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ARTICLE INFO ABSTRACT

Two haemoparasites, Theileria equi and Babesia caballi, cause equine piroplasmosis (EP), one of the most pre-
valent tick-borne diseases in horses. The main aim of the present study was to develop and evaluate a multi-
nested PCR (mn-PCR) for simultaneous detection of the equine piroplasmids T. equi and B. caballi, by amplifi-
cation of five genetic markers (18S rRNA, f-tubulin, cytB, EMA-1 and RAP-1). This novel assay detected a high
prevalence of equine piroplasmids in 235 horse blood samples collected in Castilla-Le6én and Extremadura,
Spain. The overall prevalence of infection with equine piroplasmids by mn-PCR was 72.8% (171/235), with
66.0% (155/235) of the animals positive for T. equi and 29.4% (69/235) positive for B. caballi. The ser-
oprevalence obtained by cELISA for the same set of samples was lower than the infection prevalence recorded by
mn-PCR, for either of the two equine piroplasmids (62.6%) as well as for T. equi alone (61.7%) or B. caballi alone
(3.8%). There was high agreement among the mn-PCR and cELISA assays for diagnosis of EP caused by T. equi
(x = 0.83) but not for B. caballi (xk = 0.06). A phylogenetic analysis based on the RAP-1 gene of B. caballi showed
that the strains from Spain clustered with those from Israel.
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1. Introduction

Equine piroplasmosis (EP) is a tick-borne disease characterized by
fever, jaundice, depression and anorexia. This illness is caused by two
haemoprotozoan parasites, Babesia caballi (Nuttall and Strickland,
1910) and Theileria equi (Mehlhorn and Schein, 1998). EP is wide-
spread in tropical and subtropical regions (Uilenberg, 2006). Detection
of chronically infected animals is important to avoid further spread of
the disease through international horse trading (Ayala-Valdovinos
et al., 2014). Thus, sensitive and specific techniques for detecting pir-
oplasmid infections are needed.

Indirect methods are usually used to diagnose carrier horses. The
most common indirect methods are indirect fluorescent antibody tests
(IFAT) and competitive enzyme-linked immunosorbent assays (cELISA).
The cELISA is based on recombinant proteins from the EMA-1 gene of T.
equi and the RAP-1 gene of B. caballi (Knowles et al., 1992; Briining
et al.,, 1997; Kappmeyer et al., 1999; Xuan et al., 2001, 2002). The
cELISA for detecting T. equi was developed using a recombinant EMA-1
protein and specific monoclonal antibodies (Knowles et al., 1991,
1992). Meanwhile, the cELISA for B. caballi uses specific monoclonal
antibodies and a recombinant RAP-1 protein (Kappmeyer et al., 1999).
Monoclonal antibodies and recombinant proteins increase sensitivity
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and specificity, but serological procedures have disadvantages due to
cross reaction with other piroplasmids (Friedhoff and Soulé, 1996).
Application of molecular along with serological techniques could detect
active and passive infections (Munkhjargal et al., 2013; Sgorbini et al.,
2015), and may increase sensitivity and specificity (Ferreira et al.,
2016). Often, the combination chosen is Polymerase Chain Reaction
(PCR) and cELISA. PCR assays are useful tools for diagnosis of EP
(Posnett and Ambrosio, 1991; Posnett et al., 1991). Several genes have
been targeted by PCR to detect equine piroplasmids, including the 18S
rRNA (Bashiruddin et al., 1999; Rampersad et al., 2003; Alhassan et al.,
2005; Kim et al., 2008) and the 3 -tubulin (Caccio et al., 2000; Montes
et al, 2017a) genes for T. equi and B. caballi. The EMA-1 gene
(Nicolaiewsky et al., 2001; Ueti et al., 2003) was used exclusively for T.
equi and the RAP-1 (rhoptry associated protein) gene (Bhoora et al.,
2010b) exclusively for B. caballi.

Several PCR-based methods have been standardized for EP diag-
nosis (Alhassan et al., 2005; Nicolaiewsky et al., 2001; Rampersad
et al., 2003; Kim et al., 2008; Baptista et al., 2013; Kizilarslan et al.,
2015; Mans et al., 2015); they were shown to be more sensitive, specific
and useful than other techniques such as the fixation test (CFT) or the
IFAT for the diagnosis of equine apicomplexan protozoa (Bose et al.,
1995). The main goal of the present research was to develop a robust
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Fig. 1. Map of Spain showing locations where the samples were collected
(Regions: A — Andalucia; CL - Castilla-Leén; CM - Castilla-La Mancha; E -
Extremadura. Black dots = samples for the development of the mn-PCR; Grey
triangles = samples from asymptomatic horses; Black stars = samples for DNA
sequencing of the RAP-1 gene).

multinested PCR protocol for simultaneous detection of T. equi and B.
caballi infections, and compare it with the commonly used commercial
cELISA kit. In addition, the RAP-1 gene from B. caballi was character-
ized within several Spanish isolates.

2. Materials and methods
2.1. Blood sample collection

Twenty-four blood samples (21 from infected horses during the
acute phase and 3 from negative animals) were used to set up the mn-
PCR. To note, the horses in the acute phase presented clinical symptoms
and were diagnosed by microscopic observation of stained blood smears
(15 animals were T. equi-positive; 5 blood samples were B. caballi po-
sitive and 1 sample had mixed infection). In addition, the 24 samples

Table 1
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were tested by IFAT and cELISA to confirm the results. These samples
were collected in several regions of Spain: Castilla-Le6én (n = 5),
Castilla-La Mancha (n = 3), Extremadura (n =9) and Andalusia
(n=7).

For the following comparative survey (Fig. 1), 235 blood samples
were collected from asymptomatic horses from three different herds;
two from Extremadura (n = 30 horses) and the third one from Castilla-
Ledn (n = 205 horses). Blood samples obtained by jugular venipuncture
were collected into blood-collection tubes (BD Vacutainer®, Becton
Dickinson, Franklin Lakes, NJ, USA). Two samples were drawn from
each horse: one tube, with EDTA, for blood to be used for molecular
assays and the other one, without anticoagulant, for serology. All
samples were kept refrigerated for transportation to our laboratory.
Serum samples were obtained from clotted blood samples by cen-
trifugation and then frozen (-20°C) until use. Blood samples were
stored at -70°C until DNA extraction. Samples were collected from
March to June 2014. The owners of the animals gave their permission
to obtain the blood samples and the necessary operations were carried
out by assistant veterinarians, following the European Communities
Council Directive of 24 November 1986 (86/609/EEC).

2.2. DNA extraction

DNA was extracted from approximately 250 pL of red blood cells
from the blood samples. The extraction was carried out as described
previously (Millar et al., 1988; Fernandez-Garcia, 2012) using Zymo-
Spin IIC columns® (Zymo Research Corporation, Irvine, CA, USA) to
purify the nucleic acids, which have a binding capacity limit of 25 pug
DNA. The DNA samples were diluted in 150 pl of DNase/RNase-free
water.

2.3. Development of the multinested PCR (mn-PCR)

The mn-PCR technique developed here was based on seven gene
targets (four gene targets for T. equi and three for B. caballi).
Oligonucleotide primers were designed using the alignment of available
sequences in GenBank from the 18S rRNA, the f-tubulin, the EMA-1 and

First mn-PCR primers (outer primers) and second mn-PCR primers (inner primers) according to target species and genes. (R = reverse and F = forward). Amplicon

sizes are shown in bp.

Target species First mn-PCR primers outer

Gene Primer designation Sequence 5°-3" specie (bp size) Reference

B. caballi and T. equi 18S rRNA BecUR CGGTATCTGATCGTCTTCGA B. caballi (904) Alhassan et al. (2005)
BecUF1 TGATCCTGCCAGTAGTCAT T. equi (956) Alhassan et al. (2005) Modified in this research

B. caballi and T. equi B-tubulin B-Tub R2 CAGCTTTAGRGTTCKGAAGCARAT B. caballi (828) Montes et al. (2017a)
B-Tub-outerF2 GAATGAGGGARATCGTWCACA T. equi (718) Present paper

T. equi EMA-1 EMAI1-outerR TGTCGTCACTTAGTAAAATAGAG T. equi (828) Present paper
EMA1-outerF ATGATTTCCAAATCCTTTGC Present paper

T. equi cytB cytB-outerR ATTTACCTTGGTCTTGGTATT T. equi (213) Present paper
cytB-outerF AATGTAGTATATAAAAYCTTTGC Present paper

B. caballi RAP-1 RAP1-outerR GCTTCATGTACCACTTCTTATAC B. caballi (891) Present paper
RAP1-outerF GCGCCCTCTTGCTYGTAG Present paper

Second mn-PCR primers inner

T. equi 18S rRNA 18Sequi-innerR AAAGTATTCAAGGCAAAAGC T. equi (143) Present paper
18Sequi-innerF TCGTAGTTGAATTTCTGCTG Present paper

T. equi B-tubulin GME-Tub-innerR GGTACCTGGTTCCAAATCC T. equi (185) Present paper
GME-Tub-innerF ATCCGGTAAGTTTGTGTCTAC Present paper

T. equi EMA-1 EMA1-innerR TGTCCTTGATGTGCCTGAC T. equi (274) Present paper
EMAL1-outerF ATGATTTCCAAATCCTTTGC Present paper

T. equi cytB cytB-innerR CTTGGTCTTGGTATTCTGG T. equi (207) Present paper
cytB-outerF AATGTAGTATATAAAAYCTTTGC Present paper

B. caballi 18S rRNA 18Scab-innerR TGCTGAAGTATTCAAGACAAA B. caballi (607) Present paper
18S-cab-innerF AGTTTCTTTGGTATTCGTTTTC Present paper

B. caballi B-tubulin GMB-TubR AGTTGTCRGGYCTGAAGAGT B. caballi (346) Montes et al. (2017a)
GMB-Tub-innerF ACCCGGTAAGTCGTTAAACC Present paper

B. caballi RAP-1 RAP-1outerR GCTTCATGTACCACTTCTTATAC B. caballi (566) Present paper
RAP1-innerF GTACCAACCGCTGACCCTTC Present paper

306



M.G. Montes Cortés et al.

100 bp ladder DNA marker
T. equi 185 rRNA

B. caballi 185 rRNA

equi f-tubulin

caballi f-tubulin
caballi RAP-1
equi EMA-1

T. equi cytB

100 bp ladder DNA marker

Fig. 2. First mn-PCR amplicons. Lane 1 to 9: 100 bp ladder DNA marker, T. equi
18S rRNA gene, B. caballi 18S rRNA gene, T. equi fB-tubulin gene, B. caballi -
tubulin gene, RAP-1 gene, EMA-1 gene, cytB gene and 100 bp ladder DNA
marker.

the cytB (mitochondrial Cytochrome B) genes of T. equi and for the 18S
rRNA, the -tubulin and the RAP-1 genes (accession number in Table S1)
for B. caballi. The downloaded sequences were aligned using MEGA
6.05 software (Tamura et al., 2013). The primary mn-PCR was per-
formed with the named outer primers and the secondary mn-PCR with
the named inner primers, while EMA-1, cytB and RAP-1 inner pairs
worked as seminested PCR (Table 1). A negative control consisting of
the reaction mix and DNase/RNase-free water and two positive controls
(for T. equi and B. caballi) were included for each batch of samples.

The development of the mn-PCR assays was performed in several
steps using samples obtained from horses with known acute infections
(see section 2.1). In the first step all the outer primer pairs were used as
individual pairs with B. caballi and T. equi DNA obtained from the
acutely infected horses (Fig. 2). The amplifications were successful
except cytB-outer when it was used with the B. caballi DNA. Therefore,
this last outer primer pair was unsuccessful for the mn-PCR regarding
this parasite. In the second step, all inner primer pairs were used as
individual pairs using their corresponding parasite DNA template
(Table 1).

Different amplicon sizes were conceived to yield a bar-coding pat-
tern after secondary mn-PCR when run in an agarose gel. Thus, the B.
caballi amplicons were above 300 bp whereas the T. equi bands oc-
curred below 300 bp (Fig. 3). In a mixed infection, a complete bar-
coding should be expected. The amplicon sizes of the first mn-PCR and
the second mn-PCR are shown in Table 1.

An unspecified band of around 250 bp was observed after the
second mn-PCR below the T. equi EMA-1 fragment; for this reason, a
specific molecular size marker was built using amplicons from con-
ventional PCR using inner primer pairs (seven single PCR) and the DNA
template from acute infected horse for B. caballi and T. equi. Thus, a
precise and specific molecular size marker was obtained (Fig. 3).

The first mn-PCR was performed as follows: 32.5pul of a mixture
containing 1x PCR buffer, 2.5l of each primer pair for the 18S rRNA
gene (5 uM), the cytB gene (5 uM), the RAP-1 gene (5 uM), the f-tubulin
gene (6 uM), the EMA-1 gene primers (6 uM), 2.5ul of 2mM dNTP
mixture, 3.25 mM MgCl,, 0.5 unit of BioTaq" DNA polymerase (Ecogen,
Barcelona, Spain) and 7.5 pl of DNA template. This mixture was heated
for an initial denaturation of 5 min at 94 °C; then 37 cycles of 45s at
94 °C, 1 min at 52 °C and 1 min at 72 °C; with a final extension of 7 min
at 72°C. The first mn-PCR products were diluted 1:4 (2 pl in 8 pl of
DNase/RNase-free water) and 1 pl of this dilution was added to 15 pl of
each of two different second mn-PCR mixtures, that is, one for each
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ight Marker

EMA-1T. equi

B. caballi Positive
T. Equi Positive

Mixed infection

18STRNAB. caballi
RAP-1B. caballi

P-tubulinB. caballi
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Non-specific 250 bp band

p-rubulinT. equi

ISSIRNAT. equi

Fig. 3. Simultaneous detection of B. caballi and T. equi from equine blood DNA
by mn-PCR. Left: Conventional agarose gel. Right: Capillary electrophoresis
using FAM-labelled F-inner primer for each gene of T. equi.

parasite (T. equi or B. caballi). The T. equi mixture (mn-PCR A) con-
tained 1x PCR buffer, 1.5 ul of 2mM dNTPs, 2 mM MgCl, and 1.5 pl of
each primer pairs 18Sequi-inner (12uM), GME-Tub-inner (5puM),
EMA1-inner (9 uM) and cytB-inner primers (9 uM) added with 0.3 unit
of BioTaq” DNA polymerase (Ecogen). The B. caballi mixture (mn-PCR
B) contained 1x PCR buffer, 1.5l of 2mM dNTPs, 2mM MgCl, and
1.5l of each primer pair 18Scab-inner (7 uM), GMB-Tub inner (4 pM)
and RAP1-inner primers (5uM) added with 0.3 unit of BioTaq” DNA
polymerase (Ecogen).The concentration of the primer pairs within each
mixture was adjusted by thermal cycling mn-PCR reactions not only
with pure DNA from T. equi and B caballi but also pooling both DNAs.
Both mn-PCR (A and B) mixtures were heated to 94 °C for 5min, fol-
lowed by 35 cycles of 94 °C for 1 min, 52 °C for 1 min, 72 °C for 1 min
and finally a post-elongation of 7 min at 72 °C. Then, each sample was
amplified with each mixture and 7 pL of PCR products were pooled
(A + B) for running them in the same lane in agarose gels (1.5%;
45min at 100 v). The gels were stained with ethidium bromide for
visibility (Fig. 3). All samples were amplified twice.

2.4. Sequencing and nucleotide evolutionary connection of the RAP-1 gene

DNA sequencing of the RAP-1 gene was carried out using three
samples from acutely infected horses collected from different geo-
graphical locations: Malaga (Andalucia), Segovia (Castilla-Le6n) and
Céceres (Extremadura) (Fig. 1). The PCR products were purified with
ExoSAP-IT” (GE Healthcare Limited, Little Chalfont, Buckinghamshire,
UK). Sequencing was performed with the BigDye Terminator v.3.1
Cycle Sequencing Kit in both directions using RAP1-outerR and RAP1-
outerF. RAP-1 sequences of 769 bp were obtained using a 3130 ABI
Genetic Analyzer, edited with the Applied Biosystems DNA Sequen-
cing Analysis Software ver. 5.2 (Thermo Fisher, Waltham, MA, USA)
and then aligned with sequence KF059879 (see Table S1) in MEGA 6.05
software (Tamura et al., 2013).

The phylogenetic relationships among the B. caballi sequences from
the present study (accession numbers: MH538120 to MH538122) and
34 GenBank sequences (Table S2) were performed after truncating the
alignment to the overlapping portion between these sequences. Thus,
the overlapping portion expanded from nucleotides 290 to 647 (358 bp
in length) in the complete RAP-1 sequence (accession number
AF092736).

A median-joining network was constructed with all these sequences
to include the most parsimonious trees supported by the data (Bandelt
et al., 1999; Forster et al., 2001; Polzin and Daneschmand, 2003), thus
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providing a genealogical inference that is more realistic and accurate
than those obtained by strictly dichotomous trees (Posada and Crandall,
2001). The “median-joining (MJ) network” (Bandelt et al., 1999) cre-
ated with the NETWORK 4.1.1.1 software (www.fluxus-technology.
com) used the “star contraction” algorithm with a mutational distance
radius (8 = 5) that collapsed haplotypes into haplogroups, displaying
the inner structure of star-like clusters (Forster et al., 2001).

2.5. Inmunoenzymatic assays (cELISA)

A commercial cELISA test (VMRD®, Inc, Pullman, WA, USA) was
employed to detect antibodies to T. equi and B. caballi in accordance
with the recommendations made by the World Organization for Animal
Health (OIE, 2017). Tests were carried out following the manu-
facturer’s instructions. Samples associated with percent inhibition (PI)
values < 40% were considered negative, with PI values =40% being
classified as positive. The optical density values were obtained using an
automatic plate reader (Thermo Scientific Multiskan Ascent Microplate
Reader®, Thermo Fisher, Waltham, MA, USA).

2.6. Inmunofluorescence antibody test (IFAT)

T. equi and B. caballi antibodies were also detected by IFAT. The
antigen was obtained from the blood of naturally infected horses
(parasitaemia > 3%). The preparation of the T. equi and the B. caballi
antigen and the protocol test were conducted as previously described by
Camacho et al. (2005). Slides were examined under a fluorescence
microscope (Leica DMLS Binocular Microscope®, Leica Microsystems,
Wetzlat, Germany) at 400x magnification. Positive and negative sera
were included as controls in each batch of samples.

2.7. Statistical analysis

The diagnostic performance of the cELISA and mn-PCR tests for
detection of equine piroplasmids was compared as follows. Fisher's
exact test was used to determine whether the proportions for each of
the four assays used to diagnose B. caballi and T. equi (cELISA-cab,
cELISA-equi, mnPCR-cab and mnPCR-equi) showed significant differ-
ences with regards to horse age and gender (Table 2a). The diagnostic
performances of the two methods used in the study (cELISA and mn-
PCR), considering simultaneously both parasites and each parasite se-
parately, were compared by the McNemar Chi-Square test for two re-
lated data sets as a whole as well as separately with regards to horse age
and gender. The Odds Ratio (95% Confidence interval) was calculated
using binary Logistic-Regression in IBM SPSS Statistics 15.00 for Win-
dows (IBM Corporations, Armonk, NY, USA). A statistical test was
considered significant at p < 0.05. The concordance between the
serological and the mn-PCR methods for detection of T. equi and B.
caballi, separately, was assessed using the Kappa’s coefficient (k). All
statistical analysis related to risk factors and the agreement between the

Table 2a
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diagnostic methods was performed with SPSS 15.0 software.

3. Results
3.1. Molecular analysis

Several PCR assays were carried out in order to set-up and to vali-
date single and mn-PCR assays using DNA from negative and positive
controls (see materials and methods). Neither false negative nor false
positive were found in the assays. Horses were considered positive for
equine piroplasmids when at least one of the seven gene targets was
amplified. A single infection were recorded when band profiles showed
target genes only above or below bar-coding threshold (300 bp
threshold cut-off). The profiles showing above or below bands signal B.
caballi or T. equi infections, respectively. It was scored mixed infections
when at least one target gene were simultaneously observed both below
and above of the threshold. The PCR analysis for the 235 horse blood
samples included in the survey showed that 72.8% of the blood samples
(n = 171 horses) were positive for equine piroplasmids. The prevalence
of infection for either piroplasmid alone was 66.0% (155 positive
horses) for T. equi and 29.4% (69 positive horses) for B. caballi. Mixed
infections with both T. equi and B. caballi were recorded for 22.6% of
the samples (53 horses).

3.2. Analysis of amplification success of the designed primers

Focusing on the amplification results for known positive samples,
the primers used for T. equi detection amplified DNA from the -tubulin
gene in 142 of 155 (91.6%) T. equi-positive samples, compared with
140 (90.3%) for the cytB gene and 137 (88.4%) for the 18S rRNA gene.
Only 96 horses tested positive for T. equi based on the EMA-1 gene
target, and this gene target appeared in combination with the other
three gene targets in 95 out of the 96 samples. Of the 155 total horses
diagnosed as T. equi-positive, 95 had amplified DNA for all four gene
targets, 30 for three of the targets, 15 for two targets and 15 for a single
target.

The results for the 69 B. caballi-positive horses were as follows:
fragments of the RAP-1, the 18S rRNA and the S-tubulin genes were
amplified for 52 (75.4%), 46 (66.7%) and 41 (59.4%) horses, respec-
tively. In this case, 26 of the positive animals had amplified DNA for all
three gene targets, 18 for two gene targets and 25 for a single target.

To confirm that an unspecific ~250 bp band was not a duplicated
fragment of the expected EMA-1 gene fragment, the F-inner (18Sequi
and EMA-1) or R-inner (GM-tub and cytB) primers (Table 1) for T. equi
were FAM-labelled. Both controls and eight DNA samples from acute
infected horses were amplified by mn-PCR. PCR products were visua-
lized by capillary electrophoresis (Fig. 3) aimed at sizing the four
fragments exactly and discarding the unspecified ~250 bp band. As a
result, all the fragments were estimated with a deviation of 5 bp or less
from the expected size (Table 1 and Fig. 3).

Presence of T. equi and B. caballi in horses from Spain, in relation to age and gender.

Risk factor cELISA

T. equi (%)

B. caballi (%)

mn-PCR

T. equi (%)

B. caballi (%)

N° of positive (%) 145 (61.7) 9(3.8) 155 (66.0) 69 (29.4)
Age < 2years 32 (22.0) 4 (44.4) 41 (26.5) 36 (52.2)
2-11 years 89 (61.4) 5 (55.6) 91 (58.7) 29 (42.0)
> 12 years 24 (16.6) 0 (0.0) 23 (14.8) 4 (5.8)
x2 95,97 1.01 78.82 3.81
p-value 0.001 0.63 0.001 0.14
Gender Male 27 (18.6) 2(22.2) 33 (21.3) 14 (20.3)
Female 118 (81.4) 7 (77.8) 122 (78.7) 55 (79.7)
x> 4.83 0.007 1.135 0.529
p-value 0.039 0.93 0.33 0.50
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Fig. 4. Phylogenetic relationships among the B. caballi sequences of the RAP-
1gene using the reduced median-joining Network (Bandelt et al., 1999). Large
arrows signal super-clades: A for Afro-Mediterranean super-clade and B for
Asia-American super clade. Al signals represent Iberian (black portion) and
Israeli (gray portion) Mediterranean lineage and A2 African lineage. Bl re-
groups Mongolian and USA sequences, and includes the Egyptian branch, B2 for
tropical sequences and B3 includes an isolated from Mongolia. MO, US, EG, PR,
BR, TH, SP, SA refer to Mongolia, USA, Egypt, Puerto Rico, Brazil, Thailand,
Spain and South Africa, respectively; the numbers referring to the last four
digits of Acc. Numbers. Additional information is summarized in table S2.

3.3. Phylogenetic analysis of the B. caballi RAP-1 gene

Due to poor results reported for the diagnosis of B. caballi by cELISA
(Montes et al., 2017b), we conducted a genetic study with the RAP-1
gene using sequences from different B. caballi strains (Fig. 4). The se-
quences covered 769 bp of the RAP-1 gene (accession numbers
MH538120 to MH 538122). After submitting to BLAST analysis, the
three Spanish sequences showed 100% identity to the RAP-1 gene from
Israeli isolates (accession numbers: KF059875 to KF059877 and
KF059879. After truncating to 358 bp (expanding from nucleotide 290
to 647 in the complete RAP-1 sequence, AF092736) we still recorded a
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based on Median-Joining Network analysis. In the network, two sepa-
rated super-clades were shown at a global scale. The A super-clade
regrouped sequences from African and Mediterranean B. caballi isolates
(represented as A in Fig. 4) which later split into two discrete lineages;
Al with sequences geographically located in the Mediterranean basin
and A2 mainly found in Africa. Super-clade B included a larger number
of sequences from northern Asia and South America which split into
three lineages (B1 to B3, Fig. 4). Lineage B1 showed a more star-like
configuration, being highly frequent in Northern Asia and North
America but surprisingly with a radiation branch in Egypt; the B2
lineage was geographically located in tropical areas of Asia and South
America and B3 was a distinct lineage from Mongolia (B3).

3.4. Serological analysis

Of the 235 horse blood samples examined serologically, 62.6% (147
positive horses) were positive for equine piroplasmids. The ser-
oprevalance for either piroplasmid separately was 61.7% (145 horses)
for T. equi but only 3.8% for B. caballi (9 horses) (Table 2a). Seven
horses were found to have antibodies against both piroplasmids, in-
dicating co-infection.

3.5. cELISA versus mn-PCR results

The statistical analysis indicated that neither cELISA nor mn-PCR
positive results for B. caballi were associated with horse age or sex. Risk
factors found to be associated with T. equi seropositivity (by cELISA)
were age (p = 0.001) and sex (p = 0.039) but only age (p = 0.001) for
mn-PCR results (Table 2a). However, logistic regression confirmed only
horse age as a significant risk factor. Older horses were more likely to
be positive for T. equi by mn-PCR or cELISA, but with our data we did
not obtain a result for B. caballi as relevant as in the case of T. equi
(Table 2b).

The diagnostic performances of the two methods used in the study
(cELISA and mn-PCR) were compared simultaneously for equine pir-
oplasmids by the McNemar Chi-Square test for two related data sets.
These results confirmed that the mn-PCR technique detected sig-
nificantly higher infection prevalence of equine piroplasmids compared
with the cELISA in apparently healthy horses (x* = 18.581, df = 1,
p < 0.0001). Comparison for each parasite separately (i.e., the cELISA
vs. mn-PCR for B. caballi and the cELISA vs. mn-PCR for T. equi) showed

strong phylogenetic signal representing defined geographic clades similar results (p-value = 0.0001 and 0.031, respectively).
Table 2b
Logistic regression analysis including the OR of potential risk factors associated with T. equi and B. caballi with respect to serological and nm-PCR positivity.
Risk factor b p-value OR 95% CI
T. equi cELISA Age < 2years * *
2-11 years 3.255 0.001 25911 11.134 - 60.301
> 12 years 2.660 0.001 14.303 4.588 - 44.594
Gender Male * * *
Female —0.256 0.518 0.774 0.357 - 1.681
mn-PCR Age < 2years * * * *
2-11 years —-2.031 0.001 27.155 10.981 - 67.153
> 12 years 1.270 0.001 7.623 2.664 - 21.814
Gender Male * *
Female -0.671 0.077 0.511 0.243 - 1.074
B. caballi cELISA Age < 2years * *
2-11 years 0.456 0.552 1.578 0.350 -7.108
> 12 years —17.956 0.998 0.000 0.000
Gender Male * *
Female —-0.323 0.725 0.724 0.119 - 4.388
mn-PCR Age < 2 years * * * *
2-11 years —-0.238 0.460 0.788 0.419 - 1.482
> 12 years -1.070 0.064 0.343 0.110 - 1.065
Gender Male * * * *
Female 0.252 0.507 1.287 0.610 - 2.714

(OR, Odds Ratio; 95% CI, 95% Confidence interval; * Reference category).


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=MH538120
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Table 3
Contingency table showing positive and negative comparisons of proportions
for (A) cELISA-cab vs mn-PCR-cab and (B) cELISA-equi vs mn-PCR-equi.

) mn-PCR-cab
Negative (%) Positive (%) Total
cELISA-cab Negative 68.9 27.2 96.2
Positive 1.7 2.1 3.8
Total 70.6 29.4 100
(B) mn-PCR-equi
Negative (%) Positive (%) Total
cELISA-equi Negative 323 6.0 38.3
Positive 1.7 60.0 61.7
Total 34.0 66.0 100.0

Consequently, the mn-PCR method could more efficiently detect carrier
horses, considering that sampled horses were apparently healthy. Also,
the concordance between both the serological and the mn-PCR methods
for T. equi and B. caballi, separately, was assessed using the Kappa’s
coefficient. The pair cELISA vs. mn-PCR in latent T. equi infection
reached a highly significant agreement index (0.83 = 0.037 SE; p =
0.0001) but for the cELISA vs. B. caballi mn-PCR the null hypothesis was
not rejected which indicates disagreement (0.06 = 0.040 SE; p =
0.13) (Table 3).

4. Discussion
4.1. The multinested PCR application

Previous studies showed nested PCR (Nicolaiewsky et al., 2001;
Rampersad et al., 2003; Baldani et al., 2008) and multiplex PCR
(Alhassan et al., 2005) to increase sensitivity and specificity over con-
ventional single PCR for detecting equine piroplasmids. The choice of
target genes was critically related to the success of the PCR assays
(Alhassan et al., 2007), but the combination of the two PCR variants
(multiplex and nested PCR) and the development of a set of primers
(derived from informative sequences) improved EP diagnosis. In con-
trast to Alhassan et al. (2005), who only used one gene (18S rRNA), the
use of mn-PCR based on four different genes and seven primer pairs
(some of them species-specific) allowed for the simultaneous detection
of T. equi and B. caballi. Three genes (the S-tubulin gene, the cytB gene
and the 18S rRNA gene) seemed to be appropriate markers to detect T.
equi as each one appeared in around 90% of the positive bloods.
Meanwhile, the EMA-1 gene allowed diagnosis only in 61.9% of the
cases. The existence of different EMA gene sequences (Bhoora et al.,
2010c; Baptista et al., 2013) or because the EMA-1 is a single-copy gene
(Knowles et al., 1997; Ueti et al., 2003) has been suggested to be the
reason why it was less efficient than multiple-copy genes (e.g., cytB
gene).

In the present study, it has been demonstrated that the overall EP
prevalence by mn-PCR (72.8%) was higher than those obtained in other
countries using different PCR variants (Qablan et al., 2013; Bahrami
et al., 2014; Gallusové et al., 2014; Malekifard et al., 2014; Sumbria
et al., 2016; Guven et al., 2017), although molecular differences among
lineages of both parasites may explain these discrepancies. Further-
more, the T. equi prevalence was higher than for B. caballi. Similar re-
sults were obtained using different diagnostic methods (serological or
molecular) (reviewed by Montes et al., 2017b). The higher prevalence
detected in this study for B. caballi using the mn-PCR in comparison
with the cELISA, could be attributed to the fact that the mn-PCR may be
more specific for detecting the horses infected with the B. caballi
parasite.

In addition, PCR assays based on detection of superficial proteins
encoded by paralogous single-copy genes for T. equi (Ueti et al., 2003)
and rhoptria-proteins encoded by a gene containing more than two
copies for B. caballi genome might negatively impact the sensitivity and
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specificity of single-PCR because diversity or even mutations are ex-
pected on different isolates (Heim et al., 2007). Thus, procedures as the
multiplex-PCR can be designed to overcome this technical drawback for
EP detection, although to be sure of the success of this method it would
be advisable to use all the available molecular information as it has
been done in this study.

4.2. Genetic structure of B. caballi based on the RAP-1 gene

The network revealed strong phylogeographic structure due to
major branching events, suggesting ancient genetic isolation of
lineages, later accompanied by regional expansions. Moreover, at least
two factors may influence the geographical distribution of B. caballi
super-clade: the migratory behaviour of equine species and the pre-
sence in the area of the appropriate vector. Unfortunately, neither issue
has been explored in depth yet. Past and recent worldwide movements
of horses should also be considered. The signature of demographic
expansion was more evident for the B super-clade considering its more
star-like network structure (Bandelt et al., 1999) in Mongolia/USA and
Tropical sub-clade, but not so for the A super-clade. This could be re-
lated to the few studies regarding the A super-clade or the reduction of
the molecular information after trimming the RAP-1 gene. Other studies
also found obvious genetic diversity in sequences from different coun-
tries (Bhoora et al., 2010b; Munkhjargal et al., 2013; Rapoport et al.,
2014) and according to Munkhjargal et al. (2013), the sequences from
Mongolia and America cluster together.

4.3. Seroprevalence of equine piroplasmids

The overall seroprevalence of equine piroplasmids based on cELISA
was higher than observed in other studies from Spain (Garcia-
Bocanegra et al.,, 2013; Camacho et al., 2005; Habela et al., 2005;
Montes et al., 2017b; Camino et al., 2018),which may be due to geo-
graphical variations, differences in horse management practices and
tick control measures.

4.4. ELISA versus mn-PCR

The higher prevalence observed by mn-PCR supports the existence
of differences in efficiency between this method and the commercial
cELISA kits for T. equi, as it was reported by Mahdy et al. (2016), who
compared the nPCR with the cELISA. Focusing on B. caballi, Bhoora
et al. (2010b) and Rapoport et al. (2014) in South Africa and Israel,
respectively, showed that the IFAT and the PCR were more efficient
than commercial cELISA kits. The genotypes analysed by these authors
belonged to the A super-clade, as did the sequences from Spain of this
study. In contrast, these kits were quite successful in the detection of B.
caballi in other countries (Rosales et al., 2013; Mahmoud et al., 2016).
The reason for this may be that B. caballi genotypes from those coun-
tries includes American/Caribbean sequences belonging to the B super-
clade (this study) and whose RAP-1 gene has been used to prepare the
recombinant antigen of the commercial cELISA kits. However, other
authors have indicated that the PCR analysis could be less efficient than
serological tests (Teglas et al., 2005; Heim et al., 2007; Motloang et al.,
2008; Salim et al., 2008; Moretti et al., 2010; Grandi et al., 2011; Laus
et al.,, 2013; Abedi et al., 2014; Bartolomé del Pino et al., 2016).
Therefore, the diversity of results showed in different countries seems
to support the idea that the genetic diversity of these parasites might be
hindering a more successful detection of EP. In accordance with Bhoora
et al. (2010b), redesigning the current cELISA kit using a conserved
epitope of the RAP-1 antigen may overcome this problem.

The mn-PCR did not recognise DNA of T. equi in 4 out of the
145 seropositive sera which suggests parasite clearance from the cir-
culating blood (Allsopp et al., 2007; Bhoora et al., 2010a; Baptista et al.,
2013; Sumbria et al., 2016). Nevertheless, 14 animals were mn-PCR
positive and cELISA negative for T. equi, which could be explained by
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the possible genetic differences between the sequences of the genes
used to design the recombinant proteins in commercial kits (EMA-1 and
RAP-1) and the strains from different countries. In fact, Bhoora et al.
(2010c) reported that the heterogeneity of the sequences of the EMA-1
gene from T. equi were related to differences in the prevalence obtained
by PCR. On the other hand, the mn-PCR did not amplify B. caballi DNA
in 4 seropositive animals. Some factors could explain this; for instance,
that the B. caballi parasite would be present in blood circulation in a
low parasitaemia (Potgieter et al., 1992; Holman et al., 1993) or the
parasites could have been eliminated completely from the animal.
Additionally, 64 horses were found positive with the mn-PCR and ne-
gative with the cELISA. Thus, the mn-PCR may be more effective than
the cELISA, therefore, the antigens of this commercial kit are less spe-
cific for genotypes from Spain and one of the reasons why Laus et al.
(2013) and Sgorbini et al. (2015) strongly recommend the use of both
diagnostic techniques.

Relating to the statistical results, some authors have obtained a si-
milar x value than that observed in the present study for T. equi when
using the conventional PCR and the cELISA (Farkas et al., 2013).
Lobanov et al. (2018), who compared a duplex qPCR with the com-
mercial cELISA kit, demonstrated that there was a good agreement
(x = 0.620) for T. equi, but lower than that observed in this study (mn-
PCR vs. cELISA). However, the agreement for B. caballi (x = 0.127) in
Lobanov et al. (2018) was similar to our study (slight agreement, in
accordance with Landis and Koch, 1977). However, this similarity is
misleading as the cELISA kit works better with the samples from Brazil
(Lobanov et al., 2018) but the mn-PCR works better with the Spanish
samples. In any case, these studies showed better agreement for T. equi
than for B. caballi. Focusing on risk factors associated to EP (horse sex
and age), the results that Sumbria et al. (2016) found, were similar to us
for T. equi but not for B. caballi by cELISA. Garcia-Bocanegra et al.
(2013) and Davitkov et al. (2016) concluded with the same results as
the present study for B. caballi but not for T. equi by cELISA and mul-
tiplex PCR, respectively. The specific results for T. equi were diverse,
e.g. Ayala-Valdovinos et al. (2017) by nPCR, showed similar results to
those in this study. Moreover, the OR would confirm that 2-11 year old
animals are more likely to be detected as parasitized for T. equi as other
authors reported (Riiegg et al., 2007; Kouam et al., 2010; Canta-
Martinez et al., 2012; Montes et al., 2017b, this study). Several authors
(Mujica et al., 2011; Abutarbush et al., 2012; Farkas et al.,2013;
Munkhjargal et al., 2013; Ribeiro et al., 2013; Malekifard et al., 2014;
Kizilarslan et al., 2015; Posada-Guzman et al., 2015; Dahiya et al.,
2018; Ebrahimi et al., 2018) using the serological tests and/or the PCR
determined that neither sex nor age were risk factors. In general, the
statistical analysis carried out in the present study indicates that sex is
not revealed as a risk factor associated to the presence of EP. Some
reasons could explain this, for instance, the management practices
carried out in the herds of horses, since most of the young animals are
raised in the field and they are exposed to ticks or the unbalanced
distribution of the number of samples of both sexes groups. Regarding
age, we concluded that it was a risk factor only for T. equi, not for B.
caballi. This could be explained because T. equi does not disappear from
the bloodstream of the animal (Briining, 1996) or due to reinfections,
increasing the number of positive animals as they become older
(Montes et al., 2017b). However, the B. caballi parasite tends to be
eliminated from the blood after 1-4 years post-infection (De Waal,
1992).

5. Conclusions

Due to the robust diagnosis of horses carrying EP (mainly for B.
caballi infections), the mn-PCR assays seem to be a promising technique
for global EP control, after the comparison with the cELISA. This fact
has been demonstrated in the present study.

In addition, a source of new validated primer pairs that simulta-
neously amplified different species-specific genes was provided,
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contributing to increase the diagnostic usage of this technique. The
framework of this study is relevant worldwide because endemic regions
such as Spain need reliable molecular diagnostic methods to address
horse trade both inside and outside their borders, and to mitigate
problems with international trade of Spanish autochthonous animals.
Also, the ample genetic diversity found for the RAP-1 gene may explain
part of the variation that might influence the antigenic characteristic of
this species (B. caballi) and therefore, may be among the reasons for the
low agreement between the cELISA and the mn-PCR for this parasite.
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