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Abstract: Currently, multi-antigenic vaccine use is the method of choice for the strategic control of
ticks. Therefore, determining the efficacy of combined antigens is a promising avenue of research in
the development of anti-tick vaccines. The antigen responsible for blood intake and reproduction has
proven suitable as a vaccine antigen. It has been shown to silence Haemaphysalis longicornis salivary
cystatin (HISC-1) and subolesin by RNA interference. Adult unfed female ticks were injected with
double-stranded RNA of (A) subolesin, (B) cystatin, (C) subolesin plus cystatin, and (D) injection
buffer, then fed alongside normal unfed males up to spontaneous drop-down. The percentage
of knockdowns was determined by real-time polymerase chain reaction. Sixty-three percent and
53% knockdown rates were observed in subolesin and cystatin double-stranded RNA-injected ticks
respectively, while 32 and 26% knockdown rates of subolesin and cystatin transcript were observed in
subolesin plus cystatin double-stranded RNA-injected ticks. Subolesin and/or cystatin knockdown
causes a significant (p < 0.05) reduction in tick engorgement, egg mass weight, and egg conversion
ratio. Most importantly, combined silencing did not act synergistically, but caused a similarly
significant (p < 0.05) reduction in tick engorgement, egg mass weight, and egg conversion ratio.
Therefore, the elucidation of multiple antigens may be helpful in the future of vaccines.
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1. Introduction

The hard tick (Ixodidae) is an obligate, blood-sucking ectoparasite that has gained attention due
its role in medicine and veterinary science in the transmission of significant pathogens [1]. As an
excellent bloodsucker, this arthropod vector transmits a wide variety of infectious agents during the
blood-sucking period. Therefore, those employing the concept of Integrated Vector Management
should consider interdisciplinary approaches to managing tick populations [2,3]. Control of this
dangerous vector is now challenging; tick control mainly depends on the use of acaricides, as well
as anti-tick vaccines and tick repellents [4]. Due to the development of resistance and environmental
hazards, the use of acaricides is now limited. Recently, nanotechnology has gained attention due to
its broad functionality, and the fact that it is generally environmentally sound. Research has shown
that zinc oxide nanoparticles from biological sources produce mortality in the freshwater crustacean
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Ceriodaphnia cornuta [5]. Although repellents made from natural products are eco-friendly, many to date
have proven to be unable to provide complete protection against tick bites [6,7]. Therefore, the idea of
an anti-tick vaccine is a promising approach in the control of ticks and tick-borne diseases. Detection
of a suitable antigen is crucial for the development of an anti-tick vaccine. Gene silencing by RNA
interference (RNAI) is now a potential tool for detecting the suitability of a candidate vaccine.

Among Ixodidae, Haemaphysalis longicornis was reported to transmit a wide variety of pathogens,
including Babesia spp., Anaplasma bovis, Theileria spp., Coxiella burnetii, Ehrlichia chaffeensis, spotted
fever group rickettsiae, and severe fever with thrombocytopenia syndrome (SFTS) virus throughout
China, Korea, and Japan [8-14].

Blood is the only nutrient that ticks ingest from vertebrates in order to provide themselves with
energy to progress through their life stages. As a three-host tick, H. longicornis completes each of its life
stages (i.e., larvae, nymph, and adult), with the exception of the egg stage, by successive feeding before
dropping to molt for the next stage. Tick salivary glands play a vital role in blood engorgement and the
transmission of tick-borne pathogens to vertebrates [11]. During feeding, tick salivary glands secrete a
number of bioactive molecules that have immunosuppressive properties, and which are necessary for
tick blood engorgement [15]. Therefore, the identification and knockdown of the genes responsible for
the secretion of these bioactive molecules is a promising field of research in the development of a tick
control strategy.

Cystatin, a large, superfamily natural inhibitor of papain-like cysteine proteases, consists of
three groups—type 1 (stefin), type 2 (cystatin), and type 3 (kininogen)—which are widely present
in vertebrates, invertebrates, and plants, as well as protozoa [16-18]. Type 1 cystatin contains
small polypeptides with a lack of the carbohydrate side-chains and disulfide bridges found in other
cystatins [19]. Type 2 cystatin is a secretory protein that contains signal peptides; secretory cystatin
helps the tick to evade the host’s immune system by processing the antigen-presenting cells (APCs) of
the host. Cysteine protease inhibitors known as cystatins have been identified in the sialome of various
Ixodid ticks [20]. In H. longicornis, three cystatins (Hlcyst-1, 2 and 3) have been characterized [21,22].
Among these, a salivary cystatin, HISC-1, was identified in the salivary gland of H. longicornis, and was
found to play a crucial role in the blood-feeding process [23]. One elegant study shows that the
knockdown of cystatin by RNAi hampers the tick’s feeding ability and reduces engorgement weight in
Amblyomma americanum [24]. The other functions of HISC-1 remain unknown.

A tick protective antigen known as subolesin was recently identified in the Ixodes scapularis [25].
Subolesin is an intracellular tick protein ortholog to the akirins of insects and vertebrates that regulates
the expression of another gene, and that has an effect on blood engorgement, digestion, reproduction,
and development, as well as on innate immune response [26-28]. RNAIi studies have shown that
subolesin gene knockdown in I. scapularis affects fertility in males, and promotes a degeneration of the
salivary glands, gut, and reproductive and embryonic tissues in females [26,29-31].

Injection of subolesin double-stranded RNA (ds RNA) into Rhipicephalus haemaphysaloides has
been shown to cause a significant decrease in engorgement rate (5.4%), body weight of engorged
ticks (206.15 mg), and egg weight (87.84 mg), in comparison with a control group (78.26%, 467.75 mg,
and 234.728 mg, respectively) [32]. The researchers showed that recombinant subolesin reduced
larval, nymphal, and adult I. scapularis infestations (Almazan et al., 2005a; Almazan et al., 2005b).
Additionally, Nijhof et al. [31] showed that transovarial knockdown of subolesin in replete females of
the Rhipicephalus microplus resulted in a silencing in both eggs and larvae. The silencing of subolesin
expression with RNAi resulted in a reduction in fertility by 93% and 71% in Dermacentor variabilis and
I. scapularis, respectively [30].

An anti-tick vaccine containing multiple antigens is considered more likely to be effective than
one containing a single antigen [33]. Therefore, the researchers focused their study on determining the
synergistic effect of subolesin, Bm 86, Bm 91, Rs 86, and voraxin, on different tick species [29,31,34].
Bm 86 homologous to subolesin, a glycoprotein, is the first protective antigen to have been isolated
and categorized from the Boophilus microplus. Two commercial vaccines have been developed for
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the control of tick infestations in cattle: TickGARD Plus® in Australia, and Gavac® in Cuba.
Both vaccines are based on the recombinant antigen Bm86, located on the mid-gut digestive cell.
Bm 91 is a low-abundance glycoprotein located in the salivary glands and the midgut of B. microplus
(Riding et al., 1994). Bm 91 is a homolog of carboxydipeptidase, and shares many biochemical and
enzymatic properties with mammalian angiotensin-converting enzymes.

In the present study, using RNAi we silenced salivary subolesin and/or cystatin in order to
determine their role in feeding and reproduction. This information may help in selecting multiple
antigens as candidate vaccines.

2. Materials and Methods

2.1. Ticks and Animals

The hard tick, H. longicornis (Jeju strain), has been maintained on rabbits at the Laboratory of
Veterinary Parasitology, College of Veterinary Medicine and Bio-Safety Research Institute at Chonbuk
National University in Iksan, Republic of Korea since 2003 (as described previously) [35]. The animals
used in these experiments were treated in accordance with the guidelines of ethical animal research,
and were approved for inclusion by the Animal Care and Use Committee of Chonbuk National
University (CBNU 2015-003).

2.2. Salivary Glands

Twenty unfed, adult female and male ticks of H. longicornis were placed on the ears of specific
pathogen-free (SPF) New Zealand White rabbits (Samtako, Korea) using a cloth sock attached with
tape. After five days of feeding, partially engorged females were removed for salivary gland collection.
Ticks were kept for one hour at room temperature for the removal of host tissue. To prevent surface
contamination, the ticks were cleaned with distilled water and 70% ethanol. Salivary glands were
collected as described elsewhere [36], but with a minor modification: briefly, ticks were attached to
a sterile slide (ventral side down) using liquid paraffin. After that, dissection was performed under
a dissecting microscope (SMZ-U; Nikon, Tokyo, Japan) using a scalpel fitted with a no. 11 surgical
blade. Salivary glands were separated and washed three times with ice-cold 1x phosphate-buffered
saline (PBS) to remove midgut contamination, then stored immediately with RNAlater™ (Ambion,
Inc., Austin, TX, USA) at —70 °C.

2.3. Total RNA Extraction and Synthesis of Complementary DNA from Tick Salivary Glands

Total RNA was extracted from the collected salivary glands using a total RNA extraction kit
(RiboEx™) in accordance with the manufacturer’s instructions. The concentration of RNA was
determined using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). The sample was then stored at —70 °C. Complementary DNA (cDNA) was synthesized using a
transcriptor first-strand cDNA synthesis kit (Roche Holding AG, Basel, Switzerland) in accordance
with the manufacturer’s instructions, using 1 pg of total RNA and an anchored oligo (dT)18 primer.

2.4. RT-PCR for Detecting Salivary Cystatin and Subolesin

RT-PCR was performed using BioFACT™ 2X Multi-Star PCR Master Mix with a master cycler
gradient (Eppendorf, Hamburg, Germany). For each gene, cDNA was PCR-amplified using a
gene-specific primer (Table 1). Actin cDNA was amplified as an internal control using an actin
gene-specific primer (Table 1). Oligonucleotide primers were designed based on the sequences of
subolesin, cystatin, and actin accession no EU289292.1, AB510962.1, and AY254898.1, respectively.
Amplification was performed using a PCR cycle profile, as follows: 95 °C for 15 min, followed by

34 cycles at 95 °C for 20 s, 53 °C for 30 s and 72 °C for one min, with a final extension of five minutes at
72 °C.
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2.5. Purification of PCR Product and Sequencing

PCR product was visualized by 1% agarose gel electrophoresis. Then, PCR products were purified
using an EZ-Pure™ PCR Purification Kit ver. 2 (Enzynomics, Daejeon, Korea) in accordance with the
manufacturer’s instructions. Purified PCR products were sent for sequencing.

Table 1. Primers used in this study.

Primer Name Sequence (5'-3') Product Size Use
HICF TTCTAGCAACACGCGTCAAC
HICR TCACTCCCATTACCCAGAGE 300 bp Cystatin-identifying primer
HISF TTAAAGCGGACACACGATTG
HISR GCTCTCTCGCTCCTTCATCA 396 bp Subolesin-identifying primer
HIAF CCAACAGGGAGAAGATGACG
HIAR ACAGGTCCTTACGGATGTCC >40bp Actin-identifying primer
Sub1 F TAATACGACTCACTATAGGGTACT
ACGTCCCACCGAAGTTGA . .
Sub1 R TAATACGACTCACTATAGGGTACT 218bp Subolesin ds RNA synthesis
CTGGCGGAAGGTGAACAG
Sub-2 F ACGTCCCACCGAAGTTGA s e Subolesin realtime PCR
Sub2 R CTGGCGGAAGGTGAACAG
cuir TRCATOCHICTCT
R TAégéiiéggégﬁéﬁigiT&CT 194 bp Cystatin ds RNA synthesis
Cys2F GACACCAAAACCCTTTGAGC
Cys2R GGGAACCTTGTTAGAAGAGC 194bp Cystatin real-time PCR
Actin-2 F AGCGTGGCTACTCTTTCACC
Actin-2 R GATTCCATACCCAGGAACGA 229bp Actin real-time PCR

The underlined bases denote T7 promoter sequences.

Sequence similarities of 97-100% and 97-98% were observed with H. longicornis (HISC-1) cystatin
and subolesin respectively, using an NCBI nucleotide blast search (www.ncbi.nih.gov/blast) (data not
shown) (GenBank accession No. EU289292.1).

2.6. Synthesis of Double-Stranded RNA

The PCR products of subolesin (218 bp) and cystatin (194 bp) were joined to a T7 promoter
sequence using T7 promoter-linked (at both the 5" and 3’ ends) oligonucleotide primers (Table 1).
A T7 promoter sequence was added, as described elsewhere [37]. The PCR amplification profile was
as follows: 95 °C for 15 min, followed by six cycles at 95 °C for 20 s, 63 °C for 30 s, and 72 °C for
one minute, then 28 cycles at 95 °C for 20 s, 77 °C for 30 s, and 72 °C for one minute, with a final
extension at 72 °C for five minutes. PCR bands were checked with a 1% agarose gel electrophoresis.
PCR products were purified by EZ-Pure™ PCR Purification Kit ver. 2 (Enzynomics, Daejeon, Korea)
in accordance with the manufacturer’s instructions. Double-stranded RNA was synthesized from T7
linked DNA using a HiScribe™ T7 High Yield RNA Synthesis Kit (New England Biolabs, Inc., Hitchin,
UK) in accordance with the manufacturer’s protocol. The concentration of dsRNA was measured using
a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The sample
was then aliquoted and stored at —70 °C until next use.

2.7. Injection of Double-Stranded RNA

Eighty adult, unfed female ticks were divided into four groups, with each group containing
an equal number (20) of ticks. The injection dose for the target gene was selected using methods
described in previous research [24,30]. Two groups of ticks were injected with subolesin and cystatin
ds RNA respectively (500 ng/tick). The third group was injected with an equal amount of subolesin
and cystatin ds RNA mixture, while the negative control (fourth) group was injected with the injection
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buffer as a control. Ticks were injected with ds RNA as described elsewhere [29,38] using a Hamilton®
33-gauge needle. After injection, the ticks were kept overnight in a 25 °C incubator with high humidity
to observe their survival. The injected ticks of each group were mixed with an equal number of male
ticks and then placed on the ears of four SPF rabbits. To observe gene silencing, 10 female ticks of each
group were collected after five days of feeding. Their salivary glands were subsequently collected,
and real-time PCR was performed for gene expression analysis. The rest of the ticks were fed up
to spontaneous drop-down. Feeding time, blood engorgement, egg mass weight, and hatching rate
were recorded.

2.8. Analysis of Gene Silencing at Messenger RNA-Level by Real-Time Polymerase Chain Reaction

Total RNA was collected from the salivary glands of the injected female ticks who had fed for
five days, as described above. Real-time PCR was performed to determine the gene expression after
knockdown, using a One-step SYBR® PrimeScript™ RT-PCR kit IT (Clontech Laboratories, Mountain
View, CA, USA) with a Thermal Cycler Dice™ system (Takara, Kyoto, Japan). The primer used for gene
expression is cited in Table 1. PCR amplification was carried out in accordance with the manufacturing
recommendations. Briefly, PCR amplification was conducted in the following three stages: stage 1
(reverse transcription, 42 °C for five minutes, followed by 95 °C for 10 s); stage 2 (PCR reaction repeats
40 cycles of 95 °C for five seconds, 60 °C for 30 s); and stage 3 (dissociation). Data were normalized
with internal control actin and AACt value, and the percentage of knockdowns was calculated in the
same manner as with previous RNAi experiments [32,39].

2.9. Statistical Analysis

Statistical analysis was performed with a Student’s t-test (unpaired and unequal variances),
executed with Graph Pad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). Values were
represented in the format of mean + SE. Values for p that were 0.05 or less were considered to
be statistically significant in comparison with the control group.

3. Results

3.1. Detection of Salivary Cystatin and Subolesin by Real-Time Polymerase Chain Reaction and Sequencing

The salivary cystatin of H. longicornis (HISC-1) was more abundant in the salivary glands than in
the midgut; it plays a crucial role in blood engorgement [23]. Salivary cystatin cDNA encoding 423 bp
was identified, as described previously [23]. Cystatin cDNA 300 bp was amplified (Figure 1) with a
gene-specific primer (Table 1), and purified PCR products were sequenced.

Figure 1. Detection of salivary cystatin (HISC-1) and subolesin by semi-quantitative RT-PCR. Salivary
glands were collected from adult female H. longicornis which had been fed for five days. Total RNA
was extracted, and a cDNA synthesis was performed. An RT-PCR was performed using gene-specific
primers. Lane 1 indicates a 100 bp DNA ladder; lane 2, subolesin 396 bp; lane 3, cystatin 300 bp;
and lane 4, actin 540 bp.
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Subolesin, a known tick protective antigen, was present in different organs, including the salivary
glands and midgut [32]. We amplified the H. longicornis subolesin gene encoding 396 bp (Figure 1),
as mentioned previously, reference [29] using a gene-specific primer (Table 1).

3.2. Silencing of Subolesin and Cystatin by RNA Interference

Here, we observed gene silencing with both the RT-PCR and the real-time PCR (Figure 2). Cystatin
ds RNA-injected ticks showed significantly (p < 0.05) decreased transcript levels (63%) after five
days of feeding, in comparison with the control group (Figure 2B). Subolesin ds RNA-injected ticks
also showed significantly (p < 0.05) decreased transcript levels (53%), compared with the control
group. It was interesting to observe that the cystatin plus subolesin ds RNA-injected group showed
significantly (p < 0.05) decreased transcript levels—by 32% and 26% respectively—for subolesin and
cystatin (Figure 2B), compared with the control group.
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Figure 2. Quantitative and semi-quantitative RT-PCR showing knockdown of subolesin and cystatin by
RNAI. (A) Semi-quantitative RT-PCR. Lane 1: 100 bp DNA ladder; lanes 2 to:, cystatin from the salivary
glands (lane 2 was cystatin from subolesin + cystatin, lane 3 was cystatin from cystatin, and lane
4 was the control group); lanes 5 to 7: subolesin from the salivary glands (lane 5 was the control
group, lane 6 was subolesin from subolesin + cystatin, and lane 7 was subolesin from subolesin ds
RNA-treated group); and lane 8: actin used as an internal control; (B) Quantitative real-time RT-PCR
showing subolesin, cystatin, subolesin + cystatin, and negative control ds RNA-treated messenger
RNA levels. The data represent mean =+ SD, normalized to the actin transcript level. The asterisk (*)
denotes a significant difference in comparison with the control group, as determined by a Student’s
t-test (p < 0.05).
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3.3. Effects on Feeding Duration and Engorgement

To verify the effects of subolesin and cystatin knockdown, engorgement weight and feeding
duration were analyzed after spontaneous drop-down of the injected ticks. Cystatin knockdown
caused a significant (p < 0.05) increase in feeding duration (Figure 3A) and retarded engorgement
weight, compared with the control group (Figure 3B). The average engorgement weight of cystatin ds
RNA-injected ticks was 81.38 mg, while that of the control group was 174.13 mg. Similarly, subolesin
knockdown significantly (p < 0.05) increased feeding duration (Figure 4A), and retarded engorgement
weight, compared with the control group (Figure 4B). The average engorgement weight of subolesin
ds RNA-injected ticks was 78.5 mg.
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Figure 3. Knockdown effects of cystatin ds RNA on tick engorgement and reproduction. (A) Average
days of engorgement treated by cystatin ds RNA and the control group (injection buffer); (B) average
engorgement weight in response to cystatin ds RNA and the control group (injection buffer); (C) average
egg mass weight in response to cystatin ds RNA and the control group (injection buffer); and (D)
average egg conversion ratio between cystatin ds RNA and the control group (injection buffer). The
asterisk (*) denotes a significant difference compared with the control group as determined by a
Student’s t-test (* p < 0.028; *** p < 0.0001).
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Figure 4. Knockdown effects of subolesin ds RNA on tick engorgement and reproduction. (A) Average
day of engorgement, and (B) data of average engorgement weight between subolesin ds RNA and the
control group injected with injection buffer. The asterisk (*) denotes a significant difference compared
with the control group as determined by a Student’s t-test (* p < 0.015; *** p < 0.0001).

3.4. Combined Effects on Feeding Duration and Engorgement

To assess the synergistic role of feeding, the mixture of subolesin and cystatin ds RNA was injected
into unfed females that were then allowed to feed up to spontaneous drop-down. Feeding duration
was similar to that of the control group—seven days on average (Figure 5A). Engorgement weight
(average: 107.13 mg) was significantly (p < 0.002) reduced in comparison to the control group (average:
174.13 mg) (Figure 5B), but not in comparison to individual gene silencing. Phenotypic changes are
illustrated in Figure 6.
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Figure 5. Knockdown effects of subolesin + cystatin ds RNA on tick engorgement and reproduction.
(A) Average day of engorgement; (B) average engorgement weight; (C) average egg mass; and (D)
average egg conversion ratio data were compared between subolesin + cystatin ds RNA and the control
group injected with injection buffer. The asterisk (*) denotes a significant difference compared with the
control group as determined by a Student’s ¢-test (** p < 0.002; *** p < 0.001). NS means not significant.
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Figure 6. Phenotypic changes of tick engorgement (A) and egg masses (B). Cystatin, subolesin, and a
mixture of subolesin + cystatin ds RNA were injected into unfed female ticks. The control group was
injected with an injection buffer. The injected ticks were fed alongside an equal number of males, up to
spontaneous drop-down.

3.5. Effects on Reproduction

To assess the role of reproduction, egg mass, egg conversion ratio, and hatchability were recorded
after spontaneous drop-down of subolesin and cystatin ds RNA-injected ticks. Subolesin ds RNA
abrogated egg production, whereas cystatin ds RNA-injected ticks showed significantly (p < 0.05)
reduced egg mass (average: 37.25 mg) in comparison with that of the control group (average: 79.87 mg)
(Figure 3C). The egg conversion ratio was also reduced significantly (p < 0.05), compared with the
control group (Figure 3D). No differences in hatchability were observed.

3.6. Combined Effects on Reproduction

To verify the combined role of reproduction, egg mass, egg conversion ratio, and hatchability
were recorded after spontaneous drop-down of subolesin + cystatin ds RNA-injected ticks. Combined
silencing was shown to cause a significant (p < 0.001) retardation of egg mass and egg conversion
ratio (average: 50 mg and 40% respectively), compared with those of the control group, (79.87 mg and
50% respectively) (Figure 5C,D). No differences in hatchability were observed. Therefore, our data
indicates that the knockdown of subolesin and/or cystatin plays a significant role in blood feeding
and reproduction of H. longicornis.

4. Discussion

The hard tick H. longicornis depends on host blood for survival and reproduction. Tick feeding
capability largely depends on its major secretory organ, the salivary glands [40]. Therefore, addressing
tick salivary genes is a promising field of research in the development of a tick control strategy.
The reverse genetic process RNAI is a powerful approach for the silencing of tick salivary genes [41].
The synergistic effects of tick subolesin, combined with Bm 86, Bm 91, and voraxin silencing, have
been reported previously in different tick species [29,34]. Another important salivary molecule,
salivary cystatin (HISC-1), plays a vital role during the early period of blood feeding [23]. A previous



Insects 2018, 9, 39 10 of 13

study suggests that salivary cystatin may have other functions which are unrelated to blood intake.
In Ornithodoros moubata, salivary cystatin OmC?2 is an inhibitor of cysteine proteases that resembles
human cystin C [42]. Therefore, it could be an important immuno-dominant molecule whose inhibitory
function might hamper tick feeding and tick-borne disease transmission. In nematodes, cystatins
hamper the release of proteases in APCs from the host’s immune system [43]. The silencing of
cystatin and the SNARE protein synaptobrevin revealed a significant reduction of body weight
in A. americanum [24]. The authors report that both cystatin and synaptobrevin are important for blood
intake in A. americanum. Both subolesin and cystatin have significant roles in blood intake. Therefore,
we silenced both of these salivary antigens in order to determine their synergistic role in blood intake,
as well as their effects on egg production. In our research, it was clear that cystatin knockdown hampers
blood engorgement and subsequent egg production. However, the combined effect of subolesin and
cystatin silencing has not yet been studied. Our present study aimed to determine the effects of
subolesin and/or cystatin knockdown on feeding and reproduction in the H. longicornis.

The silencing of the tick protective antigen subolesin by RNAi resulted in a significant reduction
of body weight and egg mass, and increased mortality in R. microplus, 1. scapularis, R. haemaphysaloides,
Dermacentor marginatus, and D. variabilis [25,26,30-32]. The immunization of mice and rabbits with
recombinant subolesin reduced engorgement and egg mass in R. haemaphysaloides, indicating their
possible future use as part of a cocktail of vaccine antigens [32].

In our present study, the silencing of subolesin by RNAI yielded a significant (p < 0.05) reduction
of engorgement weight in comparison with that of the control group [44]; importantly, subolesin
ds RNA-injected ticks showed abrogated egg production. Similarly, in I. scapularis, A. americanum,
and D. marginatus 4D8, ds RNA abrogated egg production [26]. A real-time PCR from the salivary
glands of subolesin ds RNA-injected ticks which had been fed for five days showed a reduction of
53% in transcript level (Figure 2). Similarly, a 50 to 90% reduction of cystatin transcript level was also
observed in a gene-silencing experiment [24].

We detected and purified salivary cystatin for the synthesis of ds RNA. After cystatin ds
RNA-injected ticks were fed for five days, they showed a reduction of 53% in transcript level. Resultant
significant (p < 0.05) reductions of engorgement weight, egg mass, and egg conversion ratio in
comparison with the control group were observed. Similarly, 50% knockdown of salivary cystatin
caused a significant reduction of tick engorgement in A. americanum [24].

Currently, multi-antigenic vaccines are preferred over single antigenic vaccines [45,46]. In RNAi
experiments, the synergistic effects of silencing multiple genes were determined. In A. americanum,
a cystatin and synaptobrevin knockdown reduced successful tick feeding [24]. The silencing of
subolesin and Bm 86 by ds RNA injection into unfed B. microplus females reportedly led to a
significant reduction in tick weight and egg/tick mass, and also to an increased tick mortality [31].
In Rhipicephalus sanguineus, silencing of Rs 86 and subA caused a reduction in attachment, engorgement,
and oviposition [29]. While the injection of subolesin + voraxin ds RNA into Amblyomma hebraeum
ticks resulted in the silencing of only the subolesin in females which fed together, this was not the case
for voraxin [34]. However, combined ds RNA may suppress the function of another gene, and also act
synergistically in most cases. As in Caenorhabditis elegans, the injection of zfp-1 ds RNA suppressed the
lethality produced by mom-2 and hmp-2 ds RNAs [47]. In our research, a combined knockdown did
not abrogate egg-laying, but rather, caused a significant retardation of engorgement weight, egg mass,
and egg conversion ratio in comparison with the control group (Figure 5). Therefore, our results
suggest that subolesin and/or cystatin may be useful as part of a future cocktail of vaccine antigens.

5. Conclusions

In the future, combined antigens will be used for controlling ticks and tick-borne diseases.
RNAIi can be successfully utilized to determine the efficacy of combined gene silencing before
vaccination trials. However, it remains a challenge to determine the success of vaccine antigens
working together. To our knowledge, the present study is the first to describe the effects of subolesin
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and/or cystatin knockdown in H. longicornis. As multi-antigenic vaccines are more efficient than
single-antigenic ones, our findings are expected to lead to subolesin and/or cystatin being considered
as vaccine antigens.

Acknowledgments: This research was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2015R 1D1A1A01059607).

Author Contributions: M.K.R. and M.Y. conceived and designed the experiments; M.K.R. performed the
experiments; M.K.R. analyzed the data; M.Y. contributed reagents/materials/analysis tools; and M.K.R. wrote the
paper. M.K.R.,, M.S.I. and M.Y. read and approved the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. DelaFuente, J.; Estrada-Pena, A.; Venzal, ].M.; Kocan, K.M.; Sonenshine, D.E. Overview: Ticks as vectors of
pathogens that cause disease in humans and animals. Front. Biosci. 2008, 13, 6938—6946. [CrossRef] [PubMed]

2. Benelli, G.; Duggan, M.F. Management of arthropod vector data—Social and ecological dynamics facing the
One Health perspective. Acta Trop. 2018, 182, 80-91. [CrossRef] [PubMed]

3. Dantas-Torres, F.; Chomel, B.B.; Otranto, D. Ticks and tick-borne diseases: A One Health perspective. Trends
Parasitol. 2012, 28, 437-446. [CrossRef] [PubMed]

4. Benelli, G.; Pavela, R.; Canale, A.; Mehlhorn, H. Tick repellents and acaricides of botanical origin: A green
roadmap to control tick-borne diseases? Parasitol. Res. 2016, 115, 2545-2560. [CrossRef] [PubMed]

5. Vijayakumar, S.; Vaseeharan, B.; Malaikozhundan, B.; Divya, M.; Abhinaya, M.; Gobi, N.; Bhattacharyya, A.;
Balashanmugam, N.; Surmistha, D.; Murugan, K.; et al. Ecotoxicity of Musa paradisiaca leaf extract-coated Zno
nanoparticles to the freshwater microcrustacean Ceriodaphnia cornuta. Limnologica 2017, 67, 1-6. [CrossRef]

6.  Benelli, G.; Pavela, R. Repellence of essential oils and selected compounds against ticks—A systematic
review. Acta Trop. 2018, 179, 47-54. [CrossRef] [PubMed]

7. Lupi, E,; Hatz, C.; Schlagenhauf, P. The efficacy of repellents against Aedes, Anopheles, Culex and Ixodes
spp.—A literature review. Travel Med. Infect. Dis. 2013, 11, 374-411. [CrossRef] [PubMed]

8. Guan, G.; Moreau, E.; Liu, J.; Hao, X.; Ma, M.; Luo, J.; Chauvin, A.; Yin, H. Babesia sp. Bql (lintan): Molecular
evidence of experimental transmission to sheep by Haemaphysalis qinghaiensis and Haemaphysalis longicornis.
Parasitol. Int. 2010, 59, 265-267. [CrossRef] [PubMed]

9. Lee, . H,; Park, H.S.; Jang, W.J.; Koh, S.E.; Park, TK; Kang, S.S.; Kim, B.J.; Kook, YH.; Park, K.H.; Lee, S.H.
Identification of the Coxiella sp. Detected from Haemaphysalis longicornis ticks in Korea. Microbiol. Immunol.
2004, 48, 125-130. [CrossRef] [PubMed]

10. Lee, J.H.; Park, H.S,; Jung, K.D.; Jang, W.J.; Koh, S.E.; Kang, S.S.; Lee, I.Y.; Lee, W.J.; Kim, B.].; Kook, Y.H.;
et al. Identification of the spotted fever group rickettsiae detected from Haemaphysalis longicornis in Korea.
Microbiol. Immunol. 2003, 47, 301-304. [CrossRef] [PubMed]

11. Lee, M.J.; Chae, J.S. Molecular detection of Ehrlichia chaffeensis and Anaplasma bovis in the salivary glands
from Haemaphysalis longicornis ticks. Vector Borne Zoonotic Dis. 2010, 10, 411-413. [CrossRef] [PubMed]

12. Li, Y; Luo, J.; Guan, G.; Ma, M.; Liu, A; Liu, J.; Ren, Q.; Niu, Q.; Lu, B.; Gao, J.; et al. Experimental
transmission of Theileria uilenbergi infective for small ruminants by Haemaphysalis longicornis and
Haemaphysalis qinghaiensis. Parasitol. Res. 2009, 104, 1227-1231. [CrossRef] [PubMed]

13.  Sun,].;Liu, Q; Lu, L; Ding, G.; Guo, J.; Fu, G.; Zhang, J.; Meng, E; Wu, H.; Song, X.; et al. Coinfection with
four genera of bacteria (Borrelia, Bartonella, Anaplasma, and Ehrlichia) in Haemaphysalis longicornis and Ixodes
sinensis ticks from China. Vector Borne Zoonotic Dis. 2008, 8, 791-795. [CrossRef] [PubMed]

14. Pan, H,; Hu,]; Liu, S,; Shen, H,; Zhu, Y,; Wu, J.; Zhang, X.; Zhou, X.; Wang, C.; Qu, J.; et al. A reported death
case of a novel bunyavirus in Shanghai, China. Virol. . 2013, 10, 187. [CrossRef] [PubMed]

15. Ribeiro, J.M.; Francischetti, LM. Role of arthropod saliva in blood feeding: Sialome and post-sialome
perspectives. Annu. Rev. Entomol. 2003, 48, 73-88. [CrossRef] [PubMed]

16. Schwarz, A.; Valdes, ].]J.; Kotsyfakis, M. The role of cystatins in tick physiology and blood feeding. Ticks
Tick-Borne Dis. 2012, 3, 117-127. [CrossRef] [PubMed]

17.  Turk, V,; Stoka, V,; Turk, D. Cystatins: Biochemical and structural properties, and medical relevance. Front.
Biosci. 2008, 13, 5406-5420. [CrossRef] [PubMed]


http://dx.doi.org/10.2741/3200
http://www.ncbi.nlm.nih.gov/pubmed/18508706
http://dx.doi.org/10.1016/j.actatropica.2018.02.015
http://www.ncbi.nlm.nih.gov/pubmed/29454734
http://dx.doi.org/10.1016/j.pt.2012.07.003
http://www.ncbi.nlm.nih.gov/pubmed/22902521
http://dx.doi.org/10.1007/s00436-016-5095-1
http://www.ncbi.nlm.nih.gov/pubmed/27146901
http://dx.doi.org/10.1016/j.limno.2017.09.004
http://dx.doi.org/10.1016/j.actatropica.2017.12.025
http://www.ncbi.nlm.nih.gov/pubmed/29287758
http://dx.doi.org/10.1016/j.tmaid.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24201040
http://dx.doi.org/10.1016/j.parint.2009.12.002
http://www.ncbi.nlm.nih.gov/pubmed/20026243
http://dx.doi.org/10.1111/j.1348-0421.2004.tb03498.x
http://www.ncbi.nlm.nih.gov/pubmed/14978338
http://dx.doi.org/10.1111/j.1348-0421.2003.tb03399.x
http://www.ncbi.nlm.nih.gov/pubmed/12801068
http://dx.doi.org/10.1089/vbz.2008.0215
http://www.ncbi.nlm.nih.gov/pubmed/19874189
http://dx.doi.org/10.1007/s00436-009-1347-7
http://www.ncbi.nlm.nih.gov/pubmed/19198881
http://dx.doi.org/10.1089/vbz.2008.0005
http://www.ncbi.nlm.nih.gov/pubmed/18637722
http://dx.doi.org/10.1186/1743-422X-10-187
http://www.ncbi.nlm.nih.gov/pubmed/23758684
http://dx.doi.org/10.1146/annurev.ento.48.060402.102812
http://www.ncbi.nlm.nih.gov/pubmed/12194906
http://dx.doi.org/10.1016/j.ttbdis.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22647711
http://dx.doi.org/10.2741/3089
http://www.ncbi.nlm.nih.gov/pubmed/18508595

Insects 2018, 9, 39 12 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

Vray, B.; Hartmann, S.; Hoebeke, J. Inmunomodulatory properties of cystatins. Cell. Mol. Life Sci. 2002, 59,
1503-1512. [CrossRef] [PubMed]

Abrahamson, M.; Alvarez-Fernandez, M.; Nathanson, C.M. Cystatins. Biochem. Soc. Symp. 2003, 70, 179-199.
[CrossRef]

Valenzuela, J.G.; Francischetti, LM.; Pham, V.M.; Garfield, M.K.; Mather, T.N.; Ribeiro, ]. M. Exploring the
sialome of the tick Ixodes scapularis. ]. Exp. Biol. 2002, 205, 2843-2864. [PubMed]

Zhou, J.; Liao, M.; Ueda, M.; Gong, H.; Xuan, X.; Fujisaki, K. Characterization of an intracellular cystatin
homolog from the tick Haemaphysalis longicornis. Vet. Parasitol. 2009, 160, 180-183. [CrossRef] [PubMed]
Zhou, J.; Ueda, M.; Umemiya, R.; Battsetseg, B.; Boldbaatar, D.; Xuan, X.; Fujisaki, K. A secreted cystatin
from the tick Haemaphysalis longicornis and its distinct expression patterns in relation to innate immunity.
Insect Biochem. Mol. Biol. 2006, 36, 527-535. [CrossRef] [PubMed]

Willadsen, P; Riding, G.A.; McKenna, R.V.; Kemp, D.H.; Tellam, R.L.; Nielsen, ].N.; Lahnstein, J.; Cobon, G.S.;
Gough, J.M. Immunologic control of a parasitic arthropod. Identification of a protective antigen from
boophilus microplus. J. Immunol. 1989, 143, 1346-1351. [PubMed]

Gough, ].M.; Kemp, D.H. Localization of a low abundance membrane protein (bm86) on the gut cells of the
cattle tick boophilus microplus by immunogold labeling. J. Parasitol. 1993, 79, 900-907. [CrossRef] [PubMed]
Jarmey, ].M.; Riding, G.A.; Pearson, R.D.; McKenna, R.V.; Willadsen, P. Carboxydipeptidase from boophilus
microplus: A "concealed" antigen with similarity to angiotensin-converting enzyme. Insect Biochem. Mol. Biol.
1995, 25, 969-974. [CrossRef]

De la Fuente, J.; Almazan, C.; Blas-Machado, U.; Naranjo, V.; Mangold, A.]J.; Blouin, E.E; Gortazar, C.;
Kocan, K.M. The tick protective antigen, 4D8, is a conserved protein involved in modulation of tick blood
ingestion and reproduction. Vaccine 2006, 24, 4082—4095. [CrossRef] [PubMed]

De la Fuente, J.; Moreno-Cid, J.A.; Canales, M.; Villar, M.; de la Lastra, ].M.; Kocan, K.M.; Galindo, R.C.;
Almazan, C.; Blouin, E.F. Targeting arthropod subolesin/akirin for the development of a universal vaccine
for control of vector infestations and pathogen transmission. Vet. Parasitol. 2011, 181, 17-22. [CrossRef]
[PubMed]

Galindo, R.C.; Doncel-Perez, E.; Zivkovic, Z.; Naranjo, V.; Gortazar, C.; Mangold, A.J.; Martin-Hernando, M.P;
Kocan, K.M.; de la Fuente, J. Tick subolesin is an ortholog of the akirins described in insects and vertebrates.
Dev. Comp. Immunol. 2009, 33, 612-617. [CrossRef] [PubMed]

De la Fuente, J.; Almazan, C.; Naranjo, V.; Blouin, E.F; Kocan, K.M. Synergistic effect of silencing the
expression of tick protective antigens 4D8 and Rs86 in Rhipicephalus sanguineus by RNA interference. Parasitol.
Res. 2006, 99, 108-113. [CrossRef] [PubMed]

Kocan, K.M.; Manzano-Roman, R.; de la Fuente, ]. Transovarial silencing of the subolesin gene in three-host
Ixodid tick species after injection of replete females with subolesin dsRNA. Parasitol. Res. 2007, 100,
1411-1415. [CrossRef] [PubMed]

Nijhof, A.M.; Taoufik, A.; de la Fuente, J.; Kocan, K.M.; de Vries, E.; Jongejan, E. Gene silencing of the tick
protective antigens, Bm86, Bm91 and subolesin, in the one-host tick Boophilus microplus by RNA interference.
Int. J. Parasitol. 2007, 37, 653-662. [CrossRef] [PubMed]

Lu, P; Zhou, Y;; Yu, Y;; Cao, ].; Zhang, H.; Gong, H.; Li, G.; Zhou, ]. RNA interference and the vaccine effect
of a subolesin homolog from the tick Rhipicephalus haemaphysaloides. Exp. Appl. Acarol. 2016, 68, 113-126.
[CrossRef] [PubMed]

Willadsen, P. Anti-tick vaccines. Parasitology 2004, 129, S367-5387. [CrossRef] [PubMed]

Smith, A.; Guo, X.; de la Fuente, ].; Naranjo, V.; Kocan, K.M.; Kaufman, W.R. The impact of RNA interference
of the subolesin and voraxin genes in male Amblyomma hebraeum (Acari: Ixodidae) on female engorgement
and oviposition. Exp. Appl. Acarol. 2009, 47, 71-86. [CrossRef] [PubMed]

Tirloni, L.; Islam, M.S.; Kim, T.K.; Diedrich, ] K,; Yates, ].R., 3rd; Pinto, A.F; Mulenga, A.; You, M.].; Da Silva
Vaz, L, Jr. Saliva from nymph and adult females of Haemaphysalis longicornis: A proteomic study. Parasites
Vectors 2015, 8, 338. [CrossRef] [PubMed]

Patton, T.G.; Dietrich, G.; Brandt, K.; Dolan, M.C.; Piesman, J.; Gilmore, R.D., Jr. Saliva, salivary gland,
and hemolymph collection from Ixodes scapularis ticks. . Vis. Exp. 2012, 3894. [CrossRef] [PubMed]
Bullard, R.L.; Williams, J.; Karim, S. Temporal gene expression analysis and RNA silencing of single and
multiple members of gene family in the lone star tick Amblyomma americanum. PLoS ONE 2016, 11, e0147966.
[CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00018-002-8525-4
http://www.ncbi.nlm.nih.gov/pubmed/12440772
http://dx.doi.org/10.1042/bss0700179
http://www.ncbi.nlm.nih.gov/pubmed/12177149
http://dx.doi.org/10.1016/j.vetpar.2008.10.086
http://www.ncbi.nlm.nih.gov/pubmed/19091470
http://dx.doi.org/10.1016/j.ibmb.2006.03.003
http://www.ncbi.nlm.nih.gov/pubmed/16835018
http://www.ncbi.nlm.nih.gov/pubmed/2745982
http://dx.doi.org/10.2307/3283728
http://www.ncbi.nlm.nih.gov/pubmed/8277383
http://dx.doi.org/10.1016/0965-1748(95)00038-W
http://dx.doi.org/10.1016/j.vaccine.2006.02.046
http://www.ncbi.nlm.nih.gov/pubmed/16580098
http://dx.doi.org/10.1016/j.vetpar.2011.04.018
http://www.ncbi.nlm.nih.gov/pubmed/21561715
http://dx.doi.org/10.1016/j.dci.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19041667
http://dx.doi.org/10.1007/s00436-006-0132-0
http://www.ncbi.nlm.nih.gov/pubmed/16518610
http://dx.doi.org/10.1007/s00436-007-0483-1
http://www.ncbi.nlm.nih.gov/pubmed/17372765
http://dx.doi.org/10.1016/j.ijpara.2006.11.005
http://www.ncbi.nlm.nih.gov/pubmed/17196597
http://dx.doi.org/10.1007/s10493-015-9987-z
http://www.ncbi.nlm.nih.gov/pubmed/26608275
http://dx.doi.org/10.1017/S0031182003004657
http://www.ncbi.nlm.nih.gov/pubmed/15938519
http://dx.doi.org/10.1007/s10493-008-9195-1
http://www.ncbi.nlm.nih.gov/pubmed/18830675
http://dx.doi.org/10.1186/s13071-015-0918-y
http://www.ncbi.nlm.nih.gov/pubmed/26104117
http://dx.doi.org/10.3791/3894
http://www.ncbi.nlm.nih.gov/pubmed/22371172
http://dx.doi.org/10.1371/journal.pone.0147966
http://www.ncbi.nlm.nih.gov/pubmed/26872360

Insects 2018, 9, 39 13 of 13

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Kocan, K.M.; Blouin, E.; de la Fuente, J. RNA interference in ticks. J. Vis. Exp. 2011, 2474. [CrossRef]
[PubMed]

Haimes, J.; Kelley, M.; Dharmacon, Now Part of GE Healthcare, Lafayette, CO, USA. Demonstration of a 55cq
Calculation Method to Compute Thermo Scientific Relative Gene Expression from qPCR Data; GE Healthcare: Little
Chalfont, UK, 2014.

Karim, S.; Essenberg, R.C.; Dillwith, ].W.; Tucker, J.S.; Bowman, A.S.; Sauer, J.R. Identification of SNARE and
cell trafficking regulatory proteins in the salivary glands of the lone star tick, Amblyomma americanum (L.).
Insect Biochem. Mol. Biol. 2002, 32, 1711-1721. [CrossRef]

Karim, S.; Ramakrishnan, V.G.; Tucker, ].S.; Essenberg, R.C.; Sauer, ].R. Amblyomma americanum salivary
glands: Double-stranded RNA-mediated gene silencing of synaptobrevin homologue and inhibition of PGE2
stimulated protein secretion. Insect Biochem. Mol. Biol. 2004, 34, 407-413. [CrossRef] [PubMed]

Rawlings, N.D.; Barrett, A.].; Finn, R. Twenty years of the MEROPS database of proteolytic enzymes,
their substrates and inhibitors. Nucleic Acids Res. 2016, 44, D343-D350. [CrossRef] [PubMed]

Dainichi, T.; Maekawa, Y.; Ishii, K.; Zhang, T.; Nashed, B.F,; Sakai, T.; Takashima, M.; Himeno, K.
Nippocystatin, a cysteine protease inhibitor from Nippostrongylus brasiliensis, inhibits antigen processing and
modulates antigen-specific immune response. Infect. Immun. 2001, 69, 7380-7386. [CrossRef] [PubMed]

De la Fuente, J.; Almazan, C.; Naranjo, V.,; Blouin, E.E; Meyer, ].M.; Kocan, K.M. Autocidal control of ticks
by silencing of a single gene by RNA interference. Biochem. Biophys. Res. Commun. 2006, 344, 332-338.
[CrossRef] [PubMed]

Willadsen, P. Antigen cocktails: Valid hypothesis or unsubstantiated hope? Trends Parasitol. 2008, 24, 164-167.
[CrossRef] [PubMed]

Parizi, L.F; Reck, J., Jr.; Oldiges, D.P,; Guizzo, M.G; Seixas, A.; Logullo, C.; de Oliveira, P.L.; Termignoni, C.;
Martins, J.R.; Vaz Ida, S., Jr. Multi-antigenic vaccine against the cattle tick Rhipicephalus (boophilus) microplus:
A field evaluation. Vaccine 2012, 30, 6912-6917. [CrossRef] [PubMed]

Dudley, N.R.; Labbe, ]J.C.; Goldstein, B. Using RNA interference to identify genes required for RNA
interference. Proc. Natl. Acad. Sci. USA 2002, 99, 4191-4196. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3791/2474
http://www.ncbi.nlm.nih.gov/pubmed/21304465
http://dx.doi.org/10.1016/S0965-1748(02)00111-X
http://dx.doi.org/10.1016/j.ibmb.2004.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15041024
http://dx.doi.org/10.1093/nar/gkv1118
http://www.ncbi.nlm.nih.gov/pubmed/26527717
http://dx.doi.org/10.1128/IAI.69.12.7380-7386.2001
http://www.ncbi.nlm.nih.gov/pubmed/11705911
http://dx.doi.org/10.1016/j.bbrc.2006.03.109
http://www.ncbi.nlm.nih.gov/pubmed/16630571
http://dx.doi.org/10.1016/j.pt.2008.01.005
http://www.ncbi.nlm.nih.gov/pubmed/18342573
http://dx.doi.org/10.1016/j.vaccine.2012.08.078
http://www.ncbi.nlm.nih.gov/pubmed/22981764
http://dx.doi.org/10.1073/pnas.062605199
http://www.ncbi.nlm.nih.gov/pubmed/11904378
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ticks and Animals 
	Salivary Glands 
	Total RNA Extraction and Synthesis of Complementary DNA from Tick Salivary Glands 
	RT-PCR for Detecting Salivary Cystatin and Subolesin 
	Purification of PCR Product and Sequencing 
	Synthesis of Double-Stranded RNA 
	Injection of Double-Stranded RNA 
	Analysis of Gene Silencing at Messenger RNA-Level by Real-Time Polymerase Chain Reaction 
	Statistical Analysis 

	Results 
	Detection of Salivary Cystatin and Subolesin by Real-Time Polymerase Chain Reaction and Sequencing 
	Silencing of Subolesin and Cystatin by RNA Interference 
	Effects on Feeding Duration and Engorgement 
	Combined Effects on Feeding Duration and Engorgement 
	Effects on Reproduction 
	Combined Effects on Reproduction 

	Discussion 
	Conclusions 
	References

