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Abstract

Tick-borne pathogens remain insufficiently investigated in donkeys, particularly in south-
eastern Europe. This study investigated the occurrence of piroplasms, Anaplasmataceae,
and hemotropic Mycoplasma spp. in donkeys from Croatia and assessed the genetic di-
versity of detected Theileria equi. Blood samples from 135 apparently healthy donkeys
originating from 15 herds in six Croatian counties were examined using PCR. Positive
T. equi samples were further characterized by sequencing, haplotype determination, and
phylogenetic analysis. Theileria equi DNA was detected in 31/135 animals (22.96%; 95% CI:
15.99-29.94%), whereas no Anaplasmataceae or hemotropic Mycoplasma spp. DNA was
detected. Infection showed marked geographical and herd-level variation. The highest
prevalence was recorded in Sibensko-Kninska County (17/34; 50.0%), while all positive
animals originated from three herds in the Croatian littoral region. Prevalence differed
significantly among herd-size categories (p = 0.012), with no positive animals detected in
small herds. Sequence analysis identified three T. equi haplotypes: D was predominant
(22/31; 70.97%), followed by A (8/31; 25.81%) and E (1/31; 3.23%). Phylogenetic analysis
confirmed all Croatian sequences as T. equi and indicated the presence of multiple genetic
lineages within the sampled donkey population. These findings provide new molecular
epidemiological data on T. equi in Croatian donkeys and demonstrate a heterogeneous
distribution of infection among the investigated regions and herds. Among the selected
tick-borne pathogens investigated, T. equi was the only pathogen detected. Further studies
integrating larger and longitudinal datasets with detailed management, environmental,
and tick-vector data are needed to better understand the factors underlying the observed
epidemiological patterns.

Keywords: Theileria equi; donkey; Croatia; molecular epidemiology

1. Introduction

Tick-borne pathogens are of increasing importance in animal and public health due to
their expanding distribution, driven by climate change, vector dynamics, and changing
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host—environment interactions [1]. Among tick-borne pathogens affecting equids, piro-
plasms Theileria equi and Babesia caballi are the causative agents of equine piroplasmosis
(EP), a globally distributed disease affecting horses, donkeys, mules, and zebras and trans-
mitted by ixodid ticks [2-8]. The disease is endemic in many parts of Southern and Central
Europe [3], particularly in Mediterranean regions where environmental conditions favour
the maintenance of competent tick vectors [4]. Theileria equi exhibits considerable genetic
diversity, comprising five recognized 185 rRNA genotypes (A-E), while the closely re-
lated species Theileria haneyi, phylogenetically associated with genotype C, has recently
been described [9]. Although the clinical manifestations of EP are well documented in
horses, donkeys are more commonly reported as asymptomatic carriers capable of main-
taining chronic infections and may contribute to the persistence of the disease by serving
as reservoir hosts, particularly in endemic areas [10,11].

Acute infections may present with non-specific clinical signs, including fever, depres-
sion, anorexia, dehydration, eyelid oedema, constipation, icterus, and splenomegaly [12].
Following infection, equids infected with Theileria equi generally remain lifelong carriers,
whereas Babesia caballi infections may be naturally cleared over time. These carrier animals
contribute to parasite persistence and transmission in endemic regions [8]. Despite their
recognized susceptibility, donkeys remain comparatively understudied with regard to the
molecular epidemiology of piroplasm infections [2,4,8].

To date, molecular detection of T. equi in donkeys has been reported only sporadically
in Europe. In Spain, the parasite was initially detected in a single donkey [5], while a recent
study reported T. equi infection in one of two examined donkeys (50%) [13]. More extensive
molecular data are available from Italy, where several studies have investigated equine
piroplasms in donkeys. Veronesi et al. [10] detected T. equi DNA in 21 of 122 donkeys
(17.2%), with genotypes A, B, and D identified among the positive animals, whereas B.
caballi was detected in only one donkey. Similarly, Laus et al. [11] detected T. equi by PCR in
24 of 138 donkeys (17.4%), while B. caballi was detected in five animals (3.6%). In another
Italian study, T. equi was detected in 36 of 109 donkeys (33.0%) [14]. In Serbia, T. equi
infection was detected in 50% of apparently healthy donkeys, suggesting that the parasite
is established in donkey populations in this part of southeastern Europe [15].

In addition to piroplasms, equids may be infected with other tick-borne pathogens,
including Anaplasma phagocytophilum, the causative agent of equine granulocytic anaplasmo-
sis, which has been increasingly reported throughout Europe [16]. In contrast, information
on A. phagocytophilum infection in donkeys remains limited. DNA of A. phagocytophilum has
been detected in 4% of apparently healthy donkeys in southern Italy [17], while Naranjo
et al. [18] reported infection in all three examined donkeys from Spain. Data regarding
hemotropic Mycoplasma spp. in donkeys are even scarcer, and their epidemiological signifi-
cance remains poorly understood [19].

In Croatia, donkeys are predominantly kept under extensive or semi-extensive man-
agement systems in Mediterranean and sub-Mediterranean regions, where exposure to tick
vectors is likely. However, apart from limited data on hemotropic Mycoplasma infections,
no molecular investigations simultaneously targeting piroplasms, Anaplasmataceae, and
hemotropic Mycoplasma spp. have been conducted in Croatian donkeys. Similarly, studies
applying this multi-pathogen molecular approach remain scarce in Europe, with most
published investigations focusing on a single pathogen group or a limited number of
tick-borne agents. Therefore, the aim of this study was to investigate the occurrence of
piroplasms, Anaplasmataceae, and hemotropic Mycoplasma spp. in donkeys from Croatia
using molecular methods and to assess the genetic diversity of detected T. equi isolates
through phylogenetic analyses.
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2. Materials and Methods
2.1. Study Area, Animals and Study Design

The study was conducted in Croatia, which comprises Mediterranean, sub-Mediterranean,
and continental climatic regions, with extensive karst landscapes in the coastal hinterland.
Donkeys in Croatia are mainly distributed in coastal and sub-Mediterranean areas, particu-
larly in Dalmatia and on the Adriatic islands, where they are commonly maintained under
extensive or semi-extensive management conditions [20]. In these areas, animals are typi-
cally kept under extensive or semi-extensive management conditions, often grazing freely
on natural pastures with minimal human intervention. In continental Croatia, donkeys are
less numerous and are generally maintained in small private herds. Most donkeys were
kept as breeding animals, whereas four individuals were used for recreational activities.

The total donkey population in Croatia is estimated at approximately 4000-5000 ani-
mals, most of which belong to three indigenous breeds such as the Istrian donkey, Littoral-
Dinaric donkey, and North Adriatic donkey [20].

A total of 135 donkeys from 15 herds located in six Croatian counties were included in
the study. Most animals originated from coastal and sub-Mediterranean regions: 47 don-
keys were sampled in Istarska County, 34 in Sibensko-Kninska County, 29 in Dubrovacko-
Neretvanska County, 10 in Primorsko-Goranska County, and nine in Li¢ko-Senjska County.
An additional six donkeys were sampled in the continental part (Zagrebacka County). The
investigated herds ranged from one to 34 sampled animals.

The investigated population comprised 10 males and 125 females. Available age
records ranged from 1 to 19 years, with a mean age of approximately 4.5 years. Of the
135 examined donkeys, 131 were kept as breeding animals, whereas four were used for
recreational activities. All animals underwent a clinical examination at the time of sampling
and were considered apparently healthy, with no visible signs of clinical disease. Each
animal was also inspected for the presence of attached ticks at the time of sampling; no
ticks were detected on any of the examined donkeys.

The geographic locations of all sampled animals were recorded and mapped using
QGIS (version 3.30.0), allowing visualization of the spatial distribution of the sampling
sites across Croatia.

2.2. Sample Collection and DNA Extraction

Approximately 5 mL of EDTA-anticoagulated whole blood was collected from each
animal by jugular venipuncture into sterile blood collection tubes (VACUETTE®, Greiner
Bio-One, Kremsmiinster, Austria). Samples were transported to the Laboratory of Para-
sitology, Croatian Veterinary Institute, within 48 h of collection, divided into aliquots, and
stored at —20 °C until DNA extraction.

Extraction of genomic DNA was performed from 200 pL of anticoagulated blood using
the automated KingFisher™ Flex platform (Thermo Fisher Scientific, Waltham, MA, USA)
in conjunction with the MagMAX™ CORE Nucleic Acid Purification Kit (Thermo Fisher
Scientific, Waltham, MA, USA), according to established high-throughput protocols.

2.3. Molecular Detection and Sequencing

Molecular screening was carried out using conventional PCR assays targeting three
groups of vector-borne pathogens: piroplasms (Babesia/Theileria spp.), Anaplasmataceae,
and hemotropic Mycoplasma species. Detection of Anaplasmataceae was based on amplifi-
cation of a 345 bp fragment of the 165 rRNA gene using primers ehr165R/ehr16SD [21].
Babesia and Theileria spp. were detected by amplification of an approximately 560 bp region
of the 185 rRNA gene [22], while hemotropic Mycoplasma spp. were detected by targeting
an approximately 600 bp fragment of the 165 rRNA gene [23]. After preliminary iden-
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tification based on partial 185 rRNA gene sequences, all Theileria equi-positive samples
were reanalysed using a PCR protocol targeting approximately 1700 bp of the 185 rRNA
gene [24]. The resulting sequences were used for detailed haplotype determination and
phylogenetic analyses.

PCR reactions were performed in a total volume of 20 pL containing 10 uL of GoTaq®
Green Master Mix (Promega, Madison, WI, USA), 0.5 uM of each primer, nuclease-free
water, and 2 pL of template DNA. Amplification products were assessed using capillary
electrophoresis on a QIAxcel instrument (Qiagen, Hilden, Germany).

Amplification products were evaluated by capillary electrophoresis using a QIAxcel
system (Qiagen, Germany) with the QIAxcel DNA Fast Analysis kit (QIAGEN, Hilden,
Germany), DNA QX Alignment Marker (15 bp-3 kb), and QX DNA Size Markers (50 bp—
1.5 kb and 100 bp-2.5 kb). PCR products were purified using ExoSAP-IT™ PCR Product
Clean-up Reagent (Applied Biosystems™, Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions and sequenced bidirectionally at Macrogen
Europe (Amsterdam, The Netherlands) using the corresponding primer sets.

Raw sequence chromatograms were assembled and edited using SeqMan Pro version
18 and SeqBuilder Pro version 18 (DNASTAR, Madison, WI, USA), and consensus sequences
were compared with reference data available in GenBank using BLAST (version 2.14.0,
https:/ /blast.ncbi.nlm.nih.gov, accessed on 20 June 2026) for species confirmation.

2.4. Statistical Analysis

The prevalence of Theileria equi infection was calculated as the proportion of PCR-
positive animals among the total number of examined donkeys. Exact 95% confidence
intervals (CI) for prevalence estimates were calculated using the Wilson method. In addi-
tion, a finite population correction (FPC) was applied to adjust the confidence intervals,
based on an estimated total donkey population of approximately 4000 animals in Croatia.

Haplotype frequencies were determined based on sequence analysis and expressed as
proportions of the total number of T. equi-positive samples. The distribution of haplotypes
was calculated both within the positive subset and relative to the total sampled population.

Herds were categorized according to size as small (<5 animals), medium (6-15 an-
imals), and large (>15 animals). Associations between categorical variables (region and
herd size) and infection status were evaluated using Fisher’s exact test. A p-value < 0.05
was considered statistically significant.

All statistical analyses were performed using Jamovi software (version 2.6.0; The
Jamovi Project, Sydney, Australia).

2.5. Phylogenetic Analysis

The obtained T. equi 185 rRNA gene sequences were edited and aligned with repre-
sentative reference sequences retrieved from GenBank® using the ClustalW algorithm [25]
implemented in BioEdit v7.2.5 [26]. Phylogenetic relationships were inferred using the
neighbour-joining (NJ) method in MEGA 11 [27]. The most appropriate nucleotide sub-
stitution model was selected based on the corrected Akaike Information Criterion (AICc),
with the Tamura-Nei model incorporating gamma-distributed rate variation among sites
(TN93+G) providing the best fit to the dataset (AICc = 7986.743). The reliability of the
inferred phylogenetic tree was assessed by bootstrap analysis with 1000 replicates.

3. Results

Theileria equi DNA was detected in 31 of 135 examined donkeys, corresponding to an
overall prevalence of 22.96% (95% CI: 15.99-29.94%, finite population correction applied;
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estimated population size: 4000). No Anaplasma/Ehrlichia spp. or hemotropic Mycoplasma
spp. DNA was detected in any of the examined samples.

The prevalence of infection varied markedly across the sampled regions. The highest
prevalence was observed in Sibensko-Kninska County, where 17 of 34 animals tested
positive (50.0%). In Istarska County, 12 of 47 donkeys were positive (25.5%), whereas a
considerably lower prevalence was recorded in Dubrovacko-Neretvanska County (3/29;
10.3%). In contrast, no PCR-positive animals were detected among the sampled donkeys
from Li¢ko-Senjska (0/9), Primorsko-Goranska (0/10), and Zagrebatka County (0/6).
Statistical analysis showed that the prevalence of T. equi infection was significantly higher
in Sibensko-Kninska County than in all other sampled counties (p = 0.0001). No statistically
significant differences in prevalence were detected among the remaining counties (p > 0.05).

A total of 15 distinct herds were included in the study. Infection prevalence varied
substantially between herds, with a clear contrast between completely negative and highly
affected holdings. The highest prevalence was observed in the herd 12 (11/12; 91.7%),
followed by herd 14 (17/34; 50.0%) while lower prevalence levels were recorded in herd 15
(3/29; 10.3%). Notably, no T. equi DNA was detected in the tested animals from more than
half of the investigated herds (Table 1).

Table 1. Distribution of the examined donkey farms, the number of sampled animals, number and
prevalence of Theileria equi-positive animals, and haplotypes identified in positive farm.

Farm County No. of Animals No. Positive Prevalence Haplotype(s)
Farm1 Primorsko Goranska 1 0 0
Farm?2 Primorsko Goranska 3 0 0
Farm3 Istarska 7 0 0
Farm4 Primorsko Goranska 6 0 0
Farmb5 Zagrebacka 3 0 0
Farmé6 Zagrebacka 3 0 0
Farm?7 Li¢ko Senjska 8 0 0
Farm$8 Li¢ko Senjska 1 0 0
Farm9 Istarska 1 0 0
Farm10 Istarska 1 0 0
Farm11 Istarska 22 0 0
Farm12 Istarska 12 11 91.7% A,D
Farm13 Istarska 4 0 0
Farm14 Sibensko Kninska 34 17 50.0% A,D,E
Farm15 Dubrovacko Neretvanska 29 3 10.3% A

When analysed according to herd size, differences in T. equi prevalence were observed
among the three herd-size categories. No positive animals were detected in small herds
(<5 animals; 0/16), whereas medium-sized herds (6-15 animals) showed the highest preva-
lence (11/33; 33.3%), followed by large herds (>15 animals; 21/85; 24.7%). The difference in
prevalence among herd-size categories was statistically significant (p = 0.012), with small
herds showing a significantly lower prevalence than medium- and large-sized herds.

Analysis based on sampling locations revealed a highly heterogeneous spatial dis-
tribution of T. equi infection. Positive cases were unevenly distributed and restricted to
specific locations, while the majority of sampling sites remained negative (Figure 1). In
the present study, all positive animals originated from three farms located in the Croatian
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littoral region, suggesting a geographically clustered distribution of T. equi infection within
the sampled population.

@ T.equiA
@ T.equiA T.equiD

® Negative

@ T.equiA, T.equiD, T. equi E

Figure 1. Spatial distribution of Theileria equi haplotypes in donkeys across Croatia. Sampling
locations are shown with markers indicating haplotype composition: red—haplotype A; blue—
haplotypes A and D; orange—haplotypes A, D, and E; black—PCR-negative animals.

Sequence analysis identified three distinct T. equi haplotypes. Haplotype D was the
predominant variant, detected in 22 of the 31 positive samples (70.97%), followed by
haplotype A, which was identified in 8 samples (25.81%). Haplotype E was detected in a
single sample (3.23%).

When considered in relation to the total sampled population, haplotype D was present
in 16.30% of animals, haplotype A in 5.93%, and haplotype E in 0.74%.

The spatial distribution of haplotypes was heterogeneous. The predominant haplotype
(D) was distributed across multiple positive sampling locations, whereas haplotypes A and
E showed a more restricted distribution (Figure 1).

Phylogenetic analysis based on partial 185 rRNA gene sequences confirmed that all
Croatian donkey isolates belonged to T. equi. The obtained sequences clustered within
the main T. equi clade and were clearly separated from the outgroup species Theileria
annulata (Figure 2). The nucleotide sequences generated in this study have been deposited
in GenBank under accession numbers PZ596600-PZ596602.

The Croatian T. equi isolates were distributed among different phylogenetic subclus-
ters together with sequences originating from Europe, Asia, Africa, and South America.
Isolate Donkey Croatia A clustered with sequences from Brazil, South Africa, Spain, and
other countries, whereas isolate Donkey Croatia E grouped with isolates originating from
Switzerland, Mongolia, and Spain.

Phylogenetic analysis of the obtained sequences indicated that at least three genetic
lineages, corresponding to haplotypes A, D, and E, are present in the sampled Croatian
donkey population.
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LC781918 Horse Mongolia
KX227640 Horse Israel
MT463336 Horse Cuba
MK615933 Horse Iran
KU240064 Horse Brazil
MT463610 Horse Chile
MT463338 Horse Cuba
JX177670 Horse USA
64 JX177672 Horse USA
PP249538 Horse Brazil
MG052898 Horse Brazil
Donkey Croatia A
KY952226 Horse Brazil
KX722520 Horse Brazil
55 OL638195 Horse Turkmenistan
o1 AY 150062 Horse Spain
EU888902 Horse South Africa
64 ——  Donkey Croatia D
MN611350 Horse Israel
LC670596 Donkey Sri Lanka
LC670600 Donkey Sri Lanka
-~ LC649089 Donkey Sri Lanka
51 LC649082 Donkey Sri Lanka
63 LC649097 Donkey Sri Lanka
E EU642507 Horse South Africa
87 KF597077 Horse Kenya
LC781882 Horse Mongolia
HM229407 Horse South Korea
AY534882 Horse Spain
LC781893 Horse Mongolia
LC781921 Horse Mongolia
KM046918 Horse Switzerland
6 Donkey Croatia E
DQ287951 Horse Spain
KT367871 Theileria annulata

83

Figure 2. Phylogenetic tree of Theileria equi based on partial 185 rRNA gene sequences reconstructed
using the Maximum Likelihood method. Croatian donkey isolates are indicated as Donkey Croatia
A and Donkey Croatia E. Bootstrap values (>50%) are shown at branch nodes. Theileria annulata
(KT387871) was used as an outgroup.

4. Discussion

The present study represents one of the few molecular surveys of selected tick-borne
pathogens in donkeys from Croatia, addressing a host population for which molecular
epidemiological data remain limited [4,8]. Epidemiological data on Theileria equi infection
in donkeys from southeastern Europe remain limited [28]. Therefore, the present study
provides additional information on the occurrence, distribution, and genetic diversity of
this pathogen in this host species.

The results reveal a highly heterogeneous pattern of infection in Croatia, characterized
by pronounced spatial variation, herd-level clustering, and clear differences associated
with herd size. The overall prevalence of T. equi infection (22.96%) observed in the present
study is comparable to values reported from Italy, where prevalences ranging from 17.4%
to 33.0% have been described in donkeys [10,14]. However, it is considerably lower than
the prevalence of 50% reported from neighbouring Serbia [15].

One of the most notable findings of the present study was the marked regional variabil-
ity in T. equi infection. The significantly higher prevalence observed in Sibensko-Kninska
County, together with the absence of positive animals in several other investigated regions,
indicates a heterogeneous geographical distribution of infection. Positive animals origi-
nated exclusively from three herds located in the littoral region, whereas no T. equi DNA
was detected in the examined animals from continental Croatia. Similar prevalence of T.
equi infection in donkeys has also been reported from Mediterranean regions of Italy [10,11].
Such spatial heterogeneity may reflect differences in local ecological and environmental
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conditions, particularly those affecting the distribution and activity of competent tick vec-
tors [2,4,6]. However, as climatic and environmental variables were not directly assessed in
the present study, their contribution to the observed geographical pattern cannot be deter-
mined. Furthermore, the smaller number of donkeys sampled from continental Croatia
should also be considered when interpreting the observed geographical differences.

Several species of Hyalomma and Rhipicephalus ticks have been reported from Croatia,
including its Mediterranean and coastal regions [29,30]. Their known geographic distri-
bution may therefore be relevant when considering possible ecological explanations for
the observed pattern of T. equi infection. Supporting the biological plausibility of this
hypothesis, a recent study from Sardinia detected T. equi and Babesia caballi DNA in ticks
collected from free-ranging donkeys, including Hyalomma marginatum and Rhipicephalus
bursa [31]. However, as ticks were not collected in the present study and their abundance,
distribution, or infection status at the investigated localities was not assessed, any relation-
ship between local tick populations and the observed geographical distribution of T. equi
remains hypothetical and requires further investigation.

At the herd level, infection was clearly aggregated, with several herds showing high
prevalence while more than half of the investigated herds were entirely negative. Herd
size was significantly associated with T. equi infection, with a lower prevalence observed in
small herds than in medium-sized and large herds. Previous studies have identified tick
exposure and several host-, management-, and environment-related variables as potential
risk factors for equine piroplasmosis, although associations with herd management and
environmental factors have not been consistent among studies [2,10]. In the present study,
detailed management practices, animal density, grazing conditions, and tick exposure
were not systematically assessed. Therefore, although such factors may contribute to the
observed association with herd size, the underlying mechanisms cannot be determined
from our data and require further investigation.

Despite the detection of T. equi, all examined donkeys were clinically healthy at the
time of sampling. This finding is consistent with previous studies reporting that donkeys
frequently remain asymptomatic despite persistent T. equi infection and may maintain
long-term parasitaemia without developing overt clinical signs [6,10,11].

Such chronically infected animals may serve as reservoir hosts, providing a potential
source of infection for competent tick vectors [6]. The high prevalence observed in several
herds in the present study is consistent with the hypothesis that donkeys may contribute to
local transmission cycles of equine piroplasmosis, although this role requires confirmation
through integrated epidemiological and vector studies.

An additional important finding of this study is the genetic diversity of T. equi circulat-
ing in Croatian donkeys. Sequence analysis identified three haplotypes, with haplotype D
being clearly predominant (70.97%), followed by haplotype A (25.81%), whereas haplotype
E was detected in only one animal (3.23%). A similar pattern has been reported in Italian
donkeys, where Veronesi et al. [10] identified genotypes A, B, and D, confirming the pre-
dominance of haplotypes A and D in both countries. However, unlike the Italian study, in
which genotype B was detected, the present study identified haplotype E, which was absent
from the Italian donkey population. Interestingly, previous investigations of equine piro-
plasmosis in Croatia primarily reported haplotypes A and E in horses, whereas haplotype
D was absent or detected only sporadically [32]. The predominance of haplotype D in the
donkeys examined in the present study may indicate differences in the distribution of T. equi
haplotypes between the previously investigated horse populations and the donkey popula-
tion examined here. However, direct comparisons of horses and donkeys from the same
geographical areas, together with analysis of the corresponding tick populations, would be
required to determine whether this pattern reflects a true host-associated difference.
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Phylogenetic analysis confirmed that all Croatian sequences belonged to T. equi and
clustered with isolates from Europe, Asia, Africa, and South America. Although no clear
geographic clustering was observed, Croatian isolates were distributed among several
phylogenetic subclusters suggesting the presence of multiple genetic lineages within the
analysed donkey population. Because the analysed 185 rRNA marker is relatively con-
served, future studies using more variable genetic markers may provide greater resolution
of the population structure of T. equi in Croatia.

An important additional finding is the absence of Anaplasmataceae and hemotropic
Mycoplasma spp. in all examined animals. Despite its broad host range and ability to infect
a wide variety of domestic and wild mammals [33,34], Anaplasma phagocytophilum appears
to be rarely detected in donkeys. To date, molecular evidence of infection in European
donkeys has been reported only from Sicily, Italy, where A. phagocytophilum DNA was
detected in 5.2% (4/76) of examined animals [17]. Nevertheless, Anaplasma phagocytophilum
has previously been detected in Croatia, including in the coastal region [35], indicating that
the pathogen is present in at least some parts of this area. Moreover, Jaarsma et al. [34], in a
large-scale study that also included samples from Croatia, demonstrated the occurrence of
A. phagocytophilum in a broad range of domestic and wild vertebrate hosts, including horse.
Therefore, the absence of Anaplasmataceae DNA in the examined donkeys may reflect a low
prevalence of infection, limited exposure to infected tick vectors, or other epidemiological
factors. Further studies including larger donkey populations and concurrent investigation
of tick vectors would be needed to clarify the role of donkeys in the epidemiology of A.
phagocytophilum in Croatia. In a previous Croatian study, hemotropic Mycoplasma spp. were
not detected in donkeys [19] although the number of examined animals was considerably
lower. Considering the relatively large sample size and broad geographical coverage
of the present study, this finding indicates that hemotropic Mycoplasma infections were
not detectable in the investigated Croatian donkey population. Whether this reflects a
very low prevalence, limited exposure to potential sources of infection, or lower host
susceptibility cannot be determined from the present data. Further studies would be
required to distinguish between these possible explanations.

Several limitations of the present study should be considered when interpreting these
findings. Although the investigated donkeys originated from six Croatian counties and
different geographical regions, the number of sampled animals was unevenly distributed,
with substantially fewer animals examined from continental Croatia. In addition, the
cross-sectional design provides information on infection status only at the time of sampling
and does not allow assessment of temporal changes in infection within individual animals
or herds. Detailed information on management practices, grazing conditions, animal move-
ments, contact with other equids, and previous exposure to ticks was not systematically
available for all investigated animals. Furthermore, although all donkeys were inspected
for attached ticks at sampling and none were detected, systematic tick collection was not
part of the study design. Consequently, the presence, abundance, and infection status of po-
tential tick vectors at the investigated locations could not be directly related to the observed
distribution of T. equi. Future studies combining longitudinal sampling of donkeys with
concurrent collection and molecular examination of ticks would therefore provide a more
complete understanding of local transmission patterns. Inclusion of detailed management
and environmental data, together with molecular characterization using additional and
more variable genetic markers, could also help clarify the epidemiological factors associated
with infection and the population structure of T. equi in Croatian equids.
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5. Conclusions

This study represents one of the few molecular surveys of selected tick-borne
pathogens in donkeys in Croatia and demonstrates a heterogeneous distribution of T.
equi infection, with marked differences among geographical regions and herds. Three 185
rRNA haplotypes were identified, with haplotype D clearly predominating, indicating
genetic variation within the analysed T. equi population. No DNA of Anaplasmataceae
or hemotropic Mycoplasma spp. was detected in the examined donkeys. Thus, among
the pathogens investigated in the present study, T. equi was the only tick-borne pathogen
detected. The observed geographical and herd-level patterns highlight the need for further
studies integrating larger and longitudinal datasets with detailed management, environ-
mental, and tick-vector data to better understand the epidemiology and transmission
dynamics of T. equi in Croatian donkeys.

Author Contributions: Conceptualization, R.B.; methodology, A.-H., N.K.,, AK. and D.].Z.; data
collection, N.K.,, AK,, G.S. and AMK,; writing—original draft preparation, N.K. and R.B.; writing—
review and editing, A.H. and DJ.Z.; funding acquisition, R.B. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was funded by the Project IP-2022-10-7842 “Apicomplexan and bacterial tick-
borne pathogens in domestic ruminants, horses and haematophagous vectors”, Croatian Science
Foundation (CSF).

Institutional Review Board Statement: The animal study was approved by Ethic committee of
Croatian Veterinary Institute (Z-VI-4-3671/23, approval date: 14 September 2023). The study was
conducted in accordance with the National legislation and institutional requirements.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: We are thankful to Petra Ciko$, Krsitina Skrbin, Ada Vili¢ and Martina Pavi¢ for
excellent technical support.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Estrada-Pefia, A.; Ayllén, N.; de la Fuente, J. Impact of climate trends on tick-borne pathogen transmission. Front. Physiol. 2012,
3, 64. [CrossRef] [PubMed]

2. Nadal, C.; Bonnet, S.I.; Marsot, M. Eco-epidemiology of equine piroplasmosis and its associated tick vectors in Europe: A
systematic literature review and a meta-analysis of prevalence. Transbound. Emerg. Dis. 2022, 69, 2474-2498. [CrossRef] [PubMed]

3. Bajer, A.; Beck, A,; Beck, R.; Behnke, ].M.; Dwuznik-Szarek, D.; Eichenberger, R.M.; Farkas, R.; Fuehrer, H.P.; Heddergott, M.;
Jokelainen, P; et al. Babesiosis in Southeastern, Central and Northeastern Europe: An Emerging and Re-Emerging Tick-Borne
Disease of Humans and Animals. Microorganisms 2022, 10, 945. [CrossRef] [PubMed]

4.  Defaye, B.; Moutailler, S.; Pasqualini, V.; Quilichini, Y. Distribution of Tick-Borne Pathogens in Domestic Animals and Their
Ticks in the Countries of the Mediterranean Basin between 2000 and 2021: A Systematic Review. Microorganisms 2022, 10, 1236.
[CrossRef] [PubMed]

5. Adaszek, L.; Garcia-Bocanegra, I.; Arenas-Montes, A.; Carbonero, A.; Arenas, A.; Winiarczyk, S. Identification of piroplasms
isolated from asymptomatic equine species from southern Spain. Berl. Munch. Tierarztl. Wochenschr. 2012, 125, 509-512. [PubMed]

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

7. Qablan, M.A.; Obornik, M.; Petrzelkovd, K.J.; Sloboda, M.; Shudiefat, M.E,; Hotin, P,; Luke$, J.; Modry, D. Infections by Babesia

caballi and Theileria equi in Jordanian equids: Epidemiology and genetic diversity. Parasitology 2013, 140, 1096-1103. [CrossRef]
[PubMed]

https:/ /doi.org/10.3390 /microorganisms14081840


https://doi.org/10.3389/fphys.2012.00064
https://www.ncbi.nlm.nih.gov/pubmed/22470348
https://doi.org/10.1111/tbed.14261
https://www.ncbi.nlm.nih.gov/pubmed/34333863
https://doi.org/10.3390/microorganisms10050945
https://www.ncbi.nlm.nih.gov/pubmed/35630388
https://doi.org/10.3390/microorganisms10061236
https://www.ncbi.nlm.nih.gov/pubmed/35744755
https://www.ncbi.nlm.nih.gov/pubmed/23227769
https://doi.org/10.3390/ijerph16101736
https://www.ncbi.nlm.nih.gov/pubmed/31100920
https://doi.org/10.1017/s0031182013000486
https://www.ncbi.nlm.nih.gov/pubmed/23673249
https://doi.org/10.3390/microorganisms14081840

Microorganisms 2026, 14, 1840 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

Tirosh-Levy, S.; Gottlieb, Y.; Fry, LM.; Knowles, D.P,; Steinman, A. Twenty Years of Equine Piroplasmosis Research: Global
Distribution, Molecular Diagnosis, and Phylogeny. Pathogens 2020, 9, 926. [CrossRef] [PubMed]

Knowles, D.P.; Kappmeyer, L.S.; Haney, D.; Herndon, D.R.; Fry, L.M.; Munro, J.B.; Schneider, D.A.; White, S.N.; Tretina, K,;
Bishop, R.P; et al. Discovery of a novel species, Theileria haneyi n. sp., infective to equids, highlights exceptional genomic diversity
within the genus Theileria: Implications for apicomplexan parasite surveillance. Int. J. Parasitol. 2018, 48, 679-690. [CrossRef]
[PubMed]

Veronesi, F.; Morganti, G.; Ravagnan, S.; Laus, F.; Spaterna, A.; Diaferia, M.; Moretti, A.; Piergili Fioretti, D.; Capelli, G. Molecular
and serological detection of tick-borne pathogens in donkeys (Equus asinus) in Italy. Vet. Microbiol. 2014, 173, 348-354. [CrossRef]
[PubMed]

Laus, F; Spaterna, A.; Faillace, V.; Veronesi, F; Ravagnan, S.; Beribé, F; Cerquetella, M.; Meligrana, M.; Tesei, B. Clinical
investigation on Theileria equi and Babesia caballi infections in Italian donkeys. BMC Vet. Res. 2015, 11, 100. [CrossRef] [PubMed]
Kumar, S.; Kumar, R.; Sugimoto, C. A perspective on Theileria equi infections in donkeys. Jpn. |. Vet. Res. 2009, 56, 171-180.
[PubMed]

Mendoza, FJ.; Pérez—Ecija, A.; Suarez, C.E.; Martinez, E.; Navarro, A.; Kappmeyer, L.S.; Bastos, R.G. First molecular detection of
Theileria haneyi infection in horses in Southern Spain. Front. Vet. Sci. 2026, 13, 1841333. [CrossRef] [PubMed]

Papini, R.; Salari, F.; Rocchigiani, G.; Leoni, A.; Ragona, G.; Roncoroni, C. Molecular detection of Theileria equi in donkeys (Equus
asinus) in a selected site in central Italy. Large Anim. Rev. 2016, 22, 231-234.

Davitkov, D.; Davitkov, D.; Vuticevi¢, M.; Stanisi¢, L.; Radakovi¢, M.; Glavini¢, U.; Stanimirovi¢, Z. A molecular and haematologi-
cal study of Theileria equi in Balkan donkeys. Acta Vet. Hung. 2017, 65, 234-241. [CrossRef] [PubMed]

Bogdan, A.M.; Mitrea, I.L.; Ionita, M. Equine granulocytic anaplasmosis: A systematic review and meta-analysis on clinico-
pathological findings, diagnosis, and therapeutic management. Vet. Sci. 2024, 11, 269. [CrossRef] [PubMed]

Torina, A.; Alongi, A.; Naranjo, V.; Scimeca, S.; Nicosia, S.; Di Marco, V.; Caracappa, S.; Kocan, K.M.; de la Fuente, J. Characteriza-
tion of Anaplasma infections in Sicily, Italy. Ann. N. Y. Acad. Sci. 2008, 1149, 90-93. [CrossRef] [PubMed]

Naranjo, V.; Ruiz-Fons, F; Hofle, U.; Fernandez de Mera, 1.G.; Villanta, D.; Almazan, C.; Torina, A.; Caracappa, S.; Kocan, K.M.;
Gortazar, C.; et al. Molecular epidemiology of human and bovine anaplasmosis in southern Europe. Ann. N. Y. Acad. Sci. 2006,
1078, 95-99. [CrossRef] [PubMed]

Konstantinovi¢, N.; Goti¢, J.; Baban, M.; Csik, G.; Listes, E.; Gagovi¢, E.; Jurkovié-Zili¢, D.; Arezina, L; Subara, G.; Culina, FE.;
et al. Absence of Host-Specific Hemotropic Mycoplasmas in Horses and Donkeys from Croatia: First Systematic Survey in
Southeastern Europe. Animals 2026, 16, 263. [CrossRef] [PubMed]

Ivankovié, A.; Subara, G.; Bittante, G.; Suran, E.; Amalfitano, N.; Aladrovi¢, J.; Kelava Ugarkovi¢, N.; Paden, L.; Pe¢ina, M.;
Konjaci¢, M. Potential of Endangered Local Donkey Breeds in Meat and Milk Production. Animals 2023, 13, 2146. [CrossRef]
[PubMed]

Parola, P; Roux, V.; Camicas, J.L.; Baradji, I.; Brouqui, P.; Raoult, D. Detection of ehrlichiae in African ticks by polymerase chain
reaction. Trans. R. Soc. Trop. Med. Hyg. 2000, 94, 707-708. [CrossRef] [PubMed]

Beck, R.; Vojta, L.; Mrljak, V.; Marinculi¢, A.; Beck, A; Ziviénjak, T.; Caccio, S.M. Diversity of Babesia and Theileria species in
symptomatic and asymptomatic dogs in Croatia. Int. J. Parasitol. 2009, 39, 843-848. [CrossRef] [PubMed]

Varanat, M.; Maggi, R.G.; Linder, K.E.; Breitschwerdt, E.B. Molecular prevalence of Bartonella, Babesia and hemotropic Mycoplasma
species in dogs with splenic disease. |. Vet. Intern. Med. 2011, 25, 1284-1291. [PubMed]

Caccio, S.M.; Antunovic, B.; Moretti, A.; Mangili, V.; Marinculi¢, A.; Bari¢, R.R.; Slemenda, S.B.; Pieniazek, N.J. Molecular
characterisation of Babesia canis canis and Babesia canis vogeli from naturally infected European dogs. Vet. Parasitol. 2002, 106,
285-292. [CrossRef] [PubMed]

Thompson, ].D.; Higgins, D.G.; Gibson, T.]. CLUSTAL W: Improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 1994, 22, 4673-4680.
[CrossRef] [PubMed]

Hall, T.A. BioEdit: A User-Friendly Biological Sequence Alignment Editor and Analysis Program for Windows 95/98/NT. Nucleic
Acids Symp. Ser. 1999, 41, 95-98.

Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021, 38,
3022-3027. [CrossRef] [PubMed]

Kapo, N.; Zuber Bogdanovi¢, 1.; Gagovi¢, E.; Jurkovié Zili¢, D.; Sukara, R.; AdZi¢, B.; Kadriaj, P; Naletili¢, S.; Vodica, A.;
Cvetkovikj, A.; et al. Non-zoonotic tick-borne pathogens in Western Balkan. Parasites Vectors 2025, 18, 107. [CrossRef] [PubMed]
Krémar, S. Hard ticks (Acari, Ixodidae) of Croatia. ZooKeys 2012, 234, 19-57. [CrossRef] [PubMed]

Jurkovi¢ Zili¢, D.; Gagovi¢, E.; Dumi¢, T.; Pintur, K.; Beck, R. First molecular detection of Ehrlichia canis in Croatia reveals its
presence in Rhipicephalus bursa ticks from ruminants. Croat. Vet. J. 2026, 57, 412-420. [CrossRef]

https://doi.org/10.3390 /microorganisms14081840


https://doi.org/10.3390/pathogens9110926
https://www.ncbi.nlm.nih.gov/pubmed/33171698
https://doi.org/10.1016/j.ijpara.2018.03.010
https://www.ncbi.nlm.nih.gov/pubmed/29885436
https://doi.org/10.1016/j.vetmic.2014.08.017
https://www.ncbi.nlm.nih.gov/pubmed/25213231
https://doi.org/10.1186/s12917-015-0411-z
https://www.ncbi.nlm.nih.gov/pubmed/25927984
https://www.ncbi.nlm.nih.gov/pubmed/19358444
https://doi.org/10.3389/fvets.2026.1841333
https://www.ncbi.nlm.nih.gov/pubmed/42328053
https://doi.org/10.1556/004.2017.023
https://www.ncbi.nlm.nih.gov/pubmed/28605963
https://doi.org/10.3390/vetsci11060269
https://www.ncbi.nlm.nih.gov/pubmed/38922016
https://doi.org/10.1196/annals.1428.065
https://www.ncbi.nlm.nih.gov/pubmed/19120181
https://doi.org/10.1196/annals.1374.013
https://www.ncbi.nlm.nih.gov/pubmed/17114686
https://doi.org/10.3390/ani16020263
https://www.ncbi.nlm.nih.gov/pubmed/41594454
https://doi.org/10.3390/ani13132146
https://www.ncbi.nlm.nih.gov/pubmed/37443944
https://doi.org/10.1016/s0035-9203(00)90243-8
https://www.ncbi.nlm.nih.gov/pubmed/11198664
https://doi.org/10.1016/j.ijpara.2008.12.005
https://www.ncbi.nlm.nih.gov/pubmed/19367832
https://www.ncbi.nlm.nih.gov/pubmed/22092618
https://doi.org/10.1016/s0304-4017(02)00112-7
https://www.ncbi.nlm.nih.gov/pubmed/12079734
https://doi.org/10.1093/nar/22.22.4673
https://www.ncbi.nlm.nih.gov/pubmed/7984417
https://doi.org/10.1093/molbev/msab120
https://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1186/s13071-025-06740-z
https://www.ncbi.nlm.nih.gov/pubmed/40087740
https://doi.org/10.3897/zookeys.234.3658
https://www.ncbi.nlm.nih.gov/pubmed/23372407
https://doi.org/10.46419/cvj.57.5.3
https://doi.org/10.3390/microorganisms14081840

Microorganisms 2026, 14, 1840 12 of 12

31.

32.

33.

34.

35.

Villa, L.; Cafiso, A.; Cialini, C.; Olivieri, E.; Allievi, C.; Pintore, E.; Garippa, G.; Manfredi, M.T.; Bazzocchi, C. Serological and
molecular insights into tick-borne pathogens in wild donkeys from an unexplored Mediterranean nature reserve. Curr. Res.
Parasitol. Vector Borne Dis. 2025, 7, 100267. [CrossRef] [PubMed]

Coultous, R.; Goti¢, J.; McCann, M.; Sutton, D.; Beck, R.; Shiels, B. Novel equi merozoite antigen (ema-1) gene heterogeneity in a
geographically isolated Theileria equi population in Croatia. Parasites Vectors 2022, 15, 401. [CrossRef] [PubMed]

Stuen, S.; Granquist, E.G.; Silaghi, C. Anaplasma phagocytophilum—A widespread multi-host pathogen with highly adaptive
strategies. Front. Cell. Infect. Microbiol. 2013, 3, 31. [CrossRef] [PubMed]

Jaarsma, R.I; Sprong, H.; Takumi, K.; Kazimirova, M.; Silaghi, C.; Mysterud, A.; Rudolf, I; Beck, R.; Foldvéri, G.; Tomassone, L.;
et al. Anaplasma phagocytophilum evolves in geographical and biotic niches of vertebrates and ticks. Parasites Vectors 2019, 12, 328.
[CrossRef] [PubMed]

Huber, D.; Reil, I; Duvnjak, S.; Jurkovi¢, D.; Lukadevi¢, D.; Pilat, M.; Beck, A.; Mihaljevig, Z.,; Vojta, L.; Polkinghorne, A; et al.
Molecular detection of Anaplasma platys, Anaplasma phagocytophilum and Wolbachia sp. but not Ehrlichia canis in Croatian dogs.
Parasitol. Res. 2017, 116, 3019-3026. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390 /microorganisms14081840


https://doi.org/10.1016/j.crpvbd.2025.100267
https://www.ncbi.nlm.nih.gov/pubmed/40503032
https://doi.org/10.1186/s13071-022-05484-4
https://www.ncbi.nlm.nih.gov/pubmed/36316753
https://doi.org/10.3389/fcimb.2013.00031
https://www.ncbi.nlm.nih.gov/pubmed/23885337
https://doi.org/10.1186/s13071-019-3583-8
https://www.ncbi.nlm.nih.gov/pubmed/31253201
https://doi.org/10.1007/s00436-017-5611-y
https://www.ncbi.nlm.nih.gov/pubmed/28905230
https://doi.org/10.3390/microorganisms14081840

	Introduction 
	Materials and Methods 
	Study Area, Animals and Study Design 
	Sample Collection and DNA Extraction 
	Molecular Detection and Sequencing 
	Statistical Analysis 
	Phylogenetic Analysis 

	Results 
	Discussion 
	Conclusions 
	References

