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Abstract

Ancestral reconstruction in its fullest sense aims to describe the complete evolutionary
history of a lineage. This depends on accurate phylogenies and an understanding of the
key characters of each parental lineage. An attempt is made to delineate our current
knowledge with regard to the ancestral reconstruction of the tick (Ixodida) lineage. Tick
characters may be assigned to Core of Life, Lineages of Life or Edges of Life
phenomena depending on how far back these characters may be assigned in the
evolutionary Tree of Life. These include housekeeping genes, sub-cellular systems,
heme processing (Core of Life), development, molting, appendages, nervous and organ
systems, homeostasis, respiration (Lineages of Life), specific adaptations to a blood-
feeding lifestyle, including the complexities of salivary gland secretions and tick-host
interactions (Edges of Life). The phylogenetic relationships of lineages, their origins and
importance in ancestral reconstruction are discussed. Uncertainties with respect to
systematic relationships, ancestral reconstruction and the challenges faced in
comparative transcriptomics (next-generation sequencing approaches) are highlighted.
While almost 150 years of information regarding tick biology have been assembled,
progress in recent years indicates that we are in the infancy of understanding tick
evolution. Even so, broad reconstructions can be made with relation to biological
features associated with various lineages. Conservation of characters shared with sister
and parent lineages are evident, but appreciable differences are present in the tick lineage
indicating modification with descent, as expected for Darwinian evolutionary theory.

Many of these differences can be related to the hematophagous lifestyle of ticks.
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Ancestral Reconstruction

Ancestral reconstruction aims to provide an accurate history of changes that
occurred in a lineage during the course of evolution and to determine which characters
were present in the last common ancestral lineage. Zuckerkandl and Pauling elaborated
on the basic idea in a series of papers which aimed to establish a theoretical basis for the
reconstruction of amino acid positions in protein sequences, based on the molecular
clock hypothesis (Zuckerkandl and Pauling, 1965a, 1965b, 1962). In this form it has
been successfully used to reconstruct and characterize ancient “extinct” proteins at
functional level, thereby gaining insight into the evolution of protein function (Liberles,
2007). However, ancestral reconstruction as a discipline spans much more than
reconstruction of protein sequences and has been present at least as long as the idea of
evolution by descent (Darwin, 1859).

In its most encompassing form it aims at the total description of the
evolutionary history of an organism and include all levels of biological complexity, from
sub-cellular to cellular to multi-cellular organization, developmental biology,
morphological and physiological adaptations, gene duplication and gene loss, functional
acquisition, loss, modification or exaptation, differential gene expression, complex
interaction networks, divergence and extinctions of species or lineages, lineage specific
innovations or losses, acquisition via horizontal gene transfer, pathogen and symbiont
interactions and the microbiome of a species. In fact, it may be argued that ancestral
reconstruction lie at the heart of all biological disciplines and that without it a full
understanding of biology and the evolution of a lineage cannot be attained. To
paraphrase Dobzhansky (1973): Nothing in evolution makes sense, except in the light of

ancestral reconstruction.



Ancestral reconstruction serves to provide a perspective on the proper place
that function, biological process, phenotypic trait or a species may have in the intrinsic
nature of a lineage. The intrinsic nature of a lineage is those properties that allow us to
classify it as unique in relation to its closest relatives. For example: Ticks are
monophyletic hematophagous parasitiform Acari, a trait that distinguish them from most
other Arachnids.

Correct phylogenies are crucial for accurate ancestral reconstruction
(Cunningham et al. 1998; Ronquist, 2004), whether this is for protein sequences,
domains or families, morphological characters, biological processes or species
relationships, since the identification of homologous characters lies at its heart. Ancestral
reconstruction can therefore not be considered without reference to the systematics of a
lineage and its place within the larger Kingdom of Life.

Reconstruction of the evolutionary history of the tick lineage (Ixodida) in
broad terms have previously been addressed on various levels (Barker et al. 2014; Barker
and Murrell, 2004, 2002; Black et al. 1997; Burger et al. 2014a, 2013, 2012; de la Fuente
et al. 2015; Dobson and Barker, 1999; Durden and Beati, 2014; Hoogstraal, 1985;
Klompen and Oliver, 1993; Klompen et al. 2000, 1996a; Mans, 2014; Mans, 2011; Mans
and Neitz, 2004a; Mans et al. 2015; 2014, 2012, 2011, 2008a, 2008b, 2003a, 2002a;
Murrell et al. 2005; Oliver, 1989), but no critical review regarding progress in this field
in recent years exist. The current review will assess our knowledge regarding ancestral
reconstruction of the tick lineage, as well as challenges faced for successful
reconstruction in the future. It is our contention that accurate ancestral reconstruction
will allow understanding of tick biology in its entire complexity. This will allow
knowledge-based hypotheses on a far grander scale than is the current case and will

allow for a targeted approach to tick control.



The place of ticks in the Tree of Life

It is of interest to define the place of ticks in the Tree of Life, the certainty of
this placement and its implications for the understanding of tick biology with respect to
ancestral reconstruction (Fig. 1). Life may be classified into Archaea, Bacteria and
Eukaryotes (SAR, Archaeplastida, Excavata, Amoebozoa, Opisthokonta) (Adl et al.
2012). Within the Opisthokonta the Animalia (animals, Metazoa) are multicellular
heterotrophic eukaryotes divided into the Bilateria, Calcarea (Calcareous sponges),
Ctenophora (comb  jellies), Cnidaria (sea anemones, corals, jellyfish),
Homoscleromorpha (encrusting sponges), Placozoa and Silicea (siliceous sponges)
(Edgecombe et al. 2011). Bilateria (animals with bilateral symmetry) includes
Acoelomorpha and Nephrozoa. The latter includes Deuterostomia (vertebrate and their
ancestral lineages), Ecdysozoa (animals able to molt) and Spiralia (including molluscs,
annelids and platyhelminths). Ecdysozoa include the Arthropoda, Nematozoa
(nematodes), Onychophora, Scalidophora and Tartigrada (Philippe et al. 2009). The
Arthropoda are invertebrates with exoskeletons, segmented bodies and jointed
appendages and subphyla include Chelicerata (Arachnida, Xiphosura and Pycnogonida),
Crustacea (crustaceans), Hexapoda (insects) and Myriapoda (centipedes and millipedes)
(Edgecombe, 2010; Edgecombe and Legg, 2014). Within this scheme ticks are part of
the Arachnida; a distinction shared with other Acari (mites), Amblypygi (tailless whip
scorpions), Araneae (spiders), Opiliones (harvestmen), Palpigradi (microwhip
scorpions), Pseudoscorpionida (pseudoscorpions), Ricinulei (hooded tick-spiders),
Schizomida (split middle whip scorpions), Scorpiones (scorpions), Solifugae (sun

spiders) and Thelyphonida (whip scorpions). The Acari is composed of the Acariformes



Figure 1: The lineage specific history of the Ixodida. Indicated are a current phylogenetic relationships for Eukaryotes (Adl, et al. 2012), Metazoa (Edgecombe et al.
2011), Arthropoda (Giribet and Edgecombe, 2012), Acari (Klompen et al. 2007) and Ixodida (Mans, 2011; Mans et al. 2015). Numbers in brackets indicate current
number of species according to Guglielmone (2010) as updated (Mans, 2011).
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and the Parasitiformes, the latter divided into Opilioacarida, Holothyrida, Ixodida and

Mesostigmata (Fig. 1).

Core, Lineage and Edges of Life processes

Our confidence that ticks fall within this classification scheme (Eukaryotes,
Metazoa, Bilateria, Nephrozoa, Protostomia, Ecdysozoa, Arthropoda, Chelicerata,
Arachnida, Parasitiformes, Ixodida) is fairly robust based on morphological and
molecular evidence (Dunlop, 2010; Edgecombe et al. 2011; Edgecombe and Legg, 2014;
Garwood and Dunlop, 2014; Giribet and Edgecombe, 2012; Legg et al. 2013; Philippe et
al. 2009; Shultz, 2007, 1990). This phylogenetic placement allows us to make some
generalized statements with regard to ancestral reconstruction, with the understanding
that there is a gradation of lineage specific conservation. As such, conservation
phenomena may be divided into Core of Life, Lineages of Life and Edges of Life
processes. Core of Life processes are those conserved in all Eukaryotes and evolved in
the Last Eukaryotic Common Ancestor (LECA) (Koonin, 2015; Penny et al. 2014).
Lineages of Life processes refer to those that characterize a lineage in relation to other
lineages, with the implication that those characters that define the ancestral lineage will
be conserved among sibling lineages. Edges of Life processes refer to those adaptations
that make lineages unique with respect to their biology and ecology. Whereas Core of
Life and Lineages of Life deal mainly with processes that ensures functionality at
cellular and developmental level, Edges of Life deal mainly with those processes that
allow organisms to interact and engage with their environment. This is also the space
where lineage specific innovation and adaptation occurs and where organisms find
different solutions to the same problem, for example, the way that different blood-

feeding arthropods adapted independently to the vertebrate host-interface using similar



anti-defence mechanisms via convergent evolution (Mans, 2011). In this space, closely
related lineages can have very different biology. These broad classifications can overlap
and a central theme that emerges is that of modification of existing features with descent,
i.e. organisms use existing characters for innovation. The remainder of the review will

discuss the evolution of ticks and their ancestral reconstruction within this framework.

Core of Life processes
The core eukaryotic set of orthologous housekeeping genes

It may be reasonable to expect that the Core of Life processes will be
conserved in ticks. These include metabolic pathways, sub-cellular organization and
cellular processes such as cell division, protein degradation, secretory pathways,
replication, transcription, translation, cell trafficking and transport (Koonin, 2015; Penny
et al. 2014). Knowledge that these characters are conserved allows functional annotation
of transcriptome or genomic databases with some degree of confidence (Gabaldon and
Koonin, 2013), even if most of these functionalities have never been empirically tested
in ticks. Databases that may serve as gateways to discover Core of Life processes are the
COG (Tatusov et al. 2003), KOG (Koonin et al. 2004), KEGG (Ogata et al. 1999) and
Biosystems (Geer et al. 2010) databases. In the KOG database for example, 3413 core
genes were conserved in all eukaryotes and 5210 in the Ecdysozoa (Koonin et al. 2004).
Approximately 70000 tick proteins from Genbank can be annotated as housekeeping
using the KEGG database (B.J. Mans, personal observation). More specifically, ~14000,
~15000 and ~5000 can be annotated as housekeeping, respectively, for the three species
with the highest number of genes available at present, namely Ixodes scapularis, I.
ricinus and Rhipicephalus microplus (Table 1). The scorpion Mesobuthus martensii, with

a genome size of ~1.3 Gbp and an estimated 32016 genes, is the only chelicerate genome



Table 1: A summary of transcriptomes sequenced from ticks and other mites. Protein sequences were retrieved
from the NR protein database where available, otherwise nucleotide and EST data were retrieved from Genbank
or Vectorbase (*). Open reading frames (>240 bp) were extracted and translated to protein sequences. A non-
redundant dataset was analyzed by BLAST analysis against an in-house curated tick database. C: conventional
sequencing; N: next-generation sequencing; SG: salivary gland; WB: whole body; HL: hemolymph; SYN:
synganglion; OV: ovaries; G: gut; SEC: secretory; HK: housekeeping; KI: kunitz/BPTI inhibitor; BT: basic tail;
LC: lipocalin; SNT: 5° nucleotidase/apyrase; MP: metalloprotease. Missing data or unavailable data in Genbank

is indicated by -.

Species Type SEC HK KI BT LC 5NT | MP Reference
Source
Argasidae
A. monolakensis C, SG 137 83 8 21 32 1 21 Mans et al. 2008b
A. delacruzi* C, SG 25 147 0 0 0 0 3 Ribeiro et al. 2012
O. coriaceus C, SG 123 102 13 19 39 1 12 Francischetti et al. 2008b
O. porcinus* C, WB 20 139 2 2 4 0 2 Neilan et al. 2003, unpublished
O. parkeri C, SG 132 161 15 20 48 0 7 Francischetti et al. 2008a
O. rostratus* N, SG 396 5600 21 22 34 8 60 Araujo et al. 2015, unpublished
Ixodidae
1. pacificus C, SG 66 36 9 16 10 0 1 Francischetti et al. 2005
1 ricinus* C, SG 129 135 18 47 6 0 8 Chmelar et al. 2008
1. ricinus N, SG 3882 3537 512 310 564 60 564 Schwarz et al. 2013
I ricinus N, SG 3670 9891 478 406 568 41 427 Kotsyfakis et al. 2015a; Schwarz et al.
2014a
1 ricinus N, HL 625 1712 47 66 126 2 48 Kotsyfakis et al. 2015b
I ricinus Total 8401 15360 1058 834 1283 103 1054 Databases*
1 scapularis C, SG 76 1 26 22 6 0 2 Valenzuela et al. 2002
I scapularis C, SG 274 147 44 42 40 0 1 Ribeiro et al. 2006
I scapularis Genome 1368 13042 99 49 65 38 342 Hill et al., unpublished
1. scapularis Total 1795 13283 176 123 119 39 348 Databases*
A. americanum* C, SG 193 133 65 6 69 0 8 Aljamali et al. 2009
A. americanum* C, SG 104 859 8 9 31 0 4 Gibson et al. 2013
A. americanum N, SG 849 1814 110 34 213 6 71 Karim and Ribeiro, 2015
A. americanum Total 1173 2982 184 49 314 6 83 Databases™
A. maculatum N, SG 886 3325 88 24 304 8 147 Karim et al. 2011
A. variegatum* C, SG - - - - - - - Nene et al. 2002
A. variegatum 140 526 7 5 12 2 18 Ribeiro et al. 2011
A. cajennense N, SG 1362 3479 187 125 275 18 109 Garcia et al. 2014
A. parvum N, SG 476 1977 61 19 109 4 38 Garcia et al. 2014
A. triste N, SG 1761 4991 135 87 589 13 115 Garcia et al. 2014
H. flava N, SG - - - - - - - Xu et al. 2015
H. longicornis N, SG - - - - - - - Tirloni et al. 2015
H. longicornis* C, SG 796 878 85 22 133 0 22 Tsuji et al. 2015, unpublished
H. m. rufipes C, SG 43 62 2 2 5 0 1 Francischetti et al. 2011
D. andersoni* C, SG 139 195 21 10 21 0 1 Alarcon-Chaidez et al. 2007
D. andersoni N, SG - - - - - - - Mudenda et al. 2014
D. variabilis* C,G 63 368 3 0 6 0 2 Anderson et al. 2008
D. variabilis* N, SYN 29 36 4 0 0 0 0 Donohue et al. 2010
D. variabilis* N, WB 44 180 1 1 1 0 1 Jaworski et al. 2010
R. appendiculatus* C, SG 107 709 4 6 5 0 24 Nene et al. 2004
R. appendiculatus SG 2134 8237 236 90 516 16 193 de Castro et al. 2016
R. microplus HC, SG, - - - - - - - Santos et al. 2004
ov
R. microplus* C, WB 699 3897 50 21 81 8 100 Guerrero et al. 2005
R. microplus* C,GOL 62 768 6 0 0 0 0 Heekin et al. 2012, 2013a, 2013b
R. microplus* N, SG 93 55 2 0 49 0 2 Tirloni et al. 2014
R. microplus Total 917 5088 64 21 134 9 107 Databases
R. pulchellus N, SG 1414 8160 196 39 331 13 107 Tan et al. 2015
R. sanguineus C, SG 102 163 10 10 31 0 0 Anatriello et al. 2010
Total 22757 77033 2604 1578 4378 247 2456
Mesostigmata
M. occidentalis N, WB 334 9075 6 8 5 5 45 Hoy et al. 2013
D. gallinae* N, WB 303 5142 18 7 8 2 27 Schicht et al. 2014
S. scabiei Genome 386 6973 8 0 1 5 23 Rider et al. 2015




sequenced to date that approaches the size of tick genomes (Cao et al. 2013). Reciprocal
best BLAST hit analysis of M. martensii, I. ricinus and 1. scapularis gave 3312 shared
proteins, 5455 for 1. scapularis/M. martensii, 4403 for 1. ricinus/M. martensii and a total
of 6546 that can be classified as housekeeping. This indicate that some of the core genes
may still be missing from the 1. scapularis genome and 1. ricinus transcriptome and that
chelicerates may have up to ~7000 shared core housekeeping genes. This core set codes
for various basic processes central to cellular biology, including metabolism of amino
acids (239), carbohydrates (350), energy (112), lipids (185), nucleotides (108),
detoxification (10), replication (373), transcription (798), translation (633), protein
folding, degradation and sorting (756), transport (433), cell division (128), cell
communication (43), cell motility (190), signal transduction (746) and signalling (193).
Gene losses and duplication account for differences in the rest of the
housekeeping complement where M. martensii retrieve 16078 genes from 1. scapularis
and 14905 from [ ricinus using BLAST analysis, of which 6749 and 6186 are non-
redundant, respectively and ~90% are housekeeping. This indicated that M. martensii has
a significant portion of duplicated housekeeping genes, which may account for the high
gene number observed in the genome. Conversely, /. scapularis retrieved 12032 BLAST
hits (6883 non-redundant) and /. ricinus 14372 (5566 non-redundant) of which ~90% are
housekeeping. BLAST analysis of the non-redundant proteins from /. scapularis against
its own database indicated that 95% of these proteins have at least one gene pair in the
rest of the genome (BLAST E-value<10"'’). This may suggest that each gene has
underwent at least a single duplication, or that one genome duplication event occurred in

the past.

Moonlighting of housekeeping proteins at the tick-host interface
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Conserved proteins may have moonlighting functionality at the tick-host
feeding interface (Tirloni et al. 2015, 2014). For example enolase, a glycoolytic enzyme
may act as plasminogen activator (Diaz-Martin et al. 2013a). An interesting phenomenon
in this regard, is the proteomic detection of high numbers of housekeeping proteins in
tick salivary secretions, even though the majority do not have secretory signals (Diaz-
Martin et al. 2013b; Oliveira et al. 2013; Tirloni et al. 2015, 2014). The presence of
housekeeping proteins in saliva may be explained by conservation of apocrine secretion
in metazoans (Farkas, 2015). As opposed to exocytosis (merocrine secretion), where
secretory granules that derive from the Golgi network, fuse with the cell membrane and
selectively secrete its contents externally, apocrine secretion consists of shedding of
whole pieces of cellular material (granular and cytoplasmic content) into a lumen
(Farkas, 2015). Apocrine secretion of large granules and merocrine secretion of small
granules have been described in soft ticks (Balashov, 1972; Coons and Roshdy, 1981), as
well as hard ticks (Gill and Walker, 1987; Shaw and Young, 1995). Merocrine secretion
most probably occurs for dopamine vesicles that have a paracrine role in secretion (Simo
etal. 2011). Direct evidence of apocrine secretion in the soft tick O. savignyi is presented
in the current study for the first time (Fig. 2). Apocrine secretion may explain why not all
granular content are secreted during feeding (Balashov, 1972; Coons and Roshdy, 1981),
why housekeeping proteins show up in saliva (Diaz-Martin et al. 2013b; Tirloni et al.
2015, 2014) and why saliva proteomes may in general show high levels of diversity
between feeding stages, sexes and individuals (Diaz-Martin et al. 2013b).

The detection of high numbers of housekeeping proteins in salivary secretions
may indicate a function in tick-host interactions (Tirloni et al. 2015, 2014), making the
accurate annotation of housekeeping proteins an important aim in ancestral

reconstruction. However, the inconsistent nature of apocrine secretion necessitates
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Figure 2: Apocrine secretion in the soft tick Ornithodoros savignyi. Indicated are unfed acini (top left) and acini day 0
after feeding (top right). Arrows indicate signs of broken cells that secreted material into the lumen. Graphical
representations of unfed (bottom left) and acini after apocrine secretion (bottom right).
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Table 2: Platelet aggregation inhibitors from ticks. Adapted and updated from Mans and Neitz (2004a).
Sequences were analyzed by BLASTP analysis against an in-house curated tick database (Table 1) to identify

potential orthologs. Those highlighted in grey are considered to be present in the ancestral tick lineage.

Species Name Target Mr Family Orthologs Reference
O. moubata Apyrase ATP, ADP 63291 | 5-NT Ixodida Ribeiro et al. 1991; Diaz-Martin et al. 2015
O. savignyi Apyrase ATP, ADP 63102 | 5-NT Ixodida Mans et al. 1998a, 1998b; Stutzer et al. 2009
A. monolakensis Apyrase ATP, ADP ND 5-NT Ixodida Mans et al. 2008a; Mans et al. 2008b
L. scapularis Apyrase ATP, ADP 61841 | 5-NT Ixodida Ribeiro et al. 1985; Stutzer et al. 2009
O. moubata Moubatin TXA2 16756 | Lipocalin Ornithodoros | Waxman and Connolly, 1993; Keller et al.
1993
O. savignyi TSGP2/3 TXA2 15878 | Lipocalin Ornithodoros | Mans and Ribeiro, 2008b
O. moubata TAIL Collagen ND ND ND Karczewski et al. 1995
O. moubata Disagregin GPIIbllla 6956 BPTI Argasidae Karczewski et al. 1994
O. savignyi Savignygrin | GPIIblIla 6966 BPTI Argasidae Mans et al. 2002b
A. monolakensis Monogrin GPIIbllla 9817 BPTI Argasidae Mans et al. 2008a
D. variabilis Variabilin GPIIbllla 4986 Ixodegrins Ixodidae Wang et al. 1996; Francischetti et al. 2005
A. americanum AamS6 Plasmin 52000 | Serpin Metastriates Mulenga et al. 2013
A. americanum AASI19 Thrombin 46638 | Serpin Ixodidae Kim et al. 2015
H. longicornis Longicornin | Collagen 16000 | ND ND Cheng et al. 1999
L. ricinus IRS-2 Cathepsin G 41900 | Serpin Prostriates Chmelar et al. 2011
1 scapularis YY-39 GPIIblIla 4432 Ixodegrins Ixodidae Francischetti et al. 2005; Tang et al. 2015
D. reticulatus SHBP Serotonin 22065 | Lipocalin Ixodida Sangamnatdej et al. 2002
O. savignyi TSGP1 Serotonin 18614 | Lipocalin Ixodida Mans et al. 2008c
A. monolakensis Monotonin Serotonin 16559 | Lipocalin Ixodida Mans et al. 2008c
L. scapularis IS-14 Serotonin 20318 | Lipocalin Ixodida Mans et al. 2008c
IS-15 Serotonin 21343 | Lipocalin Ixodida

ND — not determined
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Table 3: Blood clotting inhibitors from ticks. Adapted and updated from Mans and Neitz (2004a). Sequences
were analyzed by BLASTP analysis against an in-house curated tick database (Table 1) to identify potential

orthologs. Those highlighted in grey are considered to be present in the ancestral tick lineage.

Species Name Target Mr (Da) Family Orthologs Reference
O. moubata ND Thrombin ND ND ND Hellmann and Hawkins, 1967
O. moubata Ornithodorin Thrombin 12620 BPTI Argasidae van de Locht et al. 1995
O. savignyi Savignin Thrombin 12430 BPTI Argasidae Nienaber et al. 1999; Mans et al. 2002¢
A. monolakensis Monobin Thrombin 13663 BPTI Argasidae Mans et al. 2008a
A. americanum Americanin Thrombin 12000 ND ND Zhu et al. 1997
1. ricinus Ixin Thrombin 7000 ND ND Hoffmann et al. 1991
1 holocyclus ND Thrombin ND ND ND Anastopoulos et al. 1991
R. microplus BmAP Thrombin 60 000 ND ND Horn et al. 2000
R. microplus BmGTI Thrombin 26000 ND ND Ricci et al. 2007
R. microplus Microphilin Thrombin 1755 ND ND Ciprandi et al. 2006
A. variegatum Variegin Thrombin 3609 Hirudin-like Metastriates Kazimirové et al. 2002; Koh et al. 2007
H. longicornis Madanins Thrombin 6771; Madanin Metastriates Iwanaga et al. 2003
7122
H. longicornis Chimadanin Thrombin 7472 Madanin Metastriates Nakajima et al. 2006
H. m. rufipes Hyalomin-1 Thrombin 6386 Madanin Metastriates Jablonka et al. 2015
1. scapularis Ixophilin*' Thrombin 14112 BPTI Ixodidae Narasimhan et al. 2013
H. longicornis Hemalin*' Thrombin 14246 BPTI Ixodidae Liao et al. 2009
R. microplus Boophilin*! Thrombin 13980 BPTI Ixodidae Macedo-Ribeiro et al. 2008; Soares et al.
2012

R. microplus RmS-15 Thrombin 42643 Serpin Ixodidae Rodriguez-Valle et al. 2015; Xu et al. 2016
A. hebraeum Amblin*' Thrombin 17400 BPTI Ixodidae Lai et al. 2004
R. calcaratus Calcaratin Thrombin 14500 ND ND Motoyashiki et al. 2003
H. dromedarii NTI-1 Thrombin 3200 ND ND Ibrahim et al. 2001a
H. dromedarii NTI-2 Thrombin 14900 ND ND Ibrahim et al. 2001a
O. moubata TAP fXa 6979 BPTI Ornithodoros | Waxman et al. 1990
O. savignyi fXal fXa 7193 BPTI Ornithodoros | Gaspar et al. 1996; Joubert et al. 1998
R. appendiculatus | fXal fXa 65000 ND ND Limo et al. 1991
H. truncatum fXal fXa 17000 ND ND Joubert et al. 1995
H. dromedarii fXal fXa 15000 ND ND Ibrahim et al. 2001b
L scapularis Salp14 fXa 11933 BTSP Prostriates Narasimhan et al. 2002
A. americanum AAS19 fXa, fXIa 46638 Serpin Ixodidae Kim et al. 2015
A. cajennense Amblyomin-X Xa 12504 BPTI Metastriates Batista et al. 2010
H. longicornis HLS2 Thrombin 44000 Serpin Metastriates Imamura et al. 2005
1 scapularis TIX-5 fXa-fVv 22757 PLUNC* Prostriates Schuijt et al. 2013
H. longicornis Longistatin Plasminogen 17800 EF-hand Ixodida Anisuzzaman et al. 2011, 2012
O. moubata rOmEno Plasminogen 46959 Enolase Ixodida Diaz-Martin et al. 2013a
L scapularis MP1 Fibrin 53756 Metalloprotease Ixodida Francischetti et al. 2003
R. bursa TCI Carboxy- 7923 Beta-defensin Ixodida Arolas et al. 2005a, 2005b

peptidase B
H. longicornis HITCI Carboxy- 8400 Beta-defensin Ixodida Gong et al. 2007

peptidase B
R. microplus BmTI-A Kallikrein 18000 BPTI Metastriates Tanaka et al. 1999
R. microplus BmTI-D Kallikrein 8000 BPTI Metastriates Sasaki et al. 2004
H. longicornin Haemaphysalin | Kallikrein 16222 BPTI Metastriates Kato et al. 2005
1 ricinus Ir-CPI Kallikrein- 7653 BPTI Prostriates Decrem et al. 2009

fXIla-fXIa
1. scapularis Ixolaris fXa-TF-VIla 15657 BPTI Prostriates Francischetti et al. 2002
1 scapularis Penthalaris X, fXa 35000 BPTI Prostriates Francischetti et al. 2004
O. moubata TAM-a Vasodilation 8602 Calcitonin Ornitho?oms Iwanaga et al. 2014

— HGT*
O. savignyi BSAP1 PT pathway 9196 ND ND Ehebauer et al. 2002
BSAP2 9199

*1 The inhibitors are all non-salivary derived and found in the hemolymph or gut.

*2 Family assignment was based on a Phyre search and the model confidence was 99.2%. The PLUNC
superfamily includes Der {7 allergens (Tan et al. 2012).

*3 HGT — horizontal gene transfer from mammals.
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Table 4: Immuno-modulators from ticks. Sequences were analyzed by BLASTP analysis against an in-house
curated tick database (Table 1) to identify potential orthologs. Those highlighted in grey are considered to be
present in the ancestral tick lineage.

Species Compound Target Mr (Da) | Family Orthologs Reference
1. scapularis Isac Complement C3 18132 Isac Prostriates Valenzuela et al. 2000
O. moubata OmCI Complement C5 16779 Lipocalin Ornithodoros Nunn et al. 2005
1. ricinus Iris Elastase 41358 Serpin Prostriates Prevot et al. 2006
R. microplus BmTI-A Elastase 18000 BPTI Metastriates Tanaka et al. 1999
O. savignyi TSGP4 LTC4 17141 Lipocalin Argasidae Mans and Ribeiro, 2008a
A. monolakensis AM-33 LTC4 18427 Lipocalin Argasidae Mans and Ribeiro, 2008a
1. ricinus IRS-2 Chymase 41900 Serpin Prostriates Chmelar et al. 2011
I scapularis ISL929 Neutrophils 10224 ADAMTS Prostriates Guo et al. 2009
ISL 1373 11584
R. appendiculatus HBP1 Histamine 19438 Lipocalin Ixodida Paesen et al. 1999
HBP2 Histamine 19467
MS-HBP Histamine 21021
D. reticulatus SHBP Histamine 22065 Lipocalin Ixodida Sangamnatdej et al. 2002
Serotonin
O. savignyi TSGP1 Histamine 18614 Lipocalin Ixodida Mans et al. 2008¢
Serotonin
A. monolakensis Monomine Histamine 15725 Lipocalin Ixodida Mans et al. 2008¢
A. monolakensis Monotonin Serotonin 16559 Lipocalin Ixodida Mans et al. 2008c
L. scapularis IS-14 Serotonin 20318 Lipocalin Ixodida Mans et al. 2008¢
IS-15 21343
R. appendiculatus Japanin DC modulation 17574 Lipocalin Metastriates Preston et al. 2013
O. moubata Moubatin LTB4 16756 Lipocalin Ornithodoros Mans and Ribeiro, 2008b
O. moubata OmCI LTB4 16779 Lipocalin Ornithodoros Roversi et al. 2013
0. savignyi TSGP2/3 LTB4 15878 Lipocalin Ornithodoros Mans and Ribeiro, 2008b
L. ricinus Ir-LBP LTB4 21834 Lipocalin Prostriates Beaufays et al. 2008a
L ricinus Tryptogalinin Tryptase 8452 BPTI Ixodidae Valdés et al. 2013
R. appendiculatus TdPI Tryptase 11093 BPTI Metastriates Paesen et al. 2007
R. appendiculatus Ra-KLP maxiK channels 8542 BPTI Rhipicephalus Paesen et al. 2009
R. sanguineus Evasin-1 CCL3, CCL4, 10458 Evasin-1 Metastriates Frauenschuh et al. 2007
CCL18
R. sanguineus Evasin-3 CXCL1; CXCLS8 6999 Evasin-3 Metastriates Déruaz et al. 2008
R. sanguineus Evasin-4 CCLS; CCL11 11176 Evasin-1 Metastriates Déruaz et al. 2008
R. microplus BmTI-2 Elastase 17000 BPTI Metastriates Sasaki et al. 2004
R. microplus BmTI-3 Elastase 15000 BPTI Metastriates Sasaki et al. 2004
R. microplus Boophilin Elastase 13980 BPTI Ixodidae Soares et al. 2012
R. microplus RmS-3 Elastase 41534 Serpin Metastriates Rodriguez-Valle et al. 2015
R. sanguineus RsTIQ2 Elastase ND BPTI ND Sant'Anna Azzolini et al.
2003
1. scapularis Sialostatin L Cathepsin L, V 12399 Cystatin Prostriates Kotsyfakis et al. 2006
1. scapularis Sialostatin L.2 Cathepsin L, V 12654 Cystatin Prostriates Kotsyfakis et al. 2007
O. moubata OmC2 Cathepsin B, C, 13054 Cystatin Ornithodoros Salat et al. 2010
HL,S
A. americanum MIF Macrophages 12605 MIF Ixodida Jaworski et al. 2001
D. variabilis HRF Basophils 19724 HRF Ixodida Mulenga et al. 2003
R. appendiculatus IGBPA Immunoglobulins | 35214 IGBPA Ixodida Wang et al. 1998
IGBPB 18141 ML Ixodidae
IGBPC 17236 ML Ixodidae
1. scapularis Salp15 CD4+ T cells 12459 Salpl5 Prostriates Anguita et al. 2002
D. andersoni p36 T lymphocytes 22837 ETX MTX2 | Metastriates Bergman et al. 1998; 2000
1 scapularis Metallo Bradykinin ND ND ND Ribeiro and Mather, 1998
Dipeptidyl
Carboxypeptidase
R. microplus Bookase Bradikinin ND ND ND Bastiani et al. 2002
R. microplus ACE Bradikinin 72472 M2 _ACE Ixodida Jarmey et al. 1995
1. scapularis PGE2 Inflammation ND ND Ixodidae Ribeiro et al. 1985
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accurate quantification when claims are made regarding functionality at the tick-host
interface. It should also be considered that ticks show an impressive extent of lineage
specific secretory protein family expansion (Mans and Neitz, 2004a; Mans et al. 2008b),
which has been linked with specific anti-hemostatic and immuno-modulatory functions
(Table 2; Table 3 and Table 4). Secretory proteins are also generally more stable and
may be stored in secretory granules for extended periods, while housekeeping proteins
have higher turnover rates (Bosnjak et al. 2014). Housekeeping functions that act at the
tick-host interface may therefore be short term and incidental, compared to secretory
proteins that evolved specifically for the purpose of feeding. Moreover, secretory
proteins show on average higher rates of non-synonymous versus synonymous
substitutions suggesting positive selection of secretory proteins compared to
housekeeping proteins (Kotsyfakis et al. 2015a).

The possibility that overabundance of housekeeping proteins in saliva may be
an artefact of artificial stimulation using chemical stimulants such as dopamine and
pilocarpine, should as yet not be discounted, since natural salivary secretion has not yet
been analysed. In this regard, the high levels of host proteins observed in tick saliva are
of interest, ranging from ~2% in argasids to 24-36% in ixodids (Diaz-Martin et al.
2013b; Tirloni et al. 2015, 2014), since apocrine secretion cannot account for their
presence. Regurgitation of gut-derived blood meal content during feeding has been
suggested for both hard and soft ticks (Brown, 1988; Connat, 1991). Even so, host IgG
secretion via the salivary glands was shown to be specific (Wang and Nuttall, 1994),
while transport of intact host-derived proteins across the gut epithelium of insects and
ticks seem to be a general non-specific phenomenon (Jeffers and Roe, 2008), suggesting
that host-derived proteins may end up in the salivary glands. The recent extent of

detection in saliva is, however, remarkable and warrants further analysis.
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Heme, the centre of Life

The central role that heme plays in oxidative phosphorylation and respiration
makes its biosynthesis a conserved feature of all life forms including eukaryotes and
prokaryotes (Hosler et al. 2006; Panek and O’Brian, 2002). The first metabolite in the
heme pathway, 6-aminolevulinic acid (ALA), is synthesized by a-proteobacteria and
metazoans in the C4 pathway from succinyl-CoA and glycine by ALA synthase (hemA),
or by archae and other bacteria in the C5 pathway from glutamyl-tRNA" involving a
two-step synthesis by glutamyl-tRNA reductase (gtrA) and glutamate 1-semialdehyde
amino transferase (hemL) (Kofeny et al. 2013). The biosynthetic pathway from ALA to
protoheme is generally conserved in all organisms, and includes seven enzymatic steps
catalysed by seven enzymes (ALA dehydratase: hemB, porphobilinogen deaminase:
hemC, uroporphyrinogen synthase: hemD, uroporphyrinogen decarboxylase: hemkE,
coproporphyrinogen-III  oxidase: hemF, protoporphyrinogen oxidase: hemG,
ferrochelatase: hemH) (Panek and O’Brian, 2002). It was therefore quite surprising to
find that R. microplus lacks the hemB enzyme, cannot synthesize heme and is therefore
dependent on host-derived heme (Braz et al. 1999). BLASTP analysis of hemB in 2011
indicated that no hemB homologs could be found for ticks, but were found in acariform
mites (Mans, 2014). Revisiting this, using the hemA-hemH genes from the honey bee
Apis mellifera, the total complement of the heme biosynthesis pathway could be obtained
for the predatory parasitiform mite Metaseiulus occidentalis (hemA: 391339730; hemB:
391332178; hemC: 391347560; hemD: 391331139; hemE: 391332650; hemF:
391341014; hemG: 391332341; hemH: 391348503), that has the smallest chelicerate
genome to date (Jeyaprakash and Hoy, 2009a). This indicates that the ability to

synthesize heme existed in the ancestral parasitiform lineage.
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The question that remains is that of the extent of loss of the heme biosynthetic
pathway in the Ixodida. Loss of components of the heme biosynthetic pathway is a
common occurrence among obligatory parasites that uses host-derived heme (Kofeny et
al. 2013). Other blood-feeding arthropods such as mosquitoes probably retain their
ability to synthesize heme, since not all lifestages are obligatory blood-feeding. Assassin
bugs are obligatory blood-feeders, but did not lose their ability to synthesize heme,
although they may also utilize host-derived heme (Braz et al. 1999). All stages of ticks
(with some derived exceptions: see ecdysis section) are obligatory blood-feeders and
could potentially derive all of their heme needs from their diet (Donohue et al. 2009). If
ticks lost their ability to synthesize heme during evolution of blood-feeding, because
they utilized host-derived heme, this could be an important character to support a
monophyletic origin for blood-feeding in the ancestral lineage (Mans, 2014).

BLAST analysis using the hemA-hemF genes from M. occidentalis indicated
that no orthologs could be found for hemA, hemC, hemD and hemE in current tick
databases or in-house transcriptome databases. HemB could not be found in any ixodid
databases, but a sequence was found for O. rostratus and in in-house Argasidae
databases (B.J. Mans, unpublished observation). HemF, hemG and hemH homologs
were found in public and in-house ixodid and argasid databases. Ixodids lack hemA-
hemE, but retained hemF-hemH, while argasids show the same pattern as ixodids, but
also retained hemB. This would suggest that all ticks lack key early components of the
heme biosynthesis pathway, with no ability for de novo synthesis, requiring host-derived
heme. Retention of hemB in argasids may indicate that this enzyme has been exapted for
another function.

The loss of early stage enzymes could have occurred to prevent build-up of

toxic precursors due to the presence of excess dietary heme (Chiabrando et al. 2014).
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The presence of late stage enzymes, all mitochondrial (Severance and Hamza, 2009),
suggest that these are needed for a specific purpose and also suggests that part of the
pathway may be rescued if sufficient precursors are available. In this regard, HeLp, a
heme transporting protein in the hemolymph of R. microplus, has been shown to bind
heme species with different Soret bandwidth compared to other proteins that bind heme,
suggesting multiple quantum states for bound heme (Maya-Monteiro et al. 2000). The
hemosome, a special organelle in ticks where excess heme is stored for detoxification
purposes, also has a supramolecular structure that differs from that of hemozoin (Lara et
al. 2003). However, the mechanism of transport of heme from the gut to other tick
tissues, across cell membranes and into the mitochondria is not yet clear. The
mitochondrial enzymes may function in this capacity as part of substrate channelling, or
may have other non-heme related critical functions in the mitochondria (Chiabrando et
al. 2014; Severance and Hamza, 2009). If the different tick families utilize the same
heme transporters this would be a strong argument for the monophyletic origin of

hematophagy in ticks.

Lineages of Life processes
Bilateria

Conservation of Lineages of Life processes may be expected in ticks. In the
Bilateria this includes multicellularity, body symmetry, three germ layers, neuro-sensory
system, muscle cells, digestive system, mesoderm and bilaterality (Philippe et al. 2009).
These are encapsulated by modern studies of embryonic development in ticks (Santos et

al. 2013).

Ecdysozoa
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The Ecdysozoa encompass all animals that shed their exoskeleton (molt)
during growth and/or different life stages (Aguinaldo et al. 1997; Borner et al. 2014).
Conservation includes a three-layered cuticle involved in the ecdysis process, the lack of
locomotory cilia, production of amoeboid sperm and no spiral cleavage in the embryo as
seen for other protostomes (Telford et al. 2008; Valentine and Collins, 2000). In ticks the
cuticle is comprised of an epicuticle and a procuticle, the latter divided into an exocuticle
and endocuticle (Hackman, 1982; Hackman and Filshie, 1982). The epicuticle (1-4 um
thick) is composed of a wax and cuticulin layer and serves to protect the tick against
water loss (Balashov et al. 1972; Hackman, 1982; Hackman and Filshie, 1982). In the
Argasidae, a cement layer (<0.5 pum thick) is also secreted over the wax layer for
protection, similar to cuticles from other arthropods (Balashov et al. 1972; Hackman,
1982; Hackman and Filshie, 1982). The exocuticle is composed of sclerotized chitin and
protein, which is broken down by chitinases during the molting process, while the
endocuticle is also composed of chitin and protein, but not sclerotized (Kaufmann,
2014). Chitinases are regulated by ecdysteriods, which is a conserved feature among
Ecdysozoa. Ecdysteriods (20-hydroxyecdysone) is synthesized in the epidermis of
argasids and ixodids from dietary precursors (Kaufman, 2014; Roe et al. 2014). In
contrast to insects, juvenile hormone (JH) does not seem to be present or required by
ticks for ecdysis, perhaps because ticks do not undergo metamorphosis (Roe et al. 2014).
20-Hydroxyecdysone is, however, central to the molting process of all arthropods
(Nijhout, 2013). In ixodids, sclerotized cuticle includes the capitulum, scutum, legs,
spiracular plate, anal valve and ventral plates, while in argasids it includes the capitulum,

legs, spiracular plate and small disks that serves as muscle attachment sites (Hackman,

1982).
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Molting allows for continued growth by shedding of the rigid exoskeleton, but
also allows for progression through the lifecycle. In ticks, molting occurs after feeding
events. Most parasitiform mites have a larval, several nymphal and an adult stage. In the
case of hard ticks, single larval, nymphal and adult stages occur. This is followed by
oviposition, laying of a large egg mass and female death. Soft ticks have single larval,
several nymphal (4-8 instars) and a single adult stage that can feed several times and lay
small egg batches after each feeding event (Hoogstraal, 1985). Deviations from this
general pattern occur in a number of argasid lineages. As such, larvae from the subgenus
Ornithodoros molt to first instar nymphs (Hoogstraal, 1985) and nymphs from the tick
Ornithodoros peropteryx molt to adults (Venzal et al. 2013) without feeding.
Conversely, adults from the genera Antricola, Nothoaspis and Otobius are autogenous
and can produce egg batches without feeding (Oliver, 1989). In the case of N. namaqua,
a single larval and adult stage have been recorded (Mans et al. 2012). It is not yet known
whether the number of nymphal stages correspond to that of argasids or ixodids.
However, based on size comparisons of adults and nymphs and expected increases in
size based on blood meal volume, it is likely that N. namaqua only have a single

nymphal stage comparable to ixodids (B.J. Mans, unpublished observation).

Arthropoda, Chelicerata and Arachnida

The Arthropoda are characterized by symmetrical form, jointed limbs and a
central nervous mass of ganglia that surrounds the esophagus (Von Siebold, 1848). Most
arthropods are segmented into a head, thorax and abdomen linked by the hemolymph, in
an open circulatory system. The Chelicerata differ from other arthropods in having a
prosoma (fusion of the head and thorax) and opisthosoma (abdomen), as well as

chelicerae in front of their mouths and pedipalps (Sonenshine and Roe, 2014). The
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Chelicerae and pedipalps may be modified to various extents as pincers, claws or fangs
(Ruppert et al. 2003). In the Acari, the mouthparts are beared by the capitulum, while the
prosoma and opisthosoma are fused into a non-segmented idiosoma (Sonenshine and
Roe, 2014). However, segmentation in embryos, body pattern of setae, fissures, folds and
festoons, support a more ancient arthropod segmentation plan in ticks (Klompen et al.
2015, 1996b; Santos et al. 2013). Further, opisthosomal segmentation during the germ
band stage is observed in ticks (and other Parasitiformes?), but absent in Acariformes
(Santos et al. 2013), arguing against a monophyletic origin for these lineages. The
Arachnida include all chelicerates with eight legs in the nymphal or adult stages.
Arachnid larvae have six legs, while some derived Acari may have less than eight legs in
the adult stages (Ruppert et al. 2003). Their monophyly is supported by morphological
and molecular data (Garwood and Dunlop, 2014; Sharma et al. 2014; Shultz, 2007, 1990;

Wheat and Wahlberg, 2013).

Arthopod limbs

The majority of arthropods have side-by-side or uniform flexible articulation
joints (Tajiri et al. 2011), as found in all argasids and ixodids. Of interest is that N.
namagqua is the only chelicerate thus far identified where leg segments are articulated by
ball and socket jointed legs (Keirans, 1976). This is only observed in nymphs and adults,
while larvae have flexible articulation joints as found in argasids and ixodids (Latif et al.
2012). In the Arthopoda, the only other lineages that possess ball and socket joints are
members of the Neoptera, and this is considered a derived trait (Tajiti et al. 2011).
Development of ball and socket joints in the Neoptera has been linked to Notch
signalling and consequent cell differentiation and movement (Tajiri et al. 2011, 2010).

The Notch signalling pathway is highly conserved in all Metazoa and functions in cell
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differentiation and development processes (Artavanis-Tsakonas et al. 1999). The ball and
socket joints of nymphal and adult Nuttalliella may therefore be a lineage specific
derived trait linked with expression changes in the Notch pathway, raising the question
whether this confers any survival advantage to this species. Ball and socket joints confer
a wider range of movement which may allow better traction for nymphs and adults when
feeding on “scaled” reptiles such as lizards, skinks and geckoes (Mans et al. 2014, 2011).
Larvae have been shown to feed on rodents (Horak et al. 2012; Mans et al. 2012), and
may as such not require ball and socket joints. Ixodid ticks that feed on reptiles
(Amblyomma, Bothiocroton and Ixodes spp.) do not possess ball and socket joints, which

may indicate that adaptation to reptilian hosts occurred independently in these lineages.

The arthropod nervous system and salivary secretion

The central nervous system of most arthropods is composed of a brain located
in the head with three pairs of ganglia (proto-, deuto- and tritocerebrum) that is anterior
to the mouth and esophagus. A subesophageal pair of ganglia links up with the ventral
nerve cord that links paired ganglia specific to each segment that bear the nerves for the
appendages in that segment (Loesel et al. 2013). In ticks, the ganglia have fused to form
a single synganglion mass that is divided into a supra and subesophagael region. The
supraesophageal region contains three pairs of ganglia that may be homologous to the
insect brain (Sonenshine and Roe, 2014). A fused synganglion is also found in most
other arachnids and is located within the prosoma, with ganglion absent in the
opisthosoma. Conversely, scorpions and primitive spiders (Mesothelae) possess unfused
ganglia in the abdomen and opisthosoma, respectively (Ruppert et al. 2003).

A complex network of peptidergic neurons has been identified in the tick

synganglion with at least 34 neuropeptides in the [ scapularis genome using
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bioinformatics, of which 20 neuropeptides could be confirmed using mass spectrometry
and localized using antibodies (Christie, 2008; Neupert et al. 2009; Simo et al. 2014,
2009a). More recently, using transcriptome sequencing of the synganglion, 15
neuropeptides and 14 neuropeptide receptors were detected in I scapularis, while
genome screening detected 51 neuropeptides (Egekwu et al. 2016; 2014), 16
neuropeptides and 15 neuroreceptors in the argasid O. turicata (Egekwu et al. 2016).
Next-generation sequencing of the synganglion of D. variabilis detected 9-14
neuropeptides (Bissinger et al. 2011; Donohue et al. 2010). Comparison of the
neuropeptides and neuroreceptors of . scapularis and O. turicata suggest overall
similarity in neuropeptide signaling. As such, 51 neuropeptides were found in the
genome of the acariform mite Tetranychus urticae (Veenstra et al. 2012). These
neuropeptides are homologous to other insect neuropeptides suggesting that all evolved
within the common arthropod ancestral lineage (Simo et al. 2014).

However, while the neuropeptides may be very similar to their insect
counterparts and some neurons resemble those of other arthropods, unique neuronal
networks of innervation exist in ticks that may be unique adaptations to a blood-feeding
lifestyle (Simo et al. 2014). One of these is the innervations of the salivary glands.
Salivary gland acini II and III are innervated by neurons that secrete either myoinhibitory
peptide (MIP) or SIFamide (Simo et al. 2009b). SIFamide functions in the olfactory
system and regulate the flow of food from the foregut to the midgut in crustaceans and
sexual behaviour in flies, while MIP functions as inhibitor of locust heartbeat, juvenile
hormone production in crickets, ecdysone secretion and spontaneous hindgut peristaltic
contractions in silk moths and control of ecdysis (Simo et al. 2014, 2009b). In ixodid
salivary glands, MIP and SIFamide probably regulate dopamine secretion from the basal

acinar cells of acini II and III into the acinar lumen, where dopamine then binds to the
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dopamine D1 receptor to stimulate secretion of secretory granules (Simo et al. 2014,
2012, 2011, 2009b). In this regard, injection of argasids and ixodids with cholinergic
stimulants, such as pilocarpine and carbachol induces salivation (Howell, 1966;
Kaufman, 1978; Tatchell, 1967a). Cholinergic stimulants do not act on isolated salivary
glands of hard or soft ticks (Kaufman, 1978; Mans, 2002; Maritz-Olivier, 2005),
suggesting that they act on the central nervous system, whereas stimulation of isolated
argasid and ixodid salivary glands with dopamine induces secretion (Kaufman, 1977;
Mans, 2002; Maritz-Olivier, 2005). Sequence homologs for the receptor for SIFamide
(sifa-r) have been detected in salivary gland transcriptomes of ixodid and argasid ticks,
suggesting that the SIFamide-dopamine system may be conserved in all ticks (Egekwu et
al. 2016; Simo et al. 2013; B.J. Mans, unpublished observation). Differences in
expression levels and profiles of neuropeptides and their receptors do exist in hard and
soft ticks, especially with regard to respondes to feeding biology (Egekwu et al. 2016).
Again, this points to exaptation and modification with descent in response to specific
lifestyles at the Edges of Life.

Even so, differences in salivary gland biology between argasids and ixodids do
exist, suggesting that lineage specific adaptations occurred. Ixodids have two types of
granular acini (II and III) in females and three in males (I, IIT and IV), while argasids
only have a single granular secretory type (II) (Balashov, 1972; Coons and Alberti,
1999). Prostaglandin E2 (PGE2) synthesis occurs in ixodid salivary glands from dietary
arachidonic acid, which cannot be synthesized de novo in ticks (Bowman et al. 1996).
PGE?2 acts as an autocrine or paracrine stimulator of protein secretion in ixodids (Sauer
et al. 2000), and is secreted into the tick feeding site to act as immunomodulator and
vasodilator (Oliveira et al. 2011). PGE2 is also needed for secretion of bloodmeal-

derived water during feeding via the f-cells in granular acini III (Bowman et al. 1996).
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No PGE2 has been detected in argasid saliva, nor does it stimulate salivary secretion,
suggesting that it does not exist in soft ticks (Astigarraga et al. 1997; Mans, 2014;
Maritz-Olivier et al. 2005). This correlates with the secretion of bloodmeal-derived water
via the coxal glands and the absence of acini III in argasids ticks (Balashov, 1972; Coons
and Alberti, 1999). However, prostaglandins play an important role in egg laying,
immune defenses and chloride transport in arthropods (Stanley and Kim, 2011).
Prostaglandin synthesis is also conserved to some extent between arthropods and
mammals, starting with liberation of arachidonic acid from membrane phospholipids by
phospholipase A2. Cyclooxygenase-1 (COX-1) then convert arachidonic acid to
prostaglandin H2 (PGH2) which is converted to PGE2 via PGE2 specific synthases,
belonging to the Sigma class gluthatione transferases (Eichner et al. 2015). BLAST
analysis using confirmed arthropod PGE2 synthases (Hansen et al. 2014; Yamamoto et
al. 2013), retrieved a single sequence from 7. scapularis (Gl: 241751467) (E-value = 10
%), Analysis using this sequence retrieved orthologs (E-value = 10%) from salivary gland
transcriptomes of 1. ricinus (Schwarz et al. 2013), A. maculatum (Karim et al. 2011), A.
cajennense and A. parvum (Garcia et al. 2014) and R. pulchellus (Tan et al. 2015).
Phylogenetic analysis showed that PGE2 synthases from diverse arthropods (including
ticks) recapitulate expected relationships (Eichner et al. 2015). BLASTP analysis of
Argasidae and Nuttalliella salivary gland transcriptomes (B.J. Mans, unpublished
observation) also retrieved PGE2 synthase orthologs with significant E-values (107").
Orthologs for soluble and membrane bound PLA2 were also found in argasids and
ixodids (B.J. Mans, unpublished observation) and inhibition of PLA2 activity affected
secretion in argasids (Maritz-Olivier et al. 2005). It is therefore not clear why PGE2 does
not play a role in argasid salivary gland secretion or why argasids do not secrete PGE2.

A possibility exists in the diversity observed for 7-transmembrane G-protein coupled

26



receptors, which are presumably the receptors that bind PGE2 (Stanley and Kim, 2011).
A number of other blood-feeding diptera also possess PGE2 synthase, but do not secrete
PGE2 in their saliva (Eichner et al. 2015). The function of PGE2 in salivary gland

biology may as such be a lineage specific exaptation in ixodids.

Minimizing water loss in terrestrial arthropods

A large part of the body plan of terrestrial arthropods deal with measures to
minimize water loss. Chitinized exoskeletons are sealed with a waxy epicuticle. Ticks
have a well-developed epicuticular system (Ecdysozoan heritage) in both hard and soft
bodied ticks (Hackman, 1982). Ticks also have a specialized mechanism to prevent water
loss in the type I agranular salivary gland acini that functions as salt secretory glands to
absorb moisture from the air (Balashov, 1972; Needham and Teel, 1986; Needham et al.
1990). This acinar system is found in argasids, ixodids (Coons and Alberti, 1999;
Needham et al. 1990), presumably in N. namaqua, but not in other Parasitiformes
(Alberti and Coons, 1999), supporting the monophy of ticks. This is a lineage specific
adaptation related to the evolution of hematophagy and parasitism that allow ticks to

survive for prolonged periods between feeding events.

The arthropod respiratory system

The respiratory systems of terrestrial arthropods are internal and are composed
of either book lungs (considered ancestral), or internal tracheal networks that are
considered to have evolved numerous times independently, even though all possess
spiracles (Garwood and Edgecombe, 2011; Klok et al. 2002). The general tracheal
arrangement is conserved in parasitiform mites (Alberti and Coons, 1999). The

respiratory system ends in surface spiracles, where water loss from evaporation is
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regulated via the intricate morphology of the spiracular plates (Pugh, 1997). Most larvae
lack spiracles in the Parasitiformes (Alberti and Coons, 1999). The morphologies and
location on the body differ between various parasitiform lineages and have been used to
differentiate species and lineages (Pugh, 1997). Spiracles generally occur between coxae
II and III in the Opilioacarida, Holothyrida and some Mesostigmata (Alberti and Coons,
1999; Pugh, 1997). However, the position of the spiracles in the Gamasida may be found
between, the II/III, III/IV or posterior to the IV coxae. Spiracular position in the Ixodida
has therefore been considered secondary and not phylogenetic informative (Pugh, 1997).
Spiracles in argasids occur between the III/IV coxae, posterior to coxae IV in ixodids
and posterolaterally to coxae IV in N. namaqua (Pugh, 1997). Argasids and N. namaqua
have small spiracles with a controllable ostium between a flexible anterior macula and
posterior curved sieveplate, with a uniform inter-pedicellar airspace interspersed with
solid, rounded pedicels and no sub-atrial ducts. The larger ixodid spiracles possess
inflexible macula and a closed ostium surrounded by an inflexible flat sieveplate, with
the atrial chambers of the labyrinth clearly delimited by hollow, flanged pedicels with
some sub-atrial ducts present (Pugh, 1997). Nuttalliella namaqua has a unique
fenestrated sieveplate and a button-like baseplate. A cladistic analysis based on 29
spiracle characters indicated that the Ixodida is monophyletic with regard to the
Mesostigamata, with Nuttalliella and Argasidae closer related than Nuttalliella and the

Ixodidae (Pugh, 1997).

Osmoregulation
Arthropods utilize the Malpighian system for further prevention of water loss
by concentrating waste in the form of solid uric acid and guanine and readsorbing water

into the body (Garwood and Edgecombe, 2011). Waste products are secreted into the
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post-colon. Ticks utilize this system to deal with excess ammonia from the blood meal,
but have also adapted this system in a remarkable manner to deal with excess blood meal
derived water in N. namaqua by secretion via the anal valves (Mans et al. 2012).
Concentration of blood meal derived water allows ticks to ingest larger volumes of red
blood cells. Soft ticks feed fast and expand rapidly ingesting >10 times their body weight
in blood (Balashov, 1972). Excess water is secreted via the coxal organs located between
coxae I and II (Lavoipierre and Riek, 1955; Lees, 1946). Initial lysis of some red blood
cells occurs, but the majority is not immediately lysed (Balashov, 1972; Coons et al.
1986). About, 40-50% of bloodmeal derived water and ions are secreted via the coxal
organs (Sonenshine, 1991) and correlate with the excluded volume left when red blood
cells are packed, explaining the limited concentration that may be achieved in argasids.
Nuttalliella namaqua also feeds rapidly, ingests ~10 fold its body weight in blood and
does not lyse red blood cells, but secretes excess water via the Malpighian tubules and
anal valves (Mans et al. 2012). This character is unique in the Ixodida and was only
recently discovered (Video 1). The amount of blood meal concentration is similar to soft
ticks. Malpighian secretion has been observed in soft ticks, but is generally not
considered a major form of secretion (Jupp et al. 1987). It does suggest that this form of
secretion may have been ancestral to ticks, since it is also found in other arthropods
(Garwood and Edgecombe, 2011). Conversely, coxal organs are also found in other
Acari and arthropods and function as osmoregulatory organs (Alberti and Coons, 1999;
Garwood and Edgecombe, 2011), with the implication that these also had ancestral
precedence and were lost in the Ixodidae and Nuttalliellidae. Ixodids retain an accessory
coxal gland present in argasids, thought to function during ecdysis (Binnington, 1975).
Hard ticks feed for prolonged periods and lyse red blood cells during feeding (Coons et

al. 1986). This allows concentration of the blood meal to a much larger extent of up to
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>100X their body weight, since excess water is secreted via the salivary glands via cell
type f cells located in granular acini III (Fawcett et al. 1981; Meredith and Kaufman,
1973; Tatchell, 1967b). This form of water secretion is considered unique to ixodids and
a lineage specific innovation. The degree to which water is secreted by ticks during
feeding (40-50% in argasids and Nuttalliella, 70-80% in ixodids) is far larger than any
other parasitiform mite and in each family point to modification of existing organ
structures in specific response to a blood-feeding lifestyle. It also suggests that different
tick families, to some extent, found independent strategies to adapt to a blood-feeding
lifestyle. Even so, all arthropods utilize aquaporins in water secretion and regulation and
several members have been identified in ticks to date, notably PRIP/AQP2, BIB and an
acarine specific clade (Benoit et al. 2014). The molecular mechanisms of water transport
are probably conserved in all arthropods while their specific regulation may be limited to
organ specific expression. In this regard, the neuropeptides and receptors involved in
diuresis (Calcitonin/DH, calcitonin/DH receptor, CRF receptor, CAPA/pyrokinin
receptor) are upregulated in ixodids and argasids before water secretion (Egekwu et al.
2016). Calcitonin/DH, CRF and CAPA/pyrokinin all function in water and salt
elimination via the Malpighian tubules in insects, implicating these in water secretion by
N. namagqua, but also indicating exaptation in other organs such as the coxal and salivary

glands.

Digestion of the blood meal

Arthropods had well developed digestive systems at least since the Cambrian period
(Vannier et al. 2014). The midgut and midgut caeca observed for ticks can be traced back
to this body plan, while the digestive cells are similar to that of other arachnids

(Balashov, 1972). An important difference between ticks and other arthropods, is that the
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tick gut may also be used as a storage organ for haemoglobin, or even undigested red
blood cells in the case of argasids and N. namaqua (Mans, 2014; Sonenshine and Roe,
2014). Hemoglobin is specifically taken up via receptor-mediated endocytosis and
targeted to endosomes for digestion before heme is targeted to the hemosome (Coons et
al. 1986; Lara et al. 2005; Sojka et al. 2013). In ixodids, digestion occurs via a sequential
cascade of proteolytic enzymes that include aspartic (cathepsin D), cysteine (cathepsin B,
C and L) and legumain-type asparaginyl peptidases that show differential expression
patterns during feeding (Franta et al. 2010; Horn et al. 2009; Sojka et al. 2008). These
peptidases seem to be conserved in prostriates and metastriates (Mans, 2014). In the
argasid O. moubata, cathepsin B, cathepsin C and legumain-type asparaginyl peptidases
were detected but not cathepsin D or L (Grunclova et al. 2006). A proteomics study of
the midgut of the argasid O. erraticus detected cathepsin D, legumain-type asparaginyl
and metallopeptidases (Oleaga et al. 2015). It is therefore not clear whether ixodids and
argasids utilize the same proteolytic cascades for digestion. Dynamics of digestion also
differ due to the long feeding and continuous digestion observed for ixodids versus the
short feeding and prolonged digestion in argasids. Cysteine and aspartic proteases,
capable of digesting hemoglobin have been found in free-living and ecto-parasitic mites
(Nisbet and Billingsley, 2000), indicating that the basic digestive machinery was present
in the ancestral tick lineage. Whereas, convergent evolution occurred for the proteolytic
systems of various blood-feeding parasites (Sojka et al. 2013, 2008), in ticks differences

between the families may be due to gene loss or differential expression patterns.

The Ixodida and their relationships to other Arachnida

While most lineages within the Arachnida are well defined, their relationships

to each other are not clear, since morphological and molecular data do not support
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similar phylogenies (Dunlop, 2010; Edgecombe et al. 2011; Edgecombe and Legg, 2014;
Giribet and Edgecombe, 2012; Legg et al. 2013; Philippe et al. 2009; Shultz, 2007). The
sister group to the Acari (Acariformes and Parasitiformes) has been considered to be the
Ricinulei (Shultz, 2007; Wheeler and Hayashi, 1998), unresolved (Edgecombe and Legg,
2014; Giribet and Edgecombe, 2012; Klompen et al. 2007), or the Palpigradi and
Pycnogonida (Giribet et al. 2002). Additionally, a number of morphological and
molecular studies have suggested that the Acari is not monophyletic (Borner et al. 2014;
Dunlop, 2010; Dunlop and Selden, 2009; Garwood and Dunlop, 2014; Ovchinnikov and
Masta, 2012; Pepato et al. 2010; Regier et al. 2010; Sharma et al. 2014; Shultz, 2007;
van der Hammen, 1989). The relationship between Parasitiformes and other arachnids is
also not clear, since it has been considered a sister group of the Solifugae (Borner et al.
2014), Pseudoscorpiones (Regier et al. 2010), basal to a clade formed by the
(Pycnogonida, (Acariformes and Pseudoscorpiones) (Ovchinnikof and Masta, 2012), or
within different clades: the (Ricinulei, (Parasitiformes, (Solifugae, Acariformes)
(Garwood and Dunlop, 2014), or the (Pseudoscorpiones, Acariformes), (Parasitiformes,
other Chelicerata) (Sharma et al. 2014). In most cases, these proposed relationships show
branch support less than 60%.

The most that may be said with confidence is that the Parasitiformes belong to
the Arachnida, and that the defining Lineage of Life features that bind these lineages are
the presence of six legs in larvae and eight legs in adults. One possible explanation for
the unresolved nature of the relationships between the major arachnid lineages, lies in the
ancient origin of all arachnids and the possibility that several ancient lineages went

extinct, resulting in taxon deficiency at this level (Giribet and Edgecombe, 2012).

The Arachnida as venomous animals
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The poorly supported affinity of the Acari and Parasitiformes to other arachnid
lineages poses problems when character traits are transferred from other arachnid
lineages to ticks. It has been suggested for example, that the ancestral tick lineage (and
by extension all Parasitiformes), derived from a much more ancient arachnid lineage that
was venomous and that this may explain various forms of tick toxicoses and paralysis
(Cabezas-Cruz and Valdés, 2014; Cordeiro et al. 2015). Given our lack of certainty
regarding the sister group of the Parasitiformes and the generalized recognition that
toxins evolved independently in different arachnid lineages (Cordeiro et al. 2015; Fry et
al. 2009), it would be premature to derive conclusions of this nature until the molecular
correlates of all toxins have been established. Furthermore, the structure of
holocyclotoxin-1 has been determined to resemble a cysteine knot motif, but no closely
related structures are present in the protein databank, leading the authors to conclude that
this toxin possess a novel fold and showed convergent evolution of the cysteine knot
motif in plants, animals and arthropods (Vink et al. 2014).

Many arthropods are considered venomous (Casewell et al. 2013; Fry et al.
2009). Venom has been defined as: “a secretion, produced in a specialised gland in one
animal and delivered to a target animal through the infliction of a wound (regardless of
how tiny it could be), which contains molecules that disrupt normal physiological or
biochemical processes so as to facilitate feeding or defence by the producing animal”
(Casewell et al. 2013; Fry et al. 2009). This new definition has gained popularity and has
been used to designate arthropod lineages, such as ticks, venomous (Cabezas-Cruz and
Valdés, 2014). As the definition stands it is not difficult to designate a venomous
lineage, since it by default include all blood-feeding arthropods such as ticks, flies, fleas,
assassin bugs, moths, bed bugs, mites and has been used to expand our count of

venomous organisms and their venoms (Fry et al. 2009). Inclusion of the blood-feeding
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arthropods has been omitted in more recent reviews on the topic (Casewell et al. 2013),
but given the stated definition could still be included. The definition to some extent,
obscures meaning when a distinction between benign (those that does not cause
debilitating toxicoses) and toxic arthropods is necessary, or when the evolutionary
origins and causes of toxicoses are considered (Mans et al. 2004). Irrespective of the
definition, most authors recognize that convergent evolution of venoms occurred in all
arthropod and arachnid lineages (Casewell et al. 2013; Fry et al. 2009; von Reumont et
al. 2014).

The status of “venomous” has been assigned based on the fact that venoms
have the same characteristics that include: all toxins are secretory, all toxins are
disulphide bond rich, toxins from diverse organisms belong to the same secretory protein
families where they perform similar functions, toxins function rapidly and toxin diversity
is characterized by gene duplication and expansion by hypermutation of surface exposed
residues (Fry et al. 2009). However, it is in the nature of secretions to contain secretory
proteins and these are generally disulphide bond rich (Wong et al. 2011). It may not be
surprising that the same families reappear in different “venoms” since these are the
secretory protein families available to arthropods which are by necessity the raw
materials of evolution (Mans, 2011). In many families canonical functionalities are
linked with specific folds and will recur again and again, due to exaptation of existing
similar functions. As such, the bovine pancreatic trypsin inhibitor (BPTI), serpin and
cystatin folds act as inhibitors, the enzymes apyrase, chitinase, hyaluronidase and
proteases perform the same functions, due to conserved active site residues, even if their
targets differ and the lipocalins are scavengers as dictated by their beta-barrel structure
(Mans, 2011). Gene duplication linked with lineage specific expansion and

diversification of function is a universal established evolutionary strategy, not only for
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venomous organisms (Demuth and Hahn, 2009). Lineage specific expansion of certain
folds or families may be linked with the ancestral lifestyles of organisms, whether
predatory, scavengers, parasitic or symbiotic (Mans, 2011). Rather than lumping
secretory molecules collectively as toxins, a narrow view allow distinction of benign and
therapeutical useful molecules that allows modulation of vertebrate defences (anti-
hemostatics and immunomodulators), against those who exhibit a specific toxic effect
and phenotypic outcome (anaphylactic shock, edema, necrosis, pain or paralysis). It also
allow distinction between toxic adaptive responses (predation and defense) and host-
parasite arms races that facilitate dissection of lineage specific evolution with more

precision.

Dates of origin for the Acari and Parasitiformes

The relationships of the Acari, Acariformes and Parasitiformes with other
arachnids are important since it impacts on potential ancestral reconstruction scenarios.
If the Acari are monophyletic, the lowest estimate for origin of the Acariformes, based
on fossil evidence place the Acari at ~410 million years ago (MY A) (Dunlop and Selden,
2009) and by extension the Parasitiformes as its sister group. This is very close to the
origin proposed for all arachnids as well as their terrestrialization (~501-418 MYA)
(Dunlop and Selden, 2009; Edgecombe et al. 2011; Wheat and Wahlberg, 2013). If all
Acari are monophyletic, it may be likely that ticks evolved in the Devonian (~360 MYA)
and evolved a blood-feeding lifestyle on amphibian tetrapods during vertebrate
terrestrialization in the Australasian region as previously proposed (Barker and Murrell,
2004, 2002; Barker et al. 2014). However, if the Acari are paraphyletic, then the older
age proposed for the Acariformes does not impact on the origin of the Parasitiformes.

Molecular clock analysis and fossil dating have estimated the origin of the Parasitiformes
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in the Carboniferous (~250-350 MYA) (Dunlop, 2010; Jeyaprakash and Hoy, 1999b;
Mans et al. 2012). This younger date corresponds with a possible origin in the Karoo
basin of Gondwanaland during the Late Carboniferous (~320 MYA) or Early Permian
(~290 MYA), and evolution of a blood-feeding lifestyle on early therapsid, diapsid or
synapsid hosts (Mans et al. 2012, 2011). Even if the Acari evolved in the Devonian
(~410 MYA), time for divergence of the basal parasitiform lineages (Opilioacarida,
Holothyrida) are still necessary for the emergence of the tick lineage. This would still
place the origin of ticks in the Carboniferous or Permian (Palopoli et al. 2014), making

this timeframe more probable than the proposed Devonian origin in our opinion.

Edges of Life processes
The Ixodida and their relationships to other Acari

The Parasitiformes can be divided into the Holothyrida, Ixodida,
Mesostigmata and Opilioacarida (Klompen et al. 2007; Lindquist et al. 2009; Murrell et
al. 2005). Relationships between these groups have indicated a relative consensus of
morphological and molecular data, with Opilioacarida being the most basal lineage,
Holothyrida sharing a sister group relationship with the Ixodida and the Mesostigmata as
their sister group (Klompen, 2010; Klompen et al. 2015, 2007; Lehtinen, 1991). Even
so, a study has indicated a closer relationship between Ixodida and Mesostigmata
(Burger et al. 2014a). It should be noted that Haller’s organ is unique to the Holothyrida
and Ixodida (Lehtinen, 1991). This organ is located on the tarsi of the forelegs and
functions in ticks in host detection via numerous olfactory sensilla (Hess and Vlimant,
1986). It is not clear what function Haller’s organ performs in the Holothyrida, but it
may be assumed to play a role in the sensing of food sources. One of the main molecules

sensed by ticks for host detection is carbon dioxide (Sonenshine, 2004). No homologs to
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the carbon dioxide receptors found in insects have been found in tick genome data
suggesting that this detection system evolved independently in various arthropod
lineages (Robertson and Kent, 2009). If orthologs for the carbon dioxide receptor exist in
the various tick families it would be considered important proof that host-detection
capabilities evolved in the ancestral tick lineage (Mans, 2014).

The relationship of the sister group to ticks is important, since it may give
clues to the origin and nature of the ancestral tick lineage before adaptation to a blood-
feeding environment. While the Parasitiformes have been named due to the extensive
number of parasitic species, more than 50% of Mesostigmata are non-parasitic with early
lineages being predators, while blood-feeding are found in more derived lineages
(Klompen et al. 2007; Walter and Proctor, 1999, 1998). The Opilioacarida and
Holothyrida are scavengers of particulates or fluids (van der Hammen, 1989; Walter and
Proctor, 1998). As such, the ancestral parasitiform lineage were most probably non-
parasitic and non-predatory scavengers (Walter and Proctor, 1998), suggesting that
blood-feeding evolved independently within the tick and Dermanyssina (including
Parasitina) lineages (Bochkov et al. 2008; Mans, 2011; Radovsky, 1969; Walter and
Proctor, 1999). In this scenario, ticks would have adapted from an ancestor that may
have scavenged from vertebrate wounds (Walter and Proctor, 1998), first as a lymph
feeder and later as blood-feeder. An ancestral lineage with a primary scavenging lifestyle
has several interesting implications. It negates a venomous ancestral lineage that was
maintained into the tick lineage. It also implies that the functions selected for Edges of
Life processes were at first primarily concerned with scavenging behaviour. This would
include enzymes involved in extra-cellular digestion and anti-microbial peptides to

prevent infection during ingestion (Mans, 2011).
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Geographic origins of the Ixodida

The sister lineages of the Ixodida could have important implications for the
geographic origin of the ancestral tick lineage. An origin for ticks in the African part of
Gondwanaland during the Late Carboniferous or Early Permian was proposed based on
the limited distribution of the monotypic species N. namaqua and molecular clock
estimates from mitochondrial data (Mans et al. 2012, 2011). An alternative origin in the
Australasian region of Gondwanaland has been proposed based on the limited
distribution of the Holothyrida in this region and the fact that “basal” lineages of the
Ixodidae, the Australian prostriate (/xodes) and Metastriates (Bothriocrotoninae) also
occur exclusively in this region (Barker and Murrell, 2004, 2002; Barker et al. 2014).
However, the Holothyrida has a Gondwanean distribution that may include the
Australasian, South and Central American, Caribbean and Indian Ocean islands and also
the coastal regions of East Africa (Lehtinen, 1991). It is therefore likely that the historic
distribution of the Holothyrida (and the holothyrid-tick ancestral lineage) was across
most of Gondwana. Further, the extant ecology of the Holothyrida suggests a preference
for tropical climates (Lehtinen, 1991). Such humid, wet and warm conditions were
present in the Karoo basin during the Late Carboniferous or Early Permian, resulting in
modern day coal deposits of southern Africa (Visser, 1995). Extant N. namaqua tavour
drier semi-desert climates which were present in the Karoo basin of southern Africa
since the Early Permian (Mans et al. 2011; Visser, 1995). This could suggest the
emergence of the tick lineage once drier climates were introduced, while the range of the
Holothyrida shrunk to those regions in Gondwanaland that retained a tropical climate,
with a possible mass extinction event as the African continent became more xeric

(Visser, 1995).
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The basal position of the Bothriocrotoninae was based on analysis of the 18S
rRNA and morphological data (Dobson and Barker, 1999; Klompen et al. 2002, 1997).
More recent analyses based on mitochondrial genomes does not support the basal
position of Bothriocroton in relation to other Metastriata (Burger et al. 2013, 2012).
Conversely, 18S rRNA analyses indicated that non-Australian Ixodes group basal to
Australian Ixodes (Burger et al. 2013, 2012), suggesting that the prostriate lineage
originated outside Australia. Alternatively, mitochondrial data indicate that non-
Australian and Australian Ixodes are sister groups (Burger et al. 2012). The argument
for an origin of the Ixodidae in Australia during the Devonian is, therefore, not well
supported with current data. An origin for the Ixodidae in the Antarctic region should be
considered (Mans et al. 2012), with dispersal to the rest of the world, including Australia.
This large landmass showed an impressive fauna during the Permian and Triassic and
basal lineages that ended up in Australia would have suffered mass extinction events
during its glaciation (McLoughlin, 2001). This may explain the relatively small numbers
of extant species in the Australian tick lineages, as well as their limited distributions

(Mans et al. 2012).

The importance of N. namaqua in ancestral reconstruction

The question may be asked why N. namaqua and its relationship to the other
tick families are so important for the study of tick evolution. The answer to this lies in
the implications that the sister-group relationship of this species have for the evolution of
blood-feeding behaviour in the tick lineage. Based on the lifestyle differences of the hard
and soft tick families, as well as their different salivary gland functional repertoires, it
has been proposed that hematophagous lifestyles evolved independently in the argasid

and ixodid lineages, even though they are considered to be monophyletic (Mans and
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Neitz, 2004a; Mans et al. 2008a, 2002a). Until recently, there was little evidence to
challenge this hypothesis, but it was acknowledged that N. namaqua might hold the key
to the resolution of this paradox (Mans and Neitz, 2004a). That was because N. namaqua
was historically considered the “missing link” between the hard and soft tick families,
particularly because it possesses morphological features from both families, including a
leathery integument as observed for argasids and a pseudoscutum similar to the true
scutum found in ixodids (Bedford, 1931; El Shoura, 1990). The position of N. namaqua
relative to the other tick families also remained unresolved and impacted on hypotheses
regarding the ancestral tick lineage (Barker and Murrell, 2004, 2002).

Several possibilities exist with regard to the relationship of N. namaqua and
the argasid and ixodid families. Nuttalliella namaqua may have a closer relationship to
one of the other parasitiform lineages. Recent analysis of the 12S rRNA gene placed N.
namaqua between the Holothyrida and the Mesostigamata (Burger et al. 2014a). This
would make the Ixodida paraphyletic and would still result in a juxtaposition of the two
major families with the implication that blood-feeding behaviour evolved independently.
Nuttalliella namaqua could also group with argasids as suggested by analysis of the 18S
and 28S rRNA genes, or morphology of the spiracles (Burger et al. 2013; Pugh, 1997),
or with ixodids as suggested by mitochondrial genome analysis (Burger et al. 2014a). In
both these cases, N. namaqua would be incorporated into the respective families, with no
resolution to their disparate lifestyle histories. Nuttalliella namaqua may also group
basal to the argasid and ixodid families thereby retaining the three tick families as well
as the monophyletic nature of the Ixodida, as was observed for 18S, 18S-28S rRNA and
mitochondrial genome analysis (Chen et al. 2014; Gu et al. 2014; Mans et al. 2015, 2012,
2011). Parsimony considerations of the latter position on the tick tree suggest a

monophyletic origin for hematophagy in ticks (Mans et al. 2011). This permits ancestral
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reconstruction using characters that are shared by N. namaqua and the respective tick
families (Mans et al. 2012), allowing a perspective that brings the families together that
was not previously possible. In this sense N. namaqua is truly a missing link (as intended
originally by Bedford, 1931), and not in the sense where the term “missing link” was
considered as a remnant from a more romantic and philosophic era (Barker et al. 2014).
The question is raised as to which of these four evolutionary possibilities may
be the most likely. It should be noted that the placement of N. namaqua at the base of the
tick tree could not be rejected (Burger et al. 2014a). It should also be noted that the
nuclear dataset analysis did not correlate in all studies, notably because incomplete 18S-
28S rRNA datasets were used in some studies (Burger et al. 2014a, 2013), while
inclusion of a complete 18S-28S dataset for N. namaqua supports its basal position
(Mans et al. 2015). Nuclear ribosomal genes are generally considered more informative
at family and subfamily level, while mitochondrial data may be better at resolving
intrageneric and intraspecific relationships (Durden and Beati, 2014; Mans et al. 2015).
It should also be acknowledged that nuclear and mitochondrial datasets do not
necessarily result in congruent phylogenies (Giribet and Edgecombe, 2012), and that
mitochondrial analysis has its own pitfalls and does not necessarily represent true
phylogenetic relationships even if mitogenomic analysis is a popular systematic
approach (Davalos et al. 2012; Pisani et al. 2013). In this regard, mitogenomic analyses
of relationships among ixodid lineages could not yet come to a consensus, since the
relationships among genera changes as more taxa is added (Burger et al. 2014a, 2013,
2012). The relationships among the argasid genera are also contentious with little
consensus between morphological and molecular data, creating paraphyletic genera in

their taxonomic classification, within and between the Argasinae and Ornithodorinae
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(Burger et al. 2014a; Estrada-Pena et al. 2010; Guglielmone et al. 2010; Klompen and
Oliver, 1993; Nava et al. 2009).

Incomplete taxon sampling may bias phylogenies (Wiens and Morrill, 2011)
and this may be a fundamental problem in tick systematics, since only five basal lineages
can be recognized (Nuttalliellidae, Argasinae, Ornithodorinae, Prostriata and Metastriata)
(Mans et al. 2015). The possibility exists that significant lineage specific extinctions
occurred, within extant lineages and even among basal lineages (Mans et al. 2014, 2011).
If this is indeed the case, incomplete taxon sampling due to mass extinction at the deeper
levels of phylogeny (that result in long branch attraction phenomena), will preclude any
accurate reconstruction and may explain the relatively low branch support observed for

the relationships among the tick families.

A framework for reconstruction of ancestral characters evolved for blood-feeding

A basal position for N. namaqua provides a framework for ancestral
reconstruction. It supports the monophyly of the Ixodida and maintains three distinct
families. It implies that hematophagy evolved in the last common ancestral tick linecage
and that some characters evolved specifically for blood-feeding should be conserved
among the tick lineages (Fig. 3).

The most distinct character unique to the Ixodida is their gnathostoma which is
composed of cutting chelicera and the hypostome. Chelicera are a conserved feature of
the Chelicerata, but in ticks have been modified as cutting organs. The hypostome, a
teethed appendage, is unique in the Ixodida and found in all three families (Coons and
Alberti, 1999; Sonenshine, 1991; Sonenshine and Roe, 2014). The hypostome is used for
anchoring ticks during feeding and may be one of the few characters involved in feeding

that is conserved among all tick families and indicative of a common origin of
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Figure 3: External morphology of representative species from the Holothyrida, Nuttalliellidae, Argasidae and Ixodidae. Indicated are dorsal and ventral
perspectives. Asc: alloscutum, Ds: dorsal shield, Gn: gnathostoma, Gp: genital pore, Pg: preanal groove, Psc: pseudoscutum, Sc: scutum.

Haplothyrus expolitissimus (Holothyrida) Nuttalliella namagua (Ixodida: Nuttalliellidae)

/’

Ornithodoros savignyi (Ixodida: Argasidae) Ixodes pilosus (Ixodida: Ixodidae)
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hematophagy in the ancestral tick lineage (Mans, 2014). There is significant variation in
hypostome length, form and number of teeth, which is associated with feeding time
duration, but in all species that feed on vertebrates it serves the purpose of cutting into
the dermis and anchoring the tick during feeding (Nuttall, 1911). The fast feeding stages
of argasids and N. nmamaqua have hypostomes with rudimentary teeth, while slow
feeding stages and species have well developed hypostomes (Nuttall, 1911). Exceptions
occur for non-hematophagous life stages from some species where the hypostome may
be significantly reduced. This is found in some males from Ixodes and some argasid
species where the nymphal or adult stages do not feed such as Antricola, Nothoaspis and
Otobius (Oliver, 1989). It may also hold for N. namaqua where the male hypostome is
significantly reduced (Latif et al. 2012), although non-feeding has not yet been
confirmed. Sexual dimorphism with regard to hypostome armature occurs in Ixodes and
N. namaqua (Arthur, 1962; Latif et al. 2012; Nuttall, 1911). It should be noted that
reduced hypostome morphology cannot be used to infer homologous relationships, since
non-feeding behaviour is probably derived in different lineages and should be considered
a synapomorphy. Reduction of hypostome armature was also correlated with off-host
mating which is considered an ancestral trait (Nuttall, 1911). In N. namaqua, the
hypostome is generally reduced, apical rounded with only 10-15 denticles arranged into
two poorly defined rows (Latif et al. 2012). Compared to argasids and ixodids the
hypostome may be considered rudimentary and if this is an ancestral features suggests
that the hypostome developed to a greater extent in derived lineages, probably as ticks
adapted to new hosts.

The position of the gnathostoma has been an important and easy taxonomic
feature to distinguish argasids (ventral) and ixodids (terminal), since inspection of any

tick specimen from above allow classification by determining whether the hypostome
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can be observed or not (Durden and Beati, 2013; Sonenshine, 1991). In N. namaqua it
was originally described as terminal, similar to ixodids, since it may be observed from
above (Bedford, 1931). However, close inspection indicated that the hypostome and
basis capituli is not contiguous with the scutum as observed for ixodids, but is rather sub-
terminal, similar to the gnathostoma of the Holothyrida. The nuttaliellid hypostome
therefore occupies an ancestral position, intermediate between the positions observed in
argasids and ixodids (Mans et al. 2011).

Closely linked with the hypostome, is the secretion of cement by ticks to help
with anchoring. It has been recognized that soft ticks do not secrete cement due to their
short feeding periods (Balashov, 1972). This will also hold for nymphal and adult
Nuttalliella (Mans et al. 2012). It was further evident that some Ixodes species secrete
less cement, while metastriates secrete significant quantities (Kemp et al. 1982). This has
been linked to the high abundance of cement proteins secreted from the salivary glands.
The cement proteins are glycine and proline rich proteins that are found in all tick
transcriptomes described to date (Table 1), except that of the non-feeding adult stages of
Antricola delacruzi. Cement proteins have also been found in a salivary transcriptome of
N. namaqua (B.J. Mans, unpublished observation). It has been argued that cement may
be secreted in argasid and nuttallielid larvae that feed for prolonged periods similar to
ixodids (Mans et al. 2012). The prolonged feeding of argasid and nuttallielid larvae also
leads to a >100 fold increase in body weight, similar to ixodids and is accompanied by
red blood cell lysis (Moorhouse et al. 1975). It was suggested that in both cases, excess
water is secreted via the salivary glands since argasid larvae do not possess coxal organs
(Mans et al. 2012; Moorhouse, 1975). Prolonged feeding is a unique adaptation in ticks
not generally observed in other blood-feeding arthropods (Mans, 2011), and is one of the

reasons for the success of ixodids as vectors of pathogenic organisms. The hypostome,

45



cement proteins and prolonged larval feeding would have been present in the ancestral
tick lineage, and provide a rationale for the prolonged feeding observed in ixodids.
Prolonged larval feeding allow small-bodied ticks to gain enough size with the first
feeding event, to obtain larger engorged blood volumes in subsequent life stages, which
finally results in larger egg masses and progeny numbers.

The larvae from N. namaqua possess a scutum similar to those of ixodids
(Latif et al. 2012). It has been argued that the scutum is an ancestral feature of ticks
derived from the dorsal shield present in other parasitiform mites (Coons and Alberti,
1999; Mans et al. 2012). The dorsal shield is still present in argasid larvae and as
pseudoscutum in Nothoaspis ticks (Keirans and Clifford, 1975). The pseudoscutum from
nymphal and adult N. namaqua is a mixture of sclerotized epidermis and leathery
integument, pointing to a developmental pathway not fully differentiated, that may lead
to either loss as observed in argasids or fully sclerotized as observed in ixodids.
Furthermore, the pseudoscutum from male N. namaqua and the scutum from male
ixodids represent the holodorsal shields observed in holothyrids and mesostigmata that
cover the full dorsal cuticle. Conversely, the pseudoscutum from female and nymphal M.
namaqua, adult Nothoaspis, larval argasids and the scutums from N. namaqua larvae,
ixodid larvae, nymphs and females resemble podonotal shields from mesostigmata
(Coons and Alberti, 1999). This implies that a sclerotized scutum (ixodid) and leathery
integument (argasid) were present in the ancestral tick lineage. The leathery integument
favors rapid engorgement, a feature observed for argasids and N. namaqua nymphs and
adults. In ixodids and larvae, developmental changes in cuticle elasticity allows
incredible expansion to occur, that results in the uptake of blood >100X the body volume
(Balashov, 1972). However, rapid engorgement and a leathery cuticle only allow

expansion 10-15X the body volume, since the leathery integument has an intrinsic
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rigidity. The rapidity of feeding is also probably too fast for efficient red blood cell lysis.
Both argasids and N. namaqua do not immediately lyse red blood cells and red blood
cells may be maintained for months after feeding with slow digestion (Mans et al. 2012).
This is a good strategy in environments where hosts are scarce and where ticks need to
survive for months to years without finding hosts and feeding. This would imply that
rapid feeding in nymphs and adults were present in the ancestral tick lineage.

From the above reconstruction, it should be clear that the ancestral tick lineage
had an argasid-like biology (fast feeding, small numerous egg batches, multiple nymphal
stages, limited red blood cell lysis). However, there were also ixodid features present (a
scutum for protection, prolonged feeding in larvae, secretion of cement and secretion of
water via the salivary glands). The ancestral lineage therefore possessed many of the
features that distinguish the argasid and ixodid families (Fig. 3). These features were
refined in the different lineages according to classic modification with descent theory.
Without the contribution of N. namaqua, that is arguably the closest extant taxon to the
ancestral lineage, this reconstruction was previously impossible given the differences in
argasids and ixodid biology (Mans and Neitz, 2004a). In this regard, N. namaqua has
been termed a living fossil, since it is monotypic and has been living in the Karoo basin,
where the ecology had not changed since the Permian (Mans et al. 2011; Visser, 1995).
The term “living fossil” has been introduced by Darwin to describe species that had not
changed much over the course of evolution (Darwin, 1859). Recently this term has been
under scrutiny, since even living fossils show evolutionary change (Mathers, 2013).
However, evolutionary stasis may be expected in higher-level taxonomic groups with
relatively low speciation rates and has been incorporated into a number of evolutionary
models, even if these are the exception rather than the rule (Benton and Pearson, 2001;

Cavalier-Smith 2006; Eldredge and Gould, 1972; Garwood and Edgecombe, 2011;
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Figure 4: Reconstruction of blood-feeding characteristics in the Ixodida. Indicated are the date estimates for various nodes of the Ixodida and
corresponding major events in evolution. Blood feeding characters proposed to be present in ancestral and extant lineages are indicated by
numbers at the different nodes and include: 1) Haller's organ for host detection and hypostome for feeding. 2) Prolonged feeding in larvae and
secretion of water via the salivary glands. 3) Prolonged feeding in nymphs and adults with water secretion via the salivary glands. 4) Rapid
digestion of blood meal with lysis of red blood cells during engorgement. 5) One larval and nymphal molt. 6) Adult stages feed once and lay one
large egg batch. 7) Presence of scutum. 8) Presence of pseudo scutum. 9) Little or no cement. 10) Cement. 11) Fast feeding in nymphs and
adults with water secretion via the Malpighian tubules. 12) Fast feeding in nymphs and adults with water secretion via the coxal organs. 13) Slow
digestion of blood meal with little initial red blood cell lysis. 14) One larval and several nymphal molting stages. 15) Adult stages feed more than
once and lay several small egg batches. 16) Loss of heme synthesizing capability and mechanisms to deal with heme toxicity. Dates and data
adapted from Mans et al. (2012).
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Gould, 2002; Sheldon, 1996). We are fortunate that N. namaqua survived this long
without significant morphological or physiological changes, since this species may truly
have been the missing link necessary for ancestral reconstruction. This does not deny
that N. namaqua also evolved and has its own unique molecular signatures and lineage
specific adaptations (Werth and Shear, 2014), but with the use of comparative biology,
those characters shared in the ancestral tick lineage may be reconstructed (Fig. 4). This
recapitulate the central themes observed for the Core of Life, Lineages of Life and Edges
of Life phenomena that emphasize conservation of characters, but recognize lineage

specific change.

The salivary glands as unique blood-feeding character

Except for the hypostome whose evolution for feeding purposes can be traced
back to the ancestral lineage, the other organ in ticks evolved for feeding purposes are
the salivary glands. In other parasitiform mites, multiple secretory glands exist, none
specifically resembling those from ticks (Alberti and Coons, 1999), while the glands
from the Astigmata are part of a podocephalic system with the coxal glands. Other
prosomal glands also exist, but are not considered homologous to tick salivary glands
(Alberti and Coons, 1999; Filimonova and Amosova, 2015). All ticks have one set of
paired salivary glands constructed of agranular and granular acini. In soft ticks there is a
single granular acini (Coons and Alberti, 1999). In hard ticks, two types of granular acini
occur in females, type III possess the f cells that develop into water transporting cells
during feeding. Ixodid males possess an additional type IV granular acini important for
the mating factor secreted into females during mating that facilitate rapid engorgement.
Ultrastructural studies of N. namaqua salivary glands have not yet been performed, but

given its similar fast feeding behaviour to argasids, a similar morphology may be
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expected. Both hypostome and salivary glands play a role in tick-host interaction at the
feeding site: the hypostome as piercing and anchoring device and the salivary glands as
vehicle for all molecules secreted in the saliva. It has been argued that secretory proteins
expressed in the salivary glands, evolved as part of the adaptation to a blood-feeding
lifestyle (Mans and Neitz, 2004a). Conversely, it has been argued that immune pressure
from the vertebrate host led to extensive diversification of salivary gland protein function
after divergence of the main families, making ancestral reconstruction problematic
(Mans, 2014). Even so, comparative analysis of salivary gland derived proteins can give
insight into lineage specific adaptation as well as conserved functions evolved in the

ancestral tick lineage.

A brief history of salivary gland secretions and secretory proteins

The potential of ticks to modulate their host’s defence responses via salivary
secretions has been recognized for more than a 115 years. Sabbatani (1899) showed that
whole body extracts from /I. ricinus prevented blood clotting and suggested that all
blood-feeding organisms secrete anti-hemostatics. Christophers (1906) indicated that
coxal fluid from Ornithodoros savignyi prevented blood clotting, while Nuttall and
Strickland (1908) expanded this observation to show that salivary gland (SGE) and gut
extracts from Argas persicus inhibited blood clotting. Cornwall and Patton (1914)
confirmed the studies on A. persicus and suggested that after salivary glands secreted
their anti-hemostatics needed to be “refilled” after feeding. A hiatus in salivary gland
research followed that was only revived once work on tick toxicoses commenced. Ross
(1926) confirmed the presence of anticoagulants in SGE of 1. holocyclus in search of
toxins. Hoeppli and Feng (1933), as part of studies into tick toxicoses and paralysis used

male SGE from Dermacentor sinicus and Hyalomma detritum (=H. scupense) to confirm
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the presence of anticoagulants. Pilocarpine induced saliva was first collected by Howell
(1966), and the first saliva derived protein and toxin was isolated (Neitz et al. 1969) and
amino acid sequences determined for ticks (Neitz, 1976; Neitz et al. 1983). The first
studies on targeting of specific host molecules followed and included the presence of
anti-thrombin (Hellman and Hawkins, 1967; Hoffmann et al. 1991), hyaluronidase
(Neitz, 1976; Neitz et al. 1978), histamine (Chinery and Ayitey-Smith, 1977), apyrase
(Ribeiro et al. 1991, 1985), PGE, and bradykininase (Ribeiro et al. 1985), anaphylatoxin
(Ribeiro and Spielman, 1986) and complement C3 inhibitor (Ribeiro, 1987). Tick
anticoagulant peptide (TAP) that targeted factor Xa (fXa) was the first salivary gland
derived protein for which a full-length sequence was reported (Waxman et al. 1990). In
the last 25 years biochemical and functional characterization of salivary gland
components have virtually exploded and include platelet aggregation inhibitors (Table
2), blood clotting inhibitors (Table 3) and immuno-modulatory molecules (Table 4), the
majority which have sequence data associated with these functions.

The data from these studies showed that soft and hard tick salivary glands
possess similar protein families, notably basic tail secretory proteins (BTSP), kunitz-
BPTI, lipocalins and metalloproteases (Mans et al. 2008b). The transcriptome of M.
namaqua also possess the same protein families (B.J. Mans, unpublished observation),
suggesting that these protein families were present in the ancestral tick lineage. Next-
generation sequencing of the predatory mite M. occidentalis (Hoy et al. 2013) and the
blood-feeding poultry mite (Dermanyssus gallinae) (Schicht et al. 2014), both
Parasitiformes, indicate that while the major tick salivary gland protein families are
present, they do not show the same degree of lineage specific expansion. This also holds
for the acariform mite, Sarcoptes scabiei (Rider et al. 2015) (Table 1). This suggests that

the tick families specifically underwent lineage specific expansion during blood-feeding
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evolution, probably because they retained signals for salivary gland expression that were
maintained after gene duplication (Mans, 2011). Retaining tissue specific differential
expression signals may be an important way to prevent gene death after gene duplication,
especially for secretory proteins which might escape the effects of functionally
deleterious mutations until adaptive selection finds a new function. This may also be a
reason why lineage specific expansions are prevalent in secretory families (Mans, 2011).

Whereas the basic protein families or folds may be conserved between the tick
families), similar functions in salivary proteins are generally encoded by non-
homologous proteins (Table 2, 3 and 4), suggesting that these functions evolved
independently in these lineages (Mans and Neitz, 2004a). More than ten years later, these
observations still remain valid, even though more functions and proteins have been
described. However, it may be prudent to discuss some specific examples in relation to

ancestral reconstruction.

Orthologous secretory proteins in tick lineages

Orthologous genes will generally have similar functions and mechanisms, will
be reciprocal best hits in BLAST analysis and will cluster in well supported
monophyletic clades (Gabaldoén and Koonin, 2013). A number of genes found in both the
Argasinae and Ornithodorinae display these features, suggesting that they evolved
specifically in the ancestral argasid lineage. This include platelet aggregation inhibitors
(savignygrin, disagregin and monogrin) that target integrin oypP3 and present the integrin
RGD recognition motif on the substrate-binding presenting loop of the Kunitz-BPTI fold
(Karczewski et al. 1994; Mans et al. 2008a, 2002b), double-domain Kunitz-BPTI
thrombin inhibitors (monobin, ornithodorin and savignin) that insert their N-terminal

residues into the thrombin active site and bind to the thrombin fibrinogen-binding exosite
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with the C-terminal a-helix (Mans et al. 2008a, 2002c; van de Locht et al. 1996), and
leukotriene C4 (LTC,) scavengers that bind LTC, inside the lipocalin barrel (Mans and
Ribeiro, 2008a). No orthologs were detected in a salivary transcriptome of N. namaqua
(B.J. Mans, personal observation) or in ixodids.

In ixodids, a group of double domain Kunitz-BPTI proteins of non-salivary
gland origin (amblin, boophilin, ixophilin, hemalin), that targets thrombin has been
characterized and shows superficial similarities in mechanism to the ornithodorin group
(Lai et al. 2004; Liao et al. 2009; Macedo-Ribeiro et al. 2008; Narasimhan et al. 2013).
However, superposition of structures indicated that non-homologous positions in the
different inhibitors are involved in thrombin interaction (Macedo-Ribeiro et al. 2008).
Phylogenetic analysis also did not support a monophyletic origin (Mans et al. 2008a).
The conclusion that follows is that these functions evolved convergently in the argasid
and ixodid lineages and that no Kunitz-double domain thrombin inhibitory function was
present in the ancestral tick lineage. Molecular clock estimates indicate that the
Argasinae and Ornithodorinae diverged ~234+25 MYA (Mans et al. 2012). This means
that a number of functions involved in regulation of host defences have been maintained
for millions of years in both argasids and ixodids. Some of these such as the histamine
binding proteins, apyrase and savignygrins are immunogenic and even show protective
responses during vaccination (Diaz-Martin et al. 2015; Oleaga et al. 2007). Host immune
pressure can therefore not completely account for salivary gland diversity observed, but
stochastic gene duplication and losses and host specificity must also have played a role.
In the case of ixodids, host immunity may play a larger role, given their prolonged
attachment to the host (Francischetti et al. 2009). However, argasids that are host
borrowing and feed on a daily basis when hosts are present will arguably stimulate the

host’s immune system as much as ixodids.
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Functions unique to the genus Ornithodoros include thromboxane A, (TXA;)
and leukotriene B4 (LTB4) scavenging and complement C5 inhibition by lipocalins from
the moubatin clade (Mans and Ribeiro, 2008b), and fXa inhibition by single domain
Kunitz-BPTTI proteins (TAP/fXal) (Mans et al. 2008a). Their absence in the Argasinae
would suggest that these functions evolved within the Ornithodoros lineage, although a
larger taxonomic sampling would be necessary to confirm this. No orthologs to these
functions were found in a N. namaqua salivary transcriptome (B.J. Mans, personal
observation). In the hard tick 1. ricinus, LTB4 scavenging by a lipocalin was observed
(Beaufays et al. 2008a), but these does not show monophyletic clustering with the
Ornithodoros lipocalins (Beaufays et al. 2008b), suggesting independent origins for this
function.

Similarly to the argasid picture, a number of functions are unique to ixodids.
These include platelet aggregation inhibitors from prostriate and metastriate ticks, that
targets integrin oypf3, but do not belong to the Kunitz-BPTI fold, but a fold termed the
ixodegrins (Francischetti et al. 2005; Tang et al. 2015; Wang et al. 1996). Prostriates
possess complement C3 inhibitors that belong to the Isac family and fXa inhibitors that
belong to the basic tail secretory family (Narasimhan et al. 2002; Valenzuela et al. 2000).
Prostriates possess a number of multi-domain kunitz-BPTI proteins that target fXa-TF
complexes (Francischetti et al. 2004, 2002). Metastriates possess the evasins that belong
to their own unique fold (Déruaz et al. 2008; Frauenschuh et al. 2007). Orthologs for
these proteins have not been found in a N. namaqua salivary transcriptome (B.J. Mans,
personal observation). Again this suggests that these particular functions evolved
independently in the different tick families and even in the prostriates and metastriates.

Functions that are conserved between argasids and ixodids include biogenic

amine binding lipocalins (Mans et al. 2008c), apyrase activity (Stutzer et al. 2009) and
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metalloprotease activity (Mans et al. 2008b). These are also found in a salivary gland
transcriptome of N. namaqua (B.J. Mans, personal observation). This would suggest that
a core set of salivary gland derived functions were present in the ancestral tick lineage.
These functions may have been housekeeping before exaptation for a blood-feeding
lifestyle (Mans, 2011). It therefore remains difficult to use these common functions as
evidence for a common origin of blood-feeding, even though the systematic support for
the monophyly of hematophagous behaviour in ticks suggests that they may have been
exapted in the ancestral tick lineage.

These observations are to a large extent anecdotal due to the small number of
taxons sampled to date. Large-scale comparative analysis will be necessary in future to
systematically determine those orthologs conserved in various ancestral lineages. It is
therefore useful to discuss the impact that transcriptomic analysis had on elucidation of

salivary gland complexity and challenges that will be faced in the future.

Transcriptomics and ancestral reconstruction

The numbers of functionally characterized molecules before the millennium
remained in the lower tens and the relatively simple protein patterns observed in salivary
gland extracts supported this (Table 1). However, the complexity of salivary glands
became apparent with the advent of conventional transcriptomics, when numbers of
secretory proteins detected in the salivary glands jumped to hundreds (Francischetti et al.
2008a, 2008b, 2005; Mans et al. 2008b; Ribeiro et al. 2006; Valenzuela et al. 2002). The
introduction of next-generation sequencing technologies caused a jump to hundreds of
genes for each major protein family (Karim et al. 2011). Even so, less than 150

molecules and less than 100 functions have been described empirically (Table 2-4). This
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implies that extensive functions remain unknown or that extensive redundancy exists in
tick sialomes.

The number of salivary gland and other transcriptomes characterized has
exploded in the last 15 years (Table 1). This has immense potential for ancestral
reconstruction, given all the data generated on genes present and expressed in a given
species. However, significant challenges are faced in using this data since a number of
important factors impact on the usefulness of this data. A number of transcriptomes have
been described using conventional cDNA library sequencing approaches (Table 1).
Representation in these libraries is generally restricted to highly abundant transcripts and
the sequence depth of these libraries limited by sequencing of only a few thousand
clones. All orthologs and paralogs are not recovered for a given species, making
inferences of lineage specific expansions and losses difficult.

The advent of next-generation sequencing technologies has promise to address
the under representation problem due to its sequence depth, but may introduce the
problem of over representation, resulting in multiple gene models for single genes. This
may be legitimate allelic variation since multiple individuals are generally pooled or may
be due to artefacts of the assembly process, resulting in chimeric, miss-assembled or
truncated sequences (Martin and Wang, 2011). For example, the current number of
28636 nucleotide sequences in Genbank for /. ricinus can be reduced to 20260 when
clustered at 95% identity and potential chimeric and duplicate sequences are removed
(B.J. Mans, personal observation).

The computational effort that is needed to analyse and annotate transcriptomes
also led to short-cuts in data submission, so that only nucleotide or expressed sequence
tags (EST) data is submitted, without submitting the protein sequences to the databank

(Table 1, species marked with *). This opens the opportunity of re-analysis by third
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parties (Ribeiro et al. 2011), but requires an investment of time and effort to effectively
repeat the same work again. In some cases the raw reads or no reads at all are submitted,
without submitting any assembled contigs (Table 1, those transcriptomes showing no
data). This means that assemblies need to be repeated de novo from the raw data and
given variation in bioinformatic parameters, may not produce the assemblies reported in
papers. This effectively excludes these sequences from protein database analysis and
requires much greater effort for comparative transcriptomics.

Similarly, many transcriptomes are submitted into databases with non-
informative annotations such as “hypothetical secretory protein”. This is partly due to the
proliferation of orphan genes in tick transcriptomes (Gibson et al. 2013; Ribeiro and
Francischetti, 2003), but also due to poor annotation or mass submission of sequences.
The problem that this creates in subsequent analysis and annotation of new
transcriptomes, is that of self-propagation, in that the best BLAST hits remain
hypothetical unknowns with regard to functional annotation (DeWoody et al. 2013).
While this may not be a problem for the experienced bioinformatician, it does miss the
point of creating accessible and well annotated databases available to the whole scientific
community.

The large numbers of orphan genes found in different tick species also remain
problematic (Gibson et al. 2013), although this may be alleviated as our taxonomic
breadth increases and closer related species are analysed (Francischetti et al. 2009).
However, few described transcriptomes to date have integrated and performed in-depth
comparative analysis, but remains descriptive species specific gene list reports. Many
genes deposited in the databases are also truncated, due to the historic limitations of
conventional cDNA library synthesis methods or due to incomplete assembly using next-

generation sequencing data. Truncated genes may be useful to confirm the presence of a
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gene family, or for primer design for cloning the full-length transcript for further
analysis, but is rarely useful for downstream bioinformatic analyses (multiple
alignments, phylogenetic analysis, structure modelling and ancestral reconstruction),
since homologous characters or informative regions may be missing. The construction
and curation of well-maintained tick specific sequence databases needs to be a priority in
the future if they will be useful for ancestral reconstruction.

Another problem that will be faced in future relates to the systematics of ticks.
As more geographic localities are sampled and deeper systematic analysis performed,
increased numbers of cryptic or distinct species are being uncovered. An example of this
is the case of R. microplus and R. australis Fuller 1899, where the latter Australasian
strain of R. microplus has been reinstated as a unique species (Estrada-Pefia et al. 2012;
Labruna et al. 2009), while at least another unique clade (species?) has been associated
with the name R. microplus (Barker and Walker, 2014; Burger et al. 2014b).
Rhipicephalus australis and R. microplus has been extensively characterized and genome
sequencing efforts on both species are well advanced and data indicate that significant
differences exist with regard to gene coverage (Bellgard et al. 2012). As such, all studies
that report sequences of an Australasian origin should probably be considered to be R.
australis, for example, the serpins that targets thrombin (Rodriguez-Valle et al. 2015; Xu
et al. 2016). In those instances where sequences exist in the database under the incorrect
species designation, it will definitely impact on future bioinformatical analysis and
ancestral reconstruction efforts, by confounding the analysis of orthologous and
paralogous relationships of protein genes. A possible solution to this may be that all
studies that reports on functional or transcriptomic data should also submit or report at
least a 16S, Cytb or COX1 voucher sequence that derive from their specimens to enable

species confirmation in future. Additionally, Genbank submissions known to represent

58



erroneous species should be corrected to the appropriate species designation (Barker and

Walker, 2014).

Protein family specific analysis: characterizing paralogs

A number of studies aimed to investigate the evolution of specific tick protein
families and functions using phylogenetic analysis. This included studies of the BTSP
family (Mans et al. 2008a), the Kunitz/BPTI family (Dai et al. 2012; Louw et al. 2013;
Mans and Neitz, 2004b; Mans et al. 2008a, 2003b; 2002a; Schwarz et al. 2014b), the
lipocalin family (Beaufays et al. 2008b; Mans, 2005; Mans and Neitz, 2004c; Mans and
Ribeiro, 2008a, 2008b; Mans et al. 2008a, 2008c, 2003a) and the apyrases (Stutzer et al.
2009). These studies suggested that argasid BPTI anti-hemostatic factors share a
common evolutionary pathway; that biogenic amine binding lipocalins and TXA,/LTB4
scavenging lipocalins are closely related; that the biogenic amine binding site is probably
ancestral; that tick lipocalins share a monophyletic origin with lipocalins from other
metazoan and that apyrase activity probably evolved a single time in the ancestral tick
lineage.

A variety of transcriptome studies also report phylogenetic trees, but these are
generally descriptive in nature, aiming to depict the diversity of family members and the
number of clades that may be distinguished without making specific conclusions
regarding evolution (Table 1). In many cases members from other species may be
included for assignment of potential function to clades. In the majority of cases, no
function can be assigned to the species specific clades and these studies mostly serve to
indicate that lineage specific expansions (species or genus specific gene duplications) are
prevalent. Since species specific family members have been analysed in most cases

without applying functional knowledge, construction of evolutionary scenarios remain
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problematic since it is difficult to determine which genes are true lineage specific
innovations, which have deeper phylogenetic relationships to other tick lineages or
species and which represent novel functional innovation or diversification. In this regard,
closely related proteins have been shown to possess different functions even if these
functions have some similarity. As such, a general biogenic amine binding function
(histamine or serotonin) may be assigned to lipocalins with the biogenic amine binding
motif, but it is not possible to predict which molecule will be scavenged until empirically
tested (Mans et al. 2008c). Members of the moubatin clade may bind TXA,, LTB4 or
inhibit complement C5 and some of the molecular correlates of these functions have
been elucidated and can be used for functional prediction (Mans and Ribeiro, 2008a).
Molecular modelling has even been used to predict potential binding partners for LTC4
scavengers (Mans and Ribeiro, 2008c), while the canonical folds of the Kunitz-BPTI and
lipocalin families have been successfully used to predict inhibitory or scavenging
functions that was then empirically tested (Mans, 2011). However, bioinformatical
analysis without empirical testing remains a dangerous approach to assign functions to
clades, even if some members of a clade have known functions (Valdés and Moal, 2014).
This will remain one of the central challenges of ancestral reconstruction of functional
evolution for tick protein families, since very few proteins have been assigned
empirically confirmed functions (Table 2, 3 and 4). Linked to this is the expansion of the
major tick protein families with every transcriptome that is sequenced, which add more
and more diverse protein family members. As these are added, it becomes increasingly
difficult to obtain phylogenetically informative multiple sequence alignments and
phylogenetic trees with good nodal support, since for the major protein families such as
the Kunitz-BPTI, lipocalin and BTSP, the percentage sequence similarity overall lies

well within the twilight zone (20-30% sequence identity) (Rost, 1999). This will
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necessitate new methods of analysis and representation (Chan and Ragan, 2013). As an
example of this, the tick lipocalin family had 1 member in 1993 (Keller et al. 1993), 4 in
1999 (Paesen et al. 1999), 5 in 2002 (Sangamnatdej et al. 2002), 20 in 2003 (Mans et al.
2003a), 38 in 2005 (Mans, 2005), ~300 in 2008 (Mans et al. 2008¢), 584 added from the
first next-generation sequencing project (Karim et al. 2011) and 3867 in the current
database. If current trends in the description of transcriptomes continue, in 20 years there
will be more lipocalins in the database than proteins encoded in the genome of I
scapularis. This means that it is already impossible to analyse all lipocalins as one
family using one alignment, since the alignments are not reliable anymore due to low
sequence similarity among family members. This observation also holds for other major
tick protein families including the BPTI, BTSP and metalloproteases. In the future, these
families will need to be classified as super families, containing subfamilies with shared
ancestry and clade specific expression and function. This will be aided as more empirical

functional studies become available.

Molecular clock dating and salivary protein families

A few studies have attempted to date the divergences of the protein families
using molecular clock approaches (Louw et al. 2013; Schwarz et al. 2014b). However,
due to low sequence similarity among family members, the trees obtained give
contradictory results and general low branch support. As such, even though molecular
clock estimates place the divergence of the tick families at >240 MYA and divergence of
Argas/Ornithodoros and prostriate/metastriate at >200 MYA (Jeyaprakash and Hoy,
2009b; Mans et al. 2012), clades that possess both argasid and ixodid sequences are
dated <150 MYA, or clades that possess Argas/Ornithodoros or prostriate/metastriate

sequences are dated <120 MYA (Schwarz et al. 2014b). This would either imply that
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molecular clock estimates based on mitochondrial data are over estimated, or that
convergent and divergent evolution give untrustworthy results for these multi-paralogous
protein families due to the non-clock like behaviour of proteins under positive selection.

Analysis restricted to BPTI sequences from a single species (R. microplus),
yielded estimates for different clades between 1-11 MYA (Louw et al. 2013). These
were interpreted as recent duplications, but are almost as old as the estimates for the
origin of the Rhipicephalinae ~14 MY A (Barker and Murrel, 2004), suggesting that most
of these duplications did not originate in R. microplus, but before diversification of a
number of lineages. Since no sequences from other species were used in the analysis, it
is difficult to determine whether these duplications are lineage specific or whether
orthologs exist for them. The study also concluded that a genome duplication occurred
~150 MYA to give rise to two major clades of BPTI inhibitors in R. microplus,
suggesting that this specific clade structure will be prevalent among all metastriates.
Again, the exclusion of sequences from other species makes this statement difficult to
assess. It is likely that this study also suffered from the same problems stated before,
namely non-clock like behaviour for rapidly evolving sequences.

The problem with molecular clock dating of salivary gland protein families is
likely to increase as transcriptome studies expand the number of divergent protein family
members. This may be remedied once enough lineages have been sampled to accurately
identify orthologs, paralogs and functional clades, and fill in the phylogenetic space that
prevent the characterization of robust clades. Once this state of taxon sampling has been
achieved, ancestral reconstruction of protein families may become more robust. Until
then, in-depth study of the evolution of tick salivary gland protein families will remain

restricted.
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Conclusions

Both certainties and uncertainties remain in the reconstruction of ancestral tick lineages.
At almost all levels of the ancestral lineages that lead to the Ixodida, there are certainties
and uncertainties. We know that ticks are Eukaryotes and belong to the Bilateria, even
though the relationships among the basal eukaryotic lineages remain obscure. We know
that ticks are arthopods, chelicerates and arachnids even though we cannot with certainty
define the basal relationships in each level. We know that ticks are acarids and belong to
the Parasitiformes, even though the monophyly of the Acari is not certain. We are fairly
confident about the relationships within the Parasitiformes and that ticks are
monophyletic, but the exact relationship between the three tick families remain
contentious. We are confident regarding the major groupings in the soft (Argasinae and
Ornithodorinae) and hard tick (prostriata and metastriata) families, but much uncertainty
remains with regard to the relationships and monophyly of genera and sub-genera. Even
so, broad reconstructions can be made in relation to the ancestral lineages that lead to
extant tick families, genera and species. Conservation of Core of Life, Lineage of Life
and even Edges of Life phenomena can be delineated. Lineage specific exaptation and
innovation of conserved processes occur on all levels, implying that comparative biology
of these phenomena will continue to yield surprises and remain a worthwhile exercise.
However, it should be clear that ancestral reconstruction of the tick lineage is still in its
infancy, even though extensive data has been generated for tick biology over the last 150
years. Focus areas in the future will still revolve around systematics, transcriptomics,
proteomics and functional genomics and will continue until representative datasets that
cover the taxonomic breadth of the Arthropoda, Arachnida, Parasitiformes and Ixodida
have been generated. While N. namaqua (and some other taxonomically important

species), have no economic importance, their study will continue to play a central role to
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further our understanding of tick biology and evolution. Taxonomic important species
may easily be neglected and include all that do not transmit major diseases, but represent
distinct lineages such as Antricola, Bothriocroton, Carios, Cosmiomma, Margaropus,
Nosomma, Nothoaspis, Ogadenus, Otobius, Reticulinasus, Rhipicentor, Secretargas and
closer relatives to species that are major vectors. Until we understand tick biology in
general, we might not appreciate to the fullest extent those character traits that

distinguish economically important ticks from their more benign relatives.
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