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Abstract

Subolesin is a conserved molecule in both hard and soft ticks and is considered as an effec-

tive candidate molecule for the development of anti-tick vaccine. Previous studies have

reported the role of subolesin in blood feeding, reproduction, development, and gene

expression in hard ticks. However, studies addressing the role of subolesin in soft ticks are

limited. In this study, we report that subolesin is not only important in soft tick Ornithodoros

turicata americanus blood feeding but also in the regulation of innate immune gene expres-

sion in these ticks. We identified and characterized several putative innate immune genes

including Toll, Lysozyme precursor (Lp), fibrinogen-domain containing protein (FDP), cysta-

tin and ML-domain containing protein (MLD) in O. turicata americanus ticks. Quantitative

real-time polymerase chain reaction analysis revealed the expression of these genes in

both O. turicata americanus salivary glands and midgut and in all developmental stages of

these soft ticks. Significantly increased expression of fdp was noted in salivary glands and

midgut upon O. turicata americanus blood feeding. Furthermore, RNAi-mediated knock-

down of O. turicata americanus subolesin expression affected blood feeding and innate

immune gene expression in these ticks. Significant downregulation of toll, lp, fdp, cystatin,

and mld transcripts was evident in sub-dsRNA-treated ticks when compared to the levels

noted in mock-dsRNA-treated control. Collectively, our study not only reports identification

and characterization of various innate immune genes in O. turicata americanus ticks but

also provides evidence on the role of subolesin in blood feeding and innate immune gene

expression in these medically important ticks.

Author summary

Soft ticks belonging to Ornithodoros genus such as O. turicata are important vectors for

human relapsing fever agent. Tick-borne relapsing fever is a neglected disease. Therefore,
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studies that address molecular aspects of the vector biology of these soft ticks are impor-

tant. In this study, we identified and partially sequenced several innate immune genes in

O. turicata americanus ticks. Studies with hard ticks have shown that subolesin plays an

important role in tick feeding, reproduction, and regulation of gene expression. However,

studies deciphering the role of subolesin in soft ticks are limited. In this study, we report

that O. turicata americanus subolesin not only plays a role in blood feeding but also regu-

lates innate immune gene expression in these ticks.

Introduction

Ticks are obligate and hematophagous parasitic arthropods that serve as major vectors for sev-

eral human and animal pathogens [1]. They transmit pathogens to the vertebrate host during

the blood meal [2]. There are three families of ticks in nature: a) Argasidae (soft ticks) B) Ixodi-

dae (hard ticks) and C) Nuttalliellidae [3]. Unlike hard ticks, soft ticks lack a hard scutum on

their body and their hypostome/capitulum/mouth parts are not readily visible [4]. The integu-

ment in soft ticks is pliable and rough-textured [5]. In addition, soft ticks differ from hard

ticks by feeding rapidly, usually in about 45 min to 2 h and feed multiple times [6]. The life

stages of soft ticks include eggs, larvae, up to seven nymphal instars and adults [6,7]. After

every feeding and mating, a female tick could lay several batches of eggs [6,8]. Humans are

incidental hosts for these argasid ticks [9]. Strategies to eradicate soft ticks and other ticks basi-

cally involves the use of acaricides that was noted to be ineffective in many cases [10]. There-

fore, studies addressing the development of new strategies to target these, and other medically

relevant ticks are important.

Recent studies highlight that anti-tick vaccines may be considered among the most effective

and safest approach to control ticks and tick-borne pathogens [11–15]. In this regard, the tick

protective antigenic molecule, subolesin, has been identified as a potential vaccine candidate for

curbing tick infestations and pathogen transmission and infections in hard ticks [11–13,16–18].

Subolesin is an evolutionarily conserved protein that plays significant roles in tick blood feeding,

development, reproduction, and tick innate immunity in hard ticks [16,18–20]. Immunization

studies with recombinant subolesin protein revealed significantly reduced tick infestations on

animals [21]. Furthermore, knockdown of subolesin affected blood feeding and reproduction in

hard ticks [17,19,20]. A more recent study demonstrates that vaccination with recombinant sub-

olesin-based vaccines provides cross-tick species protection [22]. These studies emphasize the

importance of the development of subolesin-based strategies to target multiple ticks.

Soft ticks belonging to Ornithodoros species are important vectors for human relapsing

fever, African swine fever and canine jaundice agents [23–26]. In the United States, O. hermsii
and O. turicata are the primary vectors for the transmission of human relapsing fever agents

[23,26]. Subolesin orthologs have been identified in more than 15 tick species including

Ornithodoros species [16,19,27,28]. Vaccination studies with subolesin recombinant proteins

from O. moubata and O. erraticus partially impaired oviposition in these ticks [27]. A study

from hard ticks noted that silencing of subolesin affected expression of genes involved in antic-

oagulation, innate immunity, chromatin structure and other pathways [20]. The evidence of the

role of subolesin in different arthropod physiological processes are basically noted from studies

carried out with hard ticks [16,18–20]. However, the role for subolesin in various physiological

processes in soft ticks needs to be explored. In this study, we not only identified and character-

ized several innate immune genes in soft ticks O. turicata americanus but also noted that subo-

lesin is important for blood feeding and innate immune gene expression in these ticks.
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Results

Identification and sequencing of Ornithodoros turicata americanus
orthologs of cystatin, fibrinogen domain-containing protein (FDP) and ML

(MD-2 related lipid-recognition)-domain containing protein (MLD)

orthologs

Orthologs of Toll, cystatin, fibrinogen domain-containing protein (FDP), Lysozyme precur-

sor (Lp) and ML-domain proteins (MLD) have been identified in several ticks [14,29–35].

To identify whether O. turicata americanus also encode these genes in its genome, we first

screened the previously published transcriptome data [36]. Analysis of the RNA sequences

from the transcriptomic study revealed the presence of orthologs of Toll, lysozyme-precursor

and MLD genes in O. turicata americanus. Oligonucleotides were designed based on these

GenBank deposited O. turicata americanus toll, lp, or mld genes and O. parkeri cystatin and

fdp gene sequences (S1 Table). QRT-PCR analysis confirmed expression of these five genes

in unfed O. turicata americanus female ticks (Fig 1A). Annotation of these GenBank depos-

ited transcriptomic data revealed presence of an early stop codon in O. turicata americanus
MLD amino acid sequence. Therefore, PCR was performed to amplify larger fragments of O.

turicata americanus mld (S1 Fig). In addition, larger PCR fragments of fdp and cystatin genes

were amplified (S1 Fig). The PCR fragments were cloned in to pGEMT vector and three

clones for each gene were sequenced. Alignment of nucleotide (S2–S4 Figs) and amino acid

(S5 Fig) sequences of 3 clones of O. turicata americanus fdp (S2 Fig), cystatin (S3 Fig) and

mld (S4 Fig) revealed no changes in their respective sequences. The nucleotide sequence of

O. turicata americanus clone 1 of each gene was deposited in GenBank. The following are the

O. turicata americanus accession numbers: fdp (OQ330853), cystatin (OQ330852), and mld
(OQ330854).

Fig 1. PCR amplification of O. turicata americanus innate immune gene fragments and bioinformatic analysis. A) Agarose gel image showing the

PCR products from initial amplification of O. turicata americanus toll and lp (A), fdp (B), cystatin and mld (C) gene fragments from unfed adult female

ticks. M indicates the marker and NTC indicates no template control. Pie charts showing percent identity of O. turicata americanus TOLL (D), Lp (E),

FDP (F), cystatin (G) and MLD (H) proteins with orthologs from other ticks is shown. Percent identity was determined using MegAlign software in

DNASTAR.

https://doi.org/10.1371/journal.pntd.0011719.g001
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Comparison of O. turicata americanus Toll, lysozyme precursor, FDP,

cystatin, and MLD with orthologs from hard and soft ticks

The annotated amino acid sequences of O. turicata americanus Toll, Lp, FDP, cystatin, and

MLD were aligned with their counterparts from other ticks. Alignment of O. turicata amer-
icanus Toll revealed approximately 81% identity with Hyalomma asiaticum, Dermacentor
silvarum and D. andersoni Toll orthologs. In addition, O. turicata americanus Toll shares

89–90% identity with Ixodes persulcatus and I. scapularis and 74–75% identity with Rhipice-
phalus microplus and Rhipicephalus sanguineus Toll orthologs (Figs 1D and S6). Alignment

of O. turicata americanus lysozyme precursor (Lp) revealed approximately 51–54% identity

with R. microplus, I. scapularis, D. silvarum and D. andersoni Lp orthologs (Figs 1E and S6).

However, O. turicata americanus Lp showed higher percentage (73%) of identity with

Ornithodoros moubata Lp ortholog (Figs 1E and S6). Alignment of O. turicata americanus
FDP showed approximately 42–45% identity with H. asiaticum, Haemaphysalis longicornis,
R. microplus, I. scapularis and D. andersoni FDP orthologs (Figs 1F and S6). In addition, O.

turicata americanus FDP showed approximately 52% and 99% identity with O. moubata
and Ornithodoros parkeri FDP orthologs, respectively (Figs 1F and S6). Alignment of O.

turicata americanus cystatin showed approximately 34–47% identity with O. moubata, H.

longicornis, Ornithodoros coriaceus, R. microplus, I. scapularis, D. andersoni and 100% iden-

tity with O. parkeri cystatin orthologs (Figs 1G and S7). Alignment of O. turicata ameri-
canus MLD amino acid sequences showed 45–48% identity with I. scapularis, I. persulcatus,
R. microplus, D. silvarum and D. andersoni MLD orthologs (Figs 1H and S7). In addition,

O. turicata americanus MLD amino acid sequence showed higher percentage (82 and

100%) of identity with O. coriaceus and O. parkeri MLD orthologs, respectively (Figs 1H

and S7).

Furthermore, phylogenetic analysis revealed that O. turicata americanus Toll shared the

same clade with I. scapularis and I. persulcatus Toll (Fig 2A). Toll amino acid sequences from

Rhipicephalus and Dermacentor species formed two different clades far from the clade shared

by O. turicata americanus and Ixodes species (Fig 2A). In addition, Toll sequence from H.

asiaticum formed a different clade away from all the analyzed Toll sequences. The phyloge-

netic analysis of Lp revealed that amino acid sequences of O. turicata americanus and O.

moubata Lp fall within the same clade close to I. scapularis sequence (Fig 2B). However, the

other analyzed Lp formed different clades away from O. turicata americanus, O. moubata
and I. scapularis Lp clade (Fig 2B). The phylogenetic analysis of FDP revealed that O. turicata
americanus and O. parkeri FDPs fall within the same clade close to O. moubata FDP (Fig

2C). FDPs from I. scapularis and H. longicornis were close to the clade formed by Ornitho-
doros species (Fig 2C). However, FDPs from R. microplus and H. asiaticum formed the same

clade. The FDP from D. andersoni was distant from all the FDPs analyzed in this study (Fig

2C). Furthermore, phylogenetic analysis showed that, cystatin of O. turicata americanus, O.

parkeri and O. coriaceus fall within the same clade (Fig 2D). However, cystatin from O. mou-
bata was close to the clade formed by I. scapularis and R. microplus (Fig 2D). Cystatins from

H. longicornis and D. andersoni formed a different clade distinct from all the other analyzed

cystatins (Fig 2D). The phylogenetic analysis of MLD revealed that, O. turicata americanus,
O. parkeri and O. coriaceus MLD fall within the same clade and were close to the clade

formed by I. scapularis and I. persulcatus (Fig 2E). However, MLD from R. microplus, D. sil-
varum and D. andersoni form divergent clades from the other analyzed MLDs (Fig 2E).

Taken together, these analyses reveal that O. turicata americanus Toll, Lp, FDP, cystatin and

MLD sequences were closer to their counterparts from other Ornithodoros species than to

the protein sequences from hard ticks.
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Analysis of O. turicata americanus toll, lp, cystatin, fdp and mld expression

in different tick developmental stages

Expression of O. turicata americanus genes were analyzed in unfed larvae, nymphs, and adult

female ticks (Fig 3). Quantitative RT-PCR (QRT-PCR) analysis revealed no significant

(P>0.05) differences in the expression of toll, lp and fdp transcripts between larvae, nymphs,

or adult females (Fig 3A–3C). The transcript levels of cystatin were noted to be significantly

(P<0.05) higher in adults when compared to the levels noted in larvae or nymphs (Fig 3D). In

addition, transcript levels of cystatin were noted to be significantly (P<0.05) higher in nymphs

when compared to the levels noted in larvae (Fig 3D). The transcript levels of mld were noted

to be significantly (P<0.05) higher in adults when compared to the levels noted in larvae or

nymphs (Fig 3E). No significant (P>0.05) difference in the expression of mld was noted

between larvae and nymphs (Fig 3E). These results show variable levels of toll, lp, cystatin, and
mld transcript levels in different developmental stages of O. turicata americanus ticks.

Blood feeding induces expression of O. turicata americanus lp gene in

whole ticks

To analyze whether blood feeding has any impact on O. turicata americanus immune gene

expression, we assessed the levels of toll, lp, fdp, cystatin, and mld transcripts in unfed or fed

ticks (Fig 4). We first analyzed whether blood feeding has any impact on the expression of

house-keeping gene, 28S rRNA. QRT-PCR analysis revealed no change in the expression of

28S rRNA upon tick blood feeding (S8A Fig). Furthermore, QRT-PCR analysis revealed no

significant differences in the expression of O. turicata toll (Fig 4A), fdp (Fig 4C) cystatin (Fig

Fig 2. Sequence analyses of O. turicata americanus innate immune genes. Phylogenetic tree analysis for O. turicata americanus TOLL (A), Lp (B),

FDP (C), cystatin (D) and MLD (E) with orthologs from other hard and soft ticks is shown. All sequences were aligned using DNASTAR MegAlign

software and phylogenetic trees were generated using BIONJ algorithm and Neighbor-Joining (BIONJ) method.

https://doi.org/10.1371/journal.pntd.0011719.g002
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4D) and mld (Fig 4E) between unfed and fed ticks. However, we noted significantly (P<0.05)

higher levels of lp transcripts (Fig 4B) in fed ticks in comparison to the levels noted in unfed

control ticks. These results show that blood feeding induces the expression of the O. turicata
americanus lp gene.

Blood feeding induces some of the O. turicata americanus immune genes in

salivary glands and the midgut

The observation of upregulation of O. turicata americanus lp gene expression in whole ticks

prompted us to analyze all immune gene transcripts in the salivary gland (Fig 5A–5E) and

midgut tissues (Fig 5F–5H). QRT-PCR analysis revealed no significant difference in the

expression of toll (Fig 5A and 5F), cystatin (Fig 5D and 5I) and mld (Fig 5E and 5J) genes

between unfed and fed salivary gland or guts tissues. However, significantly increased fdp tran-

script levels were evident in both salivary gland and midgut tissues isolated from fed O. turi-
cata americanus ticks in comparison to the levels noted in these tissues from unfed ticks (Fig

5C and 5H). No significant difference (P>0.05) in the lp gene expression was noted between

unfed and fed salivary gland tissues (Fig 5B). However, we noted significantly (P<0.05)

increased expression of lp transcripts in midgut tissues isolated from fed O. turicata ameri-
canus ticks compared to the levels noted in these tissues from unfed ticks (Fig 5G). These

results suggest a role for some of the O. turicata americanus immune genes in salivary glands

and/or gut tissues during tick blood feeding.

Fig 3. Ornithodoros turicata americanus innate immune genes show variable expression in different tick developmental stages. QRT-PCR analysis

showing expression of O. turicata americanus toll (A) lp (B), fdp (C) cystatin (D) and mld (E) genes in different tick developmental stages of uninfected

unfed ticks. The mRNA levels of innate immune genes were normalized to tick 28S rRNA levels. Open triangle represents larvae, open square

represents nymphs and open circle represents adult O.turicata americanus female ticks. Each square or circle represents one tick and each triangle

represents pool of 5 larvae. n indicates number of ticks per sample. P value from Student’s t-test is shown.

https://doi.org/10.1371/journal.pntd.0011719.g003
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Subolesin plays a role in blood feeding of O. turicata americanus ticks

In our previous study, we reported the use of in vitro blood feeding method to analyze gene

expression in O. turicata americanus ticks [37]. To establish this method now for RNAi-medi-

ated silencing of gene expression in these ticks, we first fed unfed adult female O. turicata
americanus ticks in vitro on blood containing RNase. Ornithodoros turicata americanus ticks

fed on blood containing RNase showed significantly (P<0.05) reduced engorgement weight

when compared to the weight noted in ticks fed on blood without RNase (Fig 6A and 6B).

These results show that the in vitro feeding method can be used to target RNA in these soft

ticks. We then assessed whether targeting RNA by dsRNA also silence tick gene expression in

these ticks. Ornithodoros turicata americanus ticks were fed on blood containing either mock-

or subolesin-dsRNA (S8B Fig). QRT-PCR analysis revealed significant (P<0.05, approximately

90% knockdown efficiency) reduction in the subolesin transcripts in ticks fed on sub-dsRNA-

containing blood when compared to the levels noted in ticks fed on mock-dsRNA-containing

blood (Fig 6C). Furthermore, measurement of O. turicata americanus engorgement weights

revealed a significant (P<0.05) reduction in the overall weight of ticks fed on sub-dsRNA-con-

taining blood when compared to the weights noted in ticks fed on mock-dsRNA-containing

blood (Fig 6D and 6E). As expected, significant (P<0.05) differences in the body weights were

Fig 4. Ornithodoros turicata americanus innate immune gene expression upon tick blood feeding. QRT-PCR analysis showing expression of O.

turicata americanus toll (A) lp (B), fdp (C) cystatin (D), and mld (E) genes in unfed and fed adult female ticks. Open circles represent unfed and closed

circles represent fed adult female ticks. Each circle represents one tick. The mRNA levels of immune genes were normalized to tick 28S rRNA levels. n

indicates number of ticks per sample. P value from Student’s t-test is shown.

https://doi.org/10.1371/journal.pntd.0011719.g004
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Fig 5. Ornithodoros turicata americanus innate immune gene expression in salivary glands and midgut upon tick feeding. QRT-PCR analysis

showing expression of O. turicata americanus toll (A, F) lp (B, G), fdp (C, H) cystatin (D, I)), and mld (E, J) genes in salivary glands (SG) (A-E) or

midgut (MG) (F-J) isolated from unfed (UF) or fed (F) adult female ticks. The mRNA levels of tick innate immune genes were normalized to tick 28S

rRNA levels. Open circles represent data from unfed salivary glands or gut samples and closed circles represent data from fed salivary glands or gut

samples. Each circle represents a pair of salivary glands or midgut isolated from one tick. n indicates number of ticks per sample. P-value from Student’s

t-test is shown.

https://doi.org/10.1371/journal.pntd.0011719.g005

Fig 6. Knockdown of O. turicata americanus subolesin affects blood feeding by soft ticks. Photograph (A) and engorgement body weights (B) of O.

turicata americanus female ticks fed in vitro on sheep blood with or without RNase is shown. Average weights are shown at the top of the scatter plot.

QRT-PCR analysis of subolesin gene expression (C) photograph (D) and engorgement weights (E) of O. turicata americanus female ticks fed in vitro on

blood containing mock-dsRNA or subolesin-dsRNA is shown. The mRNA levels of tick innate immune genes were normalized to tick 28S rRNA levels.

Each circle or square represent data from one tick. Mean of the engorgement weights are shown either at the top of the circles (B) or at the bottom of

the X-axis (E). P-value from Student’s t-test is shown. n indicates number of ticks per sample. ns indicates not significant.

https://doi.org/10.1371/journal.pntd.0011719.g006
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noted for ticks fed on sub-dsRNA or mock-dsRNA compared to weights noted for unfed con-

trols (Fig 6D and 6E). Collectively, these results not only show feasibility on the use of in vitro
feeding to silence tick gene expression in soft ticks but also suggests a role for O. turicata amer-
icanus subolesin in blood feeding.

Subolesin regulates immune gene expression in O. turicata americanus
ticks

The role of subolesin in gene regulation is reported from hard ticks [20]. However, evidence

on the role of subolesin in regulating gene expression in soft ticks is limited. We therefore

determined whether knockdown of subolesin gene expression with dsRNA-treatment influ-

ences the expression of innate immune genes in soft ticks (Fig 7). QRTPCR analysis revealed

that expression of toll (Fig 7A), lp (Fig 7B), fdp (Fig 7C), cystatin (Fig 7D) and mld (Fig 7E)

genes were significantly downregulated in ticks fed on sub-dsRNA-containing blood in com-

parison to the levels noted in ticks fed on mock-dsRNA-containing blood. However, the tran-

script levels of O. turicata americanus lipocalin gene, otlip, were unaltered in ticks fed on

mock- or sub-dsRNA ticks (S8C Fig). These results show that knockdown of subolesin results

in the downregulation of some of the important tick innate immune genes. Taken together,

Fig 7. RNAi mediated silencing of subolesin causes significant downregulation of tick innate immune genes. QRT-PCR analysis showing

expression of O. turicata americanus toll (A) lp (B), fdp (C) cystatin (D) and mld (E) genes in mock-dsRNA or subolesin-dsRNA-treated fed adult

female ticks. The mRNA levels of tick innate immune genes are normalized to tick 28S rRNA levels. In all panels, closed circles represent mock-dsRNA-

treated group and open circles represent sub-dsRNA treated ticks. Each circle represents one tick. n indicates number of ticks per sample. P-value from

Student’s t-test is shown.

https://doi.org/10.1371/journal.pntd.0011719.g007
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our results show that O. turicata americanus subolesin is not only important in blood feeding

but also in the regulation of some aspects of innate immune gene expression in these ticks.

Discussion

Several studies have provided important information on the role of subolesin in blood feeding

and gene expression in hard ticks [16–18, 20]. However, very little is known on the role of this

molecule in soft ticks. This could be understood due to the lack of complete genome informa-

tion in soft ticks. In this study, we combed previously reported transcriptomic data from O.

turicata americanus [36] and transcript data from other Ornithodoros species and identified

some of the transcripts that encode innate immune proteins in these soft ticks. In addition,

our study noted that subolesin is not only important for O. turicata americanus blood feeding

but also acts as an upstream activator of innate immune gene expression in these ticks.

The amino acid sequences of the orthologs of several innate immune genes of O. turicata
americanus were found to be in the same clade shared by their counterparts from Ornithodoros
species such as O. moubata, O. parkeri and O. coriaceus suggesting a conserved role of these

genes in different soft ticks. The lower percentage identity of some of the O. turicata ameri-

canus innate immune genes with other Ornithodoros orthologs could be due to the analysis of

partial sequence data. The levels of O. turicata americanus cystatin and mld transcripts were

found to be significantly higher in adult female ticks compared to the levels noted in larval or

nymphal ticks. The transcript levels of mld were variable within the same group of ticks. This

could be due to biological transcriptional variations in different individual ticks. Unlike hard

ticks, Ornithodoros adult female ticks can feed and mate multiple times and some pathogens

can be transovarially transmitted in these soft ticks [6]. Therefore, it is not surprising to

hypothesize that high expression of these innate immune genes in adult ticks would be neces-

sary to keep a check on pathogen loads during each feeding and mating phases. Future studies

may unravel the importance of these genes in Ornithodoros tick-pathogen interactions.

Tick fibrinogen-domain-containing proteins are lectin-type molecules involved in arthro-

pod innate immunity [38]. Lectins have high affinity to bind to sialic acid, N-acetyl D-glucos-

amine and galactose [38,39]. Several lectin family proteins have been identified that are

expressed in salivary glands, midgut and hemolymph [38]. Lectins such as Dorin M from O.

moubata has been shown to have strong hemagglutinating activity [40]. The O. turicata ameri-
canus FDP shows approximately 52% identity with Dorin M. The increased transcription of O.

turicata americanus fdp in salivary glands and midgut upon tick blood feeding suggests similar

role for this protein in hemagglutination and/or in innate immunity of these ticks.

Based on the bioinformatic analysis, we previously noted that O. turicata americanus subo-

lesin lacks a signal peptide and evidence of transmembrane domain suggesting its intracellular

localization [28]. Therefore, subolesin is basically a cytosolic and a nuclear protein. We previ-

ously noted presence of a nuclear localization signal in O. turicata americanus subolesin [28]

suggesting its role in the transcriptional regulation of gene expression. The finding of signifi-

cantly reduced expression of O. turicata americanus toll, lp, fdp, cystain and mld in sub-

dsRNA-treated ticks compared to the levels noted in mock-dsRNA-treated ticks clearly indi-

cates its role in gene regulation in these soft ticks. Our current finding along with other pub-

lished studies [17,18,20], strongly indicates a conserved role for subolesin in gene regulation in

both hard and soft ticks.

RNAi interference is a widely used technique in addressing the role of tick genes in blood

feeding and pathogen interactions [16,17,20,35,41–50]. Our study provided evidence for the

use of an in vitro feeding system to knockdown gene expression in O. turicata americanus
ticks. We noted eight-fold less levels of subolesin transcripts in the sub-dsRNA-treated ticks
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compared to the levels noted in mock-dsRNA treated ticks. We believe that achieving good

silencing efficiency of the tick genes via RNAi interference depends on several factors includ-

ing but not limited to quality of the double stranded RNA, concentration of dsRNA, route of

treatment and developmental stage of ticks. In our experimental set up, we used 1μg/ml mock-

or sub-dsRNA. We have not tested whether lower than 1μg/ml dose of dsRNA could also result

in good silencing efficiency of gene expression in these ticks. Future studies could address

whether lower amounts of dsRNA can also be used to silence gene expression in these ticks.

Subolesin has been shown to play an important role in tick reproduction, blood feeding

and interactions with pathogens [16–18,20,51]. The observation of reduced engorgement

weight of O. turicata americanus sub-dsRNA-treated ticks when compared to the weight

noted from mock-dsRNA-treated ticks indicates an important role of subolesin in blood

feeding in these ticks. This observation supports previous studies that addressed the role of

subolesin in blood ingestion and feeding in hard ticks [16,17,20]. Several studies have indi-

cated subolesin as a universal candidate for the development of anti-tick vaccine to target

multiple ticks [18,51,52]. Furthermore, studies have reported that antibodies can enter cul-

tured tick cells [51,53,54]. Therefore, the hypothesis of antibodies targeting subolesin enter-

ing tick cells and blocking its intracellular function cannot be ruled out. Ornithodoros ticks

are important vectors for various human pathogens including relapsing fever agents. Due to

the observed role of subolesin in O. turicata americanus blood feeding and control of innate

immune gene expression, our current study strongly supports previous findings [18,51,52]

and indicates that development of anti-subolesin based strategies could also be effective to

target soft ticks.

In summary, our study not only indicates that subolesin is important in O. turicata ameri-
canus blood feeding but also plays an important role in the activation of innate immune gene

expression in these ticks. Studies like these are important to understand the conserved role of

potential anti-tick vaccine candidate molecules, such as subolesin, in blood feeding and gene

expression.

Methods

Ethics statement

All animal work in the study was performed based on the Old Dominion University Institu-

tional animal care and use committee (IACUC) approved animal protocol (10–018). During

tick feeding, Acepromazine was used as a tranquilizer to minimize discomfort/anxiety in

animals.

Soft ticks and mice

In this study laboratory reared uninfected Ornithodoros turicata americanus ticks were used.

Different developmental stages of O. turicata americanus including larvae, nymphs and adult

female ticks were used in this study. The original O. turicata americanus ticks were collected

from the burrows of the gopher tortoise (Gopherus polyphemus) in Florida, U.S.A. [donated by

Dr. James H. Oliver, Jr., Georgia Southern University, Statesboro, GA to Dr. Daniel Sonen-

shine, Old Dominion University (ODU), VA] and maintained as described [55]. Unfed ticks

were fed on naïve 6–8 weeks old CD1 mice (Charles River laboratories) to generate fed ticks.

Ticks were fed to repletion after which they were collected and processed for RNA extractions.

Ornithodoros turicata americanus ticks were housed in a controlled environment chamber

(Parameter Generation and Control, Black Mountain, NC) set at 23˚C with 14/10 h light/dark

cycles and 93% relative humidity.
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Polymerase chain reaction (PCR), cloning and sequencing of O. turicata
americanus genes

Total RNA extractions followed by cDNA synthesis was generated from unfed or fed O. turi-
cata americanus ticks as described [28,56]. The synthesized cDNA was used as a template for

amplification of fibrinogen-domain containing salivary protein (fdp), cystatin and ML-

domain-containing protein (mld) gene fragments. Oligonucleotides to amplify these genes are

shown in S1 Table. PCR was performed using the following conditions-initial denaturation at

94 degrees for 3 mins followed by 32 cycles of steps including 94 degrees for 1 min,54 degrees

for 1 min and 72 degrees for 2 mins. PCR reactions were later run on 1.2% agarose gels and

corresponding bands for fdp (~567 bp), cystatin (~351 bp) and mld (~687 bp) gene fragments

were purified using Qiagen Gel Extraction Kit (Qiagen,USA). The PCR product was later

ligated into pGEMT vector (Promega, USA) and transformed into E. coli JM109 competent

cells. The transformed JM109 cells were then plated on Luria-Bertani (LB) agar plates contain-

ing ampicillin (50 micrograms/ml) and the respective clones for fdp, cystatin and mld genes

were selected for plasmid preparation. Plasmids were purified using Qiagen mini prep kit

(Qiagen). At least three independent positive clones were sequenced from both ends at the

Simple Seq core facility (Eurofins MWG Operon Inc., Huntsville, USA) using oligonucleotides

shown in S1 Table. The alignment of nucleotide and amino acid sequences of all three clones

for each gene are shown as S2–S5 Figs.

Sequence alignment and phylogenetic analysis

The sequence alignment and phylogenetic analysis was performed as described [43]. The fol-

lowing are the GenBank Accession numbers for Toll sequences: KAG0432202.1-Ixodes persul-
catus, KAH6927628.1- Hyalomma asiaticum, XP_029821922.2-Ixodes scapularis,
XP_037282253.1- Rhipicephalus microplus, XP_037520387.1- Rhipicephalus sanguineus,
XP_037577366.1- Dermacentor silvarum, XP_050026248.1- Dermacentor andersoni. The Gen-

Bank Accession numbers for Lysozyme precursor are: AAL17868.1-O. moubata,

KAH8019263.1-R. microplus, XP_029836071.4-I. scapularis, XP_037283720.1-R. microplus,
XP_037554643.1-D. silvarum, XP_050046369.1-D. andersoni. The GenBank accession num-

bers for FDP are: AAP93589.1-O. moubata, ABR23368.1-Ornithodoros parkeri,
KAH6934233.1-H. asiaticum, KAH9377322.1-H. longicornis, XP_037278167.1-R. microplus,
XP_040076131.1-I. scapularis, XP_050029118.1-D. andersoni. The GenBank accession num-

bers for cystatin are: AAS55948.1-O. moubata, ABC94582.1-Haemaphysalis longicornis,
ABR23498.1-O. parkeri, ACB70345.1-O. coriaceus, AGW80658.1-R. microplus, EEC07265.1-I.
scapularis, XP_050037659.1-D. andersoni. The GenBank accession numbers for MLD are:

ABR23350.1-O. parkeri, ACB70390.1-O. coriaceus, EEC18444.1-I. scapularis, KAG0424161.1-

I. persulcatus, XP_037274314.1-R. microplus, XP_037575527.1-D. silvarum, XP_050036812.1-

D. andersoni. The GenBank accession numbers for O. turicata americanus are: Toll-

GDIC01007985.1, Lysozyme precursor- GDIC01003173.1, cytatin (OQ330852), fdp
(OQ330853) and mld (OQ330854). Nucleotide or amino acid sequences were downloaded

from GenBank and analyzed with MegAlign Pro (v17.3.1) in DNASTAR software. Phyloge-

netic trees were constructed using BIONJ (Neighbor-joining) method in DNASTAR.

RNA extractions, cDNA synthesis and Quantitative Real-time PCR

(QRT-PCR) Analysis

Total RNA from larvae, nymphal, adult females, mock- or sub-dsRNA-treated ticks was gener-

ated using the BioRad Aurum Total RNA Mini kit following the manufacturer’s instruction.
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cDNA synthesis was carried out using iSCRIPT cDNA synthesis kit (BioRAD, USA). The

cDNA was then used as a template to quantify transcript levels of five O. turicata americanus
immune genes that includes toll, lysozyme precursor (lp), fibrinogen domain-containing pro-

tein (fdp), cystatin, and ML-domain protein (mld). As an internal control and to normalize the

amount of template, O. turicata americanus 28S rRNA levels were quantified. QRT-PCR was

performed using CFX96 QPCR machine (BioRad, USA) and iQ-SYBR Green Supermix

(BioRad, USA) as described [44,56]. In QRT-PCR reactions, the standard curve was generated

using 10-fold serial dilutions starting from 1 ng to 0.00001 ng of known quantities of respective

fragments.

Isolation of salivary glands and midgut from O. turicata americanus
Pairs of salivary glands and midgut from unfed or fed nymphal soft ticks were dissected in ster-

ile Ix PBS (phosphate buffered saline) as described [55]. The tissues were processed for homog-

enization in lysis buffer (BioRad, Aurum total RNA kit) and total RNA extractions were

performed using Aurum total RNA kit (BioRad, USA) in accordance with the manufacturer’s

instructions. The extracted RNA was reverse transcribed to cDNA using iSCRIPT cDNA kit

(BioRad, USA) and used for QRT-PCR analysis.

ds-RNA synthesis and RNAi-mediated knockdown of gene expression in O.

turicata americanus ticks

The pGEMT-subolesin-plasmid [28] was used as a template to amplify DNA encoding a frag-

ment of subolesin for dsRNA synthesis. The subolesin gene-specific primers containing T7

promoters were used in PCR. The oligonucleotides used in the amplification are listed in S1

Table. Mock-dsRNA was prepared from the multiple cloning site (MCS) region of empty

pL4440 vector as described [44,56]. The dsRNAs complementary to pL4440 MCS region or

subolesin gene sequences were synthesized using the MEGAscript RNAi Kit (Ambion Inc.,

USA) and following manufacturer’s instructions. For RNA interference, we followed in vitro
feeding techniques as published in our previous work [37]. Briefly, adult female ticks were fed

in vitro on 1.5 ml of defibrinated sheep blood (ThermoFisherScientific, USA) containing 2mg/

ml sucrose, 1mM ATP and 1μg/ml mock- or sub-dsRNA with or without 1μg/ml RNase in 15

ml tubes as described [37]. The body weights of individual unfed nymphal or adult female

ticks were determined before feeding was initiated and after feeding using an analytical bal-

ance (Sartorius, USA). Two to three O. turicata americanus adult female ticks were placed in

5ml sterilized plastic tubes with the open end sealed with a layer of parafilm. The sealed tubes

were then inverted and inserted into the 15-ml tubes. Fresh blood was used in all blood feeding

experiments. The in vitro feeding apparatus was placed in a water bath set at 37˚C for 45 mins.

Ticks fed through the parafilm membrane and engorged on the blood. After feeding, ticks

were collected, washed with sterile distilled water, surface-sterilized with 70% ethanol, air-

dried and were housed in the environmental chamber for 16–20 h. RNA from mock- or sub-

dsRNA-treated ticks was extracted from fed ticks. Quantitative real-time PCR analysis was per-

formed with cDNA to determine knockdown efficiency.

Statistical analysis

Statistical significance was analyzed using GraphPad Prism software and Microsoft Excel 2010.

To compare two means, the non-paired Student t-test was performed. P values of< 0.05 were

considered significant for analysis. Horizontal bars in the graphs represent average of the

mean value. Wherever it was required, statistical test and P values used are reported.
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Supporting information

S1 Fig. PCR amplification of larger size PCR fragments of O. turicata americanus fdp,

cystatin and mld. Agarose gel image showing the PCR products of O. turicata americanus fdp
(A), cystatin (B), and mld (C) gene fragments from cDNA samples generated from unfed adult

female ticks. M indicates marker and NTC indicates no template control.

(TIF)

S2 Fig. Nucleotide sequence alignment of O. turicata americanus fdp sequences from three

clones. The nucleotide sequence alignment performed using DNA MegAlign software of three

clones of O. turicata americanus fdp is shown. Matched sequences are shaded with black color.

Consensus sequences are shown below the ruler. Ruler represents nucleobase number.

(TIF)

S3 Fig. Nucleotide sequence alignment of O. turicata americanus cystatin sequences from

three clones. The nucleotide sequence alignment performed using DNA MegAlign software of

three clones of O. turicata americanus cystatin is shown. Matched sequences are shaded with

black color. Consensus sequences are shown below the ruler. Ruler represents nucleobase

number.

(TIF)

S4 Fig. Nucleotide sequence alignment of O. turicata americanus mld sequences from three

clones. The nucleotide sequence alignment performed using DNA MegAlign software of three

clones of O. turicata americanus mld is shown. Matched sequences are shaded with black

color. Consensus sequences are shown below the ruler. Ruler represents nucleobase number.

(TIF)

S5 Fig. Amino acid sequence alignment of O. turicata americanus FDP, cystatin and MLD

sequences from three clones. The annotated amino acid sequence alignment performed using

DNA MegAlign software of three clones of O. turicata americanus FDP, cystatin and MLD is

shown. Matched sequences are shaded with black color. Consensus sequences are shown

below the ruler. Ruler represents amino acid number.

(TIF)

S6 Fig. Amino acid sequence identity between O. turicata americanus TOLL, Lp and FDP

with orthologs from other ticks. The percent identity (horizontally above black boxed diago-

nal line) and distance (vertically below black boxed diagonal line) of the O. turicata americanus
TOLL, Lp and FDP amino acid sequence in comparison to the ortholog proteins from other

hard and soft ticks is shown. The data of percent identity and distance was generated using

DNASTAR MegAlign software. GenBank accession numbers and species names are indicated.

(TIF)

S7 Fig. Amino acid sequence identity between O. turicata americanus cystatin and MLD

with orthologs from other ticks. The percent identity (horizontally above black boxed diago-

nal line) and distance (vertically below black boxed diagonal line) of the O. turicata americanus
cystatin and MLD amino acid sequence in comparison to the ortholog proteins from other

hard and soft ticks is shown. The data of percent identity and distance was generated using

DNASTAR MegAlign software. GenBank accession numbers and species names are indicated.

(TIF)

S8 Fig. Synthesis of subolesin-dsRNA. A) QRT-PCR analysis showing levels of O. turicata
americanus 28S rRNA transcripts normalized to total RNA in samples generated from unfed

and fed adult female ticks (A), unfed larvae, nymphs, and adults (B), salivary glands (C) and
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midgut (D) isolated from unfed and fed adult female ticks. E) Agarose gel image showing gen-

eration and purification of subolesin dsRNA using MegScript RNAi kit is shown. M indicates

marker and elution numbers (1,2) are indicated. Arrow indicates sub-dsRNA fragment. F)

QRT-PCR analysis showing levels of O. turicata americanus lipocalin gene transcripts normal-

ized to 28S rRNA. In A and C, each circle represents one tick. n indicates number of ticks per

sample. P-value from Student’s t-test is shown.

(TIF)

S1 Table. Oligonucleotides used in this study. Oligonucleotides used in this study are listed

in this table.

(TIF)
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