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Tick species are vectors of harmful human and animal diseases, and their expansion is raising concerns
under the global environmental changes’ scenario. Ticks host and transmit bacteria, protozoa and viruses,
making the understanding of host-pathogen molecular pathways critical to development of effective dis-
ease control strategies. Despite the considerable sizes and repeat contents of tick genomes, individual tick
genomics is perhaps the most effective approach to reveal genotypic traits of interest. Presence-Absence
gene Variations (PAVs) can contribute to individual differences within species, with dispensable genes
carried by subsets of individuals possibly underpinning functional significance at individual or
population-levels. We exploited 350 resequencing datasets of Dermacentor silvarum, Haemaphysalis longi-
cornis, Ixodes persulcatus, Rhipicephalus microplus and Rhipicephalus sanguineus hard tick specimens to
reveal the extension of PAV and the conservation of dispensable genes among individuals and, compar-
atively, between species. Overall, we traced 550–3,346 dispensable genes per species and were able to
reconstruct 5.3–7 Mb of genomic regions not included in the respective reference genomes, as part of
the tick pangenomes. Both dispensable genes and de novo predicted genes indicated that PAVs preferen-
tially impacted mobile genetic elements in these tick species.
� 2023 The Author(s). Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ticks (subphylum Chelicerata, suborder Ixodida) are ectopara-
sites of animals and vectors of infectious agents (Zhang et al.,
2019). Lyme disease, tick-borne encephalitis, haemorrhagic fevers,
tick-borne macular fever, Q-fever, babesiosis and tick paralysis are
well-known tick-borne diseases, which threaten human and ani-
mal health with relevant medical costs and detrimental production
losses (Medlock and Leach, 2015). The geographical distribution of
ticks is expanding latitudinally and altitudinally, with mild win-
ters, enlargements of the areas with tick host species and an
increased use of recreational areas, further exacerbating the spread
of vector-borne diseases (Randolph and Rogers, 2007; Medlock and
Leach, 2015; Mysterud et al., 2017; Piotrowski and Rymaszewska,
2020; Van Gestel et al., 2021; Zhao et al., 2021). In this scenario,
monitoring activities and educational norms to prevent tick bites
(Mowbray et al., 2012; Beaujean et al., 2016) should be supported
by approaches aiming to control tick diffusion and pathogen trans-
mission (Ostfeld et al., 2006). Since chemical compounds and bio-
agents have shown limited efficacy (Eisen and Stafford, 2021;
Keesing et al., 2022), the development of alternative approaches,
possibly based on genomic tools, is required (Murgia et al.,
2019). A better knowledge on tick transcriptomes and proteomes,
and a progressive understanding of microbiome structures and
interactions, will help to further pursue genomics-based control
strategies (Kurokawa et al., 2020; Orozco Orozco et al., 2021;
Yang et al., 2021). Recently, use of the CRISPR-Cas9-based genome
manipulation technique has been tested on the black-legged tick
Ixodes scapularis, to develop a protocol for Cas9-mediated control
of tick-borne diseases such as Lyme disease (Sharma et al., 2022).

Accordingly, sequencing and analysis of individual genomes is
of paramount importance to detect macro- and micro-
evolutionary dynamics between tick population and species, mov-
ing beyond single nucleotide variations (SNVs) or phylogenetics
(Murgia et al., 2019). In this context, comparative analyses focused
on determination of the individual gene contents can further con-
tribute to understand population or individual resistance or sus-
pecies:
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ceptibility traits. Genome rearrangements, as large insertions and
deletions, have been linked to phenotypic traits in Arabidopsis
thaliana, yeast (Muramoto et al., 2018) and fungi (Rajeh et al.,
2018), or to pathogenic traits in bacteria (Seferbekova et al.,
2021). Limited to the gene regions, Presence-Absence gene Varia-
tions (PAVs) could impact the number of genes in individual gen-
omes (Golicz et al., 2016), possibly modifying the capacity to
react to the environment and to pathogenic insults (Takahashi-
Kariyazono et al., 2020). Disentangling PAV consists of the identifi-
cation of core genes, present in all the analysed individuals, and of
dispensable genes which can be absent in a variable number of
individuals. The extension of PAVs greatly varies across the tree
of life, as shown for bacteria, archaea (Hwang and Girguis, 2022),
plants (Song et al., 2020), and recently in invertebrate molluscs
and in a stony coral (Gerdol et al., 2020; Takahashi-Kariyazono
et al., 2020; Calcino et al., 2021). The latter finding suggested that,
although with variable extensions, PAV contributed to definition of
a pangenome in metazoans (Golicz et al., 2020).

The genome of tick species is characterized by a relevant size,
complexity and repetitiveness, making whole genome resequenc-
ing projects expensive and their analysis computationally demand-
ing (de la Fuente et al., 2016). Although the mission of sequencing
thousand tick genomes has been proposed (Murgia et al., 2019), so
far, a limited number of genomes have been deposited in public
databases, covering 12 species of six tick genera (NCBI genome
database, accessed January 2023). A total of 72 whole-genome
resequencing samples which originated from a single study on
Ixodes scapularis are listed in Vectorbase (Amos et al., 2022). Else-
where, whole genome sequencing data of six tick species collected
in China have been deposited and currently represent the major
repository of tick resequencing data (Jia et al., 2020).

In this study we aimed to analyse individual tick genome rese-
quencing data to reveal (i) if PAV is present among hard ticks; (ii)
the extent of PAV in the different species and the identities of dis-
pensable genes and (iii) if patterns of dispensable genes are present
and conserved between different tick species. Overall, our study
aimed to expand knowledge on tick genomics, providing data
which may be useful in identifying targets for innovative biocon-
trol approaches, as well as to provide a first known insight into
PAVs and pangenome composition in hard tick species.
2. Materials and methods

2.1. Data retrieval and preliminary analysis

Whole genome resequencing data of Dermacentor silvarum,
Haemaphysalis longicornis, Ixodes persulcatus, Rhipicephalus micro-
plus and Rhipicephalus sanguineus hard tick species were retrieved
from the Chinese National Genomics Data Center database (https://
bigd.big.ac.cn) under the project accession ID PRJCA002242. A total
of 70 datasets per species (n = 350) were randomly selected and
downloaded in order to obtain datasets of a similar size for each
species (Supplementary Table S1). The reference genomes of the
five tick species were retrieved from GenBank, with accession IDs
JABSTQ000000000-JABSTV000000000, together with the corre-
sponding gene annotations. The predicted coding sequences
(CDS) were used to assess the completeness of genomes, using
the Benchmarking Universal Single-Copy Orthologs software
(BUSCO v5.2.2) (Simão et al., 2015), testing the arthropoda_odb10
dataset. Complete BUSCO genes present in single copies were
extracted and used later in the analysis. The predicted tick pro-
teomes were functionally annotated using Interproscan v.5.60–
92.0 (Jones et al., 2014), in order to identify conserved autonomous
structural unit (domains from the Pfam database, https://www.ebi.
ac.uk/interpro/) domains associated with the predicted proteins.
2

2.2. PAV analysis

To trace the set of ‘dispensable genes’ in individual tick genomes
we adopted the pipeline described elsewhere (https://github.com/
Carmen-Tuc/PAV_pipeline) (Sollitto et al., 2022). Briefly, raw reads
were trimmed for quality and to remove adapter sequences using
fastp v0.23.1 (Chen et al., 2018) with the following parameters: -V
--detect_adapter_for_pe -w 16 -x -g -n 2–5 �3 -p -l 75. Trimmed
reads were mapped on the corresponding reference genome using
bwa mem (Li and Durbin, 2009), allowing read multi-mapping. For
each mapping file, the per base coverage along the genome was
determined using samtools depth (Li et al., 2009) and comparedwith
the expected coverage determined, based on the BUSCO single copy
complete genes previously identified. PAV events, defined as genes
with coverage below 1/8 of the median coverage, were listed for
each dataset and counted per species. To remove less relevant hits,
only the PAV events present in at least 10% of the samples of a given
species were called dispensable genes and further considered. The
number and percentage of mapped reads per sample were
extracted and used to detect sample outliers, which were removed
from the subsequent analysis. As a result, we considered 70 sam-
ples for D. silvarum, 52 samples for H. longicornis, 51 samples for I.
persulcatus, 60 samples for R. microplus and 41 samples for R. san-
guineous. The reads that could not be mapped on the reference gen-
ome were used to reconstruct the de novo pangenome for each
species by using the RePaRe pipeline (https://github.com/IlFog/
RePaRe). First the unmapped genomic reads were recovered from
themapping files in bam format using samtools, using the command
samtools view -b -f 4, then the reads were recursively assembled per
sample with SPAdes v. 3.15.5 (Nurk et al., 2017), applying the –iso-
late flag. Scaffolds were filtered as follows: minimal allowed length
1,000 bp; GC content in a range between the 5th and the 95th quan-
tiles of the GC content in the reference genome; coverage depth
between 65% of the hemizygous peak and 135% of the homozygous
peak. Moreover, a taxonomic filter was also applied by using dia-
mond v. 2.0.6 (Buchfink et al., 2015) blastx searches against the NCBI
nr database and selecting only scaffolds with a ‘‘bilateria” taxo-
nomic classification. The selected scaffolds for each sample were
iteratively added to the pangenome, indexed and used for read
mapping in order to recover and analyse only the unmapped reads
of the following samples. The FasTE pipeline (Bell et al., 2022) was
used for de novo transposable element (TE) library generation and
subsequent TE screening using the filtered pangenomes as input
files. This pipeline exploits semi-automated techniques to identify
repetitive sequences and regions of low complexity, employing
tools such as EDTA v1.9.9 (Ou et al., 2022) and DeepTE (Yan et al.,
2020). We followed executed RepeatMasker v4.1.2 (http://www.re-
peatmasker.org/RepeatMasker/) to soft-mask the genome, using
the previous resultant library. The masked pangenome scaffolds
were subjected to annotation of coding genes using BRAKER2,
exploiting a combination of gene prediction tools such as GeneMark
(Brůna et al., 2020) and Augustus (Stanke et al., 2006), and ProtHint
(Brůna et al., 2020), a tool which analyses protein homology infor-
mation using the OrthoDB v. 10.0 reference proteome of Arthropoda
(Kriventseva et al., 2019).

2.3. Analysis of dispensable genes and data visualization

An enrichment test analysis was computed on the Pfam
domains using an in-house python script available at https://git-
lab.com/54mu/enrichment_test and based on an hypergeometric
test (Falcon and Gentleman, 2008). Enriched annotations were fil-
tered based on an arbitrary threshold of difference between
observed and expected counts (>2.5) for any annotation in the dis-
pensable gene subset. Only annotations displaying a False Discov-
ery Rate (FDR) corrected P-value (Benjamini and Hochberg, 1995)
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lower than 0.05 were considered significantly enriched. Data were
analysed and rendered with RStudio 2022.07.2 + 576, using the
heatmaply, tidyverse, ggplot2, ggpubr and smplot2 packages.

2.4. Analysis of a putative I. persulcatus endosymbiont scaffold

To assess the taxonomic classification of a putative
endosymbiont-derived scaffold identified in the I. persulcatus gen-
ome (GWHAMMH00005687.1), CAT v5.0.4 was used (von
Meijenfeldt et al., 2019), based on prodigal v2.6.3 (Hyatt et al.,
2010) and DIAMOND v2.0.6 (Buchfink et al., 2015), with databases
downloaded on 1st January 2022.

2.5. Data accessibility

The relevant data associated with this paper are available as
indicated, either publicly available or deposited as supplementary
materials. The used codes are available in github, at the following
links: https://github.com/Carmen-Tuc/PAV_pipeline and https://
github.com/IlFog/RePaRe. Additional supplementary data have
been deposited in MendeleyData (Rosani, Umberto; Sollitto,
Marco; Fogal, Nicolò; Salata, Cristiano (2023), ‘‘Comparative analy-
sis of Presence-Absence gene Variations in five hard tick species:
impact and functional considerations”, Mendeley Data, V2,
https://doi.org/10.17632/by5kgmy637.2). Supplementary Data
S1-S5, interactive heatmaps, are available in Mendeley Data, V1,
https://doi.org/10.17632/by5kgmy637.1).
3. Results

3.1. PAVs are present in the five studied tick species

A total of 350 whole genome resequencing datasets of five hard-
tick species were used to comparatively evaluate the extension of
PAVs among species and to identify dispensable genes. These DNA
sequencing samples included more than 100 million reads each
Fig. 1. Read mapping on the studied tick reference genomes. The distribution of the num
mapped reads (C) were reported per species. Dsil, Dermacentor silvarum; Hlon, Haemap
Rhipicephalus sanguineus.
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(Fig. 1A), resulting in an average genome coverage between 4.9X
for R. sanguineus and 9.6X for I. persulcatus (Fig. 1B). The percent-
ages of reads mapped on the five reference genomes indicated that
most of these samples referred to clean tick preparations, with low
contamination. A limited number of D. silvarum, H. longicornis and
I. persulcatus samples showed, however, significantly lower per-
centages of mapped reads (Fig. 1C).

PAV analysis revealed 286,189 events, impacting 1186–9522
genes per species for a total of 29,499 genes in the five species.
In H. longicornis the PAV phenomenon appeared more evident, both
considering the total number of events and the distribution of
events per individual (Table 1, Fig. 2A–B). Outliers, namely individ-
uals with significantly higher numbers of PAV events, were present
for H. longicornis and R. sanguineus. Notably, most of the PAV events
occurred with low frequencies in the analysed individuals (Fig. 2C),
and setting a minimal frequency of 10% to consider a PAV event as
a dispensable gene, we obtained 550–3346 dispensable genes per
species (Table 1, Fig. 2D). Dermacentor silvarum and R. microplus
possessed the highest values of individuals impacted by dispens-
able genes, with a median of 30, followed by H. longicornis (23), I.
persulcatus (19) and R. sanguineus with 11.

3.2. De novo reconstruction of tick pangenomes

Next, we exploited the reads not mapped to the reference gen-
omes to reconstruct tick pangenomes. Samples with a significantly
lower mapping rate compared with the species average were
excluded from the analysis to avoid, as much as possible, the inclu-
sion of the contribution of possible hybrids in the pangenome.
After read assemblies, filters based on the expected coverage, GC
content and taxonomic composition were used to remove non-
tick scaffolds. Interestingly, the majority of non-tick scaffolds
appeared to have likely originated from co-sequenced organisms,
primarily Proteobacteria and Ascomycota (Supplementary Fig. S1,
Table 2). Only a fraction of the assembled scaffolds were therefore
selected, resulting in 5.3–7.0 Mb of genomic region, generally
highly fragmented, considered as the genuine pangenomes of these
ber of reads per sample (A), of the genome coverage (B) and of the percentages of
hysalis longicornis; Iper, Ixodes persulcatus; Rmic, Rhipicephalus microplus and Rsan,
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Table 1
Summary of the Presence Absence Variation (PAV) analysis for the five species studied.

PAV analysis Dermacentor silvarum Haemaphysalis longicornis Ixodes persulcatus Rhipicephalus microplus Rhipicephalus sanguineus

Total number of PAV events 19,735 110,836 33,015 68,816 53,787
No. of impacted genes 1186 8441 4019 9522 6331
Dispensable genes

(frequency >10%)
550 3346 1081 1749 1977

Fig. 2. Presence-Absence gene Variation (PAV) analysis of five tick species. (A) Distribution of the PAV events per individual among the five tick species. (B) Totals of the PAV
events per species. (C) Distribution of the number of dispensable genes per individual. (D) Sum of dispensable genes. Dsil, Dermacentor silvarum; Hlon, Haemaphysalis
longicornis; Iper, Ixodes persulcatus; Rmic, Rhipicephalus microplus and Rsan, Rhipicephalus sanguineus.

Table 2
Summary of the tick pangenomes for the five species studied.

Species Contigs pre-
filtration

Length pre-
selection (kb)

Contigs post-
selection

Pangenome size
(kb)

N50
(bp)

No. of predicted
genes

No. of genes with conserved
domains

Dermacentor
silvarum

39,681 65,643 3685 5635 1489 1277 578

Haemaphysalis
longicornis

42,059 66,559 3260 5302 1573 1401 552

Ixodes persulcatus 25,128 44,849 4146 7019 1678 1841 841
Rhipicephalus

microplus
49,833 67,399 4093 6657 1569 1157 645

Rhipicephalus
sanguineus

26,898 41,261 3003 4757 1552 745 355

N50, length of the contig at 50% of the total assembly length.
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tick species (Table 2). The plot showing the contributions of the
individuals to the pangenome indicated that for H. longicornis
and R. microplus the number of analysed individuals was appropri-
ate to reach a plateau, with an homogenous incremental contribu-
tion provided by most of the samples (Fig. 3A). However for the
other species, the prevalent contribution of certain samples was
evident, suggesting high genomic heterogenicity of the analysed
samples (Fig. 3B). Gene prediction identified a range of 745–1841
genes on tick pangenomes, a fraction of them encoding conserved
domains (Table 2).

3.3. PAVs mostly impacted mobile genetic elements

A total of 528 different Pfam domains are encoded by the five
sets of dispensable genes. The correlation between the abun-
4

dance of Pfam domains in the proteomes and in the correspond-
ing list of dispensable genes is very low, except for H. longicornis,
R. sanguineous and I. persulcatus (R2 = 0.54, 0.41 and 0.60, respec-
tively, Supplementary Fig. S2). The most abundant Pfam
domains, both considering the per species distribution and the
overall abundance, are characteristic of mobile genetic elements
(Fig. 4A–B). These included reverse transcriptases, transposases
and endonucleases (RVT_1, Tnp_P_element, DDE_1, DDE_Tnp_4,
Exo_endo_phos_2, HTH_Tnp_4 domains), domain of unknown
function (DUF1759), which function is linked to retrotrans-
posons, and DNA binding motifs (THAP, CENP-B_N, Myb_DNA-
bind_5 and HTH_Tnp_Tc5). Considering the de novo predicted
genes in the five pangenomes (Table 2), we identified 1434
unique Pfam domains, 50% of them represented only once. Con-
sidering the distribution per species, D. silvarum and I. persulca-



Fig. 3. Pangenome size of five tick species. (A) The plot depicted the incremental contribution of each individual to the species pangenome, for the five species. (B) The
distribution of the sizes of the pangenome scaffolds is reported in a log10 scale. Dsil, Dermacentor silvarum; Hlon, Haemaphysalis longicornis; Iper, Ixodes persulcatus; Rmic,
Rhipicephalus microplus and Rsan, Rhipicephalus sanguineus.
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tus showed a similar domain composition, with several endonu-
cleases of the DDE superfamily, HTH elements, THAP and YqaJ
(Fig. 4C). For H. longicornis and Rhipicephalus spp., the abun-
dances of the top 10 domains appeared more widely distributed
and involved different domains. However, the most abundant
domains found in the de novo predicted genes mirrored the ones
found on dispensable genes (Fig. 4D). Next, we ran a hyper-
geometric analysis to identify Pfam domains enriched in the
set of dispensable genes and in the de novo predicted genes com-
pared with the reference proteomes. As result, we identified 19,
21, 14, 11 and 11 domains enriched in D. silvarum, H. longicornis,
I. persulcatus, R. microplus and R. sanguineus, respectively, for a
total of 45 unique domains (Supplementary Table S2).
‘‘Exo_endo_phos_2” was the only domain shared in all five data-
sets, whereas most domains were species-specific (Fig. 5A). Con-
sidering the novel genes predicted from the pangenomes,
slightly more enriched Pfam domains were present, supporting
the same trend with mostly species-specific domains and only
the ‘‘Reverse transcriptase (RNA-dependent DNA polymerase)”
being shared by all five datasets (Fig. 5B and Supplementary
Table S2).
5

3.4. Investigation of dispensable genomic regions revealed a putative
endosymbiont in I. persulcatus

Finally, we produced heatmap-like visualizations of the five sets
of dispensable genes, depicting the presence or absence of the dis-
pensable genes among individuals (horizontal clustering) and the
co-occurrence of those (vertical clustering, Fig. 6 and Supplemen-
tary Data S1–S5). In accordance with the total number of dispens-
able genes and their frequencies among individuals, heatmaps
possess different colour patterns. In R. sanguineus, the dispensable
genes clearly divided into three subsets of the samples, whereas a
more homogenous distribution was detectable in R. microplus. The
separate clustering of four D. silvarum and six H. longicornis sam-
ples matched their higher or lower percentages of genomic
mapped reads and, consequently, their numbers of dispensable
genes. In the heatmap of I. persulcatus, we identified a cluster of
co-occurring dispensable genes in 22–25 individuals, which also
maintained their genomic order (Fig. 6B). This is indicative of a lar-
ger genomic region absent in these genomes, namely a 1.45 Mb
scaffold with 14 annotated genes (GWHAMMH00005687.1,
Fig. 6C). A search of open reading frames with prodigal revealed



Fig. 4. Conserved protein domains (Pfam) encoded by dispensable and de novo genes of five tick species. The plot depicted the counts of the top10 domains per species
encoded by the dispensable genes (A) and the total abundance (B), as well as the top10 domains per species encoded by the de novo genes (C) and the total abundance (D).
Dsil, Dermacentor silvarum; Hlon, Haemaphysalis longicornis; Iper, Ixodes persulcatus; Rmic, Rhipicephalus microplus and Rsan, Rhipicephalus sanguineus.

Fig. 5. Venn diagram depicting the shared and exclusive enriched conserved protein domains (Pfam database) found in the dispensable genes (A) and in the de novo genes (B)
of five tick species. Dsil, Dermacentor silvarum; Hlon, Haemaphysalis longicornis; Iper, Ixodes persulcatus; Rmic, Rhipicephalus microplus and Rsan, Rhipicephalus sanguineus.
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1,412 genes, and their taxonomic annotation with CAT showed
their similarity with Rickettsiales (Fig. 6D).
4. Discussion

We report the first known comparative investigation of the pan-
genomes of five hard tick species. By exploiting 350 whole genome
resequencing datasets, we were able to trace PAVs involving
coding genes and to evaluate the extent of this phenomenon.
6

Moreover, we tentatively reconstructed tick pangenomes, com-
posed of 5.3–7 Mb of DNA regions not present in the corresponding
reference genomes. We found clear evidence that, although to dif-
ferent extents among species, PAV is present in all five species, by
identification of hundreds of dispensable genes. Among arthro-
pods, pangenome analysis has been carried out for the silkworm
(Tong et al., 2022), for the butterfly Heliconius charithonia
(Ruggieri et al., 2022), and a pangenome-like analytical approach
has been used in Aedes aegypti to reveal structural genomic
differences among strains (Fisher et al., 2022). More recently, a



Fig. 6. Heatmap of dispensable genes in five tick species. (A) The heatmaps show the distribution of dispensable genes in the tested individuals per species. The absent genes
are reported in yellow and in violet if present. Hierarchical clustering has been applied to the horizontal axis (sample) and to the vertical axis (genes). In orange is highlighted
a set of dispensable genes shared in 22 individuals, magnified (B). These genes are located on a single scaffold (GWHAMMH00005687.1) (C). (D) Word graph depicting the
most frequent taxonomic terms when all the newly predicted genes identified on GWHAMMH00005687.1 were subjected to taxonomic classifications. Dsil, Dermacentor
silvarum; Hlon, Haemaphysalis longicornis; Iper, Ixodes persulcatus; Rmic, Rhipicephalus microplus and Rsan, Rhipicephalus sanguineus.
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pangenome analysis has been carried out for Apis cerana, revealing
more than 100 Mb of pangenome regions not included in the refer-
ence sequence, suggesting a possible role in environmental adapta-
tion (Li et al., 2023). However, the published literature does not
include pangenome analysis for tick species. For these five tick spe-
cies, most of the dispensable genes are individual- or species-
specific, i.e. present in less than 10% of the tested individuals or
only in a given species, respectively. The former likely represented
random individual genetic variations, whereas species-specific dis-
pensable genes can underpin functional significance. Although the
frequency of dispensable genes among the 70 tested individuals
per species did not greatly differ, we observed a different extent
of PAV among single species, particularly evident for H. longicornis,
resulting in a considerably higher number of observed events. No
difference in the extent of PAV was observed between one-host
(R. microplus) and three-host tick species. Of note, a certain bias
might be introduced by the presence of hybrids in the sequencing
pool, evident from the lower mapping rates and/or extremely high
number of PAV events. A similar situation characterized six H.
longicornis samples, which had a lower mapping percentage and
so clustered separately in the dispensable gene heatmap. Differ-
ently, four samples of D. silvarum displayed higher mapping per-
centages, leading to a new cluster in the dispensable gene
heatmap. Although we aimed to remove these samples from the
7

analysis by setting a minimal mapping rate threshold, the graph
showing the individual contribution to each pangenome clearly
indicated that specimens with marked genomic differences are still
present, perhaps except for H. longicornis and R. microplus.

Regarding the identity of the PAV genes, both considering the
dispensable genes and the de novo genes, it becomes evident that
there is a preponderance of transposable elements. Intriguingly,
the de novo genes showed different domain compositions, with
D. silvarum and I. persulcatus genes mostly encoding domains of
endonuclease and transposable genes, whereas the other species
showed more broad and homogenous domain distributions. Due
to the fact that the adopted analytical pipeline allowed multiple
matches during read mapping, we excluded that the abundant
presence of multi-copy genes in the list of dispensable genes can
be linked to a technical bias related to their possible nucleotide
similarity. However, we suggest that this mirrored the rapid and
still active spread and diversification of these gene families in tick
genomes. Indeed, a considerable presence and activity of mobile
genetic elements has been reported in different tick genomes,
including the ones we have considered (Gulia-Nuss et al., 2016;
Jia et al., 2020), with the I. scapularis genome taken as an example
of permissiveness in repeat accumulation (Gulia-Nuss et al., 2016).
In this context, DUF1759 is the dispensable Pfam domain with the
higher frequencies. This domain is related to LTR polyproteins or
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retrotransposons and, together with THAP-domain containing pro-
teins, catalyse the hydrolysis of genomic DNA within the cells that
synthesize them and are implicated in driving genomes’ dynamics
(Rappoport and Linial, 2015). Notably, we revealed other dispens-
able genes not related to mobile genetic elements, suggesting a
possible role of PAV in differentiating the individual ability to
interact with pathogens and environmental factors, an hypothesis
that requires more dedicated analysis.

Intriguingly, by analysing co-occurring dispensable genes in I.
persulcatus, we identified one MutL DNA mismatch repair protein
as dispensable in 31% of the individuals. This gene co-localized
with 13 other genes in the heatmap and revealed a 1.45 Mb geno-
mic region possibly impacted by PAV, although taxonomic analy-
sis revealed similarity to a rickettsia-like organism. In fact, this
scaffold is likely an almost complete rickettsia-like genome, con-
firming their abundance if considering the one recently recon-
structed due to long-read sequencing in the last update of the I.
scapularis genome (De et al., 2023). Improvements of the PAV
analytical pipeline could be, therefore, planned to extend the
analysis to the detection of endosymbionts and proviruses. How-
ever, the coverage to identify and close exogenous genomes (i.e.
non-host genome) should be higher than the one applied for
these samples that appeared to be borderline for performing
PAV analysis.

Methodologically, the availability of genome resequencing
datasets with an appropriate coverage allows the detection of dis-
pensable genes by applying a subtractive approach, namely identi-
fying the genes listed in the reference gene models which are
absent in a given individual. On the other hand, to reveal genes
not present in the reference genome, de novo pangenome recon-
struction is necessary. The approach that we have adopted aimed
to reconstruct pangenome regions based on unmapped short reads,
revealing intrinsic limitations related to high scaffold fragmenta-
tion. Haplotype-resolved genomes based on long-read sequencing
are probably more suitable to resolve tick pangenomes (Eizenga
et al., 2020). In future, this will also allow the application of other
available tools and pipelines tested for pangenome reconstruction
in different species (Hu et al., 2017; Wang et al., 2018; Duan et al.,
2019) and can contribute to reveal a more accurate picture of tick
(pan)genomes.

Rapid advancement of tick genomics can support strategies for
controlling tick-borne diseases (Murgia et al., 2019). In this frame-
work, the analysis of individual tick genomes can contribute to
untangling genotypic traits associated with vectorial capacity,
host-pathogen interactions and susceptibility in tick populations
as well as, comparatively, among tick species. Considering the
above-discussed limitations, we successfully reported the exis-
tence of PAV in tick species. The impact of PAV can be seen as fur-
ther evidence of the dynamically evolving genomes of ticks,
although gene-centred studies can reveal the importance of speci-
fic dispensable genes. Overall, the analysis of PAV can contribute to
better understanding of micro- and macro-evolutionary dynamics
between and within tick populations, and indicates that individual
tick genomic research should be prioritized.
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