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Abstract

Ticks are obligate blood-sucking arachnid ectoparasites from the order Acarina, and many are notorious as vectors
of a wide variety of zoonotic pathogens. However, the systematics of ticks in several genera is still controversial. The
mitochondrial genome (mt-genome) has been widely used in arthropod phylogeny, molecular evolution and popula-
tion genetics. With the development of sequencing technologies, an increasing number of tick mt-genomes have
been sequenced and annotated. To date, 63 complete tick mt-genomes are available in the NCBI database, and these
genomes have become an increasingly important genetic resource and source of molecular markers in phylogenetic
studies of ticks in recent years. The present review summarizes all available complete mt-genomes of ticks in the NCBI

foundation for subsequent taxonomic research.

database and analyses their characteristics, including structure, base composition and gene arrangement. Further-
more, a phylogenetic tree was constructed using mitochondrial protein-coding genes (PCGs) and ribosomal RNA
(rRNA) genes from ticks. The results will provide important clues for deciphering new tick mt-genomes and establish a
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Background

Ticks are obligate blood-sucking arachnid ectoparasites
that can feed on a wide range of vertebrates, including
mammals, birds and reptiles [1, 2]. Ticks are well-known
zoonotic pathogen vectors, and tick-borne diseases
(TBDs) are increasingly threatening animal and human
health, thereby causing great economic damage [3, 4].
Many important tick-borne pathogens have been charac-
terized from ticks in recent years, including Anaplasma
bovis, Babesia ovata, Rickettsia japonica, Chlamydiaceae
bacteria and severe fever with thrombocytopenia syn-
drome virus (SFTSV), which have attracted increasing
attention in the field of public health [5-9]. Recently,
a newly segmented virus with a febrile illness similar in
its clinical manifestation to tick-borne encephalitis virus
(TBEV) was discovered, which was designated as Along-
shan virus (ALSV) and confirmed in 86 patients from
several provinces in China [10]. Globally, the annual
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financial losses due to ticks and TBDs are in the billions
of dollars [3, 11]. A total of 896 tick species have been
described worldwide in three families: Ixodidae (hard
ticks, 702 species), Argasidae (soft ticks, 193 species) and
Nuttalliellidae (1 species) [12—14]. Hard ticks possess a
sclerotized scutum in all life stages except eggs, have an
apically located gnathostoma, usually feed for several
days and ingest a large amount of blood [15, 16]. Soft
ticks have no sclerotized scutum and mouthparts located
anteroventrally. The ticks usually feed and expand the
body within minutes to hours [17]. Nuttalliella namaqua
is the unique species in the family Nuttalliellidae, and it
displays many characteristics associated with hard and
soft ticks and can engorge as rapidly as soft ticks [18]. The
differences in life history, behaviour, and morphological
characteristics are useful for the discrimination of soft
ticks and hard ticks, but there are still numerous difficul-
ties among the interspecies taxonomic characterization
and geographical origin of ticks, especially for soft ticks
[19]. Therefore, the increasing number of characterized
mt-genomes has shown considerable potential in tick
phylogeny, molecular evolution and population genetics.
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The mt-genome is characterized by low molecular
weight, high copy quantity and genetic conservation. The
mt-genome has been widely used in molecular evolution,
phylogeny and genealogy in recent years [20—22]. Similar
to other arthropods, the tick mt-genome has a circular,
double-stranded DNA structure with a length of 14-16
kb and a total of 37 genes, including 13 protein-coding
genes, 22 transfer RNA genes (tRNAs) and 2 rRNA
genes [20, 23]. With the development of next-generation
sequencing (NGS) technology, increasing numbers of
complete mt-genomes have been sequenced and anno-
tated from various tick species [24]. The complete mt-
genome sequences are necessary for advances in areas
that are crucial for TBDs study and control [24]. To date,
63 complete tick mt-genomes are available in the NCBI
database, and these genomes have become an increas-
ingly important genetic resource and source of molecular
markers in phylogenetic studies of ticks in recent years
[19, 25]. Hence, in the present study, we used the MITOS
online software (http://mitos.bioinf.uni-leipzig.de/index
.py/) to annotate the complete mt-genomes of ticks and
compare their characteristics, including structure, base
composition and gene arrangement. Furthermore, a phy-
logenetic tree was constructed using PCGs and rRNA
genes from ticks. The results will provide important
clues for deciphering new tick mt-genomes and provide
insights for subsequent taxonomic research.

Present state of research on tick mt-genomes

The first mt-genomes of ticks (Ixodes hexagonus and Rhi-
picephalus sanguineus) were reported by Black et al. [26]
in 1998. As of May 2019, 63 complete tick mt-genomes
have been deposited in the NCBI database. Most tick mt-
genomes were published in this decade, and are from 3
families and 15 genera, including 35 species in the fam-
ily Ixodidae: Ixodes (7 species); Amblyomma (7 species);
Rhipicephalus (5 species); Rhipicentor (1 species); Der-
macentor (4 species); Bothriocroton (2 species); Haema-
physalis (8 species); and Hyalomma (1 species) [26—41];
27 species in the family Argasidae: Argas (8 species);
Antricola (1 species); Carios (2 species); Ornithodoros
(14 species); Otobius (1 species); and Nothoaspis (1 spe-
cies) [19, 27, 42-44]; and 1 Nuttalliella species in family
Nuttalliellidae [44] (Table 1). In recent years, phyloge-
netic studies based on mt-genome sequences have been
effectively carried out for many tick species [21, 28-30,
36, 40]. These achievements are also essential for under-
standing the genetic differentiation and phylogeny of
ticks [31-34]. However, the genera Anomalohimalaya,
Compluriscutula, Margaropus and Nosomma still lack
complete mt-genome information, and most species
were sampled in a limited geographical area [45]. Com-
plete mt-genome sequences have only been obtained for
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approximately 7% (63/896) of the tick species, and the
general characteristics of most tick mt-genomes remain
to be determined.

Basic features of tick mt-genomes

The length of the mt-genomes of ticks average 14,633
bp, with the longest reaching 15,227 bp (Ixodes tasmani)
and the smallest measuring only 14,307 bp (Argas boueti)
(Table 2). Generally, the length of the mt-genomes from
hard ticks is slightly longer than that of soft ticks (14,796
and 14,429 bp, respectively). The length differences of the
mt-genomes between ticks may be influenced by gene
rearrangement and the length of the non-coding regions
(NCRs) [46, 47]. MITOS online analysis showed no gene
deletion or duplication in tick mt-genomes, which con-
tain 13 PCGs, 2 rRNA genes and 22 tRNA genes. Among
the 13 PCGs, 9 PCGs (nad2, cox1, cox2, atp8, atp6, cox3,
nad3, nad6, cytb) are located in the majority strand
(J strand) and 4 PCGs (nad5, nad4, nadil, nadl) are
located in the minority strand (N strand).

Metazoan mt-genomes usually have a higher adenine—
thymine (AT) base content [22, 32, 42]. Analysis of base
usage in tick mt-genomes showed that the AT content
ranged from 80.45% (Amblyomma elaphense) to 65.23%
(Ornithodoros savignyi) with an average content of
75.51% (Table 2). The difference in base usage within the
family is generally small [48, 49], but the largest differ-
ence in AT content between soft and hard ticks reached
15.22%. This phenomenon may be attributed to the lower
AT content in Ornithodoros species, which is 71.65%
on average and is considerably lower than the average
AT content of ticks. It is possible that the difference in
AT content is related to the size of the NCRs, the repeat
sequences and the complexity of the gene structure [50—
52]. Additionally, the different living environments and
survival strategies of soft and hard ticks influence base
usage [53].

The base skew of tick mt-genomes is unique. In general,
AT-skew is positive and guanine—cytosine (GC) skew is
negative in the metazoan mt-genomes [54, 55], whereas
the AT-skew of soft and hard ticks is different. In soft
ticks, the AT-skew is positive. In hard ticks, the posi-
tive AT-skew is only observed in I. hexagonus and Ixodes
uriae, whereas in other hard ticks, the AT skew is nega-
tive. In both soft and hard ticks, the average AT-skew is
0.0504 and —0.0187, respectively, and the average GC-
skew is —0.3532 and — 0.1701, respectively; notably the
difference in AT-skew is smaller than that in GC-skew
(Table 2).

Protein-coding genes and codon usage
The PCGs in mt-genomes encode several subunits:
NADH dehydrogenase subunit, cytochrome ¢ oxidase
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Table 1 The available tick complete mitochondrial genomes in GenBank

Family Genus Species GenBank ID Reference
Nuttalliellidae Nuttalliella N.namaqua JQ665719 Mans et al. [44]
Argasidae Argas A. africolumbae KJ133580 Mans et al. [44]
A. boueti KR907234 Mans et al. [Unpublished]?
A. brumpti KR907226 Mans et al. [Unpublished]
A. lagenoplastis KC769587 Burger et al. [27]
A. miniatus KC769590 Burger et al. [27]
A. persicus KJ133581 Mans et al. [Unpublished]
A. striatus KJ133583 Mans et al. [Unpublished]
A. walkerae KJ133585 Mans et al. [Unpublished]
Antricola A. mexicanus KC769591 Burger et al. [27]
Carios C. capensis AB075953 Fukunaga et al. [Unpublished]
C. faini KJ133589 Mans et al. [Unpublished]
Nothoaspis N. amazoniensis KX712088 Lima et al. [Unpublished]
Ornithodoros O. brasiliensis KC769593 Burger et al. [27]
O. compactus KJ133590 Mans et al. [Unpublished]
O. coriaceus MG593161 Mans et al. [Unpublished]
O. costalis KJ133591 Mans et al. [Unpublished]
O. hermsi MF818032 Mans et al. [Unpublished]
O. moubata AB073679 Fukunaga et al. [43]
O. parkeri MF818029 Mans et al. [Unpublished]
O. porcinus AB105451 Mitani et al. [42]
O. rostratus KC769592 Burger et al. [27]
O. savignyi KJ133604 Mans et al. [Unpublished]
O. sonrai MF818026 Mans et al. [Unpublished]
O. tholozani MF818023 Mans et al. [Unpublished]
O. turicata MF818021 Mans et al. [Unpublished]
O. zumpti KR907257 Mans et al. [Unpublished]
Otobius O. megnini KC769589 Burger et al. [27]
Ixodidae Ixodes I. hexagonus AF081828 Black et al. [26]
I holocyclus AB075955 Shao et al. [41]
I. pavlovskyi KJO00060 Mikryukova et al. [Unpublished]
I. persulcatus KU935457 Sui et al. [40]
. ricinus IN248424 Montagna et al. [39]
[. tasmani MHO043269 Burnard et al. [25]
. uriae AB087746 Shao et al. [37]
Amblyomma A. americanum KP941755 Williams-Newkirk et al. [36]
A. cajennense JX573118 Burger et al. [29]
A. elaphense IN863729 Burger et al. [29]
A. fimbriatum JN863730 Burger et al. [28]
A. sculptum KX622791 Lima et al. [31]
A. sphenodonti JN863731 Burger et al. [29]
A. triguttatum AB113317 Fukunaga et al. [Unpublished]
Rhipicephalus R. australis KC503255 Burger et al. [27]
R. geigyi KC503263 Burger et al. [27]
R. microplus KC503261 Burger et al. [30]
R. sanguineus JX416325 Liu etal. [32]
R. turanicus KY996841 Li et al. [Unpublished]
Rhipicentor R. nuttalli MF818020 Mans et al. [Unpublished]

Dermacentor D. verestianus MG986896 Yu et al. [35]
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Table 1 (continued)
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Family Genus Species GenBank ID Reference

D. nitens KC503258 Burger et al. [27]

D. nuttalli KT764942 Guo et al. [33]

D. silvarum KP258209 Chang et al. [Unpublished]
Bothriocroton B. concolor INB63727 Burger et al. [28]

B.undatum IN863728 Burger et al. [28]
Haemaphysalis H. bancrofti MH043268 Burnard et al. [25]

H. concinna KY364906 Fuetal. [38]

H. flava AB075954 Shao et al. [41]

H. formosensis JX573135 Burger et al. [29]

H. hystricis MH510034 Tian et al. [Unpublished]

H. japonica MG253031 Fu et al. [Unpublished]

H. longicornis MG450553 Geng et al. [Unpublished]

H.parva JX573136 Burger et al. [29]
Hyalomma H. asiaticum MF101817 Liu et al. [34]

2 Unpublished here refers to the sequences deposited into GenBank only without paper published

subunit, ATPase subunit and cytochrome b, which are
mainly involved in the oxidative phosphorylation of
cells [56]. The average length of mitochondrial PCGs
in soft and hard ticks is 10,866 and 10,819 bp, respec-
tively (Table 2). The AT content in PCGs of the soft
ticks (71.81%) and hard ticks (77.36%) is also lower
than that in the complete mt-genome level. The lowest
AT content in PCGs is in Rhipicephalus geigyi (63.59%)
and the highest is in Ornithodoros savignyi (80.47%).
The base skew in PCGs of ticks is negative, and the
skewness characteristics are similar in both soft and
hard ticks. No obvious differences have been observed
in different genera of ticks, and the level of AT-skew
is higher than that of the GC-skew. The mitochondrial
PCGs are involved in oxidative phosphorylation and
energy production; therefore, the structure is relatively
conserved, and the difference in base usage is lower
than that of the whole genome. In addition, the higher
AT content of tick mt-genomes may be influenced by
gene sequences, with there being only a 0.11-1.64%
gap between the AT content of PCGs and the whole
mt-genome (Table 2).

Similarly to insects, ticks usually adopt the “ATN”-
type codon as the initial codon in PCGs [31-34, 57].
Other codons, including some special initiation
codons, can be edited to conventional start codons
during transcription [58-60], which may help reduce
the gene spacer region and overlapping region and
not affect the normal translation of proteins [61]. The
termination codons of ticks are mainly TAA and TAG
[31, 34] and sometimes use “T” or “TA”, which may be
converted into a complete termination codon by poly-
adenylation after translation [62, 63].

Transfer RNA and ribosomal RNA genes

The mitochondrial tRNA gene length in ticks ranges
from 50 to 90 bp, and most tRNA genes have a complete
cloverleaf structure, including four principal structures:
amino acid acceptor (AA) arm; TWC (T) arm; anticodon
(AC) arm; and dihydrouridine (DHU) arm [64]. No DHU
arm structure exists in rnSI of the tick mt-genomes; a
similar phenomenon is also observed in insects [20, 65,
66]. The distance from the anti-codon to the CCA termi-
nus is hence maintained through the inverted L structure,
which helps complete the gene function [67]. Addition-
ally, base mismatches frequently occur in the secondary
structure of the tick tRNA genes [68, 69]. The mismatch
types are mainly G-U, U-G and U-U, which are similar to
those of other insects [62, 70]. These mismatches may be
related to the evolutionary mutations and may not affect
the function of tRNA genes due to being corrected later
[71].

The mitochondrial rRNA genes display a complex
functional structure with a relatively slow evolution rate;
these have long been used as population genetics mark-
ers [72]. The tick mt-genomes contain two single copy
12S and 16S rRNA genes. In recent years, the mitochon-
drial 712S and 16S rRNA genes have been extensively used
as genetic targets in phylogenetic research of ticks [27,
36, 73]. Due to gene rearrangement, the position of the
rRNA genes shifts in ticks, whereas the gene order and
the location in the N strand remain unchanged. Previ-
ous reports have shown that the average genetic distance
of different tick taxa was still very slight even after tens
of million years of evolution. Slow nucleotide variation
in rRNA genes may be caused by strict structural and
functional limitations [27]. Therefore, to this end, using
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combined PCGs and rRNA genes to reconstruct the
phylogenetic relationships and resolve the controversial
genealogy of soft ticks may be one of the best methods
[19].

Gene rearrangement

The mt-genomes exhibit higher rearrangement potential,
but in general, the gene arrangement most likely occurs
at a higher taxonomic level, which can provide insights
for systematic classification at higher taxa [74, 75]. There
are three types of changes in tRNA gene position: shuf-
fling (local rearrangements), translocation (cross-gene
displacement) and inversion (change in the encoding or
transcriptional direction) [76]. The rearrangements in
the tick mt-genomes are mainly divided into two patterns
(Fig. 1). The arrangement of the soft ticks and N. nama-
qua show more similarity with that in the genus Drosoph-
ila [77, 78], which represents the ancestral arrangement
in insects. In detail, shuffle (minor rearrangement of the
gene) is observed only in the trnl2 gene [48], which is
moved from coxl-cox2 to nadl—trnLl with the coding
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strand changed from the J strand to the N strand, whereas
other genes remain unchanged. In hard ticks, a major
gene rearrangement is observed in a large gene region
(trnF-nad5-trnH-nad4-nad4L-trnT-trnP-cytb-trnS2),
which is moved from trnE-nadl to trnQ-trnM. The major
gene rearrangement involves the translocation of three
tRNA genes (¢rnLl, trnl2 and trnC) and the inversion of
the trnC gene. The patterns in gene rearrangement might
be associated with the rate of molecular evolution, and
the different rearrangements between soft and hard ticks
may have occurred from a very early period [74, 79].

Non-coding regions

In insects, the transcription termination of the mito-
chondrial NCRs is realized by combining transcription
termination factors [80]. In ticks, the mt-genome fea-
tures a compact structure, which usually contains two
conserved site-specific NCRs and several genus-specific
conserved NCRs [19, 27, 28, 34, 39]. The larger NCR is
located between rrnS—trunl and is approximately 200—400
bp long (Table 3). The length of NCR in soft and hard

Species 12 3 4 5 6 71 8 1S 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 3 32 33 34 35 36 3
Drosophila spp. na@2)[ w ¢ 1 ¥ [cat ][ 12 }{coxz nad3 ) A [ R )N\ st /[ & [ F |{nads | 6 }{nads)naasz}[ T 1 ms |1 [ o
Nuttalliella namaqua nad2{f W _{ € Y H{Coxl {{Cox2{{ K A R N _{ si E E Huads | H_|H{nadd Lh T P Ll mS H 1 Q
Argas nad2l{ w [ ¢ 'y Weorslfcorz} ANRUNYst fEHF Wnadsl B Woads|hadsrl]l T [ 2 LL msl 1 o
Argas boueti naa2f w I ¢ Iy Hcor fcor2 | ANRUNEst P E U F Hnodsl| o Hnads fadar]l T [ p LL msH 1 [0
Argas brumpti nad@2 || W [ c | ¥ |[caut [[carz || K ANRUN st 'E ' F |[nads|| B |[nad4 |badsrl T | » L ms 1T [0
Argas nad2 { W [ Y HCoxl HCox2H K A R N S1 E E Hwads | H | nadd HnaddLi T P LL s 1 Q
Argas miniatus nad2 [ w ¢ Iy Heorl o2l ANRIN st TE I'F |In H : TP LL msH 1 [0
Argas persicus naa2 | w "¢ || ¥ |cou |[corz || K ANRUNESsIE U F |mads|| ® TP Ll ms | T [0
Argas striatus nad2 || W [} Y HCoxl HCox2{ K A R N S1 E E _|nad H T P Ll s 1 Q
Argas walkerae naa@2 || W [ ¢ ]| ¥ |[cout |[corz}{ K AR N st TE [ F H TP L1 ms | 1 ][ 0
Antricola mexicanus w [ c [ v Jcou][co2][ K A LR~ st J[E [ F T [ p Ll ol )
Carios capensis na@2 || w [ ¢ 1 v fcart|[carz][ K ANTRIN st TE T F |{nads|[ o |[nad4|badsz]l T | 2 LL ms 1 [ o
Carios faini naa2 || w [ ¢ || ¥ |[cout |[corz}{ K ANRIN st [ E [ F T e L1 )
Nothoaspis amazoniensis naa@2 )| w ¢ ][ ¥ |[cart[car2]{ AR~ st J[E [ E T » Ll )
brasiliensis M Hnad2f W | € Y HCoxl{{Cox2H K A R N | s1 E I H_{neds T 12 LL Y I Q

compactus | M_|[mad2 || w | c "y [coxs [con2|| K ANRUNUSst T EHF Hnadsl| H Hnadsfnadstl T | 2 LL v T o
Ornithodoros coriaceus M Hnad2f W || ¢ Y ¥ Hcou Hcor2l] K ANRUNESIEHF Hnodsl| B Hoadsfhadsr] T [ p LL v t o
Ornithodoros costalis M {naa2|| W || ¢ |[ ¥ |[cou [[cor2|] K AN RINIsi [ EHF |na H_|[nadd |nadazl[ T || P Ll v )
Ornithodoros hermsi M {nad2|| W || ¢ |[" ¥ Ifcon [[cor2|] K ANRIN st B [ F |na H_|[nadd |nadszl] T || P Ll v )
Omithodoros moubata M Hnaa2 || w | ¢ |y Ifcou o2 || K ANRUNTsi I'E T F |[n H_||nadd |naasrl] T | P LL v )
Ornithodoros parkeri M {naa2|| W || ¢ |[ v |[con {{cor2|] K AN RUN st 'E U F |[nads|| B |[nads|baderl] T || P L1 v )
i i M Hnad2f W || ¢ I ¥ Hcou Hcox2l] K ANRUNUSIUEHE Wnads| H Hoadifadslf T [ B LL v 1 o

M Hnaa2l W Il ¢ ' ¥ Hcor fcor2|l K ANRUNTst E HF |nedsl o nadd|hadsr] T [ p Ll v )

Ornithodoros savignyi M {naa2|| W || ¢ |[" ¥ Ifcon [[cor2|] K ANRIUN st 'E ' F |[nads|| H |[nad4|badsrl] T || P Ll v )
Omithodoros sonrai M Hnaa2 | W | ¢ | ¥ cou o2 K ANRUNIst 'E U F |nads| 0 |nadd|badsr] T || 2 LL v T o
Ornithodoros tholozani M {nad2|| W || ¢ |[ v |fcons {{cor2|] K AN RN st 'E [ F |[nads|| H |[nads|badsrl] T || P Ll v )
Ornithodoros turicata M {nad2 || W c Y HCoxl{Cox2 K A R N { si E E_HnadSy H | nadd naddLi T P Ll A 1 Q
Ornithodoros zumpti M Hnaa2|| w || ¢ || ¥ Ifcou [{cor2|] K ANRUN st 'E I F |nads|| B |[nads|badsrl] T || » L1 v )
Otobius megnini M {[naa2 )| W[ ¢ |[ ¥ |{cont [{cor2]| K ANRIN st I E | F |{nads nadd |nadar)] T |[ P Ll )
Otobius megnini [ MWoaa2){ w 1 ¢ ¥ Hcort [{cox2}{ & AL RN st ENE Nnads | B Wnadslhagarl{ T 1 P Ll 1 [ o
Ixodes hexagonus M {naa2)[ w [ ¢ [ ¥ |[cou |{cor2][ K AN RIWN st E [ F |[nads|[ B |[nads|badsr]] 1 ][ 2 L1 )
Ixodes holocyclus M {naa2|| W || ¢ | ¥ Ifcou [cor2|] K ANRIN st TE I'F |na H_||nadd |aaszl] T || P L )
Iodes paviovskyi M Hnaa2|| W || ¢ |[ ¥ |[cou {cor2|| K AN RN st [ E [ F |na H_||nadd |adzl] T || P L L ()
Ixodes persulcatus M {nad2|| W || ¢ |[" ¥ Ifcon {[cor2|] K ANRIN st B [ F |na H || nadd |adszl] T | P 2 |1 )
Ixodes ricinus M Hnad2i W I ¢ I ¥ Hcou Hcor2ll K ANRUNTSsiIE I F |n H_|{nadd |ladsrll T | P 2 L ()
Ixodes tasmani M {nad2 || W o} Y HCoxl HCox2{ K A R N S1 E E H | nad4 HnaddLl{ T P L2 4 L1 1 Q
Iodes uriae M {naa2 ]| w || ¢ |[ ¥ I{cou [{cor2]| K ANRIN st TE I F naddrl T || P 7l )
Amblyonma americamum | M _|[naa2 || w_|[_¥_|[coxt |[coc2 ][ X |[ D A RN st [ & |naar]] 12 T o[ E T [ B Ljc
Amblyomma cajennense M {nad2|| W || ¥ |[coxt o2 || K || D AR IINIIsi [T r o ll'E T [P L c
Amblyonma elaphense M Hnaa2 || W || ¥ |[cov o2 | K || D ARINTsi I E T foll'E T e Lifc
Amblyomma fimbriatum M {naa2|| W || ¥ |[cov {co2 || K || D AR INIIsi I'E 1 ol F Hneds nadd thadal}] T || P Ll c
Amblyomma sculpium M {nad2 || W || ¥ |[covi Hco2 || K || D AR IINIIsi[I'E T 1o |I'F |na nadd [lnaddr| T || P Ll c
Amblyonma sphenodonti | M_|[naa2 || W || ¥ |Coxt |[Coc2 || X || D AR~ IIsi [I'E 1 H ol F Hnads nadd [naddLl] T || P L c
Amblyomma triguttatum M {[naa2 )| W || ¥ |[coxt {co2 ][ X || D AR IINIsi [ E T 0 I F |{nads nadd |jnadarL]] T || P L[ ¢
M _{naa2]l w | ¥ fcout [fcoz [ kX [ D AllRINsi [ E Tt o' F |na nadd |fnadar]] T | P ujfc

geigyi M {[naa2|| W || ¥ |[coxt {co2 || K || D AR IINIIsi[I'E I ol E nadd. TP Ll c

microplus | M_|naa2 || W |y |[Coxt [[car2 || K || D AR INIIsi[I'E T o ll'F nadd T e Ll c

i M {nad2|| W || ¥ |[coxt fcoz || K || D AR INIIsi[E T ol E nadd. TP L c

Rhipicephalus turanicus M {naa2 )| W || ¥ |[coxt {co2 ][ X || D AR IINIsi [ E r ol E nadd TP L[ ¢
Rhipicentor nuttalli M {naa2 ][ w [ ¥ J{cont {{coz ][ x [ D AR Nsi [ E 1 ol E T e Ljfc
Dermacentor everestianus | M_Hnad2 )| W || ¥ Hcoxt }[Cor2]| K || D A R I~ Hst )[ E i o [ E o P Ll c
Dermacentor nitens M {nad2|| W || ¥ |[covt Hco2 || K || D AR IINII'si [I'E T o ll'E T e Ll c
Dermacentor nuttalli M {nad2|| W || ¥ |[cor fcoz || K || D AfRINIsiE [ T e Ljc
Dermacentor silvarum M {naa2 ) w || ¥ |[coxi {co2 ][ K || D AR NIsi [l E T ol E T e ifc
Bothriocroton concolor M {naa2]l w [ ¥ fcov {fco2 [ k| D AllRINIsi [ E Tt follE H T e uljc
Bothriocroton undatum M {nad2 || W || ¥ |[coxt {coz ]| X || D AR NIsi [ E T ol E H T P L[ ¢
bancroi [ M_|[naa2 [ w |y |[coxt fco2 ][ X [ D AR IINIsi[[E T o llE H T e ulc

concima | M_{naa@2 || W ||y |coxt [cor2 || X || D AN RUNSTE Hnaas|l L2 e [ v sl 1 0 ' F H TP Ll c
Haemaphysalis flava M {nad2|| W || ¥ |[covt Hco2 || K || D AN RNt T E Hnoarll L2 e v Homs i 1 0 T F H TP Ll c
formosensis | M_|{naa2 || w || ¥ Hcou Hco2 || K || D ANRINISTE naas|l L2 frme v s |l 1 || 0 ' F H TP Ll c

Iystricis M {naa2|| W || ¥ |[covt fco2 || K || D ANRYNWSIHE Hnarll 12 Wt ' v s 1 0 I F H THe Lifc

japonica M Hnad2i W | Y HCoxlCox2 i K D A R N H st E Hn L2 Honl | V HeomSH 1 Q EL H T B ugc

longicornis | M |nad2 || w || v |[coxs {[co2|| K || D Ap6 AN RN st B Wnaar|l 12 frme | v sl 1 || 0 | F H T [P L c
Haemaphysalis parva M _{nad2 || W || ¥ |[covi {co2 || K || D_|[41p8 | 41p6 AW RN st T E Hnaas|l L2 [T v {mms | 1 | 0 [ F H TP L[ c
Hyalomma asiaticum M naa2)[ w [ x Hcoxt Heo2 [ k[ D |[ams [ aws }| A LRI~ st [ E Jnadr v {msl 1 o[ E H T e ulifc

Fig. 1 Gene rearrangement in the tick mitochondrial genomes
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Table 3 Distribution of NCRs in the tick mitochondrial genomes

Species Conservative noncoding region Nonconservative noncoding region
Length  Position Length  Position Length  Position Length  Position Length  Position

Nuttalliella namaqua 182 rrnl=trnV 229 rrnS—trnl 361 trnfF-nad5

Argas africolumbae 185 L=tV 293 rnS—trnl

Argas brumpti 184 rrnl=trnV 280 rrS—trnl

Argas boueti 553 rrnl=trnV 279 rrnS—trnl

Argas lagenoplastis 565 rl-tmV 238 rrnS—trnl

Argas miniatus 178 rrnl=trV 273 rrS—trnl

Argas persicus 179 rrnl=trnV 248 rrnS—trnl

Argas striatus 182 rrnl=trnV 295 rrS—trnl 112 nad2-trnW

Argas walkerae 177 rl=tmV 272 rS—trnl

Antricola mexicanus 189 rnl=trV 264 rrnS—trnl 104 nad2-trn\W

Carios capensis 177 rrnl=trnV 308 rrnS—trnl

Carios faini 188 rrnl=trnV 259 rrnS—trnl

Nothoaspis amazoniensis 186 rnl=trnV 264 rrnS—trnl 124 trnF-nad5

Ornithodoros brasiliensis 193 rl-tmV 294 rrnS—trnl

Ornithodoros compactus 176 rrnl=trnV 267 rrnS—trnl

Ornithodoros coriaceus 189 rl=trnV 283 rnS—trn!

Ornithodoros costalis 190 rml=trV 254 rmS—trnl

Ornithodoros hermsi 188 rl=trnV 269 rnS—trn!

Ornithodoros moubata 176 rl-tmV 283 rS—trnl

Ornithodoros parkeri 192 rrnl=trnV 257 rrS—trnl

Ornithodoros porcinus 174 rrnl=trmV 265 rrnS—trnl

Ornithodoros tratus 190 rml=trnV 289 rmS—trn!

Ornithodoros avignyi 181 rml-tmV 266 rS—trnl 125 trnF-nad5

Ornithodoros sonrai 563 rl=tmV 255 rS—trnl

Ornithodoros tholozani 554 rl=tmV 292 rrnS—trnl

Ornithodoros turicata 189 rl=trnV 286 rnS—trnl 122 nad4-nad4L

Ornithodoros zumpti 564 rl=tmV 271 rrS—trnl

Otobius megnini 195 rrnl=trnV 290 rrS—trnl

Ixodes hexagonus 189 rl-tmV 268 rrS—trnl

Ixodes holocyclus 335 rl=trnV 349 rmS—trnl - 335 trnL1-trnC

Ixodes pavlovskyi 193 L=tV 351 rS—trnl

Ixodes persulcatus 183 rml=trnV 282 rmS—trnl 122 trnH-nad4

Ixodes ricinus 197 rl=trnV 351 rnS—trnl 107 nad2-trnW

Ixodes tasmani 481 rl-tmV 366 rS—trnl 145 nad4-nad4l

Ixodes uriae 354 L=tV 385 rnS=trnl - 354 trnL1-trnC

Amblyomma americanum 169 rrnl=trnV 237 rS—trnl - 306 trnL1-trnC

Amblyomma cajennense 172 rrnl=trnV 283 rS—trnl 306 trnL1-trnC

Amblyomma elaphense 515 rml-tmV 238 rS—trnl - 299 trnL1-trnC 127 nad2-trnW

Amblyomma fimbriatum 165 rl=tmV 230 rS—trl - 274 trnL1-trnC

Amblyomma sculptum 172 rl=tmV 247 rS—trnl - 306 trnL1-trnC

Amblyommas phenodonti 158 rl-tmV 297 rS—trnl - 328 trnL1-trnC

Amblyomma triguttatum 155 rl=trmV 264 rmS—trnl - 307 trnl1-trnC 123 nad2-trnW 185 trnfF-nad5

Rhipicephalus australis 157 rrnl=trnV 265 rrnS—trl - 305 trnL 1-trnC

Rhipicephalus geigyi 541 rl=tmV 244 rnS—trnl - 303 trnL1-trnC 241 trnE-nad1

Rhipicephalus microplus 561 rrnl=trnV 264 rrnS—trl - 307 trnL1-trnC 124 nad2-trmW

Rhipicephalus sanguineus 157 rl-tmV 233 rS—trnl - 303 trnL1-trnC

Rhipicephalus turanicus 159 rrnl=trnV 240 rnS=trnl - 304 trnL1-trnC

Rhipicentor nuttalli 157 rrnl-trmV 82 rrnS—trl - 308 trnL1-trnC 285 trnE-nad1
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Table 3 (continued)

Page 9 of 15

Species Conservative noncoding region Nonconservative noncoding region
Length  Position Length  Position Length  Position Length  Position Length  Position
Dermacentor everestianus 569 rrnl=trnV 292 rS—trnl 306 trnL1-trnC 322 trnE-nad1 119 trnQ-trnF
Dermacentor nitens 556 rl=trnV 235 rS—trnl 307 trnL1-trnC 168 trnE-nad 166 trnQ-trnF
Dermacentor nuttalli 556 rl-tmV 235 rS—trnl 307 trL1-trnC 168 trnE-nad1
Dermacentor silvarum 556 rrnl=trnV 232 rS=trnl - 307 trnL1-trnC 167 trnE-nad1
Bothriocroton concolor 162 rml=trnV 247 rmS—trnl - 311 trnL1-trnC
Bothriocroton undatum 157 rrnl=trnV 230 rS—=trnl - 310 trnL1-trnC 113 nad4-nad4l
Haemaphysalis bancrofti 163 rml=tmV 262 rS—trnl - 307 trnL1-trnC
Haemaphysalis concinna 161 rrl=trnV 230 rrnS—trnl 311 trnL1-trnC
Haemaphysalis flava 158 rml=tmV 228 rS=trnl - 311 trnL1-trnC
Haemaphysalis formosensis 160 rl-tmV 265 rS—trnl - 311 trnL1-trnC
Haemaphysalis hystricis 162 rrnl=trnV 228 rS—trnl - 309 trnL1-trnC
Haemaphysalis japonica 156 rrnl=trnV 229 rrS—trnl 310 trnL1-trnC
Haemaphysalis longicornis 159 rl-tmV 240 rS—trnl - 309 trnL1-trnC
Haemaphysalis parva 158 rrnl=trnV 252 rrnS—trl 318 trnL1-trnC 211 trnE-nad1
Hyalomma asiaticum 160 rrnl=trV 287 rS—trnl - 307 trnL1-trnC

ticks averages 274 and 261 bp, respectively. The longest
NCR is observed in species of the genus Ixodes with an
average length of 336 bp. The shortest NCR is only 82 bp
in Rhipicentor nuttalli, and the notably short NCR may
be attributed to assembly errors. The other conservative
NCRs are located between rrnL and trnV, and the length
of this region varies greatly. The shortest is only 155 bp
in Amblyomma triguttatum, and the longest reaches 565
bp in Argas lagenoplastis. The difference in the average
length between the soft and hard ticks is only 1 bp (251
and 252 bp, respectively). The length difference of this
type of NCR in ticks is often significant within a genus,
except for the genus Haemaphysalis, which shares a simi-
lar length of 150 bp. In addition to the abovementioned
two NCRs, there is another NCR located between trnL1
and trnC in hard ticks. It is possible that the two related
genes (trnLl and trnC) may be involved in gene rear-
rangement, and hence the NCRs may act as a fragment
insertion and play specific roles during gene transcrip-
tion [81, 82]. Additionally, some ticks also exhibit other
NCRs, such as Dermacentor nitens and A. triguttatum,
which display five NCRs. These NCRs may play impor-
tant roles in protecting gene function during gene rear-
rangement, and there are currently four hypotheses to
explain the formation of these particular NCRs [27, 33,
41, 74].

It is noteworthy that a common marker sequence is
found in the NCRs of the tick mt-genomes, which are
formed by degeneration during evolution and named the
“Tick-box” [39]. This conserved sequence is located at
the boundary of two gene rearrangement regions in the

tick mt-genomes, which may be affected by the arrange-
ment of mitochondrial genes in ticks [27, 36]. However,
this sequence is not discarded during long-term evolu-
tion and likely functions as a transcriptional maturation
or termination signal. Annotation of these sequences can
help identify hidden molecular functions, which is useful
for genetic analysis of higher taxa [39].

Mt-genome phylogeny

The mt-genomes play an important role in the molecu-
lar systematics and origin of ticks. In the present study,
13 PCGs and 2 rRNA genes from the MITOS analysis
results of all available tick complete mt-genomes were
used to construct a phylogenetic tree through the maxi-
mum likelihood method (ML) [83]. MEGA v.6.0 for Win-
dows (https://www.megasoftware.net/) was first used
for alignment and splicing, and then the IQ-Tree online
server (http://igtree.cibiv.univie.ac.at/) was used for
establishment of the phylogenetic tree with 1000 boot-
strap replications [84, 85]. The phylogenetic tree was
constructed using the nucleotide sequences (12,150 bp)
of 63 tick species. Limulus polyphemus (NC003057) was
used as the outgroup and the percentage of the bootstrap
support is given at each node.

In soft ticks, some species in Argas and Ornithodoros
have previously been phylogenetically analyzed using
10 mitochondrial genes [27]. Recently, several new mt-
genomes have become available for the genus Argas
including Ar. boueti, Ar. brumpti, Ar. persicus, Ar. striatus
and Ar. walkerae, and for the genus Ornithodoros includ-
ing O. compactus, O. coriaceus, O. costalis, O. hermsi,
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O. parkeri, O. sonrai, O. tholozani, O. turicata and O.
zumpti. These were incorporated into the present phylo-
genetic analysis using 13 PCGs and 2 rRNA genes. Results
yielded ambiguous species delimitation and phylogenetic
relationships of these two genera (Fig. 2), which are com-
plicated with the existing of monophyly, paraphyly, or
polyphyly phenomena. Possibly, the concatenation of
present genes with other informative genes help a better
phylogenetic resolution. The tick Ar. boueti was clustered
within the subfamily Ornithodorinae with a minimum
bootstrap of 51%. This clustering may influence the loca-
tion of other genera, including Antricola, Nothoaspis and
Carios. Additionally, the tick Carios faini was clustered
first with Antricola mexicanus and Nothoaspis ama-
zoniensis, as well as with C. capensis. Subsequently, the
incongruence was apparent between phylogenetic con-
figurations and morphological characterizations, which
requires further evidential confirmation.

In hard ticks, Rhipicentor nuttalli was clustered with
species within the genus Rhipicephalus, which pro-
vided corroborative evidence for their close relationship.
Although most clades among the hard ticks in differ-
ent genera showed moderate support and the cluster-
ing of the tick lineages were similar to previous studies
[25], some particular species including Amblyomma
elaphense, Am. spnenodonti and Hylomma asiaticum
require total evidence support. The only tick in the family
Nuttalliellidae, Nuttalliella namaqua, is the sister group
of the family Ixodidae, which is similar to the previous
mt-genome phylogenetic analysis [27].

ML analysis of mitochondrial genes is widely used in
the molecular systematics of ticks [19, 29, 34]. Although
there were some changes in our results, the phylogenetic
branching results were similar to those obtained based
on ten PCGs [27]. This finding suggests that the combi-
nation of more mitochondrial genes may provide more
robust evidence for tick taxonomy. Different mitochon-
drial genes or sites usually have different evolutionary
rates, which may affect the topological structure and
lower the support rate of the phylogenetic tree, thereby
affecting the reliability of phylogenetic results [86, 87].
When the data matrix is partitioned according to both
genes and coding sites, the phylogenetic calculation will
be difficult to converge, which prevents phylogenetic
analysis using a large number of mitochondrial genes
simultaneously [88]. Thus, most studies usually adopt dif-
ferent PCGs or gene loci with proper partition, and the
calculation can be optimized by modifying gene loci and
selecting appropriate phylogenetic tree methods [89, 90].
Previous research based on morphological and nuclear
rRNA data supported the cladistic results of Klompen
et al. [19, 91]. The results obtained by combining multi-
ple mitochondrial PCGs are partly different from those
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obtained using nuclear rRNA alone. Although some gen-
era clades may change with the increasing number of
mt-genomes, most genera remain clustered in the same
clades [31-34] (Fig. 2). Molecular evidence based on the
mt-genomes largely does not disagree with the recog-
nized phylogenetic status of many tick species [12]. The
description of new species and the characterization of
new genetic markers will serve to systematically classify
ticks [92].

Perspectives and future directions

Ticks and mites of the subphylum Chelicerata account
for 53% of parasitic arthropods, which cause substantial
losses in agriculture and human health [93]. In recent
years, the mt-genomes have shown significant advan-
tages and have been widely used in taxonomic and phy-
logenetic research [19, 36, 94]. However, challenges still
exist in systematic investigations on the tick mt-genomes.
The number of available mt-genomes remains limited, as
only 63 complete tick mt-genomes are presently avail-
able in the NCBI database; the complete mt-genomes of
approximately 93% of tick species remain unexplored.
The absence of complete tick mt-genomes, especially for
some soft ticks with geographical and taxonomic bias
will undoubtedly hinder the reliability of the cladistics
(phylogenetic) of the species within subclass Acari, order
Ixodida. The different evolution rates of mitochondrial
genes may lead to variation in gene length of many spe-
cies, and different sequences. It should be mentioned that
the annotation methods would be also able to affect the
sequence assembly [94, 95]. Furthermore, the mitochon-
drion is essential for energy metabolism and tempera-
ture regulation in metazoans [96]. Previous studies have
shown that the mitochondrial genes have significantly
different transcriptional activities during the freezing or
anoxia adaptation and organism development [97-100].
The differential expression of specific functional genes
may attribute to adaptive evolution [101]. Finally, no
genes are encoded by the NCRs; therefore, NCRs receive
less selection pressure during the process of evolution
and are prone to base mutations [102]. NCRs can regu-
late gene expression and have many multiple tandem
repeats and complex structures; hence, NCRs are more
difficult to sequence [18, 102]. The tick mt-genomes are
characterized by two typical conserved NCRs, but there
are significant differences in the length, number, and
location among the different species.

Due to the above challenges, several important direc-
tions for future research on the tick mt-genomes were
prospected. First, more complete mt-genome sequences,
combing with morphological characteristics and nucleus
sequences, are required to integrately illuminate the phy-
logenetic relationships within Ixodida. Secondly, through
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extensive practices, mt-genome annotation methods
are constantly improving [94]. However, annotation of a
genome is still challenging, as different annotation meth-
ods may result in annotation bias or errors [102]. Hence,
it is important to use unified annotation methods to help
reduce or eliminate incorrect sequencing errors, and
more attention should be given to NCRs. Thirdly, the
functions and physiological relevance of the tick mito-
chondrial genes, including mitochondrial transcription,
proteomics analysis of mitochondrial proteins, and epi-
genetic regulation in mitochondria under environmen-
tal or physiological stress, warrant further investigation.
Finally, it is of considerable practical and theoretical
interest to determine whether insecticides and acaricides
can act on tick mitochondrial PCGs, which have been
previously proved in mites [103, 104]. This knowledge
may provide new molecular biology information to fur-
ther understand the genetic diversity of ticks, and shed
light on novel strategies to control TBDs damage.

Conclusions

This study summarizes the basic features, including
genomic structure, base difference and gene arrange-
ment, of the tick mt-genomes available in the NCBI data-
base. Research on tick mt-genomes has lagged behind
that conducted in insects. Fortunately, an increasing
number of mt-genomes have been published in recent
years, and these have become important molecular mark-
ers for the phylogeny of ticks. Our study constructed a
phylogenetic tree by maximum likelihood using 13 PCGs
and 2 rRNA genes, and the results further supported the
phylogenetic status of many tick species. Undoubtedly,
the application of polygenic joint analysis and appropri-
ate software will be widely applied in solving the phyloge-
netic and genetic evolution of diverse taxa of ticks, which
will be of profound significance for the rapid identifica-
tion of tick species.
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