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Abstract

Ticks impact human and animal health worldwide and new control methods are needed to circumvent drawbacks of tick control by
acaricide application including selection of drug resistant ticks and environmental pollution. Using RNA interference we silenced the
expression of a single gene, subolesin, and produced ticks with diminished reproductive performance and prevented successful mating
and production of viable offspring. We propose a sterile acarine technique (SAT) for reduction of tick populations by release of subo-
lesin-silenced ticks. Conservation of subolesin among tick species suggests that SAT may be useful for control of many medically and

economically important tick species.
© 2006 Elsevier Inc. All rights reserved.
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Ticks are obligate hematophagous ectoparasites of wild
and domestic animals and humans, and are distributed
worldwide from Arctic to tropical regions. These ectopara-
sites are classified in the subclass Acari, order Parasitifor-
mes, suborder Ixodida [1]. Some tick species, such as
Boophilus microplus (Canestrini), complete their entire life
cycle on a single host, while others, such as Dermacentor
spp., utilize separate hosts for larvae, nymphs, and adults.
Metastriate ticks, such as Dermacentor spp., mate only
while feeding on the host [2].

Ticks are important vectors of pathogens and the result-
ing diseases greatly impact human and animal health and
food production worldwide [3,4]. For example, Dermacen-
tor andersoni Stiles and Dermacentor variabilis (Say) vector
a rickettsial pathogen, Anaplasma marginale, that causes
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the major tick-borne disease of cattle in the United States,
anaplasmosis [5].

Control of ticks has been attempted primarily by appli-
cation of acaricides, a method accompanied by dual draw-
backs of environmental contamination and by selection of
pesticide-resistant ticks [6,7]. Vaccines administered to host
animals have shown promise as a tick control method, but
their use and efficacy have been limited [6,7].

Novel methods of tick control, similar to sterile insect
technique (SIT) developed for control of insect pests, could
circumvent the drawbacks of acaricides [8,9]. Release of
large numbers of laboratory-sterilized insects has been
practice for several years [8,9]. Genetically based methods
for control of agriculturally and medically important
insects (e.g., boll weevils, screw worms, bollworms, fruit
flies, tsetse flies, and mosquitoes) have been developed
[9]. For example, genetic manipulation of a transgene com-
bination, as proposed by Gong et al. [10], may improve SIT
against medflies and replace control methods based upon
irradiation sterilization. An added advantage of genetic
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manipulation in this case is that a dominant lethal gene in
the sterile flies can also serve as a genetic marker.

We identified the gene subolesin by expression library
immunization in a mouse model of larval tick infestations
[11-14]. The subolesin gene was shown to be highly con-
served among tick species, and when the expressed protein
was used as a vaccine antigen, hosts were protected against
tick infestations [11-14]. RNA interference (RNAi) silenc-
ing of subolesin expression profoundly affected gut and
reproductive tissues in male and female ticks; females were
unable to feed productively as evidenced by their failure to
reach repletion and to oviposit normally [15,16]. Although
the biological function of subolesin is currently unknown,
the silencing of this gene by RNAI resulted in pleiotropic
effects on tick organs and affected various physiological
processes, including the modulation of tick blood ingestion
and reproduction. These data have therefore suggested a
highly specialized and conserved biological function for
subolesin [16].

Herein, we describe a potential autocidal control
method for D. variabilis that is based upon RNAI silencing
of the expression of the subolesin gene. Specifically, silenc-
ing of this gene disrupted reproductive development in
both female and male ticks, and their attempts to mate
were unproductive. Female ticks did not become replete
or produce viable eggs, and male ticks did not produce
mature spermatophores. Control by release of male ticks
in which silencing of subolesin has been effected may have
application for reducing populations of many tick species.
Release of massively produced sterile male and female ticks
reared via artificial feeding systems could become a sterile
acarine technique (SAT) suitable for use alone or in combi-
nation with other control methods, such as vaccination and
focused use of acaricides.

Materials and methods

Ticks. Adult ticks were obtained from the laboratory colony main-
tained at the Oklahoma State University Tick Rearing Facility. Sheep
were housed at the Tick Rearing Laboratory with the approval and
supervision of the OSU Institutional Animal Care and Use Committee.
Off-host ticks were maintained in a 12 h light:12 h dark photoperiod at
22-25 °C and 95% relative humidity.

Generation of dsRNA. Oligonucleotide primers containing T7 pro-
moter sequences for in vitro transcription and synthesis of dsRNA
(382 bp; full length cDNA, 498 bp [16]) were synthesized to amplify DNA
encoding D. variabilis subolesin using oligonucleotide primers D8AAT75:
5'-TAATACGACTCACTATAGGGTACTGACTGGGATCCCCTGCA
CAGT-3' and D8DVT73: 5-TAATACGACTCACTATAGGGTACTC
GAGCTTGGTGGAAAGGACG-3'. RT-PCR and dsRNA synthesis
reactions were performed as previously described [15,16], using the Access

RT-PCR system (Promega) and the Megascript RNAi kit (Ambion,
Austin, TX, USA). The dsRNAwas purified and quantified by
spectrometry.

Injection of ticks with dsRNA. Dermacentor variabilis ticks were
injected with approximately 0.2-0.5 ul dsSRNA (6 x 10" — 2 x 10" mole-
cules per/ul) in the lower right quadrant of the ventral surface of the
exoskeleton of ticks [15,16]. The injections were done with a Hamilton
syringe with a 1in., 33 gauge needle.Control ticks were injected with
injection buffer (10 mM Tris-HCIl, pH 7, 1 mM EDTA) or were left
uninjected. The ticks were held in a humidity chamber for 1 day after
injection and then they were allowed to feed on a sheep. Female ticks that
fed to repletion or those that were removed from the sheep after 10 days of
feeding were collected, counted, weighed, and evaluated for oviposition by
weighting the egg mass oviposited by each tick. Egg fertility was evaluated
by weighting the larvae obtained from each egg mass.

Analysis to confirm subolesin gene silencing by RT-PCR. Salivary
glands and guts were dissected from groups of five D. variabilis ticks
from mock-injected and dsRNA-injected groups after feeding. Total
RNA was isolated and analyzed for subolesin transcripts by RT-PCR
as described above using oligonucleotide primers RA4D85:ATGGC
TTGTGCGACATTAAAGCGGAC and RA4D83:TTACGACAAA
TAGCTGGGCGTAGC. The tick 16S rRNA (approx. 215 bp) was
analyzed as a control unrelated target sequence using oligonucleo-
tide primers T16S5 (5-GACAAGAAGACCCTA-3') and T16S3
(5'-ATCCAACATCGAGGT-3’). Control reactions were performed
using the same procedures but without RT to test for DNA con-
tamination in the RNA preparations and without RNA added to
detect contamination of the PCR. PCR products were electropho-
resed on 1% agarose gels to check the size of amplified fragments by
comparison to a DNA molecular weight marker (1 kb DNA Ladder,
Promega).

Data analysis. The analysis was done with female ticks. The weight of
ticks after feeding, oviposition, and fertility was compared by one-tailed
Student’s ¢ test for samples with unequal variance (P = 0.01) between
control ticks injected with buffer alone (SxS) and groups containing
subolesin dsRNA-injected ticks (T x T, T x S, and S x T) or parthenogenic
ticks. Tick mortality and tick engorgement (number of ticks completing
feeding) were evaluated as the ratio of dead and engorged ticks after 10
days of feeding, respectively, to the number of ticks used for infestation.
Tick mortality and engorgement were compared between dsRNA and
mock-injected ticks by #? test (o = 0.01). In the third series of experiments
to evaluate if pairing of untreated female ticks with subolesin dsRNA-
injected males would render females unable to mate with normal males
Cells 1-4 were compared between them by Analysis of Variance
(ANOVA) followed by a series of Tukey’s post hoc tests for pair
comparisons (o = 0.05).

Video recording of tick pairing. A harness was custom-made for the
sheep that was constructed from canvas, a molded Styrofoam cushion,
and Velcro closures. The harness facilitated the positioning of two lights
and a video camera over the tick feeding stockinette that was glued to the
back of the sheep. A KPC-S38CZ mini security video recorder
(www.cul.com) was used to record tick mating behavior and the video was
computerized using Windows XP operating system and a ProTech Vid-
eocard and DiViS software (www.securitycameraworld.com). The video
camera was mounted in the center of the apparatus for a direct overhead
view of the ticks’ feeding cell, using a light source of two LED cool lights
(http://www.redhillgeneralstore.com/A13791.htm). Both lights were
mounted laterally on each side of the camera to provide optimum lighting
without shadowing. Ticks were placed in the stockinette 48 h prior to

>

Fig. 1. Silencing of the subolesin gene expression disrupted reproductive development in female and male ticks, and attempts to mate were unproductive.
D. variabilis females and males were injected with subolesin dsRNA (T) or injection buffer alone (S), and all possible pairing combinations were made
between them in separate feeding cells on a sheep. A group of untreated female ticks were fed without males to evaluate parthenogenesis in this species. (A)
Fully engorged female ticks (exemplified with red arrows) were obtained in the control S x S group only. Parthenogenic ticks and female or male ticks in
which subolesin gene expression were silenced by RNAI resulted in a significant reduction in the number of female ticks that completed feeding (B), tick
weights (C), oviposition (D), and egg fertility (E) as compared with untreated SxS controls. *P < 0.001; **P < 0.01 (one-tailed Student’s ¢ test for samples

with unequal variance); ***« < 0.01 (5 test).
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video recording. The subolesin dsRNA-injected male ticks were painted
red, while the saline-injected males were painted white using Boyd spray
enamel (Testor Corporation, Rockford, Ill). For spray painting, ticks were
placed ventral side down on double sticky tape and their mouth parts were
covered with tape to avoid paint accumulation. The pairing of the ticks
was recorded daily by observation and by digital photography. Video
recording of tick pairing was ongoing for 7 days.

Results and discussion

In an effort to devise new methods for tick control, we
investigated the possibility of using RNAi to develop a
SAT method for ticks, similar to the SIT commonly used suc-
cessfully to suppress populations of economically important
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Fig. 2. Silencing of subolesin expression by RNAi in ticks. The expression
of subolesin mRNA was analyzed by RT-PCR in female and male ticks
injected with subolesin dSRNA (+) or with injection buffer alone (—) and
compared with the expression of tick 16S rRNA.

insect pests. Release of hybrid sterile ticks to mate with wild
females that then produce unfit hybrid offspring was
advanced as a putative alternative control method explored
for the one-host Boophilus spp [8,17,18]. Although hybrid
sterility can be considered a subset of the sterile release
approach to population suppression, pre-mating isolation
factors between the target tick species and/or hybrids appear
to limit the utility of this method [18].

Recently, RNAI provided a means for genetic manipula-
tion of ticks, as well as an efficient way to characterize gene
function in these organisms [15,16,19]. We used RNAI to
silence the gene subolesin (previously called 4D8) whose
expressed protein was found to be protective against tick
infestations when used as a vaccine antigen. This highly
conserved gene encodes for a protein that was protective
against all tick developmental stages when tested in both
cDNA and recombinant protein immunization trials
[11-14].

RNAI silencing of the subolesin gene disrupted repro-
ductive tissue development in female and male ticks, and
attempts by the injected ticks to mate were unproductive.
In the first series of experiments, D. variabilis (American
dog tick) females and males were injected with subolesin
dsRNA (T) or with injection buffer alone (S), and all pos-
sible pairing combinations were made between principal
and control ticks employing separate feeding cells
attached to a sheep. A group of untreated female ticks
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Fig. 3. Subolesin dsRNA-injected male pair with female ticks. (A) Untreated females (N = 20) were used together with males injected with subolesin
dsRNA (N = 20) and control saline-injected males (N = 20) marked with red and white paint, respectively (arrows on left-hand image). Middle and right-
hand images are enlargements of the left-hand image. (B) After infestation, pairing of dsRNA-injected (red bars) and control (white bars) male ticks was

observed and recorded daily by video recording and visual inspection.
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was fed in the absence of males to evaluate the possibility
of parthenogenesis in this tick species (Fig. 1). Silencing
of subolesin expression was confirmed by RT-PCR on
ticks examined after completion of feeding (Fig. 2).
Silencing of subolesin gene expression by RNAi in male
or in female ticks resulted in a significant reduction in
the number of female ticks that completed feeding in all
pairing combinations when compared to the Sx S con-
trols (Figs. 1A and B). The principals had reduced
weights (Figs. 1A and C), oviposition was impaired
(Fig. 1D), and eggs that were produced did not hatch
into larvae (Fig. 1E) as compared with untreated controls
that reproduced normally. Female tick mortality was
higher («<0.01; »* test) in the Tx T (78%) and T xS
(68%) groups including subolesin dsRNA-injected
females, as compared with the SxT (6%), SxS (6%),
and female only (8%) groups.

As shown in previous subolesin RNAi experiments with
other tick species [15,16], these data demonstrated that
silencing of the subolesin gene expression interfered with
female feeding and oviposition, and caused reduced fertility
in males as well. Microscopic examination of guts, salivary
glands, and reproductive tissues confirmed the pleiotropic
effect of subolesin silencing on these organs [16].
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We believe that silencing of subolesin expression by
RNAIi may provide a new means of controlling ticks. To
test this hypothesis, a second series of experiments was
done to evaluate D. variabilis infestations in feeding cells
on a sheep of ticks injected with subolesin dSRNA or con-
trol ticks injected with buffer alone. The weight of female
ticks was determined for replete ticks that dropped from
the host and others removed after ten days of feeding after
the control ticks had become replete. In the first experi-
ment, 20 males and 10 females for each treatment
(buffer- or dsRNA-injected) were placed together in a
feeding cell. After 10 days, 30% of the females were replete
(tick weight > 300 mg), 30% were partially engorged
(100 mg < tick weight < 300 mg), 15% had failed to engorge
(tick weight < 100 mg) and five ticks had died. The distribu-
tion of weights among females suggested that crosses between
ticks injected with subolesin dSRNA and control ticks may
have occurred. In the second experiment, 20 untreated
females were placed in a feeding cell with 20 males injected
with subolesin dsRNA and 20 control (buffer-injected) males
marked with red and white paint, respectively (Fig. 3). Male/
female pairings were observed and documented daily by video
recording and visual inspection. We expected that female
ticks would pair equally with dsRNA-injected and control

100A -
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Cell3 Cell4

Fig. 4. Pairing of untreated female ticks with subolesin dsSRNA-injected males rendered females unable to mate with normal males. Four cells were used to
infest a sheep with D. variabilis ticks. Cell 1, 20 untreated females and 20 saline-injected males; Cell 2, 20 untreated females and 20 subolesin dsRNA-
injected males; Cell 3, same as Cell 2, but at the same time as the Cell 1 females began to replete (7 days post-infestation), the subolesin dsRNA-injected
males were removed and replaced with 20 untreated males; and Cell 4, 20 untreated females that were allowed to feed for 7 days, after which untreated
males were added. The weight of females (A) and oviposition (B) was evaluated and compared between groups. Different letters denote statistical
significant differences (o < 0.05; Analysis of Variance (ANOVA) followed by a series of Tukey’s post hoc tests for pair comparisons).
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males. However, inexplicably, while the female ticks paired
with both principal and control males (Figs. 3A and B), they
paired first with dsRNA injected males and later with the
buffer-injected controls (Fig. 3B). The timing of repletion of
the female ticks and of oviposition (both evidence of success-
ful mating) corresponded with the interval from female/
control male pairings rather than with the earlier, apparently
unsuccessful, mating with the treated males. The weight of
female ticks fell into two different groups (P < 0.0005) that
probably reflected mating with dsSRNA and buffer-injected
males. Six female ticks, which completed feeding on days 5
and 6 after feeding, were smaller (average weight + SD,
242 + 79 mg), while ticks that fed to repletion on the 7th
day were fully engorged (511 4+ 55 mg).

For efficient control, female ticks that had mated with
subolesin dsRNA-injected males would need to be refracto-
ry to subsequent mating with untreated males. Therefore,
in a third series of experiments we tested the hypothesis
that pairing of untreated female ticks with subolesin
dsRNA-injected males would render them refractory to
mating with normal males. Four cells were used on a sheep
infested with D. variabilis ticks in the following groups: Cell
1, 20 untreated females and 20 buffer-injected males; Cell 2,
20 untreated females and 20 subolesin dsRNA-injected
males; Cell 3, same as Cell 2, but at 7 days post-infestation
when females in Cell 1 began to drop off the host, the subo-
lesin dsRNA-injected males were removed and replaced
with 20 buffer-injected males; and Cell 4, 20 untreated
females were allowed to feed for 7 days in the absence of
males, after which twenty untreated males were added. Cell
4 served as a control for Cell 3 by determining whether
females would successfully mate with the males after the
7-day delay. Females from all groups were weighed when
replete or when removed from the host, and oviposition
was evaluated. The results of this experiment demonstrated
that although female ticks paired with subolesin dsRNA-
injected males (Cells 2 and 3), they were not successfully
mated because they failed to feed to repletion or oviposit;
even when untreated males were introduced into Cell 3 at
7 days reproductive failure still occurred (Fig. 4A). That
is females were refractory to mating with normal males if
first exposed to dsRNA-injected ones. Although mating
of the females in Cell 4 was artificially delayed, the number
of females that fed to repletion and oviposited was compa-
rable to that of the controls in Cell 1; adverse effects seemed
to be limited to lower weight gains in these females (Figs.
4A and B). Oviposition of female ticks paired with subole-
sin dsRNA-injected males in Cells 2 and 3 was reduced by
approximately 80% compared to control female ticks in
Cell 1 and 60% to those in Cell 4 (Fig. 4B). The eggs from
ticks in Cells 1 and 4 were fertile and hatched into viable
larvae, but the few eggs produced by females in Cells 2
and 3 failed to hatch. The inhibition of re-mating after suc-
cessful mating is common in Ixodidae tick species [20,21].
The results reported herein suggested that subolesin
dsRNA-injected males attempted to successfully mate with
female ticks. However, although they failed to fertilize the

females, the males apparently rendered the females refrac-
tory to a subsequent mating.

Collectively, these experiments demonstrated the feasi-
bility of control of ticks by the RNAI silencing of a single
gene. Silencing of this gene resulted in greatly reduced fer-
tility of both female and male ticks and complete reproduc-
tive failure in some ticks. This approach to control would
involve transient modification in gene expression that
could be applied to many tick species without the need to
produce transgenic organisms. Classical approaches for
genetic control of ticks such as mutagen-induced and
hybrid sterility have had limited applicability due to techni-
cal difficulties in inducing sterility of male and female ticks
and behavioral factors associated with sterile hybrids
[9,18,22] that were not observed in the experiments
described herein.

Practical use of this gene silencing RNAi method would
require massive production of sterile male and female ticks
for release, and such production may be possible. The
recent demonstration of silencing gene expression through
capillary feeding (CF) of specific dsRNAs in ticks [23],
combined with the application of CF to other tick species
[24], provides a basis for design of methods to mass
produce RNAi-treated ticks. This control method for
ticks could prove to be effective when used alone or in
combination with other methods such as vaccination and
application of specifically targeted acaricides.
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