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Abstract

Organic anion-transporting polypeptides (Oatps) are an integral part of the detoxification
mechanism in vertebrates and invertebrates. These cell surface proteins are involved in mediating
the sodium-independent uptake and/or distribution of a broad array of organic amphipathic
compounds and xenobiotic drugs. This study describes bioinformatics and biological
characterization of 9 Oatp sequences in the Ixodes scapularis genome. These sequences have been
annotated on the basis of 12 transmembrane domains, consensus motif D-X-RW-(1,V)-GAWW-X-
G-(F,L)-L, and 11 conserved cysteine amino acid residues in the large extracellular loop 5 that
characterize the Oatp superfamily. Ixodes scapularis Oatps may regulate non-redundant cross-tick
species conserved functions in that they did not cluster as a monolithic group on the phylogeny
tree and that they have orthologs in other ticks. Phylogeny clustering patterns also suggest that
some tick Oatp sequences transport substrates that are similar to those of body louse, mosquito,
eye worm, and filarial worm Oatps. Semi-quantitative RT-PCR analysis demonstrated that all 9 I.
scapularis Oatp sequences were expressed during tick feeding. Ixodes scapularis Oatp genes
potentially regulate functions during early and/or late-stage tick feeding as revealed by normalized
mRNA profiles. Normalized transcript abundance indicates that . scapularis Oatp genes are
strongly expressed in unfed ticks during the first 24 h of feeding and/or at the end of the tick
feeding process. Except for 2 I. scapularis Oatps, which were expressed in the salivary glands and
ovaries, all other genes were expressed in all tested organs, suggesting the significance of I.
scapularis Oatps in maintaining tick homeostasis. Different |. scapularis Oatp mMRNA expression
patterns were detected and discussed with reference to different physiological states of unfed and
feeding ticks.
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Introduction

Ixodes spp. ticks are among the most medically important tick species and transmit the
majority of human tick-borne disease agents. A recent paper advocating for one-health
solutions listed 17 tick-borne diseases (Dantas-Torres et al., 2012), 7 of which are vectored
by Ixodestick spp. In North America, 4 of the 9 reported human tick-borne disease agents,
namely Borrelia burgdorferi sensu lato, Anaplasma phagocytophilum, Babesia microti, and
Powassan encephalitis virus, are vectored by Ixodes scapularis Say and Ixodes pacificus
Cooley and Kohls (Dantas-Torres et al., 2012). Likewise, in Europe, the number of tick-
borne pathogens transmitted by ticks of the genus Ixodes is larger. IxodesricinusL.,
distributed all over Europe, is the principal vector of B. burgdorferi sensu lato, A.
phagocytophuilum, Anaplasma ovis, Coxiella burnetii, Francisella tularensis, Rickettsia
helvetica, Rickettsia monacensis, Babesia divergens, tick-borne encephalitis virus (TBEV),
Eyach virus, and Louping ill virus (Gould et al., 2001; Labuda and Randolph, 1999; Rehse-
Kipper et al., 1976; Tomanovi¢ et al., 2013). In eastern Europe and throughout Asia
stretching out to Japan, Ixodes persulcatus Schulze appears to be the most important Ixodes
vector species transmitting highly pathogenic Far Eastern and Siberian subtypes of TBEV,
B. burgdorferi sensu lato, Borrelia miyamotoi, A. phagocytophilum, Ehrlichia muris, B.
microti, and several Rickettsia spp. (Alekseev et al., 2003; Chausov et al., 2010; Fukunaga et
al., 1995; Inokuma et al., 2007; Shpynov et al., 2007).

The importance of Ixodestick spp. in public health was the underlying rationale to sequence
the 1. scapularis genome (Hill and Wikel, 2005). The availability of I. scapularis genome
data and several EST sequences has provided new resources for in-depth studies in tick
biology. The expectation is that these studies will uncover weaknesses in tick biology that
can be targeted for development of anti-tick vaccines and implicitly, prevention of human
tick-borne diseases (Hill and Wikel, 2005; van Zee et al., 2007). We are interested in
understanding the role(s) of organic anion transporting polypeptides in I. scapularis tick
physiology. According to previously established nomenclature, abbreviations for human
organic anion transporting polypeptides (OATP) are capitalized, while in other organisms it
is presented in lower case (Oatp) (Hagenbuch and Meier, 2004). We have used this
convention through the rest of this manuscript.

Since 1994 when the first organic anion transporting polypeptide was described (Jacquemin
et al., 1994), this group of proteins has attracted considerable research attention in
biomedicine. OATPs/Oatps are Na*-independent transmembrane transporters of
amphipathic organic molecules, both of endogenous and exogenous origin, which is not only
crucial in maintaining homeostasis, but an important function in drug absorption and
disposition (Niemi, 2007). The list of substrates transported by human, rat, and mouse
OATPs/Oatps include bile salts, hormones, eicosanoids, drugs, peptides, organic anions, and
even some organic cations and toxins (Abe et al., 1999; Briz et al., 2002; Cui et al., 2001;
Fujiwara et al., 2001; Huber et al., 2007; Kullak-Ublick et al., 1995; Lu et al., 2008;
Mikkaichi et al., 2004a; van Montfoort et al., 1999). The proposed mechanism of
transportation is of the rocker-switch type, with substrate molecules passing through the
central positively charged pore (Meier-Abt et al., 2005).
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Structurally, OATPs/QOatps are similar to organic anion transporters and organic cation
transporters, consisting of 12 transmembrane domains (TM) and having an intracellular
positioning of both termini (Roth et al., 2012). Distinguishing characteristics of OATPs/
Oatps include conserved domain D-X-RW-(1,V)-GAWW-X-G-(F,L)-L positioned at the
border between extracellular loop (EL) 3 and TM 6 (Hagenbuch and Meier, 2003), N-
glycosylation sites in ELs 2 and 5 (Yao et al., 2012), and conserved cysteine amino acid
residues in EL 5 that show similarity to Kazal-type serine protease inhibitors (Meier-Abt et
al., 2005). All conserved cysteine amino acid residues in EL 5 normally form disulfide
bonds and appear to be essential for function (Hanggi et al., 2006). Genes encoding OATPs/
Oatps are classified into the solute carrier organic anion transporters gene group (SLCO).
Hagenbuch and Meier (2004) established a new nomenclature and phylogenetic
classification of OATP/SL.CO as a superfamily, dividing previously described OATPs/Oatps
into 12 families and further into subfamilies. Human and other mammalian sequences were
classified into 6 families (OATP/Oatp1-6), while Oatp sequences in non-mammalian
species were classified in the remaining 6 families (Hagenbuch and Meier, 2004).

Most of the data available for invertebrate Oatps comes from work with Drosophila species.
A total of 8 putative Drosophila Oatp genes were identified and designated as 26F, 30B,
33Ea, 33Eb, 58Da, 58Db, 58Dc, and 74D, according to the chromosomal region where they
are mapped (Torrie et al., 2004). Transporter 58Db has been linked to Drosophila resistance
to ouabain, a cardiac glycoside known as a potent inhibitor of Na*/K* ATPase. Na*/K*
ATPase is very important for Malpighian tubule (MT) function in insects. In Drosophila,
protection of MT function against ouabain toxicity, even at very high concentrations, was
attributed to Oatp 58Db (Torrie et al., 2004). Resistance to ouabain was also reported in
several insect species (Gee, 1976; Neufeld and Leader, 1997) suggesting that Oatp
detoxification function could be widespread in insects. Mulenga et al. (2008) performed
molecular and biological characterization of Amblyomma americanum L. tick Oatp.
Sequence analysis showed that this transporter possesses all features specific for the OATP/
S CO superfamily, while expression analysis demonstrated constant presence of its
messenger RNA in different tick organs during the feeding process. Additionally, semi-
quantitative RT-PCR analysis revealed significant changes in Oatp expression levels
between tick organs during feeding. Gene silencing by RNAI caused smaller blood meals to
be taken by A. americanum females, indicating that disrupting Oatp function will lead to
decreased fertility (Mulenga et al., 2008).

The purpose of this study was to characterize and validate mMRNA expression during tick
feeding of Oatps in the I. scapularis genome. We show that, similar to mammals, the I.
scapularis tick genome encodes a large Oatp family of at least 9 unique genes. Most
importantly, all annotated |. scapularis Oatps are expressed during tick feeding. Like
humans and rodents, which share OATP/Oatp orthologs, |. scapularis Oatp genes show
remarkable conservation with Metastriata tick species.
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Materials and methods

Data mining to identify I. scapularis Oatp sequences, bioinformatics, and phylogeny

analyses

The National Center of Biotechnology Information (NCBI) database
(www.ncbi.nlm.nih.gov) was scanned for the presence of I. scapularis Oatp sequences using
BlastX and BlastP search engines. Criteria for accepting sequences as part of the SLCO/
OATP superfamily were presence of the characteristic D-X-RW-(1,V)-GAWW-X-G-(F,L)-L
sequence and conserved cysteine amino acid residues in the extracellular loop (EL) 5. To
compare |. scapularis Oatp sequences to other tick Oatp sequences, local Blast was used to
scan |. scapularis Oatp sequences against local tick transcriptome databases. The databases
of 45494 amino acid and 109,796 nucleotide sequences were assembled from tick
transcriptomes in GenBank. Downloaded transcriptomes included I. scapularis (accession#
PRINA34667), Amblyomma maculatum Koch (PRINA72241), A. americanum
(PRINA188113, PRINA30813, PRINA160), I. ricinus (PRINA177622), Antricola delacruz
Estrada-Pefia, Barros-Battesti and VVenzal (PRINA158141), Hyalomma marginatum Koch
(PRINA52401), Rhipicephalus microplus Canestrini (PRINA82295), and Rhipicephalus
pulchellus Gerstacker (PRINA170743). Additionally, an in-house A. americanum
transcriptome from unfed and 24-h partially-fed male and female adult ticks, as well as
salivary glands (SG) and midguts (MG) of ticks that fed for 48, 96 and 120 h was scanned
for Oatp sequences (PRINA226980). The downloaded tick transcriptome FASTA files were
assembled into one file and then converted into a searchable database using the “make
database” script at NCBI (http://www.ncbi.nlm.nih.gov/books/NBK1763/). Sequence
alignment and analyses were performed with MacVector (MacVector Inc., Cary, NC, USA)
and BioEdit (Hall, 1999) software. Prediction of N-glycosylation sites was performed using
the NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/).

For phylogenetic analysis, the online software “Phylogeny.fr” was used (http://
www.phylogeny.fr/iversion2_cgi/simple_phylogeny.cgi) (Dereeper et al., 2008) set to default
parameters, with 100 replications for determining bootstrap values. Analysis was restricted
to the EL5 region in the carboxy terminus, which is apparently important for OATP/Oatp
function (Hénggi et al., 2006). EL5 domains in OATP/Oatp sequences of other ticks (A.
americanumand R. pulchellus), of bloodsucking insects (Aedes aegypti, Anopheles
gambiae, Culex quinquefasciatus, and Pediculus humanus corporis), and blood- and tissue-
dwelling parasites (Brugia malayi, Loa loa, and Trichinella spiralis), and humans and rats
were used in the analysis (Table 1).

Tick dissections, RNA extraction, and cDNA synthesis

Unfed I. scapularisticks for this study were purchased from Oklahoma State University. In
our lab, ticks were routinely kept at favorable conditions (room temperature and >85%
relative humidity). Ticks were fed on New Zealand White Rabbits according to the animal
use protocol approved by Texas A & M University IACUC. A total of 18 unfed and 34
partially fed I. scapularis females was dissected. Partially fed females were manually
detached at 4 different time points: 24 h (15 specimens), 72 h (10), 120 h (6), and 168 h (3)
after feeding commenced. Ticks were washed in diethylpyrocarbonate (DEPC)-treated
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water, dried on a paper towel and dissected under a microscope as previously described
(Mulenga et al., 2003, 2008). Freshly dissected tick organs: SG, MG, MT, ovaries (OV), and
synganglion (SY), as well as carcass (CA), representing the tick remnants after removing
tick organs, were placed in Trizol reagent (Invitrogen, Carlsbad, CA, USA). Dissected
materials were pooled in 1 ml of Trizol according to time point and tissue type,
homogenized, and stored at —80°C until total RNA extraction.

Total RNA from tick organs was extracted using the isopropanol precipitation method,
according to detailed instructions provided by the Trizol manufacturer. Precipitated RNA
was dissolved in nuclease-free water, and concentration was determined by measuring
absorbance at 260 nm using the DU 640B spectrophotometer (Beckman Coulter Inc.,
Fullerton, CA, USA). Approximately 500 ng of total RNA was used to synthesize the first-
strand cDNA template using gScript cDNA SuperMix (Quanta Biosciences, Gaithersburg,
MD, SA, USA).

Temporal and spatial transcriptional analyses of I. scapularis Oatp during first five days of

feeding

Semi-quantitative two-step RT-PCR was used to validate |. scapularis Oatp gene expression
in different tick tissues during the first 5 days of the feeding process. In a preliminary
analysis, titration PCR was done to determine the least number of PCR cycles at which PCR
products were observable in all samples. Examining PCR products at 20, 25, 30, and 35
PCR cycles accomplished this. PCR primers and PCR conditions used are summarized in
Tables 2 and 3, respectively. Routinely, PCR was done in 20-L reaction volumes
containing 10 pL of 2X MyTaq PCR master mix (Bioline USA Inc., Taunton, MA, USA), 2
uL of each primer (10 uM), and 90-150 ng of cDNA template for all tissues except for
synganglion where we used up to 600 ng (Table 3). Preliminary analysis showed that some
candidate Oatp genes were not expressed in all tissues. To validate low or no expression, we
increased the amount of template tenfold in these tissues marked with asterisks in Table 3.
An initial PCR activation step was carried out for 2 min at 95°C, followed by 33-40 cycles
for 30 s at 95°C, 30 s of annealing at 60-70°C, and depending on amplicon length, 45-120 s
of elongation at 72°C. A final extension step was performed at 72°C for 7 min. Following
amplification, 10 puL of PCR product was applied to a 2% agarose gel containing 1 ug/mL of
ethidium bromide and separated in TAE buffer at 50 V for 1 h. The amount of template
cDNA used in PCR reactions and the number of amplification cycles were adjusted to obtain
appropriate band density for further densitometry analyses (Table 3). Densitometric analyses
were performed with ImageMaster TotalLab software (Nonlinear Dynamics Ltd.,
Newecastle, UK), using the option for automatic background removal. The relative PCR band
density was normalized against tick actin PCR bands as previously described (Mulenga et
al., 2008). The amplification of tick actin sequence was performed

with ¥ GGACAGCTACGTGGGCGACGAGGY

and YCGATTTCACGCTCAGCCGTGGTGG? primers, using MyTag Red Mix (Bioline
USA Inc., Taunton, MA, USA) and PCR conditions as described in Table 3.
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Cloning and DNA sequencing

To validate if sequences of amplified |. scapularis Oatp PCR fragments from semi-
quantitative RT-PCR analysis were consistent with data in GenBank, DNA sequencing was
conducted. Routinely, PCR fragments were cloned into pGEM-T cloning vectors (Promega,
Madison, WI, USA) using TA cloning methods. Recombinant pGEM-T-I. scapularis Oatp
plasmids were used to transform DH5a E. coli-competent cells. Plasmid DNA from liquid
bacterial culture was extracted using Wizard Plus SV Mini-Prep Kit (Promega). Sequencing
reactions were performed with the BigDye Terminator Cycle Sequencing Kit and run on a
3730xI sequencer (Applied Biosystems, Foster City, CA, USA).

Results

The I. scapularis genome encodes at least 9 unique Oatps

Data mining of . scapularis sequence entries in GenBank identified 9 unique Oatp
sequences (Table 4). Some of the I. scapularis Oatps aligned in Fig. 1A showed the typical
signature of OATP/Oatp structure (Roth et al., 2012), 12 TM domains with large EL 2 and
5. Putative N-glycosylation sites in EL2 and ELS5 characterize this superfamily of proteins
(Konig et al., 2006). Likewise, visual inspection of sequences in Fig. 1A revealed putative
N-glycosylation sites in EL5 of all I. scapularis Oatp sequences, while the presence of a
putative N-glycosylation site in EL2 was predicted for 1sOatp0726 (accession#
XP002400770) only. Consistent with other OATPs/Oatps (Meier-Abt et al., 2005), 1.
scapularis Oatps have a Kazal-type serine protease inhibitor domain present in EL5 (Fig.
1A). Except for IsOatp4056 (XP002414101), |. scapularis Oatps are characterized by 11
consensus cysteine amino acid residues in EL5 (Fig. 1A). It is interesting to note that when
scanned against GenBank entries, the I1sOatp4056 EL5 cysteine amino acid residue pattern
appeared similar to those described in Oatps from Tribolium castaneum (XP972698),
Nasonia vitripennis (XP001605896), Bombus terrestris (XP003398370), and Apisflorea
(XP003695690) (Fig. 1B). Site-directed mutagenesis studies have shown that the 11 cysteine
amino acid residues in EL5 are important in OATP/Oatp function (H&nggi et al., 2006).
According to convention (Hagenbuch and Meier, 2004) 1sOatp4134 (XP002434179) and
IsOatp2114 (DAA34891), which show 54% amino acid identity (not shown), could belong
to the same family, while most I. scapularis Oatps in this study could be classified into
different families since intra-amino acid identity levels are <40%. It is important to note that
while tick Oatp sequences retained sequence features that characterize the OATP/Oatp gene
family, overall amino acid sequences identity levels between tick and mammalian sequences
were low, ranging from 20% to 33% (not shown). We would like to note here that based on
sequencing done in this study, sequence information was updated for 1sOatp2114 (deletion
of amino acid 297-310), IsOatp5621 (deletion of amino acid 352—-354), and 1sOatp4056 (27
amino acids inserted between positions 429 and 430) of original sequences. Updated I.
scapularis Oatp nucleotide sequences were deposited in GenBank, and accession numbers
KF768345, KF768347, and KF768346 assigned for 1sOatp2114, 1sOatp5621, and
IsOatp4056.
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I. scapularis Oatps are not monolithic and have orthologs in other ticks

In addition to the 9 I. scapularis Oatps found in GenBank (above), scanning against other
tick sequences in GenBank revealed tick Oatp sequences only from R. pulchellus.
Additionally, inspection of our in-house A. americanum transcriptome showed 12 unique A.
americanum Oatps. A total of 81 EL5 domains from blood-feeding and blood and tissue-
dwelling parasites, as well as from mammals were used to construct the phylogeny tree in
Fig. 2A. The 81 sequences segregated into 16 clusters, A-P, with 2 sequences from Ascaris
suum (ADY42330) and C. quinquefasciatus (EDS34301) clustering alone. The overall trend
from the phylogeny tree is that |. scapularis Oatp sequences did not cluster as a monolithic
group, rather they segregated with Oatp sequences of other organisms, particularly ticks.
Ixodes scapularis and other tick Oatp sequences segregated into 7 of the 16 clusters, A, B,
D, G, J, L, and N. It is notable that in clusters B, G, J, and L, tick sequences clustered with
those of other organisms. In cluster B, P. humanus corporis Oatp (EEB20468) segregated
with 3 tick Oatp sequences: I. scapularis (XP002400770), A. americanum
(GAQI01000003), and R. pulchellus (JAA59849). In cluster G, Oatps from blood-sucking
arthropods A. americanum (GAQI101000006), I. scapularis (XP002414101), An. gambiae
(XP557860), Ae. aegypti (XP001660407), and P. humanus corporis (EEB20444) clustered
with an Oatp of a tissue-dwelling parasite, T. spiralis (XP003380728). In cluster J, A.
americanum Oatp (GAQI101000011) clustered with mammalian OATPs/Oatps 6A1
(NP775759), 6d1 (NP001014292), and 4C1 (EDL91884, NP851322), while in cluster L, A.
americanum Oatp (GAQI01000009) segregated with OATPs/Oatps from human and rat
4Al/al (NP057438, EDL88808), the filarial worm B. malayi (EDP30755), and the eye
worm L. loa (EFO23579). Multiple sequence alignment analyses of |. scapularis, A.
americanum, and R. pulchellus Oatp sequences identified putative tick Oatp orthologs. In
cluster A, the 1sOatp2116 (XP002412161) amino acid sequence was 67% identical to the A.
americanum Oatp (GAQI101000002), while IsOatp4134 and IsOatp2114 amino acid
sequences were 48 and 50% identical to A. americanum Oatp (ACH98103) (Mulenga et al.,
2008), respectively (not shown). In cluster B, the 1sOatp0726 amino acid sequence showed
77% (88% restricted to EL5 sequence) and 83% (87% restricted to EL5 sequence) amino
acid identity to R. pulchellus Oatp (JAA59849) and A. americanum Oatp (GAQI101000003),
respectively (Fig. 2B). It is notable that while the overall amino acid sequence identity of P.
humanus corporis (EEB20468) to IsOatp0726 was 46%, it jumped to 54% when the
comparison was restricted to the EL5 domain (not shown). In cluster D, 1sOatp5621
(XP002435666) showed 64% amino acid sequence identity to A. americanum Oatp
(GAQI01000001) (Fig. 2C), while in cluster N, IsOatp4548 (XP002404592) showed 77%
and 78% amino acid sequence identity to A. americanum Oatp (GAQI01000009) and R.
pulchellus Oatp (JAA58190), respectively (Fig. 2D).

I. scapularis Oatp genes are responsive to tick feeding

Titration semi-quantitative RT-PCR was used to confirm mRNA expression of 9 Oatp genes
that are encoded in the I. scapularis genome (Table 2, Fig. 3). PCR products in Fig. 3 were
amplified from ~90 to 150 ng of cDNA (Table 3). To validate low or not expression of the
target, we attempted amplifying targets from ~1 pg of cDNA as summarized in Table 3.
Routine PCR cloning, sequencing, and comparative sequence analysis validated the
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molecular identity of PCR bands in Fig. 3 (not shown). Visual inspection of PCR bands in
Fig. 3 and normalized mRNA abundance in Fig. 4 summarize multiple mRNA expression
patterns of the 9 I. scapularis Oatps during the first 5 days of tick feeding. Except for
IsOatp4550 (XP002404594) and I1sOatp4134, which were exclusively detected in the OV
and SG, and IsOatp2116, which was not detectable in CA, all other candidate I. scapularis
Oatp genes were expressed at detectable levels in all tissues that were investigated in this
study (Fig. 3). I1sOatp4550 and 1sOatp4134 were not expressed even when template was
added tenfold. Normalization of transcript levels in Fig. 4 revealed different mMRNA
expression patterns in different tick organs. The first pattern, an increase of mMRNA
expression in response to feeding, was observed for 1sOatp4550 in OV. The second and
most commonly observed pattern was a decrease of |. scapularis Oatp transcription levels in
response to tick feeding activity. This pattern was associated with IsOatp2116 and
IsOatp5621 in all organs, 1sOatp0726 in all organs except MT, 1sOatp4056 in SY,
IsOatp4134 in SG, IsOatp4548 in MG, MT, SY, and SG, and IsOatp5126 (XP002415171) in
MT and SY (Fig. 4). It should be noted that within the decreasing pattern, the drop in
transcript levels between unfed and partially fed ticks was either precipitous or progressive.
Transcript levels precipitously dropped within 24 h of tick feeding for 1sOatp0726 in MG,
IsOatp2116 in MG and SY, IsOatp4056 in SY, IsOatp4548 in MG and SY, IsOatp5126 in
MT and SY, and IsOatp5621 in all organs except OV. In the case of 1sOatp2116 in MT and
SG, transcript levels did not change during the first 24 h of feeding. However, it
precipitously dropped to an almost zero level by the third day of attachment. The expression
level of 1sOatp0726 in OV stayed relatively stable during the first 5 days of feeding, but then
precipitously dropped by day 7. Progressive decrease in transcript levels was observed for
IsOatp2116 in OV, IsOatp4134 in SG, and 1sOatp0726 in SG and SY. In the third
expression pattern, 1sOatp0726 and 1sOatp4056 in MT, and IsOatp2114 in MT, SY, and SG,
showed an increase in mMRNA expression levels during the early phase of tick feeding,
reaching the peak of transcript expression levels at the 24-72 h time point, and thereafter a
decrease by the 120 h or 168 h time points. In the fourth expression pattern, transcript levels
of I1sOatp2114 in CA, I1sOatp4056 in MG and OV, IsOatp4548 in OV, and 1sOatp5126 in
MG, SG, OV, and CA were decreasing during the first 24-72 h of feeding, before
rebounding to original levels during the 120-168 h feeding time point. I1sOatp2114 in MG
and IsOatp4056 in CA displayed a biphasic pattern; each of these genes had 2-peak
expression levels during the 7-day feeding period that was investigated here. It is interesting
to note that in the actin PCR, different amounts of template cDNA, as well as different
number of amplification cycles, were used to obtain adequate actin bands for densitometric
analyses, suggesting that different tick tissues express different levels of actin. This is not
unique to this study. Previous studies conducted on different organisms, show that
cytoplasmatic actin could have differential expression between tissues, but expression stays
stable in the same tissue (Thellin et al., 1999; Trivedi and Arasu, 2005; Teng et al., 2012).

Discussion

The importance of the OATP/Oatp gene family in the physiology of higher eukaryotes
(Kdnig, 2011) and as a consequence, a potential druggable site (Kalliokoski and Niemi,
2009) prompted this study. Based on studies in humans (Mikkaichi et al., 2004b; Yao et al.,
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2012), rats (Mikkaichi et al., 2004b; Hagenbuch and Meier, 2004), mice (Cheng et al.,
2005), Zebra fish (Popovi¢ et al., 2010), and the common fruit fly (Torrie et al., 2004), the
OATP/Oatp gene family has multiple members. Observations in this study that the I.
scapularis genome has at least 9 unique I. scapularis Oatp sequences and that the A.
americanum transcriptome has 12 unique Oatp sequences, show that the size of the Oatp
gene family in ticks fits the pattern in other organisms. It is noteworthy that the observation
that I. scapularis Oatp genes had orthologs in A. americanumand R. pulchellus was
comparable to observations among mammalian OATP/Oatp genes, where all human OATP
genes have orthologs in rats and mice (Hagenbuch and Meier, 2004). It is interesting to note
that in a parallel study, we observed similar clustering patterns of mosquito Oatp genes
(unpublished). The role(s) of Oatp proteins in I. scapularis physiology is yet to be explored.
However, given that |. scapularis Oatp proteins did not cluster as a monolithic group and
that they have orthologs in other ticks suggests that |. scapularis Oatps are involved with yet
unknown non-redundant biological processes that are evolutionarily conserved in other tick
species.

One important problem of dealing with large protein families in parasite research is how to
develop a prioritization plan, which gene comes first? In this study, we attempted to solve
this problem by determining the relationships of |. scapularistick Oatps to those of other
blood feeding and blood- and tissue-dwelling parasites. Our reasoning was that parasites
living in or on the same host environment could utilize related molecules to interact with the
host, and that these shared molecules could represent important targets. The second
consideration in our analyses was that we wanted to base the phylogeny on the EL5 domain,
which has been shown to be important for OATP/Oatp function (Héanggi et al., 2006), and
has been subject to different pressures during evolutionary change. From this perspective, it
was interesting to find that certain tick Oatp sequences clustered with those from other
parasites. It is particularly interesting that 1sOatp0726 was 54% identical to the P. humanus
corporis (EEB204468) EL5 domain. There is a possibility that both of these Oatp sequences
transport substrates that are essential to the survival of both lice and ticks. It is important to
note the lifestyle similarity between hard ticks (Sonenshine, 1993) and P. humanus corporis
(Mehlhorn, 2008). Both organisms remain intimately attached onto the host for extended
periods of time. From the perspective of discovery of anti-parasitic drugs, the prospect of
parasite Oatps transporting the same substrate is appealing in that understanding how to
block Oatp function in one parasite can be applied to multiple parasites. It was also notable
from our phylogeny analysis that tick and other parasite Oatp sequences clustered with
mammalian 4A1/al, 4C1, and 6A1/al OATP/Oatps. The implication here could be that
these tick and other parasite Oatps transport substrates that are similar to those transported
by vertebrate OATPs/Oatps. This may not be far-fetched because as ticks and other parasites
interact with their hosts, they may encounter host-derived toxic waste, which the parasite
may need to eliminate. From the perspective of finding anti-parasitic targets, parasite Oatps
that show similarity to vertebrate OATPs/Oatps may not be appealing targets due to
potential cross-reactivity. Clearly, further experiments are needed to resolve observations
from our phylogeny analysis.
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Several lines of evidence have demonstrated that ticks differentially express genes during
the different phases of feeding to regulate specific physiological processes (Rudenko et al.,
2005; McNally et al., 2012). To begin characterizing the role(s) of . scapularis Oatps in tick
feeding physiology, an important goal in this study was to relate I. scapularis MRNA
expression profiles to different phases of the tick feeding process. The majority of studies do
this during the first 5 days of feeding (Franta et al., 2011; McNally et al., 2012) as was done
in this study. Ticks spend the majority of their life cycle as free-living and a relatively small
amount of time parasitizing their hosts (Sonnenshine, 1993). Tick feeding has been
categorized into 3 broad phases, beginning with the preparatory feeding phase (PFP) during
the first 24—-36 h of feeding, when the tick attaches onto host skin, creates the feeding lesion,
and transmission of some viruses occurs (Charrel et al., 2004). Subsequently the tick
transitions into a slow feeding phase (SFP), which may last up to 7 days. During this phase,
the tick begins transmission of most pathogens (Heyman et al., 2010), feeds in moderation,
and grows more tissue to prepare for the rapid feeding phase (RFP), where it feeds to
repletion (Sonenshine, 1993). Transcription profiling reported here covered the first 7 days
of I. scapularis feeding, representing the PFP and SFP of the tick feeding process. With the
exception of the 1sOatp4550 gene, which showed an increase in expression level in OV in
response to feeding, the majority of |. scapularis Oatp genes were either highly expressed in
unfed ticks, and expression level decreases in response to feeding within the first 24 h or
temporarily decreases during 24—72 h of feeding, but rebounded by day 7 of feeding.
Speculatively, I. scapularis Oatp genes, which showed decrease in expression level in
response to feeding could be associated with PFP or play no role(s) in facilitating tick
feeding. Those that showed increase could be associated with subsequent tick feeding
phases. Likewise, |. scapularis Oatps which were exclusively detected in one tick organ
could be associated with specific functions in those organs. Although several tick
transcriptomes are available in GenBank, data mining efforts in this study yielded Oatp
sequences from R. pulchellusand I. scapularis only. The observation that the majority of I.
scapularis Oatp genes were highly expressed in unfed ticks and during the first 24 h of
feeding could explain the absence of Oatp transcripts in the majority of transcriptomes
present in GenBank, as they were obtained using ticks that were partially fed for more than 3
days. Interestingly, the 12 unique Oatps discovered in this study from our in-house A.
americanum transcriptome, were found at the unfed and 24 h fed time points (unpublished
data).

Another interesting observation in this study is that with the exception of 2 I. scapularis
Oatp genes, IsOatp4134 and IsOatp4550, which were exclusively detected in SG and OV,
all other genes were expressed in all tested organs. Evidence in mammals shows that
OATPs/Oatps that have a broad substrate range are widely distributed in multiple organs,
while those with a restricted substrate range tend to be expressed in specific tissues
(Mikkaichi et al., 2004b). Whether or not this is case in ticks remains to be investigated in
future studies.
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Figure 1A
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Fig. 1.

M%Itiple sequence alignment analysis: (A) alignment of Ixodes scapularis organic anion
transporting polypeptide protein sequences. Asterisks denote sequences which are slightly
changed from the GenBank original due to sequencing results obtained in this study
(I1sOatp5621*: amino acids at positions 352-354 are deleted; 1sOatp4056*: 27 amino acids
are inserted between positions 429 and 430 of the original sequence, accession numbers for
updated nucleotide sequences are KF768347 and KF768346, respectively). Grey
transmembrane domains (TM), extracellular loops (EL), and intracellular loops (IL) are
identified according to Westholm et al. (2010). Double-underlined sequence represents

S CO/OATP family signature. Conserved cysteins in EL5 are marked with strong bottom
line. (B) Alignment of EL 5 of 1sOatp4056* and its orthologs from Tribolium castaneum,
Nasonia vitripennis, Bombus terrestris, and Apis florea, with conserved cysteins designated
with numbers 1-9. Conserved amino acids are highlighted in gray.
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Figure 2B
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Figure 2C
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Figure 2D
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Fig. 2.

Phgylogenetic analyses based on extracellular loop 5 and transmembrane domains 8 and 10:
(A) Ixodes scapularis organic anion transporting polypeptides and those from Rhipicephalus
pulchellus and Amblyomma americanum ticks, human, rat, and other bloodsucking
arthropods, blood- and tissue-dwelling parasites were used to construct phylogenetic tree.
Ixodes scapularis sequences are marked with a plus sign. (B-D) Amino acid sequence
alignment of tick Oatp orthologs from clusters B, D, and N. Conserved amino acids are
highlighted in gray.
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Semi-quantitative RT-PCR, showing expression of |. scapularis Oatps in different tick
tissues before and during the feeding process.
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Feeding time points

Page 20

Normalized mRNA abundance of 9 I1sOatps during the feeding process (including unfed and
1-, 3-, 5-, and 7-days fed ticks) in salivary glands (SG), midgut (MG), Malpighian tubules
(MT), ovaries (OV), synganglion (SY), and carcass (CA). Asterisks indicate graphs without

detected expression.

Ticks Tick Borne Dis. Author manuscript; available in PMC 2015 May 15.



Page 21

Radulovi¢ et al.

TTOZ “'[e 18 eABINIA sifeJids e|puIyolIL 7002 ‘'[e 18 uibuoy Z'6v8.52T00dX aeiqured sspydouy
T'10ev€SAT 1'28G859T00dX
T'¥¥89¢5A3 1'90¥099T00dX
T'€0eresa3 T'207099T00dX

uolssIwgns 19811 snyelosejenbuinb xa N 1002 “"|e 18 auaN ndABoe sepay

T'S¥89¢SA3 1°€8G859T00dX
1'69557SA3 1'88TT99T00dX
1'2L857SA3 1'92/659100dX
Tvyy0ca33a T06T8SVVIl
T'8yS11933 T'67865VVI

suoIssIwans 39a11Q s140d 102 snuewny snindipad suoissiwans 39a.11Q sn|pyand snreydsoidiyy
T'1€187933 T'96€65V VI
1'89¥0cg33 WEAA LN AYN

8002 “'[e 18 eBus3INN T'€0T86HOV

uolssiwqns 10811
uoissiwqgns 1911

uoissiugns 19811Q

uolssiwqgns 19841
uoissiwqgns 1941
uolssiwqns 19811
uoissiwqns 19211
uolssiwqns 19811
uoissiwqgns 19211
uolssiwqns 10811
uoissiwqgns 19811

uolssiwqns 10811

e 2T0000T0IOVD
e TT0000T0IOVD
e 0T0000T0IOVO

e 600000T0IOVD
e 800000T0IOVO
e £00000T0IOVD
e 900000T0IOVO
e 500000T0OVD
e 700000T0IOVO
e £00000T0IOVD
e ¢00000T0IOVO

©T00000T0IOVD

winued | Jale BuiloA [quiy

suoissiwgns 121

T'6LE07TE00dX
T'6€TLcOd43

1'6,5€¢043

©0| €07

8002 “'[e 18 eBusINN
uolssiwqgns 1021
uolssIwqgns 10811
uolssiwgns 1021
uolssIwqgns 10811
uolssiwgns 1021
uolssIwqgns 10811
uolssiwqgns 10841

uolssiwqgns 10811

T'1687EVVA
T'¥65707¢00dX
T'TLTSTY200dX
1'¢65707¢00dX
T'TOTYTYC00dX
T'9995€¥¢00dX
1°0£.007¢00dX
T'6.T¥EYC00dX

T'T9TCTYC00dX

s1.re|nckeas sapox|

Sjuswwod

SJaguinu uoISSaddy

sa10ads

Sjuswiwo)

S1agquinu uoISSaddy

sa10ads

Author Manuscript

"sasAeue onjsusbolAyd ul pasn saouanbas apndadAjod Builiodsuel) uolue o1uebiO0 JO SIaqUINU UOISSAIIY

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Ticks Tick Borne Dis. Author manuscript; available in PMC 2015 May 15.



Page 22

Radulovi¢ et al.

(086922 NrHd) awoidiiosues) wnued swe euwoA [guy asnoy-ul Jo mmocmscmmm

G00Z e 18 eal0|4 1808887143 €002 “Ie 18 Bnzns €'6G.G..dN
G00z “|e 18 ®alOlH 188167143 Bp00Z [ 18 IYdIBPIN €¢CETS8dN
G00z “|e 18 ealol4 T'61980NA3 €002 ‘JBIBN pue yonquafeH ¢'0¢¢CTTdN
G00Z e 18 eal0|4 TVESTTINGS S66T “1e 38 %01aN-elnH T°085990dN
0002 “[e 18 OIUSIN T'¥96ZvSdN 966T “[e 19 N7 ¢'T¢9500dN
2002 "“[e 38 yonquabeH 1'2600LSdN 0002 “Ie 18 Brugy T1'818¢90dN
snoifanou sniey sud ides owoH
66T "|& 18 ulwanboer 1°,08850dN 666T “Ie 18 Qv € LEY900dN
/66T “|e 19 80N T'T86TLSdN 0002 e 18 lewe] €8EV.LS0dN
866T "'[e 19 QY T'S970TTdN 000z “|e 18 rewe | ¢'v0v.LE0dN
T00Z “[e18 17 1'€68SYYdN 0002 “le 18 lewe] T'€898ETTO0dN
2002 e 18 Bisgsnens T°¢6¢vT0T00dN 2002 “'[e 18 1jjebezzid T'8T¥6ETTO0dN
666T [ 18 0Axey| T'GTGLS¢T00dN
1°66.0eda3 T'SL80vAQV
L00Z “|e 18 ulpayo 1'916¢€4Ad3 1Kefew eibnig TTOZ “[e 18 Buepn 1'508¢cvAQV wnns seaxsy
1'2¢85eda ToEECYAQY
T'89€SLEE00dX ¥'88T6TEAX
T'8ETLLEEO0dX ¥V'618YTEAX
T'0LESLEEN00dX €098.55dX
T°2966LEE€00dX ¥’ L8T6TEIX
1'82L08€E00dX ¥'6999TE€dX
SUET e} S19quINU UOISS30Y so10ads SjUsIWOD S13WNU UOISS30Y so10ads

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Ticks Tick Borne Dis. Author manuscript; available in PMC 2015 May 15.



Page 23

Radulovi¢ et al.

T295de0s| T29SEYZO0NX 929 101e0166966169e) Seee 1mbe)bBenooyeehito)
92T50ieOS| 9ZTSTYZ00NX L1€ 166ebebeohforeboeblefe  2oeoeIf0)6ERIE10062666
055dieOs| 0SS707200INX 655 eoed)h1obo6eh6hhoeed HBoeaoe10hen)fa200e
8yGydreQs| 817507200 X 00. obhebeeeeebeehbelfeffesd  9e000)er106210610)801RD
YETYArROSI YETYEYZO0INX 116 Baooeh)61016eeee)f160 B1690601e08RE66)01088
950vdreOs| 950%7T#Z00INX zeL e)beebenfbfboedhfleaffo  oreanooboeeeefoen)fand
9TTZdrReOs] 9TTZTI2Z00NX 018 6e2020e292100116262089 61616206661260661000
$TTed1eos| YTTZIVZ00NX 15728 efoeeoeddfehforobloelf  enedahboeahibesfolobh
9z.0de0s| 92.00%7200INX S8 eobBehb1ohbeahnblohio B61069e2€16161066626
dyeQ sife|ndeds | paiyauspl Jo uoneubiseg saouanbas (dq) azis uoaijdwe payoadx3y /£4-,5 Jawiad asaanay £4—,5 Jawiad paemaoo

9p1103[oNU PalRIa4 O J3QUINU UOISS3IIR YueguaD

Author Manuscript

‘(sdreQ) sapndadAjod Buniodsuen uolue J1uehio siiendedas sopox| palyuapl Jo sasAjeue uoissaldxa 10) pasn Siawilid

¢ ?olgel

Author Manuscript

Author Manuscript

Author Manuscript

Ticks Tick Borne Dis. Author manuscript; available in PMC 2015 May 15.



Page 24

Radulovi¢ et al.

“U0ISS3IdX3 OU 10 MO BepifeA 0) Bl T 01 dn pasessoul 819m suOIoeal 8say) Ul 8re|dwa) O Junowy
M

“aw1 uonebuols

q
‘aInyesadwa) mc__cm:ccm
€& 08 l¢ 6¢ 8¢ € 00T 00¢ 00T 0ct 00T 00T 09 €9 unoy
oy ov 13 15 e 8¢ 00T 00¢ 00T 0cT 00T 00T 09 29 T295dieOSs|
s€ 0oy ov o1 o135 o1 00T ooy 0ST 0ct 00T 00T 14 89 9z15dreOs|
6 g€ g€ S€ S€ G€ * * 00T * * * 09 89 05Sydieos|
g€ 0ov 13 15 13 e 00T 009 00T 06 00T 00T 06 09 87Sydreos|
g€ G€ o1 o1 o135 o1 * * * * * 00T 0ct 19 yETYArROS|
G €& g€ S€ S€ G€ 00T 00¢ 00T 0ct 00T 00T 09 19 950tdieQs|
G€ G 13 15 13 e * 00¢ * * 00T * 09 99 9TTZdrReOS|
g€ G€ o1 o1 8¢ o1 00T 00¢ * 0ct 00T 00T 09 0L ¥TTZdreos|
g€ oy €€ S€ S€ €€ 00T 00¢ 00T 0ct 00T 00T 06 19 92,0d1e0s|
YO AS AO 1N 9N 9S VO AS NO 1N ON oS
581949 JO J3qUUINN FU) 90a- L 10 0338 Pu0ass aUy Ul pasn 7e]dWis] wNGo Jo Junoly  (SPU028s) 13 (Do) eVl  sush pajebael

‘sazAJeue uolssaldxa auab dieQ siiendeas sopox| 10y pasn ¥Od-1H aAleIuRNb-1wWas syl Jo dals puodas auyl 10} SUONIPUOD

Author Manuscript

€9l|qel

Author Manuscript

Author Manuscript

Author Manuscript

Ticks Tick Borne Dis. Author manuscript; available in PMC 2015 May 15.



Page 25

Radulovi¢ et al.

"saouanbas apndadAjod Buniodsuesy uoiue o1uebio sirendeds Sspox| Jo sadualajal uoiewloju] ABojouydsiolg 1oy Jsjua) [euoieN ayl

Author Manuscript

879
15¢
06¢
8¢S
SYE
10L
9.5
0gy
065

(96¥80033) 9995€7200dX
(9€88T033) TLTSTYZ00dX
(S¥210033) ¥65Y07200dX
(e¥210033) 26570v200dX
(6£550033) 6.T7EYZ00dX
(60v.1033) TOTYTY2Z00dX
(282¥1033) 19TZT¥200dX
(08£7T033) 65TZTYZ00dX
(90£02033) 022007200dX

T29SEYCO0NX
9¢TSTYC00NX
055707200 X
87S¥0rC00NX
YETYEYZOONX
9507200 X
9TTCTYC00NX
YTTCTYZC00NX
9¢/007200NX

T87900MOSI
¢69YTOMOSI
96S000MOSI
¥65000MOSI
67E8TOMOSI
¢¢0CTOMOSI
9YTTTOMOSI
YPTTTOMOSI
¢S8ECOMOSI

(2678525Q) 20YTS9Z00MN
(Sz06v65Q) 0£2C78Z00MN
(9v¥0€95Q) TS9E2SZ00MN
(9¥¥0£95Q) TS9EZ5200MN
(9059025Q) TTL665200MN
(5862265Q) 06TIT8ZO0MN
(065v.85Q) G6229.200MN
(065v285Q) G6229.200MN
(¥629265Q) 666698Z00MN

(ee) y1bus| aoduanbas

8ouanbas uisload

30uanbas ap1103|oNu 3dUaJalay ] BUSS) aseg J010AA

89uanbas o1wousD

v alqel

Author Manuscript

Author Manuscript

Author Manuscript

Ticks Tick Borne Dis. Author manuscript; available in PMC 2015 May 15.



