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Simple Summary: Equine piroplasmosis is a tick-borne disease with significant health
and economic impacts on the equine industry. Various piroplasm species and genotypes
belonging to Babesia and Theileria genera have been identified as causative agents of this
disease in horses, and recent studies highlight treatment differences depending on the
species involved. Therefore, knowing which piroplasm species are circulating in a specific
area is crucial, and highly sensitive diagnostic methods are needed to identify and differen-
tiate the pathogen responsible for the infection. The aims of our study were to compare
the diagnostic performance of different molecular tests for piroplasm DNA detection and
genetically characterize the piroplasms identified in 63 horses in Northern Italy from 2016
to 2022. Molecular analysis revealed a 38.1% positivity rate within the tested population.
Notably, substantial genetic variability was observed among the identified theileria rather
than among the babesia. No single diagnostic method was found to reliably detect and dif-
ferentiate all piroplasm species involved in equine piroplasmosis. This study highlights the
need for further investigation into the genetic diversity of these parasites. Expanding our
understanding of piroplasm variability is essential to develop and implement appropriate
diagnostic methods for the accurate detection of equine piroplasmosis.

Abstract: Equine piroplasmosis is a tick-borne disease caused by Babesia and Theileria
species. Despite its presence in Europe, no laboratory testing is required for animal move-
ment, even though some countries remain free of this disease. Differentiating between
species and genotypes is crucial to determine the most effective treatment, as dosage, active
compounds, and duration vary. However, diagnosis is often challenging due to genetic
variability and the limited sensitivity of molecular methods. The aims of this study were
to compare the performances of different molecular diagnostic tests to identify the most
effective assay for piroplasm DNA detection and to genetically characterize the piroplasms
identified in horses in Northern Italy from 2016 to 2022. Among 63 horses tested, 24 (38.1%)
were positive in at least one of the tests used. Four horses tested positive for Babesia caballi
with identical nucleotide sequences, while 22 horses tested positive for genetically different
Theileria species, including Theileria equi, Theileria haneyi-like species, and Theileria sp. Africa.
Two horses were coinfected by Babesia caballi and Theileria haneyi-like species. The best
diagnostic approach to avoid false negative results was a combination of different assays.
Further studies will be necessary to better assess the prevalence and genetic diversity of
piroplasms involved in equine piroplasmosis.
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1. Introduction

Equine piroplasmosis (EP) is a disease caused by tick-borne pathogens (TBPs) Babesia
caballi, Theileria equi, and the recently discovered Theileria haneyi [1,2]. EP has a global
distribution and is endemic in tropical and subtropical areas [3-5]. Few countries, such as
Canada, the United States, the United Kingdom, Japan, and Australia, remain EP-free or
have reported only sporadic cases [6]. In Italy, a molecular prevalence between 1% and
5% for B. caballi and 35% for T. equi was reported [5]. These data highlight the importance
of testing equids before international movement to prevent sanitary consequences and
economic repercussions in the horse industry [7]. As already reported by Nardini and
colleagues [8], the European Union legislation states that only a clinical evaluation of
the absence of symptoms of equine piroplasmosis is required as proof of freedom from
infection, and no laboratory confirmation is required for animal movements (Council
Directive 2009/156/EC). While Babesia species replicate asexually within red blood cells and
are capable of transovarial transmission in ticks, Theileria species exhibit a pre-erythrocytic
stage in leukocytes and rely exclusively on transstadial transmission [9]. Given their
pathogenesis, infections frequently manifest as hematological abnormalities. In cases of
Babesia infections, these are typically acute forms presenting with more severe clinical
signs, including pyrexia, malaise, dehydration, congested mucous membranes, petechiae,
ecchymoses, limb edema, and anemia. Conversely, Theileria infections are usually chronic
in nature, characterized by milder and less specific clinical signs such as anorexia, weight
loss, general malaise, and mild anemia [10]. The diagnosis of EP is often challenging, as
various techniques are employed to identify the piroplasms. Blood smear microscopy is a
simple and easy-to-perform method that allows direct identification of parasites within
the erythrocytes of the infected horse. However, interpretation can be subjective, requiring
specialized personnel. Additionally, this method has low sensitivity, even during the
acute phases of the disease, due to the often low parasitemia observed in EP cases [10].
On the other hand, serological methods (complement fixation test—CFT, enzyme-linked
immunosorbent assay—ELISA, immunochromatographic test—ICT, Western blot—WB,
and indirect immunofluorescence assay test—IFAT) are the most commonly used, especially
in large-scale studies [4]. These methods assess the antibody titers in infected subjects
but may yield false-negative results during the acute stages [11,12]. Finally, molecular
techniques are highly sensitive from the early stages of infection, and they can detect small
quantities of the parasite DNA in carrier hosts and in the chronic phases of infection [9].
Furthermore, these assays allow for genetic characterization of the pathogen involved in
the infection through phylogenetic analyses [13]. Given the high genetic diversity, the
classification of these piroplasms is often challenging, and furthermore, to date, no single
sensitive and specific assay has been reported able to identify and differentiate the various
species of parasites responsible for equine piroplasmosis [14,15]. The 18S ribosomal RNA
(185 rRNA) is the most commonly used gene for the taxonomic classification of these
parasites, but it is often insufficient for accurate species identification, especially concerning
Theileria spp. [16]. In fact, for this piroplasm, the equine merozoite antigen 1 (emal) gene,
coding for one of the most important surface antigens in T. equi, is frequently used as an
additional target [17]. Nevertheless, Knowles and colleagues [2] reported that T. haneyi
lacks this specific gene, meaning that analyses targeting it may fail to identify this newly
recognized species. The aims of this study were to compare the performances of different
molecular diagnostic tests for equine piroplasmosis to identify the most effective assay and
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to genetically characterize the Babesia and Theileria species identified in horses in Northern
Italy from 2016 to 2022.

2. Materials and Methods
2.1. Study Population

Horses exposed to risk factors (environment, breed, presence of ticks) for piroplasms
infection or with clinical suspicion of EP referred and tested for piroplasm DNA detection
at the Veterinary Teaching Hospital (VTH) of the University of Bologna (Ozzano Emilia,
Bologna, Italy) (latitude 44.43612143900343, longitude 11.486610096950223), between 2016
and 2022, were retrospectively included in the study. All the included horses originated
from Northern Italy; continental climatic zones were characterized by temperate climates.
Over the years, this area has experienced various climatic changes that have influenced
the local ecology, increasing the presence of vectors and, consequently, the diseases they
transmit [18]. The definition for a clinical suspicion was correlated to the presence of at
least one of the following clinical signs: depression, poor performance, fever, jaundice,
inappetence, and edema [9], associated with low erythrocyte counts, low hemoglobin, low
platelets, or high bilirubin [19]. Year of sampling and signalment data (sex and age) of
the enrolled horses were retrieved from medical records. Horses included were grouped
according to three different age categories: (i) newborn foal (<7 days); (ii) colt/filly (8 days—
12 months); (iii) adult horses (>12 months).

2.2. Molecular Detection

DNA was extracted from blood samples using the NucleoSpin Tissue Kit (Macherey-
Nagel, Diiren, Germany), according to the manufacturer’s instructions, at the time of
referring to VTH for piroplasms DNA detection. The extracted DNA was stored at —20 °C
until use for subsequent analysis. DNA extracted from blood samples of all the horses
included in the study were tested by three different molecular assays for Babesia spp. or
Theileria spp. DNA detection. Sensitivity and specificity of nested PCR, multiplex PCR, and
real-time PCR were evaluated and compared to each other. The different molecular assays
used are summarized in Table 1.

Table 1. Molecular assay used in this study.

Molecular Assay

nPCR for Babesia and Theileria
species detection

mPCR for B. caballi and T. equi
detection

qPCR for Babesia spp.
detection

PCRT. equi-specific

PCRT. haneyi-specific

Primers Gene Fragment Length Reference
PCR1 930 bp
BTF1=GGC TCA TTA CAA CAG TTATAG
BTR1=CCC AAAGACTITGATTTCTCTC
PCR2 18SrRNA 800 bp [20]

BTF2 = CCG TGC TAA TTG TAG GGC TAA TAC
BTR2 = GGA CTA CGA CGG TAT CTG ATC G

Bec-UF2 = TCG AAG ACG ATC AGA TAC CGT CG
Cab-R =CTC GTT CAT GAT TTA GAATTGCT
Equi-R = TGC CTT AAA CTT CTT TGC GAT

B-Isu-F= ACC TGT CAARTT CCT TCA CTA AMT T
B-lsu-R2 = TCT TAA CCC AACTCA CGT ACCA

PCR 1—External primers

Th_emal_for = GAG GAG GAG AAA CCC AAG
Th_emal_rev = GCC ATC GCC CTT GTA GAG
PCR 2—Internal primers

Th_emal_for=TCA AGG ACA ACA AGC CAT AC
Th_emal_rev =TTG CCT GGA GCC TTG AAG

PCR 1—External primers

Th_ORF_ch1_for = CCA TAC AAC CCA CTA GAG
Th_ORF_ch1_rev = CTG TCA TTT GGG TTT GAT AG
PCR 2—Internal primers

Th_ORF_ch1_for = GAC AAC AGA GAG GTG ATT
Th_ORF_ch1_rev=CGT TGA ATG TAATGG GAAC

18SrRNA

Isu 150 bp

emal 229bp

ORF chr]omosome 238 bp

540 bp B. caballi
450bp T. equi

[21]

[22]

[23]

(21

bp: basepair; emal = equi merozoite antigen-1; Isu = large subunit ribosomal DNA; mPCR = multiplex PCR;

nPCR = nested PCR; qPCR = real-time PCR.
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2.2.1. Nested PCR

A nested PCR (nPCR) designed on the 185 rRNA gene and previously developed by
Jefferies and colleagues [20] was used to detect Babesia and Theileria species amplifying a
unique 800 base pair (bp) DNA fragment without distinction between the two piroplasms
genera. The reactions were carried out using the Tag DNA Polymerase Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions. The thermal cycling of the first
PCR reaction consisted of an initial denaturation at 94 °C for 5 min followed by 45 cycles
of denaturation at 94 °C for 1 min, annealing at 58 °C for 1 min, and elongation at 72 °C
for 1 min and 10 s, followed by a final elongation step at 72 °C for 10 min. A second PCR
reaction was performed using PCR products of the first amplifications with the following
thermal cycle: initial denaturation at 94 °C for 5 min followed by 45 cycles of denaturation
at 94 °C for 1 min, annealing at 62 °C for 1 min and elongation at 72 °C for 1 min, followed
by a final elongation step at 72 °C for 10 min. Two samples that tested positive for Babesia
and Theileria species DNA, respectively, were used as internal positive control, and a no
template control, consisting of ultrapure water, underwent analysis simultaneously. PCR
products were visualized under UV after electrophoresis migration on a 1.5% agarose
gel stained with Midori Green Advance DNA Stain (Nippon Genetics, Diiren, Germany)
in 1x standard tris-acetate-EDTA (TAE) buffer. Amplicons of the expected size were
considered positive.

2.2.2. Multiplex PCR

A multiplex PCR (mPCR) designed on the 185 rRNA gene and previously developed
by Alhassan and colleagues [21] was used to detect and distinguish B. caballi and T. equi on
the basis of the amplicon size, producing a 540 bp DNA fragment for B. caballi and a 450 bp
DNA fragment for T. equi. The reactions were carried out using the Taqg DNA Polymerase
Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. The thermal
cycling consisted of an initial denaturation at 94 °C for 5 min, followed by 45 cycles of
denaturation at 94 °C for 1 min, annealing at 60.5 °C for 1 min, and elongation at 72 °C
for 1 min, and a final elongation step at 72 °C for 10 min. An internal positive control and
a no template control, consisting of ultrapure water, underwent analysis simultaneously.
PCR products were visualized under UV after electrophoresis migration on a 1.5% agarose
gel stained with Midori Green Advance DNA Stain (Nippon Genetics, Diiren, Germany)
in 1x standard tris-acetate-EDTA (TAE) buffer. Amplicons of the expected size were
considered positive.

2.2.3. Real-Time PCR

An SYBR Green real-time PCR (qPCR) designed on the large subunit ribosomal DNA
(Isu) and developed by Qurollo and colleagues [22] was used to detect all the Babesia species
by amplifying a 150 bp DNA fragment for Babesia spp. and no product for Theileria spp.
The reactions were carried out using the PowerUp SYBR Green master mix (Thermo Fisher
Scientific, Waltham, MA, USA) in a total volume of 20 uL and the Real Time StepOnePlus™
system (Applied Biosystem, Carlsbad, CA, USA). The thermal cycling consisted of DNA
polymerase activation at 95 °C for 5 min and 45 cycles at 95 °C for 15 s and 60 °C for 1 min.
Melting experiment for the evaluation of the specificity of the reaction was performed
after the last extension step by a continuous increment from 60 °C to 95 °C, and specific
melting temperature (Tm) was about 73 °C. DNA copy number determination was carried
out by absolute quantification using the standard curve method. Serial 10-fold dilutions
of a plasmid (pCR4 plasmid; Thermo Fisher Scientific, Life Technologies, Carlsbad, CA,
USA) containing one copy of the target sequence were used as external standards for the
construction of the assay standard curve by plotting the plasmid copy number against
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the corresponding threshold cycle values. The limit of detection (LOD) of the reactions
was determined based on the highest dilution of recombinant plasmid possible to amplify
with good reproducibility and was found to be 1 DNA copy/uL. The DNA samples and
standards were repeated within each run in duplicate. A no-template control, consisting
of ultrapure water, underwent analysis simultaneously. Samples showing an exponential
increase in the fluorescence curve, a target DNA amount greater than or equal to the LOD,
and a specific melting peak in both replicates were considered positive.

2.3. Genetic Characterization

According to the method proposed by Knowles and colleagues [2] to characterize and
distinguish T. equi and T. haneyi, two other end-point PCR assays were carried out on the
DNA extracts tested positive for Theileria spp. DNA. The first PCR targeted a 229 bp DNA
fragment of the emal gene that is reported specific exclusively for T. equi and not for T.
haneyi [23,24], and the second one targeted a 238 bp DNA fragment of a 2118 bp single-copy
OREF of chromosome 1 that is reported exclusively for T. haneyi and not for T. equi [2,24,25]
(Table 1). The reactions were carried out using the Taq DNA Polymerase Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s instructions. Both thermal cycling
consisted of an initial denaturation at 94 °C for 5 min followed by 40 cycles of denaturation
at 94 °C for 1 min, annealing at 54 °C for 30 s and elongation at 72 °C for 30 s, followed by
a final elongation step at 72 °C for 7 min. An internal positive control and a no template
control, consisting of ultrapure water, underwent analysis simultaneously. PCR products
were visualized under UV after electrophoresis migration on a 2% agarose gel stained with
Midori Green Advance DNA Stain (Nippon Genetics, Diiren, Germany) in 1x standard
tris-acetate-EDTA (TAE) buffer. Amplicons of the expected size were considered positive.

Amplicons of the expected size obtained with all the qualitative PCR assays car-
ried out in this study were purified using the QIAquick PCR Purification Kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s instructions and directly se-
quenced by Sanger method (BioFab Research, Rome, Italy) using both forward and re-
verse primers. The nucleotide sequences obtained were assembled and translated into
amino acid sequences using BioEdit sequence alignment editor version 7.2.5. The as-
sembled nucleotide sequences were analyzed using the BLAST web interface (https:
/ /blast.ncbi.nlm.nih.gov /Blast.cgi (accessed on 15 November 2024)) to determine which
species they belonged to and aligned with reference sequences available in the Gen-
Bank database (https:/ /www.ncbi.nlm.nih.gov/nucleotide/ (accessed on 15 November
2024)), using the ClustalW method implemented in the BioEdit software alignment editor
version 7.2.5.

Phylogeny was carried out with the MEGA 11 software version 11.0.11 [26] using
the Neighbor-Joining method and the Kimura 2-parameter model for both the 18S rRNA
gene of Babesia and Theileria species and the emal gene of Theileria spp. The robustness of
individual nodes on the phylogenetic trees was estimated using 1000 bootstrap replicates,
and relevant bootstrap values were indicated at the corresponding nodes.

2.4. Statistical Analysis

All the retrieved data were captured in Microsoft Excel 2019 and analyzed using
commercially available statistical software (MedCalc Statistical Software version 19.5.1,
Ostend, Belgium). Descriptive statistics was performed for all the evaluated variables, and
data are reported as mean =+ standard deviation or median and range (minimum-maximum
values), based on their distribution. Categorical data, such as year of sampling, sex, and
age groups, were analyzed using Fisher’s exact p-value test or Pearson’s chi-squared (x2)
test. Continuous data (e.g., age) were analyzed using the Mann—Whitney test.
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In the absence of a gold standard, a comparison between the diagnostic molecular
assays was performed by estimating their relative sensitivity (rSe) and relative specificity
(rSp), considering those animals that tested positive in at least one molecular test as infected
and those animals that tested negative as non-infected in all molecular tests used. The rSe
and rSp of the three assays for Babesia spp. and Theileria spp. detection were estimated

as follows: Positi
rSe: —— A qqp, (1)
Positiveror
Negati
Sp: —STTA 0, @)
Negativerqr

rSe is estimated by the ratio in percentage between the number of positive test outcomes of
an assay (A) for Babesia spp. or Theileria spp. and the number of positive test outcomes in
at least one molecular test. rSp is estimated by the ratio in percentage between the number
of negative test outcomes of an assay (A) for Babesia spp. or Theileria spp. and the number
of negative test outcomes in at least one molecular test. The 95% confidence interval was
also calculated for the sensitivity and specificity values using the following formula [27]:

1C95% : £1.96,/ 54150 1196, /5P15p), 3)

3. Results
3.1. Study Population

During the study period, 63 horses were retrospectively included. The total number of
horses suspected of infection progressively increased over the years. In the first two years
of the study (2016-2017), 4 out of 63 horses (6.3%) were tested, while a significant increase
was observed by the last year of the study (2022), with 21 (33.3%) horses tested (p < 0.001).
Among the horses included, 30/63 (47.6%) were male (10/30, 33.3% gelding) and 33/63
(52.4%) were female (none spayed). The median age was 9 years and 5 months (range
1 month—28 years). The horses included in the study originated from various provinces
in Northern Italy (Figure 1). No correlation was observed between the area of origin and
positivity to the different piroplasm species.

3.2. Molecular Detection

Twenty-four out of the sixty-three horses (38.1%) tested positive in at least one of the
three assays used for molecular detection of piroplasms DNA. A significant association
was found between positive results to at least one pathogen investigated and the sex of
horses, with females (17/33, 51.5%) more frequently being positive than males (7/30, 23.3%)
(p = 0.0368). The median age of horses that tested positive was 9 years and 6 months (range
1 month—28 years) with no significant difference between age categories.

From molecular assay and sequencing results, 4/24 positive horses were infected
by Babesia spp., and 22/24 were infected by Theileria spp. Two of these positive horses
were coinfected by the two pathogens. The complete results obtained through molecular
methods and sequencing are summarized in Table 2.
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Figure 1. Italian provinces of origin of the horses included in the study. Outlined in purple = Italian
regions; outlined in black = Italian provinces; highlighted in grey = Italian provinces of origin of
the horses included in the study. AR = Arezzo; BO = Bologna; BR = Brescia; FC = Forli-Cesena;
FE = Ferrara; FI = Firenze; FM = Fermo; GR = Grosseto; MO = Modena; PD = Padova; PO = Prato;
PU = Pesaro-Urbino; RA = Ravenna; RE = Reggio Emilia; RN = Rimini; ROMA = Roma; SI = Siena;
VR = Verona. A = location of the VTH.

Table 2. Results of molecular screening.

18S rRNA Gene Isu Gene emal Gene ORF Chromosome 1 Gene
nPCR mPCR q PCR PCR PCR
Babesia spp. Theileria spp. B. caballi T. equi Babesia spp. T. equi T. haneyi
1630/2022 0 1 1 0 0 0
1470/2022
1406/2022
1258/2022
1229/2022
1196/2022
949/2022
483/2022
482/2022
1568/2021
1117/2021
877/2021
481/2021
430/2021
827/2020
802/2020
782/2020
618/2020
523/2020
448/2020
1247/2019
876/2019
346/2019
539/2017
Tot.

Horses
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0 = negative; 1 = positive; mPCR = multiplex PCR; nPCR = nested PCR; NT = not tested; PCR: end-point PCR;
qPCR = real-time PCR.
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In Table 3, sensitivity and specificity values, along with their respective confidence
intervals, were reported for each molecular assay used for Babesia spp. and Theileria spp.
DNA detection.

Table 3. Sensitivity and specificity values for each molecular assay used for Babesia spp. and Theileria
spp- DNA detection.

Babesia spp. Theileria spp.
PR rSe 100% 90.9% (0.79-1.029)
n rSp 100% 100%
PR rSe 25% (—0.174-0.674) 100%
m rSp 100% 100%
rSe 100% 0%
qPCR
rSp 100% 100%

mPCR = multiplex PCR; nPCR = nested PCR; PCR = end-point PCR; qPCR = real-time PCR; rSe = relative
sensibility; rSp = relative specificity. In brackets, confidence intervals.

3.3. Genetic Characterization

Sequence analysis of the 185 rRNA gene, on a fragment of about 580 bp for Babesia spp.
and 680 bp for Theileria spp., revealed that the four horses that tested positive for Babesia
spp. were infected by B. caballi (4/63, 6.4%) and the sequences obtained were identical to
each other. On the other hand, the 22 horses that tested positive for Theileria spp. were
infected by piroplasms belonging to three distinct genetic groups: (i) nine horses (9/63,
14.3%) were infected with T. equi; (ii) six horses (6/63, 9.5%) were infected with piroplasms
displaying nucleotide profiles compatible with some T. haneyi previously reported in China
(GenBank ID: ON429000, ON429018, ON429006) and some T. equi (GenBank ID: AY534882,
DQ287951), hereinafter referred to as T. haneyi-like; and (iii) seven horses (7/63, 11.1%)
were infected with piroplasms that exhibited numerous unique and shared nucleotide
mutations, showing significant similarities to sequences deposited in GenBank as Theileria
sp. Africa, a novel candidate species that has not yet been classified. Two horses (2/63,
3.2%) were co-infected with B. caballi and T. haneyi-like.

Sequencing results are presented in Table 4, and Figure 2 shows a portion of the nu-
cleotide alignment of the 185 rRNA gene constructed with sequences obtained in this study.

AR R R R R N R R R R R R R R AR R AR R R R R R R R RN R R R RN ]

=

2020
2020
2020
2020
2019
2015
2020
2021
2021
2022
2022
2022
2022
2019
[2020
2021
2022
2017
2021
2021
2022
2022
2022
2022

448

1117
1156

1470
346
782
481
1258
539
430
15¢e8
482
949
1229
1630

.caballi
.caballi
.caballi
.caballi

.haneyi-like

-haneyi-like |- -
.haneyi-like |- -
.haneyi-like ..

.sp.Africa
.sp.Africa
.sp.Africa
.sp.Africa
.sp.Africa
.sp.Africa
.sp.Africa

AGTTGAATTTCTGCGTTG CGTTGTTCTTGCTTT TTGCTTGATTTTCGCTTCGCTTT TTG

100 110 120 130 140 150 1le0 170 180 190 200

TTTGAGARARZ

7]

(7]

[T ETET R EN]

[T En KN RN N En N

[ETET R R R En R R RN I EnEn RN En NN EnEn N}

Figure 2. Nucleotide alignment of a fragment of the V4 hypervariable region of the18S rRNA gene of
the sequences obtained from the piroplasms identified in this study.
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Table 4. Results of the 185 rRNA gene sequence analysis of the identified piroplasms.

Sample Sequencing Result
1630/2022 Theileria sp. Africa
1470/2022 T. equi
1406/2022 T. equi
1258/2022 T. haneyi-like
1229 /2022 Theileria sp. Africa
1196/2022 T. equi
949/2022 Theileria sp. Africa
483/2022 T. equi
482/2022 Theileria sp. Africa
1568/2021 Theileria sp. Africa
1117/2021 T. equi
877/2021 T. equi
481/2021 T. haneyi-like
430/2021 Theileria sp. Africa
827/2020 T. equi
802/2020 B. caballi
782/2020 T. haneyi-like
618/2020 B. caballi + T. haneyi-like
523/2020 B. caballi
448/2020 B. caballi + T. haneyi-like
1247/2019 T. equi
876/2019 T. equi
346/2019 T. haneyi-like
539/2017 Theileria sp. Africa

As reported by Nehra and colleagues [15], the fragment between nucleotides 113 and
183 of the V4 hypervariable region of the 185 rRNA gene allows for the differentiation of
species and the genotyping of piroplasms.

Moreover, 16 out of 22 (72.7%) Theileria-positive samples tested positive with the T.
equi-specific PCR assay targeting a fragment of the emal gene. Specifically, all the nine
Theileria identified as T. equi on the basis of 18S rRNA gene analysis tested positive, as2/6 T.
haneyi-like samples and 5/7 Theileria sp. Africa. Contrariwise, none of the Theileria-positive
samples tested positive with the T. haneyi-specific PCR assay targeting a fragment of the
ORF of chromosome 1.

The phylogenetic tree constructed with a nucleotide alignment of 727 residues of
the 185 rRNA gene of Babesia and Theileria species (Figure 3) revealed that the B. caballi
identified in this study clustered together with other B. caballi sequences in a distinct group
separated from B. capreoli and B. canis sequences. Regarding the sequences of Theileria
spp., phylogeny confirmed the presence of four distinct groups, as reported by Nehra and
colleagues [15]. The strains identified in this study clustered in three of these different
groups (Figure 3). Nine Theileria identified in this study clustered with T. equi reference
sequences, with a nucleotide identity ranging from 96.6% to 100%. Four Theileria clustered
with some T. haneyi-like reference sequences, with a nucleotide identity ranging from 98.9%
to 100%. Seven Theileria clustered with Theileria sp. Africa reference sequences identified
in Egypt, Corse, and Chad, and reference sequences classified as T. equi found in Italy
and Africa, with a nucleotide identity ranging from 99.2% to 100%. The two T. haneyi-like
identified in cases of co-infection (448/2020 and 618/2020) were excluded from this analysis
as the nucleotide sequences obtained were too short to be compared with other sequences.
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PQ555656 2021 1117 «

AY150063 2003 Babesia equi isolate Spain-2 horse blood ES
PQS555660 2022 1406 »

KJ787758 2014 Theileria equi isclate 2 donkey blood IT
PQS55646 2022 1470 «

PQ555654 2019 876 «

PQS555650 2022 483 »

PQ5556412019 1247 »

KJ801922 2013 Babesia equi isolate ABD* 102 horse blood SA
JX177671 2012 Theileria equi isolate TeD002 horse blood US

KY484024 2017 Theileria equi clone 8 horse blood BR Theileria equi
PQ555652 2020 827 = (Genotype A)

PQ555653 2021 877 «

Z15105 1992 Babesia equi horse blood ZA

AY150062 2003 Babesia equi isolate Spain-1 horse blood ES
PQ555657 2022 1196 «

ABT333732011 Babesia equi A129 horse blood MNG

FJ208021 2008 Theileria equi dog blood HR.
KY4B84023 2017 Theileria equi clone 7 horse blood BR

KM819520 2014 Babesia equi isclate JJ42 horse blood KR
KY484018 2017 Theileria equi clone 2 horse blood BR
KY464022 2017 Theileria equi clone B horse blood BR
KUG23631 2013 Theileria equi isclate 45702 harse blood IT
MN384257 2019 Theileria equi cf. voucher MA/KST122 horse blood NG
KJ787757 2014 Theileria equi isolate 1 donkey blood IT
PQS555655 2022 949 »

PQ555662 2022 1630 «
PQ555658 2022 1229 «
PQ555661 2021 1568 »

— POS555648 2021430 Theileria sp. Africa
93 PQ555651 2017 539 « (Genotype D)
PQ555649 2022 482 «

MF510477 2014 Theileria sp. Africa voucher corcv2 horse blood FR
MNG625899 2019 Theileria sp. Africa isolate H54 horse blood EG
MF510480 2012 Theileria sp. Africa voucher MLF15 horse blood TCD
MNB25801 2018 Theileria sp. Africa isolate H545 horse blood EG
MNB25900 2019 Theileria sp. Africa isolate HO04 horse blood EG
ABS15315 2007 Babesia equi isolate E| Obied46 horse blood SDN
EU888903 2008 Theileria equi isolate LFEQ189 C horse blood ZA
KUB47705 20186 Theileria haneyi isolate Ho-266 horse blood
KUB47707 2016 Theilena haneyi isolate Naranjo horse blood
KUB47708 2016 Theileria haneyi isolate Shakem horse blood
KUB47709 2016 Theileria haneyi isolate stray horse blood
KY¥111780 2018 Theileria equi isclate HO1 horse bload CU ileri i
EU642511 2009 Theileria equi genotype B LFEQ164 horse blood ZA Theileria haneyl
JUX679180 2012 Theileria equi genotype C horse blood TN (Genotype C)
KUB47706 2018 Theileria haneyi isolate Ho304 horse blood
KUB47704 2016 Theileria haneyi isolate Careto horse blood
MHB51216 2017 Theileria equi clone x0 horse blood CN
KY464028 2017 Theileria equi clone 15 horse blood BR.
g9 KY464021 2017 Theileria equi clone 4 horse blood BR
AB515310 2009 Babesia equi isolate Atbara8 horse blood SDN
EUB42507 2008 Theileria equi genotype AZ RBEQ101 horse blood ZA
DQ287951 2005 Babesia equi isolate 3 horse blood ES
HM229408 2010 Theileria equi voucher KNU GG-14 horse blood KR
KF558357 2013 Theileria equi horse blood CH
MHE51212 2018 Theileria equi clone ¢ 72 horse blood CN
MHB51217 2018 Theileria equi clone ¢371 horse blood CN
AY534882 2004 Theileria equi strain ET1 horse blood ES Wl . e
ON429000 2022 Theileria haneyi isolate TJ41 CN «Theileria haneyi-like»
(ON429018 2002 Theileria haneyi isclate G CN (Genotype B)
ON429006 2002 Theileria haneyi isolate a53 CN
PQS55647 2019346 »
PQ555645 2021 481 »
PQ555659 2022 1258 «
PQ555644 2020782 »
AYB48885 2004 Babesia equi isolate Bern-1 horse blood CH
FJB0B734 2008 Babesia equi isolate 228 horse blood IT
o9’ KUG23619 2013 Theileria equi isclate 56737 harse blood IT
MG952821 2018 Theileria parva strain Marikebuni 3282
KX839231 2016 Babesia canis isclate A11/12 horse blood IT
KX839230 2016 Babesia canig isclate A1/A2 horse blood IT
KX839234 2016 Babesia capreoli isolate B5/86 horse blood IT
KX839233 2016 Babesia capreoli isolale A3/A4 horse bloed IT
MHG51223 2018 Babesia caballiclone x32 horse blood CN
MHB51221 2017 Babesia caballi clone c49-1 horse blood CN
MHB51218 2017 Babesia caballi clone 99-3 horse blood CN
ABT34380 2011 Babesia caballi gene horse blood MN
EUS88904 2008 Babesia caballiisolate B1 CABRBEQ164 horse blood ZA
[EU888801 2008 Babesia caballi isolate CABEQS1 B1 horse blood ZA i i
MK288108 2018 Babesia caballi isolate BC/Bo horse bload IL Babesia caballi
215104 1992 Babesia caballi horse blood
PQ555663 2020 448 »
PQ555664 2020 523 »
99| PQS5556852020818 «
PQ555666 2020 802 »
FJ808739 Babesia microtiisolate 331 horse blood IT

98

0.050

Figure 3. Phylogenetic tree constructed using the Neighbor-Joining method and the Kimura 2-
parameter model implemented in MEGA 11 software version 11.0.11, based on the nucleotide
alignment of 727 residues of the 185 rRNA gene of Babesia spp. and Theileria spp. sequences obtained
in this study by sequencing the nested PCR products, with 14 reference sequences of Babesia spp.
and 49 reference sequences of Theileria spp. available in GenBank (https://www.ncbi.nlm.nih.gov/
nucleotide/ (accessed on 15 November 2024)). Bootstrap values calculated from 1000 replicates
are indicated on the respective branches. The reference sequences are labeled as follows: GenBank
number, date of collection (or submission date), genus, species, host, sample matrix, country of origin
(BR = Brazil, CH = Switzerland, CN = China, CU = Cuba, ES = Spain, EG = Egypt, FR = France,
HR = Croatia, IL = Israel, IT = Italy, KR = South Korea, MN = MNG = Mongolia, NG = Nigeria,
SA = Saudi Arabia, SDN = Sudan, TCD = Chad, TN = Tunisia, US = United States, ZA = South Africa)
e = sequences obtained in this study labeled with GenBank number (PQ555641-PQ555666), year of
collection and sample ID. The main species of piroplasms and (the corresponding genotype proposed
for Theileria genus by Nehra and colleagues [15]) characterizing the clusters are reported alongside

the tree.
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The phylogenetic tree constructed with a fragment of 209 pb of the emal gene nu-
cleotide sequences from Theileria spp. revealed that the sequences obtained in this study
grouped in two different main clusters without any correlation with the genetic diversity
that emerged from the 185rRNA gene analysis (Figure 4).

LC514705 2019 Theileria equi SDNK74T donkey blood SD
A

PQ558989 2022 1258 Theileria haneyi-like

MF447154 2017 Theileria equi horse blood IR

+1/'PQ558987 2021 481 Theileria haneyi-like

PQ558991 2022 483 Theileria equi[ ]

i MG906599 2018 Theileria equi voucher TeMT215 Amazon horse blood BR
PQ558998 2019 1247 Theileria equi [ J

MG906607 2018 Theileria equi voucher TeMT253 Pantanal horse blood BR

| PQ558996 2021 1117 Theileria equi L ]

PQ558993 2019 876 Theileria equif ]

| KX533881 2016 Theileria equi isolate 459N horse blood IL

| MK771097 2019 Theileria equi isolate E1 horse blood IR

LC230156 2017 Theileria equi isolate FVM-CMU-Sophia horse blood TH

MG906605 2018 Theileria equi voucher TeMT228 Amazon horse blood BR

PQ559000 2022 1470 Theileria equi ]

KX533883 2016 Theileria equi isolate 5512N horse blood IL

MG906622 2018 Theileria equi voucher TeMT883 Cerrado horse blood BR

MG906588 2018 Theileria equi voucher TeMT105 Cerrado horse blood BR

? MG906600 2018 Theileria equi voucher TeMT216 Amazon horse blood BR
PQ558994 2021 877 Theileria equi | ]

KX533888 2016 Theileria equi isolate PA46 horse blood IL

MG906597 2018 Theileria equi voucher TeMT213 Amazon horse blood BR

MZ665961 2021 Theileria equi isolate Junagadh horse blood IN

KX533882 2016 Theileria equi isolate 9C horse blood IL

MG906621 2018 Theileria equi voucher TeMT882 Cerrado horse blood BR

LC514706 2019 Theileria equi SDNK75T donkey blood SD

MG906604 2018 Theileria equi voucher TeMT220 Amazon horse blood BR

MK771104 2019 Theileria equi isolate E8 horse blood IR

MG906615 2018 Theileria equi voucher TeMT576 Amazon horse blood BR

.

MG906603 2018 Theileria equi voucher TeMT219 Amazon horse blood BR

LC514708 2019 Theileria equi SDNK87T donkey blood SD

LC514707 2019 Theileria equi SDNK78T donkey blood SD

KX533880 2016 Theileria equi isolate 177S horse blood IL

MG906595 2018 Theileria equi voucher TeMT211 Amazon horse blood BR

MGO06594 2018 Theileria equi voucher TeMT210 Amazon horse blood BR

PQ558992 2020 827 Theileria equi [ J

MK771109 2019 Theileria equi isolate E13 horse blood IR

MG906635 2018 Theileria equi voucher TeMT968 Cerrado horse blood BR

MG906633 2018 Theileria equi voucher TeMT899 Amazon horse blood BR

MG906617 2018 Theileria equi voucher TeMT752 Cerrado horse blood BR

KX533890 2016 Theileria equi isolate 101J horse blood IL

PQ558988 2022 1196 Theileria equi ']

0.02

A
MG906596 2018 Theileria equi voucher TeMT212 Amazon horse blood BR

Figure 4. Phylogenetic tree constructed using the Neighbor-Joining method and the Kimura
2-parameter model implemented in MEGA 11 software version 11.0.11, based on the nucleotide align-
ment of 207 residues of the emal gene of Theileria spp. sequences obtained in this study with 33 refer-
ence sequences of Theileria spp. available in GenBank (https://www.ncbi.nlm.nih.gov/nucleotide /
(accessed on 15 November 2024)). Bootstrap values calculated from 1000 replicates are indicated on
the respective branches. The reference sequences are labeled as follows: GenBank number, date of
collection (or submission date), genus, species, host, sample matrix, country of origin (BR = Brazil,
IL =Israel, IR = Iran, IT = Italy, SD = Sudan). Highlighted and marked sequences obtained in this
study: with black e for T. equi, with dark grey A for Theileria sp. Africa, and with light grey B for T.
haneyi-like, labeled as follows: GenBank Number (PQ558986-PQ559000), year of collection, sample
ID, and 18S rRNA identification.
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4. Discussion

This study aimed to compare the diagnostic performance of different molecular assays,
already validated in the literature for the detection of Babesia spp. and Theileria spp.
DNA [20-22] in blood samples. The investigation was conducted on 63 horses exposed to
risk factors for piroplasms infection or with clinical suspicion of EP collected in Italy from
2016 to 2022. Genetic characterization of the identified parasites through sequencing and
phylogenetic analysis was performed.

The present study revealed that in the horse population examined, piroplasms be-
longing to both the Babesia and Theileria genera were circulating, with a total infection rate
of 24/63 (38.1%). During the study period, there was a gradual increase in the number
of animals tested, likely due to heightened awareness and sensitivity to these tick-borne
pathogens, both among veterinary practitioners and animal owners. An increasing detec-
tion rate has been reported in Europe and some of the possible explanations can include
climate change and the increased transport of horses, resulting in the spread of the com-
petent tick vector [28]. The population included in this study showed significantly higher
piroplasm positivity in females compared to male horses. This correlation between sex and
positivity has been reported also in other studies [29,30]. However, another study on B.
caballi infection states the opposite, finding more positives in male horses [31]. Furthermore,
other authors reported no correlation between sex and positivity to piroplasms [32,33].
Given these conflicting results, it can be hypothesized that the sex of the horses does not
directly influence their positivity to piroplasms. Instead, this appears to be a random
finding, more closely associated with the purpose of the horse and environmental factors.
In the literature, an increase in positivity with increasing age was reported, likely related to
the persistence of infection, particularly for Theileria spp. infections [9,28]. In this study,
the median age of positive horses observed (9 years and 6 months), being very close to the
median age of the entire population included, may be influenced by the inclusion criteria
adopted and potentially lead to non-representative and biased results.

From the comparison of the three different molecular assays used for diagnostic
purposes (nested PCR, multiplex PCR, and real-time PCR), nPCR and qPCR were found
to be the most effective methods for Babesia spp. DNA detection in blood samples, with
sensitivity and specificity values of 100%. Differently, mPCR showed a low sensitivity
value of 25% (95% CI = —0.174-0.674). This indicates that mPCR could fail to detect all true
positive samples, leading to therapeutic issues. If piroplasmosis treatment is not promptly
started, the animal condition could worsen, increasing the likelihood of death, especially in
immunocompromised individuals [9]. The low sensitivity of this assay is probably linked
to the fact that B. caballi infections often result in a low level of parasitemia in the host, with
the parasite DNA levels remaining below its limit of detection [34]. On the contrary, the
study found the best diagnostic performances in the detection of Theileria spp. DNA for
mPCR, with 100% sensitivity and specificity values. For this piroplasm, the assay with
the lowest performance was qPCR, which, being specific for Babesia spp., failed to detect
any Theileria spp.-positive samples. Nested PCR was found to be a valid alternative assay,
with a sensitivity value of 90.9% (95% CI = 81.8%-99.99%) and specificity of 100%. In the
studied population, two (3.2%) horses were coinfected with Babesia and Theileria parasites.
Such coinfections have been previously reported by different authors, with prevalence rates
ranging from 2.5% in Egypt [25] to 20% in Cuba [35]. The simultaneous presence of two or
more species of piroplasm can complicate the diagnosis and the treatment of the infected
animal, leading to therapeutic failure or pathogen spread [36]. The present study identified
one limit of nPCR: the assay was found to struggle in detecting co-infections between B.
caballi and Theileria spp., probably because, in these cases, the parasite load of B. caballi
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was greater than that of Theileria spp. Indeed, the detection of Theileria spp. DNA in these
samples was only possible through the use of specific primers for the genus Theileria.

Each assay used in this study for equine piroplasms DNA detection in horse blood
samples showed advantages and disadvantages. Both nPCR and mPCR offered the ad-
vantage of detecting all equine piroplasms simultaneously, but each also had limitations.
Specifically, nPCR showed excellent sensitivity for B. caballi DNA detection and good
sensitivity for Theileria spp. DNA (with some difficulty in detecting co-infections), but
it was time-consuming and costly, in addition to posing a higher risk of contamination
and non-specific product amplification, which can complicate and lengthen the diagnostic
process. Multiplex PCR was the most effective test for detecting Theileria spp. DNA, but it
exhibited very low sensitivity for B. caballi. DNA detection. Finally, the qPCR evaluated in
this study proved to be highly effective in Babesia spp. DNA detection, but it was unable
to detect Theileria spp. DNA. Similarly, other assays comparative studies reported no
single test currently available for sensitively and specifically detect and discriminate the
different equine piroplasms species [7]. This highlights the need for further research to
develop effective molecular assays to facilitate the diagnosis and subsequent treatment of
infected horses.

Sequence analysis of the 18S rRNA gene revealed that most of the infections were
caused by Theileria spp., with 20/63 (31.7%) horses tested positive, followed by B. caballi in
2/63 (3.2%) and two horses (2/63, 3.2%) with co-infections of B. caballi and Theileria spp.
Horses positive for Babesia caballi DNA were infected with genetically identical piroplasms
belonging to genotype B [14], indicating significant stability of this parasite over time and
across different geographical regions. In contrast, horses positive for Theileria spp. DNA
were infected with piroplasms from three distinct genetic groups: 9/63 (14.3%) with T. equi,
6/63 (9.5%) with T. haneyi-like, and 7/63 (11.1%) with Theileria sp. Africa. These findings
enhance our understanding of piroplasm diversity in Italy, where few national studies have
previously explored the prevalence of different Theileria species and genetic groups [30].

Preliminary studies on the 185 rRNA gene of equine piroplasms identified two distinct
genotypes, including Babesia and Theileria species, respectively. These were first described
in Spain by Nagore and colleagues [37] as Babesia-like and Theileria-like genotypes and con-
firmed by Kouam and colleagues [38] in Greece. Subsequently, Bhoora and colleagues [39]
identified two genetic groups for B. caballi, designated as A and B, with the latter further
subdivided into B1 and B2. For Theileria equi, three genetic groups were described and
named as A, B, and C. To date, no further modifications have been proposed to the genetic
grouping of B. caballi, except for the division of group A into Al and A2 [14]. Neverthe-
less, significant genetic variability was reported for B. caballi subtype B, but no distinct
subgroups were proposed [14]. On the contrary, modifications to the genetic grouping of T.
equi have been proposed. Salim and colleagues [40] and Hall and colleagues [41] identified
four genetic groups for T. equi, and subsequent studies by Qablan and colleagues [31] and
Liu and colleagues [42] expanded this classification to five groups, designated A through E.

According to the latest classification proposed by Nehra and colleagues [15], the
genetic groups identified in this study could be categorized as follows: T. equi as genotype
A, T. haneyi-like as genotype B, and Theileria sp. Africa as genotype D. T. haneyi strains
identified by Knowles and colleagues [2] could be categorized as genotype C. However,
this classification is currently not universally accepted across all phylogenetic studies on
these piroplasms, making it challenging to establish a consistent nomenclature due to
discrepancies in the data and sequences available in the literature. Moreover, the proposal
of T. haneyi as a new species suggests that many infections historically classified as T.
equi may have been misidentified, complicating prevalence estimates and hindering the
assessment of phylogenetic relationships [2].
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Previous Italian studies conducted approximately 10 years ago did not differentiate
between these two species and reported prevalence data exclusively for B. caballi and T. equi,
findings that are consistent with the results of the present study. In the study by Ebani and
colleagues [43], 26.87% of the animals tested were positive for T. equi, with no cases of B.
caballi detected. In comparison, Zanet and colleagues [44] found 3.70% of horses positive for
B. caballi and 13.33% for T. equi, while Sgorbini and colleagues [45] reported 1.9% positives
for B. caballi and 32.2% for T. equi. Regarding T. haneyi, Elsawy and colleagues [25] in Egypt
and Mshelia and colleagues [24] in Nigeria reported significant differences in molecular
prevalence values, ranging from 20.3% of horses positive for T. equi compared to 53.1%
positive for T. haneyi in the first study, to 13.3% positive for T. equi and 2.7% positive for
T. haneyi in the second one. The discrepancy between these values highlights the need for
further investigations to better understand the prevalence of this new parasite species.

Given these results, two PCR assays were carried out on genes specific for T. equi and T.
haneyi, respectively, to try to complete the characterization of the piroplasms circulating in
the equine population in Italy. A total of 16 out of 22 (72.7%) Theileria-positive samples tested
positive with the T. equi-specific PCR targeting a fragment of the emal gene, while none
of the Theileria-positive samples tested positive with the T. haneyi-specific PCR targeting
a fragment of the ORF of chromosome 1, probably because these strains belonged to a
different species. Interestingly, while all the T. equi samples tested positive with the emal
gene PCR assay, only 2/6 (33.3%) of T. haneyi-like and 5/7 (71.4%) of Theileria sp. Africa
samples showed specific amplicons. Similar results were also obtained by Manna and
colleagues [13], who reported a correlation between the genotype identified through 185
rRNA gene analysis and the positivity detected using molecular methods targeting the
emal gene. Furthermore, the phylogenetic analysis conducted in this study on the emal
gene revealed that there was no clustering associated with the genetic groups identified
through the 18S rRNA gene analysis. It is still unclear whether this correlation has any
implications in terms of pathogenicity or transmissibility, as the few studies conducted so
far reported conflicting results [13,46]. These results highlight challenges in the classification
of these parasites, arising from their genetic variability, the scarcity or inaccuracy of data
in the literature, and the limited sensitivity of available molecular methods. Furthermore,
considering that T. haneyi lacks the emal gene, which is often used as a diagnostic target for
piroplasms, and considering the wide genetic diversity in the 185 rRNA gene, the efficacy
of the currently used molecular assays should be evaluated with caution. The analysis
performed in this study revealed that, while there was no decrease in sensitivity with the
tests used, distinguishing between Theileria species was not possible without sequencing
and additional tests designed specifically for this genus.

From a therapeutic perspective, it is essential to identify the exact piroplasm species
causing the infection in horses, as treatment protocols differ. Compared to B. caballi, T. equi
has been found to be more resistant to treatment, requiring higher dosages and longer
treatment times [6]. Moreover, recent studies have indicated that imidocarb dipropionate,
typically used to treat T. equi infection, is not very effective against T. haneyi [47]. Given
the treatment differences, it would be desirable to develop a molecular assay capable of
detecting and distinguishing all the piroplasms species, even in cases of co-infection, in
order to immediately initiate appropriate treatment without the need for sequencing.

The main limitation of this study was related to the included horse population, which,
due to its retrospective nature, was biased by the previous selection of animals and a
small sample size. The retrospective design may have introduced challenges, including the
inclusion of animals that were not representative of the broader equine population. As a
result, the observed molecular positivity rates may not accurately reflect those achievable
in a larger or unselected population, with a possible overestimation of the infection rate
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due to a potential selection of cases with higher pathogen loads or evident clinical signs.
Furthermore, the sensitivity and specificity of the diagnostic assays used in this study could
not have been accurately estimated due to the limited sample size and the absence of a
gold standard reference test to validate the accuracy of these measures. These limitations
underline the importance of carrying out prospective studies with larger and randomly
selected populations to better evaluate the epidemiological situation and the performance
of the diagnostic assays used. Another limitation was associated with the short length of
genomic fragments amplified and sequenced to perform phylogenetic analysis, in particular
of the emal gene, which may lead to errors in taxonomic definition.

5. Conclusions

In this study, the horse population examined had a higher number of infections caused
by Theileria spp. than Babesia spp. and genetically different Theileria were detected in Italy,
including T. haneyi-like and Theileria sp. Africa. Furthermore, the performance of different
molecular assays used in this study to detect equine piroplasms DNA in blood samples
was evaluated, and the best diagnostic approach to avoid false negative results and reduce
diagnostic times was a combination of mPCR and qPCR. Further studies are necessary
to better assess the prevalence and genetic diversity of piroplasms involved in equine
piroplasmosis by expanding the tested population and analyzing longer genome fragments
and different genes. It would be useful for both diagnosis and treatment purposes to
develop a singular molecular assay capable of detecting and distinguishing all the Babesia
and Theileria species with high levels of sensitivity and specificity. Additionally, since the
available molecular assays showed suboptimal performances for both Theileria and Babesia
DNA detection, the incorporation of blood smear analysis as a complementary diagnostic
tool for morphological characterization of the parasites could be considered to improve the
effectiveness of diagnosis at minimal additional cost.
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