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Dermacentor marginatus is a medically important tick species due to its preference humans and 
domestic animals as hosts and its vectorial competence, yet it remains understudied in many regions. 
This study aimed to examine the population structure and demographic history of D. marginatus 
using the cox1 and ITS2 genes, focusing on populations from Central and Northeast Anatolia—two 
regions on either side of the Anatolian Diagonal, a natural biogeographical barrier. A total of 361 
host-seeking adult D. marginatus ticks from 31 sampling sites were analyzed, revealing 131 haplotypes 
for cox1 and 104 genotypes for ITS2. Neutrality tests and mismatch distribution patterns rejected 
the null hypothesis of the neutral theory, indicating that the population of D. marginatus in Anatolia 
has undergone a recent demographic expansion. Significant genetic differentiation and population 
structuring were observed between the Central and Northeastern Anatolian populations of D. 
marginatus, correlating with geographic distance and suggesting that the Anatolian Diagonal acts as a 
potential barrier to gene flow. Intrapopulation gene flow was higher in Central Anatolian populations 
compared to Northeastern Anatolian populations. Bayesian phylogeny revealed a highly divergent D. 
marginatus haplotype within the Northeastern Anatolian population, clustering into a Central Asian 
clade. Additionally, phylogenetic trees of the subgenus Serdjukovia revealed taxonomic ambiguities, 
including the absence of a distinct clade for D. niveus and potential misidentifications of D. marginatus 
and D. raskemensis specimens. Furthermore, the monophyletic relationship between D. marginatus 
and D. raskemensis supports the likelihood of sympatric speciation. These findings enhance our 
understanding of the genetic structure, phylogeography, and evolutionary dynamics of D. marginatus 
while providing a framework for future research on tick populations.
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Studies on the population genetic structure of ticks are crucial for understanding their current and historical 
evolutionary processes, including demographic history, dispersal patterns, host adaptation, vectorial 
competence, and even chemical resistance1–3. These insights can help characterize tick populations within and 
across geographic regions, shedding light on the processes driving genetic differentiation. Such knowledge is 
vital for developing more effective integrated control strategies, as it bridges the gap between the basic biology 
of vectors and the study of tick-borne pathogens4. Despite their importance, population genetic studies on ticks 
remain limited, leaving many species, species complexes, and groups in need of taxonomic and evolutionary 
clarification1,5.

The genus Dermacentor, which includes several important vector species, remains understudied, with 
relatively limited genetic data available6–8. Dermacentor species are widely distributed, in America’s, Asia, 
and Europe, posing significant threats to human and animal health. The genus Dermacentor comprises 
approximately 40 species that share similar morphological characteristics, life cycles, seasonal activity patterns, 
host preferences, and ecology. However, the morphological identification of closely related species is often 
challenging, leading to potential errors in earlier reports8–11. This highlights the need for comprehensive studies 
investigating the population structure of Dermacentor species to improve our understanding of this genus. 
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While recent researches have examined the population genetics of Dermacentor species in North America, 
such as Dermacentor variabilis and Dermacentor andersoni 12–15, studies outside of this region are scarce. Most 
available data focus on Dermacentor reticulatus populations in Europe, leaving significant knowledge gaps for 
other species and geographic areas6,7,16–18.

Dermacentor marginatus, also known as the ornate sheep tick, is one of the most important vector species 
within the genus Dermacentor10,19. Its geographical distribution spans a wide range, including northern Africa 
(Morocco, Algeria, Tunisia), southern Europe up to northern France, northern Syria, Türkiye, and extending 
from Iran and Russia to as far as China9. Ecologically, D. marginatus is well-adapted to warmer, drier climates 
in southern latitudes, thriving in steppes, alpine steppes, forest-steppes, and semi-desert areas19,20. In Türkiye, 
it is reported across much of Anatolia, particularly in ecotones, such as transitional zones from forests to 
semi-arid areas, steppe landscapes, and, less frequently, forested habitats21–23. Dermacentor marginatus serves 
as a competent vector for multiple pathogens, including the Crimean-Congo hemorrhagic fever virus, Omsk 
hemorrhagic fever virus, Spotted Fever Group rickettsiae, and Babesia caballi, playing a significant role in 
their ecology and epidemiology across various regions10,24,25. Despite its importance as a vector and its broad 
distribution, the population genetic structure of D. marginatus remains largely unstudied in most of the areas 
where it occurs actively.

The subgenus Serdjukovia includes several closely related species, such as Dermacentor niveus, Dermacentor 
ushakovae, Dermacentor pomerantzevi, D. marginatus, Dermacentor raskemensis, Dermacentor silvarum, and 
Dermacentor nuttalli8,26. However, this group still presents significant taxonomic challenges, with ongoing 
debates regarding the validity of some morphologically similar species, such as D. niveus and D. ushakovae. 
Past research has highlighted frequent misidentifications and inconsistencies in species classification, further 
complicating the taxonomy of this group8,9. These uncertainties underscore the need for robust genetic 
characterization and population structure analyses to clarify the evolutionary relationships within the subgenus 
and resolve long-standing taxonomic ambiguities.

The Anatolian Diagonal, a prominent biogeographical feature of the Anatolian peninsula, has long been 
recognized as a natural barrier shaping the distribution and genetic divergence of numerous taxa. The Anatolian 
Diagonal is a natural biogeographical barrier that spans across Anatolia, influencing the distribution and genetic 
structure of many taxa. It consists of a series of mountain ranges and ecological transitions rather than a linear 
road or human-made structure. Studies on plant species, such as Turkish oaks (Quercus spp.), and vertebrates 
including the Anatolian ground squirrel (Spermophilus xanthoprymnus) and Levantine frog (Hyla savignyi) 
highlight the Diagonal’s pivotal role in driving genetic differentiation and speciation27–31. Similarly, arthropods 
like the meadow grasshopper (Chorthippus parallelus) and oak gall wasps (Cynips quercus) also exhibit genetic 
divergence across the Anatolian Diagonal, underscoring its broad influence on species distributions32–34. Despite 
this well-documented impact on various taxa, the specific effects of the Anatolian Diagonal on the population 
genetics of tick species, such as D. marginatus, remain largely unexplored.

Phylogeographic studies are essential to understanding the detailed population genetic structure and 
phylogenetic relationships of D. marginatus. Therefore, this study aims to address this need by investigating the 
population genetic structure and demographic history of D. marginatus in Anatolia, focusing on populations 
located on both sides of the Anatolian Diagonal. By analyzing genetic data from tick samples collected in Central 
and Northeastern Anatolia, this research seeks to evaluate the role of the Anatolian Diagonal as a potential 
biogeographical barrier, influencing genetic differentiation and gene flow between populations. Furthermore, 
this research aims to explore whether the genetic patterns observed in D. marginatus populations correlate 
with those seen in other taxa influenced by the Diagonal, thus contributing to the broader understanding of its 
ecological and evolutionary impact.

The selection of these two study areas was primarily based on their significant geographical differences 
and their locations on either side (east and west) of the Anatolian Diagonal. We hypothesized that the distinct 
ecogeographical regions, combined with this barrier, might drive population structuring in D. marginatus 
populations across Anatolia. Additionally, D. reticulatus, another Dermacentor species, coexists with D. 
marginatus in mixed populations in both northern Central Anatolia and much of Northeastern Anatolia. The 
presence of D. niveus, a morphologically problematic species closely related to D. marginatus, has also been 
reported in these areas, especially in Northeast Anatolia35,36. These factors could potentially increase genetic 
diversity or influence gene flow and restrictions between species, haplotypes, and genotypes in the same region.

Materials and methods
Study area and sampling strategy
To ensure clarity and consistency throughout the study, we use specific terminology to describe different spatial 
scales. A pinpoint location refers to an exact geographical point where tick sampling was conducted. A sampling 
site encompasses multiple pinpoint locations within a defined ecological area and represents a broader collection 
zone. The study focuses on two major regional populations, Central Anatolia (CN) and Northeastern Anatolia 
(NE), which serve as the primary units for population genetic comparisons.

The study area was divided into two ecogeographical regions, located in Central and Northeastern Anatolia 
of Türkiye, which provide suitable habitats for D. marginatus. The CN is situated along a key ecotone, beginning 
with the forested phytogeography of the western Black Sea in the north, transitioning into the semi-arid Irano-
Turanian steppe zone, and extending to the Kızılırmak River, continuing toward the Polatlı and Seyfe plains, 
which exhibit a varying steppe structure. The NE spans from the forested areas of the eastern Black Sea, through 
high Alpine-type grasslands and plateaus dominated by Irano-Turanian phytogeography, to the valley ecosystem 
of the Aras River, reaching the Armenian border (Fig. 1).

Sampling sites in both regions (CN and NE), were defined based on geographic, abiotic, and ecological 
factors, such as grazing distances for domestic ruminants and the displacement of wild boars. Dermacentor 
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marginatus has a three-host life cycle, with immatures displaying an endophilic (nidicolous) behavior, feeding 
primarily on small rodents without leaving their habitat. Adults, however, mostly prefer larger ungulates—such 
as ruminants, equids, and wild boars—as hosts10. Notably, migratory birds and frequently displaced native birds 
are not part of D. marginatus' natural host preference, limiting its mobility, which is primarily influenced by the 

Fig. 1.  Maps showing the study areas and locations where Dermacentor marginatus specimens were collected. 
Sampling sites determined in this study are indicated on both elevation and vegetation-based maps. The 
position of the Anatolian Diagonal on the map is drawn based on Kuzguncuoğlu et al. (2019). Maps were 
generated using ArcGIS 10.6.1 software, and the final figure composition was created using Inkscape 1.2.
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movement of large animals. This leads to the formation of more isolated populations in confined areas. A total 
of 31 sampling sites were identified, including 19 in CN and 12 in NE regions. The sampling sites were mapped 
using ArcGIS 10.6.1 (Esri, 2018) and geographic information systems (GIS) (Fig. 1). Detailed information on 
each sampling site, including name, center coordinates, district/province, altitude, land/vegetation structure, 
climate type, average annual temperature, average annual relative humidity, and total annual precipitation, 
is provided in Table S1. Climatic data were sourced from the nearest measurement stations of the General 
Directorate of Meteorology, using an average value from the last 30 years.

Performing power analyses in tick population genetics is challenging due to limited prior data on tick 
population densities. Consequently, such analyses are rarely applied in classical population genetics studies 
focusing on differentiation or gene flow. Instead, researchers prioritize broad geographic and ecological coverage 
to ensure robust sampling, as is common in many tick studies3,18. In this study, we employed a comprehensive 
sampling strategy, selecting 361 host-seeking adult D. marginatus from 31 sampling sites across Anatolia. 
This approach aimed to capture genetic diversity within D. marginatus populations and ensure sufficient 
representation for detecting population structure and demographic patterns.

Tick collection and morphological identification
Host-seeking adults of D. marginatus were collected from 151 pinpoint locations across 31 sampling sites 
(Fig. 1). Tick collection took place over four seasons of Dermacentor activity: fall 2021, spring 2022, fall 2022, 
and spring 2023, spanning from September 2021 to August 2023. Ticks were collected during daylight hours 
using a 1.5 × 1 m white cotton cloth, which was dragged over vegetation, or by hand when visually encountered. 
The collected ticks were placed in air-permeable vials, labeled according to their location, and recorded with 
geographical information. Ticks from CN were transported to the Ticks and Tick-borne Diseases Research 
Laboratory (TTBDRL) at Ankara University’s Faculty of Veterinary Medicine under suitable conditions on the 
same day. Ticks from NE were similarly transported to the Department of Parasitology at Kafkas University on 
the same day, and subsequently, specimens were transported alive to TTBDRL within a week.

The morphological identification of tick specimens was performed using a stereo microscope (Stemi 2000-C, 
Zeiss, Germany) equipped with and AxioCam digital camera and ZEN software, following standard taxonomic 
keys26,37–40. After morphological identification, each tick was washed in 70% ethanol, rinsed in sterile DNase/
RNase-free water, and dried on sterile filter paper. The specimens were then placed in sterile tube and stored at 
-80 °C until further molecular analysis.

Nucleic acid extraction, PCR, and sequencing
Tick samples included in the molecular analysis, were individually homogenized in bead-containing tubes using 
a SpeedMill PLUS cooling homogenizer (Analytikjena, Jena, Germany). Genomic DNA was extracted from each 
homogenized sample using the BlackPREP Tick DNA/RNA Kit (IST Innuscreen GmbH, Germany) according 
to the manufacturer’s instructions. The extracted DNA was stored at -20 °C until it was used for PCR analysis.

Two separate PCR analyses were performed independently for the cytochrome c oxidase subunit 1 (cox1) 
and Internal Transcribed Spacer 2 (ITS2) markers. The first PCR was conducted using primers HCO2064 and 
HCO1215, which amplify an approximately 850 bp region of the mitochondrial cox1 gene. The second PCR used 
primers 3SA and JB9A, amplifying the nuclear ITS2 gene, covering the entire 1099 bp gene41,42. Each marker 
was amplified in a single-step conventional PCR reaction. PCR products for each marker were purified using the 
PureLink™ Quick Gel Extraction Kit (Invitrogen, Thermo Scientific, Lithuania) and sequenced bidirectionally 
via Sanger sequencing with the BigDye™ Terminator V3.1 Cycle Sequencing Kit (Applied Biosystems, Foster 
City, CA, USA) on an Applied Biosystems™ 3500 Genetic Analyzer. Raw sequence data from both directions 
was reviewed, edited in the chromatogram, and assembled into a single sequence. The resulting sequences were 
subjected to BLAST homology analysis in GenBank (National Center for Biotechnology Information, ​h​t​t​p​s​:​/​/​w​w​
w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​g​e​n​b​a​n​k​​​​​) and BOLD (Barcode of Life Data System, http://www.boldsystems.org) databases 
for nucleotide comparison and similarity assessment.

Genetic diversity, population genetic structure and demographic history
The nucleotide data were organized into two separate datasets: one for the cox1 gene and one for the ITS2 
gene. A concatenated dataset was also created by combining the cox1 and ITS2 data for each sample. The cox1 
sequences were converted into amino acid (protein) sequences using AliView v1.2643 and were checked for 
potential stop codons and the presence of numts (Nuclear mitochondrial DNA segments, which are fragments 
of mitochondrial DNA that have been incorporated into the nuclear genome) using BLAST. The cox1 sequences 
were aligned as translated amino acids using the MUSCLE algorithm, integrated with AliView software, while 
the ITS2 sequences were aligned using the Q-INS-i algorithm, which takes secondary structure information into 
account, with a scoring matrix of 200 PAM/k = 2 and a gap opening penalty of 1.53 incorporated into MAFFT 
v.744.

Nucleotide diversity (π), the number of observed haplotypes/genotypes (h), haplotype/genotype diversity 
(Hd), the number of segregation sites (S), the average number of nucleotide differences (k), and the distribution 
of haplotypes/genotypes across populations were calculated using DnaSP v6.12.0345 for three datasets: cox1, 
ITS2, and the concatenated data. Populations were evaluated based on 31 sampling sites, two regions (CN and 
NE), and a combined dataset representing all samples. The distribution of pairwise sequence divergence was 
assessed using mismatch distribution analysis in DnaSP, and the formula “Tau = 2ut” was applied to estimate 
the timing of population size changes45,46. To examine the relationships between haplotypes/genotypes, network 
analysis was conducted using TCS v1.2147 and visualized in tcsBU48. Additionally, pairwise distances between 
haplotypes/genotypes were analyzed in MEGA 11.0.1349 under the “p-distance” model with 1,000 bootstrap 
replicates, and the resulting matrices were visualized with SDT v1.250.
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The neutral mutation hypothesis (The neutral theory of molecular evolution, which posits that most 
evolutionary changes at the molecular level are caused by genetic drift of neutral mutations rather than natural 
selection) was tested using Tajima’s D, Fu’s Fs, and Fu and Li’s D-F statistics in DnaSP45,51,52. Genetic variance 
and pairwise genetic differentiation within and among populations were calculated using molecular analysis of 
variance (AMOVA), performed locus by locus with Arlequin v3.5.2.2 and 1000 replicates53. The significance 
of covariance components associated with different levels of genetic structure—within populations, within 
population groups, and between groups—was tested using nonparametric permutation procedures53,54. The 
fixation index (FST) was calculated to estimate the amount of pairwise genetic variance explained by population 
structure, using Wright’s F-statistics55. Additionally, the population structure was analyzed with group 
simulations ranging from K = 2–10 (three runs for each group) using the Bayesian clustering algorithm with 
STRUCTURE56,57, and the package “pophelper” on the R platform was used to determine the optimal number 
of groups from the STRUCTURE outputs with the highest value of Delta K58. Mantel and SAMOVA (Spatial 
Analysis of Molecular Variance) tests were employed to evaluate the correlation between genetic variation and 
geographic distance59,60. The Mantel test was conducted using the ‘geodist’, ‘ape’, and ‘vegan’ packages in R (v4.3.2, 
R Core Team 2020) with Pearson’s product-moment correlation (r) and statistical significance determined by 
1,000,000 permutations61,62. SAMOVA v2.0 software was used with 31 sampling sites, 2–10 group simulations, 
and 10,000 iterations based on the FCT value obtained60.

In our statistical analyses, we utilized AMOVA, FST calculations, and Bayesian clustering to assess the 
population structure. We recognize the potential risk of the Wahlund effect, which can cause artificial population 
subdivisions. To mitigate this, we ensured that our sampling strategy was both broad and representative, covering 
a wide range of ecological and geographical conditions. This approach minimized the likelihood of sampling 
individuals from mixed populations, which could lead to confounding results. Additionally, we performed a 
preliminary analysis to verify the presence of genetic structure before conducting AMOVA and Bayesian 
clustering, further strengthening the robustness of our findings.

Phylogenetic analysis
Genetic data, including cox1 gene-based haplotypes and ITS2 gene-based genotypes, were used to create the 
following datasets for phylogenetic analyses:

	a.	 A dataset comprising cox1-based haplotypes identified in this study and D. raskemensis (GenBank accession 
no. MT308586) as an outgroup.

	b.	 A dataset comprising ITS2-based genotypes identified in this study and D. raskemensis (PP618825) as an 
outgroup.

	c.	 A concatenated dataset comprising cox1 + ITS2 (combined) genotypes from this study and D. raskemensis 
(MT308586 + PP618825) as an outgroup.

	d.	 A dataset comprising cox1-based haplotypes from this study and cox1 sequences from species in the sub-
genus Serdjukovia (D. marginatus, D. raskemensis, D. niveus, D. silvarum, and D. nuttalli) registered in the 
GenBank, with D. reticulatus (MT478096, OM142141, and OQ947121) as an outgroup.

	e.	 A dataset comprising ITS2-based genotypes from this study and ITS2 sequences of species in the subgenus 
Serdjukovia registered in the GenBank, with D. reticulatus (OR428530, S83080, and OM142152) as an out-
group.

The reliability of the sequences in each dataset was assessed individually using GUIDANCE263. Unreliable 
sequences or columns (in protein-coding genes) were eliminated based on GUIDANCE2 outputs, improving the 
quality of the phylogenetic trees. The cox1 datasets were aligned as translated amino acids using the MUSCLE 
algorithm64, while the ITS2 datasets were aligned using the MAFFT algorithm44. The overall mean distance 
(p-distance) was calculated in MEGA 11.0.1349 to assess alignment reliability and average identity. Best-fit 
nucleotide substitution models were selected using the Bayesian Information Criterion (BIC) in jModelTest 
2.1.1065 and ModelTest-NG 0.1.666. Phylogenetic analyses were conducted using a Markov chain Monte Carlo 
(MCMC) integration method based on Bayesian inference using software in the BEAST2 package (BEAUti 
v2.7.6, BEAST v2.7.6, TreeAnnotator v2.7.4)67. The MCMC chain was run for 100 million generations, and 
the ESS values obtained were checked in Tracer v1.7.2. software68. The final phylogenetic tree was generated 
in TreeAnnotator (2.7.4), after excluding the first 20% of trees as burn-in. The trees were visualized in FigTree 
v.1.4.4 (Rambaut, A. University of Edinburgh, Edinburgh, UK; http://tree.bio.ed.ac.uk/software/figtree) and 
rooted using the included outgroup. Branch support was evaluated based on posterior probabilities from BEAST. 
Phylogenetic clades were named according to species and haplogroups/genogroups, and low-support branches 
were collapsed in the final trees.

Mapping and database registration of haplotypes and genotypes
Distribution maps of the characterized D. marginatus haplotypes and genotypes were generated using ArcGIS 
10.6.1 (Esri, 2018) with base maps at various resolution levels. The genetic and barcode data were registered in 
the NCBI and BOLD databases. Specifically, the cox1 data for D. marginatus haplotypes, including necessary 
barcode information (such as images and geographical coordinates), were uploaded to the BOLD system, with 
haplotypes achieving 100% barcode compliance. Furthermore, both cox1 and ITS2 data for D. marginatus 
haplotypes and genotypes were deposited in the GenBank database, each assigned specific accession numbers.

Results
A total of 938 (360♂♂, 578♀♀) host-seeking adult D. marginatus individuals were collected from 151 pinpoint 
locations across 31 sampling sites. This included 553 individuals from 102 locations within 19 sampling sites in 
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CN and 256 individuals from 49 locations within 12 sampling sites in NE. All individuals were classified into the 
D. marginatus complex based on morphological criteria and identified as the D. marginatus morphotype. For 
the population genetics analysis, a total of 361 D. marginatus individuals (168♂♂, 193♀♀) were selected from 31 
sampling sites, with each site contributing between 8 and 21 individuals. Additionally, to ensure broad ecological 
and geographical coverage, at least one tick was collected from each of the 150 locations. However, the primary 
focus of this study is not on individual locations, but rather on the genetic differentiation between sampling sites 
and the two major regional populations: CN (n = 226) and NE (n = 135). Given this approach, the sample size 
is considered sufficient for assessing regional population structure. Detailed information about the collected 
tick specimens included in the genetic analysis is provided in Table 1 and Table S2, and their geographical 
distribution is illustrated in Fig. 1.

All D. marginatus samples included in the population genetics were subjected to PCR amplification of the 
partial cox1 and the entire ITS2 gene, as outlined in the methodology. Positive amplicons of the expected sizes 
were successfully obtained for all samples. The sequences from these amplicons were assembled bidirectionally, 
and after eliminating low-quality regions at the beginning and end, the final cox1 sequence had an average 
length of 840 bp. For the ITS2 gene, a complete sequence of 1099 bp was obtained. Additionally, to be used as an 
outgroup and for phylogenetic analysis, the entire ITS2 gene region of D. raskemensis was sequenced. Although 
cox1 data for D. raskemensis (GenBank accession MT308586) were already available, ITS2 data were absent in 
the GenBank database. Thus, ITS2 sequencing was performed on the same specimen from our DNA bank, and 
the resulting sequence was deposited in GenBank under the accession number PP618825.

Study region Sampling site
Total number of specimens 
obtained (gender)

Number of locations where 
samples were collected

Number of samples included in 
population genetics (Gender)

Number of locations 
from which samples 
included in population 
genetics were obtained

CN L1 28 (10♂, 18♀) 9 12 (5♂, 7♀) 9

CN L2 17 (10♂, 7♀) 6 12 (7♂, 5♀) 6

CN L3 22 (8♂, 14♀) 6 13 (6♂, 7♀) 6

CN L4 25 (10♂, 15♀) 6 12 (6♂, 6♀) 6

CN L5 24 (5♂, 19♀) 6 21 (4♂, 17♀) 5

CN L6 47 (16♂, 31♀) 8 14 (7♂, 7♀) 8

CN L7 32 (10♂, 22♀) 6 12 (5♂, 7♀) 6

CN L8 38 (19♂, 19♀) 6 12 (6♂, 6♀) 6

CN L9 27 (10♂, 17♀) 6 12 (5♂, 7♀) 6

CN L10 19 (5♂, 14♀) 6 12 (5♂, 7♀) 6

CN L11 42 (16♂, 26♀) 8 12 (6♂, 6♀) 8

CN L12 22 (7♂, 15♀) 3 12 (6♂, 6♀) 3

CN L13 28 (17♂, 11♀) 4 12 (5♂, 7♀) 4

CN L14 41 (16♂, 25♀) 5 12 (6♂, 6♀) 5

CN L15 20 (5♂, 15♀) 3 12 (5♂, 7♀) 3

CN L15B 17 (2♂, 15♀) 3 8 (2♂, 6♀) 3

CN LA 30 (13♂, 17♀) 2 10 (6♂, 4♀) 2

CN LGr 45 (21♂, 24♀) 5 8 (4♂, 4♀) 5

CN LM 29 (11♂, 18♀) 4 8 (4♂, 4♀) 4

NE L16 23 (12♂, 11♀) 5 12 (7♂, 5♀) 5

NE L17 18 (8♂, 10♀) 3 12 (6♂, 6♀) 3

NE L18 18 (9♂, 9♀) 4 12 (8♂, 4♀) 4

NE L19 30 (14♂, 16♀) 2 12 (5♂, 7♀) 2

NE L20 23 (5♂, 18♀) 5 13 (4♂, 9♀) 5

NE L21 45 (13♂, 32♀) 7 16 (8♂, 8♀) 7

NE L22 23 (13♂, 10♀) 2 12 (7♂, 5♀) 2

NE L23 10 (2♂, 8♀) 2 10 (2♂, 8♀) 2

NE L24 27 (12♂, 15♀) 6 12 (7♂, 5♀) 6

NE L25 20 (13♂, 7♀) 1 8 (6♂, 2♀) 1

NE L26 31 (9♂, 22♀) 5 8 (4♂, 4♀) 5

NE L27 117 (42♂, 75♀) 7 8 (4♂, 4♀) 7

Total 31 938 (363♂, 575♀) 151 361 (168♂, 193♀) 150

Table 1.  Data on D. marginatus specimens collected and subjected to genetic analysis. CN: Central Anatolia, 
NE: Northeast Anatolia.
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Population structure and demographic history based on the cox1 gene
The cox1 sequences of 361 characterized individuals were aligned as amino acids using the MUSCLE algorithm 
and trimmed to match the shortest sequence, resulting in a dataset of sequences with a total length of 824 bp. 
As the cox1 gene is protein-coding, the nucleotide sequences were also translated into amino acid sequences 
and analyzed for the presence of stop codons and numts. No stop codons or numts were detected in any of the 
sequences. Analyses were performed separately for each sampling site, as well as for the two regional groups and 
the overall population. However, it was determined that the results were more informative when analyzed on 
a regional basis, so most inferences were drawn from the analyses of the two regions and the entire population 
combined.

Central Anatolia (CN)
In the CN, 71 haplotypes were identified, with 67 of which (CX-CN1-67) were unique to this region, while four 
haplotypes (CX-CNNE1-4) were shared between regions. Among these, 49 individuals were represented by 
a single haplotype, while the remaining samples were grouped into haplotypes with multiple representatives. 
Neutrality tests revealed negative and statistically significant values for Tajima’s D and Fu and Li’s D and F 
(P < 0.02), while the Fu’s Fs value was also negative (Table 2). The mismatch distribution analysis displayed a 
unimodal pattern (Fig. S1).

Northeast Anatolia (NE)
In the NE, 64 haplotypes were identified, including 60 unique haplotypes (CX-NE1-60) that are specific to 
this region and four haplotypes (CX-CNNE1-4) shared between regions. Among these, 49 individuals were 
represented by a single haplotype, while the remaining individuals were grouped into haplotypes with multiple 
representatives. Neutrality tests showed that Tajima’s D, Fu and Li’s D and F values were negative and statistically 
significant (P < 0.02), and Fu’s Fs value was also negative (Table 2). The mismatch distribution analysis revealed 
a unimodal pattern (Fig. S1).

All regions (ALL)
When all study areas were considered as a single population, a total of 131 haplotypes were identified. Of these, 
67 were specific to CN, 60 to NE, and four were shared between the two regions, accounting for all haplotypes 
detected in the study. Among the samples, 98 individuals were represented by a single haplotype, while the 
remaining samples were grouped into haplotypes with multiple individuals. Neutrality tests showed that Tajima’s 
D, Fu and Li’s D and F values were negative and statistically significant (P < 0.02), and Fu’s Fs value was also 
negative (Table 2). The mismatch distribution analysis exhibited a unimodal pattern (Fig. S1). Additionally, the 
results of the analysis of polymorphic regions are presented in Table S3, based on both the total population (all 
combined samples) and the two regional populations (CN and NE).

Genetic differentiation and population structure
To determine genetic variance and pairwise genetic differentiation (FST) at the cox1 gene level, populations 
were categorized into 31 sampling sites and two regional populations. AMOVA was performed locus by locus. 
In the dataset with 31 populations, genetic variation among populations accounted for 15.94%, while within-
population variation was 84.07%, yielding an FST value of 0.15936 (P < 0.001). In the two regional populations, 
genetic variation among populations was 19.35%, while variation within populations was 80.64%, with an FST 
value of 0.19353 (P < 0.001) (Table S4). The most differentiated population, with the highest FST value (0.41205, 
P < 0.001), was found between sampling site L6 in CN and L16 in NE. A distance matrix and color plot generated 
from the FST values for the 31 populations are provided in the supplementary files (Fig. S2 and Table S5).

STRUCTURE analyses were conducted with simulations ranging from K = 2 to 10 groups (27 simulations 
in total, three simulations for each group). The most appropriate number of groups was determined to be 
K = 3 using pophelper (Fig. S3), and the population was evaluated based on three distinct ancestral groups. 
This analysis revealed significant population structure between the CN and NE populations of D. marginatus. 
The STRUCTURE graph indicated that red alleles were predominant in the CN population, while green alleles 
dominated in the NE population, with black alleles being rare and recessive in both regions (Fig.  2A). The 
correlation between genetic variation and geographic distance was assessed using the Mantel test on the dataset 
of 361 D. marginatus individuals, based on cox1 gene sequences and individual geographical coordinates. The 
test yielded a statistically significant result (r = 0.2785, P < 0.05). Additionally, the dataset, with geographical 
coordinates based on 31 sampling sites, was subjected to SAMOVA analysis. Simulations from K = 2 to 10 

Population n h Hd π S k Fu’s Fs Tajima’s D Fu and Li’s D Fu and Li’s F

CN 226 71 0.856 0.00213 66 1.759 − 33.24 − 2.52098**** − 6.80672*** − 5.82993***

NE 135 64 0.926 0.00411 64 3.387 − 34.098 − 2.22418*** − 5.46808*** − 4.89132***

ALL 361 131 0.9283 0.00319 102 2.629 − 32.694 − 2.47266**** − 7.36873*** − 5.91534***

Table 2.  Cox1 gene-based population genetics of Anatolian populations of D. marginatus. CN: Central 
Anatolian population, NE: Northeast Anatolian population, ALL: All population. n = number of individuals, 
h = number of haplotypes, Hd = haplotype diversity, π = nucleotide diversity, S = number of segregation sites, 
and k = average number of nucleotide differences. *** Statistically significant (P < 0.02), **** Statistically 
significant (P < 0.001).
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Fig. 2.  Population structure of Dermacentor marginatus in Anatolia. (A) Ancestry of individual ticks (361 
Anatolian D. marginatus individuals from 150 sites) assuming K cluster of genetic similarity, based on the 
results of STRUCTURE analyses using cox1 gene (K = 3). The first 19 sampling sites (L1-LM) contain samples 
from the CE population and the remaining locations groups (L16-27) contain samples from the NE population. 
Each bar corresponds to a tick specimen, vertical dashed yellow lines indicate the boundaries between 
sampling sites, and the vertical axis represents the membership probability of an individual to each cluster. (B) 
Maps showing genetic clusters of D. marginatus individuals (n = 361) according to 31 sampling sites, based on 
the results of SAMOVA using cox1 gene. The value K refers to the number of simulated groups. Satellite images 
were processed using SAMOVA 2.0 software.
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groups were performed, with K = 4 being identified as the most appropriate based on the FCT value. In the K = 2 
simulation, the entire population was divided into two separate groups: CN and NE populations. As the number 
of groups increased up to K = 7, separations were observed within the NE populations, while the CN population 
remained as a single group. At K = 7, LGr from CN was the first to separate. At K = 4, the CN population formed 
a single group, while the NE population was divided into three groups: Group 1: L17; Group 2: L18, L19, L20, 
L21, L22, L23, L24, L25, L26, L27; Group 3: L16 (Fig. 2B).

Haplotype distribution, Haplotype network, and Pairwise-Distance
The 131 characterized D. marginatus individuals were represented by 131 distinct haplotypes based on the cox1 
gene. Among these, 67 haplotypes were unique to CN, 60 haplotypes were specific to NE, and four haplotypes 
were shared between the two regions. In CE, the most common haplotype, CX-CN3, was represented by 77 
individuals, followed by CX-CN2 with 35 individuals, and other haplotypes with progressively fewer individuals. 
The CX-CN3 haplotype was present in all sampling sites in CN, while CX-CN2 was found in all but three 
sampling sites (L7, LA, and LGr).

In NE, the most common haplotype was CX-NE15, represented by 10 individuals, followed by CX-NE1 with 
six individuals. These haplotypes were distributed across specific sampling sites, such as CX-NE15, which was 
found in L18, L20, L21, L22, and L27, and CX-NE1, found in L16, L18, L21, and L22. The shared haplotypes, CX-
CNNE1, CX-CNNE3, CX-CNNE2, and CX-CNNE4, exhibited varying distribution patterns, with CX-CNNE1 
being the most abundant, found in eight sampling sites in CN and across all sampling sites in NE. Detailed 
information on the haplotypes and their distribution across the different sampling sites is provided in Table S6 
and illustrated in Fig. 3.

A pairwise-distance analysis was performed using the 131 identified haplotypes. The most genetically 
distant haplotype was CX-NE53, represented by a single individual (Dm-2411) from sampling site L24 in NE. 
Intraspecific genetic variation ranged from 0.12% to 1.94%, with noticeable pairwise differentiation between 
region-specific haplotypes. Genetic differentiation was more pronounced within haplotypes from the NE (Table 
S7 and Fig. 3).

The 131 characterized haplotypes were analyzed for genetic similarity and haplotype specificity using 
BLAST and identification analyses in both the GenBank and BOLD databases. In the GenBank database, the 
haplotypes could be compared with sequences of equal size, while in the BOLD database, comparisons were 
made with sequences that were, on average, at least 200 bp shorter than our haplotypes. Therefore, similarity 
and uniqueness analyses were based on BLAST results. According to the BLAST analysis, none of the haplotypes 
were identical to any existing records (whether through full or close length comparisons), confirming that all 
131 haplotypes were unique. The most similar sequences, with homologies ranging from 98.30% to 99.88% 
(comparison rate above 98%), were found to be from D. marginatus in Kazakhstan (MN907848 and OQ415364), 
Slovakia (MK905212), and China (NC_062069 and OM368304). While comparison rates in the BOLD database 
were generally low, identification analysis showed 99.38% to 100% similarity with D. marginatus records under 
the AAL1447 BOLD accession, primarily from Spain, Romania, Croatia, and Georgia (Table S8).

Population structure and demographic history based on the ITS2 gene
The complete ITS2 gene sequence (total length: 1099 bp) of 361 characterized D. marginatus individuals was 
aligned using the MAFFT algorithm. Comparisons within the dataset revealed no insertions or deletions among 
the sequences. Analyses were conducted separately for each sampling site, as well as at the levels of two regions 
and the entire population.

Central Anatolia (CN)
In the CN, 65 genotypes were identified, comprising 37 region-specific genotypes (IT-CN1-37) and 28 common 
genotypes (IT-CNNE1-28). Among these, 33 individuals were represented by a single genotype, while the 
remaining samples were grouped into genotypes shared by multiple individuals. Neutrality tests revealed 
mixed results: Tajima’s D was positive and statistically insignificant, Fu and Li’s D was positive but statistically 
significant (P < 0.05), Fu and Li’s F was negative and statistically insignificant, and Fu’s Fs was negative (Table S9). 
The mismatch distribution analysis exhibited a unimodal-like pattern (Fig. S4).

Northeast Anatolia (NE)
In the NE, 67 genotypes were identified, including 39 region-specific genotypes (IT-NE1-39) and 28 common 
genotypes (IT-CNNE1-28). Among these, 36 individuals were represented by a single genotype, while the 
remaining samples were grouped into genotypes shared by multiple individuals. Neutrality tests showed that 
Tajima’s D was negative but statistically insignificant, while Fu and Li’s D and F values were negative and 
statistically significant (P < 0.05). Additionally, Fu’s Fs was negative (Table S9). The mismatch distribution 
analysis revealed a unimodal pattern (Fig. S4).

All regions (ALL)
When all study areas were considered as a single population, 104 genotypes were identified. Among these, 37 
genotypes were specific to CN, 39 were specific to NE, and 28 were shared between the two regions. Of the 
samples, 99 individuals were represented by a single genotype, while the remaining individuals were grouped 
into genotypes shared by multiple samples. Neutrality tests indicated that Tajima’s D was negative but statistically 
insignificant, while Fu and Li’s D and F values were negative and statistically significant (P < 0.02), and Fu’s Fs 
was also negative (Table S9). The mismatch distribution analysis produced a unimodal-like pattern (Fig. S4). 
Additionally, the analysis of polymorphic regions was conducted both for the combined population and for the 
two regional populations, with detailed results presented in Table S10.
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Genetic differentiation and population structure
To assess genetic variance and pairwise genetic differentiation (FST) at the ITS2 gene level, populations were 
grouped into 31 sampling sites-based and two regional populations. AMOVA was performed locus by locus. 
In the dataset with 31 sampling sites, genetic variation among populations accounted for 7.31%, while within-
population variation was 92.69%, resulting in an FST value of 0.07309 (P < 0.01). In the dataset divided into two 
regions, genetic variation among populations was calculated at 2.97%, while within-population variation was 
97.03%, with an FST value of 0.02966 (P < 0.001) (Table S11). The most genetically differentiated populations, 
with the highest FST value (0.3188, P < 0.001), were observed between L10 in CN and L22 in NE. The distance 
matrix and color plot based on FST values for the 31 populations are provided in the supplementary materials 
(Fig. S5 and Table S12).

STRUCTURE analyses were performed with simulations ranging from K = 2 to 10 groups (27 simulations 
total, with three runs per group). The most appropriate group number was determined to be K = 2 using 
pophelper, with K = 3 (the second highest delta K) also considered for evaluation (Fig. S6). Results were assessed 
based on both two and three ancestral groups. When the simulation was based on two ancestral groups using 

Fig. 3.  Haplotype distribution, network and pairwise distances of Dermacentor marginatus (n = 361) based on 
cox1 gene. (A) Distribution map of haplotypes according to sampling sites. The CN haplotypes are colored in 
shades of red, the NE haplotypes in shades of blue and shared haplotypes in shades of yellow. (B) TCS network 
tree of haplotypes. Individuals from CN are colored in red, while individuals from the NE in blue. The names 
of major haplotypes with multiple samples are indicated on the tree. (C) Color coded matrix of pairwise 
similarity scores belonging to haplotypes. Maps were generated using ArcGIS 10.6.1 software.
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the ITS2 gene, no distinct population structuring was observed at either the sampling site or regional level. 
However, the simulation with three ancestral groups revealed weak population structuring based on study 
regions, though it was less pronounced compared to the results from the cox1 gene (Fig. S7). The correlation 
between genetic variation and geographical distance was evaluated using the Mantel test for 361 D. marginatus 
individuals characterized by the ITS2 gene with individual geographical coordinates. The test yielded an r-value 
of 0.04177, which was statistically significant (P < 0.05). Additionally, SAMOVA analysis was conducted on 
the same dataset using geographical coordinates grouped into 31 sampling sites. Simulations from K = 2 to 10 
groups were performed, with K = 4 determined as the most appropriate group simulation based on the FCT value, 
although all groups were evaluated. At K = 4, sampling sites were not geographically segregated strictly by region. 
Instead, one group consisted of samples from nine sampling sites in CN (Group 1: L1, L3, L6, L4, L8, L10, L11, 
L12, and L15). Another group formed from a single location in NE (Group 2: L16), and a third group also in NE 
(Group 3: L18). A fourth, shared group (Group 4) included samples from 20 sampling sites across both CN and 
NE (L2, L5, L7, L9, L13, L14, L15B, LA, LGr, LM, L17, L19, L20, L21, L22, L23, L24, L25, L26, and L27) (Fig. S8).

Genotype distribution, Genotype network, and Pairwise-Distance
The 104 characterized D. marginatus genotypes based on the ITS2 gene were distributed as follows: 37 genotypes 
unique to CN, 39 unique to NE, and 28 shared between regions. Among the CN-specific genotypes, IT-CN7 
was the most common, represented by three individuals, while IT-CN6, IT-CN9, and IT-CN16 were each 
represented by two individuals; the remaining genotypes were represented by a single individual. In NE, IT-
NE20, IT-NE27, and IT-NE37 were each represented by two individuals, with all other genotypes represented by 
single individuals. For the 28 shared genotypes, IT-CNNE5 was the most abundant, represented by 56 individuals 
across most sampling sites, except L3, L13, L16, and L24. This was followed by IT-CNNE1 (30 individuals) 
and IT-CNNE2 (23 individuals) in various sampling sites. Other notable shared genotypes, such as IT-CNNE8 
(20 individuals), IT-CNNE13 (19 individuals), and IT-CNNE9 (16 individuals), displayed varying degrees of 
distribution across CN and NE. The remaining shared genotypes were represented by fewer individuals, typically 
across limited sampling sites. Detailed information on the genotypes and their distributions across the different 
sampling sites is presented in Table S13 and Fig. S9.

A pairwise-distance analysis was performed using the 104 identified genotypes. The most genetically distant 
genotypes were IT-CN28 from CN and IT-NE29 from NE. IT-CN28 was represented by a single individual (Dm-
13910) from location L13, while IT-NE29 was represented by a single individual (Dm-2421) from location L24. 
Intraspecific genetic variation ranged from 0.09% to 1.55%, with partial pairwise differentiation observed among 
region-specific genotypes. Notably, genetic differentiation within NE genotypes was slightly more pronounced 
compared to CN. However, this differentiation was less distinct than that observed in the cox1 gene (Table S14 
and Fig. S9).

The 104 characterized genotypes were analyzed for genetic similarity and specificity using BLAST. The 
analysis confirmed that none of the genotypes had identical matches in existing records (based on full or near-
full length comparisons), establishing that all 104 genotypes were unique. Among the most similar sequences, 
with homologies ranging from 98.36% to 99.91%, were D. marginatus records from Romania (FN296269, 
FN296278, FN296273, FN296275), Iran (GQ144707), and Germany (S83081), as well as sequences of closely 
related species, such as D. niveus from Iran (GQ144706) and D. silvarum from China (JQ737110) (Table S15).

Population structure and demographic history based on the cox1 + ITS2 concatenated 
dataset
The cox1 + ITS2 concatenated dataset (total length: 1923  bp) of 361 characterized D. marginatus individuals 
was aligned using the MAFFT algorithm. Comparisons within the dataset revealed no insertions or deletions. 
Analyses were performed separately for each sampling site, as well as at the regional level (CN and NE) and for 
the entire population dataset.

Central Anatolia (CN)
In the CN, 153 genotypes were identified, consisting of 149 region-specific genotypes (CNC-CN1-149) and 
four common genotypes (CNC-CNNE1-4) shared between regions. Among the samples, 129 individuals were 
represented by a single genotype, while the remaining individuals were grouped into genotypes shared by 
multiple samples. Neutrality tests revealed that Tajima’s D and Fu and Li’s D and F values were negative and 
statistically significant (P < 0.05), while Fu’s Fs was also negative (Table S16). The mismatch distribution analysis 
showed a unimodal pattern (Fig. S10).

Northeast Anatolia (NE)
In the NE, 129 genotypes were identified, including 125 region-specific genotypes (CNC-NE1-125) and four 
common genotypes (CNC-CNNE1-4) shared between regions. Among the samples, 121 individuals were 
represented by a single genotype, while the remaining individuals were grouped into genotypes shared by 
multiple samples. Neutrality tests showed that Tajima’s D was negative but statistically insignificant, while Fu 
and Li’s D and F values were negative and statistically significant (P < 0.05), and Fu’s Fs was also negative (Table 
S16). The mismatch distribution analysis resulted in a unimodal graph (Fig. S10).

All regions (ALL)
When all study areas were considered as a single population, 278 genotypes were identified. Of these, 149 
genotypes were specific to CN, 125 were specific to NE, and four genotypes were shared between the two regions. 
Among the samples, 250 individuals were represented by a single genotype, while the remaining individuals 
were grouped into genotypes that were shared by multiple samples. Neutrality tests indicated that Tajima’s D 
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and Fu and Li’s D and F values were negative and statistically significant (P < 0.02), while Fu’s Fs was negative 
(Table S16). The mismatch distribution analysis showed a unimodal pattern (Fig. S10). Additionally, the results 
from the analysis of polymorphic regions, considering both the combined population and the two regional 
populations, are presented in Table S17.

Population structure
To assess genetic variance and pairwise genetic differentiation (FST) within and between populations using the 
concatenated dataset, populations were categorized into 31 sampling sites-based and two regional populations. 
AMOVA was performed locus by locus. In the dataset with 31 populations, the genetic variation among 
populations was 10.51%, while within-population variation was 89.49%, resulting in an FST value of 0.10511 
(P < 0.001). In the dataset based on two regions, genetic variation among populations was 9.4%, and within-
population variation was 90.6%, with an FST value of 0.09396 (P < 0.001) (Table S18). The most differentiated 
population, with the highest FST value (0.28249, P < 0.001), was found between L14 in CN and L16 in NE. The 
FST distance matrix and color plot based on the 31 populations are provided in the supplementary files (Fig. S11 
and Table S19).

STRUCTURE analyses were performed with simulations ranging from K = 2 to 10 groups (27 total 
simulations, three for each group). The optimal number of groups was determined to be K = 2 using pophelper, 
with K = 3 also considered due to the second highest delta K value (Fig. S12). The results were evaluated for both 
two and three ancestral groups. The simulation based on K = 2 showed less pronounced population structuring 
at both the sampling site and regional levels, based on the concatenated dataset. However, when K = 3 was used, 
regional population structuring became evident, though weaker than that observed for the cox1 gene (Fig. S13). 
To assess the correlation between genetic variation and geographical distance, a Mantel test was conducted 
on the dataset of 361 D. marginatus individuals, using individual geographical coordinates. The test yielded 
a statistically significant r-value of 0.1863 (P < 0.05). Additionally, SAMOVA analysis was performed with 
geographical coordinates based on 31 sampling sites. Simulations from K = 2 to 10 were carried out, with K = 5 
determined as the most appropriate based on the FCT value. This simulation revealed that, at K = 2, CN and NE 
were separated into two distinct groups. As the number of groups increased, separations were observed within 
the NE populations, while CN populations remained as a single group. From K = 6 onward, locations L9 and L14 
were the first to separate from CN. At K = 5, the CN populations formed a single group, while the NE populations 
were divided into four groups: Group 1 (L17), Group 2 (L18), Group 3 (L19, L20, L21, L22, L23, L24, L25, L26, 
L27), and Group 4 (L16) (Fig. S14).

Genotype distribution, genotype network, and pairwise-distance
A total of 278 genotypes were identified in the characterized D. marginatus individuals based on the concatenated 
dataset. Among these, 149 genotypes were specific to CN, 125 genotypes were specific to NE, and four genotypes 
were shared between both regions. The genotypes from CN included the most common CNC-CN10, which was 
represented by nine individuals across multiple sampling sites (L1, L5, L8, L9, L10, L12, L15B, LGr), and CNC-
CN14, which was also represented by nine individuals but across different locations (L2, L3, L4, L5, L6, L11, L12, 
L15). Other notable genotypes in this region were CNC-CN13, represented by eight individuals, and CNC-CN22, 
represented by seven individuals, among others. The remaining genotypes from CN were represented by fewer 
individuals, with some found in specific locations and others by just a single individual. In NE, the genotypes 
were similar, with the most common being CNC-NE9, CNC-NE38, and CNC-NE53, each represented by two 
individuals in specific sampling sites. The majority of the genotypes in NE were represented by one individual. 
The shared genotypes between CN and NE included CNC-CNNE2, represented by six individuals in multiple 
sampling sites, and CNC-CNNE1, which was found in three individuals across L3, L10, and L16, while other 
common genotypes showed variations across both regions. Detailed information on these genotypes and their 
distribution across the different sampling sites can be found in Table S20.

Pairwise-distance analysis was performed using the 278 genotypes identified in this study. Among these 
genotypes, the most genetically distant were CNC-NE93, CNC-NE94, CNC-NE15, and CNC-NE16, all of 
which were found in NE. Specifically, the CNC-NE93 and CNC-NE94 genotypes were represented by a single 
individual each in sampling site L24 (Dm-2411 and Dm-2421), while CNC-NE15 and CNC-NE16 genotypes 
were represented by single individuals in sampling site L17 (Dm-1714 and Dm-1721). The intraspecific genetic 
variation ranged from 0.05% to 1.20%, and pairwise differentiation among region-specific genotypes was 
observed, particularly in NE, where the differentiation within genotypes was more pronounced. These findings 
highlight regional genetic variation, and further details on the pairwise distance analysis can be found in Table 
S21 and Fig. S15.

Phylogenetic relationship
Cox1 phylogeny
A dataset including 131 D. marginatus haplotypes based on the cox1 gene was created, along with specimens 
recorded as D. marginatus, D. niveus, D. raskemensis, D. nuttalli, and D. silvarum in the subgenus Serdjukovia 
from the GenBank database. Additionally, three D. reticulatus specimens (MT478096, OM142141, and 
OQ947121), classified under a different subgenus of Dermacentor, were used as outgroups. After performing 
reliability analysis to remove duplicate sequences and ensure minimum length, the dataset was edited and 
aligned. The final dataset consisted of sequence data for a total of 281 samples (comprising 131 haplotypes, 147 
GenBank records, and 3 outgroups) (Table S22).

The constructed phylogenetic tree revealed three main clades: D. marginatus, D. raskemensis, and D. 
silvarum/nuttalli, all supported by high posterior probabilities (Fig.  4). Within the D. marginatus clade, at 
least five haplogroups and three well-supported branches (posterior = 0.82–1) were identified, including 201 
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D. marginatus and seven D. niveus haplotypes. Haplogroup Dm1 was split into two subclades, with subclade 
Dm1a consisting of 44 haplotypes from this study (40 from NE, two from CN, and two common haplotypes) 
along with 23 D. marginatus haplotypes from Europe, Asia, and North Africa (Romania, Hungary, Croatia, 
Slovakia, France, Italy, Germany, China, Kazakhstan, and Tunisia). Subclade Dm1b included 86 haplotypes from 
this study (65 from CN, 19 from NE, and two common haplotypes) and 12 D. marginatus haplotypes from 
Europe, Asia, and North Africa (Romania, Croatia, Portugal, Türkiye, Iran, and Tunisia). The phylogenetic tree 
further revealed that haplogroup Dm2 consisted of a single haplotype from this study (CX-NE53) and 10 D. 
marginatus haplotypes from China and Kazakhstan. Haplogroup Dm3 included 14 D. marginatus haplotypes 
from Kazakhstan, China, and Russia. Haplogroup Dm4 comprised seven D. marginatus and seven D. niveus 
haplotypes from China and Kazakhstan, while haplogroup Dm5 consisted of two D. marginatus haplotypes from 
China and Kazakhstan. In addition, the D. marginatus main clade contains three separate branches supported by 
high posterior probabilities (posterior = 0.82–1) and including one haplotype each from Kazakhstan, Pakistan, 
and Iran. The D. raskemensis clade, with high posterior probability (posterior = 0.98), was divided into two 
subclades: one derived from a reference sequence of D. raskemensis from Türkiye (MT308586) and the other 
from a D. niveus sequence from Iran (MK863423). Finally, the D. silvarum/nuttalli main clade, which was highly 
supported (posterior = 0.98–1) and comprised 68 specimens, was divided into at least five distinct haplogroups. 
Haplogroup Dns1 included 23 sequences, comprising 16 D. nuttalli and seven D. silvarum haplotypes from 
China. Haplogroup Dns2 consisted of 29 D. nuttalli and six D. silvarum haplotypes from China, Mongolia, 
and Russia, while haplogroup Dns3 contained four D. nuttalli and two D. silvarum haplotypes from China. 
Haplogroup Dns4 comprised two D. nuttalli haplotypes from China, and haplogroup Dns5 contained two D. 
nuttalli haplotypes from China (Fig. 4 and Table S22).

Upon examining the phylogenetic positions of the haplotypes characterized in this study, the phylogenetic 
tree revealed that all haplotypes, except for CX-NE53, cluster into two subclades of haplogroup Dm1 alongside 

Fig. 4.  Phylogenetic tree based on Bayesian inference under the TN93(TrN) + Γ + I model using cox1 data 
from 201 Dermacentor marginatus (131 haplotypes characterized in this study + 71 GenBank records), 53 D. 
nuttalli, 15 D. silvarum, eight D. niveus and one D. raskemensis sequence. D. reticulatus sequences (MT478096, 
OM142141 and OQ947121) were used as outgroup. The node labels refer to the posterior probability and are 
omitted below the value 0.5. The haplotype characterized in this study is indicated in red and the determined 
main clades are indicated on the roots.

 

Scientific Reports |        (2025) 15:12570 13| https://doi.org/10.1038/s41598-025-97658-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


D. marginatus haplotypes from Europe, Asia, and North Africa. The haplotype CX-NE53, obtained from 
sampling site L24 in NE, clustered into haplogroup Dm2 alongside D. marginatus haplotypes from China and 
Kazakhstan. This haplogroup is monophyletic with haplogroup Dm3, another Central Asia-related haplogroup, 
supported by a maximum posterior probability (Fig. 4). The apparent separation of CX-NE53 from the other 
major haplogroup was further confirmed in a phylogenetic tree that included only the haplotypes from this 
study (Fig. S16a). Moreover, within the D. marginatus main clade, D. niveus records were found to cluster into a 
single haplogroup (Dm4), though these did not form a distinct group with strong posterior probability support. 
Notably, a single additional D. niveus record clustered with the D. raskemensis main clade, being monophyletic 
with the reference D. raskemensis specimen at maximum posterior probability. The phylogenetic relationship 
of two other closely related species in the subgenus Serdjukovia, D. nuttalli and D. silvarum, showed that the D. 
silvarum/nuttalli main clade divides into two clades: D. nuttalli only and D. nuttalli + D. silvarum, with strong 
posterior probability support. Further analysis revealed that the mixed group further splits into four clades with 
very high posterior probabilities (posterior = 0.98–1), where one clade consists solely of D. nuttalli individuals, 
while the remaining three contain records for both species (Fig. 4).

ITS2 phylogeny
The ITS2 dataset was constructed to include 104 D. marginatus genotypes characterized in this study, along 
with ITS2 sequence data from closely related taxa within the subgenus Serdjukovia (D. marginatus, D. niveus, D. 
raskemensis, D. nuttalli, and D. silvarum) retrieved from GenBank. To root the phylogenetic tree, ITS2 sequences 
from D. reticulatus (OM142152, OR428530, and S83080) were incorporated as outgroup sequences. The dataset 
was curated to remove duplicate sequences and align minimum lengths to match the study’s genotypes. After 
reliability checks, the final dataset consisted of 268 sequences (104 genotypes from this study, 161 sequences 
from GenBank, and 3 outgroup sequences). Bayesian inference phylogeny was conducted using the GTR + Γ 
model, identified as the optimal nucleotide substitution model for this dataset. The resulting phylogenetic tree 
was rooted using the designated outgroup sequences for proper evolutionary context. Details of the sequences 
used here are available in Table S23.

The phylogenetic analysis, after collapsing branches with low posterior probabilities, identified three 
main clades: D. marginatus, D. raskemensis, and D. silvarum/nuttalli. These were supported by high posterior 
probabilities, alongside one additional D. silvarum/niveus clade with low posterior support (Fig. S17). Within the 
D. marginatus main clade, two genogroups (DmIT1 and DmIT2) and one branch were identified, all supported by 
maximum posterior probabilities. This clade includes a total of 132 sequences: 128 D. marginatus, three D. niveus, 
and one D. silvarum. The largest genogroup, DmIT1, comprises 104 genotypes from this study, 20 D. marginatus 
genotypes from Iran, China, Romania, and Germany, two D. niveus genotypes from Iran and China, and one 
D. silvarum genotype from China. Additionally, a single D. marginatus genotype from China (D. marginatus 
isolate XJ058, KC203417) formed a distinct branch, monophyletic with DmIT1. Genogroup DmIT2, including 
three D. marginatus genotypes from China, was connected to these branches, forming part of the broader D. 
marginatus clade (Fig. S17). The D. raskemensis main clade, monophyletic to D. marginatus, is divided into two 
subclades with a moderate posterior probability (Posterior = 0.74). One subclade includes a reference sequence 
from Türkiye (D. raskemensis isolate IT-D1109, PP618825), while the other (DnmIT) comprises records from 
Iran, including three D. niveus and one D. marginatus (Fig. S17). A separate genogroup (DsnIT), containing four 
D. silvarum records from China and one D. niveus record from Iran, was externally linked to the D. marginatus 
and D. raskemensis clades with low posterior probability (posterior = 0.2). The phylogenetic analysis of the D. 
silvarum/nuttalli clade revealed a complex structure with 122 sequences organized into four genogroups and 
one distinct branch. The first genogroup, DnsIT1, is the largest, comprising 79 genotypes primarily identified as 
D. nuttalli, alongside a single D. silvarum sequence. These records were distributed across China, Mongolia, and 
Russia. The second genogroup, DnsIT2, included 24 D. nuttalli and four D. silvarum genotypes, also originating 
from China and Mongolia. The third genogroup, DnsIT3, was exclusively composed of nine D. nuttalli genotypes 
from Mongolia. The fourth genogroup, DnsIT4, contained six D. marginatus genotypes from China, while a 
separate clade consisted of a single D. nuttalli genotype (D. nuttalli isolate NM68, MW477873) from Mongolia, 
forming a distinct lineage (Fig. S17). Detailed information on sequences and genogroups can be found in Table 
S23.

The phylogenetic analysis of genotypes characterized in this study revealed that all genotypes clustered 
within the D. marginatus main clade, specifically into the genogroup DmIT1, which is the largest group in 
this clade and includes D. marginatus, D. niveus, and D. silvarum records from European and Asian specimens 
(Fig. S17). Within this genogroup, the genotypes were further divided into two distinct subgroups supported 
by maximum posterior probability. One subgroup consisted of 11 genotypes (four from NE, three from CN, 
and four shared genotypes), while the second subgroup contained 93 genotypes (34 from CN, 35 from NE, 
and 24 shared genotypes) (Fig. S16.b). Interestingly, D. marginatus records in the phylogenetic tree displayed 
notable paraphyly. The genogroup DnsIT4, comprising six D. marginatus records from China, was found to 
be paraphyletic with the D. marginatus main clade. Instead, this group was monophyletic with a D. nuttalli 
genogroup (DnsIT3) supported by a high posterior probability (posterior = 0.85), clustering into the D. silvarum/
nuttalli main clade. Furthermore, D. niveus records did not form a distinct and separate clade with sufficient 
posterior probability support. Instead, D. niveus sequences were found in mixed clades alongside D. marginatus 
and D. silvarum records (Fig. S17).

Discussion
Dermacentor marginatus is a medically significant tick species with a broad distribution across Europe, Asia, and 
North Africa, thriving in diverse habitats, and acting as a vector for various pathogens10,19,20. Predictions based 
on future climate scenarios suggest a potential expansion of suitable habitats for D. marginatus, particularly in 
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Europe, with significant shifts in population densities expected in certain regions69. Despite its importance, its 
ecology, genetic diversity, taxonomy, and vectorial competence remain poorly understood, leading to gaps in 
research on its role in human and animal health9,10. Additionally, unresolved classification issues within the 
D. marginatus species complex further complicate population-level studies8. This study represents the first 
comprehensive population genetic analysis of D. marginatus, providing key insights into its population structure, 
genetic diversity, and potential evolutionary dynamics. These findings lay the groundwork for future research on 
this underexplored yet medically important tick species.

Population structure and demographic history of D. marginatus upon its Anatolian 
populations
Our findings revealed a high level of genetic diversity within D. marginatus populations in Anatolia, with 
71 haplotypes in CN and 64 in NE, with only four shared between regions. This level of differentiation is 
consistent with previous reports from Romania and Kazakhstan, where intraspecific variation in cox1 ranged 
from 0.1% to 1% and 0.12% to 1.94%, respectively70,71. However, unlike these studies, our dataset provides 
greater haplotype-level resolution, covering a broader geographic scale with a significantly larger sample size. 
Additional studies from Croatia, Iran, Kazakhstan, China, and Pakistan have reported cox1 sequences for a small 
number of specimens72–75, but the absence of detailed haplotype-level data prevents meaningful comparisons. 
Similarly, ITS2-based analyses identified 65 genotypes in CN and 67 in NE, with 28 shared between regions. 
While previous studies from Romania and Iran reported limited ITS2 variation (0.9% to 1.2%)76,77, our findings 
suggest greater genetic diversity in Anatolia. The lack of detailed haplotype and genotype data in earlier studies 
has limited direct comparisons72,78–80, but our results a valuable reference dataset for future phylogeographic 
studies. Overall, our study presents the first comprehensive population genetic assessment of D. marginatus. 
The high number of novel haplotypes and genotypes identified suggests that this species’ genetic diversity was 
likely underestimated due to limited sampling and restricted geographic coverage. These findings emphasize the 
need for expanded, region-wide genetic studies to better understand the evolutionary history and population 
dynamics of D. marginatus.

The significant haplotype diversity observed in D. marginatus (131 haplotypes) in Anatolia notably higher 
than that of other Dermacentor species. For example, D. reticulatus populations in Europe generally exhibit 
lower genetic diversity across similar geographic regions6,16,18. This may reflect differences in ecological 
conditions, evolutionary history, and dispersal patterns between species. The higher genetic diversity in D. 
marginatus suggests that Anatolia’s diverse ecological and climatic gradients promote genetic differentiation 
and isolation. In contrast, a study on Hyalomma marginatum in Türkiye found relatively low genetic diversity 
despite its broad distribution across nine locations. Using microsatellite markers, the study reported moderate 
genetic differentiation between populations, likely due to limited gene flow influenced by anthropogenic factors 
such as livestock transport and environmental conditions81. The ecological diversity of Anatolia may explain 
the higher genetic variations in D. marginatus compared to these species. However, biotic factors specific to D. 
marginatus may also contribute to its genetic structure. These findings underscore the combined influence of 
environmental and biotic factors in shaping tick population genetics. Future studies incorporating ecological 
data, host interactions, and microbiota dynamics will be crucial to understanding how climatic conditions and 
geographic barriers influence D. marginatus populations in Anatolia.

This study identified a high proportion of haplotypes and genotypes at both the cox1 and ITS2 loci, with 
cox1 exhibiting greater variability and informativeness than ITS2. This pattern is consistent with findings in 
other tick species, where mitochondrial genes typically show higher diversity and utility in population genetic 
studies compared to nuclear markers12,42,82–84. Given the scarcity of D. marginatus population genetic data, 
direct comparisons with other geographic regions were not possible, and population structure was analyzed 
within Anatolia. While analyses were conducted using cox1, ITS2, and concatenated datasets, primary inferences 
were based on cox1, with ITS2 and the concatenated dataset serving as complementary data. Neutrality tests 
based on cox1 rejected the null hypothesis of neutral evolution, suggesting recent demographic expansion within 
Anatolian D. marginatus populations. This was further supported by a unimodal mismatch distribution pattern 
and confirmed by the concatenated dataset. Under a population expansion model, haplotype diversity is expected 
to be high while nucleotide diversity remains low, as newly haplotypes are retained in the population52,53,85. Our 
results align with this expectation, with high haplotype diversity (Hd = 0.9283) and low nucleotide diversity 
(π = 0.00319). Similar demographic expansion patterns have been reported in other tick species, including 
D. reticulatus in Eurasia18, D. variabilis in the USA13, Amblyomma tholloni in Kenya86, and Rhipicephalus 
appendiculatus in Central Africa84. The observed demographic expansion in D. marginatus populations may be 
driven by a combination of geographic, environmental, and anthropogenic factors.

The cox1 gene-level analyses confirmed great genetic differentiation between CN and NE populations, as 
indicated by AMOVA and FST values85. STRUCTURE analyses further supported this by identifying distinct 
genetic clusters in each region. Additionally, SAMOVA results showed that CN populations generally formed 
a single cluster, whereas NE populations were divided into multiple subgroups, suggesting partial geographic 
isolation. Gene flow between CN and NE was limited, as reflected in the small number of shared haplotypes 
and the estimated Nm value (2.31). Notably, gene flow was higher within CN than NE populations, possibly 
indicating subpopulation structuring in the latter. These patterns highlight the need for rapidly evolving markers, 
such as microsatellites, to achieve finer resolution of genetic structure. The Anatolian Diagonal appears to act 
as a potential partial barrier to gene flow, with higher genetic diversity in NE likely influenced by its greater 
topographical and climatic heterogeneity31. Additionally, the eastern region of Anatolia, particularly beyond the 
Anatolian Diagonal, is characterized by generally higher elevations compared to the west. This topographical 
difference might contribute to the observed genetic differentiation, potentially influencing habitat suitability 
and dispersal patterns. However, confirming the direct impact of elevation and other environmental factors on 
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D. marginatus populations requires further ecological and landscape-level analyses in future studies. While this 
study primarily focused on genetic and geographic distances, ecological factors such as host availability, climatic 
conditions, and habitat suitability undoubtedly play crucial roles in shaping population structure, as previously 
shown in tick population studies1,5,69.

The haplotype network and distribution analysis revealed that CN has two dominant region-specific 
haplotypes widely distributed across sampling sites, in addition to 16 haplotypes represented by multiple 
samples. In contrast, NE lacked a widely dominant region-specific haplotype, with haplotypes being more evenly 
distributed. These findings suggest that random mating appears more frequent in CN populations, as indicated 
by higher gene flow and panmictic structures. Meanwhile, gene flow in NE populations appears more restricted, 
with shared haplotypes being more common than unique ones. This supports the idea that NE may be the 
primary source of shared haplotypes, given the limited but ongoing dispersal trend from east to west across the 
Anatolian Diagonal. These observations indicate that the D. marginatus populations in CN and NE are shaped 
by distinct structuring and dispersal patterns. Historically, Anatolia has served as a biological refuge, fostering 
high biodiversity and driving species evolution87, which likely contributed to the observed genetic diversity in 
D. marginatus.

The Anatolian Diagonal, first proposed in the 1970s34, is a major biogeographical barrier shaping species 
differentiation in the region. It separates two distinct phytogeographical zones: Central Anatolia, with elevations 
typically below 1500  m, and Eastern Anatolia, generally above this threshold. The diagonal extends from 
northeastern Anatolia (Bayburt-Gümüşhane) southwestward to the Mediterranean Sea, splitting into two 
branches upon reaching the Central Taurus Mountains88,89. This geographical structure has played a crucial 
role in biodiversity and ecological patterns, particularly by restricting dispersal and promoting endemic 
speciation27,29,30,32,90–92. Several factors contribute to its impact on population structuring, including physical, 
ecological, and climatic contrasts, as well as the palaeogeological history of Anatolia30,34,90. In D. marginatus, these 
geographic barriers likely shape population differentiation, with palaeogeological and environmental factors 
influencing genetic structuring on either side of the diagonal. In addition to abiotic factors, biotic elements, 
including host availability and microbiotic interactions, may also play a role in tick population structuring93,94. 
However, complete genetic isolation is absent, as indicated by limited but ongoing gene flow from NE to CN, 
aligning with the broader ecological influence of the Anatolian Diagonal. Human-mediated factors, particularly 
livestock movement from Eastern to Central Anatolia, likely facilitate haplotype dispersal and influence the 
natural gene flow of D. marginatus. Annual large-scale animal transport between these regions could partially 
explain the observed genetic connectivity, despite geographic barriers.

The Anatolian Diagonal acts as a potential geographic barrier to gene flow in D. marginatus, yet climatic 
changes, habitat fragmentation, and host dynamics also shape its population structure. Climatic shifts may have 
facilitated D. marginatus expansion into new habitats, while host movement, particularly livestock migration, 
plays a key role in tick dispersal95–97. Anthropogenic activities, such as agriculture and livestock migration, both 
facilitate gene flow and cause habitat fragmentation, potentially isolating populations. However, human-mediated 
movement often maintains connectivity, contributing to the observed demographic expansion95,98. In addition 
to these drivers, the stepping-stone model of gene flow may explain the genetic structure of D. marginatus, 
where populations are linked through intermediate barriers, allowing limited gene flow across smaller obstacles 
but restricting movement in more significant barriers. A similar pattern has been observed in Anopheles spp., 
where gene flow occurs between neighboring populations99. Furthermore, historical climatic events, such as 
glaciation, likely influenced population bottlenecks or expansions, contributing to genetic differentiation100,101. 
These historical and contemporary forces, combined with ecological and geographic barriers, shape the current 
genetic structure of D. marginatus in Anatolia.

Research on several tick species, including D. marginatus, emphasizes the importance of integrating 
ecological niche modeling (ENM) and landscape analysis in understanding tick distribution and population 
dynamics20,97,102,103. However, ENM remains underutilized in tick population genetics. Integrating ENM 
and landscape genetics could clarify the ecological and environmental drivers of D. marginatus population 
structure. By combining genetic data with habitat and climatic models, future studies can identify key factors 
influencing geographic isolation and differentiation, providing deeper insights into the evolutionary dynamics 
and biogeographic patterns of D. marginatus across Anatolia and beyond.

This study provides key insights into the population genetics of D. marginatus in Anatolia. However, 
comparisons with other regions are needed to contextualize these findings. Currently, no population genetic 
data exist for D. marginatus to allow direct comparisons, but similar genetic structuring patterns have been 
reported in other Dermacentor species. For example, studies on D. variabilis (American dog tick) revealed 
genetic differentiation driven by ecological barriers and host distribution13,14,94. Comparable patterns have 
been observed in D. andersoni and D. albipictus in the New World4,12,15,104,105, and in D. reticulatus in the Old 
World6,7,18. These findings support the role of ecological and geographic factors in shaping tick population 
structure, as observed in D. marginatus. Future studies should expand analyses to other regions within the 
species’ distribution, incorporating a broader geographic range to explore cryptic genetic relationships.

In this study, we selected the mitochondrial cox1 and nuclear ITS2 markers due to their widespread use in 
tick population genetics and ability to detect genetic differentiation across large geographic scales1,42,84,106,107. 
While reliable for genetic studies, these markers are relatively conserved and provide lower resolution than 
microsatellites or SNPs1. The lack of a reference genome and microsatellite library for D. marginatus limited 
the application of such approaches. Despite this, cox1 revealed strong genetic structuring, highlighting the 
need for future studies using more variable markers. This study provides the first detailed population genetic 
analysis of D. marginatus, laying the groundwork for further research. While our findings offer valuable insights, 
incorporating genome-wide markers, such as SNPs, could refine our understanding of genetic differentiation 
and gene flow. Future research should focus on integrating higher-resolution markers and next-generation 
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sequencing technologies to uncover fine-scale genetic patterns. Additionally, predictive models assessing D. 
marginatus distribution under future climatic conditions could help anticipate climate change impacts and 
improve management strategies. Comparing D. marginatus with other tick species would also clarify whether 
the Anatolian Diagonal influences their genetic structure similarly. These efforts will enhance our understanding 
of the ecological and evolutionary processes shaping tick populations across Anatolia and beyond.

Phylogenetic structure of Dermacentor marginatus
Bayesian inference was used to assess the phylogenetic relationships of haplotypes/genotypes, their placement 
within the D. marginatus complex, and the structure of the subgenus Serdjukovia. Despite significant cladistic 
divergence, populations did not form distinct region-specific clades in phylogenetic trees. This likely reflects 
incomplete isolation and the presence of shared haplotypes between CN and NE populations. Notably, haplotype 
CX-NE54 was highly divergent in the cox1 phylogeny, clustering separately from other haplotypes. Found at 
sampling site L24 in NE, CX-NE54 exhibited the highest pairwise divergence among cox1 haplotypes. The cox1 
tree for Serdjukovia showed that the 130 haplotypes in this study formed a well-supported large clade, divided 
into two subclades: Dm1a, predominantly from NE, and Dm1b, mainly from CN. Both subclades clustered 
with specimens from Europe, Asia, and North Africa. Interestingly, CX-NE54 grouped within a distinct Central 
Asian haplogroup (Dm2) along with specimens from the Xinjiang Uygur Autonomous Region (China) and 
Kazakhstan. This clade is monophyletic with a sister group containing specimens from China, Kazakhstan, 
and Russia. Morphologically, CX-NE54 shares typical characteristics of D. marginatus and shows no notable 
variation compared to other specimens in this clade71,73,82,102,108. The presence of this highly divergent haplotype 
in NE suggests historical colonization events from Central Asia, potentially driven by past climatic or ecological 
changes. Alternatively, host movement, environmental shifts, or local ecological factors may facilitate ongoing 
migration. These findings underscore the complex evolutionary history of D. marginatus and the need for further 
research on migration and gene flow patterns. Future studies should incorporate specimens from adjacent 
regions to better understand dispersal dynamics and population density.

Dermacentor marginatus phylogeny within the subgenus Serdjukovia revealed five haplogroups and three 
distinct branches. Previous studies on D. marginatus phylogeny were based on limited specimen numbers, 
providing only partial insights11,72,73,75,79,80,108–110. This study presents, for the first time, a detailed phylogenetic 
structure of D. marginatus at the clade, haplogroup, and branch levels. The cox1-based phylogenetic tree showed 
that D. niveus records from China clustered with D. marginatus from China and Kazakhstan, placing them 
within the main D. marginatus clade. A D. niveus record from Iran clustered within the D. raskemensis clade, 
forming a monophyletic group with reference specimens. Similar phylogenetic patterns were observed in the 
ITS2 tree. The taxonomic status of D. niveus remains controversial, with some authors considering it a synonym 
of D. marginatus, while others argue for its recognition as a separate species until proven otherwise8,38,39,78. 
The phylogenetic trees in this study did not support clear separation between D. niveus and D. marginatus. 
However, potential misidentifications in existing D. niveus records or the absence of morpho-molecular data 
from confirmed specimens prevent definitive conclusions. As suggested by Guglielmone et al. (2020)8, a 
thorough characterization of the type specimen (or holotype, neotype) is necessary. No Anatolian specimens 
in this study matched the D. niveus morphotype, despite past reports from both study regions21,22,35,36,111,112. 
This suggests that earlier reports may require reevaluation, and D. marginatus phenotypic variants could have 
been misidentified as D. niveus, particularly in Anatolia. A definitive conclusion will require a reassessment 
of previously reported D. niveus specimens, if available. Overall, these results strongly indicate that regardless 
of whether D. niveus is validated as a separate species, D. marginatus is a cryptic tick species with substantial 
phenotypic and genotypic diversity.

This study also provided key phylogenetic insights into other Serdjukovia species. Notably, D. raskemensis, 
first genetically characterized only recently113, emerged as a key species of interest. A specimen previously 
listed in GenBank as D. niveus from Iran—entered before the first D. raskemensis reference sequence became 
available72—clustered within the D. raskemensis main clade in the cox1 phylogeny. This suggests that the 
Iranian specimen may actually be D. raskemensis. Morphological records of D. raskemensis from Iran have been 
documented in the past114, further supporting this reclassification. Additionally, this study provided the first 
ITS2 sequence for a D. raskemensis reference specimen, establishing a crucial genetic record for future research. 
Our findings, along with previous results113, strongly indicate that D. marginatus and D. raskemensis share a 
sister phylogenetic relationship. This close relationship raises the possibility of sympatric speciation between 
these two species.

The phylogenetic trees from both genes also provided insights into the relationship between D. nuttalli and 
D. silvarum within Serdjukovia. Based on GenBank records, these species could not be clearly distinguished 
at the cox1 and ITS2 levels. The cox1 phylogeny showed that the D. nuttalli/silvarum main clade was distinct 
from other Serdjukovia species, a pattern also confirmed in the ITS2 phylogeny. However, within this main 
clade, they formed mixed haplogroups in the cox1 tree, lacking clear differentiation. This ambiguity may result 
from misidentifications in GenBank or taxonomic uncertainty, similar to D. marginatus and D. niveus. The 
ITS2 phylogeny further highlighted this complexity, as a genogroup (DnsIT4) containing D. marginatus records 
from China clustered within the D. nuttalli/silvarum main clade, alongside erroneous GenBank records. These 
findings underscore significant database errors, particularly regarding D. nuttalli/silvarum records. To resolve 
these taxonomic uncertainties, clear morphological and genetic definitions are needed, particularly for Chinese 
samples. A standardized approach is necessary to correct these discrepancies and refine the phylogenetic 
framework for these species.
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Conclusion
This study provides the most comprehensive population genetic and phylogenetic analysis of D. marginatus to 
date. Dermacentor marginatus in Anatolia exhibited remarkable genetic diversity, with all 131 haplotypes being 
unique. The findings suggest a recent demographic expansion, likely shaped by ecological and biogeographical 
factors. The Anatolian Diagonal acts as a potential biogeographical barrier, shaping D. marginatus genetic 
structure. While population structuring indicates geographic isolation between CN and NE, some gene flow 
persists between these regions. Gene flow was higher within CN than NE, reflecting regional ecological and 
geographic differences.

These results underscore the Anatolian Diagonal’s potential role in shaping D. marginatus populations within 
this biodiversity hotspot and its broader influence on the region’s biogeography. The presence of a divergent D. 
marginatus haplotype clustering with Central Asian samples suggests historical dispersal and evolutionary links. 
Phylogenetic analyses also revealed unresolved taxonomic issues within subgenus Serdjukovia, particularly 
regarding D. niveus, which may not form a distinct clade. Additionally, misidentified records of D. marginatus 
and D. raskemensis, as well as taxonomic ambiguities between D. nuttalli and D. silvarum, were highlighted. 
Furthermore, the monophyletic relationship between D. marginatus and D. raskemensis supports the hypothesis 
of sympatric speciation, highlighting the region’s evolutionary complexity. This study advances our understanding 
of D. marginatus population genetics and phylogeography, laying the foundation for future research on the 
ecological and biogeographical dynamics of parasites and their hosts in Anatolia.

Data availability
The sequence data that support the findings of this study are openly available in GenBank ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​n​c​b​i​.​n​
l​m​.​n​i​h​.​g​o​v​/​g​e​n​b​a​n​k​/​​​​​) and BOLD (http://www.boldsystems.org) databases under accession numbers/barcodes 
provided in Table S8 and Table S15. The geographical coordinates of locations are provided in Table S1 and 
BOLD database. All data involved in this study are available from the corresponding author upon request. Cor-
respondence and data requests should be addressed to Ö.O (omerorkun@yahoo.com.tr).
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