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A B S T R A C T

The systematics of the genera and subgenera within the soft tick family Argasidae is not adequately resolved.
Different classification schemes, reflecting diverse schools of scientific thought that elevated or downgraded
groups to genera or subgenera, have been proposed. In the most recent classification scheme, Argas and
Ornithodoros are paraphyletic and the placement of various subgenera remains uncertain because molecular data
are lacking. Thus, reclassification of the Argasidae is required. This will enable an understanding of soft tick
systematics within an evolutionary context. This study addressed that knowledge gap using mitochondrial
genome and nuclear (18S and 28S ribosomal RNA) sequence data for representatives of the subgenera
Alectorobius, Argas, Chiropterargas, Ogadenus, Ornamentum, Ornithodoros, Navis (subgen. nov.), Pavlovskyella,
Persicargas, Proknekalia, Reticulinasus and Secretargas, from the Afrotropical, Nearctic and Palearctic regions.
Hard tick species (Ixodidae) and a new representative of Nuttalliella namaqua (Nuttalliellidae), were also se-
quenced with a total of 83 whole mitochondrial genomes, 18S rRNA and 28S rRNA genes generated. The study
confirmed the utility of next-generation sequencing to retrieve systematic markers. Paraphyly of Argas and
Ornithodoros was resolved by systematic analysis and a new species list is proposed. This corresponds broadly
with the morphological cladistic analysis of Klompen and Oliver (1993). Estimation of divergence times using
molecular dating allowed dissection of phylogeographic patterns for argasid evolution. The discovery of cryptic
species in the subgenera Chiropterargas, Ogadenus and Ornithodoros, suggests that cryptic speciation is common
within the Argasidae. Cryptic speciation has implications for past biological studies of soft ticks. These are
discussed in particular for the Ornithodoros (Ornithodoros) moubata and Ornithodoros (Ornithodoros) savignyi
groups.
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1. Introduction

Ixodida (ticks) are composed of the families, Argasidae (soft ticks
∼200 species), Ixodidae (hard ticks ∼ 700 species), and the monotypic
Nuttalliellidae (Guglielmone et al., 2010). Compared to soft ticks, hard
ticks show greater species diversity with a larger number of species.
However, recently there has been an upsurge in the discovery of argasid
species, with 26 new species described, resurrected or unique sequences
published (Bakkes et al., 2018; Barros-Battesti et al., 2015; Burger et al.,
2014a; Dantas-Torres et al., 2012; Dupraz et al., 2016; Heath, 2012;
Hornok et al., 2017; Labruna et al., 2016; Muñoz-Leal et al., 2017,
2016; Nava et al., 2013, 2010; Trape et al., 2013; Venzal et al., 2015,
2013, 2012; Vial and Camicas, 2009). Several of these species may be
considered cryptic, which raises the possibility that the diversity of soft
ticks remains to be fully discovered.
Historically, argasid systematics has been dominated by three main

“schools” of scientific thought regarding taxonomic classification:
American (Clifford et al., 1964; Hoogstraal, 1985), French (Camicas
and Morel, 1977; Camicas, 1998) and Russian (Filippova, 1966;
Pospelova-Shtrom, 1946, 1969) (Table 1). In these “schools”, classifi-
cation into tribes, genera and subgenera were based on unique mor-
phological characters (synapomorphies) for various lineages as deduced
by expert knowledge. The first formal cladistic analysis based on a
matrix of 83 morphological characters (Klompen and Oliver, 1993),

which could be considered a fourth classification school, grouped the
Argasidae into the subfamilies Argasinae and Ornithodorinae. The Ar-
gasinae was considered monogeneric and included: Argas (subgenera
Argas, Persicargas, Secretargas, Ogadenus, Proknekalia, Alveonasus),
whereas the Ornithodorinae included the genera: Carios (subgenera
Alectorobius, Antricola, Carios, Chiropterargas, Nothoaspis, Parantricola,
Reticulinasus, Subparmatus), Ornithodoros (subgenera Microargas, Or-
namentum, Ornithodoros, Pavloskyella, Theriodoros) and Otobius (sub-
genus Otobius). The species lists of Barker and Murrell (2008, 2004) and
Horak et al. (2002) used this classification, while Keirans (2009) and
Guglielmone et al. (2010) reverted to the scheme of Hoogstraal (1985).
In the most recent scheme, the subgenera Carios and Chiropterargas
were moved to Argasinae, the subgenera Alectorobius, Reticulinasus and
Subparmatus moved to Ornithodoros, while Antricola (incl. Parantricola),
Nothoaspis and Otobius were retained as valid genera. The subgenera
Alveonasus and Proknekalia were also moved from Argasinae to Or-
nithodoros (Guglielmone et al., 2010).
Morphotaxonomics has benefited from the application of molecular

techniques to identify cryptic species in the Acari (Skoracka et al.,
2015; Hornok et al., 2017). Thus, molecular data have challenged the
current classification scheme. For example, a close genetic relationship
has been found between Alectorobius, Antricola and Nothoaspis (Burger
et al., 2014a; Estrada-Peña et al., 2010; Klompen and Oliver, 1993;
Nava et al., 2009). Moving all members of the subgenus Alectorobius to

Table 1
Classification of the Argasidae by various schools of scientific thought regarding taxonomic classification (adapted from Klompen and Oliver (1993) and Burger et al.
(2014a, 2014b)). Genera are in bold and subgenera italized. Subgenera in parentheses are included in the above genus or subgenus, but not recognised as valid by the
authors of the scheme.

American school
Clifford et al. (1964)
Hoogstraal (1985)
Guglielmone et al. (2010)

Soviet school
Filippova (1966)
Pospelova-Shtrom (1969)

French school
Camicas and Morel (1977)
Camicas (1998)

Cladistic School
Klompen and Oliver
(1993)

Proposed classification
(current study)

Clifford et al., 1964; Hoogstraal, 1985;
Guglielmone et al., 2010.

Pospelova-Shtrom, 1946; Filippova,
1966; Pospelova-Shtrom, 1969

Camicas and Morel, 1977;
Camicas, 1998

Klompen and Oliver,
1993

Current study

Argasinae Argasinae Argasinae Argasinae Argasinae
Argas Argas Argas Argas Argas
Argas Argas Argas Argas Argas
Persicargas Persicargas Persicargas (incl. Persicargas) Persicargas

Carios
Carios Carios Carios
Chiropterargas Chiropterargas Chiropterargas

Ogadenus Ogadenus
Ogadenus Ogadenus Ogadenus Ogadenus
Secretargas Secretargas Secretargas Secretargas Secretargas

Proknekalia Proknekalia Proknekalia
Alveonasus Alveonasus

Microargas
Ornithodorinae Ornithodorinae Ornithodorinae Ornithodorinae Ornithodorinae
Otobius Otobius Otobius Otobius Otobius
Ornithodoros (s.l.) Alveonasus Alveonasus
Alveonasus Alveonasus Alveonasus
Proknekalia Proknekalia

Ogadenus
Ornithodoros Ornithodoros Ornithodoros (s.s.) Ornithodoros

Ornithodoros Ornithodoros Ornithodoros (incl. Ornithodoros, Ornithodoros,
Ornamentum Ornamentum Ornamentum Ornamentum, Ornamentum,

Microargas, Microargas
Pavlovskyella Pavlovskyella Theriodoros Pavlovskyella, Pavlovskyella,
(incl. Theriodoros) (incl. Pavlovskyella) Theriodoros) Theriodoros

Carios (s.l.) Carios
Alectorobius Alectorobius Alectorobius (incl. Alectorobius, Alectorobius,

Carios, Chiropterargas, Carios,
Reticulinasus Reticulinasus Reticulinasus Reticulinasus, Reticulinasus,
Subparmatus Subparmatus Subparmatus Subparmatus, Subparmatus,
Antricola Antricola Antricola
Antricola Antricola Antricola, Antricola,
Parantricola Parantricola Parantricola Parantricola, Parantricola,
Nothoaspis Nothoaspis Nothoaspis) Nothoaspis

Microargas
Chiropterargas

B.J. Mans et al. Ticks and Tick-borne Diseases 10 (2019) 219–240

220



Ornithodoros, while retaining the genera Antricola and Nothoaspis,
makes Ornithodoros paraphyletic. Analysis of the 16S and 18S rRNA
genes supports inclusion of Alveonasus in the Argasinae (Black et al.,
1997; Klompen and Oliver, 1993; Pienaar et al., 2018). Members of the
subgenus Carios were moved from Ornithodorinae to Argasinae by
Guglielmone et al. (2010), while analyses of 12S and 16S rRNA, as well
as mitochondrial cytochrome c oxidase I (COI) indicate that Argas
vespertilionis (type species for Carios) grouped within the Ornithodor-
inae (Burger et al., 2014a; Hornok et al., 2017; Labruna et al., 2011; Lv
et al., 2018). This makes Argas paraphyletic as well. A recent molecular
study based on nuclear 18S and 28S ribosomal RNA and mitochondrial
genome data, placed members of Alectorobius, Antricola and Nothoaspis
as a Neotropical clade retaining their subgeneric status (Burger et al.,
2014a). Importantly, potential non-neotropical members such as Chir-
opterargas or Reticulinasus were not included in this latter study. It ap-
pears that confusion and disagreement exists in argasid systematics,
with most authors reserving comment on assignment of species to, and
relationships between genera (Guzmán-Cornejo et al., 2016). In sum-
mary, there is a clear need to revise argasid systematics.
To resolve the apparent challenge within argasid systematics, the

current study was undertaken using mitochondrial genome and nuclear
(18S and 28S ribosomal RNA) sequence data from representatives of the
different argasid tick subgenera. Further, this study was designed to
compare molecular data from Afrotropical, Nearctic and Palearctic ar-
gasid genera to expand species data coverage. Implications for evolu-
tion, biology, biochemistry, speciation and systematics of argasids are
discussed. Notably, a revised classification for Argasidae is proposed.
Systematic markers for a number of ixodids from South Africa were also
sequenced for comparative purposes and to contribute more sequences
to the database.

2. Materials and methods

2.1. Tick identification and taxonomy conventions

Ticks were collected as described in the results and discussion.
Ethics approval was granted by the ARC-OVR animal ethics committee
(AEC 15.01), with Section 20 clearance (12/11/1/1). Relevant permits
were obtained for collection in National Parks. Collected ticks were
identified based on published keys and descriptions as referenced for
individual species. For all species, their 12S rRNA, 16S rRNA or COI
sequences were also compared to sequences in GenBank using BLASTN
analysis (Altschul et al., 1990) as cross reference for species identifi-
cation, where ≥96% identity was considered a species match (Table
S1). Binomial nomenclature followed the latest proposed tick list
(Guglielmone et al., 2010), while subgenera followed Clifford et al.
(1964); Hoogstraal (1985) and Klompen and Oliver (1993).

2.2. Next-generation sequencing and assembly of mitochondrial and
nuclear markers

For 83 different samples (Table S2), the next-generation sequencing
strategy previously described by Mans et al. (2015) was used to obtain
sequence data for assembly of full-length mitochondrial genomes, as
well as 18S and 28S rRNA markers. Briefly, genomic DNA was extracted
from ticks using the QIAamp DNA Blood kit (Qiagen, Valencia, CA,
USA), as described before (Mans et al., 2011). Genomic DNA was
submitted to the Biotechnology Platform Next Generation Sequencing
Service of the Agricultural Research Council (South Africa). Samples
were processed using either the Nextera or TruSeq DNA preparation kits
(Illumina, San Diego, CA, USA) and sequenced using either the Illumina
HiSeq 2500 or MiSeq sequencers. Sequence data were processed using
CLC Genomics Workbench v.5.1 software (Qiagen) and quality trimmed
(0.001 quality limit) and Nextera adapters removed. Reads were de
novo assembled using standard assembly parameters [mismatch cost-2,
insertion cost-3, deletion cost-3, length fraction-0.9, similarity-0.9,

minimum contig length-200, automatic bubble size and a variable word
size depending on the specific sample (Table S3)]. The same assembly
strategy was employed for datasets obtained from the NCBI sequence
read archive (SRA) and Transcriptome Shotgun Assembly (TSA) data-
bases (Table S2). Parameters and statistics for assembly, coverage and
total length of contigs as well as GenBank accession numbers are in-
dicated in Tables S3-S6.

2.3. Bioinformatic analysis of nuclear data

The 18S and 28S rRNA genes were separately aligned using iterative
alignment with MAFFT taking rRNA secondary structure into account
(Q-INS-i) and a 1PAM / k=2 scoring matrix (Katoh and Standley,
2013). Positions with less than 50% coverage were removed using
GBLOCKS (Castresana, 2000). Maximum Likelihood analysis was per-
formed in IQ-Tree 1.5.2 (Nguyen et al., 2015). The most optimal sub-
stitution model for each alignment was automatically selected (18S:
TVMe+ I+G4; 28S: TIM2e+ I+G4) and absent genes treated as
missing data. An edge-proportional partition model with proportional
branch lengths (-spp) was used, to allow different rate parameters for
each partition to accommodate different evolutionary rates between
partitions. Nodal support was estimated using ultrafast bootstrap
(n= 100,000) and the 50% consensus tree was reported.
For Bayesian analysis, the alignments produced were concatenated

to produce a supermatrix that comprised 1814 positions. Absent genes
were treated as missing data. Bayesian analysis was performed in
MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003), using a general time
reversible (GTR) model of nucleotide substitution with a proportion of
invariant sites and a gamma distribution of among site heterogeneity
employing the nst= 6 rates= invgamma commands. Four categories
were used to approximate the gamma distribution and two runs were
performed simultaneously, each with four Markov chains (one cold,
three heated) which ran for 15,000,000 generations. The first 4000,000
generations were discarded from the analysis (burnin) and every 100th
tree was sampled to calculate a 50% majority-rule consensus tree from
109,983 trees. Nodal values represent the posterior probability that
recovered clades exist given the sequence dataset, and were considered
significant above 95% (Alfaro et al., 2003).

2.4. Bioinformatic analysis of mitochondrial protein data

Translated protein sequences for the cytochrome oxidase I (COI),
cytochrome b (Cytb), NADH dehydrogenase subunit 1 (ND1), NADH
dehydrogenase subunit 2 (ND2) and NADH dehydrogenase subunit 4
(ND4) genes were used for phylogenetic analysis (Mans et al., 2012).
Additionally, COI sequences from selected soft tick species were in-
cluded. Multiple alignment for each protein was performed separately
using MAFFT with iterative alignment (FFT-NS-i) and the BLOSUM62
amino acid scoring matrix (Katoh and Standley, 2013). All sites with
gapped positions in more than 50% of the sequences were removed
using GBLOCKS (Castresana, 2000). Maximum Likelihood analysis was
performed in IQ-Tree 1.5.2 (Nguyen et al., 2015). An optimal sub-
stitution model was calculated for each protein partition: COI
(mtART+ I+G4), Cytb (mtZOA+F+I+G4), ND1 (mtZOA+F
+I+G4), ND2 (mtZOA+F+G4) and ND4 (mtZOA+F+I+G4).
Absent protein genes were treated as missing data. An edge-propor-
tional partition model with proportional branch lengths (-spp) was used
to allow each partition its own specific rate to accommodate different
evolutionary rates between partitions. Nodal support was estimated
using ultrafast bootstrap (n=100,000) and the 50% consensus tree
was reported.
For Bayesian analysis, the alignments produced were concatenated

to produce a supermatrix that comprised 1427 positions. Bayesian
analysis was performed using MrBayes 3.1.2 (Ronquist and
Huelsenbeck, 2003), with the mtrev amino acid substitution model and
a shape prior of 0.77, along with a proportion of invariant sites and a
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gamma distribution of among site heterogeneity employing the nst= 6
rates= invgamma commands. Two runs were performed simulta-
neously, each with four Markov chains (one cold, three heated) which
ran for 5,000,000 generations. Split frequencies were analysed to de-
termine where the data converged and was used to determine the
burnin at 25% of the data. Every 100th tree was sampled to calculate a
50% majority-rule consensus tree from 14,959 trees. Nodal values re-
present posterior probability that the recovered clades exist given the
sequence dataset, and were considered significant above 95% (Alfaro,
2003).

2.5. Automatic barcode gap discovery

Nucleotide sequences for the COI gene were aligned using MAFFT
yielding an alignment with 1515 bp and no gapped positions. This
alignment was submitted to the Automatic Barcode Gap Discovery
(ABGD) Server (http://wwwabi.snv.jussieu.fr/public/abgd/) that cal-
culates a barcode gap from the inference of a model-based one-sided
confidence limit for intraspecific divergence (Puillandre et al., 2012).
Minimum and maximum prior intraspecific divergences (0.001–0.1)
were scanned over 10 steps with a minimum gap width (1.0) and dis-
tance distribution as Nn bins (20). Pairwise-distances were calculated
using the Kimura two parameter model (K2P). Iterative limit inference
and gap detection produced results of partitioning data into groups
which were predicted to be species units.

2.6. Evolutionary placement algorithm- Poisson tree processes (EPA-PTP)

The Maximum Likelihood tree obtained for the mitochondrial pro-
tein sequences was submitted to the Evolutionary placement algorithm-
Poisson tree processes (EPA-PTP) server (http://species.h-its.org/ptp/)
(Zhang et al., 2013). The tree was rooted with the Pycnogonida and

500,000 Markov Chain Monte Carlo (MCMC) generations were per-
formed, with thinning set at 100. Convergence of MCMC chains was
confirmed at a burnin of 0.5.

2.7. Pairwise sequence comparisons of complete mitochondrial genomes

Genus specific mitochondrial genomic sequences were iteratively
aligned using the MAFFT server (FFT-NS-i) and the 200PAM / k=2
scoring matrix. Pairwise sequence identities were calculated from these
alignments using Genedoc (Nicholas et al., 1997).

2.8. Molecular clock estimation

Molecular dating analysis was performed using the Maximum
Likelihood mitochondrial consensus tree in PhyloBayes 3.3b (Lartillot
et al., 2009) using the protein sequence alignment used for the tree
construction. The tree was calibrated using fossil data for minimum
divergence dates of the Pycnogonida-Chelicerata (501 MYA) (Waloszek
and Dunlop, 2002), Xiphosura-Parasitiformes (445 MYA) (Rudkin et al.,
2008), Holothyrida-Mesostigmata (130 MYA) (Peñalver et al., 2017),
Carios (96 MYA) (Klompen and Grimaldi, 2001), Amblyomma (100
MYA) (Chitimia-Dobler et al., 2017; Grimaldi et al., 2002) and Hae-
maphysalis (100 MYA) (Chitimia-Dobler et al., 2018). Since over-
estimation of the molecular clock remains a problem in dating
(Duchêne et al., 2014; Rodríguez-Trelles et al., 2002), the terminal
extant nodes were constrained by using species replicates where mul-
tiple mitochondrial genomes were available. Divergence limits for re-
plicates were estimated using the highest measured substitution rate
observed in arthropods (1E-7 substitutions/site/generation) (Haag-
Liautard et al., 2008), for the upper limit and calculating a lower limit
based on the number of differences observed. A log-normal auto-
correlated relaxed clock (-ln) was assumed, with a uniform prior on

Fig. 1. Collection sites for various soft tick species in South Africa. Also indicated are collections included from outside South Africa as well as Nuttalliella namaqua.
*Indicate data retrieved and assembled from the SRA database.

B.J. Mans et al. Ticks and Tick-borne Diseases 10 (2019) 219–240

222

http://wwwabi.snv.jussieu.fr/public/abgd/
http://species.h-its.org/ptp/


divergence times. A gamma prior of mean 2000 and standard deviation
of 2000 million years was specified for the age of the root. Two runs
were done for each analysis to determine whether convergence had
occurred. For each run, approximately twenty five to thrirty thousand
cycles were performed, of which the first 2500 were discarded from
analysis.

3. Results and discussion

3.1. Tick specimens used in the current study

Argasid ticks were collected over a large region of South Africa as
well as extralimitally (Fig. 1; Table S2). Nuttalliella namaqua and ixodid
ticks were also collected. Primary references used to identify specimens
are cited for each species. The collections include:

3.2. Argasinae

Argas (Argas) africolumbae Hoogstraal, Kaiser, Walker, Ledger,
Converse and Rice, 1975 (Hoogstraal et al., 1975), collected from
Pretoria. Argas (Chiropterargas) boueti Roubaud and Colas-Belcour,
1933 (Hoogstraal, 1955), collected in the Northern Cape (Prieska) and
northern Limpopo (Bergpan), 985 km apart. Argas (Chiropterargas)
confusus Hoogstraal, 1955 (Hoogstraal, 1955), collected in the Northern
Cape. Argas (Ogadenus) brumpti Neumann, 1907 (Hoogstraal, 1956),
were collected in the Northern Cape (Lekkersing) and northern Lim-
popo (Bergpan), ∼1400 km apart. Argas (Persicargas) persicus (Oken,
1818) (Kaiser and Hoogstraal, 1969), collected in Kenya. Argas (Persi-
cargas) walkerae Kaiser and Hoogstraal, 1969 (Kaiser and Hoogstraal,
1969), collected in the Eastern Cape and Northern Cape, ∼856 km
apart. Argas (Proknekalia) peringueyi (Bedford and Hewitt, 1925), re-
presentative of the subgenus Proknekalia (Hoogstraal, 1985), collected
in the North West Province. Argas (Secretargas) transgariepinus White,
1846 (Hoogstraal, 1957), the type specimen of the subgenus Secre-
targas, was collected in the Northern Cape near the type locality
(Pienaar et al., 2018).

Argas (Navis) striatus Bedford, 1932 (Bedford, 1932), assigned to a
new sub-genus (Navis) subgen. nov., collected from sociable weaver
nests in the Northern Cape, in an area ∼180-300 km wide. This new
subgenus is proposed given its unique phylogenetic position relative to
other subgenera, as described in the current study as well as based on
analysis of the 16S rRNA gene (Pienaar et al., 2018). It was never
formally assigned to any subgenus (Hoogstraal, 1985), although Ca-
micas et al. (1998) treated it as a member of the subgenus Argas. Ety-
mology: Navis – Latin for ship, due to its general shape, that includes
parallel sides, anterior portion that narrows to a round point, and with
its margin transversally striated, raised above its dorsal surface and
bisected by the sutural line (Bedford, 1932), giving a distinct appear-
ance of a ship. The only other species that belongs to this subgenus is
Argas (N.) aequalis (Neumann, 1901), a species known from a single
nymph from Tanzania (Neumann, 1908), that was not included in the
recent tick list (Guglielmone et al., 2010).

3.3. Ornithodorinae

Ornithodoros (Alectorobius) capensis Neumann, 1901 was sampled
from penguins in the Eastern and Western Cape, the original type lo-
cality for this species (Neumann, 1901).
Species from the Ornithodoros (Ornithodoros) moubata group in-

cluded Ornithodoros (Ornithodoros) compactus Walton, 1962 (Bakkes
et al., 2018), from the Northern Cape (South Africa). Ornithodoros
(Ornithodoros) moubata (Murray, 1877) (Bakkes et al., 2018), collected
from the neo-type locality in the Groot Marico district and two colony
strains from Spain (Oleaga et al., 2017), and Japan (Ogihara et al.,
2015). Ornithodoros (Ornithodoros) porcinusWalton, 1962 (Bakkes et al.,
2018), collected in West Tsavo, Kenya; Ornithodoros (Ornithodoros)

phacochoerus Bakkes, de Klerk and Mans, 2018 (Bakkes et al., 2018),
collected in the Kruger National Park; and Ornithodoros (Ornithodoros)
waterbergensis Bakkes, de Klerk and Mans, 2018 (Bakkes et al., 2018),
from the Soutpansberg and Waterberg areas.
Species from the Ornithodoros (Ornithodoros) savignyi group in-

cluded Ornithodoros (Ornithodoros) kalahariensis Bakkes, de Klerk and
Mans, 2018 (Bakkes et al., 2018), from the Kalahari; Ornithodoros
(Ornithodoros) noorsveldensis Bakkes, de Klerk and Mans, 2018 (Bakkes
et al., 2018), from the Noorsveld; Ornithodoros (Ornithodoros) pavi-
mentosus Neumann, 1901 (Bakkes et al., 2018), from Namaqualand and
Bushmanland; and Ornithodoros (Ornithodoros) savignyi (Audouin,
1826) (Bakkes et al., 2018) collected in Sudan, which is regionally close
to the original type locality in Egypt.

Ornithodoros (Ornamentum) coriaceus Koch, 1844 was obtained from
a colony kept at Rocky Mountain Laboratories (RML), California, USA.
For Pavlovskyella, Ornithodoros (Pavlovskyella) erraticus (Lucas,

1849) was obtained from a colony kept in Spain (Oleaga et al., 2015).
Ornithodoros (Pavlovskyella) costalis Diatta, Bouattour, Durand, Renaud
and Trape, 2013 (Trape et al., 2013), from Tunisia. Ornithodoros (Pav-
lovskyella) hermsiWheeler, Herms and Meyer, 1935, from a colony kept
at RML. Ornithodoros (Pavlovskyella) parkeri Cooley, 1936 SLO strain
(San Luis Obispo, California) from a colony kept at RML. Ornithodoros
(Pavlovskyella) rostratus Cooley, 1936 from the SRA database. Ornitho-
doros (Pavlovskyella) sonrai Sautet and Witkowski, 1943 from Mali
(Sautet and Witkowski, 1944). Ornithodoros (Pavlovskyella) tholozani
(Laboulbène and Mégnin, 1882), the type specimen of Pavlovskyella,
from a colony kept at RML but originally from Israel. Ornithodoros
(Pavlovskyella) turicata (Dugès, 1876) FLO strain (Florida) and KAN
strain (Kansas) were from colonies kept at RML and another dataset
from a transcriptome study (Egekwu et al., 2016). Ornithodoros (Pav-
lovskyella) zumpti Heisch and Guggisberg, 1953 (Heisch and
Guggisberg, 1953), collected in the Eastern Cape, ∼125 km apart, as
the only representative of the subgenus Pavlovskyella described in
southern Africa (Hoogstraal et al., 1985). Ornithodoros (Reticulinasus)
faini Hoogstraal, 1960 (Hoogstraal, 1960), collected in a single cave in
South Africa previously described (Braack, 1989), which is the only
representative of the subgenus Reticulinasus described in southern and
Eastern Africa (Hoogstraal, 1985).

Otobius (Otobius) megnini (Dugès, 1883) was collected in Port
Elizabeth, South Africa (Walker et al., 2003).

3.4. Nuttalliellidae

Nuttalliella namaqua Bedford, 1931 (Nuttalliellidae) (Bedford,
1931), was collected from Heuningvleipan, 640 km from Springbok, the
locality previously sampled (Mans et al., 2011, 2012).

3.5. Ixodidae

Ixodid ticks collected in South Africa included Amblyomma heb-
raeum Koch, 1844, Amblyomma marmoreum Koch, 1844 and
Amblyomma tholloni Neumann, 1899 (Hoogstraal, 1956; Robinson,
1926; Theiler and Salisbury, 1959). Dermacentor rhinocerinus (Denny,
1843; Hoogstraal, 1956). Hyalomma rufipes Koch, 1844 and Hyalomma
truncatum Koch, 1844 (Hoogstraal, 1956; Apanaskevich and Horak,
2008a, 2008b). Ixodes rubicundus Neumann, 1904 and Ixodes simplex
Neumann, 1906 (Arthur, 1965). Rhipicentor nuttalli Cooper and Ro-
binson, 1908 (Theiler, 1961). Rhipicephalus appendiculatus Neumann,
1901, Rhipicephalus (Boophilus) decoloratus Koch, 1844, Rhipicephalus
evertsi Neumann, 1897, Rhipicephalus maculatus Neumann, 1901, Rhi-
picephalus (Boophilus) microplus (Canestrini, 1888), Rhipicephalus simus
Koch, 1844 and Rhipicephalus zambeziensis Walker, Norval and Corwin,
1981. Rhipicephalus species were identified according to Walker et al.
(2000) and Walker et al. (2003).
Sequence read archive data were also mined to obtain mitochon-

drial and nuclear markers for Amblyomma aureolatum (Pallas, 1772),
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Amblyomma sculptum (Berlese, 1888), Dermacentor variabilis (Say,
1821), Hyalomma excavatum Koch, 1844, Rhipicephalus bursa Canestrini
and Fanzago, 1878 and Rhipicephalus pulchellus (Gerstäcker, 1873). In
total, 92 different datasets were analysed for which mitochondrial and
nuclear markers could be extracted, making this the largest phyloge-
netic study to date on argasid and ixodid ticks.

3.6. Phylogenetic analysis using nuclear 18S-28S ribosomal RNA datasets

Phylogenetic analysis of combined 18S and 28S genes yielded re-
sults similar to previous studies (Burger et al., 2014a; Mans et al., 2015,
2011). Novel or pertinent observations in the current study include: 1)
Ixodida are monophyletic with Holothyrida as the closest sister group

(Klompen et al., 2007) (Fig. 2). 2) Nuttalliella namaqua grouped as a
separate lineage at the base of the tick tree in accordance with its
designation as a separate family (Mans et al., 2011) (Fig. 2). 3) Ixodes
from the Afrotropical region group with non-Australian Ixodes (Fig. 3).
4) Ixodes simplex collected from the Bakwena Cave showed 6 nucleotide
differences in the 18S rRNA gene compared to I. simplex simplex, that
suggest a possible species complex (Hornok et al., 2015), which could
include I. sp. incertae previously described by Arthur (1956) from the
same locality, although it is currently not recognized as a valid species
(Guglielmone et al., 2010). 5) Ixodes rubicundus group in a clade with
Ixodes pilosus and Ixodes corwini (Fig. 3), and all these species are re-
stricted to South Africa (Walker, 1991). 6) Afrotropical Amblyomma
group within Amblyomma in a clade composed of African and South

Fig. 2. The 18S-28S phylogenetic analysis for the Ixodida, represented at genus and subgenus level. Nodal support are for Maximum Likelihood analysis, while black
dots represent> 95% and white dots> 90% Bayesian posterior probability. Ticks sequenced in the current study are underlined. Accession numbers of 18S and 28S
ribosomal sequences are indicated in parentheses.
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American species (Fig. 3). 7) Dermacentor rhinocerinus group within
Dermacentor (Fig. 3). 8) The subgenus Ornithodoros group within a
monophyletic clade (Bakkes et al., 2018) (Fig. 4). 9) Pavlovskyella group

within Ornithodorinae, but are paraphyletic (Fig. 4). 10) Chiropterargas
group within Ornithodorinae in a monophyletic clade (Fig. 4), that
excludes Carios sensu Klompen and Oliver (1993). 11) Argas (C.) boueti

Fig. 3. The 18S-28S phylogenetic analysis for the Ixodidae. Nodal support are for Maximum Likelihood analysis, while black dots represent> 95% and white
dots> 90% Bayesian posterior probability. Ticks sequenced in the current study are underlined. Species are represented by their binomial nomenclature
(Guglielmone et al., 2010). Accession numbers of 18S and 28S ribosomal sequences are indicated in parentheses.
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Fig. 4. The 18S-28S phylogenetic analysis for the Argasidae. Nodal support are for Maximum Likelihood analysis, while black dots represent> 95% and white
dots> 90% Bayesian posterior probability. Ticks sequenced in the current study are underlined. Species are represented by their binomial nomenclature
(Guglielmone et al., 2010) and subgeneric designation according to Hoogstraal (1985). Accession numbers of 18S and 28S ribosomal sequences are indicated in
parentheses. Origins for various sequences are also indicated.
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Fig. 5. Maps of the mitochondrial gene arrangement for Argasidae, Metastriates, Prostriates, and Nuttalliellidae. Genes on the outside are on the forward strand,
while genes on the inside are on the reverse or complementary strand. Protein genes are in dark grey, ribosomal genes in light grey and transfer RNA in white boxes.
Also indicated are mitochondrial genome sizes and size variation where known (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).
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group in two well supported monophyletic clades, suggesting multiple
species (Fig. 4). 12) Members of the genus Carios sensu Klompen and
Oliver (1993), form a monophyletic clade in Ornithodorinae and in-
cludes the subgenera Alectorobius, Antricola, Nothoaspis, Parantricola,
Reticulinasus and Subparmatus (Fig. 4). 13) The subgenera Alveonasus,
Argas, Navis, Ogadenus, Persicargas, Proknekalia and Secretargas group in
Argasinae (Fig. 4). 14) The subgenera Argas and Persicargas are not
monophyletic due to inclusion of Secretargas. 15) The previously
monotypic subgenus Ogadenus form two well supported clades, sug-
gesting multiple species (Fig. 4).

3.7. Mitochondrial genome structure

Argasid and Ixodes mitochondrial genomes analysed in this study
showed the genome arrangement as previously described for argasids,
N. namaqua and prostriates (Fig. 5). This corresponds to the ancestral
arrangement for arthropods, as found in the horseshoe crab (Black and
Roehrdanz, 1998; Burger et al., 2014a; Campbell and Barker, 1998;
Lavrov et al., 2000; Mans et al., 2012; Montagna et al., 2012; Shao
et al., 2004, 2005). Metastriate ticks analysed in the present study had
the mitochondrial genome arrangement as previously reported for
metastriates (Fig. 5) (Black and Roehrdanz, 1998; Burger et al., 2014b,
2013, 2012; Campbell and Barker, 1998).

3.8. Phylogenetic analysis of mitochondrial markers

Phylogenetic analysis of mitochondrial markers gave results that
were largely consistent with previous analysis (Burger et al., 2014a; de
Lima et al., 2018; Mans et al., 2012). Observations pertinent to the
current study include: 1) Monophyly of Ixodida, with three clades re-
presenting the different tick families (Mans et al., 2012) (Fig. 6). 2)
Ixodidae are monophyletic (Burger et al., 2014b, 2013, 2012; Mans
et al., 2012) (Fig. 6). 3) The genus Ixodes is monophyletic, with Aus-
tralian and non-Australian lineages forming separate clades (Fig. 7). 4)
Afrotropical Amblyomma grouped within Amblyomma in a clade com-
posed of African and South American species (Fig. 7). 5) Rhipicepha-
linae form a monophyletic clade with Dermacentor and Rhipicentor basal
to other rhipicephalines (Murrell et al., 2001; Barker and Murrell, 2004;
Burger et al., 2014b) (Fig. 7). 6) Hyalomma group within Rhipicepha-
linae basal to Rhipicephalus as previously proposed (Murrell et al., 2001;
Barker and Murrell, 2008) (Fig. 7). 7) All Rhipicephalus species form a
monophyletic group (Barker and Murrell, 2008, 2004) (Fig. 7). 8)
Rhipicephalus sanguineus (Latreille, 1806), R. simus and Rhipicephalus
turanicus Pomerantzev, 1940 form a monophyletic clade (R. sanguineus
group), and R. appendiculatus and R. zambeziensis forms a monophyletic
clade (R. appendiculatus group) (Barker and Murrell, 2008) (Fig. 7).
These two clades are basal to other Rhipicephalus as described pre-
viously (Burger et al., 2014b). 9) Rhipicephalus maculatus and R. pul-
chellus form a monophyletic clade (R. pulchellus group) (Barker and
Murrell, 2004) (Fig. 7). 10) Rhipicephalus bursa and R. evertsi form a
monophyletic clade (R. bursa group) basal to members of the former
genus, now subgenus Boophilus (Barker and Murrell, 2004) (Fig. 7). 11)
Rhipicephalus (Boophilus) species forms a monophyletic clade within
Rhipicephalus (Burger et al., 2014b) (Fig. 7). Addition of R. (B.) deco-
loratus has now completed representation of the members of this sub-
genus. 12) Rhipicephalus (B.) microplus from South Africa also groups
with genotypes obtained from Brazil as previously proposed (Burger
et al., 2014b) (Fig. 7). 13) Monophyly of Argasidae, comprising Arga-
sinae and Ornithodorinae (Burger et al., 2014a; Mans et al., 2012)
(Fig. 8). 14) Grouping of Argas. (P.) persicus and A. (P.) walkerae in a
clade with other members of Argas and Persicargas within Argasinae
(Fig. 8). 15) Monophyly of the subgenera Argas, Ogadenus and Persi-
cargas (Fig. 8). 16) Grouping of the subgenera Navis subgen. nov.,
Proknekalia and Secretargas in a monophyletic clade within Argasinae to
the exclusion of Argas, Persicargas and Ogadenus (Fig. 8). 17) Multiple
clades suggesting multiple species within the previous monotypic

subgenus Ogadenus (Fig. 8). 18) Grouping of the subgenus Chiropter-
argas within Ornithodorinae, but not in the clade formed by Carios
sensu Klompen and Oliver (1993), as well as presence of multiple
species in A. (C.) boueti (Fig. 8). 19) Grouping of the subgenera Alec-
torobius, Antricola, Carios, Nothoaspis, Reticulinasus and Subparmatus in a
clade formed by Carios sensu Klompen and Oliver (1993) (Fig. 8). 20)
Grouping of the subgenus Pavlovskyella within Ornithodorinae, but in
separate clades for different geographic lineages, indicating paraphyly
(Klompen and Oliver, 1993) (Fig. 8). 21) Monophyly of the subgenus
Ornithodoros, with different species of the O. (O.) savignyi and O. (O.)
moubata groups, as supported by 16S rRNA and morphometric analysis
(Bakkes et al., 2018) (Fig. 8).

3.9. Species delimitation

The mitochondrial gene tree suggests that species groups exist,
which may be cryptic. To obtain an estimation of which clades re-
present unique species, the Automatic Barcode Genetic Distance
Discovery (ABGD) (Puillandre et al., 2012) and the evolutionary pla-
cement algorithm- Poisson tree processes (EPA-PTP) (Zhang et al.,
2013) servers were used for species delimitation (Collins and
Cruickshank, 2013). Using an aligned COI subset and the ABGD server,
109 species groups were recognized and corresponded to phylogenetic
designations for the various clades (Table S7). Similar results were
obtained using the EPA-PTP server for the ML tree obtained from the
mitochondrial dataset, which yielded 95 species (Table S7). These
species designations allow interpretation of pairwise sequence com-
parisons of the whole mitochondrial genomes, where pairwise nucleo-
tide identities below 94% indicate different species and identities of
96% or above indicate the same species (Table S8). Pairwise identities
of 95% based on mitochondrial genome alignment seem to designate a
barcoding gap in ticks, while identities from 93%–94% may indicate
cryptic species.
Species delimitation, pairwise comparisons and phylogenetic ana-

lyses indicated that at least four different species exist among ticks that
were previously designated as O. (O.) savignyi (Theiler and Hoogstraal,
1955). These species correspond to geographic areas, notably the
Noorsveld of the Eastern Cape [O. (O.) noorsveldensis], Namaqualand
and Bushmanland [O. (O.) pavimentosus], the Kalahari [O. (O.) kala-
hariensis], and north Africa [O. (O.) savignyi]. Of these, the north
African samples represent the type locality and are widely distributed
across north Africa and the Middle East, most probably due to dispersal
along the camel trade routes (Hoogstraal, 1956). The presence of at
least three different species in southern Africa, suggests that multiple
species may be present in isolated semi desert-like areas across Africa
(Leeson, 1953). Taxonomic differentiation based on classical mor-
phology and morphometric analysis support the validity of these new
species (Bakkes et al., 2018).
In the O. (O.) moubata group, five distinct species were observed,

notably O. (O.) compactus, O. (O.) moubata, O. (O.) phacochoerus, O.
(O.) porcinus, and O. (O.) waterbergensis. The original mitochondrial
genome of O. (O.) moubata and the Japan colony form a unique lineage
that groups with O. (O.) compactus. Conversely, the O. (O.) moubata
colony from Spain groups with O. (O.) moubata from the type locality.
In the subgenus Ogadenus, at least two species exist in this pre-

viously monotypic subgenus (Hoogstraal, 1985). Given that both pu-
tative Ogadenus species from this study occur in southern Africa, and
that the original type specimen was described from the Ogaden region
in Ethiopia (∼4000 km north from Soutpansberg), it is likely that South
African specimens are not A. (O.) brumpti sensu stricto, but represent
two new species instead. The biology of this subgenus comprising
various hosts (birds, mammals and reptiles), various ecotypes (caves,
rocks and termite mounds), rapid feeding of nymphs and adults, and its
secretive nature, suggests limited dispersal by host migration
(Hoogstraal, 1985, 1956). As such, multiple species in this genus may
be expected. Using a distance of ∼1400 km from the current study as
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proxy for geographic isolation, the number of existing species may be
greater than 10 given the widespread distribution of this genus across
Africa (Hoogstraal, 1956).

Based on COI data there may also exist cryptic species in A. (S.)
transgariepinus. The current study collected specimens near the type
locality, while larvae were collected previously from the Soutpansberg

Fig. 6. The mitochondrial protein phylogenetic analysis for the Ixodida, represented at genus and subgenus level. Nodal support are for maximum likelihood analysis,
while black dots represent> 95% and white dots> 90% Bayesian posterior probability. Ticks sequenced in the current study are underlined. Accession numbers of
mitochondrial genomes are indicated in parentheses.
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Fig. 7. The mitochondrial protein phylogenetic analysis for the Ixodidae. Nodal support are for Maximum Likelihood analysis, while black dots represent> 95% and
white dots> 90% Bayesian posterior probability. Ticks sequenced in the current study are underlined. Species are represented by their binomial nomenclature
(Guglielmone et al., 2010). Accession numbers of mitochondrial genomes are indicated in parentheses.
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area, ∼1000 km apart (Hornok et al., 2017). Given the wide distribu-
tion of this tick species across the Afrotropic and Palearctic regions,
multiple cryptic species may be expected, even if the wide distribution

of this species has been explained by dispersal of larvae with migrating
bats (Hoogstraal, 1985).
In Chiropterargas, two different species exist within the A. (C.) boueti

Fig. 8. The mitochondrial protein phylogenetic analysis for the Argasidae. Nodal support are for Maximum Likelihood analysis, while black dots represent> 95%
and white dots> 90% Bayesian posterior probability. Ticks sequenced in the current study are underlined. Species are represented by their binomial nomenclature
(Guglielmone et al., 2010) and subgeneric designation according to Hoogstraal (1985). Accession numbers of the mitochondrial genomes are indicated in par-
entheses. Origins for various sequences are also indicated.
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group and may reflect the different races previously described for this
species (Hoogstraal, 1955). While these species were sampled at two
distinct geographic localities, they were sympatric at Kleine Noute as
evidenced by 16S rRNA sequencing (B.J. Mans, unpublished observa-
tion). The type for A. (C.) boueti was designated from Egypt
(Hoogstraal, 1955), and so these two species may represent new species
distinct from A. (C.) boueti s. s.
Within Carios, C. (R.) faini may represent two cryptic species that

were sampled from the same cave where this tick was previously
identified (Braack, 1989). Analysis of 16S rRNA (results not shown),
indicated that one of the sequences clustered with C. (R.) faini sampled
from Uganda (Schuh et al., 2016). Since the type locality of this species
is in the Congo (Hoogstraal, 1960), we cannot be sure that the type
locality has been sampled. Carios (A.) capensis from South Africa and
Japan (Shao et al., 2004; Ushijima et al., 2003), may also represent
cryptic species. The Carios capensis complex comprises several distinct
species from the northern and southern hemispheres, and may form
distinct races in support of a possible cryptic complex (Dupraz et al.,
2016). Carios vespertilionis may also be a cryptic group, as suggested
previously (Hornok et al., 2017).
For ixodids, potential cryptic species may exist for A. marmoreum

collected in Gauteng and Eastern Cape, which is a species known to
show morphological variation (Theiler and Salisbury, 1959). The
cryptic species complex composed of Rhipicephalus (Boophilus) annu-
latus, Rhipicephalus (Boophilus) australis and R. (B.) microplus is well
known (Burger et al., 2014b). A mitochondrial genome from China
classified as R. simus (Xu et al., 2016), is most probably R. (B.) micro-
plus, since R. simus occurs exclusively in southern Africa (Walker et al.,
2000). The mitochondrial genome reported for R. simus in the current
study, clusters in a clade with R. sanguineus and R. turanicus as pre-
viously observed (Barker and Murrell, 2004). In Dermacentor, Derma-
centor nuttalli and Dermacentor silvarum belong to the same species, as
previously suggested (Kulakova et al., 2014). The sequences of A.
sculptum and Amblyomma cajennense s.l. also belong to the same species,
probably being A. sculptum, as recently described (de Lima et al., 2017;
Nava et al., 2014).

Nuttalliella namaqua from Springbok and Heuningvleipan (sampled
640 km apart) may also be cryptic species. Given the wide distribution
from South Africa to Tanzania, this could suggest that other species may
exist for this family (Mans et al., 2015, 2014). Even so, the sequence
similarities suggest that this family will not be species rich and given its
inferred ancient history in relation to other tick families, may still be
considered a relic with close affinities to the ancestral tick lineage
(Mans et al., 2016, 2012, 2011).

3.10. Species delimitation and implications for biological studies

The presence of different species for ticks previously considered as
single species has significant implications for various biological studies.
As such, a very large body of biochemical and molecular work has been
performed on O. (O.) savignyi and O. (O.) moubata. In the case of O. (O.)
savignyi, the majority of work was reported for samples from the
Kalahari in southern Africa which are now considered a distinct species
[O. (O.) kalahariensis] as compared with the north African O. savignyi
s.s. (Bakkes et al., 2018). Different proteins such as apyrase (Mans et al.,
1998; Stutzer et al., 2009), barium sulphate adsorption proteins
(BSAPs) (Ehebauer et al., 2002), fXaI (Gaspar et al., 1996; Joubert
et al., 1998), savignin (Mans et al., 2002a; Nienaber et al., 1999), sa-
vignygrin (Mans et al., 2002b) and tick salivary gland proteins 1–4
(TSGP1-TSGP4) (Mans and Ribeiro, 2008a, 2008b; Mans et al., 2008,
2003, 2001) would now describe functions for O. (O.) savignyi sensu
lato and not for O. (O.) savignyi s.s. The sensu stricto species would have
its own orthologs with inferred similar functions. The question arises
regarding the ability of various species from the O. (O.) savignyi group
to cause sand tampan toxicoses, since this has only been recorded for
the Kalahari species from South Africa, and ticks from the Lake Chad

region (Mans et al., 2002c). The risk for various species to act as vectors
for Alkhurma hemorrhagic virus should also be determined since in-
fected ticks have only been identified in Saudi Arabia (Charrel et al.,
2007).
In the case of O. (O.) moubata, the origin of tick samples for various

biochemical studies is fairly obscure. Tick anticoagulant peptide (TAP),
disagregin and moubatin were isolated from ticks obtained from South
Africa (Karczewski et al., 1994; Waxman and Connolly, 1993; Waxman
et al., 1990). However, it is unlikely that these ticks derived from the
type locality (Groot Marico district). Rather, it is plausible that the ticks
were sourced from the Kruger National Park or Waterberg areas (B.J.
Mans, discussions with State Veterinarians), which represent localities
for O. (O.) phacochoerus and O. (O.) waterbergensis, respectively. Ticks
used for the characterization of the complement inhibitor OMCI were
originally from Kenya (Bell-Sakyi et al., 2009; Nunn et al., 2005) and
would probably represent O. (O.) porcinus. Ticks used to characterize
apyrase, TSGP1, TSGP4 and enolase (Baranda et al., 2000, 1997; Díaz-
Martín et al., 2015, 2013, 2011; Manzano-Román et al., 2016; Oleaga
et al., 2007) derived from a colony kept at the Institute for Animal
Health (Pirbright), which originally was established using ticks from
the London School of Hygiene and Medicine (Rennie et al., 2000), or
from Zambia (Wilkinson et al., 1988), or Malawi (Oleaga et al., 2017).
This colony represents O. moubata s.s. as indicated in the current study.
The origin of ticks used to characterize alpha-macroglobulin-like

glycoprotein, cystatins, Dorin M, ferritin and lysozyme (Grunclová
et al., 2006, 2003; Kopáček et al., 2003, 2000, 1999; Kovár et al., 2000;
Rego et al., 2005; Salát et al., 2010; Saravanan et al., 2003) is unknown.
Characterization of actin, defensin, ecdysteriod receptor, retinoid X
receptor and vitellogenin (Horigane et al., 2010, 2008, 2007a, 2007b;
Nakajima et al., 2001) derived from ticks that group closely to O. (O.)
compactus, but they probably represent a unique lineage. Most of the
biological functions described above would be for O. moubata s.l. and
cannot be assigned to specific species.
The mitochondrial genomes derived from the O. (P.) turicata syn-

ganglion dataset (Egekwu et al., 2016; Zhu et al., 2016) and from the
RML derived FLO strain show 98% identity to the O. (P.) parkeri SLO
strain. These genomes [including O. (P.) parkeri] show only 85%
identity to the mitochondrial genome of O. (P.) turicata from Kansas.
Conversely, COI and Cytb data from O. (P.) turicata from Texas (Travis
Co.) show 99% identity to the Kansas strain (results not shown), while
the Kansas strain shows 100% identity to the O. (P.) turicata 16S rRNA
(L34327) (Black and Piesman, 1994). The 16S rRNA from O. (P.) parkeri
SLO, O. (P.) turicata FLO and O. (P.) turicata synganglion all shows 99%
identity in the 16S rRNA gene for O. (P.) parkeri (EU009925) obtained
from a transcriptome previously sequenced (Francischetti et al., 2008),
of which samples originally derived from California (Oliver et al.,
1984). BLAST analysis of 154 nucleotide sequences obtained from this
latter transcriptome, showed 100% identity to contigs from the O. (P.)
turicata synganglion transcriptome (results not shown). The O. (P.)
turicata from Florida are therefore morphologically cryptic variants of
O. (P.) parkeri. This may explain the curious distribution pattern of O.
(P.) turicata that is disjunct between the mid-West and Florida in the
United States of America (Donaldson et al., 2016). Moreover, the sug-
gestion resurfaces that O. (P.) turicata from Florida should be con-
sidered a subspecies, O. (P.) turicata americanus (Beck et al., 1986). The
possibility that humans introduced O. (P.) parkeri into Florida, possibly
via the pet trade, should be considered (Krysko et al., 2011). These data
also suggest that an in-depth population genetic study of both O. (P.)
parkeri and O. (P.) turicata across their distribution ranges is necessary
to delineate their true geographic distributions. The tick vector speci-
ficity of Borrelia species has been used as a means to identify tick
vectors, specifically in regard to O. (P.) parkeri and O. (P.) turicata
(Davis, 1952, 1942). Borrelia turicatae was previously identified in
Florida in a dog, based on phylogenetic analysis of the combined genes
for 16S rRNA, periplasmic flagella (flaB), gyrase (gyrB) and glycer-
ophosphodiester phosphodiesterase (glpQ) (Schwan et al., 2005). There
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is therefore a possibility that O. (P.) turicata may also occur in Florida.
Alternatively, the dog could have relapsed six years after it relocated to
Florida from Colorado due to immunosuppression (Breitschwerdt et al.,
1994). While long-term relapse from relapsing fever Borrelia is un-
common, chronic cases have been reported (Lange et al., 1991).

Ornithodoros (P.) costalis and O. (P.) erraticus grouped as one species
using the ABGD server. Pairwise sequence identity of the full mi-
tochondrial genome also indicated 95% identity, making it a borderline
cryptic complex. However, comparison of 16S rRNA sequences showed
that O. (P.) erraticus gave as best hit O. (P.) costalis (98% identity)
(Table S1), while only showing 81% identity to O. (P.) erraticus
(KC311539). This would imply that the O. (P.) erraticus colony from
Spain is O. (P.) costalis instead. A variety of studies that used this colony
reported molecular data that should be considered as derived from O.
(P.) costalis. These include data on antigen characterization, proteomic
and transcriptomic analysis and vaccine development (Astigarraga
et al., 1997; Baranda et al., 2000, 1997; Manzano-Román et al., 2007,
2006; Oleaga et al., 2015, 2018, 2007).
Molecular sequence data reported for R. (B.) microplus may derive

from R. (B.) microplus or R. (B.) australis, if data were generated from
Australian ticks in the latter case (Mans et al., 2016). The genome of R.
microplus was sequenced using specimens from a population causing an
outbreak in the U.S.A. (Barrero et al., 2017). R. microplus was detected
infesting cattle in the U.S.A in 1912 (Bishopp, 1913). It was suspected
that the infested cattle arrived in Florida through commerce from a
source in the Caribbean. Recent analyses on R. microplus causing out-
breaks in the U.S.A. showed molecular sequences that matched more
closely those of samples from Cambodia and the Philippines (Goolsby
et al., 2016). Current scientific knowledge indicates that R. microplus
evolved originally in Southeast Asia (Low et al., 2015).
This study allowed taking another approach to address challenges

with tick taxonomics. The O. (P.) erraticus species complex was only
recently resolved (Trape et al., 2013), similar to the O. (O.) moubata and
O. (O.) savignyi groups (Bakkes et al., 2018). It appears that the R. (B.)
microplus complex is still being resolved (Burger et al., 2014b; Csordas

et al., 2016), while the issues around O. (P.) parkeri/turicata need to be
resolved. Linking biochemical and molecular data to the correct spe-
cies, will enable us to reconstruct evolution of protein function during
the adaptation of ticks to blood-feeding, and correctly assign orthologs
for phylogenomic studies (Mans et al., 2016). It has been suggested that
voucher 16S rRNA or COI sequences be submitted or referenced for
every biochemical study and laboratory strain used in the future, to
enable the placement of biochemical data within a phylogenetic context
(Mans et al., 2016). As the current study indicates, submission of
voucher sequences should be a priority for any future published study,
especially for argasids where cryptic species complexes may exist.

3.11. Molecular dating

Three main periods have been considered for the origin of ticks. An
older origin in Australia during the Devonian (408-362 MYA) that co-
incides with the appearance and terrestrialization of labyrinthodont
amphibians as archetypal hosts (Barker et al., 2014). Currently, no
supporting evidence for this date exists, beyond a consideration that
ticks originated in Australia.
A younger origin in the Cretaceous (∼130 MYA) was proposed,

based mainly on the lack of tick fossils in Lebanese amber (∼130 MYA),
the oldest amber deposits that contain a parasitiform mite, and on the
presence of tick fossils in Burmese and New Jersey amber (∼100 MYA)
(Klompen and Grimaldi, 2001; Peñalver et al., 2017). However, fossil
evidence can only provide minimum ages, while the relative paucity of
tick fossils in amber makes the “absence as evidence” argument ten-
uous. By comparison, a similar example concerns pseudoscorpions
where the majority of fossils are found in amber with minimum age
∼135-100 MYA (comparable to the proposed tick date of origin). Three
older fossils found in shale that date to 392 MYA pushed their origins
back ∼260 million years from the amber estimates (Harms and Dunlop,
2017). Harvestmen show the same fossil paucity with an estimated
older date of origin (Selden et al., 2016). The more recent origin hy-
pothesis also implies that ticks rapidly diverged into the three tick

Fig. 9. Molecular clock dating of the Ixodida. Indicated is the chronogram for the mitochondrial topology. The time scale was derived from the GSA Geologic Time
Scale v 4.0 (Walker et al., 2012). Pertinent events possibly related to tick evolution are indicated on the right. Black dots indicate the minimum age of divergence
within a lineage.
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families as well as the major lineages (Argasinae, Ornithodorinae, Ix-
odinae, Metastriata) within a period of less than 30 million years, an
implication not supported by genetic distances observed in molecular
trees. The widespread phylogeography of tick genera is problematic for
a young origin, especially in Australia, as it would imply that ticks
dispersed after the breakup of Gondwanaland (McLoughlin, 2001), and
then populated the major continents. This is especially troublesome for
the fast feeding Ornithodorinae that are nidicolous, but do not attach to
their host for days, making rapid dispersal problematic. Dispersal
biology of soft ticks remains to be fully understood (Kada et al., 2017).
A Late Carboniferous-Early Permian origin (320-290 MYA) has also

been considered based on phylogeographic considerations and mole-
cular clock analyses (Jeyaprakash and Hoy, 2009; Mans et al., 2012,
2011). These analyses used fossils as minimum ages to calibrate nodes,
but did not place an upper age limit on nodes. We utilized this latter
approach in the current study (Fig. 9; Table S9), which yielded inter-
esting implications:

1) The origin of the ancestral lineage to ticks and Holothyrida was
dated in the Early Carboniferous (348 ± 31 MYA), while the
origin of Ixodida was dated at 273 ± 22 MYA. This fits with an
origin in the Early Permian and supports the original proposition
that ticks originated in the Karoo basin of Gondwanaland with
potential archetypal hosts being therapsids (Mans et al., 2011). The
predilection of extant N. namaqua for mammals and lizards, may
suggest that apart from therapsids, early diapsids may also have
been hosts (Mans et al., 2014).

2) The ancestral lineage to hard and soft ticks diverged in the Late
Permian (∼260 ± 21 MYA). Most recent estimates for the
Permian extinction of terrestrial animals is 260 MYA (Day et al.,
2015), implying that ticks would have originated during or just
after the Permian extinction, and suggest a possible reason for the
paucity of ancestral lineages and Nuttalliellidae in fossils (Mans
et al., 2011). Divergence of tick families may have been driven by
rapid recovery of terrestrial vertebrates after the Permian extinc-
tion (Botha and Smith, 2006).

3) Argasid and ixodid lineages both diverged in the Triassic, for ar-
gasids 223 ± 20 MYA and ixodids 234 ± 18 MYA, leading to the
splits between Argasinae-Ornithodorinae and Prostriates-
Metastriates, respectively. In the case of argasids, the emergence of
feathered dinosaurs may have contributed to their divergence
(Chiappe and Dyke, 2002), while divergence of mammaliaform
stem clades could have driven ixodid divergence (Luo, 2007).

4) Argasinae (164 ± 29 MYA) diverged in the middle Jurassic which
is close enough to the oldest bird fossil (150 MYA) to suggest that
diversification of early birds may have driven divergence in arga-
sines. The lineage leading to Argas/Persicargas only diverged in the
Late Paleogene (29 ± 9 MYA). Since this latter group comprises
∼75% of all Argasinae (Table S10), it implies that the majority
evolved recently in the Neogene. Divergence of Argas/Persicargas
also occurred well after the origin of modern birds (∼72 MYA)
(Prum et al., 2015), which implies that Argas, Navis and Proknekalia
adapted to bird hosts independently. The position of Ogadenus,
Secretargas, Proknekalia and Navis relative to Argas, suggests that
Argasinae evolved in the Afrotropical region.

5) Secretargas (47 ± 27 MYA) adapted to bats after their origin 65
MYA (Teeling et al., 2005). Remarkably, other bat infesting
lineages also show divergence around this time, in Antricola/No-
thoaspis/Reticulinasus (46 ± 12 MYA) and Carios s.s. (45 ± 21
MYA), suggesting that bat diversification may have driven evolu-
tion in these lineages. On the other hand, Chiropterargas (90 ± 20
MYA) originated before the origin of bats and may have originally
parasitized other flying reptiles such as pterosaurs.

6) The previously monotypic Ogadenus shows an ancient diversifica-
tion (84 ± 26 MYA) relative to other Argasinae, which suggests it
might resemble the ancestral form. Host specificity of extant

species for reptiles and mammals suggests that these may have
been ancestral hosts to the Argasinae.

7) Ornithodorinae diverged in the middle Jurassic (186 ± 18 MYA)
and placement of Chiropterargas, as well as Afrotropical and
Palearctic Pavlovskyella at the base of the tree suggests that
Ornithodorinae evolved in Gondwanaland. Given that both
Argasinae and Ornithodorinae seemed to have originated in this
area, it seems likely that Argasidae originated in the Afrotropical
region of Gondwanaland as well.

8) Subsequent divergences seem to split the tree into several different
groups, with primarily significant divergences in Carios and a
lineage composed of Nearctic and Neotropical Pavlovskyella, as well
as Afrotropical Ornithodoros. Carios s.l. Klompen and Oliver (1993),
diverged 122 ± 10 MYA ago, which suggests that adaptation to
bats occurred multiple times independently in this lineage. How-
ever, it is possibile that this lineage adapted to terrestrial flying
pterosaurs, which showed major divergence 140-120 MYA (Andres
et al., 2014). Under this scenario, a host switch from pterosaurs to
bats would have occurred during the K–T extinction event and the
origin of bats (Andres et al., 2014; Teeling et al., 2005). Carios s.l.
most probably originated in the Neotropical or Nearctic region
with subsequent dispersal to the Old World as observed for Carios
s.s. and Reticulinasus, which coincide with historical bat dispersal
(Amador et al., 2018; Teeling et al., 2005).

9) A clade composed of Ornamentum and O. hermsi (Nearctic
Pavlovskyella) grouped separately from other Nearctic
Pavlovskyella. Bootstrap support to consider all Nearctic
Pavlovskyella monophyletic is low for either nuclear or mitochon-
drial markers. The American school (Clifford et al., 1964;
Hoogstraal, 1985) considered O. hermsi part of the Pavlovskyella,
while the French school considered O. hermsi a novel subgenus
(Sbg. nov.1 Morel) in Alectorobius (Camicas and Morel, 1977;
Camicas, 1998).

10) Divergence of Nearctic Pavlovskyella from Neotropic Pavlovskyella
and Afrotropical Ornithodoros occurred 141 ± 14 MYA. The latter
two lineages diverged 127 ± 17 MYA, which coincides with the
final breakup of South America and Africa (McLoughlin, 2001;
Seton et al., 2012), which suggests that these lineages were sepa-
rated by continental drift. Nearctic Pavlovskyella probably colo-
nized North America via the Palearctic. The above scenarios sug-
gest possible reasons for paraphyly in the Pavlovskyella, i.e.
different divergence times, vicariance and continental drift. It also
indicates an origin in the Afrotropical region, with divergence and
dispersal to the Palearctic and then the Nearctic, and dispersal to
Australia via Antarctica and to the Neotropics during the Africa/
South America breakup. To test these hypotheses sampling of the
Nearctic, Palearctic and Australian lineages are particularly ne-
cessary.

11) Divergence of Afrotropical Ornithodoros (Ornithodoros) occurred
recently (19 ± 5 MYA) and coincides with the aridification of the
Kalahari (17-16 MYA). The origin of the O. (O.) savignyi group
(11 ± 1.7 MYA) coincides with continual desertification of the
Kalahari and the origin of the Sahara desert (8-7 MYA) (Thomas
and Shaw, 1993). The origin of the O. (O.) moubata group (4.2 ± 1
MYA) coincides with the origin of wild suids in Africa and di-
versification of bushpigs and warthogs (8-2 MYA) (Frantz et al.,
2016; Muwanika et al., 2003). Phylogenetic patterns for both
groups suggest that these lineages evolved in southern Africa be-
fore dispersal to east and north Africa (Bakkes et al., 2018). Di-
vergence of the O. (O.) moubata group also coincides with the
origins of major rivers and tectonic uplift in the Pliocene, and these
are suggested as drivers of speciation in this group (Bakkes et al.,
2018).

12) Prostriates diverged ∼224 ± 18 MYA into the Australasian and
Rest of the World Ixodes. For Australasian lineages, given the date
of divergence (134 ± 32 MYA), dispersal most probably occurred
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from Gondwanaland to Australia via Antarctica (McLaughlin,
2001; Seton et al., 2012), with establishment and diversification of
Australasian lineages coinciding with introduction and diversifi-
cation of dinosaurs (Agnolin et al., 2010). Divergence of the Rest of
the World Ixodes occurred 154 ± 43 MYA suggesting an origin in
the Afrotropical region, before dispersal to the Nearctic, Palearctic
and Neotropics.

13) Metastriates originated ∼186 ± 16 MYA. Bothriocroton and
Haemaphysalis diverged from Amblyomminae and Rhipicephalinae
∼180 ± 15 MYA, and from each other ∼164 ± 16 MYA.
Amblyomminae and Rhipicephalinae diverged ∼174 ± 15 MYA.
These dates allow sufficient room for dispersal to Neotropical,
Nearctic and Australian continents. The time of origin for
Amblyomma (144 ± 12 MYA), suggests that divergence between
African and South American groups occurred due to continental
rifting.

14) Diversification of Dermacentor (131 ± 14 MYA), with a split into a
Nearctic/Neotropical and Afrotropical/Palearctic clades suggest
that the breakup of Gondwanaland assisted in this diversification.
An Afrotropical origin for Dermacentor has been proposed (Barker
and Murrell, 2004). However, distribution data as well phyloge-
netic analysis suggest that this clade originated in either the
Afrotropics or Palearctic region.

15) Diversification for Hyalomma was estimated in the Early Paleocene
(63 ± 18 MYA). This differed from a recent study that estimated a
date of divergence at 36 MYA instead, which was constrained by a
fossil calibration between 35–50 MYA (Sands et al., 2017). How-
ever, the Hyalomma fossil used for calibration was shown to be a
rake-legged mite (Acariformes) and therefore not suitable for ca-
libration (Chitimia-Dobler et al., 2017). It should be noted that
Hyalomma samples analyzed in the current study could be con-
sidered derived rather than basal species (Sands et al., 2017). The
origin of Hyalomma may likely be older than 63 MYA if the di-
vergence of the Hyalomma/Rhipicephalus clade is considered
(128 ± 12 MYA). This would have an impact on phylogeographic
hypotheses. Distribution of Hyalomma mainly in Afrotropical and
Palearctic regions has suggested a potential origin in the Palearctic
with subsequent introduction into the Afrotropics (Sands et al.,
2017).

16) Rhipicephalus mainly occurs in the Afrotropics, with all basal
lineages also Afrotropical, suggesting an origin in the Afrotropics
(Murrell et al., 2001; Barker and Murrell, 2004). Diversification of
Rhipicephalus (104 ± 12 MYA) occurred well after breakup of
Gondwanaland and may explain its occurrence mainly in the
Afrotropics. The former genus Boophilus lies within Rhipicephalus,
but form a monophyletic group, suggesting that one-host biology
evolved once for this group. Their divergence is dated at 58 ± 11
MYA, and the basal positions are all of Afrotropical origin, sug-
gesting again that this lineage evolved in the Afrotropics after
which dispersal occurred to the Palearctic and Australasian re-
gions. The R. microplus complex originated 28 ± 8 MYA and in-
cludes R. annulatus, R. australis and R. microplus. The relatively old
divergence date for various R. microplus genotypes (11 ± 5 MYA)
suggests that these may be different species.

Molecular clock dating remains a controversial subject area that is
dependent on accurate fossil calibrations, phylogenies and algorithms
used (Duchêne et al., 2014; Kumar, 2005; Rodríguez-Trelles et al.,
2002; Warnock et al., 2012, 2015; Warnock et al., 2017). The paucity of
tick fossils may hamper accurate calibrations (Chitimia-Dobler et al.,
2018; Dunlop, 2010), while the discovery of new ancient fossils has the
potential to increase minimum estimates dramatically. An existing
phylogenetic framework may change with the addition of new species
or more genetic data, while new algorithms and evolutionary models
may also impact on divergence date estimates (Warnock et al., 2017).
The implications addressed in this study should be considered in this

light. It is not, however, expected that additional data or new algo-
rithms will impact the current proposed scenarios on an orders of
magnitude scale. Discovery of new fossils that significantly increase our
minimum estimates would in contrast have major implications for an
older origin hypothesis. For the moment, the soft-bodied nature of ticks
may limit us to amber deposits with minimum estimates within the
100–150 MYA range (Dunlop, 2010; Peñalver et al., 2017). For the
moment these minimum estimates fit well with the molecular clock
estimates.

3.12. Argasidae classification and systematics

Both nuclear and mitochondrial analyses support the cladistic ana-
lysis of Klompen and Oliver (1993) in broad terms. The only significant
difference is placement of Chiropterargas outside Carios sensu Klompen
and Oliver (1993). Carios vespertilionis groups within Carios s.l.
(Klompen and Oliver, 1993) with good support, even if only based on
COI sequences. This suggests that the classification scheme of Klompen
and Oliver (1993) should be maintained until more data can support
the movement of Carios. If Carios s.s. were to move, it is likely that it
will form a separate clade within Ornithodorinae, similar to Chiropter-
argas. The remaining clade cannot be considered as “Neotropical Or-
nithodorinae” (Burger et al., 2014a), because Reticulinasus is comprised
of bat-infesting species from the Afrotropical, Australasian, In-
domalayan and Palearctic regions (Hoogstraal, 1985). If Carios moves
to another clade, Alectorobius (Pocock, 1907) would be the valid name
for this group.
The current data do not support monophyly of Pavlovskyella, as

previously indicated by Klompen and Oliver (1993). From an evolu-
tionary perspective, this may imply that Pavlovskyella lineages origi-
nated at different times and geographic localities. This suggests that
many more lineages need to be elevated to genus level within Or-
nithodorinae if classification is to represent evolutionary history. Even
so, it may be more prudent to retain the subgeneric classification
(Hoogstraal, 1985; Klompen and Oliver, 1993), until sampling of a
more representative set of Pavlovskyella can be achieved that would
include Afrotropical, Indomalayan, Nearctic, Neotropical, Palearctic
and Australasian lineages. The current data suggest that Pavlovskyella
separated into clades congruent with continental distributions, which
would suggest that divergence may have been precipitated by con-
tinental drift. As such, to avoid confusion when discussing the sub-
genus, reference can be made to their ecoregion of origin, i.e. Afro-
tropical Pavlovskyella.
While the current classification scheme (Guglielmone et al., 2010)

reverts back to Hoogstraal (1985) (a reversal of 25 years), its roots may
be traced to Horak et al. (2002), where a consensus in both tick lists was
reached based on community agreement. Given the reality that soft tick
systematics may only be resolved over several decades and the current
state of uncertainty in argasid systematics, it is proposed that the ar-
gasid classification scheme be updated in real-time, as scientific
knowledge progresses using the most up-to-date evolutionary models
possible. It is proposed that a new revised argasid tick list, which could
include a revised ixodid list as well, be published every five years, for
periodic updates of current scientific knowledge and consensus.
For Argasinae with divergent clades, each having unique biological

triats (Hoogstraal, 1985), it is proposed that the subgenera Alveonasus,
Navis, Ogadenus, Proknekalia and Secretargas should be raised to genus
level. Therefore, the general classification by Klompen and Oliver
(1993) remains with these modifications: Argasinae: Alveonasus (Al-
veonasus), Argas (Argas, Persicargas), Navis (Navis), Ogadenus (Oga-
denus), Proknekalia (Proknekalia) and Secretargas (Secretargas). Or-
nithodorinae: Carios (Alectorobius, Antricola, Carios, Nothoaspis,
Parantricola, Reticulinasus, Subparmatus), Chiropterargas (Chiropter-
argas), Ornithodoros (Microargas, Ornamentum, Ornithodoros, Pavlovs-
kyella, Theriodoros) and Otobius (Otobius). This proposition also con-
templates that, until molecular data from specific subgenera are
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obtained, the cladistic classification of Klompen and Oliver (1993) be
maintained. Furthermore, subgeneric classifications should be retained
because these clearly differentiate lineages with different biology and
geographic origin. A new list is included herein as reference (Table
S10), to enhance the designation of subgeneric classifications from the
previous tick list by Guglielmone et al. (2010), which was based on
Hoogstraal (1985).

3.13. Future directions in tick systematics

The current study contributed mitochondrial genomes for 55 tick
species. This is a significant contribution to the existing 55 mitochon-
drial genomes available for unique tick species, bringing the number of
unique tick mitochondrial genomes to 101, ∼10% of all known tick
species. It may be concluded that tick mitochondrial genomics are now
becoming a matured science, since the first mitochondrial genomes was
sequenced in 1998 with more than 20 original contributions to this field
(Black and Roehrdanz, 1998; Burger et al., 2012, 2013; Burger et al.,
2014a, b; Carpi et al., 2016; de Lima et al., 2017; de Lima et al., 2018;
Guo et al., 2016; Jeyaprakash and Hoy, 2009; Liu et al., 2013; Mans
et al., 2012, 2015; McCooke et al., 2015; Mikryukova et al., 2016;
Mitani et al., 2004; Montagna et al., 2012; Shao et al., 2004, 2005;
Williams-Newkirk et al., 2015; Xu et al., 2016). A relevant question is
whether tick mitochondrial genomics should remain a future focus area
for tick systematics. The current study and others cited above has in-
dicated that mitochondrial genomes are usefull to investigate species
and higher level relationships in ticks. While representation of the
majority of tick genera has been obtained, some important genera are
still absent, while members from all geographic regions has not been
sampled yet. Mitochondrial genome sequencing will as such remain a
viable and economic recourse to study tick systematics (Mans et al.,
2015). Additional nuclear markers will in future become available as
more tick transcriptomes and genomes are sequenced (Mans et al.,
2016). Such phylogenomic approaches will be important to confirm
ribosomal RNA and mitochondrial based systematic analysis. In line
with this, the first phylogenomic analysis based on tick transcriptome
data has been published which recapitulated to a large extent the re-
sults from mitochondrial systematic studies (Landulfo et al., 2017).

4. Conclusions

This study contributed the largest number of 18S and 28S ribosomal
and mitochondrial genome markers to date for argasid ticks.
Additionally, a number of novel ixodid markers were sequenced. This
confirmed the general sequencing strategy previously proposed to
generate markers using next-generation sequencing and extends its use
to ixodid ticks as well (Mans et al., 2015). The systematic analysis re-
ported here supports the original cladistic classification of Klompen and
Oliver (1993), with minor modifications. However, the recognition of
subgenera may be more appropriate to understand the evolutionary
history of various argasid lineages. Results presented here also docu-
ment evidence for cryptic and novel soft tick species, and highlight the
importance of voucher sequences for biochemical and ecological stu-
dies. Molecular dating linked to a systematic framework suggests pos-
sible explanations for the evolution of various lineages. The approach
reported here provided a systematic framework to interpret biochem-
ical, transcriptomic and genomic analyses. As such, this study serves as
a reference for future attempts to unify morphological and molecular
data to refine the systematics of the Ixodida.

Acknowledgements

We thank all respective farmers for permission to collect ticks from
their farms. The South African Foundation for the Conservation of
Coastal Birds (SANCOBB) and Lorien Pichegru for collecting and sub-
mitting ticks to the Gertrud Theiler Tick Museum. At Dekker, Lin-Mari

de Klerk-Lorist and Louis van Schalkwyk, State Veterinary Services for
tick collections in the Kruger National Park and their assistance on
numerous field trips. This work was supported by the Economic
Competitive Support Programme (30/01/V010), the National Research
Foundation (NRF) Incentive Funding for Rated Researchers
(IFR180209311290), the National Research Foundation (NRF)
Competitive Funding for Rated Researchers (CPRR180101296400) and
the National Tick Collection (000771). USDA is an equal opportunity
provider and employer. The funding bodies had no role in study design,
data collection, analysis and interpretation, decision to publish, or
preparation of the manuscript.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.ttbdis.2018.09.010.

References

Agnolin, F.L., Ezcurra, M.D., Pais, D.F., Salisbury, S.W., 2010. A reappraisal of the
Cretaceous non-avian dinosaur faunas from Australia and New Zealand: evidence for
their Gondwanan affinities. J. Syst. Palaeontol. 8, 257–300.

Alfaro, M.E., Zoller, S., Lutzoni, F., 2003. Bayes or bootstrap? A simulation study com-
paring the performance of Bayesian Markov chain Monte Carlo sampling and boot-
strapping in assessing phylogenetic confidence. Mol. Biol. Evol. 20, 255–266.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990. Basic local alignment
search tool. J. Mol. Biol. 215, 403–410.

Amador, L.I., Moyers Arévalo, R.L., Almeida, F.C., Catalano, S.A., Giannini, N.P., 2018.
Bat systematics in the light of unconstrained analyses of a comprehensive molecular
supermatrix. J. Mamm. Evol. 25, 37–70.

Andres, B., Clark, J., Xu, X., 2014. The earliest pterodactyloid and the origin of the group.
Curr. Biol. 24, 1011–1016.

Apanaskevich, D.A., Horak, I.G., 2008a. The genus Hyalomma. VI. Systematics of H.
(Euhyalomma) truncatum and the closely related species, H. (E.) albiparmatum and H.
(E.) nitidum (Acari: Ixodidae). Exp. Appl. Acarol. 44, 115–136.

Apanaskevich, D.A., Horak, I.G., 2008b. The genus Hyalomma Koch, 1844: V. Re-eva-
luation of the taxonomic rank of taxa comprising the H. (Euhyalomma) marginatum
Koch complex of species (Acari: Ixodidae) with redescription of all parasitic stages
and notes on biology. Int. J. Acarol. 34, 13–42.

Arthur, D.R., 1956. The Ixodes ticks of Chiroptera (Ixodoidea, Ixodidae). J. Parasitol. 42,
180–196.

Arthur, D.R., 1965. Ticks of the Genus Ixodes in Africa. The Athlone Press, University of
London, London.

Astigarraga, A., Oleaga-Pérez, A., Pérez-Sánchez, R., Baranda, J.A., Encinas-Grandes, A.,
1997. Host immune response evasion strategies in Ornithodoros erraticus and O.
moubata and their relationship to the development of an antiargasid vaccine. Parasite
Immunol. 19, 401–410.

Bakkes, D.K., de Klerk, D., Latif, A.A., Mans, B.J., 2018. Integrative taxonomy of
Afrotropical Ornithodoros (Ornithodoros) (Acari: Ixodida: Argasidae). Ticks Tick Borne
Dis. 9, 1006–1037.

Baranda, J.A., Pérez-Sánchez, R., Oleaga-Pérez, A., Encinas-Grandes, A., 1997. Antigens
of interest for the diagnosis of parasitism in pigs by Ornithodoros erraticus and
Ornithodoros moubata. J. Parasitol. 83, 831–838.

Baranda, J.A., Pérez-Sánchez, R., Oleaga, A., Manzano, R., Encinas-Grandes, A., 2000.
Purification, N-terminal sequencing and diagnostic value of the major antigens of
Ornithodoros erraticus and O. moubata. Vet. Parasitol. 87, 193–206.

Barker, S.C., Murrell, A., 2004. Systematics and evolution of ticks with a list of valid
genus and species names. Parasitology 129, S15–S36.

Barker, S.C., Murrell, A., 2008. Systematics and evolution of ticks with a list of valid
genus and species names. In: Bowman, A.S., Nuttall, P.A. (Eds.), Ticks: Biology,
Disease and Control. Cambridge University Press, Cambridge.

Barker, S.C., Walker, A.R., Campelo, D., 2014. A list of the 70 species of Australian ticks;
diagnostic guides to and species accounts of Ixodes holocyclus (paralysis tick), Ixodes
cornuatus (southern paralysis tick) and Rhipicephalus australis (Australian cattle tick);
and consideration of the place of Australia in the evolution of ticks with comments on
four controversial ideas. Int. J. Parasitol. 44, 941–953.

Barrero, R.A., Guerrero, F.D., Black, M., McCooke, J., Chapman, B., Schilkey, F., Pérez de
León, A.A., Miller, R.J., Bruns, S., Dobry, J., Mikhaylenko, G., Stormo, K., Bell, C.,
Tao, Q., Bogden, R., Moolhuijzen, P.M., Hunter, A., Bellgard, M.I., 2017. Gene-en-
riched draft genome of the cattle tick Rhipicephalus microplus: assembly by the hybrid
Pacific Biosciences/Illumina approach enabled analysis of the highly repetitive
genome. Int. J. Parasitol. 47, 569–583.

Barros-Battesti, D.M., Landulfo, G.A., Luz, H.R., Marcili, A., Onofrio, V.C., Famadas, K.M.,
2015. Ornithodoros faccinii n. sp. (Acari: Ixodida: Argasidae) parasitizing the frog
Thoropa miliaris (Amphibia: Anura: Cycloramphidae) in Brazil. Parasit. Vectors 8,
268.

Beck, A.F., Holscher, K.H., Butler, J.F., 1986. Life cycle of Ornithodoros turicata americanus
(Acari: Argasidae) in the laboratory. J. Med. Entomol. 23, 313–319.

Bedford, G.A.H., 1931. Nuttalliella namaqua, a new genus and species of tick. Parasitology
23, 230–232.

B.J. Mans et al. Ticks and Tick-borne Diseases 10 (2019) 219–240

236

https://doi.org/10.1016/j.ttbdis.2018.09.010
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0005
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0005
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0005
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0010
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0010
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0010
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0015
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0015
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0020
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0020
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0020
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0025
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0025
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0030
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0030
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0030
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0035
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0035
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0035
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0035
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0040
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0040
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0045
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0045
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0050
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0050
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0050
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0050
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0055
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0055
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0055
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0060
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0060
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0060
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0065
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0065
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0065
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0070
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0070
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0075
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0075
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0075
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0080
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0080
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0080
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0080
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0080
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0085
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0085
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0085
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0085
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0085
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0085
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0090
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0090
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0090
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0090
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0095
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0095
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0100
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0100


Bedford G.A.H., 1932. Description of Argas striatus, a new species of tick.18th Rep. Dir.
Vet. Ser. and An. Ind. Union of South Africa, 221-222.

Bedford, G.A.H., Hewitt, J., 1925. Descriptions and records of several new or little-known
species of ticks from South Africa. S. Afr. J. Nat. Hist. 5, 259–266.

Bell-Sakyi, L., Růžek, D., Gould, E.A., 2009. Cell lines from the soft tick Ornithodoros
moubata. Exp. Appl. Acarol. 49, 209–219.

Bishopp, F.C., 1913. The occurrence of the Australian Cattle Tick and the Brown Dog-tick
in Key West, Florida (Acarina, Ixodoidea). Ent. News 24, 366–368.

Black 4th, W.C., Piesman, J., 1994. Phylogeny of hard- and soft-tick taxa (Acari: Ixodida)
based on mitochondrial 16S rDNA sequences. Proc. Natl. Acad. Sci. U. S. A. 91,
10034–10038.

Black 4th, W.C., Roehrdanz, R.L., 1998. Mitochondrial gene order is not conserved in
arthropods: prostriate and metastriate tick mitochondrial genomes. Mol. Biol. Evol.
15, 1772–1885.

Black 4th, W.C., Klompen, J.S.H., Keirans, J.E., 1997. Phylogenetic relationships among
tick subfamilies (Ixodida: Ixodidae: Argasidae) based on the 18S nuclear rDNA gene.
Mol. Phylogenet. Evol. 7, 129–144.

Botha, J., Smith, R.M.H., 2006. Rapid vertebrate recuperation in the Karoo Basin of South
Africa following the End-Permian extinction. J. Afr. Earth Sci. 45, 502–514.

Braack, L.E.O., 1989. Arthropod inhabitants of a tropical cave’ Island’ environment
provisioned by bats. Biol. Cons. 48, 77–84.

Breitschwerdt, E.B., Nicholson, W.L., Kiehl, A.R., Steers, C., Meuten, D.J., Levine, J.F.,
1994. Natural infections with Borrelia spirochetes in two dogs from Florida. J. Clin.
Microbiol. 32, 352–357.

Burger, T.D., Shao, R., Beati, L., Miller, H., Barker, S.C., 2012. Phylogenetic analysis of
ticks (Acari: Ixodida) using mitochondrial genomes and nuclear rRNA genes indicates
that the genus Amblyomma is polyphyletic. Mol. Phylogenet. Evol. 64, 45–55.

Burger, T.D., Shao, R., Barker, S.C., 2013. Phylogenetic analysis of the mitochondrial
genomes and nuclear rRNA genes of ticks reveals a deep phylogenetic structure
within the genus Haemaphysalis and further elucidates the polyphyly of the genus
Amblyomma with respect to Amblyomma sphenodonti and Amblyomma elaphense. Ticks
Tick Borne Dis. 4, 265–274.

Burger, T.D., Shao, R., Labruna, M.B., Barker, S.C., 2014a. Molecular phylogeny of soft
ticks (Ixodida: Argasidae) inferred from mitochondrial genome and nuclear rRNA
sequences. Ticks Tick Borne Dis. 5, 195–207.

Burger, T.D., Shao, R., Barker, S.C., 2014b. Phylogenetic analysis of mitochondrial
genome sequences indicates that the cattle tick, Rhipicephalus (Boophilus) microplus,
contains a cryptic species. Mol. Phylogenet. Evol. 76, 241–253.

Camicas J-L., Hervy, J.P., Adam, F., Morel, P-C., 1998. The Ticks of the World.
Nomenclature, described stages, hosts, distribution (Acarida: Ixodida). Orstom, Paris.

Camicas, J.L., Morel, P.-C., 1977. Position systématique et classification des tiques
(Acarida: Ixodida). Acarologia 18, 410–420.

Campbell, N.J., Barker, S.C., 1998. An unprecedented major rearrangement in an ar-
thropod mitochondrial genome. Mol. Biol. Evol. 15, 1786–1787.

Carpi, G., Kitchen, A., Kim, H.L., Ratan, A., Drautz-Moses, D.I., McGraw, J.J., Kazimirova,
M., Rizzoli, A., Schuster, S.C., 2016. Mitogenomes reveal diversity of the European
Lyme borreliosis vector Ixodes ricinus in Italy. Mol. Phylogenet. Evol. 101, 194–202.

Castresana, J., 2000. Selection of conserved blocks from multiple alignments for their use
in phylogenetic analysis. Mol. Biol. Evol. 17, 540–552.

Charrel, R.N., Fagbo, S., Moureau, G., Alqahtani, M.H., Temmam, S., de Lamballerie, X.,
2007. Alkhurma hemorrhagic fever virus in Ornithodoros savignyi ticks. Emerg. Infect.
Dis. 13, 153–155.

Chiappe, L.M., Dyke, G.J., 2002. The Mesozoic radiation of birds. Annu. Rev. Ecol. Sys.
33, 91–124.

Chitimia-Dobler, L., De Araujo, B.C., Ruthensteiner, B., Pfeffer, T., Dunlop, J.A., 2017.
Amblyomma birmitum a new species of hard tick in Burmese amber. Parasitology 144,
1441–1448.

Chitimia-Dobler, L., Pfeffer, T., Dunlop, J.A., 2018. Haemaphysalis cretacea a nymph of a
new species of hard tick in Burmese amber. Parasitology 145, 1440–1451.

Clifford, C.M., Kohls, G.M., Sonenshine, D.E., 1964. The systematics of the subfamily
Ornithodorinae (Acarina: Argasidae). I. The genera and subgenera. Ann. Entomol.
Soc. Amer. 57, 429–437.

Collins, R.A., Cruickshank, R.H., 2013. The seven deadly sins of DNA barcoding. Mol.
Ecol. Resour. 13, 969–975.

Csordas, B.G., Garcia, M.V., Cunha, R.C., Giachetto, P.F., Blecha, I.M., Andreotti, R.,
2016. New insights from molecular characterization of the tick Rhipicephalus
(Boophilus) microplus in Brazil. Rev. Bras. Parasitol. Vet. 25, 317–326.

Dantas-Torres, F., Venzal, J.M., Bernardi, L.F., Ferreira, R.L., Onofrio, V.C., Marcili, A.,
Bermúdez, S.E., Ribeiro, A.F., Barros-Battesti, D.M., Labruna, M.B., 2012. Description
of a new species of bat-associated argasid tick (Acari: Argasidae) from Brazil. J.
Parasitol. 98, 36–45.

Davis, G.E., 1942. Species unity or plurality of the relapsing fever spirochetes. Publ. Am.
Assoc. Adv. Sci. 18, 41–47.

Davis, G.E., 1952. Biology as an aid to the identification of two closely related species of
ticks of the genus Ornithodoros. J. Parasitol. 38, 477–480.

Day, M.O., Ramezani, J., Bowring, S.A., Sadler, P.M., Erwin, D.H., Abdala, F., Rubidge,
B.S., 2015. When and how did the terrestrial mid-Permian mass extinction occur?
Evidence from the tetrapod record of the Karoo Basin, South Africa. Proc. R. Soc. B
282 (2015), 0834.

de Lima, P.H.C., Barcelos, R.M., Klein, R.C., Vidigal, P.M.P., Montandon, C.E., Fabres-
Klein, M.H., Dergam, J.A., Mafra, C., 2017. Sequencing and comparative analysis of
the Amblyomma sculptum mitogenome. Vet. Parasitol. 247, 121–128.

Díaz-Martín, V., Manzano-Román, R., Siles-Lucas, M., Oleaga, A., Pérez-Sánchez, R.,
2011. Cloning, characterization and diagnostic performance of the salivary lipocalin
protein TSGP1 from Ornithodoros moubata. Vet. Parasitol. 178, 163–172.

Díaz-Martín, V., Manzano-Román, R., Oleaga, A., Encinas-Grandes, A., Pérez-Sánchez, R.,

2013. Cloning and characterization of a plasminogen-binding enolase from the saliva
of the argasid tick Ornithodoros moubata. Vet. Parasitol. 191, 301–314.

Díaz-Martín, V., Manzano-Román, R., Oleaga, A., Pérez-Sánchez, R., 2015. New salivary
anti-haemostatics containing protective epitopes from Ornithodoros moubata ticks:
assessment of their individual and combined vaccine efficacy. Vet. Parasitol. 212,
336–349.

Donaldson, T.G., Pèrez de León, A.A., Li, A.Y., Castro-Arellano, I., Wozniak, E., Boyle,
W.K., Hargrove, R., Wilder, H.K., Kim, H.J., Teel, P.D., Lopez, J.E., 2016. Assessment
of the geographic distribution of Ornithodoros turicata (Argasidae): climate variation
and host diversity. PLoS Negl. Trop. Dis. 10, e0004383.

Duchêne, S., Lanfear, R., Ho, S.Y.W., 2014. The impact of calibration and clock-model
choice on molecular estimates of divergence times. Mol. Phylogenet. Evol. 78,
277–289.

Dunlop, J.A., 2010. Geological history and phylogeny of Chelicerata. Arthropod Struct.
Dev. 39, 124–142.

Dupraz, M., Toty, C., Noël, V., Estrada-Peňa, A., González-Solís, J., Boulinier, T.,
Dujardin, J.-P., McCoy, K.D., 2016. Linking morphometric and genetic divergence
with host use in the tick complex, Ornithodoros capensis sensu lato. Infect. Genet. Evol.
46, 12–22.

Egekwu, N., Sonenshine, D.E., Garman, H., Barshis, D.J., Cox, N., Bissinger, B.W., Zhu, J.,
Roe, M.R., 2016. Comparison of synganglion neuropeptides, neuropeptide receptors
and neurotransmitter receptors and their gene expression in response to feeding in
Ixodes scapularis (Ixodidae) vs. Ornithodoros turicata (Argasidae). Insect Mol. Biol. 25,
72–92.

Ehebauer, M.T., Mans, B.J., Gaspar, A.R., Neitz, A.W., 2002. Identification of extrinsic
blood coagulation pathway inhibitors from the tick Ornithodoros savignyi (Acari:
Argasidae). Exp. Parasitol. 101, 138–148.

Estrada-Peña, A., Mangold, A.J., Nava, S., Venzal, J.M., Labruna, M.B., Guglielmone,
A.A., 2010. A review of the systematics of the tick family Argasidae (Ixodida).
Acarologia 50, 317–333.

Filippova, N.A., 1966. Argasid ticks (Argasidae). Zoologicheskogo Institut Akademii Nauk
SSSR, Moscow-Leningrad (in Russian).

Francischetti, I.M., Mans, B.J., Meng, Z., Gudderra, N., Veenstra, T.D., Pham, V.M.,
Ribeiro, J.M., 2008. An insight into the sialome of the soft tick, Ornithodorus parkeri.
Insect Biochem. Mol. Biol. 38, 1–21.

Frantz, L., Meijaard, E., Gongora, J., Haile, J., Groenen, M.A., Larson, G., 2016. The
evolution of Suidae. Annu. Rev. Anim. Biosci. 4, 61–85.

Gaspar, A.R., Joubert, A.M., Crause, J.C., Neitz, A.W., 1996. Isolation and characteriza-
tion of an anticoagulant from the salivary glands of the tick, Ornithodoros savignyi
(Acari: Argasidae). Exp. Appl. Acarol. 20, 583–598.

Goolsby, J., Guerrero, F., Gaskin, J.F., Bendele, K.G., Azhahianambi, P., Amalin, D.,
Flores-Cruz, M., Kashefi, J., Smith, L., Saini, R.K., Racelis, A., Pérez de León, A.A.,
2016. Molecular comparison of cattle fever ticks from native and introduced ranges
with insights into optimal search areas for classical biological control agents.
Southwest. Entomol. 41, 595–604.

Grimaldi, D.A., Engel, M.S., Nascimbene, P.C., 2002. Fossiliferous Cretaceous amber from
Myanmar (Burma): its rediscovery, biotic diversity, and paleontological significance.
Am. Mus. Novitates 3361, 1–71.

Grunclová, L., Fouquier, H., Hypša, V., Kopáček, P., 2003. Lysozyme from the gut of the
soft tick Ornithodoros moubata: the sequence, phylogeny and post-feeding regulation.
Dev. Comp. Immunol. 27, 651–660.

Grunclová, L., Horn, M., Vancová, M., Sojka, D., Franta, Z., Mareš, M., Kopáček, P., 2006.
Two secreted cystatins of the soft tick Ornithodoros moubata: differential expression
pattern and inhibitory specificity. Biol. Chem. 387, 1635–1644.

Guglielmone, A.A., Robbins, R.G., Apanaskevich, D.A., Petney, T.N., Estrada-Peña, A.,
Horak, I.G., Shao, R., Barker, S.C., 2010. The Argasidae, Ixodidae and Nuttalliellidae
(Acari: Ixodida) of the world: a list of valid species names. Zootaxa 2528, 1–28.

Guo, D.H., Zhang, Y., Fu, X., Gao, Y., Liu, Y.T., Qiu, J.H., Chang, Q.C., Wang, C.R., 2016.
Complete mitochondrial genomes of Dermacentor silvarum and comparative analyses
with another hard tick Dermacentor nitens. Exp. Parasitol. 169, 22–27.

Guzmán-Cornejo, C., García-Prieto, L., Nava, S., Venzal, J.M., Sánchez-Montes, S.,
Montiel-Parra, G., 2016. Redescription of Ornithodoros dyeri (Ixodida: Argasidae)
based on morphologic and molecular data. Ticks Tick Borne Dis. 7, 834–841.

Haag-Liautard, C., Coffey, N., Houle, D., Lynch, M., Charlesworth, B., Keightley, P.D.,
2008. Direct estimation of the mitochondrial DNA mutation rate in Drosophila mel-
anogaster. PLoS Biol. 6, e204.

Harms, D., Dunlop, J.A., 2017. The fossil history of pseudoscorpions (Arachnida:
Pseudoscorpiones). Foss. Rec. 20, 215–238.

Heath, A.C.G., 2012. A new species of soft tick (Ixodoidea: Argasidae) from the New
Zealand lesser short-tailed bat, Mystacina tuberculata Gray. Tuhinga 23, 29–37.

Heisch, R.B., Guggisberg, C.A., 1953. On Ornithodoros zumpti n.sp., a new tick from South
Africa. Parasitology 43, 136–138.

Hoogstraal, H. 1955. Bat ticks of the genus Argas (Ixodoidea, Argasidae).1. The subgenus
Chiropterargas. Fieldiana Zool. 37, 579-600.

Hoogstraal, H., 1956. African Ixodoidea. I. Ticks of the Sudan (with Special Reference to
Equatoria Province and With Preliminary Reviews of the Genera Boophilus, mar-
garopus and Hyalomma). Department of the Navy, Bureau of Medicine and Surgery,
Washington, D.C, pp. 1101 Research Report NM 005 050.29.07.

Hoogstraal, H., 1957. Bat ticks of the genus Argas (Ixoidoidea, Argasidae).2. Secretargas
new subgenus and A. transgariepinusWhite, 1846, its adult and immature stages; with
a definition of the subgenus Argas. Ann. Entomol. Soc. Am. 50, 544–549.

Hoogstraal, H., 1960. Ornithodoros (Reticulinasus) faini sp. nov. (Ixodoidea: Argasidae)
from Congo fruit bats, Rousettus leachii (Smith). Rev. Zool. Bot. Afr. 62, 358–372.

Hoogstraal, H., 1985. Argasid and nuttalliellid ticks as parasites and vectors. Adv.
Parasitol. 24, 135–238.

Hoogstraal, H., Kaiser, M.N., Walker, J.B., Ledger, J.A., Converse, J.D., Rica, R.C., 1975.

B.J. Mans et al. Ticks and Tick-borne Diseases 10 (2019) 219–240

237

http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0110
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0110
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0115
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0115
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0120
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0120
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0125
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0125
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0125
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0130
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0130
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0130
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0135
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0135
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0135
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0140
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0140
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0145
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0145
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0150
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0150
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0150
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0155
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0155
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0155
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0160
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0160
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0160
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0160
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0160
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0165
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0165
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0165
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0170
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0170
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0170
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0180
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0180
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0185
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0185
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0190
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0190
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0190
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0195
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0195
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0200
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0200
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0200
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0205
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0205
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0210
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0210
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0210
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0215
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0215
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0220
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0220
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0220
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0225
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0225
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0230
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0230
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0230
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0235
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0235
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0235
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0235
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0240
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0240
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0245
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0245
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0250
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0250
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0250
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0250
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0255
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0255
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0255
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0260
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0260
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0260
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0265
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0265
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0265
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0270
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0270
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0270
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0270
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0275
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0275
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0275
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0275
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0280
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0280
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0280
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0285
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0285
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0290
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0290
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0290
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0290
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0295
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0295
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0295
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0295
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0295
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0300
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0300
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0300
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0305
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0305
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0305
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0310
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0310
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0315
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0315
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0315
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0320
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0320
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0325
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0325
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0325
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0330
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0330
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0330
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0330
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0330
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0335
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0335
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0335
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0340
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0340
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0340
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0345
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0345
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0345
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0350
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0350
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0350
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0355
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0355
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0355
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0360
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0360
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0360
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0365
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0365
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0365
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0370
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0370
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0375
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0375
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0380
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0380
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0390
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0390
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0390
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0390
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0395
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0395
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0395
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0400
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0400
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0405
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0405
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0410


Observations on the subgenus Argas (Ixodoidea: Argasidae: Argas). 10. A. (A.) afri-
columbae, n. sp., a Pretoria virus-infected parasite of birds in southern and eastern
Africa. J. Med. Entomol. 12, 194–201.

Horak, I.G., Camicas, J.L., Keirans, J.E., 2002. The Argasidae, Ixodidae and Nuttalliellidae
(Acari: Ixodida): a world list of valid tick names. Exp. Appl. Acarol. 28, 27–54.

Horigane, M., Ogihara, K., Nakajima, Y., Honda, H., Taylor, D., 2007a. Identification and
expression analysis of an actin gene from the soft tick, Ornithodoros moubata (Acari:
Argasidae). Arch. Insect Biochem. Physiol. 64, 186–199.

Horigane, M., Ogihara, K., Nakajima, Y., Shinoda, T., Taylor, D., 2007b. Cloning and
expression of the ecdysteroid receptor during ecdysis and reproduction in females of
the soft tick, Ornithodoros moubata (Acari: Argasidae). Insect Mol. Biol. 16, 601–612.

Horigane, M., Ogihara, K., Nakajima, Y., Taylor, D., 2008. Isolation and expression of the
retinoid X receptor from last instar nymphs and adult females of the soft tick
Ornithodoros moubata (Acari: Argasidae). Gen. Comp. Endocrinol. 156, 298–311.

Horigane, M., Shinoda, T., Honda, H., Taylor, D., 2010. Characterization of a vitellogenin
gene reveals two phase regulation of vitellogenesis by engorgement and mating in the
soft tick Ornithodoros moubata (Acari: Argasidae). Insect Mol. Biol. 19, 501–515.

Hornok, S., Estrada-Peña, A., Kontschán, J., Plantard, O., Kunz, B., Mihalca, A.D., Thabah,
A., Tomanović, S., Burazerović, J., Takács, N., Görföl, T., Estók, P., Tu, V.T., Szőke,
K., Fernández de Mera, I.G., de la Fuente, J., Takahashi, M., Yamauchi, T., Takano,
A., 2015. High degree of mitochondrial gene heterogeneity in the bat tick species
Ixodes vespertilionis, I. ariadnae and I. simplex from Eurasia. Parasit. Vectors 8, 457.

Hornok, S., Szőke, K., Tu, V.T., Kontschán, J., Takács, N., Sándor, A.D., Halajian, A.,
Földvári, G., Estók, P., Plantard, O., Epis, S., Görföl, T., 2017. Mitochondrial gene
heterogeneity of the bat soft tick Argas vespertilionis (Ixodida: Argasidae) in the
Palaearctic. Parasit. Vectors 10, 109.

Jeyaprakash, A., Hoy, M.A., 2009. First divergence time estimate of spiders, scorpions,
mites and ticks (subphylum: Chelicerata) inferred from mitochondrial phylogeny.
Exp. Appl. Acarol. 47, 1–18.

Joubert, A.M., Louw, A.I., Joubert, F., Neitz, A.W., 1998. Cloning, nucleotide sequence
and expression of the gene encoding factor Xa inhibitor from the salivary glands of
the tick, Ornithodoros savignyi. Exp. Appl. Acarol. 22, 603–619.

Kada, S., McCoy, K.D., Boulinier, T., 2017. Impact of life stage-dependent dispersal on the
colonization dynamics of host patches by ticks and tick-borne infectious agents.
Parasit. Vectors 10, 375.

Kaiser, M.N., Hoogstraal, H., 1969. The subgenus Persicargas (Ixodoidea, Argasidae,
Argas).7. A. (P.) walkerae, new species, a parasite of domestic fowl in southern Africa.
Ann. Entomol. Soc. Am. 62, 885–890.

Karczewski, J., Endris, R., Connolly, T.M., 1994. Disagregin is a fibrinogen receptor an-
tagonist lacking the Arg-Gly-Asp sequence from the tick, Ornithodoros moubata. J.
Biol. Chem. 269, 6702–6708.

Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol. Biol. Evol. 30, 772–780.

Keirans, J.E., 2009. Order Ixodida. In: Krantz, G.W., Walter, D.E. (Eds.), A Manual of
Acarology, 3rd ed. Texas Tech Univ. Press, Texas, pp. 111–123.

Klompen, H., Grimaldi, D., 2001. First Mesozoic record of a parasitiform mite: a larval
argasid tick in Cretaceous amber (Acari: Ixodida: Argasidae). Ann. Entomol. Soc. Am.
94, 10–15.

Klompen, J.S.H., Oliver, J.H., 1993. Systematic relationships in the soft ticks (Acari:
Ixodida: Argasidae). Syst. Entomol. 18, 313–331.

Klompen, H., Lekveishvili, M., William, C., Black, I.V., 2007. Phylogeny of para-
sitiformmites (Acari) based on rRNA. Mol. Phylogenet. Evol. 43, 936–951.

Kopáček, P., Vogt, R., Jindrák, L., Weise, C., Šafařík, I., 1999. Purification and char-
acterization of the lysozyme from the gut of the soft tick Ornithodoros moubata. Insect
Biochem. Mol. Biol. 29, 989–997.

Kopáček, P., Weise, C., Saravanan, T., Vítová, K., Grubhoffer, L., 2000. Characterization
of an α‐macroglobulin‐like glycoprotein isolated from the plasma of the soft tick
Ornithodoros moubata. FEBS J. 267, 465–475.

Kopáček, P., Ždychová, J., Yoshiga, T., Weise, C., Rudenko, N., Law, J.H., 2003.
Molecular cloning, expression and isolation of ferritins from two tick species,
Ornithodoros moubata and Ixodes ricinus. Insect Biochem. Mol. Biol. 33, 103–113.

Kovár, V., Kopáček, P., Grubhoffer, L., 2000. Isolation and characterization of Dorin M, a
lectin from plasma of the soft tick Ornithodoros moubata. Insect Biochem. Mol. Biol.
30, 195–205.

Krysko, K.L., Burgess, J.P., Rochford, M.R., Gillette, C.R., Cueva, D., Enge, K.M., Somma,
L.A., Stabile, J.L., Smith, D.C., Wasilewski, J.A., Kieckhefer III, G.N., Granatosky,
M.C., Nielsen, S.V., 2011. Verified non-indigenous amphibians and reptiles in Florida
from 1863 through 2010: outlining the invasion process and identifying invasion
pathways and stages. Zootaxa 3028, 1–64.

Kulakova, N.V., Khasnatinov, M.A., Sidorova, E.A., Adel’shin, R.V., Belikov, S.I., 2014.
Molecular identification and phylogeny of Dermacentor nuttalli (Acari: Ixodidae).
Parasitol. Res. 113, 1787–1793.

Kumar, S., 2005. Molecular clocks: four decades of evolution. Nat. Rev. Genet. 6,
654–662.

Labruna, M.B., Nava, S., Terassini, F.A., Onofrio, V.C., Barros-Battesti, D.M., Camargo,
L.M., Venzal, J.M., 2011. Description of adults and nymph, and redescription of the
larva, of Ornithodoros marinkellei (Acari:Argasidae), with data on its phylogenetic
position. J. Parasitol. 97, 207–217.

Labruna, M.B., Nava, S., Marcili, A., Barbieri, A.R., Nunes, P.H., Horta, M.C., Venzal, J.M.,
2016. A new argasid tick species (Acari: Argasidae) associated with the rock cavy,
Kerodon rupestris Wied-Neuwied (Rodentia: Caviidae), in a semiarid region of Brazil.
Parasit. Vectors 9, 511.

Landulfo, G.A., Patané, J.S.L., Silva, D.G.N.D., Junqueira-de-Azevedo, I.L.M., Mendonca,
R.Z., Simons, S.M., Carvalho, E., Barros-Battesti, D.M., 2017. Gut transcriptome
analysis on females of Ornithodoros mimon (Acari: Argasidae) and phylogenetic in-
ference of ticks. Rev. Bras. Parasitol. Vet. 26, 185–204.

Lange, W.R., Schwan, T.G., Frame, J.D., 1991. Can protracted relapsing fever resemble
lyme disease? Med. Hypotheses 35, 77–79.

Lartillot, N., Lepage, T., Blanquart, S., 2009. PhyloBayes 3: a Bayesian software package
for phylogenetic reconstruction and molecular dating. Bioinformatics 25, 2286–2288.

Lavrov, D.V., Boore, J.L., Brown, W.M., 2000. The complete mitochondrial DNA sequence
of the horseshoe crab Limulus polyphemus. Mol. Biol. Evol. 17, 813–824.

Leeson, H.S., 1953. Some notes on the recorded distribution of old world species of
Ornithodoros (Acarina). Bull. Entomol. Res. 44, 517–526.

Lima, P.H.C., Vidigal, P.M.P., Barcelos, R.M., Klein, R.C., Montandon, C.E., Fabres-Klein,
M.H., Dergam, J.A., Venzal, J.M., Mafra, C., 2018. The Nothoaspis amazoniensis
complete mitogenome: a comparative and phylogenetic analysis. Vet. Sci. 5, 37.

Liu, G.H., Chen, F., Chen, Y.Z., Song, H.Q., Lin, R.Q., Zhou, D.H., Zhu, X.Q., 2013.
Complete mitochondrial genome sequence data provides genetic evidence that the
brown dog tick Rhipicephalus sanguineus (Acari: Ixodidae) represents a species com-
plex. Int. J. Biol. Sci. 9, 361–369.

Low, V.L., Tay, S.T., Kho, K.L., Koh, F.X., Tan, T.K., Lim, Y.A., Ong, B.L., Panchadcharam,
C., Norma-Rashid, Y., Sofian-Azirun, M., 2015. Molecular characterisation of the tick
Rhipicephalus microplus in Malaysia: new insights into the cryptic diversity and dis-
tinct genetic assemblages throughout the world. Parasit. Vectors 8, 341.

Luo, Z.-X., 2007. Transformation and diversification in early mammal evolution. Nature
450, 1011–1019.

Lv, J., Fernández de Marco, M.D.M., Goharriz, H., Phipps, L.P., McElhinney, L.M.,
Hernández-Triana, L.M., Wu, S., Lin, X., Fooks, A.R., Johnson, N., 2018. Detection of
tick-borne bacteria and babesia with zoonotic potential in Argas (Carios) vespertilionis
(Latreille, 1802) ticks from British bats. Sci. Rep. 8, 1865.

Mans, B.J., Ribeiro, J.M., 2008a. Function, mechanism and evolution of the moubatin-
clade of soft tick lipocalins. Insect Biochem. Mol. Biol. 38, 841–852.

Mans, B.J., Ribeiro, J.M., 2008b. A novel clade of cysteinyl leukotriene scavengers in soft
ticks. Insect Biochem. Mol. Biol. 38, 862–870.

Mans, B.J., Gaspar, A.R., Louw, A.I., Neitz, A.W., 1998. Purification and characterization
of apyrase from the tick, Ornithodoros savignyi. Comp. Biochem. Physiol. B, Biochem.
Mol. Biol. 120, 617–624.

Mans, B.J., Venter, J.D., Vrey, P.J., Louw, A.I., Neitz, A.W., 2001. Identification of pu-
tative proteins involved in granule biogenesis of tick salivary glands. Electrophoresis
22, 1739–1746.

Mans, B.J., Louw, A.I., Neitz, A.W., 2002a. Amino acid sequence and structure modeling
of savignin, a thrombin inhibitor from the tick, Ornithodoros savignyi. Insect Biochem.
Mol. Biol. 32, 821–828.

Mans, B.J., Louw, A.I., Neitz, A.W., 2002b. Savignygrin, a platelet aggregation inhibitor
from the soft tick Ornithodoros savignyi, presents the RGD integrin recognition motif
on the Kunitz-BPTI fold. J. Biol. Chem. 277, 21371–21378.

Mans, B.J., Steinmann, C.M., Venter, J.D., Louw, A.I., Neitz, A.W., 2002c. Pathogenic
mechanisms of sand tampan toxicoses induced by the tick, Ornithodoros savignyi.
Toxicon 40, 1007–1016.

Mans, B.J., Louw, A.I., Neitz, A.W., 2003. The major tick salivary gland proteins and
toxins from the soft tick, Ornithodoros savignyi, are part of the tick Lipocalin family:
implications for the origins of tick toxicoses. Mol. Biol. Evol. 20, 1158–1167.

Mans, B.J., Ribeiro, J.M., Andersen, J.F., 2008. Structure, function, and evolution of
biogenic amine-binding proteins in soft ticks. J. Biol. Chem. 283, 18721–18733.

Mans, B.J., de Klerk, D., Pienaar, R., Latif, A.A., 2011. Nuttalliella namaqua: a living fossil
and closest relative to the ancestral tick lineage: implications for the evolution of
blood-feeding in ticks. PLoS One 6, e23675.

Mans, B.J., de Klerk, D., Pienaar, R., de Castro, M.H., Latif, A.A., 2012. The mitochondrial
genomes of Nuttalliella namaqua (Ixodoidea: Nuttalliellidae) and Argas africolumbae
(Ixodoidae: Argasidae): estimation of divergence dates for the major tick lineages and
reconstruction of ancestral blood-feeding characters. PLoS One 7, e49461.

Mans, B.J., de Klerk, D.G., Pienaar, R., Latif, A.A., 2014. The host preferences of
Nuttalliella namaqua (Ixodoidea: Nuttalliellidae): a generalist approach to surviving
multiple host-switches. Exp. Appl. Acarol. 62, 233–240.

Mans, B.J., de Klerk, D., Pienaar, R., de Castro, M.H., Latif, A.A., 2015. Next-generation
sequencing as means to retrieve tick systematic markers, with the focus on Nuttalliella
namaqua (Ixodoidea: Nuttalliellidae). Ticks Tick Borne Dis. 6, 450–462.

Mans, B.J., de Castro, M.H., Pienaar, R., de Klerk, D., Gaven, P., Genu, S., Latif, A.A.,
2016. Ancestral reconstruction of tick lineages. Ticks Tick Borne Dis. 7, 509–535.

Manzano-Román, R., Encinas-Grandes, A., Pérez-Sánchez, R., 2006. Antigens from the
midgut membranes of Ornithodoros erraticus induce lethal anti-tick immune responses
in pigs and mice. Vet. Parasitol. 135, 65–79.

Manzano-Román, R., García-Varas, S., Encinas-Grandes, A., Pérez-Sánchez, R., 2007.
Purification and characterization of a 45-kDa concealed antigen from the midgut
membranes of Ornithodoros erraticus that induces lethal anti-tick immune responses in
pigs. Vet. Parasitol. 145, 314–325.

Manzano-Román, R., Díaz-Martín, V., Oleaga, A., Obolo-Mvoulouga, P., Pérez-Sánchez,
R., 2016. TSGP4 from Ornithodoros moubata: molecular cloning, phylogenetic analysis
and vaccine efficacy of a new member of the lipocalin clade of cysteinyl leukotriene
scavengers. Vet. Parasitol. 227, 130–137.

McCooke, J.K., Guerrero, F.D., Barrero, R.A., Black, M., Hunter, A., Bell, C., Schilkey, F.,
Miller, R.J., Bellgard, M.I., 2015. The mitochondrial genome of a Texas outbreak
strain of the cattle tick, Rhipicephalus (Boophilus) microplus, derived from whole
genome sequencing Pacific Biosciences and Illumina reads. Gene 571, 135–141.

McLoughlin, S., 2001. The breakup history of Gondwana and its impact on pre-Cenozoic
floristic provincialism. Aust. J. Bot. 49, 271–300.

Mikryukova, T.P., Romanenko, V.N., Chausov, E.V., Konovalova, S.N., Ternovoi, V.A.,
Protopopova, E.V., Kononova, Y.V., Korobitsyn, I.G., Moskvitina, N.S., Loktev, V.B.,
2016. Complete mitogenome of the ixodid tick Ixodes pavlovskyi (Acari: Ixodida).
Mitochondrial DNA A. DNA Mapp. Seq. Anal. 27, 407–408.

Mitani, H., Talbert, A., Fukunaga, M., 2004. New World relapsing fever Borrelia found in

B.J. Mans et al. Ticks and Tick-borne Diseases 10 (2019) 219–240

238

http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0410
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0410
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0410
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0415
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0415
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0420
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0420
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0420
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0425
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0425
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0425
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0430
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0430
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0430
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0435
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0435
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0435
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0440
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0440
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0440
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0440
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0440
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0445
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0445
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0445
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0445
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0450
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0450
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0450
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0455
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0455
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0455
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0460
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0460
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0460
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0465
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0465
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0465
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0470
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0470
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0470
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0475
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0475
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0480
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0480
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0485
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0485
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0485
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0490
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0490
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0495
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0495
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0500
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0500
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0500
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0505
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0505
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0505
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0510
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0510
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0510
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0515
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0515
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0515
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0520
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0520
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0520
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0520
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0520
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0525
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0525
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0525
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0530
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0530
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0535
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0535
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0535
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0535
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0540
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0540
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0540
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0540
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0545
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0545
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0545
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0545
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0550
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0550
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0555
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0555
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0560
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0560
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0565
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0565
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0570
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0570
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0570
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0575
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0575
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0575
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0575
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0580
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0580
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0580
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0580
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0585
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0585
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0590
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0590
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0590
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0590
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0595
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0595
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0600
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0600
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0605
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0605
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0605
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0610
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0610
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0610
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0615
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0615
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0615
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0620
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0620
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0620
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0625
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0625
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0625
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0630
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0630
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0630
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0635
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0635
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0640
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0640
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0640
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0645
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0645
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0645
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0645
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0650
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0650
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0650
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0655
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0655
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0655
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0660
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0660
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0665
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0665
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0665
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0670
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0670
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0670
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0670
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0675
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0675
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0675
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0675
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0680
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0680
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0680
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0680
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0685
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0685
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0690
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0690
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0690
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0690
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0695


Ornithodoros porcinus ticks in central Tanzania. Microbiol. Immunol. 48, 501–505.
Montagna, M., Sassera, D., Griggio, F., Epis, S., Bandi, C., Gissi, C., 2012. Tick-box for 3’-

end formation of mitochondrial transcripts in Ixodida, basal chelicerates and
Drosophila. PLoS One 7, e47538.

Muñoz-Leal, S., Venzal, J.M., González-Acuña, D., Nava, S., Lopes, M.G., Martins, T.F.,
Figueroa, C., Fernández, N., Labruna, M.B., 2016. A new species of Ornithodoros
(Acari: Argasidae) from desert areas of northern Chile. Ticks Tick Borne Dis. 7,
901–910.

Muñoz-Leal, S., Toledo, L.F., Venzal, J.M., Marcili, A., Martins, T.F., Acosta, I.C.L., Pinter,
A., Labruna, M.B., 2017. Description of a new soft tick species (Acari: Argasidae:
Ornithodoros) associated with stream-breeding frogs (Anura: Cycloramphidae:
Cycloramphus) in Brazil. Ticks Tick Borne Dis. 8, 682–692.

Murrell, A., Campbell, N.J., Barker, S.C., 2001. A total-evidence phylogeny of ticks pro-
vides insights into the evolution of life cycles and biogeography. Mol. Phylogenet.
Evol. 21, 244–258.

Muwanika, V.B., Nyakaana, S., Siegismund, H.R., Arctander, P., 2003. Phylogeography
and population structure of the common warthog (Phacochoerus africanus) inferred
from variation in mitochondrial DNA sequences and microsatellite loci. Heredity 91,
361–372.

Nakajima, Y., van der Goes van Naters-Yasui, A., Taylor, D., Yamakawa, M., 2001. Two
isoforms of a member of the arthropod defensin family from the soft tick,
Ornithodoros moubata (Acari: Argasidae). Insect Biochem. Mol. Biol. 31, 747–751.

Nava, S., Guglielmone, A.A., Mangold, A.J., 2009. An overview of systematics and evo-
lution of ticks. Front. Biosci. 14, 2857–2877.

Nava, S., Venzal, J.M., Terassini, F.A., Mangold, A.J., Camargo, L.M., Labruna, M.B.,
2010. Description of a new argasid tick (Acari: Ixodida) from bat caves in Brazilian
Amazon. J. Parasitol. 96, 1089–1101.

Nava, S., Venzal, J.M., Terassini, F.A., Mangold, A.J., Camargo, L.M., Casás, G., Labruna,
M.B., 2013. Ornithodoros guaporensis (Acari, Ixodida: Argasidae), a new tick species
from the Guapore River Basin in the Bolivian Amazon. Zootaxa 3666, 579–590.

Nava, S., Beati, L., Labruna, M.B., Cáceres, A.G., Mangold, A.J., Guglielmone, A.A., 2014.
Reassessment of the taxonomic status of Amblyomma cajennense (Fabricius, 1787)
with the description of three new species, Amblyomma tonelliae n. sp., Amblyomma
interandinum n. sp. and Amblyomma patinoi n. sp., and reinstatement of Amblyomma
mixtum Koch, 1844, and Amblyomma sculptum Berlese, 1888 (Ixodida: Ixodidae).
Ticks Tick Borne Dis. 5, 252–276.

Neumann, G., 1901. Révision de la famille des Ixodidés. 4e Mémoire. Mém. Soc. Zool. Fr.
14, 249–372.

Neumann, L.G., 1908. Notes sur les Ixodidés. VI. Arch. Parasitol. 12, 1–27.
Nguyen, L.T., Schmidt, H.A., von Haeseler, A., Minh, B.Q., 2015. IQ-TREE: a fast and

effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol.
Biol. Evol. 32, 268–274.

Nicholas, K.B., Nicholas Jr, H.B., Deerfield II, D.W., 1997. GeneDoc: analysis and visua-
lization of genetic variation. Embnew.news 4, 1–4.

Nienaber, J., Gaspar, A.R., Neitz, A.W., 1999. Savignin, a potent thrombin inhibitor
isolated from the salivary glands of the tick Ornithodoros savignyi (Acari: Argasidae).
Exp. Parasitol. 93, 82–91.

Nunn, M.A., Sharma, A., Paesen, G.C., Adamson, S., Lissina, O., Willis, A.C., Nuttall, P.A.,
2005. Complement inhibitor of C5 activation from the soft tick Ornithodoros moubata.
J. Immunol. 174, 2084–2091.

Ogihara, M.H., Hikiba, J., Suzuki, Y., Taylor, D., Kataoka, H., 2015. Ovarian ecdyster-
oidogenesis in both immature and mature stages of an Acari, Ornithodoros moubata.
PLoS One 10, e0124953.

Oleaga, A., Escudero-Población, A., Camafeita, E., Pérez-Sánchez, R., 2007. A proteomic
approach to the identification of salivary proteins from the argasid ticks Ornithodoros
moubata and Ornithodoros erraticus. Insect Biochem. Mol. Biol. 37, 1149–1159.

Oleaga, A., Obolo-Mvoulouga, P., Manzano-Román, R., Pérez-Sánchez, R., 2015. Midgut
proteome of an argasid tick, Ornithodoros erraticus: a comparison between unfed and
engorged females. Parasit. Vectors 8, 525.

Oleaga, A., Obolo-Mvoulouga, P., Manzano-Román, R., Pérez-Sánchez, R., 2017.
Functional annotation and analysis of the Ornithodoros moubata midgut genes dif-
ferentially expressed after blood feeding. Ticks Tick Borne Dis. 8, 693–708.

Oleaga, A., Obolo-Mvoulouga, P., Manzano-Román, R., Pérez-Sánchez, R., 2018. De novo
assembly and analysis of midgut transcriptome of the argasid tick Ornithodoros er-
raticus and identification of genes differentially expressed after blood feeding. Ticks
Tick Borne Dis. 9, 1537–1554.

Oliver, J.H.Jr., Pound, J.M., Andrews, R.H., 1984. Induction of egg maturation and ovi-
position in the tick Ornithodoros parkeri (Acari: Argasidae). J. Parasitol. 70, 337–342.

Peñalver, E., Arillo, A., Delclòs, X., Peris, D., Grimaldi, D.A., Anderson, S.R., Nascimbene,
P.C., Pérez-de la Fuente, R.P., 2017. Ticks parasitised feathered dinosaurs as revealed
by Cretaceous amber assemblages. Nat. Commun. 8, 1924.

Pienaar, R., de Klerk, D.G., Putterill, J.F., Mans, B.J., 2018. Notes on maternal behaviour
in soft ticks: Specifically observed in Argas (Argas) striatus Bedford, 1932 and Argas
(Secretargas) transgariepinus White, 1846. Ticks Tick Borne Dis. 9, 889–895.

Pospelova-Shtrom, M.V., 1946. On the Argasidae system (with description of two new
subfamilies, three new tribes and one new genus). Med. Parazitologia. Parazitarn.
Bolezni 15, 47–58 (English summary).

Pospelova-Shtrom, M.V., 1969. On the system of classification of ticks of the family
Argasidae Can., 1890. Acarologia 11, 1–22.

Prum, R.O., Berv, J.S., Dornburg, A., Field, D.J., Townsend, J.P., Lemmon, E.M., Lemmon,
A.R., 2015. A comprehensive phylogeny of birds (Aves) using targeted next-genera-
tion DNA sequencing. Nature 526, 569–573.

Puillandre, N., Lambert, A., Brouillet, S., Achaz, G., 2012. ABGD, Automatic Barcode Gap
Discovery for primary species delimitation. Mol. Ecol. 21, 1864–1877.

Rego, R.O., Hajdušek, O., Kovář, V., Kopáček, P., Grubhoffer, L., Hypša, V., 2005.
Molecular cloning and comparative analysis of fibrinogen-related proteins from the

soft tick Ornithodoros moubata and the hard tick Ixodes ricinus. Insect Biochem. Mol.
Biol. 35, 991–1004.

Rennie, L., Wilkinson, P.J., Mellor, P.S., 2000. Effects of infection of the tick Ornithodoros
moubata with African swine fever virus. Med. Vet. Entomol. 14, 355–360.

Robinson, L.E., 1926. The Genus Amblyomma. Part IV. In Nuttall et al. (1908 – 1926).
Cambridge University Press, London.

Rodríguez-Trelles, F., Tarrio, R., Ayala, F.J., 2002. A methodological bias toward over-
estimation of molecular evolutionary time scales. Proc. Natl. Acad. Sci. U. S. A. 99,
8112–8115.

Ronquist, F., Huelsenbeck, J.P., 2003. MrBayes3: bayesian phylogenetic inference under
mixed models. Bioinformatics 19, 1572–1574.

Rudkin, D.M., Young, G.A., Nowlan, G.S., 2008. The oldest horseshoe crab: a new xi-
phosurid from late Ordovician Konservat-Lagerstätten deposits, Manitobia, Canada.
Palaeont. 51, 1–9.

Salát, J., Paesen, G.C., Řezáčová, P., Kotsyfakis, M., Kovářová, Z., Šanda, M., Majtán, J.,
Grunclová, L., Horká, H., Andersen, J.F., Brynda, J., Horn, M., Nunn, M.A., Kopáček,
P., Kopecký, J., Mareš, M., 2010. Crystal structure and functional characterization of
an immunomodulatory salivary cystatin from the soft tick Ornithodoros moubata.
Biochem. J. 429, 103–112.

Sands, A.F., Apanaskevich, D.A., Matthee, S., Horak, I.G., Harrison, A., Karim, S.,
Mohammad, M.K., Mumcuoglu, K.Y., Rajakaruna, R.S., Santos-Silva, M.M., Matthee,
C.A., 2017. Effects of tectonics and large scale climatic changes on the evolutionary
history of Hyalomma ticks. Mol. Phylogenet. Evol. 114, 153–165.

Saravanan, T., Weise, C., Sojka, D., Kopáček, P., 2003. Molecular cloning, structure and
bait region splice variants of alpha2-macroglobulin from the soft tick Ornithodoros
moubata. Insect Biochem. Mol. Biol. 33, 841–851.

Sautet, J., Witkowski, M., 1944. A propos d’un ornithodore trouve´ a` Gao. Bull. Soc.
Pathol. Exot. 37, 182–188.

Schuh, A.J., Amman, B.R., Apanaskevich, D.A., Sealy, T.K., Nichol, S.T., Towner, J.S.,
2016. No evidence for the involvement of the argasid tick Ornithodoros faini in the
enzootic maintenance of marburgvirus within Egyptian rousette bats Rousettus ae-
gyptiacus. Parasit. Vectors 9, 128.

Schwan, T.G., Raffel, S.J., Schrumpf, M.E., Policastro, P.F., Rawlings, J.A., Lane, R.S.,
Breitschwerdt, E.B., Porcella, S.F., 2005. Phylogenetic analysis of the spirochetes
Borrelia parkeri and Borrelia turicatae and the potential for tick-borne relapsing fever
in Florida. J. Clin. Microbiol. 43, 3851–3859.

Selden, P.A., Dunlop, J.A., Giribet, G., Zhang, W., Ren, D., 2016. The oldest armoured
harvestman (Arachnida: Opiliones: Laniatores), from Upper Cretaceous Myanmar
amber. Cret. Res. 65, 206–212.

Seton, M., Müller, R.D., Zahirovic, S., Gaina, C., Torsvik, T., Shepard, G., Talsma, A.,
Gurnis, M., Turner, M., Maus, S., Chandler, M., 2012. Global continental and ocean
basin reconstructions since 200 Ma. Earth-Sci. Rev. 113, 212–270.

Shao, R., Aoki, Y., Mitani, H., Tabuchi, N., Barker, S.C., Fukunaga, M., 2004. The mi-
tochondrial genomes of soft ticks have an arrangement of genes that has remained
unchanged for over 400 million years. Insect Mol. Biol. 13, 219–224.

Shao, R., Barker, S.C., Mitani, H., Aoki, Y., Fukunaga, M., 2005. Evolution of duplicate
control regions in the mitochondrial genomes of metazoa: a case study with
Australasian Ixodes ticks. Mol. Biol. Evol. 22, 620–629.

Skoracka, A., Magalhães, S., Rector, B.G., Kuczyński, L., 2015. Cryptic speciation in the
Acari: a function of species lifestyles or our ability to separate species? Exp. Appl.
Acarol. 67, 165–182.

Stutzer, C., Mans, B.J., Gaspar, A.R., Neitz, A.W., Maritz-Olivier, C., 2009. Ornithodoros
savignyi: soft tick apyrase belongs to the 5’-nucleotidase family. Exp. Parasitol. 122,
318–327.

Teeling, E.C., Springer, M.S., Madsen, O., Bates, P., O’Brien, S.J., Murphy, W.J., 2005. A
molecular phylogeny for bats illuminates biogeography and the fossil record. Science
307, 580–584.

Theiler, G., 1961. A contribution to the knowledge of African Ixodidae. The genus
Rhipicentor. Rev. Zool. Bot. Afr. 66, 297–308.

Theiler, G., Hoogstraal, H., 1955. The identity of Ornithodoros savignyi (Audouin, 1827)
and O. pavimentosusNeumann, 1901 (Ixodoidea, Argasidae). J. Parasitol. 41,
245–247.

Theiler, G., Salisbury, L.E., 1959. Ticks in the South African zoological survey collection -
part IX - "the Amblyomma marmoreum group". Onderstepoort J. Vet. Res. 28, 47–124.

Thomas, D.S.G., Shaw, P.A., 1993. The evolution and characteristics of the Kalahari,
southern Africa. J. Arid Environ. 25, 97–108.

Trape, J.-F., Diatta, G., Arnathau, C., Bitam, I., Sarih, M., Belghyti, D., Bouattour, A.,
Elguero, E., Vial, L., Mané, Y., Baldé, C., Prugnolle, F., Chauvancy, G., Mahé, G.,
Granjon, L., Duplantier, J.-M., Durand, P., Renaud, F., 2013. The epidemiology and
geographic distribution of relapsing fever borreliosis in West and North Africa, with a
review of the Ornithodoros erraticus complex (Acari: Ixodida). PLoS One 8, e78473.

Ushijima, Y., Oliver Jr., J.H., Keirans, J.E., Tsurumi, M., Kawabata, H., Watanabe, H.,
Fukunaga, M., 2003. Mitochondrial sequence variation in Carios capensis (Neumann),
a parasite of seabirds, collected on Torishima Island in Japan. J. Parasitol. 89,
196–198.

Venzal, J.M., Nava, S., Mangold, A.J., Mastropaolo, M., Casás, G., Guglielmone, A.A.,
2012. Ornithodoros quilinensis sp. nov. (Acari, Argasidae), a new tick species from the
Chacoan region in Argentina. Acta Parasitol. 57, 329–336.

Venzal, J.M., Nava, S., González-Acuña, D., Mangold, A.J., Muñoz-Leal, S., Lado, P.,
Guglielmone, A.A., 2013. A new species of Ornithodoros (Acari: Argasidae), parasite
of Microlophus spp. (Reptilia: Tropiduridae) from northern Chile. Ticks Tick Borne
Dis. 4, 128–132.

Venzal, J.M., González-Acuña, D., Muñoz-Leal, S., Mangold, A.J., Nava, S., 2015. Two
new species of Ornithodoros (Ixodida; Argasidae) from the Southern Cone of South
America. Exp. Appl. Acarol. 66, 127–139.

Vial, L., Camicas, J.L., 2009. Description of a new soft tick species of the genus

B.J. Mans et al. Ticks and Tick-borne Diseases 10 (2019) 219–240

239

http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0695
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0700
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0700
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0700
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0705
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0705
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0705
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0705
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0710
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0710
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0710
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0710
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0715
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0715
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0715
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0720
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0720
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0720
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0720
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0725
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0725
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0725
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0730
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0730
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0735
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0735
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0735
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0740
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0740
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0740
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0745
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0745
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0745
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0745
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0745
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0745
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0750
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0750
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0755
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0760
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0760
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0760
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0765
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0765
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0770
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0770
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0770
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0775
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0775
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0775
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0780
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0780
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0780
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0785
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0785
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0785
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0790
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0790
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0790
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0795
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0795
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0795
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0800
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0800
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0800
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0800
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0805
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0805
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0810
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0810
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0810
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0815
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0815
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0815
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0820
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0820
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0820
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0825
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0825
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0830
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0830
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0830
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0835
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0835
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0840
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0840
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0840
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0840
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0845
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0845
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0850
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0850
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0855
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0855
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0855
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0860
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0860
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0865
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0865
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0865
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0870
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0870
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0870
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0870
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0870
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0875
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0875
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0875
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0875
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0880
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0880
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0880
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0885
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0885
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0890
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0890
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0890
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0890
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0895
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0895
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0895
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0895
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0900
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0900
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0900
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0905
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0905
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0905
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0910
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0910
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0910
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0915
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0915
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0915
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0920
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0920
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0920
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0925
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0925
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0925
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0930
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0930
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0930
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0935
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0935
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0940
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0940
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0940
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0945
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0945
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0950
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0950
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0955
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0955
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0955
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0955
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0955
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0960
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0960
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0960
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0960
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0965
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0965
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0965
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0970
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0970
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0970
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0970
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0975
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0975
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0975
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0980


Ornithodoros Koch, 1844 (Acari: Argasidae) from Oman. Faun. Arab. 24, 135–143.
Walker, J.B., 1991. A review of the ixodid ticks (Acari, Ixodidae) occurring in southern

Africa. Onderstepoort J. Vet. Res. 58, 81–105.
Walker, J.B., Keirans, J.E., Horak, I.G., 2000. The Genus Rhipicephalus (Acari, Ixodidae): A

Guide to the Brown Ticks of the World. Cambridge University Press, Cambridge.
Walker, A.R., Bouattour, A., Camicas, J.-L., Estrada-Peña, A., Horak, I.G., Latif, A.A.,

Pegram, R.G., Preston, P.M., 2003. Ticks of Domestic Animals in Africa: A Guide to
Identification of Species. Bioscience Reports, Edinburgh.

Walker, J.D., Geissman, J.W., Bowring, S.A., Babcock, L.E., 2012. Geologic Time Scale v.
4.0. compilers. Geological Society of Americahttps://doi.org/10.1130/2012.
CTS004R3C.

Waloszek, D., Dunlop, J.A., 2002. A larval sea spider (Arthropoda: Pycnogonida) from the
Upper Cambrian ‘Orsten’ of Sweden and the phylogenetic position of pycnogonids.
Palaentology 45, 421–436.

Warnock, R.C., Yang, Z., Donoghue, P.C., 2012. Exploring uncertainty in the calibration
of the molecular clock. Biol. Lett. 8, 156–159.

Warnock, R.C., Parham, J.F., Joyce, W.G., Lyson, T.R., Donoghue, P.C., 2015. Calibration
uncertainty in molecular dating analyses: there is no substitute for the prior eva-
luation of time priors. Proc. Biol. Sci. 282, 20141013.

Warnock, R.C.M., Yang, Z., Donoghue, P.C.J., 2017. Testing the molecular clock using
mechanistic models of fossil preservation and molecular evolution. Proc. Biol. Sci.

284 (2017), 0227.
Waxman, L., Connolly, T.M., 1993. Isolation of an inhibitor selective for collagen-sti-

mulated platelet aggregation from the soft tick Ornithodoros moubata. J. Biol. Chem.
268, 5445–5449.

Waxman, L., Smith, D.E., Arcuri, K.E., Vlasuk, G.P., 1990. Tick anticoagulant peptide
(TAP) is a novel inhibitor of blood coagulation factor Xa. Science 248, 593–596.

Wilkinson, P.J., Pegram, R.G., Perry, B.D., Lemche, J., Schels, H.F., 1988. The distribution
of African swine fever virus isolated from Ornithodoros moubata in Zambia.
Epidemiol. Infect. 101 547-364.

Williams-Newkirk, A.J., Burroughs, M., Changayil, S.S., Dasch, G.A., 2015. The mi-
tochondrial genome of the lone star tick (Amblyomma americanum). Ticks Tick Borne
Dis. 6, 793–801.

Xu, Z.-L., Liao, B.-H., Zhang, R., Yang, G.-H., Zhang, D.-G., Yao, J., Wang, L.-S., 2016.
Complete mitochondrial genome of Rhipicephalus simus. Mitochondrial DNA A DNA
Mapp. Seq. Anal. 27, 888–889.

Zhang, J., Kapli, P., Pavlidis, P., Stamatakis, A., 2013. A general species delimitation
method with applications to phylogenetic placements. Bioinformatics 29,
2869–2876.

Zhu, J., Khalil, S.M., Mitchell, R.D., Bissinger, B.W., Egekwu, N., Sonenshine, D.E., Roe,
R.M., 2016. Mevalonate-farnesal biosynthesis in ticks: comparative synganglion
transcriptomics and a new perspective. PLoS One 11, e0141084.

B.J. Mans et al. Ticks and Tick-borne Diseases 10 (2019) 219–240

240

http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0980
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0985
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0985
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0990
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0990
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0995
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0995
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref0995
https://doi.org/10.1130/2012.CTS004R3C
https://doi.org/10.1130/2012.CTS004R3C
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1005
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1005
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1005
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1010
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1010
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1015
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1015
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1015
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1020
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1020
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1020
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1025
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1025
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1025
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1030
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1030
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1035
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1035
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1035
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1040
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1040
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1040
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1045
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1045
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1045
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1050
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1050
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1050
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1055
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1055
http://refhub.elsevier.com/S1877-959X(18)30154-7/sbref1055

	Argasid and ixodid systematics: Implications for soft tick evolution and systematics, with a new argasid species list
	Introduction
	Materials and methods
	Tick identification and taxonomy conventions
	Next-generation sequencing and assembly of mitochondrial and nuclear markers
	Bioinformatic analysis of nuclear data
	Bioinformatic analysis of mitochondrial protein data
	Automatic barcode gap discovery
	Evolutionary placement algorithm- Poisson tree processes (EPA-PTP)
	Pairwise sequence comparisons of complete mitochondrial genomes
	Molecular clock estimation

	Results and discussion
	Tick specimens used in the current study
	Argasinae
	Ornithodorinae
	Nuttalliellidae
	Ixodidae
	Phylogenetic analysis using nuclear 18S-28S ribosomal RNA datasets
	Mitochondrial genome structure
	Phylogenetic analysis of mitochondrial markers
	Species delimitation
	Species delimitation and implications for biological studies
	Molecular dating
	Argasidae classification and systematics
	Future directions in tick systematics

	Conclusions
	Acknowledgements
	Supplementary data
	References




