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Abstract

Ticks and tick-borne pathogens (TBPs) have a significant economic impact on livestock. In
Nepal, only limited information is available for the molecular identification of ticks and TBPs.
This study aims to address this major challenge by providing data on the diversity of TBPs in
Nepalese cattle, along with molecular sequences to facilitate accurate identification. A total of
145 cattle blood samples were collected from Pokhara (n = 70) and Madi (n = 75). The cattle
were also examined for tick infestations, and the detected ticks were subjected to
morphological identification, followed by molecular characterization using the cytochrome ¢
oxidase subunit I (COI) gene. The heat shock protein (groEL) and citrate synthase (g/t4) genes
were targeted for screening Anaplasmataceae. Piroplasmida infections were initially screened
using nested polymerase chain reaction (PCR) targeting the 18S ribosomal RNA gene.
Theileria orientalis and Anaplasma marginale were further characterized by the major surface
protein 4 (MSP4) gene. Rhipicephalus microplus was the only tick species detected in the
examined cattle. Overall, 29.7% (43/145) of the cattle examined were infected with at least one
TBP, with 3.4% (5/145) being co-infected with more than one TBP. The detection rate of TBPs
was 20% (n = 29) for A. marginale, 3.4% (n = 5) for Anaplasma bovis, 6.2% (n =9) for T.
orientalis, and 4.1% (n = 6) for Theileria annulata. The phylogenetic analysis showed that two
genotypes of A. marginale and T. orientalis (types 5 and 7) were present in cattle. This study
provides preliminary baseline data on the prevalence and genetic diversity of ticks and TBPs
in cattle in Nepal.

Keywords: Cattle, Nepal, Rhipicephalus microplus, Tick-borne pathogens

Introduction
Cattle have major cultural/economic importance in Nepal and contribute ~50% of the nation’s

total milk production (Lohani 2010; Paudel et al. 2021; AITC 2024). In Nepal, the dairy sector
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contributes 62.6% to the livestock GDP (AITC 2024). However, production losses in dairy cows
are attributed to blood feeding of ticks and the diseases caused by tick-borne pathogens (TBPs)
(Uilenberg 1992; Singh et al. 2022).
Ticks are hematophagous ectoparasites that can infest a wide range of hosts and transmit a
variety of TBPs to humans and animals (Vongphayloth et al. 2016; Jongejan and Uilenberg
2004). Rhipicephalus microplus is a one-host tick which affects cattle production directly
through weight loss and skin damage, and indirectly through pathogen transmission (De Castro
1997; Burger et al. 2014). The taxonomy of R. microplus is complex and not yet fully
understood. It was previously classified under the genus Boophilus, which is now considered
a subgenus within Rhipicephalus. Rhipicephalus microplus is a member of a species complex
that includes several poorly characterized species. Accurate identification often requires input
from expert taxonomists in combination with molecular data (Estrada-Pena et al. 2012; Roy et
al. 2018).
Tick-borne diseases of cattle are mainly caused by protozoan and Anaplasmataceae pathogens,
including babesiosis, theileriosis, anaplasmosis, and ehrlichiosis (Derso and Demessie 2015;
Dantas-Torres and Otranto 2017a; Spare et al. 2020; Jacob et al. 2020). Tick-borne diseases
impose significant economic losses, exceeding $300 million annually in Latin America and
Africa, while in India, TBPs are associated with an estimated 20% reduction in milk production
(Minjauw and McLeod 2003; Singh et al. 2012; Grisi et al. 2014).
Anaplasmosis in bovines is characterized by fever, severe anemia, jaundice, respiratory distress,
and abortion, and occurs more frequently in adult animals (Derso and Demessie 2015).
Anaplasma marginale is the most pathogenic species transmitted by ticks like Dermacentor and
Rhipicephalus (Dantas-Torres and Otranto 2017b; George et al. 2017). Anaplasma bovis is
transmitted by Rhipicephalus and Haemaphysalis ticks (Atif 2016; Dantas-Torres and Otranto

2017b). In addition to ticks, the mechanical transmission of Anaplasma species via Tabanus
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flies, infected surgical instruments, and needles has been recorded. (Dantas-Torres and Otranto
2017b).

Major species of Babesia infecting bovines include Babesia bovis, Babesia bigemina, and
Babesia divergens (Bock et al. 1997; Brown et al. 2006; Filipe et al. 2024). Rhipicephalus
microplus is the primary vector of B. bovis and B. bigemina, whereas B. divergens is transmitted
by Ixodes ricinus (Filipe et al. 2024). Bovine babesiosis manifests as fever, anemia,
hemoglobinuria, and neurological signs (in the case of B. bovis), and is associated with moderate
to high mortality (Enbiyale et al. 2018).

Among the many Theileria species, Theileria parva is responsible for East Coast fever (ECF)
or corridor disease, while Theileria annulata is responsible for tropical theileriosis (Singla and
Kaur 2022). Theileriosis in bovines is characterized by fever, lymphadenopathy, pulmonary
edema, and diarrhea, with a mortality risk in cases of ECF (Norval et al. 1991; Onizawa and
Jenkins 2024). Tropical theileriosis presents with similar clinical signs to ECF; however, T.
annulata also invades red blood cells, causing anemia, jaundice, and hemoglobinuria. In
addition, Theileria orientalis is a member of the relatively benign Theileria group (Fujisaki et
al. 1994; Yokoyama et al. 2012). In Asia, Haemaphysalis ticks serve as vectors of the benign
Theileria group (Sugimoto and Fujisaki 2002). Based on the sequence analysis of the major
piroplasm surface protein (MPSP) gene, T. orientalis can be divided into 11 genotypes including
Chitose (Type 1), Ikeda (Type 2), Bufteli (Type 3), Types 4-8, and N1-N3. Among these, the
Chitose and Ikeda genotypes are pathogenic (Sivakumar et al. 2014; Gebrekidan et al. 2016).
In Nepal, 9 tick species, including Haemaphysalis aponommoides, Haemaphysalis bispinosa,
Ixodes acutitarsus, Dermacentor everestianus, R. microplus, Haemaphysalis nepalensis, Ixodes
ovatus, Ixodes nuttallianus, Hyalomma marginatum isaaci and one uncharacterized
Amblyomma sp., have been reported to infest cattle (Hoogstraal 1962, 1971; Clifford et al. 1971,

1975; Gupta et al. 2013; Apanaskevich et al. 2014; Bohara and Shrestha 2016; Dhital 2018; Pun
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et al. 2018). Microscopic examination of blood smear found A. marginale in 5.8% and B. bovis
in 0.6% of cattle in mid-western Nepal (Bohara and Shrestha 2016). Polymerase Chain reaction
(PCR)-based investigations showed the A. marginale infection in 7.5% of cattle in Morang,
Rupandehi, and Surkhet Districts of Nepal (Pathak et al. 2023) and piroplasma infection in
42.5% of cattle in Kathmandu valley (Dhakal et al. 2023). In Hyalomma ticks collected from
cattle, 24.1% (114/472) tested positive for T. annulata by microscopic examination of stained
salivary glands (Gupta et al. 2013).

In Nepal, molecular data on the genotypic profiles of ticks and TBPs in cattle remain limited.
This constrains the ability of local researchers to accurately identify tick species and TBPs
affecting the cattle. Therefore, this study provides valuable data to support the molecular

identification of a key cattle tick species and several important TBPs in Nepal.

Methodology:

Study area and sample collection:

A cross-sectional study was conducted from August to October 2022. The study area was
stratified into two regions: the mid hill (Pokhara - 28.2083° N, 83.9888° E; Kaski District) (n
= 70) and the Lowland Terai (Madi - 27.4552° N, 84.3184° E; Chitwan District) (n = 75).
Pokhara is in the Kaski District of Gandaki Province, whereas Madi Municipality is in the
Chitwan District of Bagmati Province. Both are recognized as dairy pocket areas of Nepal. It
is surrounded on three sides by the national park and to the south by the Churehill: a buffer
zone of the Chitwan National Park (Fig. 1). The objective of selecting two regions was to
compare the prevalence of TBPs between them. In both sites, integrated farming practices,
either traditional or semi-commercial system, were commonly used.

A two-stage random sampling approach was employed. In the first stage, 109 cattle farms were

randomly selected based on the sample size calculation (Daniel 1999): 46 from Pokhara
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Metropolitan City and 63 from Madi Municipality (Supplementary File 1). The number of
cattle per household in Nepal is generally low; for example, herds of 2—4 animals were most
frequently reported in a previous study (Broaddus-Shea et al. 2020). In Pokhara Metropolitan
City, the median herd size was 3 animals (mean = 9), while in Madi Municipality the median
was 4 animals (mean = 7). In the second stage, proportional sampling was conducted based on
herd size. Specifically, one animal was randomly selected from herds comprised fewer than 15
animals; two animals from herds of 16-25 animals; and three animals from herds of 26-34
animals. This sampling strategy was applied consistently throughout the study (Supplementary
Table 1). In total, 145 cattle (70 from Pokhara Metropolitan City and 75 from Madi
Municipality) were selected. From each individual animal, approximately 5 ml of whole blood
was collected from the jugular vein into an EDTA vacutainer tube. The collected samples were
stored in the laboratory of the National Trust for Nature Conservation Lab, Sauraha (NTNC —
BCC) for further work.

A total of 600 tick samples were collected by hand from 145 cattle. Approximately 2—5 ticks

were collected from each animal and preserved in 70% ethanol using separate 2ml tubes.

Morphological identification of ticks

Ticks were morphologically examined and classified into male, female, and nymphs using a
stereomicroscope (Olympus SzX16, Tokyo, Japan).
The Rhipicephalus subgenus Boophilus contains five accepted species. Tick specimens in this
study were identified to species level using keys and descriptions by Walker et al. (2003)

and Feldman-Muhsam and Shechter (1970).

DNA extraction and PCR
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DNA was extracted from a 500 pl blood sample with DNAzol® BD (MRC, Cincinnati, OH,
USA) following the manufacturer’s protocol and stored at — 30 °C for further use. The presence
of Anaplasmataceae was first screened by using the EHR PCR assay targeting 16S ribosomal
RNA gene (rDNA) (about 345 bp) as described previously (Parola et al. 2000). All samples
that tested positive for EHR PCR were further characterized by heat shock protein (groEL)
gene and citrate synthase (g/¢4) gene PCRs. Additionally, major surface protein 4 (MSP4) gene
PCR was performed to further characterize A. marginale (De la Fuente et al. 2003). Babesia,
Theileria, and Hepatozoon parasites were screened by using the BTH nested PCR assay to
amplify almost the entire length of the 18S rDNA (1,400 — 1,600 bp) (Masatani et al. 2017).
The samples positive for 7. orientalis were further characterized using the MPSP gene as
described previously (Ota et al. 2009). The details of the primers and the expected amplicon
sizes are provided in Table 1.

After morphological identification, ticks were grouped by developmental stage and sex. From
each group, 10 samples were selected for DNA extraction. The ticks preserved in 70% ethanol
were washed with distilled water before processing. For molecular identification, DNA was
extracted from selected ticks using DNAzol® (MRC, Cincinnati, OH, USA) according to the
manufacturer’s protocol and stored at -30 °C. The morphological identification of selected ticks
was verified by amplification of a 653 bp-fragment of the cytochrome ¢ oxidase subunit I (COI)
gene (Folmer, et al. 1994).

All PCR reactions were conducted in a 25 pl reaction mixture containing 12.5 ul of 2x TaKaRa
Ex Premier™ DNA Polymerase (Takara Bio Inc., Shiga, Japan), 0.5 pl of 200 nM of each
primer, 1.0 pl of template DNA, and molecular grade water for volume adjustment. The cycling
conditions were set with an initial denaturation at 94 °C for 1 min, followed by 35 cycles of
denaturation at 98 °C for 10 sec, annealing at each temperature shown in Table 1 for 15 sec,

and extension at 68 °C for 1 min/kb, and final extension at 68 °C for 5 min. In each PCR,
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molecular-grade water and DNA from each target organism were included as negative and
positive controls, respectively. The PCR products were subjected to 1.5% agarose gel
electrophoresis, stained with Gel-Red (Biotium, Hayward, CA, USA), and visualized under

UV light.

In-Fusion cloning

Samples exhibiting double peaks in the electropherograms from the direct sequencing of
second BTH-PCR products were chosen for In-Fusion cloning to acquire sequences from
individual colonies. The PCR products generated using the BTH infusion 2nd F and BTH
infusion 2nd R primers were purified and subsequently cloned into the pUC19 vector (TaKaRa
Bio Inc.). The In-Fusion reaction was carried out in a 10 pl volume containing 2.0 pl of 5% In-
Fusion HD Enzyme Premix vector (TaKaRa Bio Inc.), 1.0 ul of PCR-linearized pUC19 vector,
200 ng of each purified PCR fragment, and molecular-grade water. The infusion reaction
condition and circumstances were established as previously outlined (Pandey et al. 2024).
Sanger sequencing
All the amplicons generated by 2nd g/t4 gene PCR and the MSP4 gene PCR were purified using
the NucleoSpin Gel and PCR Clean-Up Kit (Macherey-Nagel, Diiren, Germany) and sequenced.
Based on the species identified from the obtained gl/t4 gene and MSP4 gene sequences, five
samples per Anaplasma species were randomly selected from the second groEL gene PCR for
sequencing. Sequencing was performed using the Big Dye Terminator version 3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA, USA) on an ABI Prism 3130 x genetic

analyzer (Applied Biosystems) according to the manufacturer's instructions.

Phylogenetic analysis
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Sequence editing, including the trimming of primer annealing sites, was conducted using
ATGC software version 9.1 (GENETYX Corporation, Tokyo, Japan). Phylogenetic analysis
was performed with Molecular Evolutionary Genetics Analysis (MEGA) version 7 (Kumar et
al. 2016). Sequence alignment was performed with ClustalW, comparing the obtained
sequences with those of closely related organisms from GenBank. The best substitution model
was determined prior to constructing the phylogenetic tree using the find best DNA/protein
model in MEGA version 7. The maximum likelihood phylogenetic trees were constructed in
MEGA using the General Time Reversible model for groEL gene and Kimura 2 parameter
model for g/t gene of A. marginale and A. bovis, Tamura-Nei 93 model for 18S rDNA of T.
orientalis and 7. annulata, Tamura 3 parameter model for MPSP gene of T. orientalis and COI

gene of R. microplus. Bootstrap values were obtained with 1,000 replicates.

Statistical analysis

To assess the influence of various host related factors (age, sex, breed, and location) on the
prevalence of TBPs in the cattle studied, Fisher’s exact test was performed using GraphPad
Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). In addition, the odds ratios
and the corresponding 95% confidence intervals were evaluated. P < 0.05 was considered

statistically significant.

Results

Tick identification

In total, 600 ticks at different stages of feeding were collected from cattle in two districts. All
collected ticks were identified as R. microplus (160 male, 415 Female, 25 nymph) (Fig. 2). A
total of 30 samples were randomly selected for sequencing comprising 10 samples each from

males, females and nymphs. The COI sequencing confirmed the identity of R. microplus. Six
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different haplotypes were obtained among the 30 sequenced samples. In the phylogenetic

analysis, all R. microplus from this study clustered within clade C (Fig. 3).

Detection of bacterial pathogens

Anaplasmataceae was detected in 23.4% (34 /145) of the tested cattle by EHR-PCR. Nested
PCRs targeting the groEL, gltA, and MSP4 genes detected A. marginale with an infection rate
of 25.7% (n = 18) in Pokhara and 14.7% (n = 11) in Madi. The infection rate of A. bovis was
1.5 % (n=1) in Pokhara and 5.3% (n =4) in Madi, as determined by the nested PCR targeting
the groEL and glt4 genes.

The infection rate of Anaplasma (n = 8; 32.0%) was higher in calves than in adult cattle (n =
26; 21.7%), which was not statistically significant. There was also no significant difference in
infection rates between sex and breed of cattle (p > 0.05). The infection rate of Anaplasma was
higher in Pokhara (n = 19; 27.1%) than in Madi (15; 20.0%), but no significant association was
found between location and infection rates.

The groEL gene sequences of A. marginale (LC872887 — LC872891) showed 99.41 —
100.00 % (1,108/1,109 bp — 1,109/1,109 bp) identity to A. marginale (CP006847) reported
from cattle in Australia. The groEL gene sequences of A. bovis from this study (LC872882 —
LC872886) were 96.17% — 99.25% (1,005/1,045 bp — 1,002/1,045 bp) identity to 4. bovis
(KX987399) found in a tick in China. The gl/t4 gene sequences of A. marginale (LC871906 —
LC871934) showed 99.29% — 100.00% (419/422 bp — 422/422 bp) identity with 4. marginale
(JQ839004) reported from cattle in the Philippines. The glt4 gene sequences of A. bovis
(LC871935 — LC871939) showed 91.45 — 92.40% (385/421 bp — 389/421 bp) identity to A.
bovis (MH255913) reported from goat in China. The MSP4 sequences of A. marginale

(LC871940 — LC871968) showed 99.74% — 100.00% (769/771 bp — 771/771 bp) identity with

10
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A. marginale (KX989514) from cattle in India and A. marginale (JN564648) from cattle in
Mexico.

Phylogenetic analysis based on groEL and git4 genes showed that the sequences of A.
marginale (LC872887, LC872891, LC871906, and LC871923) and A. bovis (LC872882,
LC872886, LC871939, and LC871935) obtained in this study were identical (or almost so) to
A. marginale (JQ839013, FJ226455, LC664078, and AF414864) and A. bovis (KX987399,
0Q185211, OM648128, MH255906, and OM648127) reported from other countries (Figs 4,
5). The phylogenetic analysis revealed that the MSP4 gene sequences of A. marginale were
divided into two clusters (Fig. 6). One sequence (LC871940) clustered with A. marginale
sequences previously reported from Taiwan (EU677383), India (OMO039457), and China
(MW772454, KX904527), while the other sequence (LC87960) clustered with sequences from

Thailand (MH939156) and Mexico (JN564646).

Detection of protozoan pathogens

BTH PCR targeting Babesia, Theileria, and Hepatozoon parasites was positive in 8.9%
(13/145) of tested cattle; 10.0% (7/70) in Pokhara and 6.0% (8/75) in Madi (Table 4). In
Pokhara, the infection rates of 7. orientalis and T. annulata were 4.3% (3/70) and 7.1% (5/70),
respectively. In Madi, the infection rates of T orientalis and T. annulata were 8.0% (6/75) and
1.3% (1/75) respectively. However, none of the samples tested positive for Babesia and
Hepatozoon. BLAST analysis revealed that the 18S rDNA sequences of 7. annulata obtained
in this study (LC872902 — LC872906) had 99.93% (1,492/1,493 bp) identity with 7 annulata
(MN944852) reported from cattle in Italy. The 18S rDNA sequences of 7. orientalis (LC872892
— LC872900) showed 99.93% (1,507/1,508 bp) identity to Theileria sp. reported from cattle in
India (OR067890), 99.47% — 100.00% (1,496/1,504 bp — 1,424/1,424 bp) identity with T.
orientalis reported from cattle in India (MF576178), and Japan (LC576817). The MPSP gene

sequences of 7. orientalis (LC872594 — LC872602) showed 99% — 100.00% (676/677 bp —

11
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659/659 bp) identity with 7. orientalis reported from Thailand (KU886281), Myanmar
(AB871365), India (PV565058) and Bangladesh (PP297118).

The infection rate of Theileria spp. was higher in calves (12.0%, 3/25) than in adult cattle (8.3%,
10/120) with no statistical significance. Similarly, no significant association was found
between Theileria spp. infection rates and sex, breed of cattle, or sampling location.

The phylogenetic tree based on 18S rDNA sequences revealed that the Theileria sequences
obtained in this study clustered with T orientalis and T. annulata reported from other countries.
The 18S rDNA phylogenetic tree showed that the 7. orientalis sequences obtained in this study
are divided into two clusters. One cluster consists of isolates from Korea, Australia, Myanmar,
China, India, and Pakistan, while the other included isolates from Myanmar, China, and Japan.
The T. annulata sequences obtained in this study clustered with the 7. annulata sequences
reported from China (KF559356 and EU083799) (Fig. 7).

Phylogenetic analysis of MPSP genes revealed two genotypes of 1. orientalis belonging to
types 5 and 7. Six samples from Madi belonged to 7. orientalis type 7 and were closely related
to T. orientalis reported from Thailand, Japan, and Indonesia, while three samples from

Pokhara belonged to 7. orientalis type 5 (AB218430, AB081329, and AF102500) (Fig. 8).

Detection of mixed infections

The overall infection rate with at least one TBP was 29.7% (43/145). A single infection was
detected in 26.2% (38/145) of the cattle, while 3.4% (5/145) were co-infected with multiple
TBPs (Table 3). Among the TBPs in cattle, A. marginale was the most common with a detection
rate of 20% (29/145). This was followed by 7. orientalis with 6.2% (9/145), T. annulata with

4.1% (6/145), and A. bovis with 3.4% (5/145) (Table 2).

Discussion
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Ticks are obligatory hematophagous ectoparasites infesting animals as well as humans and acts
as vectors of numerous pathogens that cause serious diseases. The impacts of ticks and TBPs
results in considerable economic losses worldwide (Jongejan and Uilenberg 2004). There have
been several molecular studies of ticks and TBPs in the countries neighboring Nepal, including
China and India. However, molecular investigations of the ticks and TBP in cattle in Nepal have
been extremely limited until now. This is the first molecular study of ticks and Anaplasmataceae
pathogens and the second study on piroplasms in cattle in Nepal.
Our study detected only R. microplus on cattle sampled from Pokhara and Madi. This is in
contrast with previous studies conducted in Nepal, where several other species in the genera
Haemaphysalis, Ixodes, Amblyomma, and Hyalomma were apparently detected (Gupta et al.
2013; Bohara and Shrestha 2016; Dhital 2018). For example, Bohara and Shrestha (2016)
reported R. microplus as the dominant species, with a 96.8% (150/155) prevalence, followed
by Haemaphysalis spp. at 1.9% (3/155), Ixodes sp. at 0.6% (1/155) and Amblyomma sp. at
0.6% (1/155) in cattle in mid-western Nepal. Similarly, Dhital (2018) documented a prevalence
of R. microplus of 95.2% (278/292) in cattle from Chitwan, Haemaphysalis spp. at 2.3%
(7/292), Ixodes spp. at 1.4% (4/292), and Amblyomma spp. at 1.1% (3/292). The difference
may be attributed to variations in sampling location, season, and tick management programs in
each area (Monakale et al. 2024).
Previous studies have indicated that the R. microplus complex consists of at least 5 taxa
including R. annulatus, R. australis, and three clades of R. microplus (clades A, B, and C)
(Burger et al. 2014; Low et al. 2015). The phylogenetic analysis in our study revealed that the
obtained R. microplus sequences belonged to clade C of the R. microplus complex which is
widespread on the Indian subcontinent, in Southern China, and Malaysia (Low et al. 2015). The
transport of live cattle from India to other region may have contributed to the distribution of

clade C (Low et al. 2015). Rhipicephalus microplus is a tick species of significant veterinary
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importance due to its invasive capabilities and its role as a vector of several pathogens such as
A. marginale, B. bovis, and B. bigemina (Jongejan and Uilenberg, 2004; Kanduma et al., 2020).
The control of R. microplus is particularly challenging due to the widespread occurrence of
acaricide-resistant populations worldwide (Abbas et al. 2014; Roy et al. 2018).
The overall infection rate of Anaplasma spp. was 23.4% (34/145), which is higher than those
reported in the previous microscopic examinations conducted in Nepal as PCR-based assays
have higher sensitivity than microscopic examination. Previous microscopic examinations of
Anaplasma spp. in cattle detected prevalences of 3.5% — 9.7% in the eastern part of the country
(Shretha and Singh 1999; Acharya and Pradha, 1996; Shrestha et al. 2017) and 8.8% in Gorkha
District (Khankhawash, 2018). Similarly, Pathak et al. (2023) reported that 7.5% (9/120) of
cattle in the Morang, Rupandehi, and Surkhet Districts tested positive for Anaplasma spp.
Anaplasma marginale was the most common pathogen, with an overall prevalence of 20.0%
(29/145) with 25.7% (18/70) in Pokhara and 14.7 % (11/75) in Madi. This prevalence is notably
higher than that reported by Bohara and Shrestha (2016) in the mid-western region of Nepal
with infection rate of 5.8% (9/155). Rhipicephalus microplus is considered to be the primary
vector of A. marginale (Futse et al. 2003), which is the dominant tick species infesting cattle
in Nepal (Bohara and Shrestha, 2016). Anaplasma marginale has also been reported from other
Asian countries, with varying detection rates 9 — 18.3% in Pakistan (Ashraf et al. 2021; Zafar
et al. 2022), 10.5% in Bangladesh (Mohanta et al. 2023), 43.3 % in Sri Lanka (Zhyldyz et al.
2019), 16.4 — 23.7% in India (George et al. 2017), and 31.6% in China (Yang et al. 2017). This
variation may be due to factors such as sample size, geographical location, climatic conditions,
abundance of vector, time of sampling, difference in detection methodology, and other
husbandry practices (Fatima et al. 2024). The phylogenetic analysis based on g/t4 and MSP

genes showed that two genotypes of A. marginale are present in Nepal.
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In the present study, we reported an overall prevalence of A. bovis of 3.4% (5/145), 1.4% (1/70)
in Pokhara and 5.3% (4/75) in Madi. Our results are consistent with previous study of South
India reporting infection rate of 3.3% (5/150) (Nair et al. 2013). Anaplasma bovis has been
reported from various countries across the world with 63.7% in Bangladesh (Mohanta et al.
2023), 11.4 % in China (Zhou et al. 2023), 7.8% in Pakistan (Igbal et al. 2019), and 2.0% in
Malawi (Chatanga et al. 2022). Anaplasma bovis is considered non-pathogenic but can be fatal
in case of co-infection with other TBPs (Jurkovi¢ et al. 2020). In China, 4. bovis has also been
detected in humans with severe health implications (Lu et al. 2019). Two distinct 4. bovis
sequences were obtained in this study, and in the phylogenetic tree based on gl/t4 and groEL
genes, these sequences clustered with 4. hovis reported from other countries (Fig. 4 and Fig. 5).
Overall infection rate of 7 annulata was 4.1% (6/145), with 7.1% (5/70) in Pokhara and 1.3%
(1/75) in Madi. The infection rate is comparable to the one reported from China, with an
infection rate of 2.9% (Junlong et al. 2015) but notably lower than those reported in H.
marginatum isaaci in Eastern Nepal (24.2%; Gupta et al. 2013), in cattle from China (22.5%;
Qi et al. 2018), and in cattle from India (32.4%; George et al. 2015). The infection rate of 7.
orientalis was 4.3% in Pokhara (3/70) and 8.0% (6/75) in Madi, with the overall prevalence of
6.2% (9/145). The presence of T. orientalis has been reported in other Asian countries, with
varying prevalence rates, including 4.8% in India (George et al. 2015), 13.8% in Vietnam
(Khukhuu et al. 2011), 53.5% in Sri Lanka (Sivakumar et al. 2013), 36.2% in Myanmar (Bawm
et al. 2014), 0.6% in China (Qi et al. 2018), and 10.0-64.8% in Japan (Ota et al. 2009).

In the phylogenetic tree based on 18S rDNA, the obtained 7. annulata sequence was identical
and belonged to the same clade as the one reported from China (Fig. 7). However, the T.
orientalis sequences obtained in this study belong to two different clades. Similarly,
phylogenetic analysis of 7. orientalis based on the MPSP gene revealed the presence of two

genotypes (types 5 and 7), with type 5 being the most abundant. These genotypes have been
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reported in India (George et al. 2015), Thailand (Altangerel et al. 2011b), Vietnam (Khukhuu et
al. 2011), Sri Lanka (Sivakumar et al. 2013), Mongolia (Altangerel et al. 2011a), China (Qi et
al. 2018), Myanmar (Bawm et al. 2014), and Japan (Ota et al. 2009; Yokoyama et al. 2011).

In this study, 29.7% (43/145) of cattle were positive for at least one TBP, with an overall
infection rate of 20.0% for A. marginale, 3.4% for A. bovis, 6.2% for T. orientalis, and 4.1% for
T. annulata. This is higher than previous studies conducted in different regions of Nepal.
Previous microscopic-based surveys showed an overall prevalence of TBP in cattle of 6.4%
(10/155) in the mid-western region of Nepal (Bohara and Shrestha 2016), 16.3% (13/80) in
Gorkha (Khankhawash 2018), and 9.1% (26/285) in Kathmandu valley (Poudel et al. 2023).
The co-infection of different TBPs is complex and includes ecological, epidemiological, and
clinical factors (Baneth 2014; Diuk-Wasser et al. 2016). In this study, co-infection of Anaplasma
spp. and Theileria spp. was 3.4% (5/145), which is comparable to the 4.9% reported by Zeb et
al. (2020), in cattle from Pakistan. The co-infection of two pathogens is a significant
consideration in farm management, since it hinders accurate diagnosis and management of
infection in animals (Fatima et al. 2024). In some cases, co-infection with multiple pathogens
can increases disease severity (Diuk-Wasser et al. 2016; Liu et al. 2023).

Age-wise analysis showed that young cattle had higher infection rates than adults for
Anaplasma spp. (32.0% vs 21.7%) and Theileria spp. (12.0% vs 8.3%) although this pattern
was not statistically significant. These results are consistent with Fatima et al. (2024) who
reported no significant age-related pattern of Theileria infections in the cattle in India, but
contrast with Ullah et al. (2021), who reported a significant association between age and 7.
annulata infections. The higher infection in young cattle may be due to immunological naivety
(Ullah et al. 2021). Our study showed that female cattle had a higher prevalence of both
Anaplasma spp. (23.6%) and Theileria spp. (9.4%) compared to male, which had prevalence

rates of 22.2% and 5.6%, respectively. However, these differences were not statistically
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significant, which is consistent with a previous report conducted in Nepal (Pathak et al., 2023).
The infection rates of TBPs were higher in Pokhara than in Madi, but there was no significant
difference between infection rate and sampling site. The different prevalence rates of TBPs in
the study area may be influenced by different climatic conditions in different ecological zones
as well as the breed of cattle, farming system, and the biology of the tick vector (Ali et al. 2019;
Zeb et al. 2020; Ullah et al. 2021). The presence of other wildlife reservoirs may also impact
the prevalence of these TBPs in cattle (Gebrekidan et al. 2016).
Previous studies have reported Babesia spp. in other regions of Nepal (Bohara and Shrestha
2016; Poudel et al. 2023; Dhakal et al. 2023). However, no Babesia infection was found in this
study, which may be related to several factors including vector abundance and sampling season.
Further comprehensive investigations are needed to assess Babesia infection in cattle in Nepal.
The limitations of this study include sampling restricted to two areas, a relatively short sampling
period, a small sample size, and the selective collection of ticks from animals. It is also essential

to evaluate the clinical significance of the detected TBPs in cattle in future studies.

Conclusion

The present study revealed the occurrence and genetic diversity of 4. marginale, A. bovis, T.
annulata, and T. orientalis in cattle in Nepal. These findings contribute to the existing data and
support future research aimed at understanding the prevalence of ticks and TBPs in the study
area. The absence of Babesia infection in the tested samples highlights the need for further
investigation in Nepal. Further studies should incorporate larger sample sizes from diverse

climatic regions to better understand the nationwide distribution of ticks and TBPs in cattle.

Acknowledgements

17



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

The authors express gratitude to the animal owners for their cooperation during the sampling.
The authors would like to thank the staff of Veterinary Hospital and Livestock Service Expert
Center, Kaski, for their assistance in sampling, to all the staff of the Center for Biotechnology,
Agriculture and Forestry University, Chitwan, for their cooperation in the laboratory work. and

to Lalit Pathak for his support to this work.

Author contribution:

Conceptualization: G.S.P. and R.N.; Data curation: G.S.P. and N.H.; Funding acquisition: R.N.;
Investigation: G.S.P., C.R.P.,, A.S., and P.M., R.B., and N.H.; Methodology: G.S.P., R.N., and
N.H.; Project administration: N.N. and R.N.; Resources: G.S.P., A.S., R.B., N.N., and R.N_;
Supervision: N.N. and R.N.; Visualization: G.S.P. and N.H; Writing— original draft: G.S.P,;
Writing— review & editing: G.S.P., A.S., N.N., N.H., C.R.P.,, M.L.K, and R.N. All authors read
and approved the final manuscript.

Funding:

This study was supported in part by the Japan Society for the Promotion of Science (JSPS)
KAKENHI (grant numbers JP24KKO0133, and JP25K02166); the Japan Agency for Medical
Research and Development (AMED) (grant number JP23wm0225034); Heiwa Nakajima
Foundation; the World-leading Innovative and Smart Education (WISE) Program (1801) from
the Ministry of Education, Culture, Sports, Science and Technology, Japan. The funders had
no role in study design, data collection and analysis, decision to publish, or preparation of the

manuscript.

Data Availability
The sequence obtained were submitted to the DNA Data Bank of Japan (DDBJ) under

accession number LC874703 — LC874732 for COI gene of R. microplus, LC871906 —

18



446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

LC871934 for gltA gene of A. marginale, LC871935 — LC871939 for gitA gene of A. bovis,

LC872887 — LC872891 for groEL gene of A. marginale, LC872882 — LC872886 for groEL

gene of 4. bovis, LC871940 — LC871968 MSP4 gene of A. marginale, LC872902 — LC872906

for 18S rDNA gene of T° annulata, LC872892 — LC872900 for 18S rDNA gene of 7. orientalis,

LC872594 — LC872602 MPSP gene of T. orientalis.

Declaration

Competing interest

The authors declare that there is no conflict of interest.

Ethical approval

Both ticks and blood samples were collected with the consent of the animal owners and in

accordance with the ethical guidelines of the Nepal Veterinary Council. Ethical approval for

this research was obtained from the Ethical Clearance Committee of the Nepal Veterinary

Council (Ref No: 56/2079.80).

Submission declaration and verification

This manuscript has not been published and is not under consideration for publication

elsewhere.

Informed consent

Informed consent was obtained from all owners of cattle involved in this study.

Reference:

Abbas RZ, Zaman MA, Colwell DD, et al (2014) Acaricide resistance in cattle ticks and
approaches to its management: The state of play. Vet Parasitol 203:6-20.

Acharya, K, Pradhan, S (1996) Study of blood protozoan diseases with special references to

Theileriosis in eastern region of Nepal. Bull Vet Sc AH Nepal 24: 55-58.

19



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

AITC (2024) Agriculture and Livestock Diary. Ministry of Agriculture and Livestock
Development (MoALD), Agriculture Information and Training Center (AITC) Lalitpur,
Nepal.

Ali A, Khan MA, Zahid H, et al (2019) Seasonal dynamics, record of ticks infesting humans,
wild and domestic animals and molecular phylogeny of Rhipicephalus microplus in
Khyber Pakhtunkhwa Pakistan. Front Physiol 10:793.
https://doi.org/10.3389/fphys.2019.00793

Altangerel K, Battsetseg B, Battur B, et al (2011a) The first survey of Theileria orientalis
infection in Mongolian cattle. Vet Parasitol 182:343-348.
https://doi.org/10.1016/j.vetpar.2011.05.040

Altangerel K, Sivakumar T, Inpankaew T, et al (2011b) Molecular prevalence of different
genotypes of Theileria orientalis detected from cattle and water buffaloes in Thailand. J
Parasitol 97:1075-1079. https://doi.org/10.1645/GE-2846.1

Apanaskevich DA, Duan W, Apanaskevich MA, et al (2014) Redescription of Dermacentor
everestianus hirst (Acari: Ixodidae), a parasite of mammals in mountains of China and
Nepal with synonymization of D. abaensis Teng and D. birulai Olenev. J Parasitol
100:268-278. https://doi.org/10.1645/13-369.1

Ashraf S, Parveen A, Muhammad Awais M, et al (2021) A Report on Molecular Detection and
Phylogenetic Evaluation of Anaplasma marginale in Ticks and Blood Samples Collected
from Cattle in District Layyah in Punjab (Pakistan). Curr Microbiol 78:274-281.
https://doi.org/10.1007/s00284-020-02256-0

Atif FA (2016) Alpha proteobacteria of genus Anaplasma (Rickettsiales: Anaplasmataceae):
Epidemiology and characteristics of Anaplasma species related to veterinary and public

health importance. Parasitol 143:659—685. https://doi.org/10.1017/S0031182016000238

20


https://doi.org/10.3389/fphys.2019.00793
https://doi.org/10.1016/j.vetpar.2011.05.040
https://doi.org/10.1645/GE-2846.1
https://doi.org/10.1645/13-369.1

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

Baneth G (2014) Tick-borne infections of animals and humans: A common ground. Int J
Parasitol 44:591-596. https://doi.org/10.1016/j.ijpara.2014.03.011

Bawm S, Shimizu K, Hirota J ichi, et al (2014) Molecular prevalence and genetic diversity of
bovine  Theileria  orientalis in  Myanmar. Parasitol Int  63:640-645.
https://doi.org/10.1016/j.parint.2014.04.009

Bock RE, De Vos AJ, Kingston TG, McLellan DJ (1997) Effect of breed of cattle on innate
resistance to infection with Babesia bovis, B. bigemina and Anaplasma marginale. Aust
Vet J 75:337-340. https://doi.org/10.1111/J.1751-0813.1997.TB15706.X

Bohara TP, Shrestha SP (2016) A study on cattle tick and tick borne pathogens of Mid Western
Nepal. Nep Vet J 33:23-27.

Broaddus-Shea ET, Manohar S, Thorne-Lyman AL, Bhandari S, Nonyane BAS, Winch
PJ, West KP Jr. (2020) Small-Scale Livestock Production in Nepal Is Directly Associated
with Children's Increased Intakes of Eggs and Dairy, But Not Meat. Nutrients 12(1):252.
https://doi.org/10.3390/nu12010252

Brown WC, Norimine J, Knowles DP, Goff WL (2006) Immune control of Babesia bovis
infection. Vet Parasitol 138:75-87. https://doi.org/10.1016/J.VETPAR.2006.01.041

Burger TD, Shao R, Barker SC (2014) Phylogenetic analysis of mitochondrial genome
sequences indicates that the cattle tick, Rhipicephalus (Boophilus) microplus, contains a
cryptic species. Mol Phylogenet Evol 76:241-253.
https://doi.org/10.1016/j.ympev.2014.03.017

Chatanga E, Maganga E, Mohamed WMA, et al (2022) High infection rate of tick-borne
protozoan and rickettsial pathogens of cattle in Malawi and the development of a
multiplex PCR for Babesia and Theileria species identification. Acta Trop 231:106413.

https://doi.org/10.1016/j.actatropica.2022.106413

21



517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

Clifford CM, Hoogstraal H, Keirans JE (1975) The Ixodes Ticks (Agarina: Ixodidae) of Nepal.
J Med Entomol 12:115-137. https://doi.org/10.1093/jmedent/12.1.115

Clifford GM, Keirans JE, Hoogstraal H (1971) Ixodes (Ixodes) nuttallianus schulze:
redescription of female, description of male, and hosts and ecology in Nepal (acarina:

ixodidae) J Med Ento 8: 439-442. https://doi.org/10.1093/jmedent/8.4.439

Daniel WW (1999) Biostatistics: A foundation for analysis in the health sciences. 7th Edition,
John Wiley & Sons, Inc, Hoboken.

Dantas-Torres F, Otranto D (2017a) Theileriosis. Arthropod Borne Diseases 355-361.
https://doi.org/10.1007/978-3-319-13884-8 22

Dantas-Torres F, Otranto D (2017b) Anaplasmosis. Arthropod Borne Diseases 215-222.
https://doi.org/10.1007/978-3-319-13884-8 15

De Castro JJ (1997) Sustainable tick and tickborne disease control in livestock improvement
in developing countries Vet Parasitol 71: 77-97. https://doi.org/10.1016/S0304-
4017(97)00033-2

De la Fuente J, Van Den Bussche RA, Prado TM, Kocan KM (2003) Anaplasma marginale
mspla genotypes evolved under positive selection pressure but are not markers for
geographic isolates. J Clin Microbiol 41:1609-1616.
https://doi.org/10.1128/JCM.41.4.1609-1616.2003

Derso S, Demessie Y (2015) Tick Borne Hemoparasitic Diseases of Ruminants: A Review. Adv
Biol Res (Rennes) 9:210-224. https://doi.org/10.5829/idosi.abr.2015.9.4.9516

Dhakal M, Gompo TR, Devkota P, et al (2023) Molecular Detection and Identification of
Piroplasm in Cattle from Kathmandu Valley, Nepal. Pathogens 12: 1405.
https://doi.org/10.3390/pathogens12081045

Dhital B (2018) Distribution of the cattle ticks from mid hills to plains of Nepal. J Agri Nat

Resour 1:197-205 https://doi.org/10.3126/janr.v111.22235

22


https://doi.org/10.1093/jmedent/8.4.439

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

Diuk-Wasser MA, Vannier E, Krause PJ (2016) Coinfection by Ixodes Tick-Borne Pathogens:
Ecological, Epidemiological, and Clinical Consequences. Trends Parasitol 32:30-42.
https://doi.org/10.1016/1.pt.2015.09.008

Enbiyale G, Debalke D, Aman E, et al (2018) Review on Bovine Babesiosis. Acta Parasitol
Glob 9:15-26. https://doi.org/10.5829/idosi.apg.2018.15.26

Estrada-Pena A, Venzal JM, Nava S, et al (2012) Reinstatement of Rhipicephalus (Boophilus)
australis (Acari: Ixodidae) with redescription of the adult and larval stages. ] Med
Entomol 49:794—-802. https://doi.org/10.1603/ME11223

Fatima SA, Gonuguntla HN, Muthappa PN, Sarangi LN (2024) Molecular detection of
Anaplasma, Babesia, Theileria, and Trypanosoma infection in cattle and buffaloes in India.

J Parasit Dis 48:450-459. https://doi.org/10.1007/s12639-024-01673-3

Feldman-Muhsam B, and Shechter R (1970) Some notes on the genus Boophilus (Ixodidae),
with special reference to species found in Israel ] Med Entomol 7:677-686

Filipe AM, Levytska V, Jalovecka M (2024) Babesia divergens. Trends Parasitol 40:271-272.
https://doi.org/10.1016/5.pt.2023.11.008

Folmer O, Black M, Hoeh W, et al (1994) DNA primers for amplification of mitochondrial
cytochrome ¢ oxidase subunit I from diverse metazoan invertebrates. Mol Mar Biol
Biotechnol 3: 294-299.

Fujisaki K, Kawaz S, kamio T (1994) The Taxonomy of the Bovine Theileria spp. Parasitol
Today 10:31-3. https://doi.org/10.1016/0169-4758(94)90355-7

Futse JE, Ueti MW, Knowles DP, Palmer GH (2003) Transmission of Anaplasma marginale
by Boophilus microplus: Retention of vector competence in the absence of vector-
pathogen interaction. J Clin Microbiol 41:3829-3834.

https://doi.org/10.1128/JCM.41.8.3829-3834.2003

23


https://doi.org/10.1007/s12639-024-01673-3
https://doi.org/10.1016/j.pt.2023.11.008

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

Gebrekidan H, Gasser RB, Baneth G, et al (2016) Molecular characterization of Theileria
orientalis from cattle in Ethiopia. Ticks Tick Borne Dis 7:742-747.
https://doi.org/10.1016/j.ttbdis.2016.03.005

George N, Bhandari V, Reddy DP, Sharma P (2015) Emergence of new genotype and diversity
of Theileria orientalis parasites from bovines in India. Infect Genet Evol 36:27-34.
https://doi.org/10.1016/j.meegid.2015.08.033

George N, Bhandari V, Sharma P (2017) Phylogenetic relationship and genotypic variability in
Anaplasma marginale strains causing anaplasmosis in India. Infect Genet Evol 48:71-75.
https://doi.org/10.1016/j.meegid.2016.11.028

Gofton AW, Doggett S, Ratchford A, et al (2016) Phylogenetic characterisation of two novel
Anaplasmataceae from Australian Ixodes holocyclus ticks: ‘Candidatus Neoehrlichia
Australis’ and ‘Candidatus Neoehrlichia Arcana.’ Int J Syst Evol Microbiol 66:4256—4261.
https://doi.org/10.1099/ijsem.0.001344

Grisi L, Leite RC, Martins JR de S, et al (2014) Reassessment of the potential economic impact
of cattle parasites in Brazil. Revi Bras Parasitol Vet 23:150-156.
https://doi.org/10.1590/S1984-29612014042

Gupta V, Gupta R, Shrestha SP (2013) Infectivity of Theileria annulata in Hyalomma ticks of
Eastern Terai districts, Nepal. Nep J Zoo 1:15-23

Hoogstraal H (1971) Haemaphysalis (Allophysalis) warburtoni Nuttall: description of
immature stages, adult structural variation, and hosts and ecology in Nepal, with a
redefinition of the subgenus Allophysalis Hoogstraal (Ixodoidea: Ixodidae). J Parasitol
1083—-1095. https://doi.org/10.2307/3277868

Hoogstraal H (1962) Haemaphysalis nepalensis sp. n. from a Himalayan rodent and man, and
description of the male of H. aponommoides Warburton (n. comb.) (Ixodoidea, Ixodidae).

J Parasitol 48:195-203. https://doi.org/10.2307/3275563

24



591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

Inokuma H, Brouqui P, Drancourt M, Raoult D (2001) Citrate synthase gene sequence: A new
tool for phylogenetic analysis and identification of Ehrlichia. J Clin Microbiol 39:3031—
3039. https://doi.org/10.1128/JCM.39.9.3031-3039.2001

Igbal N, Mukhtar MU, Yang J, et al (2019) First molecular evidence of Anaplasma bovis and
Anaplasma phagocytophilum in Bovine from central Punjab, Pakistan. Pathogens
8:8030155. https://doi.org/10.3390/pathogens8030155

Jacob SS, Sengupta PP, Paramanandham K, et al (2020) Bovine babesiosis: An insight into the
global perspective on the disease distribution by systematic review and meta-analysis. Vet
Parasitol 283:109136. https://doi.org/10.1016/J.VETPAR.2020.109136

Jongejan F, Uilenberg G (2004) The global importance of ticks. Parasitology 129: S3-14.
https://doi.org/10.1017/S0031182004005967

Junlong L, LiY, Liu A, et al (2015) Development of a multiplex PCR assay for detection and
discrimination of Theileria annulata and Theileria sergenti in cattle. Parasitol Res
114:2715-2721. https://doi.org/10.1007/s00436-015-4478-z

Jurkovi¢ D, Mihaljevié Z, Duvnjak S, et al (2020) First reports of indigenous lethal infection
with Anaplasma marginale, Anaplasma bovis and Theileria orientalis in Croatian cattle.
Ticks Tick Borne Dis 11:101469. https://doi.org/10.1016/j.ttbdis.2020.101469

Kanduma EG, Emery D, Githaka NW, et al (2020) Molecular evidence confirms occurrence of
Rhipicephalus microplus Clade A in Kenya and sub-Saharan Africa. Parasit Vectors
13:432. https://doi.org/10.1186/s13071-020-04266-0

Khankhawash G (2018) haemo-protozoan parasites of cattle in Gorkha municipality-7, Gorkha,
Nepal. Master Thesis, Central Department of Zoology, Kirtipur, Nepal, 2018.

Khukhuu A, Lan TB, Long PT, et al (2011) Molecular Epidemiological Survey of Theileria
orientalis in Thua Thien Hue Province, Vietnam 73:701-5.

https://doi.org/10.1292/jvms.10-0472

25


https://doi.org/10.1292/jvms.10-0472

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

Kumar S, Stecher G, Tamura K (2016) MEGA7: Molecular Evolutionary Genetics Analysis
Version 7.0 for Bigger Datasets. Mol Biol Evol 33:1870-1874.
https://doi.org/10.1093/MOLBEV/MSW054

Liu D, Wulantuya, Fan H, et al (2023) Co-infection of tick-borne bacterial pathogens in ticks
in Inner Mongolia, China. PLoS Negl Trop Dis 17: e0011121.
https://doi.org/10.1371/journal.pntd.0011121

LizJS, Anderes L, Sumner JW, et al (2000) PCR Detection of Granulocytic Ehrlichiae in Ixodes
ricinus Ticks and Wild Small Mammals in Western Switzerland 38:1002-1007.
https://doi.org/10.1128/JCM.38.3.1002-1007.2000

Lohani U (2010) Man-animal relationships in Central Nepal. J Ethnobiol Ethnomed 6:1-11.
https://doi.org/10.1186/1746-4269-6-31/TABLES/1

Low VL, Tay ST, Kho KL, et al (2015) Molecular characterisation of the tick Rhipicephalus
microplus in Malaysia: New insights into the cryptic diversity and distinct genetic
assemblages throughout the world. Parasit Vectors 8:1-10.
https://doi.org/10.1186/s13071-015-0956-5

Lu M, Li F, Liao Y, et al (2019) Epidemiology and Diversity of Rickettsiales Bacteria in
Humans and Animals in Jiangsu and Jiangxi provinces, China. Sci Rep 9:13176.
https://doi.org/10.1038/s41598-019-49059-3

Masatani T, Hayashi K, Andoh M, et al (2017) Detection and molecular characterization of
Babesia, Theileria, and Hepatozoon species in hard ticks collected from Kagoshima, the
southern  region in  Japan. Ticks  Tick  Borne  Dis 8:581-587.
https://doi.org/10.1016/5.ttbdis.2017.03.007

Minjauw B, McLeod A (2003) Tick-borne diseases and poverty: the impact of ticks and tick-

borne diseases on the livelihoods of small-scale and marginal livestock owners in India

26


https://doi.org/10.1093/MOLBEV/MSW054

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

and eastern and southern Africa 124
(https://www.cabidigitallibrary.org/doi/full/10.5555/20063155090)

Mohanta UK, Chikufenji B, Galon EM, et al (2023) Molecular characterization and phylogeny
of Anaplasma marginale, A. phagocytophilum and A. bovis in livestock of Bangladesh.
Parasitol Int 97:100. https://doi.org/10.1016/j.parint.2023.102790

Monakale KS, Smith RM, Gaorekwe RM, et al (2024) Phenotypic and genotypic
characterization of ticks and tick-borne pathogens from cattle in selected villages of
Greater Letaba Municipality in Limpopo Province, South Africa. Parasitol Res 123:292.
https://doi.org/10.1007/s00436-024-08311-0

Nair AS, Ravindran R, Lakshmanan B, et al (2013) Bovine carriers of Anaplasma marginale
and Anaplasma bovis in South India. Trop Biomed 30: 105-112.

Norval RAI, Perry BD, Young AS (1991) The Epidemiology of Theileriosis in Africa.
Academic Press Inc, London, UK: 136-154. https://hdl.handle.net/10568/91064

Onizawa E, Jenkins C (2024) Epidemiology, Clinical Signs, and Risk Factors Associated with
Theileriosis in  Australian Cattle (2006-2022). Pathogens 13:253.
https://doi.org/10.3390/Pathogens13030253/S1

Ota N, Mizuno D, Kuboki N, et al (2009) Epidemiological Survey of Theileria orientalis
Infection in Grazing Cattle in the Eastern Part of Hokkaido, Japan. J Vet Med Sci 71: 937-
944, https://doi.org/10.1292/jvms.71.937

Pandey GS, Manandhar P, Shrestha BK, et al (2024) Detection and characterization of vector-
borne parasites and Wolbachia endosymbionts in greater one-horned rhinoceros
(Rhinoceros unicornis) in Nepal. Acta Trop 258:107344.

https://doi.org/10.1016/j.actatropica.2024.107344

27



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

Parola P, Roux V, Camicas J-L, et al (2000) Detection of ehrlichiae in African ticks by
polymerase chain reaction. Trans R Soc Trop Med Hyg 94:707-708.
https://doi.org/10.1016/S0035-9203(00)90243-8

Pathak CR, Pandey G, Acharya MP, et al (2023) Molecular Detection of Anaplasma in Cattle
of Morang, Rupandehi and Surkhet Districts of Nepal. Nep Vet J 38: 47-55.

Paudel S, Ghimire SH, Pandeya YR (2021) Cattle Research in Nepal: Current Status,
Challenges and Way Forward In: Proceedings of 12th National Workshop on Livestock
and Fisheries Research in Nepal 1:14-21.

Poudel S, Gurung Y, Shrestha S (2023) Prevalence of tick-borne haemoparasitic diseases and
haemato-biochemical changes in cattle of Kathmandu Valley. Nep J Agri Sci 24:47-58

Pun SK, Guglielmone AA, Tarragona EL, et al (2018) Ticks (Acari: Ixodidae) of Nepal: first
record of Amblyomma varanense (Supino), with an update of species list. Ticks Tick
Borne Dis 9:526-534. https://doi.org/10.1016/;.ttbdis.2018.01.010

Qi M, Cui Y, Song X, et al (2018) Common occurrence of Theileria annulata and the first
report of 7 ovis in dairy cattle from Southern Xinjiang, China. Ticks Tick Borne Dis
9:1446-1450. https://doi.org/10.1016/j.ttbdis.2018.06.017

Rar VA, Epikhina TI, Livanova NN, et al (2011) Genetic variability of Anaplasma
phagocytophilum in Ixodes persulcatus ticks and small mammals in the Asian part of
Russia. Vector Borne Zoonotic Dis 11:1013—1021. https://doi.org/10.1089/vbz.2010.0266

Roy BC, Estrada-Pefia A, Kriicken J, et al (2018) Morphological and phylogenetic analyses of
Rhipicephalus microplus ticks from Bangladesh, Pakistan and Myanmar. Ticks Tick
Borne Dis 9:1069-1079. https://doi.org/10.1016/].ttbdis.2018.03.035

Shrestha S, Singh U (1999) Study on blood protozoan disease in cattle of eastern Terai region.
Proceedings of the3rd National Workshop on Livestock and Fisheries Research in Nepal,

Agricultural Research Station, Lumle, Kaski, Nepal 123125

28



688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

Shrestha SP, Prajapati M, Shrestha R, et al (2017) study on piroplasmosis and anaplasmosis:
killer diseases of diary cattle. In: Proceeding of the 10th National Workshop on Livestock
and Fisheries Research in Nepal 233-239

Singh K, Kumar S, Sharma AK, et al (2022) Economic impact of predominant ticks and tick-
borne diseases on Indian dairy production systems. Exp Parasitol 243:108408.
https://doi.org/10.1016/j.exppara.2022.108408

Singh NK, Singh H, Jyoti, et al (2012) Prevalence of parasitic infections in cattle of Ludhiana
district, Punjab. J Parasit Dis 36:256-259. https://doi.org/10.1007/S12639-012-0119-
Y/METRICS

Singla L Das, Kaur P (2022) A comprehensive review on bovine tropical theileriosis under
Indian scenario. In J Vet Med 42:1-12

Sivakumar T, Hayashida K, Sugimoto C, Yokoyama N (2014) Evolution and genetic diversity
of Theileria. Infect Gen Evol 27:250-263. https://doi.org/10.1016/;.meegid.2014.07.013

Sivakumar T, Yoshinari T, Igarashi I, et al (2013) Genetic diversity within Theileria orientalis
parasites detected in Sri Lankan cattle. Ticks Tick Borne Dis 4:235-241.
https://doi.org/10.1016/j.ttbdis.2012.11.009

Spare MR, Hanzlicek GA, Wootten KL, et al (2020) Bovine anaplasmosis herd prevalence and
management practices as risk-factors associated with herd disease status. Vet Parasitol
277:100021. https://doi.org/10.1016/J.VPOA.2019.100021

Sugimoto C, Fujisaki K (2002) Non-transforming 7heileria parasites of ruminants. Theileria
3:93-106. https://doi.org/10.1007/978-1-4615-0903-5 7

Uilenberg G (1992) Veterinary Significance of Ticks and Tick-Borne Diseases. Tick Vect

Bi0l.23-33. https://doi.org/10.1007/978-3-642-76643-5 2

29



711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

Ullah R, Shams S, Khan MA, et al (2021) Epidemiology and molecular characterization of
Theileria annulata in cattle from central Khyber Pakhtunkhwa, Pakistan. PLoS One 16:
€0249417. https://doi.org/10.1371/journal.pone.0249417

Vongphayloth K, Brey PT, Robbins RG, Sutherland IW (2016) First survey of the hard tick
(Acari: Ixodidae) fauna of Nakai District, Khammouane Province, Laos, and an updated
checklist of the ticks of Laos. Syst Appl Acarol 21:166-180.
https://doi.org/10.11158/saa.21.2.2

Walker AR, Bouattour A, Camicas JL et al (2003) Ticks of domestic animals in Africa: a guide
to identification of species. Biosci Rep1-221.

https://www.alanrwalker.com/assets/PDF/tickguide-africa.pdf

Yang J, Han R, Liu Z, et al (2017) Insight into the genetic diversity of Anaplasma marginale
in cattle from ten provinces of China. Parasit Vectors 10:1-7.
https://doi.org/10.1186/s13071-017-2485-x

Yokoyama N, Sivakumar T, Ota N, et al (2012) Genetic diversity of Theileria orientalis in tick
vectors detected in Hokkaido and Okinawa, Japan. Infect Gen Evol 12:1669—-1675.
https://doi.org/10.1016/j.meegid.2012.07.007

Yokoyama N, Ueno A, Mizuno D, et al (2011) Genotypic Diversity of Theileria orientalis
Detected from Cattle Grazing in Kumamoto and Okinawa Prefectures of Japan. J vet Med
Sci 73:305-312. https://doi.org/10.1292/jvms.10-0263

Zafar Snua, Khan A, Niaz S, et al (2022) Prevalence of Anaplasma marginale in cattle blood
samples collected from two important livestock regions in Punjab (Pakistan) with a note
on epidemiology and phylogeny of parasite. Saudi J Biol Sci 29:1515-1520.

https://doi.org/10.1016/5.sjbs.2021.11.020

30



735

736

737

738

739

740

741

742

743

744

Zeb J, Shams S, Din IU, et al (2020) Molecular epidemiology and associated risk factors of
Anaplasma marginale and Theileria annulata in cattle from North-western Pakistan. Vet
Parasitol 279:109044. https://doi.org/10.1016/j.vetpar.2020.109044

Zhou S, Huang L, Lin Y, et al (2023) Molecular surveillance and genetic diversity of
Anaplasma spp. in cattle (Bos taurus) and goat (Capra aegagrus hircus) from Hainan
Island/province, China. BMC Vet Res 19:213. https://doi.org/10.1186/s12917-023-03766-
2

Zhyldyz A, Sivakumar T, Igarashi I, et al (2019) Epidemiological survey of Anaplasma
marginale in cattle and buffalo in Sri Lanka. J Vet Med Sci 81:1601-1605.

https://doi.org/10.1292/jvms.19-0242

31



Pokhara Metropolitan City Madi Municipality

0 5 10km
[ — +  Sampling Pointsl e

Nepal

[ Study Districts

0 100
[ ]

Fig. 1 Map showing the sample collection site in Chitwan and Kaski Districts in Nepal
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Fig. 2 Representative images of Rhipicephalus microplus collected from cattle in Nepal. Male:

a) dorsal, b) ventral; female c) dorsal, d) ventral



Rhipicephalus microplus KP226159 Brazil
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Rhipicephalus microplus MG459962 Bangladesh
Rhipicephalus microplus MG459963 Pakistan

Rhipicephalus decoloratus AF132826 Australia

Fig. 3 Maximum likelihood phylogenetic tree based on the COI gene of Rhipicephalus
microplus collected from cattle using the Tamura-3 parameter model. The bootstrap values >70

from 1,000 replicates are shown above the branch. The sequences obtained in this study are

shown in red
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Rickettsia rickettsii DQ150689 (human, USA)

Fig. 4 Maximum likelihood phylogenetic tree based on the g/t4 gene of Anaplasma marginale

and Anaplasma bovis detected in cattle. The bootstrap values >70 from 1,000 replicates are

shown above the branch. The sequences obtained in this study are shown in red. The host and

country of origin are indicated in parenthesis, NP means host information not provided



Fig. 5 Maximum likelihood phylogenetic tree based on the groEL gene of Anaplasma
marginale and Anaplasma bovis detected in cattle. The bootstrap values >70 from 1,000

replicates are shown above the branch. The sequences obtained in this study are shown in red
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Fig. 6 Maximum likelihood phylogenetic tree based on the MSP4 gene of Anaplasma

marginale detected in cattle. Bootstrap values >70 from 1,000 replicates are shown above the

branch. The sequences obtained in this study are shown in red
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Fig. 7 Maximum likelihood phylogenetic tree based on the 18S rDNA gene of Theileria

annulata and Theileria orientalis detected in cattle. The tree was rooted with Theileria equi

and bootstrap values >70 from 1,000 replicates are shown above the branch. The sequences

obtained in this study are shown in red. NP means host information not provided
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Fig. 8 Maximum likelihood phylogenetic tree based on the MPSP gene of Theileria orientalis
detected in cattle. The tree was rooted with Theileria annulata and bootstrap values >70 from

1,000 replicates are shown above the branch. The sequences obtained in this study are shown

in red. NP means host information not provided



Table 1 The list of primers used in this study

Target Target Product size
. s a0 |
Primer Sequence (5°-3’) organism(s) gene Purpose (bp) Reference
LCO1490 GGTCAACAAATCATAAAGATATTGG ticks CoI PCR 653 (F 01{‘(‘)691‘? al.
HC02198 TAAACTTCAGGGTGACCAAAAAATCA
16S (Parola et al.
EHR16SD GGTACCYACAGAAGAAGTCC Anaplasmataceae RNA PCR 345 2000)
EHRI16SR TAGCACTCATCGTTTACAGC
HSI-F CGYCAGTGGGCTGGTAATGAA Anaplasmataceae  groEL  1%PCR 1,300 (Rzag le{)al'
HS6-R CCWCCWGGTACWACACCTTC
HS3-F ATAGTYATGAAGGAGAGTGAT Anaplasma groEL 2™ PCR 1,256 (Lzlf)g(t);’l'
HSV-R TCAACAGCAGCTCTAGTWG
groEL_fwd3 TGGCAAATGTAGTTGTAACAGG Ehrlichia groEL  2MPCR 1,100 (Gogg?;)t al.
groEL rev2 GCCGACTTTTAGTACAGCAA
F4B CCGGGTTTTATGTCTACTGC Anaplasmataceae  gltd 1" PCR 950 (IZfl(z%r(r)lia)ﬂ
HG1085R ACTATACCKGAGTAAAAGTC
Anaplasma and nd (Inokuma et
Flb GATCATGARCARAATGCTTC oA gltd 2 PCR 430 al 2000)
HG1085R ACTATACCKGAGTAAAAGTC
MSP43 CCGGATCCTTAGCTGAACAGGAATCTT Anaplasma msp4 PCR 851 (De la Fuente
marginale et al. 2003)
MSP45 GGGAGCTCCTATGAATTACAGAGAATTGTTTAC
Babesia, 18S (Masatani et
BTH IstF GTGAAACTGCGAATGGCTCATTAC Theileria, and 1" PCR 1,400-1,600 !
RNA al. 2017)
Hepatozoon
BTH IstR AAGTGATAAGGTTCACAAAACTTCCC
Babesia, 18S (Masatani et
BTH 2nd F GGCTCATTACAACAGTTATAGTTTATTTG Theileria, and 24PCR  1,400-1,600 !
RNA al. 2017)
Hepatozoon
BTH 2nd R CGGTCCGAATAATTCACCGGAT
MPSP-F CTTTGCCTAGGATACTTCCT Theileria MPSP PCR 776 (Otactal.
orientalis 2009)
MPSP-R ACGGCAAGTGGTGAGAACT
. Babesia,
InFusin BTH ) \ ACGACGGCCAGTGGCTCATTACAACAGTTATAGTTT  Theileria, and 188 cloning  1400-1,600  (Pandey etal.
2ndF Hepatonoon rRNA 2024)

InFusin BTH
2ndR

GACCATGATTACGCCCGGTCCGAATAATTCACCGG




Table 2 Tick-borne pathogens detected in cattle in Nepal

Anaplasma Anaplasma bovis  Theileria orientalis Theileria
Location Sex No. cattle
marginale (%) (%) (%) annulata (%)
Male 2 0 0 1 (50.0) 0
Pokhara
Female 68 18 (26.4) 1(1.5) 2(2.9) 5(7.4)
Subtotal 70 18 (25.7) 1(1.4) 3(4.3) 5(7.1)
Male 16 4(25.0) 0 0 0
Madi
Female 59 7 (11.9) 4 (6.8) 6(10.2) 1(1.7)
Subtotal 75 11 (14.7) 4(5.3) 6 (8.0) 1(1.3)

Total 145 29 (20.0) 5(3.4) 9(6.2) 6(4.1)




Table 3 The occurrence of single and mixed infections of tick-borne pathogens in cattle in
Nepal

Tick-borne pathogen(s) detected No. cattle (%)
Anaplasma marginale 27 (18.6)
Single infection Anaplasma bovis 3(2.0)
Theileria orientalis 4(2.8)
Theileria annulata 4(2.8)
A. marginale + T. orientalis 2(1.4)
Mixed infection A. bovis + T. orientalis 1(0.7)
T. orientalis + T. annulata 1(0.7)

A. bovis + T orientalis + T. annulata 1(0.7)




Table 4 The association between different variables (age, sex, breed, and location) and the infection

with tick-borne pathogens

Anaplasma (A. marginale + A. bovis)

Theileria (T. orientalis + T. annulata)

No.
Variable Category
cattle N, positives OR p O:ilt(;/es OR p
(%) 95% CI) value P (%) 95% CI) value
Ace Young (<1 yr) 25 8(32.0) 1.70 (0.66-4.38) 030 3(12.0) 1.50 (0.38-5.90) 0.69
& Adult (= 1 yr) 120 26 (21.7) 0.59 (0.23-1.51) ’ 10 (8.3) 0.67 (0.17-2.62) ’
Sex Male 18 4(22.2) 0.92 (0.28-3.02) 1.00 1(5.6) 0.56 (0.07-4.62) 1.00
Female 127 30 (23.6) 1.08 (0.33-3.54) ’ 12 (9.4) 1.77 (0.22-14.52) ’
Holstein Friesian
Breed cross 69 16 (23.2) 0.97 (0.45-2.10) 1.00 4(5.8) 0.46 (0.13-1.56) 025
Jersey cross 76 18 (23.7) 1.03 (0.48-2.22) 9 (11.8) 2.18 (0.64-7.44)
Location Pokha.ra 70 19 (27.1) 1.49 (0.69-3.23) 033 7 (10.0) 1.28 (0.41-4.01) 0.77
Madi 75 15 (20.0) 0.67 (0.31-1.45) 6 (8.0) 0.78 (0.25-2.45)

Abbreviations: OR, odd ratio; CI, confidence interval



