., Hofmann-
Lehmann, R., 2016. Sequence heterogeneity in the 18S rRNA gene in Theileria equi
from horses presented in Switzerland. Vet. Parasitol. 221, 24-29.

Lobanov, V.A., Peckle, M., Massard, C.L., Scandrett, W.B., Gajadhar, A.A., 2018.
Development and validation of a duplex real-time PCR assay for the diagnosis of
equine piroplasmosis. Parasit. Vect. 11, 1-12.

Machado, R.Z., F, M., G, R., Fagiolo, A., Ragona, Papini, 2016. Molecular detection of
Theileria equi in donkeys (Equus asinus) in a selected site in central Italy. Large Anim.
Rev. 22, 231-234.

Manna, G., Cersini, A., Nardini, R., Bartolomé Del Pino, L.E., Antognetti, V., Zini, M.,
Conti, R., Lorenzetti, R., Veneziano, V., Autorino, G.L., Scicluna, M.T., 2018. Genetic
diversity of Theileria equi and Babesia caballi infecting horses of Central-Southern
Italy and preliminary results of its correlation with clinical and serological status.
Ticks Tick Borne Dis. 9, 1212-1220.

Motloang, M., Thekisoe, O., Alhassan, A., Bakheit, M., Motheo, M., Masangane, F.,
Thibedi, M., Inoue, N., Igarashi, I., Sugimoto, C., 2008. Prevalence of Theileria equi
and Babesia caballi infections in horses belonging to resource-poor farmers in the
north-eastern Free State Province, South Africa. Onderstepoort J. Vet. Res. 75,
141-146.

Munkhjargal, T., Sivakumar, T., Battsetseg, B., Nyamjargal, T., Aboulaila, M.,
Purevtseren, B., Bayarsaikhan, D., Byambaa, B., Terkawi, M.A., Yokoyama, N., 2013.
Prevalence and genetic diversity of equine piroplasms in Tov province, Mongolia.
Infect., Genet. Evolut. 16, 178-185.

Onyiche, T.E., Suganuma, K., Igarashi, I., Yokoyama, N., Xuan, X., Thekisoe, O., 2019.
A review on equine piroplasmosis: epidemiology, vector ecology, risk factors, host
immunity, diagnosis and control. Int. J. Environ. Res. Public Health 16, 1736.

Peckle, M., Pires, M.S., Silva, C., Costa, R., Vitari, G., Senra, M., Dias, R., Santos, H.A.,
Massard, C.L., 2017. Molecular Characterization of Theileria equi in Horses from the
State of Rio de Janeiro. Ticks tick-borne diseases, Brazil. S1877959X17301930.

Qablan, M.A., Obornik, M., Petrelkovd, K.J., Sloboda, M., Modr, D., 2013. Infections by
Babesia caballi and Theileria equi in Jordanian equids: Epidemiology and genetic
diversity. Parasitology 140, 1-8.

Qablan, M.A., Sloboda, M., u, M.J., Obornik, M., Dwairi, S., Amr, Z.S., Horin, P.,
Lukes, J., y, D.M., 2012. Quest for the piroplasms in camels: identification of
Theileria equi and Babesia caballi in Jordanian dromedaries by PCR. Vet. Parasitol.
186, 456-460.

Ros-Garcia, A., M’ghirbi, Y., Hurtado, A., Bouattour, A., 2013. Prevalence and genetic
diversity of piroplasm species in horses and ticks from Tunisia. Infection. Genet.
Evolut. 17, 33-37.

Rosales, R., Rangel-Rivas, A., Escalona, A., Jordan, L.S., Gonzatti, M.I., Aso, P.M.,
Perrone, T., Silva-Iturriza, A., Mijares, A., 2013. Detection of Theileria equi and
Babesia caballi infections in venezuelan horses using competitive-inhibition ELISA
and PCR. Vet. Parasitol. 196, 37-43.

Rothschild, Chantal, M., 2013. Equine piroplasmosis. J. Equine Vet. Sci. 33, 497-508.

Riiegg, S.R., Torgerson, P., Deplazes, P., Mathis, A., 2007. Age-dependent dynamics of
Theileria equi and Babesia caballi infections in southwest Mongolia based on IFAT
and/or PCR prevalence data from domestic horses and ticks. Parasitology 134,
939-947.

Salim, B., Bakheit, M.A., Kamau, J., Nakamura, I., Sugimoto, C., 2010. Nucleotide
sequence heterogeneity in the small subunit ribosomal RNA gene within Theileria
equi from horses in Sudan. Parasitol. Res. 106, 493-498.

Schwint, O.N., Knowles, D.P., Ueti, M.W., Kappmeyer, L.S., Scoles, G.A., 2008.
Transmission of Babesia caballi by Dermacentor nitens (Acari: Ixodidae) is restricted
to one generation in the absence of alimentary reinfection on a susceptible equine
host. J. Med. Entomol. 45, 1152-1155.

Scoles, G.A., Ueti, M.W., 2015. Vector ecology of equine piroplasmosis. Annu. Rev.
Entomol. 60, 561-580.

Sears, K.P., Kappmeyer, L.S., Wise, L.N., Silva, M., Ueti, M.W., White, S., Reif, K.E.,
Knowles, D.P., 2019. Infection dynamics of Theileria equi and Theileria haneyi, a
newly discovered apicomplexan of the horse. Vet. Parasitol. 271, 68-75.

Tirosh-Levy, S., Gottlieb, Y., Fry, L.M., Knowles, D.P., Steinman, A., 2020. Twenty years
of equine piroplasmosis research: global distribution. Mol. Diagn. Phylog. Pathog. 9.

Wang, J., Liu, J., Yang, J., Wang, X., Li, Z., Jianlin, X., Li, X., Xiang, Q., Li, Y., Liu, Z.,
Luo, J., Guan, G., Yin, H., 2019. The first molecular detection and genetic diversity
of Babesia caballi and Theileria equi in horses of Gansu province. China. Ticks Tick
Borne Dis. 10, 528-532.

Wang, Q., Zou, Y., 2020. China’s equine industries in a transitional economy:
development, trends, challenges, and opportunities. Sustainability 12, 5135.

Wise, L.N., Kappmeyer, L.S., Mealey, R.H., Knowles, D.P., 2013. Review of equine
piroplasmosis. J. Vet. Intern. Med. 27, 1334-1346.

Xuan, X., Chahan, B., Huang, X., Yokoyama, N., Makala, L.H., Igarashi, I., Fujisaki, K.,
Maruyama, S., Sakai, T., Mikami, T., 2002. Diagnosis of equine piroplasmosis in


https://doi.org/10.1016/j.ttbdis.2023.102193
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0001
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0001
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0002
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0002
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0002
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0002
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0003
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0003
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0003
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0003
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0004
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0004
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0004
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0004
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0005
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0005
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0005
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0005
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0006
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0006
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0006
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0007
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0007
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0007
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0008
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0008
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0008
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0008
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0008
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0009
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0009
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0010
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0010
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0011
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0011
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0011
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0011
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0012
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0012
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0012
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0013
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0013
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0013
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0014
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0014
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0014
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0014
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0014
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0014
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0014
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0015
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0015
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0015
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0015
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0016
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0016
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0016
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0017
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0017
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0018
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0018
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0018
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0019
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0019
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0019
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0020
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0020
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0020
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0021
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0021
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0021
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0021
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0021
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0022
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0022
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0022
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0022
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0022
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0023
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0023
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0023
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0023
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0024
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0024
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0024
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0025
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0025
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0025
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0026
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0026
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0026
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0027
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0027
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0027
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0027
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0028
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0028
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0028
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0029
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0029
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0029
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0029
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0030
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0031
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0031
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0031
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0031
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0032
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0032
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0032
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0033
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0033
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0033
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0033
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0034
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0034
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0035
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0035
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0035
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0036
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0036
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0037
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0037
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0037
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0037
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0038
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0038
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0039
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0039
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0040
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0040

Y. Zhang et al.

Xinjiang province of China by the enzyme-linked immunosorbent assays using
recombinant antigens. Vet. Parasitol. 108, 179-182.

Yang, D.A., Gates, M.C., Miiller, K.R., Laven, R.A., 2019. Bayesian analysis of herd-level
risk factors for bovine digital dermatitis in New Zealand dairy herds. BMC Vet. Res.
15, 125.

Ticks and Tick-borne Diseases 14 (2023) 102193

Zhang, Y., Chahan, B., Liu, S., Song, R., Li, Y., Huercha, Guo, Q., Wu, H., Zhu, Y., 2017.
Epidemiologic studies on Theileria equi infections for grazing horses in Ili of Xinjiang
province. Vet. Parasitol. 244, 111-113.

Zhao, S., Wang, H., Zhang, S., Xie, S., Li, H., Zhang, X., Jia, L., 2020. First report of
genetic diversity and risk factor analysis of equine piroplasm infection in equids in
Jilin, China. Parasit. Vect. 13, 459.


http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0040
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0040
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0041
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0041
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0041
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0042
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0042
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0042
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0043
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0043
http://refhub.elsevier.com/S1877-959X(23)00074-2/sbref0043

	Prevalence and genetic diversity of Theileria equi from horses in Xinjiang Uygur Autonomous region, China
	1 Introduction
	2 Material and methods
	2.1 Blood sample collection
	2.2 DNA extraction and PCR detection
	2.3 Phylogenetic analysis
	2.4 Statistical analysis
	2.4.1 Exploratory data analysis
	2.4.2 Bayesian modelling


	3 Results
	3.1 Preliminary data analysis
	3.2 Sequence analysis
	3.3 Bayesian analysis

	4 Discussion
	Ethics approval and consent to participate
	Consent for publication
	Author statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Funding
	Supplementary materials
	References


