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GENERAL INTRODUCTION 

1. Ticks, tick-borne pathogens, and current control measures 

Ixodid ticks are significant vectors of pathogens to humans and animals (1–3). Ticks transmit a wide 

range of pathogenic microbes, including viruses, bacteria, and protozoans (4, 5). Current tick 

management is commonly performed with acaricidal chemicals, however, their efficacy is increasingly 

compromised due to the development of acaricide resistance (6, 7). Alternatively, integrated pest 

management programs offer a suitable approach by combining multiple countermeasures, such as 

chemicals, physical protection, and biological control agents (8). Among these, natural enemies have 

been successfully used as biological control agents in crop pest management. Commercially utilized 

biological agents include entomopathogenic microbes (e.g., nematodes, fungi, and bacteria) and 

predatory arthropods, such as parasitoid wasps (9–11). Despite their demonstrated utility in crop pest 

management, knowledge of natural enemies specific to ticks remains limited. To address this gap, 

systematic exploration and cataloging of potential tick antagonists are needed to identify candidates 

for biological control. This approach could provide a foundation for the development of sustainable 

tick management strategies. 

 

2. Neglect of eukaryotes in tick - pathogen - microbiome interaction studies 

Research into the tick microbiome has expanded our understanding of pathogen transmission and the 

interactions influencing tick physiology. For example, some non-pathogenic bacteria serve as 

endosymbionts which support the nutritional synthesis of ticks (12, 13). In addition, it has been 

suggested that the pathogenic bacterial load in ticks is modulated by bacterial microbiome (14). 

However, such studies have primarily focused on bacterial and viral communities, and eukaryotes 

have been overlooked (15–20). In contrast, studies on other arthropods revealed the importance of 

symbiotic eukaryotes in microbiome interactions. For example, flagellates contribute to cellulose 

degradation in termite guts (21–23), and fungal symbionts in cicadas contribute to amino acid 

synthesis (24). These findings indicate the essential role of eukaryotic microorganisms in arthropod 

microbiomes. While some eukaryotic taxa such as Apicomplexa, trypanosomes, fungi, and nematodes 

have been observed in ticks (25–29), their roles in the tick microbiome remain unexplored. Without 

integrating data on eukaryotes, analyses of the tick microbiome remain incomplete. 

 

3. Micro-eukaryotes associated with ticks 

Ticks carry a diverse range of pathogenic and non-pathogenic eukaryotes. Among pathogenic 

eukaryotes, protozoan parasites, such as Babesia, Colpodella, Hepatozoon, and Theileria are known 

as tick-borne pathogens to vertebrates (30–32). Trypanosoma has been also detected in ticks, although 

the role of ticks in trypanosome transmission remains unclear (25, 27, 33). In addition, filarioid 



2 

 

nematodes of the Dipetalonema lineage were also indicated as potential tick-borne pathogens (29, 34). 

Ticks also carry eukaryotes that are likely non-pathogenic to vertebrates. For instance, a yeast-like 

fungi, Adlerocystis spp., have been found in male spermatophores, although their function is yet to be 

elucidated (35). In addition, certain fungi, such as Beauveria and Metarhizium, and nematode, such as 

Steinernema and Hetererhabditis, have been reported to kill ticks, demonstrating their potential role 

as biological control agents (28, 34, 36–38). Despite sporadic reports on the presence of micro-

eukaryotes in ticks, comprehensive studies on the diversity and natural eukaryotic microbiome of ticks 

are lacking. The ecological role of non-pathogenic eukaryotes in ticks remains poorly understood. 

Advancing our knowledge in this area could provide valuable insights for the development of 

improved biological control strategies targeting tick populations. 

 

4. Macro-eukaryotes associated with ticks 

Macro-eukaryotes visible to the naked eye include Ixodiphagus wasps (Encyrtidae), which are known 

to parasitize ticks. Various invertebrates prey on ticks. Generalist predators, such as ants, beetles, 

pseudoscorpions, spiders, mites, and crabs are known to eat ticks (39–45). Ants are considered 

significant predators (46). Fiddler crabs (Uca rapax) have been reported to reduce the tick population 

in coastal habitats by consuming the tick eggs (43). However, generalist predators often lack the 

specificity required for effective biological control. Specialized predators of ticks are relatively limited. 

Currently, parasitoid wasps, the genus Ixodiphagus, are the only known tick-specific predators (47). 

Despite their potential importance in controlling the tick population, knowledge about Ixodiphagus 

wasps remains limited, and their diversity is considered to be underestimated due to insufficient 

sampling efforts (48). In addition, the relationship between a parasitoid wasp and the symbiotic 

microbes of their host is also important. For example, Drosophila flies harbor defensive Spiroplasma 

bacteria that enhance their host survival against parasitoid wasp predation (49, 50). This suggests that 

macro-eukaryotes including parasitoid wasps also need to be investigated as a member of communities 

carried by ticks. To extend the probability of parasitoid wasps as biological control agents against 

ticks, fundamental information on their taxonomy, distribution, and host preferences, is essential.  

 

5. Aim of this dissertation 

This dissertation aims to catalog and establish foundational knowledge about the micro- and macro-

eukaryotes associated with ticks. To achieve this, the research is structured into three main chapters. 

Chapter I develops methods to detect eukaryotic microorganisms in ticks comprehensively. Chapter 

II characterizes eukaryotic communities in ticks and identifies keystone taxa within the tick 

microbiome network using the developed method. Chapter III isolates and investigates distribution of 

a macro-eukaryote, a parasitoid wasp, from ticks in Japan and characterizes them morphologically and 

molecularly.  
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1. Introduction 

The bacterial microbiome in ticks has been investigated by deep-amplicon sequencing approaches. 

This approach consists of PCR amplifying the 16S rRNA gene with a universal primer set, followed 

by high-throughput sequencing with a next-generation sequencer (NGS) (20, 51, 52). However, the 

eukaryotic microbiome in ticks remains underexplored (53). A major obstacle to this approach is the 

over-amplification of host DNA. The commonly target gene for eukaryotic profiling, 18S rRNA gene, 

is highly conserved across eukaryotes. It leads to the unwanted amplification of host tick DNA upon 

using universal primers. Hence, it is necessary to develop a method to avoid the amplification from 

host ticks upon the amplification form target micro-eukaryotes.  

One possible solution is the use of a universal primer set in combination with blocking 

oligonucleotides to suppress amplification from tick DNA. Artificial nucleic acid molecules, which 

mimic DNA, are commonly used to suppress dominant sequences from non-target organisms. For 

instance, peptide nucleic acid (PNA) is a synthetic molecule with a peptide backbone and nucleobases, 

that bind strongly and specifically to complementary DNA strands. PNA has been used to inhibit the 

amplification of plant and coral organellar DNA (mitochondria and plastid) in bacterial 16S rRNA 

studies, as well as to block mosquito DNA in eukaryotic 18S rRNA gene amplification (54–58).  

Another artificial nucleic acid with blocking potential is locked nucleic acid (LNA). LNA has a 

bridged backbone that restricts rotation and results in stronger binding affinity than conventional DNA 

(59). LNA-based blockers have been applied in PCR protocols, such as denaturing gradient gel 

electrophoresis, to inhibit plant ribosomal RNA amplification and detect plant-associated bacterial 

communities simultaneously (60). Given these successful applications, artificial nucleic acids such as 

PNA and LNA hold potential for eukaryotic microbiome studies in ticks. 

Alternatively, universal primers specifically designed for non-metazoan eukaryotes could be 

employed. The UNonMet-PCR method, for example, targets the 18S rRNA gene of non-metazoan 

organisms, facilitating the detection of protists in various host-associated environments, such as 

oysters, ctenophores, corals, and human samples (61–64). Since ticks are also metazoans, UNonMet-

PCR could be applied to identify eukaryotic taxa within tick samples without amplifying host DNA. 

In this chapter, several approaches to investigating the eukaryotic microbiome in ticks were assessed. 

Blocking oligonucleotides, PNA and LNA, were designed to inhibit tick DNA amplification during 

universal PCR. Library preparation methods were also optimized to enhance the effectiveness of these 

blockers. Additionally, the performance of the UNonMet-PCR method was compared with that of 

blocker nucleic acids to evaluate their relative effectiveness in eukaryotic microbiome profiling in 

ticks.  
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2. Material and Methods 

2.1. Study design  

Five approaches to generate the PCR amplicon libraries were assessed to investigating the eukaryotic 

microbiome in ticks (Table I - 1). As the control, the universal primer set, TAReuk454FWD1 and 

TAReukREV3, was used. Two artificial oligonucleotides, PNA and LNA, were assessed their 

efficacies as blockers to inhibit amplification from tick DNA. The sequences of PNA and LNA were 

designed in this study. The same primer set as the control was also used for the amplification with the 

blocking oligonucleotides. To improve the resulting microbiome data with the blockers, two library 

purification methods, AMPure and SizeSelect were assessed. The other nested primer sets, EUK581F 

and EUK1134R for the first PCR followed by E572F and E1009R for the second PCR, were used as 

UNonMet-PCR. The details of each information are described in the following sections. The libraries 

were prepared from each PCR amplification method and sequenced with NGS. The PCR methods 

were compared based on the sequencing results. 

 

2.2. Design of the blocker nucleic acids 

Blockers sequences were designed to bind ticks based on tick sequences obtained from NCBI. A total 

of 250 sequences of the V4 hypervariable region of the 18S rRNA gene of ixodid ticks, argasid ticks, 

and mites were obtained from NCBI GenBank. The sequences were aligned with the universal primer 

binding sites (primers TAReuk454FWD1 and TAReukREV3; Figure I - 1 and Table I - 2) using 

MEGA7 (65) and PROSEQ (66). Based on the alignments, a median-joining network was constructed 

using Network ver. 4.6.1.6 (67) for each primer binding site. The blocker site was selected based on 

the following criteria: (1) no mismatches among tick sequences, (2) at least one mismatches with 

apicomplexan parasite sequences, (3) Tm value of >70 °C, and (4) low self-complementarity. PNA 

(TickB_PNA) and LNA (TickB_LNA) were synthesized by PANAGENE (Daejeon, Korea) and 

GeneDesign Inc. (Osaka, Japan), respectively. 

 

2.3. Ticks and DNA extraction 

A total of 17 adult ticks of three species, Amblyomma testudinarium (n = 5), Haemaphysalis 

longicornis (n = 6), and Ixodes persulcatus (n = 6), were used to compare the PCR approaches (Table 

I - 3). The ticks were collected from vegetation by flagging and identified based on the morphological 

key (68). The ticks were individually washed once with 1 mL of 10% sodium hypochlorite, twice with 

1 mL of 70% ethanol, and once with 1 mL of sterile phosphate-buffered saline (pH7.0 – 7.6) to 

decontaminate the surfaces. The ticks were then homogenized with 4.8 mm stainless steel beads 

(TOMY, Tokyo, Japan) using the Micro Smash MS-100R (TOMY) in 100 µl of Dulbecco’s Modified 

Eagle Medium (Gibco, Life Technologies, Gland Island, NY, USA). DNA was extracted from 50 µl 
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of the tick homogenates using the blackPREP Tick DNA/RNA Kit (Analytik Jena, Jena, Germany), 

following the manufacturer’s protocol. 

 

2.4. PCR amplification with the TickB_PNA or the TickB_LNA 

Either of TickB_PNA or TickB_LNA blocker molecules were added to the PCR mixture prior to the 

amplification (Table I - 1, Figure I - 1, Table I - 2). Each PCR was performed in a 25.0 μl reaction 

mixture containing 12.5 μl of 2 × KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Wilmington, 

MA, USA), 200 nM of each primer (TAReuk454FWD1 and TAReuREV3, Figure I - 1, Table I - 2), 

2.5 μl of template DNA, and 50 pmol of either TickB_PNA or TickB_LNA. The reaction conditions 

were 95 °C for 3 min, followed by 35 cycles of 98 °C for 30 sec, 50 °C for 30 sec, 72 °C for 30 sec, 

and 72°C for 10 min.  

 

2.5. UNonMet-PCR amplification 

The UNonMet-PCR was performed as previously described [30]. The first PCR was performed in a 

total reaction volume of 25.0 µl, containing 12.5 µl of 2 × KAPA HiFi HotStart ReadyMix, 200 nM 

of each primer (EUK581F and EUK1134R; Figure I - 1, Table I - 2), and 2.5 µl of template DNA 

(Table I - 3), with the remaining volume adjusted with molecular-grade water. The first PCR 

conditions were 95 °C for 3 min, followed by 35 cycles of 95 °C for 30 s, 51.1 °C for 30 s, and 72 °C 

for 1 min, and 72 °C for 5 min. The first PCR products were purified using the NucleoSpin Gel and 

PCR Clean-Up Kit (Takara Bio Inc.). To avoid cross-sample contamination, the purification was 

performed directly on the first PCR product without electrophoresis. The second PCR mixtures were 

identical to the first PCR, except the primers were replaced with EUK572F and EUK1009R, and 1.0 

µl of the purified first PCR products were used as the DNA template. The reaction was performed at 

95 °C for 3 min, followed by 25 cycles of 95 °C for 30 sec, 55 °C for 30 sec, and 72 °C for 1 min and 

72 °C for 5 min. 

 

2.6. Library preparation 

The libraries were prepared using the Nextera XT Kit (Illumina, San Diego, CA, USA). The PCR 

products were purified using the Agencourt AMPure XP Kit (AMPure; Beckman Coulter Inc., Brea, 

CA, USA). The index PCR was performed according to the manufacturer’s protocol. The index PCR 

products were purified using AMPure or NucleoMag NGS Clean-up and Size Select (SizeSelect; 

Macherey-Nagel, Düren, Germany) as specified in Table I - 1. The AMPure was used to purify >100 

bp DNA fragments as the manufacturer’s protocol. The SizeSelect was used to enrich DNA fragments 

between 150 and 800 bp according to the manufacturer’s protocol. The length of the final products 

was analyzed using the Agilent 2100 Bioanalyzer System (Agilent, Santa Clara, CA, USA).  
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Table I - 1: The PCR primer sets, blockers and library purification methods of the library preparation protocols assessed in this study. 

Protocol name (Abbreviation) Primer set(s) Blocker Library purification 

Control (C) TAReuk454FWD1 and TAReukREV3 No AMPure 

PNA-AMPure (PA) TAReuk454FWD1 and TAReukREV3 TickB_PNA AMPure 

PNA-SizeSelect (PS) TAReuk454FWD1 and TAReukREV3 TickB_PNA SizeSelect 

LNA-AMPure (LA) TAReuk454FWD1 and TAReukREV3 TickB_LNA AMPure 

LNA-SizeSelect (LS) TAReuk454FWD1 and TAReukREV3 TickB_LNA SizeSelet 

UNonMet (U) 
EUK581F and EUK1134R for the first PCR 

 / E572F and E1009R for the second PCR 
No AMPure 
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Figure I - 1: Locations of the primers and blockers on the 18S rRNA gene.  

The upper horizontal bars indicate the hypervariable regions (V3, V4, V5, and V6) of 18S rRNA gene. Each arrow indicates the position and orientation of 

the primer. A box represents the position of the blockers.  
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Table I - 2: Primers and blockers used for amplification. 

Name Application Sequence (5′→3′) Reference 

TAReuk454FWD1 
Eukaryote V4 region of 18S rRNA 

CCAGCASCYGCGGTAATTCC 
(69) 

TAReukREV3 ACTTTCGTTCTTGATYRA 

EUK581F 
UNonMet-PCR (first PCR) 

GTGCCAGCAGCCGCG 
(64) 

EUK1134R TTTAAGTTTCAGCCTTGCG 

E572F 
UNonMet-PCR (second PCR) 

CCATCTCATCCCTGCGTGTCTCCGACTCAG 
(63) 

E1009R CCTATCCCCTGTGTGCCTTGGCAGTCTCAG 

TickB_PNA Blocking the amplification of tick 18S rRNA  GATCAAWGAAAACATT This study 

TickB_LNA Blocking the amplification of tick 18S rRNA GATCAAWGAAAACATT*1 This study 

*1 Underlined bases are LNA replacements. 
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2.7. Sequencing and data processing 

The libraries were pooled and sequenced on an Illumina MiSeq system using the MiSeq Reagent Kit 

v3 (600 cycles). The FASTQ data were deposited in the DNA Data Bank of Japan (DDBJ) Sequence 

Read Archive (https://www.ddbj.nig.ac.jp/index.html) under an accession number of DRA011889. 

The raw data was processed using the QIIME2 (version 2019.10.0) (70). The fastq files were 

demultiplexed and merged. The merged sequences were analyzed by the The DADA2 plugin (71) in 

the QIIME2 to generate the amplicon sequence variants (ASVs). The potential contaminants were 

identified using the Decontam package in R with a threshold of 0.1 (72). Taxonomic information was 

assigned using the SILVA classifier (release 138). The ASVs identified as contaminant, archaea, 

bacteria, or unidentified to the supergroup level were removed. 

 

2.8. Statistical Analysis 

The PCR methods were evaluated based on the enrichment of non-tick reads and microbial 

composition. Non-tick read enrichment values were calculated by dividing proportion of non-tick 

reads (each method) by proportion of non-tick reads (control). The proportions of non-tick reads 

(eukaryote reads excluding tick reads) were calculated and compared using the pairwise.prop.test 

function with Bonferroni correction in R. The alpha diversity indices, including the number of 

observed sequence variants (ASVs), Shannon diversity, and Faith’s phylogenetic diversity (PD), were 

calculated using QIIME2. The obtained indices were visualized in R using the qiime2R (73) and the 

phyloseq (74) packages.  

Significant differences in alpha diversity were determined using restricted maximum likelihood 

(REML) estimates in linear mixed-effects models with the lmer function in the lme4 package (75). 

The response variable was log-transformed alpha diversity, with collection site as a random effect and 

blocking methods, including PCR and purification techniques, as fixed effects. Linear discriminant 

analysis effect size (LEfSe) (76) was applied to compare the relative abundances of microbial genera 

across different PCR methods (alpha values <0.05, logarithmic LDA score threshold = 2.0). 

 

 

3. Results 

3.1. Designing of TickB_PNA and TickB_LNA 

On the forward primer franking region, the network analysis showed that ixodid tick sequences were 

separated into multiple haplotypes, with no conserved region identified across the reference (Figure I 

- 2ab). On the other hand, on the reverse primer franking region, the network analysis showed that the 

ixodid tick sequences were clustered into two haplotypes (Figure I - 2cd). To identify a suitable 

blocking site, the region spanning 27 bp upstream to 1 bp downstream of the reverse primer’s 3′ end 

in ticks was subjected to BLAST searching against known apicomplexan protozoan sequences.   
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Table I - 3: Tick samples used to compare the different PCR methods. 

Tick ID Tick species Sex Prefecture Location Year 

66 I. persulcatus F Hokkaido 42.61, 141.95 2013 

210 I. persulcatus F Hokkaido 42.98, 142.80 2013 

258 I. persulcatus F Hokkaido 43.08, 142.01 2013 

467 I. persulcatus M Hokkaido 43.36, 142.61 2013 

932 I. persulcatus M Hokkaido 43.92, 142.86 2014 

933 I. persulcatus M Hokkaido 43.92, 142.86 2014 

2592 A. testudinarium M Shimane 35.04, 132.68 2016 

2874 A. testudinarium F Ehime 33.35, 132.02 2017 

2876 A. testudinarium F Kochi 33.27, 132.99 2017 

3148 A. testudinarium F Ehime 33.63, 132.56 2017 

3149 A. testudinarium F Ehime 33.63, 132.56 2017 

3332 H. longicornis F Hiroshima 34.49, 132.45 2017 

3611 H. longicornis F Chiba 35.19, 140.25 2018 

3620 H. longicornis M Chiba 35.19, 140.25 2018 

3631 H. longicornis M Wakayama 33.83, 135.30 2018 

3643 H. longicornis F Wakayama 34.37, 135.64 2018 

3648 H. longicornis M Kochi 33.29, 134.17 2018 

F, female; M, male. 
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Figure I - 2: Median-joining network and the reference sequence alignments to design blocker 

sequence. 

Median-joining network based on the region near the forward (a) or reverse (c) primer binding site. 

The arrow indicates the single nucleotide mismatch identical to the position in the alignment. 

Alignment of the forward (b) or reverse (d) primer and the reference sequences. The left column shows 

the primer name or the accession number of the sequences. The numbers at the top indicate the 

nucleotide positions relative to the 3' end.  
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A region between 11 bp upstream and 6 bp downstream of the 3′ end of the reverse primer, including 

3 bp mismatches between ticks and apicomplexan parasites, was selected as the blocking site (Figure 

I - 1). The artificial nucleic acids were synthesized as follows: tick blocker PNA (TickB_PNA), 5′-

GAT*C*AAWGAAAACATT*-3′ (* indicates nucleotide mismatch) and tick blocker LNA 

(TickB_LNA), 5′- GAT*C*AAWGAAAACATT*-3′ (* indicates nucleotide mismatch; underline 

indicates LNA replacement) (Table I - 1). 

 

3.2. Comparison of purification methods by a fragment length analysis 

To optimize performance of PCR amplicon library preparation with the blockers, AMPure and 

SizeSelect were validated by the fragment length analysis of the purified amplicon products (Figure I 

- 3). Without the blockers, the PCR products purified with AMPure indicated nearly single peaks. 

However, with blockers, the AMPure-purified products showed multiple peaks, with additional long 

off-target fragments. In contrast, the SizeSelect-purified products showed the reduced frequency of 

long off-target fragments. 

 

3.3. Comparison of non-tick read enrichment 

To evaluate the performance of the five PCR approaches (Table I - 3), the amplicon libraries were 

generated with the sample set of 17 adult ticks using each approach, and sequenced with MiSeq. After 

formal data processing, a total of 6,724,825 reads and 18,901 ASVs were generated. Following the 

removal of ASVs identified as contaminants, archaea, bacteria, or unclassified at the kingdom level, 

6,163,967 reads (averaging 385,248 per sample, with a range of 13 to 253,437 reads) represented with 

2,510 ASVs, were retained for further analysis. 

The proportion of non-tick reads among all eukaryotic reads was significantly higher in PCRs with 

blockers and in UNonMet than in the control (p < 0.01) (Figure I - 4). The median proportion of non-

tick reads in eukaryote reads was 0.03% for the control method, whereas other methods PNA-AMPure, 

PNA-SizeSelect, LNA-AMPure, LNA-SizeSelect, and UNonMet showed higher medians of 3.24%, 

5.75%, 1.53%, 3.18%, and 1.37%, respectively. 

The median non-tick read enrichment values for PNA-AMPure, PNA-SizeSelect, LNA-AMPure, 

LNA-SizeSelect, and UNonMet were 60.3, 103.8, 19.6, 32.9, and 35.2-fold, respectively (Figure I - 

4). PNA-based methods, including PNA-AMPure and PNA-SizeSelect, showed over 12.8-fold 

enrichment in all samples except for tick ID 467, with values ranging from 12.8 to 705.0-fold. 

Decreased proportions of non-tick reads relative to the control were observed only in tick IDs 66 and 

2876 upon UNonMet method. 
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Figure I - 3: The fragment length distribution of the amplicon libraries generated by different 

library preparation protocols.  

Haemaphysalis longicornis (tick ID 3631) DNA was used as the template DNA. The x- and y-axes 

show fragment size and fluorescent units, respectively.  
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Figure I - 4:. Enrichment values and proportions of non-tick reads observed in the different 

library preparation protocols.  

a) Non-tick read enrichment value and b) proportion of non-tick reads were indicated. The values were 

obtained from the amplification protocols, PNA-AMPure (PA), PNA-SizeSelect (PS), LNA-AMPure 

(LA), LNA-SizeSelect (LS), and UNonMet (U). Each dot represents a sample. Non-tick read 

enrichment values = proportion of non-tick reads (each method) / proportion of non-tick reads 

(control). Tick ID 3611 was filtered out from a) because only tick reads were detected in the control 

method. Tick ID 3148 was filtered out from b) due to higher proportion of non-tick reads, 0.0031, 

0.086, 0.13, 0.054, 0.11, 0.38 from C, PA, PS, LA, LS, and U, respectively. 
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Figure I - 5: Comparison of the library preparation methods based on alpha diversity indices.  

The alpha diversity indices were calculated to compare the library preparation protocols, PNA-

AMPure (PA), PNA-SizeSelect (PS), LNA-AMPure (LA), LNA-SizeSelect (LS), and UNonMet (U). 

The diversity indices were calculated based on (a) Shannon diversity, (b) Faith’s phylogenetic 

diversity, and (c) the number of observed amplicon sequence variants (ASVs). Outlier plots are 

indicated by additional dots in gray. 
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Table I - 4: Statistical significances of alpha diversity metric differences among library preparation methods. 

Comparison 

Shannon diversity Faith's phylogenetic diversity Observed ASVs 

Estimate 
Standard 

Error 
t-value p-value Estimate 

Standard 

Error 
t-value p-value Estimate 

Standard 

Error 
t-value p-value 

Control vs LNA-AMPure -0.47 0.16 -2.90 0.05 -1.30 0.21 -6.24 2.21×10-7 -0.36 0.12 -2.86 0.06 

Control vs LNA-SizeSelect -0.76 0.16 -4.63 1.78×10-4 -1.67 0.21 -8.06 4.07×10-10 -0.66 0.12 -5.27 1.42×10-5 

Control vs PNA-AMPure -0.97 0.16 -5.93 8.54×10-7 -2.00 0.21 -9.66 3.56×10-10 -0.43 0.12 -3.48 0.01 

Control vs PNA-SizeSelect -1.16 0.16 -7.14 4.23×10-9 -2.30 0.21 -11.10 3.56×10-10 -0.69 0.12 -5.55 4.33×10-6 

Control vs UNonMet -1.89 0.17 -11.41 3.56×10-10 0.35 0.21 1.65 0.57 -0.59 0.13 -4.63 0.00 

LNA-AMPure vs LNA-SizeSelect -0.28 0.16 -1.73 0.51 -0.38 0.21 -1.82 0.46 -0.30 0.12 -2.40 0.17 

LNA-AMPure vs PNA-AMPure -0.50 0.16 -3.04 0.04 -0.71 0.21 -3.42 0.01 -0.08 0.12 -0.62 0.99 

LNA-AMPure vs PNA-SizeSelect -0.69 0.16 -4.24 7.65×10-4 -1.01 0.21 -4.86 7.36×10-5 -0.34 0.12 -2.69 0.09 

LNA-AMPure vs UNonMet -1.42 0.17 -8.56 3.61×10-10 1.64 0.21 7.79 5.41×10-10 -0.23 0.13 -1.82 0.46 

LNA-SizeSelect vs PNA-AMPure -0.21 0.16 -1.30 0.78 -0.33 0.21 -1.59 0.60 0.22 0.12 1.79 0.48 

LNA-SizeSelect vs PNA-SizeSelect -0.41 0.16 -2.51 0.13 -0.63 0.21 -3.03 0.04 -0.04 0.12 -0.29 1.00 

LNA-SizeSelect vs UNonMet -1.14 0.17 -6.86 1.44×10-8 2.02 0.21 9.58 3.56×10-10 0.07 0.13 0.55 0.99 

PNA-AMPure vs PNA-SizeSelect -0.20 0.16 -1.20 0.83 -0.30 0.21 -1.44 0.70 -0.26 0.12 -2.07 0.31 

PNA-AMPure vs UNonMet -0.92 0.17 -5.57 3.94×10-6 2.35 0.21 11.15 3.56×10-10 -0.15 0.13 -1.21 0.83 

PNA-SizeSelect vs UNonMet -0.73 0.17 -4.39 4.39×10-4 2.65 0.21 12.57 3.56×10-10 0.11 0.13 0.83 0.96 
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3.4. Comparison of alpha-diversity indices 

Linear mixed models were used to assess differences in alpha diversity metrics across the library 

preparation methods (Figure I - 5, Table I - 4). For Shannon diversity, significant differences were 

observed for PNA-AMPure, PNA-SizeSelect, LNA-SizeSelect, and UNonMet compared to the 

control (p-values ranging from 3.56 × 10-10 to 1.78 × 10-4), while LNA-AMPure did not show a 

significant difference (p = 0.052). For Faith’s phylogenetic diversity (PD), the PNA-AMPure, PNA-

SizeSelect, LNA-SizeSelect, and LNA-AMPure methods showed significant differences compared to 

the control (p-values ranging from 4.07 × 10-10 to 2.21 × 10-7), while UNonMet was not significantly 

different from the control (p = 0.57). For the number of observed ASVs, only PNA-SizeSelect and 

LNA-SizeSelect showed significant increases relative to the control (p = 4.33 × 10-6 and p = 1.42 × 

10-5, respectively). Comparing the blocking methods to the UNonMet, UNonMet had significantly 

higher Shannon diversity than all the four blocking methods (p-values ranging from 3.61× 10-10 to 

4.39 × 10-4). In contrast, the blocking methods displayed significantly higher Faith’s PD compared to 

UNonMet (p-values ranging from 5.41 × 10-10 to 3.56 × 10-10). There were no significant differences 

in the number of observed ASVs between the blocking methods and UNonMet-PCR (p > 0.09). When 

comparing the two purification methods, AMPure and SizeSelect, no significant differences were 

observed across the three alpha diversity metrics (p > 0.17). 

 

3.5. Comparison of the detected taxonomic groups 

Fungi, Charophyta, Ciliophora, Apicomplexa, Cercozoa, and Retaria were detected at high 

abundances (Figure I - 6). The relative abundances of detected taxa across the library preparation 

methods were compared based on LEfSe (Figure I - 7). Compared to the control, PNA-SizeSelect and 

LNA-SizeSelect showed significantly higher abundances of Fungi, Archaeplastida, Alveolata, and 

Rhizaria. For UNonMet, Fungi and Alveolata were significantly more abundant than in the control. In 

addition, compared PNA-SizeSelect and LNA-SizeSelect to UNonMet, UNonMet showed 

significantly higher abundances of Nucletmycea, while PNA-SizeSelect and LNA-SizeSelect showed 

higher relative abundances of Alveolata, Chloroplastida, and unclassified eukaryotes. Between PNA-

SizeSelect and LNA-SizeSelect, unclassified eukaryotes were significantly more abundant in PNA-

SizeSelect. 

 

 

4. Discussion 

This study aimed to develop methods to analyze the eukaryotic microbiome in ticks. This is also the 

first comprehensive analysis of eukaryotes carried by ticks. The library preparation methods in this 

study effectively detected both pathogenic protozoa, such as Apicomplexa, and a broad range of 

microeukaryotes in ticks (Figure I - 6, Figure I - 7). Compared to the control, all the tested methods  
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Figure I - 6: Relative abundance of the eukaryotic taxa detected by the different library preparation methods. 

Each bar represents the eukaryotic taxa detected in one tick sample. Each color represents the eukaryotic as shown in the right panel. The sample ID is 

provided on the bottom of each bar. Tick ID 3631 of the control and tick IDs 66 and 2876 of UNM were excluded because no non-tick read was obtained. 
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Figure I - 7: Cladograms showing differential abundant taxa among the library preparation 

protocols. 

The LefSe analysis was performed to compare the library preparation methods, PNA-AMPure (PA), 

PNA-SizeSelect (PS), LNA-AMPure (LA), LNA-SizeSelect (LS), and UNonMet (U). The results 

were shown by (a) control vs PNA-SizeSelect, (b) control vs LNA-SizeSelect, (c) control vs UNonMet, 

(d) LNA-SizeSelect vs PNA-SizeSelect, (e) PNA-SizeSelect vs UNonMet, and (f) LNA-SizeSelect 

and UNonMet.  
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increased the proportion of non-tick reads and the alpha diversity indices (Figure I - 4, Figure I - 5, 

Table I - 4). PNA-SizeSelect and UNonMet were especially effective in increasing the proportion of 

non-tick reads. These findings suggest that these methods are suitable for sequencing tick-associated 

eukaryotes. Additionally, these methods are applicable to other ixodid tick species. 

The PNA-SizeSelect, LNA-AMPure, LNA-SizeSelect, and UNonMet methods demonstrated 

significantly higher Shannon diversity and observed ASVs than the control (Figure I - 5). These 

observations indicate that these methods detected a wider range of microbial diversity. Blocker-based 

methods increased the abundance of the non-tick eukaryote compared to both the control and the 

UNonMet. While the UNonMet showed comparable Shannon diversity and ASV count to the blocker-

based methods, it showed significantly lower Faith’s PD (Figure I - 5). In addition, UNonMet detected 

significantly more fungi and Alveolata taxa (Figure I - 7). In contrast, PNA-SizeSelect and LNA-

SizeSelect detected taxa from wider groups, including fungi, Alveolata, Archaeplastida, Rhizaria, 

Chloroplastida, and unclassified eukaryotes (Figure I - 7). These findings suggest that PNA-SizeSelect 

is suitable for pan-eukaryotic analyses, while UNonMet is more suitable for targeted analysis of fungi 

and Alveolata. 

PNA-SizeSelect showed higher enrichment value, proportion of non-tick reads, and alpha-diversity 

indices than LNA-SizeSelect (Figure I - 4, Figure I - 5). This suggests that PNA inhibited off-target 

amplification more efficiently than LNA. However, it is worth noting that only 11 of the 16 bases in 

TickB_LNA were synthesized with LNAs in this study. LNA-SizeSelect could potentially be 

improved by replacing more bases of the blocker with LNAs. While the use of PNAs as blockers in 

library preparation has been widely documented (54–56, 58), there are no reports of LNAs applied as 

blockers in comprehensive analyses with NGS. Additional trials are needed to optimize artificial 

nucleic acids for blocking purposes. 

The use of blockers in PCRs increased nonspecific amplification of long sequences (Figure I - 3). Such 

nonspecific amplification potentially affects the pooling process, cluster formation, and data yield. In 

this study, these off-target sequences were reduced by using SizeSelect instead of AMPure (Figure I - 

5). The source of this off-target amplification remains unknown. It is recommended to evaluate library 

size upon using TickB_PNA and TickB_LNA to manage this issue. 

Amplicon analyses using blockers detected a substantial proportion of unclassified eukaryote 

sequences (Figure I - 6). Such sequences were also observed in other studies using blocker PNAs for 

18S rRNA analysis (56, 77). These sequences could represent either unregistered rRNA gene 

sequences or off-target amplifications. With the increasing use of high-throughput environmental 

DNA sequencing, there is a growing need for more comprehensive eukaryotic reference databases 

(77–80). Expanding these databases with proper classification will improve the accuracy of taxonomic 

assignments in high-throughput sequencing. 
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This study successfully detected the eukaryotic microbiome in ticks, particularly with the PNA-

SizeSelect and UNonMet methods. In addition to known tick-borne protozoa, a diversity of micro-

eukaryotes was detected in ticks. These methods are applicable to explore the eukaryotic microbiome 

in ticks and may enhance our understanding of ticks and tick-borne pathogen dynamics. 
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5. Summary 

This study introduces novel methods to analyze the eukaryotic microbiome in ticks using high-

throughput sequencing. The methods were designed to selectively amplify microeukaryote genes in 

tick-derived DNA by suppressing the amplification of the tick DNA. Two types of artificial nucleic 

acids, PNAs and LNAs, were assessed. In addition, a PCR approach using UNonMet was also 

evaluated. A set of tick DNA samples was used to evaluate the methods. While the conventional 

method primarily yielded tick-derived sequences, the use of blocker-based and UNonMet methods 

significantly increased the proportion of micro eukaryotic reads and increased alpha diversity indices. 

Additionally, UNonMet detected fungi and Alveolata, while the PNA-based method detected a wider 

range of taxa, including fungi, Alveolata, Archaeplastida, Rhizaria, Chloroplastida, and unclassified 

eukaryotes. The PNA-based method was considered to be suitable for pan-eukaryotic analyses, while 

UNonMet was suitable for targeted studies of fungi and Alveolata. This approach provides valuable 

tools to understand tick microbiome and tick-borne pathogen ecology. 
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Chapter II 

 

Detection of potential entomopathogenic taxa and keystone 

taxa in ticks by cross-domain microbiome analysis 
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1. Introduction 

Microorganisms interact through a wide range of relationships, from cooperative relationships, such 

as the exchange of metabolic products, to antagonistic interactions, such as a competition for limited 

resources or direct interference (81–83). To gain a comprehensive insight into the structure and 

dynamics of microbial communities in ticks, it is essential to explore interactions across diverse 

microbial domains, including bacteria, archaea, viruses, and eukaryotes (84, 85). In the previous 

chapter, a novel method to detect eukaryotic microbiome in ticks was developed using artificial nucleic 

acids. The developed method provides a valuable opportunity to investigate interactions between 

eukaryotes and other microbial domains.  

Network-based analysis offers a useful approach to uncover the complex interactions within microbial 

communities (86). Co-occurrence networks are suitable approach to analyze microbiome data (87, 88). 

The co-occurrence network is constructed based on pairwise correlations among microbes. A key 

advantage of network analysis lies in its ability to determine keystone taxa (89). Keystone taxa are a 

microorganism or a group of microorganisms those are highly connected with other taxa (90). 

Keystone taxa play crucial roles in the stability of microbiome, and serve as functional drivers within 

the community (91).  

Ticks are known to harbor bacterial endosymbionts, such as Coxiella-like endosymbionts or 

Francisella-like endosymbionts, which provide essential nutrients to their host ticks (92, 93). Studies 

of the bacterial microbiome in ticks have shown that endosymbionts often dominate in the relative 

abundances (20, 94). However, even taxa with low abundance can act as keystone taxa, and 

significantly influence microbial community stability (95). Previous studies suggested that the 

pathogenic microorganism invasion by Anaplasma, Rickettsia, or Babesia affect the bacterial 

microbiome network in ticks (84, 85, 96). Therefore, comprehensive analyses that incorporate 

pathogens, endosymbionts, and other taxa are crucial to understand pathogen transmission mechanism. 

Furthermore, eukaryotic communities have not been previously included in microbial network studies. 

Including these communities may offer new insights into the dynamics of complex microbiome 

systems. 

In this chapter, the keystone eukaryotic taxa in ticks were aimed to be determined using network 

analyses. Four species of ticks were collected from four distinct geographic regions in Japan. The 

bacterial and eukaryotic tick microbiomes were characterized based on the 16S and 18S rRNA gene 

amplicon sequencing strategies, respectively. The abundant eukaryotic taxa in the tested ticks were 

identified. Diversity analysis was performed to assess the contribution of species, sex, and sampling 

region. Cross-domain co-occurrence networks were constructed to detect microbial interactions and 

to determine the keystone taxa. 

 

 



26 

 

2. Material and Methods 

2.1. Ticks 

A total of 184 questing ticks were collected by flagging between 2013 and 2019 from four different 

geographic blocks (Hokkaido, Tohoku, Kinki, and Kyushu) (Figure II - 1, Table I - 1). The collected 

ticks were morphologically identified based on the morphological key (68). The females and males of 

four tick species, Haemaphysalis flava (n = 56), Haemaphysalis longicornis (n = 47), Ixodes ovatus 

(n = 41), and Ixodes persulcatus (n = 40) were included in this study (Table I - 2). The ticks were 

reared under 16℃ until the DNA extraction. 

 

2.2. DNA extraction 

The ticks were individually washed once with 1 ml of 10% sodium hypochlorite, twice with 1 ml of 

70% ethanol, and once with 1 ml of sterile phosphate-buffered saline (pH7.0 – 7.6) to decontaminate 

the tick surface. The ticks were then homogenized with 4.8 mm stainless steel beads (TOMY, Tokyo, 

Japan) using the Micro Smash MS-100R (TOMY) in 100 µl of Dulbecco’s Modified Eagle Medium 

(Gibco, Life Technologies, Gland Island, NY, USA). DNA was extracted from 50 µl of the tick 

homogenates using the blackPREP Tick DNA/RNA Kit (Analytik Jena, Jena, Germany), following 

the manufacturer’s protocol. 

 

2.3. 16S rRNA gene amplicon sequencing 

The sequencing library was generated for a total of 184 tick samples as mentioned above (Table II - 

1). The Initial PCRs were performed using the KAPA HiFi HotStart ReadyMix (KAPA Biosystems, 

Wilmington, MA, USA) to amplify bacterial 16S rRNA gene with a set of universal primers 

Illumina_16S_341F and Illumina_16S_805R (Table II - 3). The libraries were prepared using the 

Nextera XT Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s protocol. The PCR 

products were purified using the Agencourt AMPure XP Kit (Beckman Coulter Inc., Brea, CA, USA). 

The length of the final products was analyzed using the Agilent 2100 Bioanalyzer System (Agilent, 

Santa Clara, CA, USA). The libraries were pooled and sequenced on the Illumina MiSeq system using 

the MiSeq Reagent Kit v3 (600 cycles). 

 

2.4. 18S rRNA gene amplicon sequencing 

The sequencing library of 18S rRNA gene amplicon was generated with the same set of samples as 

the 16S rRNA gene amplicon sequencing analysis (Table II - 1). The library preparation was based on 

the PNA-SizeSelect protocol described in the Chapter I. Briefly, PCR was performed using a universal 

primer set (TAReuk454FWD1 and TAReuREV3, Table II - 3) with TickB_PNA to inhibit 

amplification of the host tick gene. The reaction mixture was in 25.0 μl containing 12.5 μl of 2 × 

KAPA HiFi HotStart ReadyMix, 200 nM of each prime, 2.5 μl of template DNA, and 50 pmol of   
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Figure II - 1: Sampling regions of the ticks used for the 18S rRNA gene amplicon sequencing. 
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Table II - 1: Sampling metadata, and total number of obtained reads and total number of 

observed ASVs after filtering of each sample. 

Sample 
ID 

Species Sex Region 
Sampling site 

GPS 
Sampling 

year 
Sampling 

month 

16S total 

number of 
obtained 

reads 

16S total 

number of 
observed 

ASVs 

18S total 

number of 
obtained 

reads 

18S total 

number of 
observed 

ASVs 

2281 H. flava F Kinki 34.35, 136.70 2016 3 56,461 50 454 19 

2282 H. flava F Kinki 34.35, 136.70 2016 3 61,680 92 896 19 

2283 H. flava F Kinki 34.35, 136.70 2016 3 54,497 38 6,013 13 

2284 H. flava F Kinki 34.35, 136.70 2016 3 30,368 31 412 13 

2285 H. flava F Kinki 34.35, 136.70 2016 3 57,852 32 23,231 8 

2286 H. flava F Kinki 34.35, 136.70 2016 3 47,280 28 505 15 

2322 H. flava F Kinki 34.45, 136.78 2016 3 61,625 22 164 5 

2323 H. flava F Kinki 34.45, 136.78 2016 3 55,592 26 511 19 

2324 H. flava F Kinki 34.45, 136.78 2016 3 25,909 21 213 17 

2275 H. flava M Kinki 34.35, 136.70 2016 3 50,990 83 684 17 

2276 H. flava M Kinki 34.35, 136.70 2016 3 47,380 49 269 9 

2277 H. flava M Kinki 34.35, 136.70 2016 3 51,212 108 1,324 15 

2278 H. flava M Kinki 34.35, 136.70 2016 3 39,529 66 558 12 

2279 H. flava M Kinki 34.35, 136.70 2016 3 37,100 64 2,459 18 

2280 H. flava M Kinki 34.35, 136.70 2016 3 72,287 50 1,116 10 

2325 H. flava M Kinki 34.45, 136.78 2016 3 62,995 28 80 3 

2326 H. flava M Kinki 34.45, 136.78 2016 3 54,725 42 2,596 11 

2327 H. flava M Kinki 34.45, 136.78 2016 3 52,730 32 1,159 2 

2328 H. flava M Kinki 34.45, 136.78 2016 3 34,045 27 683 9 

2329 H. flava M Kinki 34.45, 136.78 2017 3 60,650 75 10,372 10 

2330 H. flava M Kinki 34.45, 136.78 2017 3 55,030 15 36 2 

1708 H. flava F Kyushu 31.93, 130.79 2015 5 59,143 125 365 17 

1764 H. flava F Kyushu 31.75, 130.57 2015 5 56,893 92 1,415 23 

1765 H. flava F Kyushu 31.75, 130.57 2015 5 44,603 37 993 23 

1766 H. flava F Kyushu 31.75, 130.57 2015 5 60,016 99 4,362 20 

1767 H. flava F Kyushu 31.75, 130.57 2015 5 66,850 66 1,750 29 

1768 H. flava F Kyushu 31.75, 130.57 2016 5 59,040 126 6,562 47 

2750 H. flava F Kyushu 31.75, 130.57 2017 3 75,567 81 4,795 46 

2751 H. flava F Kyushu 31.75, 130.57 2017 3 55,150 27 584 19 

2752 H. flava F Kyushu 31.75, 130.57 2017 3 67,120 53 2,816 33 

2753 H. flava F Kyushu 31.75, 130.57 2017 3 53,518 40 456 19 

2754 H. flava F Kyushu 31.75, 130.57 2017 3 57,322 106 16,396 66 

2755 H. flava M Kyushu 31.75, 130.57 2017 3 40,006 77 9,994 30 

2756 H. flava M Kyushu 31.75, 130.57 2017 3 42,951 57 2,198 26 

2757 H. flava M Kyushu 31.75, 130.57 2017 3 36,023 48 1,537 10 

2758 H. flava M Kyushu 31.75, 130.57 2017 3 42,811 23 10,128 14 

2759 H. flava M Kyushu 31.75, 130.57 2018 3 40,872 46 3,539 22 

2760 H. flava M Kyushu 31.75, 130.57 2018 3 42,105 71 1,523 18 

2761 H. flava M Kyushu 31.75, 130.57 2018 3 36,868 80 856 12 

2762 H. flava M Kyushu 31.75, 130.57 2018 3 43,250 51 2,344 9 

1156 H. flava F Tohoku 37.47, 139.98 2014 6 61,578 94 2,700 45 

1157 H. flava F Tohoku 37.47, 139.98 2014 6 61,155 91 6,124 60 

1158 H. flava F Tohoku 37.47, 139.98 2014 6 62,271 50 2,820 33 

800 H. flava F Tohoku 37.73, 140.48 2013 10 35,562 22 544 20 

801 H. flava F Tohoku 37.73, 140.48 2013 10 39,320 60 2,039 26 
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892 H. flava F Tohoku 37.73, 140.48 2014 5 52,607 26 1,193 33 

893 H. flava F Tohoku 37.73, 140.48 2014 5 47,592 20 592 23 

896 H. flava F Tohoku 37.77, 140.38 2014 5 42,440 25 301 19 

1153 H. flava M Tohoku 37.47, 139.98 2014 6 93,416 114 2,018 26 

1154 H. flava M Tohoku 37.47, 139.98 2014 6 57,472 145 1,554 37 

1155 H. flava M Tohoku 37.47, 139.98 2014 6 43,710 132 2,377 30 

795 H. flava M Tohoku 37.73, 140.48 2013 10 43,386 97 2,475 17 

796 H. flava M Tohoku 37.77, 140.30 2013 10 43,438 94 2,455 22 

797 H. flava M Tohoku 37.13, 140.94 2013 10 47,597 163 2,448 22 

798 H. flava M Tohoku 37.13, 140.94 2013 10 31,148 60 1,280 20 

799 H. flava M Tohoku 37.13, 140.94 2013 10 30,833 201 359 12 

3981 H. longicornis F Hokkaido 42.79, 141.70 2020 5 57,226 21 1,267 7 

510 H. longicornis F Hokkaido 42.87, 142.12 2013 7 40,259 30 77 6 

511 H. longicornis F Hokkaido 42.87, 142.12 2013 7 37,933 78 479 17 

512 H. longicornis F Hokkaido 42.87, 142.12 2013 7 55,640 74 318 8 

513 H. longicornis F Hokkaido 42.87, 142.12 2013 7 49,077 60 297 7 

2271 H. longicornis F Kinki 34.35, 136.70 2016 3 55,013 36 0 0 

2272 H. longicornis F Kinki 34.35, 136.70 2016 3 55,290 35 347 16 

2273 H. longicornis F Kinki 34.35, 136.70 2016 3 50,809 29 112 11 

2274 H. longicornis F Kinki 34.35, 136.70 2016 3 52,280 61 60,353 19 

2310 H. longicornis F Kinki 34.45, 136.78 2016 3 29,567 123 4,298 24 

3623 H. longicornis F Kinki 33.83, 135.30 2018 6 58,946 15 8,018 17 

3624 H. longicornis F Kinki 33.83, 135.30 2018 6 57,453 20 9,209 5 

3625 H. longicornis F Kinki 33.83, 135.30 2018 6 46,341 14 44 4 

3626 H. longicornis F Kinki 33.83, 135.30 2018 6 126,727 13 129 5 

3627 H. longicornis F Kinki 33.83, 135.30 2018 6 121,470 25 49 4 

3836 H. longicornis F Kinki 34.35, 136.70 2019 7 38,644 12 0 0 

3838 H. longicornis F Kinki 34.29, 136.58 2019 7 48,237 11 8,702 10 

3839 H. longicornis F Kinki 34.29, 136.58 2019 7 59,957 10 54 2 

2268 H. longicornis M Kinki 34.35, 136.70 2016 3 43,743 172 39,978 16 

2269 H. longicornis M Kinki 34.35, 136.70 2016 3 45,199 70 788 18 

2270 H. longicornis M Kinki 34.35, 136.70 2016 3 48,632 52 136 7 

2288 H. longicornis M Kinki 34.35, 136.70 2016 3 27,312 34 5 1 

2289 H. longicornis M Kinki 34.35, 136.70 2016 3 42,037 67 1,431 11 

2309 H. longicornis M Kinki 34.45, 136.78 2016 3 33,588 73 3,664 13 

2311 H. longicornis M Kinki 34.45, 136.78 2016 3 41,061 52 598 19 

2312 H. longicornis M Kinki 34.45, 136.78 2016 3 36,878 62 1,337 10 

3628 H. longicornis M Kinki 33.83, 135.30 2018 6 71,917 29 26 3 

3629 H. longicornis M Kinki 33.83, 135.30 2019 6 54,555 13 186 8 

3630 H. longicornis M Kinki 33.83, 135.30 2019 6 55,281 16 8,141 10 

3631 H. longicornis M Kinki 33.83, 135.30 2019 6 49,061 14 214 9 

3632 H. longicornis M Kinki 33.83, 135.30 2019 6 50,731 16 60 5 

3837 H. longicornis M Kinki 34.35, 136.70 2019 7 33,924 13 8,779 34 

3840 H. longicornis M Kinki 34.29, 136.58 2019 7 29,662 19 68 3 

1653 H. longicornis F Kyushu 31.48, 130.34 2015 5 50,385 88 4,336 40 

1654 H. longicornis F Kyushu 31.48, 130.34 2015 5 120,260 103 3,961 40 

1655 H. longicornis F Kyushu 31.48, 130.34 2015 5 148,104 111 3,023 26 

1728 H. longicornis F Kyushu 32.12, 130.52 2015 5 52,829 88 137 12 

1729 H. longicornis F Kyushu 32.12, 130.52 2015 5 55,244 59 839 14 

1730 H. longicornis F Kyushu 32.12, 130.52 2015 5 52,202 115 398 23 
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1731 H. longicornis F Kyushu 32.12, 130.52 2015 5 49,269 40 463 10 

1758 H. longicornis F Kyushu 31.75, 130.57 2015 5 56,424 213 3,992 33 

1759 H. longicornis F Kyushu 31.75, 130.57 2015 5 127,586 223 2,299 24 

1760 H. longicornis F Kyushu 31.75, 130.57 2015 5 64,086 102 0 0 

1761 H. longicornis F Kyushu 31.75, 130.57 2015 5 56,812 203 376 13 

1762 H. longicornis F Kyushu 31.75, 130.57 2015 5 58,327 112 4,181 29 

1763 H. longicornis F Kyushu 31.75, 130.57 2015 5 58,985 152 1,369 30 

1693 H. longicornis M Kyushu 31.93, 130.79 2015 5 79,811 50 395 18 

3684 I. ovatus F Hokkaido 42.90, 141.11 2019 7 54,520 38 277 7 

3685 I. ovatus F Hokkaido 42.90, 141.11 2019 7 61,284 39 123 6 

3686 I. ovatus F Hokkaido 42.90, 141.11 2019 7 63,216 45 583 13 

3687 I. ovatus F Hokkaido 42.90, 141.11 2019 7 72,866 34 1,243 1 

3688 I. ovatus F Hokkaido 42.90, 141.11 2019 7 54,310 33 5,532 11 

3689 I. ovatus F Hokkaido 42.90, 141.11 2019 7 57,164 35 253 8 

3690 I. ovatus F Hokkaido 42.90, 141.11 2019 7 57,752 27 2,496 6 

3691 I. ovatus F Hokkaido 42.90, 141.11 2019 7 60,093 33 88 4 

3704 I. ovatus M Hokkaido 42.90, 141.11 2019 7 53,078 31 9,406 6 

3705 I. ovatus M Hokkaido 42.90, 141.11 2019 7 65,866 33 887 12 

3706 I. ovatus M Hokkaido 42.90, 141.11 2019 7 61,404 27 842 10 

3707 I. ovatus M Hokkaido 42.90, 141.11 2019 7 55,282 39 168 8 

3708 I. ovatus M Hokkaido 42.90, 141.11 2019 7 47,167 30 1,081 14 

3709 I. ovatus M Hokkaido 42.90, 141.11 2019 7 50,501 28 855 15 

3710 I. ovatus M Hokkaido 42.90, 141.11 2019 7 50,939 34 140 6 

3711 I. ovatus M Hokkaido 42.90, 141.11 2019 7 48,022 33 7,557 12 

868 I. ovatus F Kinki 34.18, 136.10 2014 5 27,728 28 293 12 

869 I. ovatus F Kinki 34.18, 136.10 2014 5 50,431 34 633 12 

870 I. ovatus F Kinki 34.18, 136.10 2014 5 53,851 32 331 17 

871 I. ovatus F Kinki 34.18, 136.10 2014 5 63,510 30 241 7 

872 I. ovatus F Kinki 34.18, 136.10 2014 5 52,655 38 2,815 15 

873 I. ovatus F Kinki 34.18, 136.10 2014 5 52,172 33 2,248 13 

865 I. ovatus M Kinki 34.18, 136.10 2014 5 27,797 25 371 11 

866 I. ovatus M Kinki 34.18, 136.10 2014 5 34,396 25 174 10 

867 I. ovatus M Kinki 34.18, 136.10 2014 5 31,061 29 2,419 15 

764 I. ovatus F Kyushu 32.03, 131.19 2013 10 47,928 46 514 13 

2717 I. ovatus M Kyushu 31.75, 130.57 2017 3 55,848 25 298 12 

2725 I. ovatus M Kyushu 31.70, 130.50 2017 3 46,117 36 1,708 12 

1087 I. ovatus F Tohoku 37.03, 139.38 2014 6 29,283 40 4,971 8 

1088 I. ovatus F Tohoku 37.03, 139.38 2014 6 30,644 54 594 14 

1089 I. ovatus F Tohoku 37.03, 139.38 2014 6 45,907 49 441 15 

1090 I. ovatus F Tohoku 37.03, 139.38 2014 6 126,198 61 398 11 

1091 I. ovatus F Tohoku 37.03, 139.38 2014 6 64,851 71 322 16 

1092 I. ovatus F Tohoku 37.03, 139.38 2014 6 85,152 61 897 13 

1080 I. ovatus M Tohoku 37.03, 139.38 2014 6 27,142 28 95 6 

1081 I. ovatus M Tohoku 37.03, 139.38 2014 6 29,366 36 731 18 

1082 I. ovatus M Tohoku 37.03, 139.38 2014 6 42,812 34 392 16 

1083 I. ovatus M Tohoku 37.03, 139.38 2014 6 38,027 46 577 19 

1084 I. ovatus M Tohoku 37.03, 139.38 2014 6 42,480 35 791 9 

1085 I. ovatus M Tohoku 37.03, 139.38 2014 6 27,699 54 1,357 17 

1086 I. ovatus M Tohoku 37.03, 139.38 2014 6 40,562 39 539 10 

3649 I. persulcatus F Hokkaido 42.90, 141.11 2019 7 45,436 13 189 6 
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3650 I. persulcatus F Hokkaido 42.90, 141.11 2019 7 83,376 10 301 14 

3651 I. persulcatus F Hokkaido 42.90, 141.11 2019 7 93,012 19 6,031 7 

3652 I. persulcatus F Hokkaido 42.90, 141.11 2019 7 139,501 25 42 6 

3653 I. persulcatus F Hokkaido 42.90, 141.11 2019 7 57,174 13 21 5 

3654 I. persulcatus F Hokkaido 42.90, 141.11 2019 7 45,023 11 137 5 

3655 I. persulcatus F Hokkaido 42.90, 141.11 2019 7 46,574 14 348 10 

3656 I. persulcatus F Hokkaido 42.90, 141.11 2019 7 56,468 9 666 10 

3664 I. persulcatus M Hokkaido 42.90, 141.11 2019 7 3,067 9 148 6 

3665 I. persulcatus M Hokkaido 42.90, 141.11 2019 7 2,714 13 22,235 13 

3666 I. persulcatus M Hokkaido 42.90, 141.11 2019 7 49,685 14 184 10 

3667 I. persulcatus M Hokkaido 42.90, 141.11 2019 7 4,713 15 152 8 

3668 I. persulcatus M Hokkaido 42.90, 141.11 2019 7 6,246 17 1,641 10 

3669 I. persulcatus M Hokkaido 42.90, 141.11 2019 7 20,586 14 120 7 

3670 I. persulcatus M Hokkaido 42.90, 141.11 2019 7 9,695 12 601 4 

3671 I. persulcatus M Hokkaido 42.90, 141.11 2019 7 44,869 23 440 8 

880 I. persulcatus F Kinki 34.18, 136.10 2014 5 30,716 13 426 11 

881 I. persulcatus F Kinki 34.18, 136.10 2014 5 44,164 24 12 1 

874 I. persulcatus M Kinki 34.18, 136.10 2014 5 24,507 18 274 8 

875 I. persulcatus M Kinki 34.18, 136.10 2014 5 30,764 151 224 9 

876 I. persulcatus M Kinki 34.18, 136.10 2014 5 25,197 29 62 6 

877 I. persulcatus M Kinki 34.18, 136.10 2014 5 10,180 17 261 7 

878 I. persulcatus M Kinki 34.18, 136.10 2014 5 11,399 20 192 12 

879 I. persulcatus M Kinki 34.18, 136.10 2014 5 17,611 15 121 7 

1101 I. persulcatus F Tohoku 37.03, 139.38 2014 6 59,937 30 920 7 

1102 I. persulcatus F Tohoku 37.03, 139.38 2014 6 44,960 60 360 11 

1103 I. persulcatus F Tohoku 37.03, 139.38 2014 6 28,262 33 1,973 17 

1104 I. persulcatus F Tohoku 37.03, 139.38 2014 6 26,817 49 683 9 

1105 I. persulcatus F Tohoku 37.03, 139.38 2014 6 22,764 58 300 18 

1106 I. persulcatus F Tohoku 37.03, 139.38 2014 6 8,107 29 199 9 

1107 I. persulcatus F Tohoku 37.03, 139.38 2014 6 28,707 39 286 13 

1108 I. persulcatus F Tohoku 37.03, 139.38 2014 6 26,527 79 870 20 

1093 I. persulcatus M Tohoku 37.03, 139.38 2014 6 23,758 24 246 9 

1094 I. persulcatus M Tohoku 37.03, 139.38 2014 6 13,513 25 38 5 

1095 I. persulcatus M Tohoku 37.03, 139.38 2014 6 48,364 33 147 8 

1096 I. persulcatus M Tohoku 37.03, 139.38 2014 6 10,605 30 104 9 

1097 I. persulcatus M Tohoku 37.03, 139.38 2014 6 38,110 28 479 13 

1098 I. persulcatus M Tohoku 37.03, 139.38 2014 6 13,481 49 290 11 

1099 I. persulcatus M Tohoku 37.03, 139.38 2014 6 12,933 32 228 15 

1100 I. persulcatus M Tohoku 37.03, 139.38 2014 6 22,748 47 201 10 
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Table II - 2: Species, sex, and sampling regions of the tick samples. 

Species Sex Hokkaido Tohoku Kinki Kyushu Total 

H. flava F 0 8 9 11 28 
 

M 0 8 12 8 28 

H. longicornis F 5 0 13 13 31 
 

M 0 0 15 1 16 

I. ovatus F 8 6 6 1 21 
 

M 8 7 3 2 20 

I. persulcatus F 8 8 2 0 18 
 

M 8 8 6 0 22 

Total 

 

37 45 66 36 184 

F, female. M, male. 
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Table II - 3: Origo nucleotides and PCR information used to generate 16S and 18S rRNA gene amplicon libraries. 

Origo nucleotide 

name 
Target gene Primer sequence (5' → 3') Cycling conditions Reference(s) 

Illumina_16S_341F 16S rRNA CCTACGGGNGGCWGCAG 95℃ for 3 min, 35 cycles of 95℃ for 30 sec, 55℃ for 

30 sec, 72℃ for 30 sec, and 72℃ for 5 min 
(97, 98) 

Illumina_16S_805R  GACTACHVGGGTATCTAATCC 

TAReuk454FWD1 18S rRNA CCAGCASCYGCGGTAATTCC 95 °C for 3 min, 35 cycles of 98 °C for 30 sec, 50 °C 

for 30 sec, 72 °C for 30 sec, and 72°C for 10 min 
(69) 

TAReukREV3  ACTTTCGTTCTTGATYRA 

TickB_PNA 18S rRNA GATCAAWGAAAACATT NA This study 

NA, not applicable. 
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TickB_PNA. The PCR products were purified with the Agencourt AMPure XP Kit. The purified 

products were indexed with the Nextera XT Kit. The index PCR products were purified with 

NucleoMag NGS Clean-up and Size Select to extract the DNA fragments between 150 bp and 800 bp. 

The length of the final products was analyzed using the Agilent 2100 Bioanalyzer System. The 

libraries were pooled and sequenced on the Illumina MiSeq system using the MiSeq Reagent Kit v3 

(600 cycles). 

 

2.5. Data processing, taxonomy annotation, and diversity analyses 

The raw fastq data were obtained through BaseSpace system (Illumina). The data was processed using 

the QIIME2 (version 2024.5) (70). The raw reads were demultiplexed and quality-checked, and 

denoised with the DADA2 plugin (71) to generate the amplicon sequence variants (ASVs). The 

potential contaminants were identified in R (version 4.4.1) using the package Decontam (72) with a 

threshold of 0.1. The ASVs determined as contaminants were removed from the downstream analyses. 

The ASVs were annotated with taxonomic information using q2-feature-classifier plugin with Naive 

Bayes classifier trained on the SILVA database at 99% sequence similarity in QIIME2. From the 16S 

rRNA gene amplicon sequencing data, ASVs classified as archaea, eukaryote, unassigned, and 

unassigned bacterial sequences were removed. From the 18S rRNA gene amplicon sequencing data, 

ASVs classified as archaea, bacteria, vertebrata, unassigned, and unassigned eukaryotic sequences 

were removed. The composition of microbial taxa was visualized in R with the package fantaxtic (99). 

The alpha-diversity and beta-diversity analyses were performed and visualized in R using the packages 

qiime2r (73), phyloseq (74), and vegan (100). Shannon indices were calculated to evaluate the alpha-

diversity, reflecting species richness within the samples. The beta-diversity analyses were performed 

based on the Bray-Curtis distance at the ASV level to determine the differences and similarities among 

samples. The beta-diversity results were visualized using Principal Coordinates Analysis (PCoA) and 

Non-Metric Multidimensional Scaling (NMDS). 

 

2.6. Co-occurrence analysis 

Co-occurrence analysis was performed in R with the package SPIEC-EASI (101). The SPIEC-EASI 

is suitable to determine co-occurring taxa in compositional data, and applicable for multiple domain 

analysis. The network analyses were performed based only on bacterial composition, and based on 

both bacterial and eukaryotic compositions. The network analyses were performed independently for 

each tick species. The samples and ASVs were filtered based on the previously proposed guidelines 

(102). In brief, the samples without saturation on the rarefaction curve were removed. The ASVs were 

combined at the genus level with tax_glom function in the package phyloseq to avoid false-positive 

due to intra-species variations. The ASVs appear only in one sample is removed. The co-occurrence 

analysis was performed using the spiec.easi function with the Meinshausen and Bühlmann (mb) 
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method with nlamda = 20, lambda.min.ratio = 1e-2, pulsar.params = list(rep.num = 50). The co-

occurrence network was visualized using the package igraph (103) and the software Cytoscape version 

3.10.3 (104). To determine the keystone taxa in the cross-domain network, the eigenvector centrality 

scores were calculated in Cytoscape. Eigenvector centrality is based on the principle that a node in a 

network is more central if it is connected to other important nodes. It is calculated as the weighted sum 

of the centralities of the correlated nodes. 

 

 

3. Results 

3.1. The result of the data filtering 

For the 16S amplicon sequencing, a total of 8,997,695 reads (48,900 for average, 48,498 for median, 

and ranging from 2,714 to 148,104) belonged to 3,207 ASVs were obtained after the filtering (Table 

I - 1). The sampling depth of all the samples were determined to be saturated based on the alpha-

rarefaction analysis. 

For the 18S rRNA gene amplicon sequencing, a total of 440,393 reads ranging from 0 to 60,353 per 

sample (average = 2433; median = 592) were obtained after quality filtering, resulting in 1,699 ASVs  

(Table I - 1). Based on the sampling depth evaluated by alpha-rarefaction analysis, the 17 samples 

determined to not be saturated were excluded from the downstream analysis. Finally, a total of 167 

samples were included in the following analysis. 

 

3.2. Composition of detected bacterial microorganisms in the tested ticks 

In all the samples, 3,207 ASVs belonging to 20 phyla, 44 classes, 108 orders, 174 families, and 361 

genera were detected. The most abundant taxa were Coxiella (Coxiellales) in H. flava, H. longicornis 

and I. ovatus, and Candidatus Lariskella (Rickettsiales) in I. persulcatus (Table II - 4, Figure II - 3, 

and Figure II - 4). The genera known to include the endosymbionts of the ticks were detected at high 

relative abundance, including Coxiella, Rickettsia, and Spiroplasma. Several genera known to include 

tick-borne pathogens were also detected. Anaplasma was detected in two H. flava and one H. 

longicornis. Borreliela (Borrelia) was detected in 13 I. ovatus and 11 I. persulcatus. Rickettsia was 

detected in seven H. flava, 25 H. longicornis, three I. ovatus, and 11 I. persulcatus. Ehrlichia was 

detected in four I. ovatus and one H. longicornis.  

Beta-diversity analyses were performed by applying the Bray-Curtis metrics (Figure II - 5). Based on 

NMDS and PCoA, 16S rRNA data showed that microbiome of ticks clustered based on the tick species 

instead of the tick sex or the sampling region 

. 

3.3. Composition of detected eukaryotic microorganisms in the tested ticks 

In all the samples, 1,699 ASVs belonging to 26 phyla, 48 classes, 91 orders, 125 families, and 145   
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Figure II - 2: Alpha-diversity metrices of the 16S and 18S rRNA gene amplicon sequencing obtained in each species and region. 

Shannon index was calculated based on the 16S (a) and 18S (b) rRNA gene amplicon sequencing. NA indicates no samples were included in the analysis. 
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Table II - 4: The top 10 most abundant bacterial taxa at the genus level detected in the each tick species. 

Rank H. flava H. longicornis I. ovatus I. persulcatus 

1 
Coxiella  

(Proteobacteria, 84.47%) 

Coxiella  

(Proteobacteria, 84.6%) 

Coxiella  

(Proteobacteria, 63.56%) 

Candidatus Lariskella  

(Proteobacteria, 35.43%) 

2 

Methylobacterium-

Methylorubrum  

(Proteobacteria, 4.51%) 

Rickettsia  

(Proteobacteria, 4.44%) 

Spiroplasma  

(Firmicutes, 28.83%) 

Spiroplasma  

(Firmicutes, 11.34%) 

3 
Mycobacterium  

(Actinobacteriota, 3.26%) 

Methylobacterium-

Methylorubrum  

(Proteobacteria, 4.14%) 

Rickettsiella  

(Proteobacteria, 1.93%) 

Rickettsia  

(Proteobacteria, 10.22%) 

4 
Williamsia  

(Actinobacteriota, 1.45%) 

Mycobacterium  

(Actinobacteriota, 1.95%) 

Rickettsia  

(Proteobacteria, 1.79%) 

Bosea  

(Proteobacteria, 6.41%) 

5 
Sphingomonas  

(Proteobacteria, 0.82%) 

Burkholderia-Caballeronia-

Paraburkholderia  

(Proteobacteria, 0.74%) 

Ehrlichia  

(Proteobacteria, 0.92%) 

Borreliella  

(Spirochaetota, 5.61%) 

6 

Burkholderia-Caballeronia-

Paraburkholderia  

(Proteobacteria, 0.76%) 

Pseudomonas  

(Proteobacteria, 0.61%) 

Pseudomonas  

(Proteobacteria, 0.92%) 

Methylobacterium-

Methylorubrum  

(Proteobacteria, 4.79%) 

7 
Pseudomonas  

(Proteobacteria, 0.72%) 

Williamsia  

(Actinobacteriota, 0.55%) 

Bosea  

(Proteobacteria, 0.49%) 

Pseudomonas  

(Proteobacteria, 3.97%) 

8 
Anaplasma  

(Proteobacteria, 0.51%) 

Luteibacter  

(Proteobacteria, 0.29%) 

Rhodococcus  

(Actinobacteriota, 0.32%) 

Mycobacterium  

(Actinobacteriota, 2.91%) 

9 
Stenotrophomonas  

(Proteobacteria, 0.49%) 

Ehrlichia  

(Proteobacteria, 0.28%) 

Borreliella  

(Spirochaetota, 0.2%) 

Aquabacterium  

(Proteobacteria, 1.58%) 

10 
Pseudonocardia  

(Actinobacteriota, 0.24%) 

Sphingomonas  

(Proteobacteria, 0.24%) 

Mycobacterium  

(Actinobacteriota, 0.16%) 

Staphylococcus  

(Firmicutes, 1.35%) 
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Figure II - 3: Relative abundances of the bacterial taxa detected by the 16S rRNA gene 

amplicon sequencing. 

Each bar represents the relative abundances of the detected taxa in each tick sample. Each color 

represents the genus of the detected bacterial taxa.  
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Figure II - 4: A heat map of the 20 most abundant bacterial taxa at the class level by the 16S 

rRNA gene amplicon sequencing. 

Tiles indicate the detected taxa in a sample. Tile color represents the relative abundances. The tick 

species are represented below the panel. The detected bacterial taxa are indicated on the left at the 

class level. 
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genera were detected. The most abundant taxa and their average relative abundances were represented 

in Table II - 4. At the phylum level, Cnidaria, Ascomycota, Apicomplexa, Basidiomycota, 

Chlorophyta, Cercozoa, Phragmoplastophyta, Ochrophyta, Ciliophora, and Nematozoa were the most 

abundant (Figure II - 7). At the genus level, the most abundant taxa were unclassified Bivalvulida 

(Cnidaria) in all the tick species, H. flava, H. longicornis, I. ovatus, and I. persulcatus (Figure II - 6, 

Table II - 5). The potential insect parasites, Gregarina, D3P05A02, and Stenophora (Eugregarinorida, 

Apicomplexa) were detected in all the tick species. Several genera known to include tick-borne 

pathogens were also detected (Figure II - 6). Babesia were detected in a H. longicornis, six I. ovatus, 

and a I. persulcatus. Hepatozoon was detected in a H. longicornis. Theileria were detected in a H. 

flava, and five H. longicornis.  

Based on the beta-diversity analysis by PCoA, 18S rRNA data did not show clear clustering neither 

based on species, sex, and regions (Figure II - 5). In addition, it was not possible to perform NMDS 

on 18S rRNA gene amplicon data due to insufficient number of ASVs.  

 

3.4. Cross-domain network analysis and determination of keystone taxa 

The co-occurrence networks were analyzed based on only 16S amplicon sequencing data (bacterial 

microbiome network) and based on both 16S and 18S amplicon sequencing data (cross-domain 

microbiome network). Since the beta-diversity analysis showed that the bacterial microbiome 

clustered by species (Figure II - 5), the network analyses were performed by each species separately 

to reduce the bias of habitat filtering. After the ASV and the sample filtering, a total of 36 H. 

longicornis samples with 33 eukaryotic and 133 bacterial taxa and, 54 H. flava samples with 57 

eukaryotic and 152 bacterial taxa were finally included in the analysis (Table II - 6). Ixodes ovatus 

and I. persulcatus were not included for the network analysis due to only small number of the ASVs 

(8 and 24, respectively) were kept after quality filtering. 

In the microbiome networks in H. flava, a total of 136 or 207 nodes were included in bacterial and 

cross-domain networks, respectively (Table II - 6). Fourteen components of the networks were 

detected in the bacterial network, while the cross-domain network was constructed as a single 

component (Table II - 6, Figure II - 8, and Figure II - 9). The six bacterial taxa, Ferruginibacter, 

Uncultured Gammataceae, Parafilimonas, Aquispfaera, Noyosphingobium, and Tepidisphaera were 

detected within the 10 taxa with the highest eigenvector centrality ins both bacterial and cross-domain 

network (Table II - 7 and Table II - 8). In the cross-domain network, Bromeliothrix (Family Colpodea; 

Phylum Ciliophora) was indicated as one of the highest 10 eigenvector centrality nodes. 

In the microbiome networks in H. longicornis, a total of 137 or 165 nodes were included in bacterial 

and cross-domain networks, respectively (Table II - 6). Two network components were detected in the 

bacterial network, while the cross-domain network was constructed as a single component. Regarding 

the 10 taxa with the highest eigenvector centrality, none of the bacterial taxa were common between  
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Figure II - 5: Beta diversity analyses based on the 16S and 18S rRNA gene amplicon sequencing. 

NMDS based on the 16S amplicon sequencing (a), PCoA based on the 16S (b) or 18S (c) amplicon sequencing, Venn diagrams representing the shared 

bacterial (d) or eukaryotic (e) genus among the species observed in the amplicon sequencing.
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Figure II - 6: Relative abundances of the eukaryotic tasxa detected by the 18S rRNA gene 

amplicon sequencing. 

Each bar represents the relative abundances of the detected taxa in each tick sample. Each color 

represents the order of the detected eukaryotic taxa.  
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Figure II - 7: A heat map of the 20 most abundant eukaryotic taxa at the phylum level by the 

18S rRNA gene amplicon sequencing. 

Tiles indicate the detected taxa in a sample. Tile color represents the relative abundances. The tick 

species are represented below the panel. The detected eukaryotic taxa are indicated on the left at the 

phylum level. 
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Table II - 5: The top 10 most abundant eukaryotic taxa at the genus level detected in each tick species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In case of the ASVs which were not identified at genus level, the lowest taxon name was presented (e.g. Bivalvulida). 

* “uncultured” indicates that the reference sequences were derived from uncultured samples and the taxonomy placement of that is undefined. 

Rank H. flava H. longicornis I. ovatus I. persulcatus 

1 
Bivalvulida  

(Cnidaria, 24.52%) 

Bivalvulida  

(Cnidaria, 32.57%) 

Bivalvulida  

(Cnidaria, 69.87%) 

Bivalvulida  

(Cnidaria, 52.45%) 

2 
Gregarina  

(Apicomplexa, 7.75%) 

Gregarina  

(Apicomplexa, 13.58%) 

Babesia  

(Apicomplexa, 12.36%) 

Heteromita  

(Cercozoa, 8.47%) 

3 
Piskurozyma  

(Basidiomycota, 5.16%) 

Theileria  

(Apicomplexa, 8.86%) 

Paraschneideria  

(Apicomplexa, 2.44%) 

Chloroidium  

(Chlorophyta, 6.71%) 

4 
Exobasidiales  

(Basidiomycota, 5.14%) 

Chloroidium  

(Chlorophyta, 5%) 

Heteromita  

(Cercozoa, 2.07%) 

Babesia  

(Apicomplexa, 2.83%) 

5 
Exobasidium  

(Basidiomycota, 3.77%) 

Heteromita  

(Cercozoa, 3.3%) 

Chloroidium  

(Chlorophyta, 1.59%) 

Spirurida  

(Nematozoa, 2.83%) 

6 
Brachybasidiaceae  

(Basidiomycota, 3.29%) 

uncultured*  

(Cercozoa, 2.85%) 

Acremonium  

(Ascomycota, 1.29%) 

Piskurozyma  

(Basidiomycota, 2.72%) 

7 
Trebouxiophyceae  

(Chlorophyta, 2.62%) 

Hepatozoon  

(Apicomplexa, 2.78%) 

Chloromonas  

(Chlorophyta, 1.28%) 

Trebouxia  

(Chlorophyta, 2.56%) 

8 
Fusarium  

(Ascomycota, 2.11%) 

Babesia  

(Apicomplexa, 2.76%) 

Gregarina  

(Apicomplexa, 1.18%) 

Mrakia  

(Basidiomycota, 2.49%) 

9 
Pestalotiopsis  

(Ascomycota, 2.09%) 

D3P05A02  

(Apicomplexa, 2.51%) 

Trebouxia  

(Chlorophyta, 1.17%) 

Eugregarinorida  

(Apicomplexa, 2.44%) 

10 
Kurtzmanomyces  

(Basidiomycota, 2.03%) 

Stenophora  

(Apicomplexa, 1.87%) 

Arthopyrenia  

(Ascomycota, 1.09%) 

Exobasidium  

(Basidiomycota, 2.13%) 
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Table II - 6: The topologies of the bacterial and cross-domain microbiome networks of 

Haemaphysalis flava and Haemaphysalis longicornis.  

 H. flava H. longicornis 

 Bacterial 

network 

Cross domain 

network 

Bacterial 

network 

Cross domain 

network 

Number of analyzed 

bacterial taxa 
152 152 137 133 

Number of analyzed 

eukaryotic taxa 
0 57 0 33 

Number of included tick 

samples 
54 54 36 36 

Number of nodes 136 207 137 165 

Number of edges 150 404 185 230 

Average number of 

neighbors 
2.568 3.903 2.726 2.788 

Network diameter 16 10 17 16 

Network radius 8 6 9 8 

Characteristic path 

length 
5.985 4.446 6.641 6.021 

Clustering coefficient 0.126 0.116 0.092 0.077 

Network density 0.032 0.019 0.02 0.017 

Network heterogeity 0.547 0.479 0.476 0.482 

Network centralization 0.07 0.03 0.04 0.032 

Connected components 14 1 2 1 
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Figure II - 8: The bacterial microbiome networks of Haemaphysalis flava and Haemaphysalis longicornis based on the 16S amplicon sequencing. 

Node size represents its eigenvector centrality. The node colors, purple and green, represent eukaryotic and bacterial taxa, respectively. The red and blue 

edges represent positive and negative interaction, respectively.  
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Figure II - 9: The cross-domain microbiome networks of Haemaphysalis flava and Haemaphysalis longicornis based on the 16S and 18S amplicon 

sequencing. 

The node size represents its eigenvector centrality. The node colors, purple and green, represent eukaryotic and bacterial taxa, respectively. The red and blue 

edges represent positive and negative interaction, respectively.   
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Table II - 7: The taxa determined with the highest eigenvector centrality indices in the bacterial microbiome network in Haemaphysalis flava. 

Rank Phylum Class Order Family Genus 
Eigenvector 

centrality 
Degree 

Betweenness 

centrality 

1 Bacteroidota Bacteroidia Chitinophagales Chitinophagaceae Ferruginibacter 0.478 8 0.500 

2 Planctomycetota Planctomycetes Gemmatales Gemmataceae uncultured* 0.348 7 0.132 

3 Bacteroidota Bacteroidia Chitinophagales Chitinophagaceae Parafilimonas 0.277 5 0.262 

4 Bacteroidota Bacteroidia Chitinophagales Chitinophagaceae Uncultured* 0.270 4 0.124 

5 Planctomycetota Planctomycetes Isosphaerales Isosphaeraceae Aquisphaera 0.269 6 0.375 

6 Bacteroidota Bacteroidia Sphingobacteriales Sphingobacteriaceae Uncultured* 0.215 3 0.030 

7 Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Novosphingobium 0.192 3 0.198 

8 Chloroflexi Anaerolineae Caldilineales Caldilineaceae Uncultured* 0.191 4 0.087 

9 Proteobacteria Alphaproteobacteria Rhizobiales Beijerinckiaceae Microvirga 0.186 4 0.006 

10 Planctomycetota Phycisphaerae Tepidisphaerales Tepidisphaeraceae Tepidisphaera 0.156 2 0.012 

* “Uncultured” indicates that the reference sequences were derived from uncultured samples and the taxonomy placement of that is undefined. 
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Table II - 8: The taxa determined with the highest eigenvector centrality indices in the cross-domain microbial network in Haemaphysalis flava. 

Rank Kingdom Phylum Class Order Family Genus 
Eigenvector 

centrality 
Degree 

Betweenness 

centrality 

1 Bacteria Bacteroidota Bacteroidia Chitinophagales Chitinophagaceae Ferruginibacter 0.265 10 0.099 

2 Bacteria Planctomycetota Planctomycetes Isosphaerales Isosphaeraceae Aquisphaera 0.229 10 0.093 

3 Eukaryota Ciliophora Intramacronucleata Conthreep Colpodea Bromeliothrix 0.185 8 0.051 

4 Bacteria Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Novosphingobium 0.176 6 0.051 

5 Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Methylopilaceae Uncultured* 0.175 9 0.051 

6 Bacteria Actinobacteriota Actinobacteria Corynebacteriales Nocardiaceae Gordonia 0.173 8 0.036 

7 Bacteria Planctomycetota Planctomycetes Gemmatales Gemmataceae Uncultured* 0.156 9 0.058 

8 Bacteria Patescibacteria Parcubacteria 
Candidatus 

Kaiserbacteria 

Candidatus 

Kaiserbacteria 

Candidatus 

Kaiserbacteria 
0.139 6 0.071 

9 Bacteria Bacteroidota Bacteroidia Chitinophagales Chitinophagaceae Parafilimonas 0.139 6 0.025 

10 Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Xanthobacteraceae Tardiphaga 0.138 9 0.058 

* “Uncultured” indicates that the reference sequences were derived from uncultured samples and the taxonomy placement of that is undefined. 
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the bacterial and cross-domain networks (Table II - 9, Table II - 10). In the cross-domain network, 

three taxa, Pastalotiopsis (Family Sporocadaceae; Phylum Ascomycota), Kutzmanomyces (Family 

Chionosphaeraceae; Phylum Basidiomycota), and unclassified Brachybasidiaceae (Phylum 

Basidicomycota), were included in the highest 10 eigenvector centrality nodes (Table II - 10). 

 

 

4. Discussion 

This study presents the first comprehensive catalog of the eukaryotic composition of the tick 

microbiome. In addition, this is the first microbiome network analyses incorporating eukaryotic 

communities in ticks. In the cross-domain networks, eukaryotic microbes with high eigenvector 

centrality were identified in both H. flava and H. longicornis. A comparison between the bacterial and 

cross-domain networks determined distinct keystone taxa for H. flava and H. longicornis. Additionally, 

in H. flava, 14 components of the bacterial microbiome network were integrated into a single 

component in the cross-domain network. The identification of eukaryotic taxa as keystone members 

highlights the importance of including multiple domains in microbiome network analyses of ticks. 

Among the keystone eukaryotic taxa, Kurtzmanomyces (Agaricostilbomycetes: Basidiomycota) and 

unclassified Brachybasidiaceae (Basidiomycota) were relatively abundant, while Pestalotiopsis 

(Sordariomycetes: Ascomycota), Bromeliothrix (Intramacronucleata, Conthreep, Colpodea, and 

Ciliophora), were not included. These observations indicate that the low abundant taxa in the 

microbiome potentially act as keystone. Sordariomycetes species distribute to the environment and 

also act as insect pathogens. A report presented that Metarhizium flavoviride (Sordariomycetes: 

Hypocreales) exposure changed the midgut microbiome of Nilaparvata lugens (Hemiptera: 

Delphacidae) (105). The unclassified Trebouxiophyceae (Chlorophyta) and Trebouxia 

(Trebouxyophyceae: Chlorophyta) were also detected at relatively high abundance. The class 

Trebouxiophyceae includes free-living group, plant-symbiotic group, fungi-symbiotic group and 

arthropod parasitic group (106, 107). These two taxa, Hypocreales and Trebouxiophyceae need to be 

investigated from the point of view of tick-pathogen or tick-symbiotic microbes. Other taxa 

determined as keystone, Bromeliothrix have been reported to be free-living (108), and Pestalotiopsis, 

Kutzmanomyces, and Brachybasidiaceae have been reported to be plant-pathogen (109). These 

observations also need to be clarified with other molecular and isolation techniques. 

Among the detected taxa, Nematozoa and Hypocreales (phylum Ascomycota) were previously found 

from ticks. Filarial parasites have been detected molecularly and under microscope from ticks (34, 

110, 111). For Hypocreales, Metarhizium sp. was reported to kill Argas persicus, and Hypocreales 

fungi are known to infect other insect as well (112, 113). These microeukaryote groups seem to be 

ubiquitous even in healthy questing ticks, because this study was performed with the ticks collected 

by flagging. Fundamental research about classification, distribution, and host range are needed to  
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Table II - 9: The taxa determined with the highest eigenvector centrality indices in the bacterial microbiome network in Haemaphysalis 

longicornis. 

Rank Phylum Class Order Family Genus 
Eigenvector 

centrality 
Degree 

Betweenness 

centrality 

1 Actinobacteriota Actinobacteria Pseudonocardiales Pseudonocardiaceae Pseudonocardia 0.374 8 0.166 

2 Proteobacteria Alphaproteobacteria Rhizobiales 
Rhizobiales 

Incertae Sedis* 
Alsobacter 0.256 5 0.074 

3 Proteobacteria Alphaproteobacteria Rickettsiales Fokiniaceae 
Candidatus 

Lariskella 
0.253 5 0.054 

4 Proteobacteria Alphaproteobacteria Rickettsiales Rickettsiaceae Rickettsia 0.247 6 0.124 

5 Planctomycetota Phycisphaerae Tepidisphaerales Tepidisphaeraceae Tepidisphaera 0.216 6 0.104 

6 Verrucomicrobiota Verrucomicrobiae Chthoniobacterales Chthoniobacteraceae Chthoniobacter 0.202 6 0.047 

7 Proteobacteria Alphaproteobacteria Rhizobiales Labraceae Labrys 0.197 5 0.068 

8 Bacteroidota Bacteroidia Chitinophagales Chitinophagaceae Edaphobaculum 0.192 5 0.095 

9 Actinobacteriota Actinobacteria Pseudonocardiales Pseudonocardiaceae Actinomycetospora 0.154 3 0.092 

10 Proteobacteria Alphaproteobacteria Reyranellales Reyranellaceae Reyranella 0.150 3 0.022 

* Incertae_Sedis indicates that the taxonomy placement of the reference sequences is undefined. 
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Table II - 10: The taxa determined with the highest eigenvector centrality indices in the cross-domain microbial network in Haemaphysalis 

longicornis. 

Rank Kingdom Phylum Class Order Family Genus 
Eigenvector 

centrality 
Degree 

Betweenness 

centrality 

1 Bacteria Chloroflexi Ktedonobacteria C0119 NA* NA* 0.460 8 0.076 

2 Bacteria Actinobacteriota Actinobacteria Frankiales Geodermatophilaceae Klenkia 0.301 5 0.054 

3 Eukaryota Ascomycota Sordariomycetes Xylariales Sporocadaceae Pestalotiopsis 0.288 5 0.034 

4 Bacteria Actinobacteriota Actinobacteria Frankiales Cryptosporangiaceae Cryptosporangium 0.283 5 0.059 

5 Eukaryota Basidiomycota Agaricostilbomycetes Agaricostilbales Chionosphaeraceae Kurtzmanomyces 0.269 3 0.007 

6 Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Halomonadaceae Halomonas 0.239 4 0.084 

7 Bacteria Actinobacteriota Actinobacteria Micromonosporales Micromonosporaceae Actinoplanes 0.190 4 0.017 

8 Eukaryota Basidiomycota Exobasidiomycetes Exobasidiales Brachybasidiaceae NA* 0.169 4 0.071 

9 Bacteria Proteobacteria Gammaproteobacteria Burkholderiales Comamonadaceae Variovorax 0.149 6 0.117 

10 Bacteria Planctomycetota Planctomycetes Isosphaerales Isosphaeraceae Paludisphaera 0.148 3 0.015 

* NA indicates that the classifier could not determine the ASVs at low level due to insufficient similarity to reference sequences. 
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investigate their role in microbiome of ticks. 

Bivalvulida and Eugregarinorida were detected at high abundances, while there is no record of this 

group detected in ticks. Bivalvulida (Class Myxozoa; Phylum Cnidaria) was detected from most of 

the samples. Myxozoa is a group of obligate parasite of vertebrates, while there are no record of 

myxozoan species detected in arthropods (114–116). The family Eugregarinorida (phylum 

Apicomplexa) was detected from many of the tick samples. Eugregarinorida protozoan has been 

detected in a wide range of arthropods (117). There are also reports of symbiotic Eugregarinorida in 

arachnids (118), as well as in blood-sucking insects such as sand flies and mosquitoes (119–121). 

Further studies are needed to determine the effects of Eugregarinorida in ticks. 

Detection of some taxon was potentially from the environment. Spore of fungi, Ciliophora , and 

Cercozoa are ubiquitous in soil and freshwater (122–124). Chalophyta is also likely from the 

environment. Although the possibility of contamination from the body surface of ticks with these 

microbial DNA cannot be completely excluded, it is likely that the origin of the detected protists was 

mostly from internal (125). Ticks obtain water transdermally from water vapor when not attached to 

a host (126), but Amblyomma americanum is known to take water also from liquid water and takes up 

water in its salivary glands and intestinal tract (127). The frequent detections of taxa that are likely to 

be from the environment may indicate that other ticks also consume liquid water. The potential for the 

uptake of microorganisms from the environment is an important consideration, as it may disrupt the 

tick microbiome. 

This study has some limitations. The relative abundance and network analysis might have been 

affected with temporal patterns in this study. Bacterial microbiome of ticks was suggested to change 

depend on the season (128), which is also potentially similar to the eukaryotic microbiome. Some 

samples had a very low proportion of non-tick reads even with the high number of host tick reads. 

Eukaryotic microbes in ticks might be intaken sporadically, unlike endosymbiotic bacteria such as 

Coxiella and Rickettsia. For annotation of eukaryotic taxa with the naïve bayes classifier, a lot of the 

annotation of ASVs limited only at high level. This was due to the use of highly conserved genes, and 

due to the shortage of the database. Alternatively, the evolutionally placement algorithm (EPA) could 

be applied to improve the annotation (129). The EPA uses a reference tree based on a sequence 

database with long sequence fragments, and place targeted query short reads on the reference tree to 

annotate the query reads. These limitations need to be improved in the future. 

In this chapter, major groups of microeukaryotes in microbiome of ticks are catalogued. Potential 

pathogens against ticks and keystone taxa of the microbiome in ticks were detected. Since these 

findings are not more than hypothesis, the determined taxa need to be characterized with multiple 

approaches including phylogeny, morphology, isolation, and culture in the future. 
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5. Summary 

The potential predominant eukaryotic taxon was determined based on the sequencing data using the 

developed method in the chapter I. Important taxa of eukaryotes for the ticks and the microbial network 

were determined. The criteria for important taxon were, abundant, close to arthropod pathogenic group, 

or determined as keystone taxa. The sample ticks were collected from four species, females and males, 

four regions. The bacterial and eukaryotic microbiome were simultaneously investigated from the 

sample set. First, ASVs classified as Bivalvulida or Eugregarinorida were detected as the abundant 

taxa. Second, ASVs classified as Nematozoa and Hypocreales were close groups as the 

entomopathogenic organisms. Finally, the keystone taxa in the cross-domain network in the ticks were 

detemined. As a result, Bromeliothrix (Ciliophora) in Haemaphysalis flava, and Kurtzmanomyces 

(Basidiomycota), unclassified Brachybasidiaceae (Basidiomycota), and Pestalotiopsis 

(Sordariomycetes: Ascomycota) in Haemaphysalis longicornis, were determined as keystone taxa. 

These findings propose valuable hypothesis, which need to be clarified with specific techniques, 

including phylogeny, morphology, isolation, and culture.  
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Chapter III 

 

Isolation and characterization of a macro-eukaryote, a 

parasitoid wasp 
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1. Introduction 

Encyrtid (Hymenoptera: Chalcidoidea) wasps are a species-rich family of arthropod parasitoids (130–

132). Parasitoid wasps play an essential role in the control of host populations, as they kill their hosts 

in a species-specific manner (9, 133). For this reason, Encyrtid wasps and other members of the 

Chalcidoidea are recognized as an important groups as biological control agents against arthropod 

pests (9–11). 

Female Ixodiphagus wasps lay their eggs inside the body of ticks by inserting their ovipositor through 

the host exoskeleton (134). These eggs then remain dormant until the tick feeds on a host (135). As 

with other parasitoids, the wasp larvae kill the host tick during the development and later emerge as 

adult. To date, at least 16 species of Ixodiphagus wasps have been described, and they are known to 

parasitize at least 15 species of Ixodid ticks across six genera (135–137). Ixodiphagus wasps have 

been recorded around the world including in Asia, Europe, Africa, North America, South America, 

and Oceania (137). In Asia, these wasps have been recorded from South Asia, Southeast Asia, and Far 

Eastern Siberia, while there is no documented record from Eastern Asia aside from an incidental record 

from Japan (136). The diversity of Ixodiphagus wasps is considered to be underestimated due to lack 

of sampling (48). Therefore, investigation in the Eastern Asia region is valuable for addressing this 

knowledge gap. 

Molecular techniques have been useful for systematics and evolutionary studies of arthropods (138, 

139).  These techniques are also applicable for species-specific detection and barcoding (140). 

Mitochondrial genes are widely used for these purposes and are well-represented in genetic databases 

(141, 142). Several characteristics make mitochondrial genes useful for such studies: their high copy 

number within cells, conserved gene catalogs across species, and moderate mutation rates between 

species. However, there are several difficulties in the use of mitochondrial genes for Hymenoptera 

characterization. Intra-individual variations on mitochondrial gene have been reported in a range of 

wasps and bees (143–146). This phenomenon is caused by heteroplasmy, where individuals possess 

multiple sets of mitochondrial genes, and nuclear mitochondrial DNA segments (NUMTs), where 

fragments of mitochondrial DNA are inserted into the nuclear genome. Although one recent study 

presented the complete mitochondrial genomes of Ixodiphagus wasps (48), there has been no reports 

of intra-individual variation of the mitochondrial genes of this important wasp genus. To collect 

reliable molecular data on Ixodiphagus, it is essential to precisely characterize these intra-individual 

polymorphisms. 

In this chapter, the geographic distribution and the genetic characteristics of Ixodiphagus wasps in 

Japan were investigated.  
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2. Material and Methods 

2.1. Ethical statement 

All animal experiments were conducted in accordance with the guidance of Institute for Laboratory 

Animal Research, following the Fundamental Guidelines for Proper Conduct of Animal Experiment 

and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of 

Education, Culture, Sports, Science and Technology, Japan. The procedures were approved by the 

Animal Experiment Committee of the Graduate School of Veterinary Medicine, Hokkaido University 

(Approval No. 22-0030).  

 

2.2. Detection of Ixodiphagus wasps from the field collected ticks by the tick infestation on 

the laboratory animals 

Ixodiphagus wasps were detected from nymphal ticks collected from vegetation and wild animals. A 

total of 1,935 questing ticks were collected by flagging at 20 sampling sites across five regions 

between 2021 and 2024 (Figure III - 1, Table III - 1). Ticks were also collected from dead wild animals, 

including tanuki (Japanese raccoon dog, Nyctereutes viverrinus) and badger (Meles anakuma). These 

ticks were unfed or partially fed nymphs. The collected ticks were morphologically identified based 

on previously described keys (68). The tick species included in this study were Haemaphysalis flava, 

Haemaphysalis formosensis, Haemaphysalis japonica, Haemaphysalis longicornis, and 

Haemaphysalis megaspinosa. All the ticks were infested on the ears of female Japanese white rabbits 

(Slc: JW/CSK; Japan SLC, Shizuoka, Japan) using cotton bags to cover the left and right ears 

separately. Multiple species from the same sampling site or animal were infested in the same ear bag. 

The replete ticks were kept in Petri dishes under constant dark conditions at 25℃ and 90% relative 

humidity until they molted or died due to drying, mold, or wasp emergence. Wasp samples were kept 

in 80% ethanol at -20℃ upon their emergence from ticks until being examined under a stereoscopic 

microscope and DNA was extracted.  

Emerged wasp samples used for molecular analysis were investigated morphologically by comparing 

them with those reported previously  (48, 136, 147–154).  Morphological characters were 

photographed with a digital microscope VHX-7000 (KEYENCE Inc., Osaka, Japan) using a focus 

stacking function.  

 

2.3. Morphological and molecular identification of host ticks 

Tick carcasses (“mummies”) after wasp emergence were subjected to morphological and molecular 

species identification. Morphological identification was performed based on the previously described 

keys (68). Thereafter, the third and fourth legs on one side of the mummies were cut for DNA 

extraction with HotSHOT protocol (155). The collected legs were placed into 10 µl of 25 mM NaOH 

(pH12.0) and incubated for 30 minutes followed by neutralization with 10 µl of neutralizing   
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Figure III - 1: Sampling regions of the ticks used for experimental infestation on rabbits. 
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Table III - 1: Details of the experimental tick challenges on rabbits. 

*1 Infestation ID represents individual tick infestations conducted on a single ear of each rabbit. 
*2 Infested ticks were identified morphologically but not counted individually. Abbreviations for tick species: Hfla, Haemaphysalis flava; Hfor, Haemaphysalis 
formosensis; Hhys, Haemaphysalis hystricis; Hlon, Haemaphysalis longicornis; Hmeg, Haemaphysalis megaspinosa. 
*3 Ticks collected from animals were infested on laboratory rabbits to allow them to fully engorge. 
*4 The number of wasps per each tick was not counted due to the emergence from multiple ticks in the same enclosure. 

Infestation 

ID*1 

Tick species*2 

Region Prefecture GPS 

Sampling 

year 

Sampling 

month 

Tick 

source 

Number of 

infested nymphs 

Number of ticks 

parasitized by wasps (%) 

Mean number of wasps per single tick 

(Number of wasps per each tick) Hfla Hfor Hjap Hlon Hmeg 

1 + + 

  

+ Shikoku Kochi 33.46, 133.33 2021  Dec. Vegetation 48 1 (2.1) 4 (4) 

2 

   

+ 

 

Kyushu Fukuoka 33.37, 130.80 2022  Mar. Vegetation 120 0  

3 + + 

 

+ 

 

Kyushu Fukuoka 33.29, 130.60 2022  Mar. Vegetation 140 0  

4 + + 

   

Kyushu Fukuoka 33.50, 130.30 2022  Mar. Vegetation 80 0  

5 

  

+ 

 

+ Hokkaido Hokkaido 43.38, 144.14 2022  Sep. Vegetation 7 0  

6 + 

 

+ + + Hokkaido Hokkaido 42.11, 143.00 2022  Sep. Vegetation 145 0  

7 +   +  Hokuriku Ishikawa 37.49, 137.18 2023  Mar. Vegetation 340 7 (2.1) 7 (ND*4) 

8   +  + Hokkaido Hokkaido 42.11, 143.00 2023  May Vegetation 180 0  

9     + Hokkaido Hokkaido 42.44, 142.48 2023  Oct. Vegetation 160 0  

10 + 

    

Shikoku Kochi 33.47, 133.33 2023  Dec. Vegetation 100 0  

11 + 

    

Shikoku Kochi 33.44, 133.30 2023  Dec. Vegetation 103 0  

12 + + 

   

Shikoku Kochi 33.48, 133.36 2023  Dec. Vegetation 120 0  

13 

    

+ Hokkaido Hokkaido 42.11, 143.00 2024  Apr. Vegetation 240 0  

14 + +    Chugoku Shimane 35.58, 133.13 2024  Mar. Badger*3 36 3 (8.3) 10 (20,5,5) 

15 + 

  

+ 

 

Chugoku Shimane 35.52, 133.04 2024  Mar. Tanuki*3 114 4 (3.5) 5 (2, 4, 5, 7) 

          Total  1,933 15  
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buffer containing 100 mM Tris-HCl and 0.5 mM EDTA (pH8.0). PCR was performed using a primer 

set (mt-rrs-1 and mt-rrs-2, Table III - 2) targeting the mitochondrial ribosomal RNA gene with 

conditions indicated in Table III - 2. PCR products were purified using the ExoSAP-IT Express PCR 

Cleanup Reagent (Thermo Fisher Scientific, Tokyo, Japan) or the NucleoSpin® Gel and PCR Clean-

up kit (Macherey-Nagel, Düren, Germany). Sanger sequencing was performed with the ABI PRISM 

3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) using BigDye Terminator v3.1 

Cycle Sequencing Kit (Applied Biosystems). The observed sequences were compared with a 

previously constructed sequence database (156). 

 

2.4. DNA extraction from wasps 

DNA was extracted from representative wasp samples using the NucleoSpin DNA Insect Kit 

(Macherey-Nagel). Individual samples were cut at the head-thorax and thorax-abdomen joints to 

extract DNA efficiently. The samples were incubated overnight at 55℃ in the mixture of 10 µl of 

Proteinase K, 100 µl of Buffer BE, and 40 µl of Buffer MG, followed by extraction according to the 

manufacturer’s protocol. The exoskeletons after DNA extraction were kept in 80% ethanol at -20℃ 

for future investigation. 

 

2.5. Shotgun sequencing and data analysis 

Shotgun sequencing was performed with a representative wasp sample (sample code: WS03-03, Table 

III - 3). An Illumina sequencing library was prepared using the IDT for Illumina DNA/RNA UD 

Indexes (Illumina, Hayward, CA, USA) in combination with the Illumina DNA Prep kit (Illumina). 

The library was analyzed with the NextSeq 1000 sequence system using NextSeq™ 1000/2000 P1 

XLEAP-SBS™ Reagent Kit (600 Cycles) (Illumina). Base-calling and trimming were performed with 

the Dynamic Read Analysis for GENomics (DRAGEN™) (Illumina). The FASTQ files were 

deposited in the DNA Data Bank of Japan (DDBJ) Sequence Read Archive 

(https://www.ddbj.nig.ac.jp/index.html) under an accession number of PRJDB18816. The obtained 

reads were error-corrected and normalized by the BBNorm function, followed by mapping to a 

reference COI gene sequence of Ixodiphagus hookeri (JQ315225) using the Geneious Prime build 

2022-11-28 (157). Polymorphic sites were identified by the Geneious SNP/Variation function with a 

minimum variant frequency of 0.01.  

 

2.6. Molecular detection of Ixodiphagus wasps in questing ticks 

Molecular detection of Ixodiphagus wasps was conducted on the questing H. flava nymphs collected 

in Chugoku region (Figure III - 1, Table III - 1). Two hundred and three ticks were collected by 

flagging vegetation at nine sampling sites in April and June of 2024 (Table III - 4). The samples were 

rinsed once with 70% ethanol then twice with molecular-grade water before homogenization using the  
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Table III - 2: Primers and amplification protocols for tick identification and Ixodiphagus wasp COI gene characterization. 

Primer name 

Target organism  

(Target gene) 

Purpose Primer sequence (5' → 3') PCR kit Cycling conditions Reference 

mt-rrs-1 Ixodid tick  

(16S rRNA) 

Species 

identification 

CTGCTCAATGATTTTTTAAATTGCTGTGG Tks Gflex  

(Takara Bio Inc.) 

94℃ for 1 min and 45 cycles of 98℃ for 

10 sec, 60℃ for 15 sec, 68℃ for 30 sec 

(158) 

mt-rrs-2 CCGGTCTGAACTCAGATCAAGTA 

347F-H Ixodiphagus sp. 

 (COI) 

Detection and 

direct sequencing 

TTGATTCAGGAACKGGRACTGGA KOD-Plus-Neo  

(TOYOBO) 

94℃ for 2 min and 40 cycles of 98℃ for 

10 sec, 60℃ for 30 sec, 68℃ for 30 sec 

This study 

942R-H TACTCCTGTTGGTACAGCAATA 

In-Fusion_347F-H Ixodiphagus sp. 

 (COI) 

In-Fusion cloning AAAACGACGGCCAGTTTGATTCAGGGACTGGGACTG Takara Ex Premier  

(Takara Bio Inc.) 

94℃ for 1 min and 40 cycles of 98℃ for 

10 sec, 55℃ for 15 sec, 68℃ for 30 sec 

This study 

In-Fusion_942R-H GACCATGATTACGCCTACTCCTGTTGGTACAGC 

M13 Primer M4 pUC19 vector 

 (COI) 

Amplifying insertion 

sequencing 

GTTTTCCCAGTCACGAC EmeraldAmp MAX PCR Master MIX  

(Takara Bio Inc.) 

30 cycles of 98℃ for 10 sec, 55℃ for 30 

sec, 72℃ for 1.5 min 

Takara Bio 

Inc. M13 Primer RV CAGGAAACAGCTATGAC 
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Table III - 3: Information of the representative samples used for the verification of intra-

individual polymorphisms in the COI gene. 

Sample code Infestation ID*1 Prefecture Tick source Sex 

WS01-01 1 Kochi Vegetation F 

WS03-03 7 Ishikawa Vegetation F 

WS08-02 14 Shimane Tanuki M 

WS09-01 15 Shimane Badger F 

WN072 NA*2 Shimane Vegetation NA*2 

WN203 NA*2 Shimane Vegetation NA*2 

F, female. M, male. 

*1 Infestation ID corresponds to the Infestation ID in Table III – 1. 

*2 NA, not applicable. 
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Table III - 4: Sampling site information and results of molecular detection of wasps among 

questing nymphal Haemaphysalis flava. 

Site ID 
Sampling 

year 

Sampling 

month 
GPS 

Number of 

examined ticks 

Number of PCR 

positive ticks (%) 

S03 2024 Apr. 35.37, 133.52 37 3 (8.1) 

S04 2024 Apr. 35.34, 133.59 8 0 

S05 2024 Apr. 35.29, 133.56 18 0 

S06 2024 Apr. 35.15, 133.28 38 0 

IZM02 2024 Jun. 35.42, 132.69 1 0 

IZM05 2024 Jun. 35.43, 132.80 1 0 

IZM08 2024 Jun. 35.24, 132.67 35 2 (5.7) 

IZM09 2024 Jun. 35.29, 132.79 57 1 (1.8) 

IZM10 2024 Jun. 35.38, 132.89 8 0 

Total    203 6 (3.0) 
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Micro Smash MS-100R (TOMY, Tokyo, Japan) for two minutes at 2,500 rpm. DNA was extracted 

from the individual tick samples with DNAzol (Invitrogen, Carlsbad, CA) following the 

manufacturer’s protocols. The extracted DNA was used as a template for PCR with a newly designed 

primer set, 347F-H and 942R-H (Table III - 2), which target a partial COI sequence of Ixodiphagus. 

These primers were designed on the conserved regions between the observed sequence in the sample 

used for the shotgun sequencing (sample code: WS03-03) and the reference sequence of I. hookeri 

(JQ315225). Mixed bases were incorporated at the variable sites to account for the intra-individual 

polymorphisms. 

 

2.7. Direct sequencing of COI PCR amplicons 

A total of six samples were selected as a representative sample set for COI gene sequence 

characterization (Table III - 3). The set included DNA from four adult wasps (sample codes: WS01-

01, WS03-03, WS08-02, and WS09-01), collected from different sampling regions and tick hosts, and 

two questing ticks positive for wasps by PCR (sample codes: WN072 and WN203). The least damaged 

four wasps were chosen to facilitate future morphological investigation. DNA from each sample was 

used for PCR with the designed primer set as mentioned above (347F-H and 942R-H) under the 

conditions detailed in Table III - 2. The resulting PCR products were subjected to direct Sanger 

sequencing as described above. Electropherograms obtained were aligned using the software Geneious 

and manually examined to detect any ambiguities with multiple peaks within a 551-bp region between 

primer binding sites. 

 

2.8. Cloning and sequencing of COI gene fragments  

Cloning of the COI gene fragments was performed on the same set of DNA as direct sequencing 

analysis. Inserted COI gene fragments were generated using a high-fidelity PCR enzyme and modified 

primer set (In-Fusion_347F-H and In-Fusion_942R-H, Table III - 2), targeting the same region as the 

direct sequencing, as indicated in Table III - 2. The fragments were ligated with the PCR-linearized 

pUC19 vector (Takara Bio Inc., Shiga, Japan) using the In-Fusion HD Cloning Kit (Takara Bio Inc.). 

Competent Escherichia coli DH5α cells (Nippon Gene, Tokyo, Japan) were transformed with the 

ligation products and pre-incubated at 37℃ for an hour. The transformed cells were subsequently 

inoculated onto LB agar plates containing ampicillin and X-gal, and incubated overnight at 37℃. 

Individual colonies were selected to amplify the insert sequences using the EmeraldAmp MAX PCR 

Master MIX (Takara Bio Inc.) with a primer set (M13 Primer M4 and M13 Primer RV, Table III - 2). 

A total of 10 clones from each sample were sequenced by Sanger sequencing as mentioned above. 

The obtained clone sequences were aligned and trimmed using Geneious software. The sequences 

were translated with invertebrate mitochondrial genetic code. Putative NUMTs were determined based 

on two criteria: (1) the presence of insertion or deletion causing a frameshift, (2) the presence of 
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substitution resulting in a stop codon in the coding region. Clones determined as putative NUMTs 

were excluded from further analysis. The remaining nucleotide sequences were re-aligned and 

subsequently used to construct a median-joining haplotype network using the PopART v1.7 (67, 159). 

The obtained sequences were deposited in the DDBJ under the accession numbers LC849322 – 

LC843959 (Table III - 5). 

 

3. Results 

3.1. Detection of wasps in engorged ticks 

Out of the 1,933 Haemaphysalis nymphs experimentally infested on rabbits, adult wasps were 

obtained from a total of 15 engorged ticks collected from four regions (Figure III - 2, Table III - 1). 

All tick species parasitized by the wasps were identified as H. flava both molecularly and 

morphologically. Among the questing ticks infested on rabbits, 2% (1/48 from Shikoku and 7/340 

from Hokuriku) of the ticks were found to be parasitized by the wasps. Four wasps emerged from a 

single tick in Shikoku, while an average of seven wasps emerged from seven ticks in Hokuriku (Table 

III - 1). Among the ticks collected from wild animals and subsequently infested on rabbits, 8% (4/36) 

and 3.5% (4/114) of the ticks collected from badgers and tanukis, respectively, were found to be 

parasitized by the wasps. The mean number of wasps that emerged from a single tick was 10 from 

badgers and five from tanuki (Table III - 1).  

 

3.2. Morphological characterization of the wasps 

The four samples (sample codes: females - WS01-01, WS03-03, and WS09-01; male - WS08-02, 

Table III - 3) used for sequencing analysis were morphologically examined (Figure III - 2). 

For females, the 16 described species of Ixodiphagus wasps can be broadly classified based on the 

characteristics of the torulus and the scape of the antennae. In the three samples in this study (sample 

codes: WS01-01, WS03-03, and WS09-01), the torulus were above the ventral margin of compound 

eyes, and the scape were relatively wide and short. These characteristics correspond to the eight 

species of Ixodiphagus, including I. hookeri, Ixodiphagus sagarensis, Ixodiphagus tadystes, 

Ixodiphagus brunneus, Ixodiphagus mysorensis, Ixodiphagus godens, Ixodiphagus taiaroensis, and 

Ixodiphagus theilerae. However, the samples in this study were different from those eight species by 

the following characteristics: (i) the axillae were hardly raised and lacked distinct posterior ridges; (ii) 

the fore wings were relatively large, one to three lines of the setae were below the submarginal vein 

proximally, the basal cell had a naked area, and the linea calva closed with one to two rows of setae 

posteriorly. In I. taiaroensis and I. theilerae, the fore wings are small (brachypterous). In I. godens, 

the axillae were clearly raised with distinct posterior ridges. In the fore wings of I. hookeri, I. 

sagarensis, I. tadystes, I. mysorensis, and I. brunneus, the basal cell mostly covered with setae, and 

the linea calva are open.   
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Figure III - 2: An Ixodiphagus wasp emerged from Haemaphysalis flava (sample code: WS03-

03). 

Head A) frontal, B) lateral, and C) dorsal views. D) Mesosoma dorsal view. E) Fore wing. F) Habitus.  
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For males, the information on morphological characteristics is available for eight species of 

Ixodiphagus, including I. hookeri, I. sagarensis, I. mysorensis, I. taiaroensis, I. theilerae, Ixodiphagus 

texanus, Ixodiphagus hirtus, and Ixodiphagus biroi. The sample in this study (sample code: WS08-02) 

was different from those eight species based on the morphological features of axillae and fore wings 

as observed in females. Therefore, the samples obtained from this study could not be identified to the 

species level and were considered as novel species. 

 

3.3. Detection of wasp DNA in the questing ticks 

The parasitism rates of wasps were molecularly assessed among questing H. flava nymphs collected 

at nine experimental sites in Chugoku (Figure III - 1). Three sites tested positive for wasp parasitism, 

with rates of 8.1% (3/37), 1.8% (1/57), and 5.7% (2/35) (Table III - 4).  

 

3.4. Detection of polymorphisms on mitochondrial COI gene by shotgun sequencing 

A total of 4,025,830 raw reads were obtained from a wasp sample (sample code: WS03-03) using the 

NextSeq platform. After trimming, error-correction, and normalizing of the raw reads, a total of 

593,736 reads were kept for the downstream analysis. By mapping the reads to a reference COI gene 

sequence of I. hookeri (JQ315225), putative COI sequence of the sample WS03-03 was constructed 

using 1,969 reads with a mean coverage of × 143.4. In the 979-bp region of the putative COI gene, 38 

intra-individual polymorphic sites including 23 transitions and 15 transversions were observed (Figure 

III - 3). 

 

3.5. Verification of intra-individual polymorphisms by sanger sequencing 

The intra-individual polymorphisms in the COI gene were verified through two Sanger sequencing 

approaches, direct sequencing of COI PCR amplicons, and sequencing of the inserted COI fragments 

by in-fusion cloning. For this purpose, a set of six representative DNA samples (four wasps and two 

ticks, Table III - 3) were analyzed. The direct sequencing of COI PCR amplicons yielded double peaks 

in the electropherograms in all six samples and a total of 17 double-peak sites were observed across 

the amplified region (Figure III - 4). For the in-fusion cloning sequencing, ten different clones were 

randomly selected per sample and sequenced to generate a final data set of 60 sequences of 474 bp in 

length. The sequence alignment identified a total of 38 different haplotypes from six samples (Figure 

III - 5, Table III - 5). The most frequent haplotype, MH1, was found in all samples and was presumed 

to be a putative wild type for the subsequent analysis. Four haplotypes (MH35, MH36, MH37, and 

MH38) and one haplotype (MH20) had a 10-bp insertion and single nucleotide deletion, respectively, 

causing frameshift and premature termination, while two haplotypes (MH18 and MH28) had a 

nucleotide substitution causing nonsense mutation. These seven haplotypes were considered putative 

NUMTs and were excluded from the subsequent analysis. Among the remaining 31 haplotypes, a total   
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Figure III - 3: Polymorphisms in the partial COI gene detected by mapping of shotgun sequencing reads against a reference sequence of Ixodiphagus 

hookeri. 

The Illumina sequence reads obtained from a wasp (sample code: WS03-03) were mapped against a reference Ixodiphagus hookeri COI gene (JQ315225). 

The upper panel shows the coverage of mapping reads. The middle panel shows the reference sequence and the mapped reads. Yellow bars indicate 

polymorphic sites. Disagreements to the consensus sequence are highlighted by representative colors in the mapped reads. The lower panel shows the ratio 

of observed variants at polymorphism sites. The numbers represent the polymorphic site regions corresponding to the reference sequence. The asterisks 

represent transversions.  
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Figure III - 4: Electropherograms obtained by the direct sequencing of Ixodiphagus COI PCR amplicons. 

The upper panel indicates the position of double-peak sites (yellow bars) in partial COI PCR amplicons. Trapezoids indicate primer binding regions (F, 347F-

H; R, 942R-H). The alignments on the lower panel indicate ambiguities on the electropherograms. The numbers below represent the corresponding positions 

to the Ixodiphagus hookeri partial COI sequence (JQ315225). 
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Figure III - 5: Alignment of the 38 COI haplotype sequences obtained in the present study. 

For each haplotype, the nucleotide sequence is shown in the first row, and the translated amino-acid 

sequence is shown in the second row. Nucleotide and amino-acid differences from the putative wild-

type (MH1) sequence are highlighted in blue and orange, respectively. Stop codons are indicated in 

black. Asterisks denote putative NUMTs. 
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Table III - 5: Observed haplotypes of COI gene by in-fusion cloning. 

Mitochondrial 

haplotype 

Sample code Nucleotide polymorphism Amino-acid polymorphism Accession 

ID WS01-01 WS03-03 WS08-02 WS09-01 WN072 WN203 Deletion Insertion Substitution Missense Nonsense Frameshift 

MH1 2 2 2 2 1 3       LC843922 

MH2 1 1 0 0 0 0 - - + + - - LC843923 

MH3 1 0 0 0 0 0 - - + + - - LC843924 

MH4 1 0 0 0 0 0 - - + - - - LC843925 

MH5 0 3 0 0 0 1 - - + + - - LC843926 

MH6 0 0 1 0 0 0 - - + + - - LC843927 

MH7 0 0 1 0 1 0 - - + + - - LC843928 

MH8 0 0 1 0 0 0 - - + + - - LC843929 

MH9 0 0 1 0 0 0 - - + + - - LC843930 

MH10 0 0 0 1 0 0 - - + + - - LC843931 

MH11 0 0 0 1 0 0 - - + + - - LC843932 

MH12 0 0 0 1 0 0 - - + + - - LC843933 

MH13 0 0 0 1 0 0 - - + + - - LC843934 

MH14 0 0 0 0 0 2 - - + - - - LC843935 

MH15 0 1 0 0 0 0 - - + + - - LC843936 

MH16 0 0 1 0 1 0 - - + + - - LC843937 

MH17 0 0 0 0 2 0 - - + + - - LC843938 

MH18 0 0 0 0 1 0 - - + + + - LC843953 

MH19 0 0 0 0 0 1 - - + + - - LC843939 

MH20 0 1 0 0 0 0 + - + + + + LC843954 

MH21 0 0 1 0 0 0 - - + + - - LC843940 
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Table III – 5 

continued 
            

 

MH22 0 0 0 1 0 0 - - + + - - LC843941 

MH23 0 0 0 1 0 0 - - + + - - LC843942 

MH24 1 0 0 1 0 0 - - + + - - LC843943 

MH25 0 0 0 0 1 0 - - + + - - LC843944 

MH26 0 1 0 0 0 0 - - + + - - LC843945 

MH27 0 1 0 0 0 0 - - + + - - LC843946 

MH28 0 0 1 0 0 0 - - + + + - LC843955 

MH29 1 0 0 0 0 0 - - + + - - LC843947 

MH30 0 0 0 0 1 0 - - + + - - LC843948 

MH31 0 0 0 1 0 0 - - + + - - LC843949 

MH32 1 0 0 0 0 0 - - + + - - LC843950 

MH33 0 0 1 0 2 0 - - + + - - LC843951 

MH34 0 0 0 0 0 1 - - + + - - LC843952 

MH35 0 0 0 0 0 1 - + + + + + LC843956 

MH36 1 0 0 0 0 0 - + + + + + LC843957 

MH37 1 0 0 0 0 0 - + + + + + LC843958 

MH38 0 0 0 0 0 1 - + + + + + LC843959 
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of 46 single nucleotide polymorphic sites (SNPs) were observed, including 24 transitions, 20 

transversions, and two multiple variations (Table III - 6). Of those SNPs, 16 were synonymous, while 

30 led to non-synonymous amino-acid changes compared to the putative wild type.  

The three sequencing methods - shotgun sequencing, direct sequencing, and cloning - were compared 

based on the SNPs within the 474-bp overlapping region of the COI gene of a wasp sample (sample 

code: WS03-03, Figure III - 6). Shotgun sequencing detected the highest number of polymorphic sites 

(16 sites) followed by direct sequencing (12 sites) and cloning (nine sites). Two polymorphic sites 

were identified as shared among all three methods, whereas 12 sites were shared between shotgun 

sequencing and direct sequencing methods. Four polymorphic sites were unique to shotgun sequencing, 

and seven sites were unique to cloning. 

 

3.6. Haplotype network analysis of wasp COI gene  

A haplotype network was constructed based on 474-bp partial COI gene sequences, consisting of 31 

haplotypes obtained from six representative samples (Table III - 3) and one reference sequence of I. 

hookeri from France (JQ315225). The haplotypes did not form any distinct clustering based on the 

sequence origin (Figure III - 7). The presumed wild type, MH1, along with 4 other haplotypes, MH2, 

MH3, MH4, and MH5, were closely linked and positioned as central haplotypes in the network. 

Other haplotypes radiated with one to 11 nucleotide differences from these central haplotypes. None 

of the haplotypes were identical to the reference I. hookeri haplotype. 

 

 

4. Discussion 

This study presents the first documented record of Ixodiphagus wasps in Japan since 1980 (136). This 

is also the first confirmed record of this wasp parasitizing H. flava. The representative specimens 

showed significant morphological differences from the described species, including I. sagarensis 

which was previously recorded in Japan. This observation indicates that these Ixodiphagus wasps are 

novel species. The detection of Ixodiphagus wasps across three geographically distinct regions – 

Hokuriku, Chugoku, and Shikoku – indicates a broad distribution of these parasitoid wasps in Japan. 

In addition, given the wide distribution of H. flava throughout East Asia (68, 160, 161), it is likely that 

the Ixodiphagus wasps detected in this study may also occur outside of Japan. Since H. flava is a 

significant vector with public health implications (3, 162, 163), the presence of these parasitic wasps 

may represent a valuable tool for the control of ticks and tick-borne diseases in the region. Further 

taxonomic studies are needed to classify these wasps. 

Ixodiphagus and other Encyrtid wasps are known to parasitize multiple species (130, 134, 164, 165). 

This suggests that the species detected from H. flava might also parasitize other tick species. However, 

in this study, wasps emerged solely from H. flava, despite the inclusion of four other Haemaphysalis 

species in the infestation experiments using rabbits (Table III - 1). This specificity may indicate that 

the wasp development was successful only in H. flava. H. flava has a broad host range including 

mammals and birds (68, 166). Therefore, it is possible that this species might have allowed wasps to 

develop properly even with unusual blood sources, such as laboratory rabbits in this study. This could  
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Table III - 6: Observed polymorphisms of nucleotides and amino-acids in COI genes by in-fusion cloning. 

Position 
Nucleotide polymorphism* 

(Wild Type/ Variant 1 / Variant 2) 
Polymorphism type Variant frequency Amino-acid polymorphism 

9 T/A Transversion 27/4 Synonymous 

12 T/C Transition 29/2 Synonymous 

19 A/T Transversion 30/1 Non-synonymous 

30 A/G Transition 30/1 Synonymous 

32 A/G Transition 29/2 Non-synonymous 

60 T/C Transition 28/3 Synonymous 

85 A/T Transversion 28/3 Non-synonymous 

128 C/A/T Transversion/Transition 29/1/1 Non-synonymous 

129 T/C Transition 30/1 Synonymous 

133 G/A Transition 30/1 Non-synonymous 

149 C/A Transversion 30/1 Non-synonymous 

155 T/C Transition 30/1 Non-synonymous 

157 T/C Transition 28/3 Synonymous 

168 T/C Transition 30/1 Synonymous 

182 C/A Transversion 30/1 Non-synonymous 

216 T/A Transversion 29/2 Non-synonymous 

224 C/G Transversion 30/1 Non-synonymous 

234 T/G Transversion 28/3 Non-synonymous 

237 T/C Transition 28/3 Synonymous 

239 C/G Transversion 28/3 Non-synonymous 

243 T/C Transition 29/2 Synonymous 

246 T/A Transversion 30/1 Synonymous 

248 G/A Transition 29/2 Non-synonymous 

269 A/T Transversion 30/1 Non-synonymous 

288 T/C Transition 27/4 Synonymous 

294 T/C Transition 28/3 Synonymous 
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Table III – 6 continued    

301 G/A Transition 30/1 Non-synonymous 

318 T/C Transition 29/2 Synonymous 

319 C/A Transversion 30/1 Non-synonymous 

327 T/A Transversion 30/1 Non-synonymous 

368 A/C Transversion 30/1 Non-synonymous 

378 T/A Transversion 29/2 Non-synonymous 

405 A/G Transition 30/1 Synonymous 

406 T/A Transversion 30/1 Non-synonymous 

410 G/C Transversion 19/12 Non-synonymous 

412 A/T/G Transversion/Transition 28/2/1 Non-synonymous 

416 A/G Transition 27/4 Non-synonymous 

424 G/A Transition 30/1 Non-synonymous 

433 G/A Transition 30/1 Non-synonymous 

435 C/A Transversion 28/3 Synonymous 

439 G/T Transversion 30/1 Non-synonymous 

440 C/T Transition 30/1 Non-synonymous 

441 T/G Transversion 30/1 Non-synonymous 

442 C/T Transition 30/1 Non-synonymous 

444 C/T Transition 28/3 Synonymous 

446 A/G Transition 30/1 Non-synonymous 

*Polymorphic sites detected only in observed haplotypes with stop codons were excluded. 
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Figure III - 6: Comparison of intra-individual polymorphisms in the partial COI gene of a wasp sample (sample code: WS03-03) using three 

different sequencing approaches. 

A) Regions of SNPs detected by each method. B) Number of common SNPs in the preserved 474 bp region across the three methods. 
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Figure III - 7: Median-joining haplotype network of the Ixodiphagus wasp partial COI gene sequences. 

A haplotype network was constructed based on 474-bp partial COI gene sequences, consisting of 31 haplotypes obtained from six representative samples 

(Table III - 3) and one reference sequence of I. hookeri from France (JQ315225). Circle represents unique haplotypes, size of circle corresponds to the 

frequency of its haplotype, color represents wasp or tick sample, and lines on the branches correspond to number of mutations between haplotypes. 
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be determined by investigating other field-collected Haemaphysalis species by Ixodiphagus-specific  

PCR. Another hypothesis is that the detected wasps were host-specific to H. flava. In a trial conducted 

in Kenya, a reduction in Amblyomma variegatum infestations was observed, while the number of 

Rhipicephalus appendiculatus remained unchanged after releasing Ixodiphagus wasps (167). This 

outcome underscores the potential of Ixodiphagus wasps in species-specific tick management. 

Investigation of the host range of Ixodiphagus wasp species will support future applications in 

biological control. 

Intra-individual polymorphisms in the mitochondrial COI gene were observed in all the tested wasps. 

There was no association of the observed COI haplotypes with geographic origins of the wasps or 

animal species from which the tick hosts were collected (Table III - 3). This suggests that NUMTs 

and/or heteroplasmic mitochondrial genomes are common across populations and generations of the 

Ixodiphagus wasps. While NUMTs and heteroplasmic mitochondrial genomes are relatively common 

in other Hymenoptera species (143–146, 168), mechanisms underlying these genetic features remain 

poorly understood. Inconsistencies in the polymorphic sites were observed among three sequencing 

methods (Figure III - 6). This could be caused by several factors. Shotgun sequencing was likely the 

least biased, but the continuities between short reads were not detectable. In direct sequencing, minor 

mutations may be masked due to manual observation of double peaks in electropherograms. In cloning 

sequencing, the observation of haplotypes could have been biased due to harmful insertion sequences 

for competent cells which could be poorly detected after cloning. To obtain genuine mitochondrial 

sequences, other methods such as long-read sequencing, cDNA sequencing, mitochondrial DNA 

purification during DNA extraction, or limiting dilution could be employed (168). Careful approaches 

are needed in the molecular investigation of Ixodiphagus wasps. 

The present study has several technical limitations. The infestation experiments using rabbits may 

have underestimated the infestation rate of wasps in H. flava. Questing ticks were collected mostly 

from vegetation by flagging and then challenged on rabbits. Since Ixodiphagus wasps are known to 

locate feeding ticks by following host vertebrate odor plumes (169, 170), the ticks tested may not have 

had sufficient exposure to the wasps. In addition, the emergence rate might be lower than the 

parasitism rate, as wasps have previously been observed to fail to emerge inside ticks, as found in 

dissections (171). In the molecular detection of wasps from questing ticks, several factors may have 

influenced the results. The amount of wasp DNA in the questing ticks could be low due to its dormant 

state as wasp eggs (135), reducing detection sensitivity. Additionally, the seasonality of wasps may 

have affected both the infestation and molecular detection experiments (134). Further studies are 

needed to investigate the relationship between Ixodiphagus wasps and Ixodid ticks. 

The distribution, host range, and molecular information presented in this study are just a small 

fragment of the true diversity of Ixodiphagus. Information on the Ixodiphagus wasps has mostly been 

gained through incidental observations. There are only a few documentations to catalog Ixodiphagus 
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species in certain regions (152). Integrated approaches with morphological and molecular techniques 

are needed to classify this group with active sampling from host ticks. Furthermore, to apply these 

wasps for biological tick management in the future, investigations into host range and general 

biological factors under laboratory conditions are necessary. Comprehensive approaches including 

these investigations will contribute to elucidating the diversity of Ixodiphagus wasps. 
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5. Summary 

Biological control with natural enemies represents a sustainable tool for managing pests. However, 

there is a substantial lack of knowledge about the natural enemies of ticks. Wasps of the genus 

Ixodiphagus (Encyrtidae) are currently the only known tick-specific parasitoids. While these wasps 

have been sporadically recorded worldwide, their presence in Eastern Asia is poorly documented. In 

this study, the occurrence of Ixodiphagus wasps was investigated in Japan by infesting field-collected 

ticks on rabbits under laboratory conditions. Ticks were collected from the Hokuriku, Chugoku, and 

Shikoku regions. Out of 1,933 Haemaphysalis ticks infested on rabbits, adult wasps emerged from 15 

engorged ticks. All the ticks from which wasps emerged were morphologically and molecularly 

identified as Haemaphysalis flava. Additionally, wasp DNA was detected in unfed H. flava nymphs 

using a newly designed Ixodiphagus-specific PCR assay. Among nine experimental sites in the 

Chugoku region, Ixodiphagus wasps were detected at three sites, with parasitism rates ranging from 

1.8% to 8.1%. Finally, the mitochondrial COI gene was characterized using shotgun sequencing, direct 

sequencing, and in-fusion cloning approaches. Multiple intra-individual polymorphisms were 

observed in all the tested samples. Further studies are needed to investigate the relationship between 

Ixodiphagus wasps and Ixodid ticks. An increased understanding of these parasitoid wasps could 

contribute to future biological control measures against ticks. 
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GENERAL CONCLUSION 

 

Ixodid ticks are significant vectors of pathogens affecting humans and animals. While research on tick 

control has primarily focused on characterizing pathogenic microbes, ticks carry both pathogenic and 

nonpathogenic organisms. Some of these nonpathogenic organisms play beneficial roles for ticks, 

while others are commensal or pathogenic to ticks. Research into the eukaryotic communities in ticks 

has been limited due to lack of interest and technical challenges. To support future biological control 

strategies and understanding of tick biology, a comprehensive investigation of the tick eukaryotic 

microbiome was performed in this dissertation. 

 

Chapter I introduces and evaluates novel methods to analyze the eukaryotic microbiome in ticks using 

high-throughput sequencing. The methods were designed to selectively amplify microeukaryote genes 

in tick-derived DNA while suppressing the amplification of host tick DNA. Two types of artificial 

nucleic acids, PNAs and LNAs, were assessed. Additionally, a PCR approach using UNonMet was 

evaluated. Using a set of tick DNA samples, these methods demonstrated significantly increased 

proportions of microeukaryotic reads. Furthermore, these methods recovered greater alpha diversity 

compared to conventional approaches, which predominantly yielded tick-derived sequences. The 

UNonMet method was particularly effective in detecting fungi and Alveolata, while the PNA-based 

method captured a broader range of taxa, including fungi, Alveolata, Archaeplastida, Rhizaria, 

Chloroplastida, and unclassified eukaryotes. Consequently, the PNA-based method is suited for broad-

spectrum eukaryotic analyses, whereas UNonMet is better for targeted studies of fungi and Alveolata. 

 

Chapter II identifies potentially important eukaryotic taxa in ticks based on the sequencing data 

generated with the PNA-based methods developed in Chapter I. This chapter focused on identifying 

key eukaryotic taxa important for host tick and microbial network. The criteria for identifying 

important taxa were, high relative abundance, taxonomically close to arthropod-pathogenic groups, or 

determination as keystone taxa in microbial network. Samples were collected from four tick species 

across four regions. The bacterial and eukaryotic microbiomes from this sample set revealed several 

key findings. First, ASVs classified as Bivalvulida or Eugregarinorida were detected as the abundant 

taxa. Second, ASVs classified as Nematozoa and Hypocreales were close groups as entomopathogenic 

organisms. Finally, the keystone taxa in the cross-domain network in the ticks were determined. As a 

result, Bromeliothrix (Ciliophora) in Haemaphysalis flava, and Kurtzmanomyces (Basidiomycota), 

unclassified Brachybasidiaceae (Basidiomycota), and Pestalotiopsis (Sordariomycetes: Ascomycota) 

in Haemaphysalis longicornis, were determined as keystone taxa. These findings propose valuable 

hypothesis, which needs to be clarified with specific techniques, including phylogeny, morphology, 

isolation, and culture. 
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Chapter III investigates the occurrence of the insect enemy of ticks in Japan by experimental 

infestation of ticks on laboratory animals. Ixodiphagus spp. are the only known tick-specific 

parasitoids, though records of their presence in Eastern Asia are sparse. In this study, ticks collected 

from the Hokuriku, Chugoku, and Shikoku regions were fed on rabbits in the lab, yielding adult wasps. 

Out of 1,933 Haemaphysalis ticks exposed to rabbits, adult wasps emerged from 15 engorged 

Haemaphysalis flava. Additionally, the mitochondrial COI gene was characterized using shotgun 

sequencing, direct sequencing, and in-fusion cloning methods. Across the six samples analyzed, 

notable intra-individual polymorphisms were detected, suggesting genetic diversity within this 

parasitoid species. 

 

Through the three chapters, the predominant eukaryotes carried by ticks were catalogued. The 

developed technique to detect eukaryotes microbiome in ticks is applicable to various tick species in 

the future. The microbiome findings have limitations to be explained, so these findings need to be 

clarified with more specific approaches in the future. The parasitoid wasps of ticks were detected 

throughout Japan, which suggests the wide distribution of this species. In addition, the characterization 

detected massive intra-individual polymorphisms on the wasp mitochondrial gene. This finding is 

valuable for future species classification and biological study. The eukaryotic communities in ticks 

were yet barely investigated, so multiple approaches will elucidate their role in ticks. 
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Japanese Abstract（日本語要旨） 

マダニは公衆衛生や家畜衛生に深刻な影響を及ぼす病原体の重要な媒介者である。一方で、

マダニは病原体だけではなく、非病原性微生物も多く保有する。これらの非病原性生物には、

マダニに栄養素の供給を行う共生細菌や、マダニにとって無害あるいは有害な細菌が含ま

れる。また、非病原性生物を含むマダニの細菌叢が、病原体の伝播や定着の効率に影響を与

えることも報告されている。マダニが保有する真核生物としては、原虫、線虫、真菌などが

知られている。しかし、病原体であるアピコンプレックス門の原虫を除き、それらの生態や

機能などはほとんど知られていない。真核生物群集に関する研究が限定的である主な理由

として、関心の低さと技術的な課題が挙げられる。そこで本研究では、マダニが保有する真

核生物群を包括的に調査し、その生態や役割を明らかにすることを目的とした。 

 

第一章では、マダニの真核微生物叢を解析するための新しい方法を考案し、それらの有効性

を評価した。これらの方法は、宿主マダニ DNA の増幅を抑制し、同時にマダニ抽出 DNA

中の微小真核生物 DNA を選択的に増幅するように設計した。ペプチド核酸（PNA）と架橋

核酸（LNA）の 2 種類の人工核酸を、マダニ DNA 特異的な PCR 増幅ブロッカーとして評

価した。さらに、非後生生物を標的とするプライマー（UNonMet）を用いた PCR 法も検討

した。これらの方法を用いて、マダニ抽出 DNA からアンプリコンライブラリーを作製し、

次世代シーケンサーを用いた配列解析を行なった。その結果、従来のアプローチと比較して、

考案した方法により、保有真核生物由来の配列の割合が有意に増加し、アルファ多様性も向

上した。PNA を用いた方法は、真菌類、Alveolata、Archaeplastida、Rhizaria、Chloroplastida、

未分類の真核生物など、より幅広い分類群を捕捉し、真核生物を網羅的に解析するのに適し

ていると考えられた。一方、UNonMet は真菌類と Alveolata (Apicomplexa 門を含む)の検出に

効率的であり、これらの特定の分類群を対象とした研究に適していると考えられた。 

 

第二章では、第一章で開発した PNA を用いた方法により、マダニが保有する潜在的に重要

な真核生物分類群を同定した。本章の目的は、宿主マダニおよびその微生物ネットワークに

とって重要な役割を果たす分類群を明らかにすることである。相対的存在量が多い分類群、

節足動物病原性微生物が属する分類群、さらに微生物ネットワークのキーストーンとなる

分類群を、重要分類群として検出した。日本国内の 4 地域から採集した 4 種のマダニを対

象として、細菌叢と真核生物叢の両方についてアンプリコンシーケンシングを行った。まず、

相対的存在量が多い分類群として、未分類の Bivalvulida（刺胞動物門）および Eugregarinorida

（アピコンプレクサ門）が検出された。次に、昆虫病原性生物が属する分類群として、

Nematozoa と Hypocreales が確認された。さらに、マダニにおけるクロスドメインネットワ

ークを構築し、キーストーン分類群を推定した。その結果、キチマダニでは Bromeliothrix (繊

毛虫綱)、フタトゲチマダニでは Kurtzmanomyces（担子菌門）、未分類の Brachybasidiaceae
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（担子菌門）、および Pestalotiopsis（子嚢菌門）がキーストーン分類群として特定された。

これらの結果は、今後の研究に向けた重要な仮説を提供するものであり、それら分類群の具

体的な機能解明が必要である。 

 

第三章では、マダニへ産卵し寄生することが報告されている寄生蜂の検出と、その遺伝的特

徴を調査した。マダニの天敵としては、一般的な捕食者であるアリ、甲虫、カニムシ、クモ

等が知られている。一方、マダニ特異的な天敵昆虫は、Ixodiphagus 属寄生蜂のみが知られ

ている。Ixodiphagus 属寄生蜂は、マダニ体内に産卵し、マダニの吸血開始後に発育を始め、

最終的に宿主を殺して成虫として脱出する。本研究では、北海道、北陸、中国、四国、九州

地方で採集したマダニを対象に、実験室でウサギに吸血させることで、寄生蜂成虫を得た。

吸血実験に供した 1,933 匹のマダニのうち、北陸、中国、四国地方由来のキチマダニ合計 15

匹から寄生蜂が出現した。形態学的特徴により、記載された種からは異なることが示唆され

た。さらに、ショットガンシーケンス、ダイレクトシーケンス、In-Fusion クローニング法を

用いて、寄生蜂のミトコンドリア COI 遺伝子の特徴を調査した。配列解析に使用した 6 つ

のサンプル全てから、顕著な個体内遺伝的多型が検出された。この発見により、Ixodiphagus

属寄生蜂の分類学的および生態学的理解の発展が期待できる。 

 

三つの章を通して、マダニが保有する真核生物群がカタログ化された。開発されたマダニの

真核生物叢解析技術は、様々なマダニ種に応用可能である。また、検出された分類群や寄生

蜂を対象とした更なる研究が、マダニの生態の解明や生物学的防除法開発に寄与すると期

待される。 


