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ARTICLE INFO ABSTRACT

Keywords: Mapping tick distribution and pathogens in unexplored areas sheds light on their importance in zoonotic and
T}Cks veterinary contexts. In this study, we performed a comprehensive investigation of the genetic diversity of tick
Tick-borne pathogens and tick-borne pathogens (TBPs) detection infesting/infecting small ruminants across northern Pakistan. We

Small ruminants
Khyber Pakhtunkhwa
Gilgit Baltistan
Northern Pakistan

collected 1587 ixodid ticks from 600 goats and sheep, an overall tick infestation rate of 50.2 %. Notably, gender-
based infestation rates were higher in female goats and sheep compared to their male counterparts. Age-wise
analysis showed that the tick infestation rate was higher in older animals. This study identified 11 ixodid tick
species within three genera: Hyalomma, Haemaphysalis, and Rhipicephalus, which were taxonomically classified
using 16S rRNA and cytochrome oxidase I (cox1) molecular markers. Sequence analysis indicated that reported
ticks are similar to ixodid species found across various Asian and African countries. Tick-borne pathogens were
detected by amplifying 16S rRNA and citrate synthase (gltA) for bacterial pathogens and 18S rRNA for api-
complexan parasites. The present study reported a diverse array of TBPs in ticks from the study area, with
Rickettsia massiliae (24.5 %) and Theleria ovis (16.4 %) as the most prevalent bacterial and apicomplexan path-
ogens. Phylogenetically, detected TBPs shared evolutionary relatedness with identical TBPs from old and new
world countries. These findings highlight the presence of zoonotic TBPs in ixodid ticks from Pakistan. In addition,
it also provides a foundation for future epidemiological research on ticks and TBPs, emphasizing their relevance
in both zoonotic and veterinary contexts.
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J. Zeb et al.
1. Introduction

Ticks are obligatory hematophagous ectoparasites infesting animals
and humans with worldwide geographic distribution (de la Fuente et al.,
2017). While tick infestation produces direct damage such as stress,
irritation, allergy, anemia, weight loss, and paralysis, the paramount
importance of ticks lies in the pathogens they can transmit, including
bacteria, fungi, protozoa, rickettsia, spirochetes, and viruses (Anderson
and Magnarelli, 2008; Gray, 1994; Jongejan and Uilenberg, 2004). Ticks
are second to mosquitoes as vectors of human pathogens but first as
vectors of pathogens affecting livestock (Guo et al., 2019). In tropical
countries, tick-borne diseases (TBDs) such as anaplasmosis, babesiosis,
theileriosis, and cowdriosis cause morbidity and mortality in humans
and animals and produce significant economic losses (Jongejan and
Uilenberg, 2004).

Ticks and other vectors like mosquitoes have gained attention
because of their public and veterinary health concerns (Juliano and
Philip Lounibos, 2005; Keirans and Durden, 2001; Lounibos, 2002;
White et al., 2021). Even though international authorities regularly
monitor ticks and other potential vectors attached to their exotic hosts
(Keirans and Durden, 2001), ticks may go unnoticed, leading to the
import and possible establishment of such invasive tick species in new
territories (White et al., 2021). Unfortunately, the movement of live-
stock internationally leads not only to the distribution of invasive tick
species but to the broadening of the diverse pathogens associated with
the animals or their attached ticks (Tan et al., 2021). This scenario leads
to the wide infections of TBDs, such as anaplasmosis, babesiosis, ehr-
lichiosis, rickettsiosis, and theileriosis, from one developing country to
another and eventually impairs the livestock economy (Perry and Grace,
2009).

The international movement of livestock significantly impacts the
transmission of ticks and TBPs. Ticks may go undetected even with the
efforts of international authorities to monitor ticks and other potential
vectors attached to exotic hosts (Keirans and Durden, 2001). Due to this
mistake, invasive tick species may be brought into and established in
new areas (White et al., 2021). Additionally, the transnational move-
ment of livestock not only aids in the spread of invasive tick species but
also increases the spread of many diseases linked to the animals or the
ticks they carry.

Proper identification of tick species is crucial for effectively con-
trolling and preventing TBDs. Traditionally, tick identification and
systematics were based on morphological keys. However, it requires
much practice and might be challenging in the case of engorged or
physically damaged ticks (Lv et al., 2014). Therefore, molecular ap-
proaches have been practical not only in tick identification and phylo-
genetic inferences but also in the detection of commensals as well as the
different types of pathogens they carry (Duron et al., 2015; Ghafar et al.,
2020d; Kasi et al., 2020). Given the limited molecular data available on
tick-borne pathogens (TBPs) in ticks infesting small ruminants, accu-
rately identifying TBPs necessitates applying molecular techniques such
as PCR (Ghafar et al., 2020d; Ghafar et al., 2020a; Karim, Singh, and
Ribeiro, 2011; Michelet et al., 2014; Rehman, Conraths, Sauter-Louis,
Kriicken, and Nijhof, 2019; Salih, El Hussein, and Singla, 2015).

In Pakistan, livestock plays a significant economic role, especially in
rural areas (Rehman et al., 2017). Goats (78.2 million) and sheep (30.9
million) are integral components of the livestock sector in the country,
and they are raised mainly by rural families and smallholders (Rehman
et al., 2017). In countries such as Pakistan, ticks and TBDs’ impact on
animals is significantly influenced by factors such as poor infrastructure,
limited resources, and inadequate access to veterinary services (Nieto,
Khan, Uhllah, and Teglas, 2012). Several studies have been conducted
on the prevalence of ticks and TBPs in Pakistan, which indicates that the
country’s climate is conducive to tick development and dissemination of
TBPs (Ghafar et al., 2020d, Ghafar et al., 2020a, 2020b). However,
compared to other parts of Pakistan, like the semi-arid and arid agro-
ecological zones of Punjab and Sindh (Ghafar et al., 2020c; Ghafar et al.,
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2020a; Hussain et al., 2024; Karim et al., 2017; Rehman, Conraths,
Sauter-Louis, Kriicken, and Nijhof, 2019), the existing literature lacks
comprehensive data on the occurrence of ticks and tick-borne pathogens
in the northern and northwestern regions of Pakistan (Zeb et al., 2019a,
Zeb et al., 2020). The primary tick species infesting livestock in Pakistan
are Rhipicephalus microplus, Rh. turanicus, Rh. hemaphysaloides, Rh.
annulatus, Rh. sanguineus sensu lato (s.l.), Hy. anatolicum and Hy.
dromedarii (Ali et al., 2019). In addition, very few studies in northern
Pakistan have been carried out investigating the hemoparasites, such as
Anaplasma ovis, Babesia crassa, B. ovis, B. motasi, T. leuwenshuni, and
T. ovis, infecting small ruminants (Khan et al., 2020a, b; Niaz et al.,
2021). The present study investigated and addressed the knowledge gap
regarding tick and TBP molecular epidemiology affecting small rumi-
nants in northern Pakistan.

2. Materials and methods

2.1. Study area, sample size, tick collection, and morphological
identification

A cross-sectional epidemiological study was carried out from April
2020 to March 2022 in the Northern (Districts: Astore: 35° 13’ 8.4” N
and 74° 52' 26.76" E, Ghanche: 35° 9 45” N and 76° 20’ 12.99" E, Gilgit:
35° 48 9.36” N and 74° 58 59.52" E and Hunza: 36° 31’ 59.88” N and
75° 9'16.2" E) and North-western (Districts: Chitral: 36° 6' 40.68” N and
72° 8 29.76" E, Dir (Lower): 34° 54' 57.96” N and 71° 48’ 34.92" E, Dir
(Upper): 35° 20'8.16” N and 72° 2' 48.48" E and Swat: 35° 13'21.72” N
and 72° 25' 32.88" E) regions of Pakistan. The sampling sites were
chosen based on the following three characteristics: (I) proximity to the
international borders with Afghanistan and China, considering livestock
transboundary movements; (II) Large population of small ruminants;
and (III) location in Pakistan’s peripheral region.

The study area is characterized by a typical subtropical scrub forest,
mountain dry temperate conifer, subalpine, dry scrub, and dry
temperate coniferous forest. Meteorological patterns show that high
temperature (35-50 °C; relative humidity: 50-65 %) is prevalent in low-
altitude districts of the study area from May-August while the high-
altitude districts experience relatively moderate thermal waves
(28-35 °C; relative humidity: 65-90 %). The winter season starts in
December and lasts till February, while in high-altitude districts, it ex-
tends up to April due to heavy snowfall (January-February) with a
temperature falling below 0 °C (—7.6 °C-5 °C; relative humidity: 70-82
%) (Fig. 1) (Khan et al., 2020a, b).

Small ruminants were selected as target host populations, and a
simple random sampling technique was adopted to collect ticks. The
sample size was estimated by considering the expected prevalence of 50
% in the study area with a 95 % confidence interval and 5 % desired
precision. A total of 600 small ruminants, including goats = Capra hircus
(n = 360) and sheep = Ovis aries (n = 240), were carefully checked for
tick infestations within 53 small ruminant herds (30 goat and 23 sheep
herds). A total of 1587 ixodid ticks were collected using a tweezer from
the predilection attachment sites of the hosts’ bodies with minimal
stress/harm to the host animal. The collected ticks were preserved in 70
% ethanol and 5 % glycerol solution, followed by morphological iden-
tification under a stereomicroscope using standard identification keys
(Das, Naithani, and Subramanian, 1973; Estrada-Pena, Bouattour,
Camicas, and Walker, 2004; Walker, Keirans, and Horak, 2000; Gee-
varghese and Mishra, 2011). The host-demographic attributes were
recorded on pre-designed proforma.

2.2. DNA extraction

A total of 220 ticks (20 ticks for each tick species) were selected for
DNA extraction and molecular screening for the presence of TBPs in
ixodid tick species prevalent across the study area. The DNA was
extracted from each tick using QIAamp DNA Mini Kit (Qiagen, Hilden
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Fig. 1. Study Area map depicts host type, tick species, and their distribution across the Study Area. The word cloud illustrates the diversity of zoonotic TBPs detected

in ticks from Northern Pakistan.

Germany) following the manufacturer’s instructions. The DNA concen-
tration in each sample was quantified using a spectrophotometer
(NanoDrop, Thermo Scientific, USA). All the DNA samples were stored
at —20 °C for further analysis.

2.3. Polymerase chain reaction

Extracted DNA samples were subjected to a species-specific poly-
merase chain reaction (PCR) using specific primers to amplify the ticks’
cox] and 16S rRNA. However, for further confirmation of the

Rhipicephalus decoloratus we used an additional marker of the internal
transcribed spacers of the ribosomal (ITS2) gene (Chitimia et al., 2009).
Tick-borne pathogens were detected in collected ticks using TBPs spe-
cific primers viz. 16S rRNA/gltA (Anaplasma/Ehrlichia/Rickettsia sp.) and
18S rRNA (Theileria sp.) genes (Table 1). The PCR reactions were carried
out according to the previously published protocols for tick and TBP
detection (Black and Piesman, 1994; Casati, Sager, Gern, and Piffaretti,
2006; Folmer, Black, Hoeh, Lutz, and Vrijenhoek, 1994; Martin, Brown,
Dunstan, and Roberts, 2005; Nijhof et al., 2008; Roux, Rydkina, Ere-
meeva, and Raoult, 1997). The total PCR reaction volume was 30 pl (2.5

Table 1
List of reference primer sets used to amplify target genes of ticks and tick-borne pathogens.
Organism Primer Primer Sequence (5'-3') Target Amplicon Size Reference
name gene (bp)
Ticks LCO1490 GGT CAA CAA ATC ATA AAG ATA TTG Folmer, Black, Hoeh, Lutz, and Vrijenhoek,
HCO02198 TAA ACT TCA GGG TGA CCA AAA AAT CA Cox1 ~710 bp 1994
16S +1 CTG CTC AAT GAT TTT TTA AAT TGC TGT GG Black and Piesman, 1994
16S-1 CCG GTC TGA ACT CAG ATCAAG T 16S rRNA ~460 bp
TITS2F CGAGACTTGGTGTGAATTGCA ITS2 ~920-1850 bp Chitimia et al., 2009
TITS2R TCCCATACACCACATTTCCCG
Ehrlichia spp./ Anaplasma EHR16SF GGTACCYACAGAAGAAGTCC Martin, Brown, Dunstan, and Roberts,
spp. EHR16SR TAGCACTCATCGTTTACAGC 16S rRNA ~345 bp 2005
Piroplasm NWF GTC TTG TAA TTG GAA TGA TGG Casati, Sager, Gern, and Piffaretti, 2006
NWR TAG TTT ATG GTT AGG ACT ACG 18S rRNA ~500 bp
Rickettsia Rick-F1 GAA CGC TAT CGG TAT GCT TAA CAC A Nijhof et al., 2008
Rick-R2 CAT CAC TCA CTC GGT ATT GCT GGA 16S rRNA ~364 bp
CS-78 GCAAGTATCGGTGAGGATGTAAT Roux, Rydkina, Eremeeva, and Raoult,
CS-238 GCTTCCTAAAATTCAATAAATCAGGAT gltA ~401 bp 1997)
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pl of genomic DNA, 1 pl of each primer (10 pmol), 10.5 pl of PCR grade
water, and 15 pl PCR master mix). PCR products were run on 2 %
agarose gel stained with ethidium bromide and visualized under UV
light in a gel documentation machine (Bio-Rad Laboratories, California,
USA).

2.4. Purification and sequencing

All amplified PCR products were sent to BGI Tech Solutions (Hong
Kong Co. Limited, Hong Kong SAR, China) for purification and
sequencing. The obtained sequences were edited, trimmed, and aligned
in MEGA X (Kumar, Stecher, Li, Knyaz, and Tamura, 2018) and then
blasted (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to the NCBI GenBank
database for multiple sequence alignments.

2.5. Phylogenetic analysis

The ticks’ partial nucleotide sequences (16S rRNA and COI) and
detected TBPs’ sequences (16S rRNA, 18S rRNA, and gitA) were phylo-
genetically analyzed using the maximum likelihood algorithm (ML) and
the general time reversible (GTR) model with rapid bootstrapping of
1000 replicates. All the trees were constructed in MEGA X following the
Kimura 2-parameter model (Kumar, Stecher, Li, Knyaz, and Tamura,
2018).

2.6. Statistical analysis

All statistical analyses of the present study data set were carried out
using R software version 3.5.1 (R Development Core Team). Host de-
mographic parameters were analyzed using summary statistics. The
Kruskal-Wallis test (post hoc test: Conover; P < 0.05) was used to assess
the association between tick species across regions, while the Chi-square
test examined host demographic-based prevalence. A confidence inter-
val (CD) of 95 % and p < 0.05 was considered statistically significant in
all the analyses.

3. Results
3.1. Host demographic-based prevalence of tick infestation

Tick infestation rates varied across the study area with respective
host demographic parameters, i.e., gender and age. Tick infestation was
detected in 50.1 % (301/600) of the small ruminants examined,
including 33.6 %% (202/600) goats and 16.5 % (99/600) sheep. Anal-
ysis based on host gender revealed significantly higher tick infestation
rates among female goats 62.8 % (164/261) compared to male goats
38.3 % (38/99) (2 = 4.000, p = 0.0455). Similarly, among the male
sheep 38.5 % (27/70) while female sheep 42.4 % (72/170) were infested
with ticks, showing a statistically significant association between the
two variables (y2 = 6.031, p = 0.0143). In addition, the age-based
analysis revealed that older goats exhibited significantly higher tick
infestation rates 60.5 % (130/215) than younger goats 49.7 % (72/145)
(2 = 6.155, p = 0.0147). Among sheep, young sheep 27.3 % (30/110)
showed significantly higher tick infestation rates compared to older
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sheep 53.1 % (69/130) (32 = 3.857, p = 0.0495) (Table 2).
3.2. Distribution and diversity of ixodid tick species

A total of 1587 ticks were collected from small ruminants, including
765 (48.2 %) nymphs, 585 (36.9 %) adults, and 237 (14.9 %) larvae.
Ticks were identified to species using morphology and DNA sequencing
analysis, revealing representatives belonging to three ixodid tick genera,
including Hyalomma, Haemaphysalis, and Rhipicephalus. A total of 11 tick
species were identified with variable prevalence, where Hae,aphysalis
montgomeryi (18.5 %) was the most common tick species infesting small
ruminants, followed by Rhipicephalus turanicus (15.5 %), Rhipicephalus
haemaphysaloides (13.2 %), Rhipicephalus. microplus (10.9 %), Hyalomma
dromedarii (9.2 %), Hyalomma scupense (7.7 %), Haemaphysalis sulcata
(6.6 %), Hyalomma anatolicum (5.9 %), Hyalomma isacci (5.2 %), Rhi-
picephalus decoloratus (4.4 %), and Hyalomma excavatum (2.9 %). The
occurrence of single and mixed tick species infestations is summarized in
Table 3.

The most frequently reported tick species in goats’ populations from
the study area was Rh. turanicus (19.0 %), followed by Hae. montgomeryi
(14.3 %), Rh. haemaphysaloides (13.2 %), Rh. microplus (11.2 %), Hy.
dromedarii (9.6 %), Hy. scupense (8.2 %), Ha. sulcata (6.2 %), Hy. ana-
tolicum (6.0 %), Hy. isacci (5.0 %), Rh. decoloratus (4.5 %) and Hy.
excavatum (2.8 %), respectively. However, no significant association
was found statistically among the reported tick species from different
regions (p = 0.164).

The occurrence pattern of reported tick species in sheep populations
across northern Pakistan including Hae. montgomeryi (18.0 %), Rh. tur-
anicus (17.2 %), Rh. haemaphysaloides (13.7 %), Rh. microplus (10.3 %),
Hy. dromedarii (8.4 %), Hae. sulcata (7.4 %), Hy. scupense (6.8 %), Hy.
isacci (5.5 %), Hy. anatolicum (5.5 %), Rh. decoloratus (4.3 %) and Hy.
excavatum (2.9 %). The association between different tick species across
the regions was statistically non-significant (p = 0.118).

3.3. Sequence similarity and phylogenetic profile of ixodid tick species

The 16S rRNA and cox1 sequences of tick samples from the current
study shared genetic identity with similar tick isolates reported from
Pakistan and worldwide. Among the characterized ixodid tick species,
Hy. anatolicum, Hy. dromedarii, Hy. excavatum, Hy. isacci, and Hy. scu-
pense demonstrated high sequence similarities (16S rRNA: 99.74-100 %;
cox1: 100 %) with similar isolates from China, Iran, Pakistan, Saudi
Arabia, Senegal, South Africa, Sri Lanka, and Turkey. Additionally, Hae.
montgomeryi and Hae. sulcata exhibited sequence homology (16S rRNA:
99.47-100 %; cox1: 99.54-100 %) with isolates reported from China
and Iran. Likewise, Rh. decoloratus, Rh. haemaphysaloides, Rh. microplus,
and Rh. turanicus shared high sequence resemblance (16S rRNA:
99.73-100 %; cox1: 100 %) with isolates from China, India, and Pakistan
(Tables S1 and S2).

The ML-based 16S rRNA phylogenetic tree showed that the se-
quences generated by the present study shared identity with similar
isolates published globally, including Africa (South Africa), South
America (Senegal), and Asia (China, India, Turkey, and Egypt), with
moderate to strong bootstrap values (Fig. 2).

Table 2
Host demography-based prevalence of tick infestation.
Variables Host type Demographical attributes Total no. examined Tick Infestation n (%) Chi-square Statistics P-Value
Male 99 38/99 (38.3) 4.000 0.0455
Host Gender Goats Female 261 164/261(62.8)
Male 70 27/70 (38.5) 6.031 0.0143
Sheep Female 170 72/170 (42.4) N
Goats Young 145 72/145 (49.7) 6.115 0.0147
Host Age Older 215 130/215 (60.5)
Sheep Young 110 30/110 (27.3) 3.857 0.0495
Older 130 69/130 (53.1)
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Table 3
Occurrence and distribution of Ixodid ticks collected from goats and sheep across North and North-Western Pakistan.

D32 Q7 T

Genus Hyalomma (Hy.) Genus Haemaphysalis (Ha.) Genus Rhipicephalus (R.)

Study area Host (n
y () Hy. anatolicum  Hy. dromedarii ~ Hy. excavatum  Hy. isacci ~ Hy. scupense ~ Hae. montgomeryi ~ Hae. sulcata  Rh. decoloratus ~ Rh. haemaphysaloides ~ Rh. microplus ~ Rh. turanicus

Gilgit Baltistan (NA)

District Astore Goat (72) 11 18 5 10 15 29 11 8 25 20 35
35° 13'8.4° N Sheep (14) 2 3 1 2 3 10 4 2 5 4 6
74° 52'26.76" E

District Ghanche Goat (19) 4 5 2 3 4 8 9 3 7 6 9
35° 9'45” N, Sheep (17) 3 4 1 4 3 9 3 1 6 5 8
76° 20'12.99" E

District Gilgit Goat (60) 9 15 4 8 12 24 9 7 21 17 30
35° 48'9.36” N Sheep (32) 5 8 3 5 7 13 6 4 12 10 15
74° 58 59.52" E

District Hunza Goat (50) 7 12 3 7 10 20 8 6 17 14 24
36° 31' 59.88” N Sheep (37) 6 9 4 6 8 16 7 5 14 11 20
75° 9'16.2"E

Khyber Pakhtunkhwa (NWA)

District Chitral Goat (61) 10 14 5 9 11 8 6 7 22 18 29
36° 6 40.68” N Sheep (35) 5 7 2 5 6 10 7 3 13 12 16
72° 8 29.76" E

District Dir (Lower) Goat (57) 8 13 6 8 13 23 10 8 20 16 27
34° 54'57.96" N Sheep (09) 2 3 2 1 2 10 4 1 8 3 8
71° 48 34.92"E

District Dir (Upper) Goat (65) 10 16 3 5 14 24 5 4 23 19 31
35°20'8.16" N Sheep (15) 3 4 1 3 3 11 3 3 7 5 10
72° 2/ 48.48"E

District Swat Goat (45) 7 10 2 4 9 18 8 5 6 10 20
35°13'21.72” N Sheep (12) 2 5 1 2 3 13 4 3 5 3 5
72° 25 32.88"E

Total (n) 600 94 146 45 82 123 246 104 70 211 173 293

95 % CI 4.2-7.5 6.5-11.8 1.9-3.7 3.7-6.5 5.3-10.0 12.9-23.7 5.1-7.8 3.1-5.6 9.3-17.0 7.6-14.0 11.8-8.9

NA: Northern Area, NW: North-western Area, CI: Confidence interval.

£99501 (+20Z) T UOUM]OAH PUD SIWPUDD UOTIAJUL
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MK829042 Hyalomma anatolicum Egypt
™ HM176658 Hyalomma anatolicum India
W1 KP059124 Hyalomma anatolicum Tajikistan
ON428503 Hyalomma anatolicum Pakistan
ON428517 Hyalomma isaaci Pakistan
10 | KU130441 Hyalomma isaaci South Africa

. ON428504 Hyalomma dromedarii Pakistan
ON428505 Hyal dr darii Paki
ON428507 Hyal dri darii Pakist

100 | KU130425 Hyalomma dromedarii Senegal
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Fig. 2. The phylogenetic tree of 16S rRNA gene partial sequences of the three
different Ixodid ticks genera (Rhipicephalus, Haemaphysalis and Hyalomma) in
this study (highlighted with different colors) and representative sequences from
the NCBI GenBank. The tree was constructed using a maximum likelihood al-
gorithm with the Kimura model method with 1000 bootstrap replications.
Bootstrap values are indicated at each node and the numbers over 50 are shown
in the tree. Ixodes kazakstani 16S rRNA gene partial sequences were used
as outgroups.

The ML-based cox1 phylogram provided an excellent resolution of
the evolutionary relationships among the reported tick genera with
strong bootstrap support. Phylogenetic analysis revealed that tick iso-
lates from this study closely resemble previously reported isolates from
various Asian countries such as Afghanistan, China, India, Iran, Saudi
Arabia, Sri Lanka, and Turkey. This indicates a shared genetic ancestry
or similarity in their genetic makeup among the tick species from
different geographic localities (Fig. 3). To further confirm the phyloge-
netic placement of Rh. decoloratus, a maximum likelihood tree was
constructed using the ITS2 genetic marker. This analysis showed that the
Rh. decoloratus samples from the current study clustered together with
other isolates from Kenya, confirming the Afrotropical origin of this
species (Fig. 4).

3.4. Genetic diversity of detected TBPs

Among the molecularly screened tick species, 104 (47.3 %) ticks
were found positive for at least one TBP DNA. The present study
detected 11 different TBPs belonging to four genera: Rickettsia (50.0 %),
Theileria (36.7 %), Anaplasma (34.2 %), and Ehrlichia (8.3 %). Among the
detected TBPs, the most prevalent was R. massiliae (14.5 %), followed by
T. ovis (10.5 %), Ehrlichia sp. (uncultured) (9.0 %), A. capra (8.0 %),
A. ovis (8.0 %), T. annulata (7.5 %), T. luwenshuni (7.5 %), A. marginale
(7.0 %), R. hoogstraalii (3.0 %), Anaplasma sp. (2.5 %) and Rickettsia sp.
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(2.5 %) (Table 4).

The occurrence of TBPs in hard ticks also varied, with the highest
percentage occurring in Hae. montgomeryi (95.0 %) Rh. turanicus (60.0
%), and Rh. haemaphysaloides (55.0 %), followed by Rh. microplus (50.0
%), Hy. dromedarii (50.0 %), Hy. anatolicum (50.0), Hae. sulcata (45.0
%), Hy. scupense (45.0 %), Hy. excavatum (35.0 %), Rh. decoloratus (25.0
%) and Hy. isacci (10.0 %) (Fig. 5).

3.5. The co-infection pattern of TBPs in ixodid ticks

Among the 104 (47.3 %) TBPs positive ticks, single, double, and
multiple (triple and quadruple) TBPs co-infection was observed among
different tick species. DNA of at least a single pathogen was found in all
reported tick species. Tick-borne pathogens double co-infection was
observed in one Rh. decoloratus tick for A. marginale and R. massiliae;
three Hy. excavatum for Ehrlichia sp. and R. massiliae, and one Hy. isacci
tick for Ehrlichia sp. and T. annulata. In the case of triple co-infection
TBPs, five Hy. scupense ticks tested positive for A. capra, R. massiliae,
and T. ovis. On the other hand, four TBPs were simultaneously detected
in many tick species, for instance, in two Rh. microplus ticks for A. ovis,
Anaplasma sp., R. massiliae, and A. marginale; three Hy. dromedarii for
A. capra, Anaplasma sp., R. massiliae, and T. ovis; five Hae. montgomeryi
for A. capra, R. hoogstraalii, R. massiliae, and Rickettsia spp.; three Rh.
haemaphysaloides for A. ovis, R. massiliae, T. ovis, and T. luwenshuni; five
Rh. haemaphysaloides for Anaplasma sp., R. massiliae, Rickettsia sp., and
T. ovis and six ticks (three each of Rh. turanicus and Hae. sulcata) Ehrlichia
sp., R. massiliae, T. annulata, and T. luwenshuni TBPs infections were
reported (Table 4).

3.6. Sequencing and phylogenetic profile of TBPs

Tick-borne pathogens of the genus Anaplasma, including A. capra,
A. marginale, A. ovis, and other Anaplasma sp., exhibited genetic simi-
larities ranging from 99.84 % to 100 %, with corresponding isolates
from China, Iraq, and Kenya. Among these TBPs, uncultured Ehrlichia
sp., a member of the genus Ehrlichia, demonstrated a 99.66 % similarity
with isolates previously identified in Pakistan. Additionally, TBPs of the
genus Rickettsia, specifically R. hoogstraalii and R. massiliae, were iden-
tical to isolates from Greece, India, South Africa, and the United States.
Moreover, piroplasms from the genus Theileria, namely T. annulata,
T. luwenshuni, and T. ovis, showed 100 % genetic identity with respective
species previously reported from Italy, Pakistan, and the United Arab
Emirates (Table S3).

In the present study, the 16S rRNA phylogenetic tree clustered the
present study isolates of the genus Anaplasma with identical isolates
previously reported from Asia (Iraq and Pakistan), Africa
(Mozambique), and South America (Brazil and Portugal) (Fig. 6).
Similarly, isolates of uncultured Ehrlichia sp. were grouped with the
identical isolates published from Asia (China, Pakistan, and Malaysia),
Europe (France), Africa (South Africa), and South America (Portugal),
with robust bootstrap support (Fig. 6). Likewise, species of the genus
Rickettsia (R. hoogstraalii, R. massiliae, and Rickettsia sp.) were classified
within the same clade as their respective species, with moderate to
strong bootstrap support, as reported from Asia (China, India, Lebanon,
Thailand, and Turkey), Europe (Greece, Spain, and Slovakia), America
(Mexico, USA), and South Africa (Figs. 7 & 8). The 18S rRNA phylogram
showed that the present study Theileria isolates clustered with similar
sequences deposited in the NCBI database from Asia (China, India,
Myanmar, Pakistan, Thailand) and the Middle East (Egypt, Saudi Arabia,
United Arab Emirates), with strong nodal support in the NJ phylogenetic
tree (Fig. 9).

4. Discussion

Climate change/global warming has favored tick habitat expansion
and TBP emergence into new geographic areas, thus placing public and
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Fig. 3. The phylogenetic tree of COI gene partial sequences of the three different Ixodid ticks’ genera (Rhipicephalus, Haemaphysalis, and Hyalomma) in this study
(Highlighted with different colors) and representative sequences from the NCBI GenBank. The tree was constructed using a maximum likelihood algorithm with the
Kimura model method with 1000 bootstrap replications. Bootstrap values are indicated at each node and the numbers over 50 are shown in the tree. Argas reflexus

COI gene partial sequences were used as outgroups.

veterinary health at risk of infectivity (Ali et al., 2019; Zeb et al., 2023).
Small ruminant farming is a vital component of the livestock industry
and contributes significantly to Pakistan’s agricultural economy. Goats
and sheep are constantly exposed to tick infestation/TBP infection due
to grazing practices. These small ruminants often graze in pastures,
rangelands, and mountainous areas where ixodid ticks thrive. During
grazing, the animals come into close contact with the vegetation and
environments harboring questing ticks, increasing the chances of tick
attachment and infestation.

In Pakistan, molecular-based surveys investigating the molecular
epidemiology of ticks and TBPs are still at an early stage, with only a
limited number of studies conducted. In the current study, we docu-
mented and characterized molecularly 11 ixodid tick species infesting
small ruminants. Our findings align with previous studies that reported
the presence of hard tick infestations in small ruminants in different
geographic locations within Pakistan. However, these prior studies were
limited to morphological identification or focused on only a few tick
species (Ali et al., 2019; Ghafar et al., 2020b; Karim et al., 2017; Rehman

etal., 2017). We have observed that the genus Rhipicephalus tick species
occur most frequently, followed by Hyalomma and Haemaphysalis. This
tick infestation pattern aligns with previous studies conducted in other
agroecological zones of Pakistan (Ali et al., 2019; Ghafar et al., 2020b;
Zeb et al., 2019b). However, contrasting patterns of tick occurrences
have been observed in different localities of Pakistan, such as Kashmir,
Balochistan, and Punjab, where Hyalomma ticks dominate (Ali et al.,
2019; Nizhat Sultana et al., 2015; Rafiq et al., 2017; Rehman et al.,
2017). Our results are consistent with previous research, suggesting that
different ecological zones, particularly arid and semi-arid regions, pro-
vide favorable environmental conditions for specific tick species (Ali
et al., 2019; Estrada-Pena et al., 2006; Jyotika Kapur-Ghai, Singh, and
Singh, 2008; Rehman, Conraths, Sauter-Louis, Kriicken, and Nijhof,
2019). This is evident because Rhipicephalus species are more common in
semi-arid agroecological zones in Pakistan and elsewhere (Ali et al.,
2019; Rehman et al., 2017; Singh and Rath, 2013; Zeb et al., 2019).
Among the identified tick species, Hae. montgomeryi, an Asian Hi-
malayan tick, commonly found infesting domestic animals, including
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Fig. 4. The phylogenetic tree of ITS-2 gene partial sequences of the Rhipicephalus decoloratus in this study (highlighted with different colors) and representative
sequences from the NCBI GenBank. The tree was constructed using a maximum likelihood algorithm with the Kimura model method with 1000 bootstrap repli-
cations. Bootstrap values are indicated at each node and are shown in the tree. Ixodes pacificus ITS-2 gene partial sequences were used as outgroups.

cattle, goats, sheep, buffalo, dogs, and occasionally humans (Karim
et al., 2017), has a distribution spanning the subtropical and lower
temperate regions of the Himalayas in west Pakistan, Nepal, India, and
China (Hoogstraal, Trapido, and Kohls, 1966; Karim et al., 2017). The
presence of this tick species in Pakistan could be attributed to trans-
boundary animal movements, trade, or the migration of birds from
neighboring countries, considering that Pakistan imported live animals
primarily from China, India, Nepal, and Afghanistan. In addition, Rh.
decoloratus, originally native to the Afrotropical region, has become
widespread in India and could have entered Pakistan from Africa by
infesting African imported bovine hosts brought to India, resembling the
introduction of Rh. microplus (originating from Asia) to Africa when
Indian cattle were imported through Madagascar (Cohen, Auckland,
Marra, and Hamer, 2015; Hasle, 2013; Hoogstraal, Trapido, and Kohls,
1966).

The present study findings on TBPS align with earlier research that
described comparable TBPs from various agroecological zones in this
country (Ghafar et al., 2020d; Niaz et al., 2021; Rehman, Conraths,
Sauter-Louis, Kriicken, and Nijhof, 2019). A total of 11 TBP species were
detected in collected tick samples. Among them, R. massiliae was the
most prevalent TBP. A previous study detected a high prevalence of
R. massiliae in several tick species taken from sheep and goats (Ghafar
et al.,, 2020b). Furthermore, our findings align with similar studies

conducted in different geographic regions, both locally and interna-
tionally, which have reported comparable TBPs in diverse tick species
(Ghafar et al., 2020b; Hakimi, Sarani, Takeda, Kaneko, and Asada, 2019;
Niaz et al., 2021; Omondi et al., 2017; Rehman, Conraths, Sauter-Louis,
Kriicken, and Nijhof, 2019; Zeb et al., 2019). Moreover, the observed
variations in prevalence patterns could be attributed to differences in
sample size or the inclusion of different geographic locations with
diverse climates.

Herein, our results molecularly documented the detection of
R. hoogstraalii from Hae. montgomeryi infesting small ruminants is
consistent with a recent study in the Punjab province of Pakistan
(Hussain et al., 2024). However, no previous record is available from the
study area. Phylogenetically, R. hoogstraalii is closely related to R. felis
species, an emerging zoonotic pathogen known to be transmitted by
arthropods, including fleas and possibly mosquitoes (Dieme et al., 2015;
Parola et al., 2003). Among several Rickettsia species of the SFG,
R. hoogstraalii had been previously reported in Haemaphysalis (Hae.
punctata and Hae. sulcata) infesting goats and sheep from other parts of
the world (Chisu et al., 2017; Chochlakis et al., 2012; Duh et al., 2010;
Marquez, 2008). Although the exact vector remains uncertain, our re-
sults, along with previous studies, provide support to the hypothesis that
several Haemaphysalis species, including Hae. montgomeryi, could
potentially play a significant role in the transmission of various



Table 4
Positive infections and co-infections detected in the tick species of the present study (Skardu: 35° 19' 28.9596” N; 75° 33’ 3.4452" E, Astore: 45° 24’ 1.8324” N; 10° 31’ 24.924" E, Diamir: 17° 35' 8.2356” N; 33° 58' 6.8556"
E, Tangir: 35° 46’ 13.404” N; 5° 48' 12.996” W, Swat: 35° 13' 21.756” N; 72° 25' 32.9232" E, Chitral: 32° 51’ 3.2” N; 71° 47’ 24.7" E, Lower Dir: 35° 5’ 36.0” N; 72° 1’ 4.3" E and Dir Upper: 35° 8 45.7” N; 72° 0' 45.4" E).*

Study area Tick species No. of positive Single/co-infections
(District) ;ge:::x;:;z)(o“t of Single Double Triple Quadruple
Ac Am Ao Rh Rm Ta TI To Am+Rm  Esp. Esp. Ac + Am+Ao+  Ac+ Ac + Ao + Asp. + Esp. +
-+ Rm + Ta Rm-+ Asp. + Asp.+ Rh + Rm + Rm + Rm +
To Rm Rm + Rm+ To+TI1 Rsp. + Ta + Tl
To Rsp. To
Astore, Chitral, Dir Hy. anatolicum 10 2 1 2 2 3
(L), Gilgit, Hunza,
Swat
Chitral, Dir (L), Dir Hy. dromedarii 10 1 1 2 3 3
(U), Gilgit,
Ghanche, Hunza
Astore, Chitral, Hy. excavatum 7 4 3
Gilgit
Chitral, Ghanche, Hy. isacci 2 1 1
Hunza
Astore, Chitral, Dir Hy. scupense 9 2 1 1 5
(U), Ghanche,
Hunza,
Astore, Chitral, Dir Hae. montgomeryi 19 1 4 4 5 5
(L), Gilgit, Hunza
Chitral, Dir (L), Hae. sulcata 9 1 2 3 3
Ghanche
Chitral, Gilgit, Rh. decoloratus 5 2 2 1
Hunza
Astore, Chitral, Dir Rh. 11 1 1 4 1 1 3
(L), Dir (U), haemaphysaloides
Ghanche, Hunza,
Swat
Astore, Dir (L), Dir Rh.microplus 10 5 3 2
(U), Gilgit, Swat
Astore, Chitral, Dir Rh. turanicus 12 1 2 4 5
(L), Dir (U), Gilgit,
Ghanche, Hunza,
Swat
Total 104 7 7 8 6 21 2 5 14 1 3 1 5 2 3 5 3 5 6

" Ac: Anaplasma capra, Am: Anaplasma marginale, Ao: Anaplasma ovis, Rh: Rickettsia hoogstraali, Rm: Rickettsia massiliae, Ta, Theileria annulata, T1: Theileria luwenshuni, To: Theileria ovis, Esp.: Ehrlichia sp., Asp.: Anaplasma

sp., Rsp.: Rickettsia sp.
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Fig. 5. Prevalence of tick-borne pathogens in ixodid ticks collected from small ruminants across northern Pakistan.
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| MH155593 Anaplasma marginale Iraq et al.,, 2017). The ability of the pathogen to multiply in the salivary
ON513987 Anaplasma marginale glands and midgut of the tick vector, as well as the host’s vulnerability
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Fig. 6. The phylogenetic tree of 16S rRNA gene partial sequences of the genera
(Ehrlichia and Anplasma) in this study (highlighted with different colors) and
representative sequences from the NCBI GenBank. The tree was constructed
using a maximum likelihood algorithm with the Kimura model method with
1000 bootstrap replications. Bootstrap values are indicated at each node and
the numbers over 50 are shown in the tree. Rickettsia prowazekii 16S rRNA gene
partial sequences were used as outgroups.

Rickettsia species, including R. hoogstraalii. However, further in-
vestigations are warranted to examine the vector competence specif-
ically for this pathogen. In addition, A. capra, a human pathogen, has
also been detected in several tick species, including Hy. dromedarii and
Hy. scupence, Hae. montgomeryi, Hae. sulcata, Rh. haemaphysaloides, and

10

locations endemic to Lyme disease despite their low ecological fitness
(Diuk-Wasser, Vanacker, and Fernandez, 2021). This work opens a new
avenue of investigation into the pattern of interactions between different
TBDs in tick vectors and their mammalian hosts. It is necessary to
conduct more experimental research to clarify the fundamental mech-
anisms influencing the co-occurring ecological community within the
tick vector.

Phylogenetic inferences showed that hard ticks from the present
study were successfully clustered with similar tick species reported from
Asia, Europe, South America, and Africa. These findings corroborate
published literature that used similar taxonomic markers to establish the
phylogenetic profile of ixodid ticks from Pakistan and elsewhere (Ghafar
et al., 2020a).

The phylogenetic profile of the reported TBPs was also inferred by
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Fig. 7. The phylogenetic tree of 16S rRNA gene partial sequences of the genus (Rickettsia) in this study (highlighted with different colors) and representative se-
quences from the NCBI GenBank. The tree was constructed using a maximum likelihood algorithm with Kimura model method with 1000 bootstrap replications.
Bootstrap values are indicated at each node and the numbers over 50 are shown in the tree. Anaplasma phagocytophilum 16S rRNA gene partial sequences were used

as outgroups.
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Fig. 8. The phylogenetic tree of citrate synthase (gltA) synth gene partial se-
quences of the genus (Rickettsia) in this study (highlighted with different colors)
and representative sequences from the NCBI GenBank. The tree was constructed
using a maximum likelihood algorithm with the Kimura model method with
1000 bootstrap replications. Bootstrap values are indicated at each node and
the numbers over 50 are shown in the tree. Anaplasma centrale gltA gene partial
sequences were used as outgroups.

multi-locus analysis of 16S rRNA, gltA, and 18S rRNA phylogenetic
markers. The molecular phylogenies of TBPs from the study area were
successfully established. Our findings are consistent and support the
results of the previous research reports from Pakistan and other coun-
tries including Iran, and Afghanistan (Ghafar et al., 2020a; Hakimi,
Sarani, Takeda, Kaneko, and Asada, 2019; Duh et al., 2010). These
studies have reported and characterized molecularly the same reported

11

TBPs and inferred their phylogenetic profile using the same taxonomic
markers.

5. Conclusion

The current study focused on detecting ticks and TBPs in goats and
sheep northern Pakistan. The results revealed the presence of 11 ixodid
tick species from three genera (Hyalomma, Haemaphysalis, and Rhipice-
phalis) using 16S rRNA and COI genetic markers. Additionally, three
genera of TBPs (Anaplasma, Rickettsia, and Theileria) with 11 TBP species
were identified using 16S rRNA, gltA, and 18S rRNA markers, including
the detection of zoonotic pathogens A. capra, R. massiliae, and
R. hoogstraalii. This research documented preliminary data on ticks and
TBPs in small ruminants in the study area. It will facilitate researchers in
devising large-scale epidemiological investigations to map tick and TBP
distribution and their associated risks of public and veterinary health
concerns.
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Fig. 9. The phylogenetic tree of 185 rRNA gene partial sequences of the genus (Theileria) in this study (highlighted with different colors) and representative se-
quences from the NCBI GenBank. The tree was constructed using a maximum likelihood algorithm with Kimura model method with 1000 bootstrap replications.
Bootstrap values are indicated at each node and the numbers over 50 are shown in the tree. Babesia bovis 18S rRNA gene partial sequences were used as outgroups.
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