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A B S T R A C T

Bovine theileriosis and anaplasmosis are major tick-borne diseases affecting cattle health and productivity 
worldwide. Although cattle farming significantly contributes to Paraguay’s economy, limited epidemiological 
data on the causative agents hinder the formulation of disease control measures. To address this challenge, the 
present study investigated the prevalence, risk factors, and genetic diversity of Theileria annulata, Theileria ori
entalis, and Anaplasma marginale among cattle populations in Paraguay. Blood DNA samples from 326 cattle in 
nine departments of Paraguay were screened with the pathogen-specific PCR assays. All three pathogens were 
detected with A. marginale (18.0 %) being the most prevalent, followed by T. orientalis (2.4 %) and T. annulata 
(1.5 %). In addition, further screening of A. marginale-negative samples using two PCR assays targeting the 16S 
rRNA and groEL genes of Anaplasma spp., followed by sequencing, detected an infection with Candidatus Ana
plasma cinensis. We observed significantly higher A. marginale-positive rates in the Eastern region, males, and 
extensively managed cattle, as compared to those in the Western region, females, and semi-intensively managed 
cattle, respectively. Phylogenetic analyses revealed that T. annulata tams1 gene sequences were diverse and 
occurred in multiple clades, while T. orientalis mpsp gene sequences clustered into the genotypes 1, 2, and 3. In 
contrast, A. marginale msp5 gene sequences occurred within a single clade, suggesting a low genetic diversity. In 
conclusion, the detection of T. annulata, T. orientalis genotype 2, and A. marginale indicates that cattle pop
ulations in Paraguay are at risk of clinical theileriosis and anaplasmosis, highlighting the need to develop disease 
management strategies.

1. Introduction

Tick-borne diseases pose a significant challenge to cattle health and 
productivity worldwide [1]. In particular, bovine babesiosis, theiler
iosis, and anaplasmosis, which are caused by Babesia bovis, Babesia 
bigemina, Babesia naoakii, and Babesia divergens; Theileria parva, Theileria 
annulata, and Theileria orientalis; and Anaplasma marginale, respectively, 
cause significant economic losses in the cattle industry [2–7]. Aligning 

with the distribution of their tick vectors, B. divergens and T. parva are 
found in limited regions of Europe and Africa, respectively, while the 
rest have global distributions [4,8]. Clinically, infections of Babesia, 
Theileria, and Anaplasma species manifest as anemia and associated 
symptoms resulting from multiplication of these pathogens within 
bovine red blood cells [2,5,9]. In addition, T. parva and T. annulata cause 
a severe lymphoproliferative disease in the infected cattle [10,11]. 
Consequently, bovine babesiosis, theileriosis, and anaplasmosis can lead 
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to mortality and reduced productivity [12].
In endemic regions, not all infected cattle develop clinical babesiosis, 

theileriosis, or anaplasmosis; instead, most of them remain asymptom
atic [2,5,9]. These asymptomatic carriers act as persistent sources of the 
infections for competent tick vectors, playing a critical role in the 
epidemiology of these diseases [2,5,9,13]. Therefore, understanding the 
current status of these asymptomatic carriers is important for assessing 
risk and devising effective disease control strategies. In addition, these 
strategies would be more effective, if they are designed in light of the 
potential risk factors and genetic diversity of causative pathogens in the 
endemic regions [5].

Paraguay is an agricultural country, where the livestock sector ac
counts for around 12 % of the GDP and plays a vital role in generating 
employment opportunities [14]. The cattle population in Paraguay, 
currently estimated to be approximately 12.7 million, freely grazes in 
the country’s vast grasslands [15]. Consequently, tick infestations are 
commonly observed, indicating a potential spread of tick-borne diseases 
[16]. However, limited epidemiological surveys in this country have 

resulted in a lack of information on tick-borne pathogens in cattle. An 
older study determined the sero-prevalence of B. bovis, B. bigemina, and 
A. marginale in Paraguay [17]. Recently, a PCR-based survey found that 
B. bovis and B. bigemina infections were common among cattle in this 
country [18]. However, the current epidemiological status of bovine 
Theileria species and A. marginale remains unknown. We hypothesized 
that the infections with Theileria species and A. marginale might be 
common among cattle in Paraguay, given the prevalence of their 
competent tick vectors, including the species of Amblyomma, Haema
physalis, Dermacentor, and Rhipicephalus [19]. The present study was, 
therefore, designed to assess the current epidemiological status of 
T. annulata, T. orientalis, and A. marginale infecting cattle in Paraguay, to 
identify the associated risk factors, and to analyze the genetic diversity 
of detected pathogens.

Fig. 1. Map of Paraguay showing its departments. The nine departments sampled in this study are highlighted in gray.

Table 1 
List of primers used in the present study.

Pathogen Target Primera (5′ - 3′) Annealing temperature (◦C) Size (bp) Reference

T. annulata tams1 Tams1F: ATGCTGCAAATGAGGAT 52 768 [20]
Tspms1R: GGACTGATGAGAAGACGATGAG

T. orientalis mpsp MPSP-F: CTTTGCCTAGGATACTTCCT 58 776 [6]
MPSP-R: ACGGCAAGTGGTGAGAACT

A. marginale msp5 AM-49F1: GTGTTCCTGGGGTACTCCTATGTGAACAA 68 547 [21]
AM-595R1: AAGCATGTGACCGCTGACAAACTTAAACAG

Anaplasma spp. 16S rRNA Asp16SF: GCTTAACACATGCAAGTCGAACGG 63 1202 This study
Asp16SR: CGGATTAGCTCAGCCTTGCGACGTT

groEL AspgroelF: GTATGCAGTTTGATCGCGGT 50 471 This study
AspgroelR: TAGTTCTGCTGGCAATAACT

a The letters “F” and “R”, appear after each primer name, denote forward and reverse primers, respectively.
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2. Materials and methods

2.1. Blood sampling and DNA extraction

The present survey used DNA extracted from blood samples of a total 
of 326 cattle [18]. These blood samples were collected between 2019 
and 2023 from apparently healthy cattle raised on several farms in nine 

departments of Paraguay, including Boquerón, Caaguazú, Caazapá, 
Concepción, Cordillera, Misiones, Paraguarí, Presidente Hayes, and San 
Pedro (Fig. 1). Blood samples were collected from each animal into 
EDTA tubes, and a few drops were spotted onto Fast Technology for 
Analysis of nucleic acids (FTA) cards (Whatman FTA Elute, GE Health
care Life Sciences, Chicago, IL, USA). The cards were air-dried and 
stored at room temperature until use. DNA samples were subsequently 
extracted from the dried blood spots according to the manufacturer’s 
instructions. All animal procedures were approved by the Animal Care 
and Use Committee of Obihiro University of Agriculture and Veterinary 
Medicine, Japan (approval number 21–4).

2.2. PCR detections of T. annulata, T. orientalis, A. marginale, and 
Anaplasma spp.

DNA samples were screened using previously described T. annulata-, 
T. orientalis-, and A. marginale-specific PCR assays targeting merozoite- 
piroplasm surface antigen (tams1), major piroplasm surface protein 
(mpsp), and major surface protein 5 (msp5) genes, respectively 
[6,20,21]. The PCR primers, reaction mixtures, and cycling conditions 
were described in a previous manuscript [22] (Table 1).

All A. marginale-negative samples were first screened using a PCR 

Table 2 
PCR detection of Theileria annulata, Theileria orientalis, and Anaplasma marginale 
in 326 cattle from nine departments of Paraguay.

Department No. sample No. positive sample (%)

T. annulata T. orientalis A. marginale

Boquerón 51 0 0 0
Caaguazú 3 0 0 0
Caazapá 1 0 0 0
Concepción 50 0 3 (6.0) 23 (46.0)
Cordillera 12 0 2 (16.6) 0
Misiones 1 0 0 0
Paraguarí 1 0 0 0
Presidente Hayes 177 5 (2.8) 3 (1.6) 31 (17.5)
San Pedro 30 0 0 5 (16.6)
Total 326 5 (1.5) 8 (2.4) 59 (18.0)

Fig. 2. Phylogenetic analysis of groEL gene sequence from Anaplasma species. The groEL gene sequences determined in the present study and those retrieved from the 
GenBank were used to construct a maximum likelihood phylogenetic tree. The Paraguayan sequences (highlighted in bold) occurred together with Candidatus 
Anaplasma cinensis sequences.
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assay targeting the 16S rRNA sequences of Anaplasma spp. Samples that 
tested positive in this assay were subsequently analyzed using a second 
PCR targeting the groEL (heat shock protein) gene of Anaplasma spp. 
Briefly, the 16S rRNA and groEL gene sequences of Anaplasma spp. 
infecting cattle, including Anaplasma centrale, Anaplasma bovis, Ana
plasma phagocytophilum, Anaplasma platys, and Candidatus Anaplasma 
cinensis, were aligned, and two sets of forward and reverse primers were 
designed based on conserved regions (Table 1). The reaction mixtures 
for these PCR assays included 1 μl of DNA sample, 1 μl of 10 × PCR 
buffer (Applied Biosystems, Branchburg, NJ, USA), 1 μl of 2 mM dNTP 
(Applied Biosystems, Branchburg, NJ, USA), 0.5 μl of 10 μM forward and 
reverse primers, 0.1 μl of 5 U/μl Taq DNA polymerase (Applied Bio
systems, Branchburg, NJ, USA), and 5.9 μl double distilled water. The 
reaction mixtures were then subjected to a pre-denaturation step at 
94 ◦C for 5 min, followed by 40 cycles of a denaturation step at 94 ◦C for 
30 s, an annealing step at 63 ◦C (16S rRNA) or 50 ◦C (groEL) for 1 min, 
and an extension step at 72 ◦C for 2 min, and then a final elongation step 
at 72 ◦C for 7 min.

The products from all the PCR assays were resolved on a 1.5 % 
agarose gel, stained with Midori Green Xtra (NIPPON Genetics EUROPE 
GmbH, Düren, Germany), and then observed under UV light. Detections 
of bands at approximately 768, 776, 547, 1202, and 471 bp indicated 
positive results for T. annulata, T. orientalis, A. marginale, Anaplasma spp. 
16S rRNA, and Anaplasma spp. groEL, respectively (Table 1).

2.3. Cloning and sequencing

All amplicons obtained from PCR assays targeting the Anaplasma 
spp. and T. annulata, as well as eight and eleven amplicons from PCR 
assays specific to T. orientalis and A. marginale, respectively, were 

extracted from the agarose gels using a commercial kit (NucleoSpin Gel 
and PCR Clean-up, Macherey-Nagel, Duren, Germany), and then cloned 
into a PCR 2.1 plasmid vector (PCR 2.1-TOPO, Invitrogen, Carlsbad, CA, 
USA). The resulting plasmids were purified and then sent to a com
mercial company for sequencing (Sigma-Aldrich, Tokyo, Japan). The 
obtained sequences were analyzed using the basic local alignment 
search tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to 
confirm their origins. In addition, the percent identity shared among the 
newly obtained sequences were calculated using EMBL-EBI Job 
Dispatcher sequence analysis tools [23].

2.4. Phylogenetic analyses

The newly obtained Anaplasma spp. 16S rRNA, Anaplasma spp. groEL, 
T. annulata tams1, T. orientalis mpsp, and A. marginale msp5 gene se
quences were aligned with corresponding sequences that had been 
already registered in GenBank, using an online multiple alignment in 
fast fourier transform (MAFFT) software (https://mafft.cbrc.jp/align 
ment/server/) [24]. The alignments were then analyzed with MEGA 
version X software to predict the best fitting substitutional models, based 
on the lowest Akaike information criterion values [25]. Finally, five 
maximum likelihood phylogenetic trees were constructed for the 16S 
rRNA, groEL, tams1, mpsp, and msp5 sequences, using General Time 
Reversible (GTR) (+G + I), GTR (+G + I), Tamura 3-parameter (+G), 
GTR (+G), and Kimura 2-parameter (+G) models, respectively [26].

2.5. Statistical analyses

P values were calculated using an ‘N1’ chi-squared test 
(https://www.medcalc.org/calc/comparoson_of_proportions.php) 
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Fig. 3. Phylogenetic analysis of Theileria annulata tams1 sequences. A maximum-likelihood phylogenetic tree was constructed using the five tams1 sequences 
determined in the present study (highlighted in bold), together with the sequences retrieved from the GenBank. The Paraguayan sequences occurred in multi
ple clades.
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[27,28] to determine whether the A. marginale-positive rates differed 
significantly between regions, age groups, sexes, cattle breeds, and 
grazing management practices. The differences were considered to be 
statistically significant, if the P values were < 0.05 [29].

3. Results

The PCR results showed that the surveyed cattle in Paraguay were 
infected with T. annulata, T. orientalis, and A. marginale (Table 2). The 
overall rate of A. marginale infection (18.0 %) was significantly higher 
than that of T. annulata (1.5 %) and T. orientalis (2.4 %). Of the nine 
departments surveyed, T. annulata, T. orientalis, and A. marginale were 
detected in one (Presidente Hayes), three (Concepción, Cordillera, and 
Presidente Hayes), and three (Concepción, Presidente Hayes, and San 
Pedro) departments, respectively. Cattle in Presidente Hayes depart
ment tested positive for all three surveyed pathogens (Table 2).

To determine if the surveyed cattle were infected with Anaplasma 
species other than A. marginale, the samples that tested negative in 
A. marginale-specific PCR assay underwent further analysis, using a PCR 
assay targeting the 16S rRNA sequences of Anaplasma spp. Of the 267 
A. marginale-negative samples, eight cattle in Presidente Hayes depart
ment tested positive. The sequences derived from the PCR amplicons 
(LC855097 - LC855104) shared high identity score (99.25–99.92 %) 

with the sequences from A. platys (KU586006), Ca. A. cinensis 
(MK814448), A. camelii (KF843823), and an uncultured Anaplasma 
species (OQ348130). In the phylogeny, these sequences clustered 
together and formed a monophyletic clade (Fig. S1). Since the 16S rRNA 
did not clearly differentiate A. platys and related species, we sequenced 
groEL gene from the positive samples. The resultant sequences 
(LC878018 - LC878025) shared 99.79–100 % identity scores with Ca. A. 
cinensis (MH716434), 87.47–87.90 % with A. platys (MN208237), and 
87.9–88.3 % with A. camelii (PP271386). In phylogeny, the newly 
determined groEL sequences occurred in Ca. A. cinensis clade (Fig. 2), 
suggesting that the Paraguayan cattle were infected with Ca. A. cinensis.

To verify the screening PCR results and determine the genetic di
versity of T. annulata, T. orientalis, and A. marginale, we sequenced the 
amplicons of the respective PCR assays and subjected the resulting se
quences to phylogenetic analyses. We found that the Paraguayan 
T. annulata tams1, T. orientalis mpsp, and A. marginale msp5 sequences 
clustered with known sequences from the same pathogen species in the 
respective phylogenetic trees, verifying our PCR results (Figs. 3, 4, and 
5). We observed that the newly determined T. annulata tams1 sequences 
(LC855073 - LC855077) shared 92.74–100 % identities among them and 
occurred in multiple phylogenetic clades, indicating a high genetic di
versity (Fig. 3). Similarly, the Paraguayan T. orientalis mpsp sequences 
(LC855078 - LC855085) shared 82.22–100 % identities among them, 

Fig. 4. Phylogenetic analysis of Theileria orientalis mpsp sequences. The eight mpsp sequences determined in the present study and those retrieved from the GenBank 
were used to construct a maximum likelihood phylogenetic tree. The Paraguayan T. orientalis sequences (highlighted in bold) occurred in clades representing ge
notypes 1, 2, and 3.
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and were found in three different phylogenetic clades, representing the 
genotypes 1, 2, and 3 (Fig. 4). By contrast, the A. marginale msp5 se
quences determined in the present study (LC855086 - LC855096) were 
conserved, sharing 99.48–100 % identities and forming a monophyletic 
clade (Fig. 5).

To identify the potential risk factors associated with A. marginale 
infection, we compared the positive rates across the regions, age groups, 
sexes, breeds, and management practices (Table 3). All 326 animals 
were analyzed for regions, while only 206 animals were analyzed for the 
other factors due to the unavailability of data for those variables. Our 
analyses found that the A. marginale-positive rates were comparable (P 
> 0.05) between ≤2-year-old (43.3 %) and > 2-years-old (26.1 %) age 
groups and between Bos taurus (15.7 %) and Bos indicus (29.9 %) cattle. 
By contrast, the positive rates were significantly higher (P < 0.05) in the 
Eastern region (28.5 %) than in the Western region (13.5 %), in males 
(48.4 %) than in females (19.2 %), and in cattle managed extensively 
(35.7 %) as compared to those managed semi-intensively (7.6 %).

4. Discussion

The present study demonstrated that the infections of T. annulata, 
T. orientalis, and A. marginale are common among cattle populations in 
Paraguay. These findings are consistent with those reported in studies 
from neighboring countries. Anaplasma marginale has been detected in 
Brazil, Argentina, and Uruguay, with prevalence rates similar to those 
observed in the present study [30–32]. Similarly, T. orientalis has been 

Fig. 5. Phylogenetic analysis of Anaplasma marginale msp5 sequences. A maximum-likelihood phylogenetic tree was constructed using the 11 msp5 sequences 
determined in the present study (highlighted in bold), together with the sequences retrieved from the GenBank. The Paraguayan sequences were found in a sin
gle clade.

Table 3 
Positive rates of A. marginale infection in relation to the regions, age groups, 
sexes, breeds, and management practices.

Risk factor No. samplea No. A. marginale-positive (%) P valueb

Region
Easternc 98 28 (28.5) 0.0013
Westernd 228 31 (13.5)

Age
≤2-year-old 30 13 (43.3) 0.0546
>2-year-old 176 46 (26.1)

Sex
Male 66 32 (48.4) <0.0001
Female 140 27 (19.2)

Breed
Bos taurus 19 3 (15.7) 0.1929
Bos indicus 187 56 (29.9)

Management practice
Extensive 154 55 (35.7) 0.0001
Semi-intensive 52 4 (7.6)

a The risk factor analysis for the regions involved 326 cattle, while 206 cattle 
were used for analyzing other variables.

b P values <0.05 were considered to be statistically significant.
c The following seven departments were surveyed in the Eastern region: 

Caaguazú, Caazapá, Concepción, Cordillera, Misiones, Paraguarí, and San 
Pedro.

d The following two departments were surveyed in the Western region: 
Boquerón and Presidente Hayes.
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reported in cattle and buffaloes in Brazil, albeit at low prevalence, which 
is consistent with our findings [33–35]. Additionally, a clinical case of 
bovine theileriosis was recently reported in Colombia [36]. In contrast, 
T. annulata has not been previously reported in this region. The absence 
of earlier reports on T. annulata and T. orientalis in Paraguay underscores 
the need for continued surveillance to understand the clinical signifi
cance of these Theileria species in this country.

We also detected an additional Anaplasma species, Ca. A. cinensis, in 
the surveyed cattle. This species has previously been reported in cattle 
[37] and in Rhipicephalus microplus ticks [38]. Given that R. microplus is 
endemic in Paraguay [19], the detection of Ca. A. cinensis in cattle is not 
unexpected. However, further research is needed to clarify its potential 
clinical impact, as the pathogenicity of Ca. A. cinensis in cattle remains 
unclear.

In some departments, cattle were negative for the surveyed pathogen 
species. However, this observation does not necessarily mean that these 
areas are free from the infections, because only a few samples were 
screened. The positive rates of detected pathogens varied among the 
departments, with Presidente Hayes being the only department where 
all four pathogens were detected. However, a fair comparison of the 
positive rates was not possible among the departments due to the small 
sample size.

The identification of risk factors associated with the infections is vital 
for managing the tick-borne infections [39]. Therefore, we analyzed 
potential risk factors associated with the A. marginale infection, omitting 
T. annulata and T. orientalis infections due to their low positive rates. We 
found that the positive rates of A. marginale infection varied based on the 
regions, sexes, and management practices. The higher positive rate of 
A. marginale in the East, as compared to that in the West, could be due to 
the higher rainfall levels, leading to more favorable conditions for tick 
vectors in the former [16]. On the other hand, the reason for higher 
positive rate in males than in females is unclear, but similar findings 
have been reported in previous studies [40,41]. Additionally, the higher 
positive rate in cattle managed extensively, compared to those managed 
semi-intensively, may be due to greater tick exposure in the former [42].

The genetic diversity of T. annulata, T. orientalis, and A. marginale 
may have implications for the control of bovine theileriosis and 
anaplasmosis [33,43]. The observed high diversity of T. annulata tams1 
sequences may prevent the reliable use of tams1-based PCR and TAMS1 
antigen-based serological assays for the surveillance of T. annulata 
infection in Paraguay [44]. On the other hand, the presence of 
T. orientalis genotype 2, the most virulent genotype of T. orientalis, 
suggests that oriental theileriosis may be of clinical significance in 
Paraguay [6,45]. Additionally, the A. marginale msp5 sequences deter
mined in the present study were conserved, suggesting that diagnostic 
assays targeting the msp5 and the encoded antigen would be suitable for 
the surveillance of A. marginale infection in Paraguay [9,46].

The detection of T. annulata, T. orientalis genotype 2, and 
A. marginale indicate that cattle populations in Paraguay are at risk of 
clinical theileriosis and anaplasmosis [9,13,33,47,48]. Therefore, sur
veillance of clinical cases, followed by timely and effective treatment, is 
crucial to minimize the potential economic losses. Since the choice of 
treatment depends on the specific pathogen involved, accurate detection 
of the causative agents is essential [11,43,49,50]. In this context, the 
observed genetic diversity of T. annulata and T. orientalis underscores the 
need for reliable diagnostic tools capable of detecting a wide range of the 
field strains. Additionally, to prevent the pathogen transmission, 
implementing tick control strategies is critical, particularly for high-risk 
cattle [39]. Taken together, a coordinated approach that integrates 
surveillance, diagnostics, treatment, and vector control, will be essential 
for effectively managing bovine theileriosis and anaplasmosis, thereby 
safeguarding cattle health in Paraguay.

In conclusion, the present study confirmed that T. annulata, 
T. orientalis, and A. marginale infections, which are of clinical and eco
nomic significance, infect cattle populations in Paraguay. Our findings 
highlight that managing bovine theileriosis and anaplasmosis is 

important for sustainable cattle industry in this country.
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