
 
 

 

ABSTRACT 
 

BISSINGER, BROOKE WITTING. Novel Methods of Hematophagous Arthropod Control. 
(Under the direction of R. Michael Roe). 
 
 

Ticks are important vectors of human and animal diseases. One protective measure 

against ticks is the use of personal arthropod repellents. Here, the history and efficacy of tick 

repellents, discovery of new repellents, and areas in need of attention such as assay 

methodology, repellent formulation, and the lack of information about the physiology of 

repellency are reviewed.  

 Studies were conducted to examine the efficacy of the repellent BioUD with the 

active ingredient 7.75% 2-undecanone, originally derived from wild tomato plants. BioUD 

was compared with 7 and 15% deet using arm-in-cage studies against the mosquitoes Aedes 

aegypti and Ae. albopictus. No differences were found in mean repellency over 6 h after 

application between BioUD versus 7 and 15% deet for Ae albopictus. For Ae. aegypti, no 

differences were found over the same time period for 7% deet. Compared to 15% deet, 

BioUD was less repellent over the 6-h test period. Human subject field trials were conducted 

in North Carolina and Ontario comparing the repellency of BioUD to products containing 25 

and 30% deet. BioUD provided the same repellency or was more efficacious than 25 and 

30% deet, respectively.  

Repellent efficacy of BioUD and 98.1% deet against ticks was examined in the 

laboratory using a choice test between repellent-treated and control filter paper surfaces for 

Amblyomma americanum, Dermacentor variabilis and Ixodes scapularis. BioUD provided 

greater repellency against A. americanum and I. scapularis than deet. No difference was 

found between BioUD and deet against D. variabilis. In head-to-head assays between BioUD 



 
 

 

and deet, undiluted and 50% dilutions of BioUD were more repellent than undiluted deet 

against all three species. A 25% dilution of BioUD was more repellent than deet against A. 

americanum while no differences were found between a 25% dilution of BioUD and deet 

against D. variabilis and I. scapularis. Based on regression analysis, the concentration of 

BioUD required for equivalent repellency to 98.1% deet was 39.5% for D. variabilis and 

29.7% for I. scapularis. A log-probit model could not be constructed for A. americanum from 

the dosages tested.  

Repellency of BioUD was compared to five repellents against A. americanum and D. 

variabilis in two-choice bioassays on treated versus untreated cotton cheesecloth. Overall 

mean percentage repellency against both species was greatest for and did not differ 

significantly between BioUD and products containing 98.1% deet, 19.6% IR3535, and 30% 

oil of lemon eucalyptus. Products containing 5 and 15% Picaridin and 0.5% permethrin were 

also repellent compared to untreated controls but to a lesser degree than BioUD. The four 

most active repellents were directly compared in head-to-head bioassays. BioUD provided 

significantly greater overall mean percentage repellency than IR3535 for A. americanum and 

D. variabilis. BioUD was significantly more repellent than oil of lemon eucalyptus for A. 

americanum but did not differ significantly in repellency against D. variabilis. No 

statistically significant difference in overall mean percentage repellency was found between 

BioUD and deet for A. americanum or D. variabilis. Laboratory trials were also conducted to 

determine the repellent activity of BioUD against D. variabilis on human skin. BioUD 

repelled ticks at least 2.5 h after application to human skin.  

Characterization of the expressed genes in the tick central nervous system could lead 

to a greater understanding of the control of development and reproduction at the molecular 



 
 

 

level. A transcriptome to the female D. variabilis synganglion identified 21,119 unique 

putative gene sequences, of which 7,379 had significant matches to the GenBank 

nonredundant database. Microarray analysis comparing synganglia from unfed, partially fed, 

and mated replete females revealed that 121 of these genes were differentially regulated. 
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Abstract 

 

 Ticks are important vectors of human and animal diseases. One important protective 

measure against ticks is the use of personal arthropod repellents. Deet and the synthetic 

pyrethroid permethrin currently serve as the primary personal protective measures against 

ticks. Concern over the safety of deet and its low repellency against some tick species has led 

to a search for new user-approved, efficacious tick repellents. In this article, we review the 

history and efficacy of tick repellents, discovery of new repellents, and areas in need of 

attention such as assay methodology, repellent formulation, and the lack of information about 

the physiology of repellency.  

 

Keywords: repellent, natural repellent, tick, BioUD, deet, IR3535, oil of lemon eucalyptus, 

permethrin, Picaridin 
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1. Introduction  

 Ticks vector the widest array of disease-causing organisms of all hematophagous 

arthropods and are second only to mosquitoes in their capacity to transmit disease agents of 

importance to human and veterinary health [1]. Tick control and disease prevention are 

largely dependent on the use of chemical acaricides. However, a number of problems are 

associated with acaricide use such as environmental pollution, contamination of meat and 

milk from livestock, development of resistance, and expense, especially in the developing 

world [2-3]. For humans, the most effective means of preventing tick-attachment and 

contraction of tick-vectored disease organisms is by limiting exposure to tick habitat, 

thorough self-examination after contact with tick habitat, and use of personal arthropod 

repellents [4].  

 Arthropod repellents are defined as chemical substances that cause an arthropod to 

make oriented movements away from its source [5]. Deet (N, N-diethyl-3-methylbenzamide) 

has been the most extensively used personal arthropod repellent for over 5 decades and is 

available in a wide range of concentrations and products that can be applied to exposed skin 

or clothing [6] (Table 1). Deet is a broad spectrum repellent that is highly effective against 

several species of mosquitoes [7-8], other biting flies, and chiggers [6]. Deet is also effective 

against ticks [9-10] but is generally considered to be less repellent than permethrin or 

piperidines [9, 11-13].  

 Deet is used annually by approximately 30% of the US population and 25% of the 

people in the United Kingdom [14]. The odor and skin-feel of deet is disagreeable to some 

people and deet reacts with some plastics and synthetic rubber. Adverse health effects 
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attributed to the use of deet have been reported but the number of cases is relatively small 

compared to the number of people who use it [6]. Still, the safety of deet is doubted by some 

[15] promoting development of alternative repellents for the portion of the population that 

chooses not to use deet-based products. Presently two deet alternatives are recommended by 

the Centers for Disease Control and Prevention (CDC) that are labeled for use against ticks 

on human skin by the US Environmental Protection Agency (EPA): IR3535 (3-[N-butyl-N-

acetyl]-aminopropionic acid, ethyl ester) and the piperidine Picaridin (1-piperidine 

carboxylic acid) [16]. The synthetic pyrethroid permethrin is also approved for use on 

clothing for protection from ticks. 

 An ideal repellent should provide protection against a broad spectrum of blood-

feeding arthropods for at least 8 h, be nontoxic, non-irritating, odorless, and non-greasy [17]. 

Such a repellent has yet to be developed. Typically, repellent-discovery has been driven by 

the need to protect military troops from hematophagous arthropods that vector human 

diseases [18]. Increased international travel and the movement of people from urban to rural 

areas now expose many civilians to arthropod-vectored pathogens [19-20] and have 

increased public interest in repellents. Repellent-discovery in part involves sophisticated 

computer-assisted, three-dimensional molecular modeling [19] as well as the traditional 

evaluation of biologically-based compounds [21-26]. While the use of repellents for personal 

protection against mosquitoes has been reviewed before [17, 27], less attention has been 

given to tick repellents. In this review, we examine the past, present, and future discovery 

and use of repellents for personal protection from ticks.  
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2. Sensory perception 

 Ticks locate their host by two mechanisms: ambushing and hunting (or a combination 

of the two strategies as in the lone star tick, Amblyomma americanum (L.)). For the former 

and more common strategy, ticks climb foliage where they wait for a passing vertebrate host 

with their forelegs extended anterolaterally. This behavior, known as questing, facilitates 

location of the host. Questing ticks will cling to a passing animal if direct contact is made [2]. 

Hunting ticks, on the other hand, respond to host stimuli by emerging from their refuges and 

rapidly searching out the host by walking toward the source of the stimuli [1]. Stimuli which 

induce ambush and hunting behavior include carbon dioxide, butyric and lactic acid, 

ammonia (from animal wastes), heat, shadows, and vibrations [1]. Ticks unlike mosquitoes 

lack antennae. Instead, they detect host cues using sensilla located on the tarsi of the front 

legs [28]. 

 Until recently, relatively little research has been conducted to determine how ticks 

detect repellents. Carroll et al. [10] note that most repellency assays for ticks do not 

discriminate between repellency due to olfaction versus that from tactile chemoreception. 

Olfactory sensilla are able to detect vaporized molecules [29], and evidence suggests that 

olfaction is involved at least in part in repellency. For example, in a Y-tube bioassay, Dautel 

et al. [30] showed that nymphal sheep ticks, Ixodes ricinus (L.), that approached a deet-

treated filter paper surface would come within 1-3 mm of the surface but not contact it. 

Additionally, the authors showed in a moving object bioassay (discussed in more detail later) 

that deet was repellent to I. ricinus nymphs at a short (mm) distance. McMahon et al. [31] 

found that the repellent indalone presented in an air stream caused adult tropical bont ticks, 
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Amblyomma variegatum F., to walk in the opposite direction of the source. Carroll et al. [10] 

in their bioassay wrapped repellent-treated fingers in organdy cloth to prevent direct physical 

contact with the repellent. Nymphal A. americanum, and blacklegged ticks, Ixodes scapularis 

Say (formerly I. dammini), were repelled in this assay by both deet and the repellent SS220 

((1S, 2′S)-2-methylpiperidinyl-3-cyclohexen-1-carboxamide) showing that repellency was 

obtained by olfaction alone. Tactile chemoreception also appears to play a role in repellency. 

In a moving object bioassay, IPSS (10% w/v imidacloprid + 50% w/v permethrin spot-on 

solution), was determined to be a contact, but not spatial repellent against adult paralysis 

ticks, Ixodes holocyclus Neumann [32]. The relative importance of olfaction versus tactile 

chemoreception in repellency is currently under appreciated. Until more research is 

conducted in this area, it will be difficult to understand the importance of these two 

mechanisms in the research and development of new repellents in the future.      

 Three major groups of proteins are involved in insect olfaction: odorant receptors, 

odorant binding proteins, and odorant-degrading enzymes [33]. Numerous studies have 

shown that susceptibility to a repellent varies between tick species [9, 23, 34] and life stages 

[11, 13, 35], but the molecular basis for these differences is unknown. The physiology of 

repellency in ticks is poorly understood. The mode of action of deet in mosquitoes has been 

debated for some time. Previously, it was thought that deet inhibited mosquito attraction to 

lactic acid [36]. More recently, Ditzen et al. [37] found that deet inhibited responses to 1-

octen-3-ol. This view was contested by Syed and Leal [38] who showed that mosquitoes 

exhibited no difference in response to 1-octen-3-ol alone or in combination with deet. Syed 

and Leal [38] also showed that deet was repellent to mosquitoes even in the absence of host 
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cues, and odorant receptor neurons were able to respond to deet stimulation directly. Our 

understanding of the mode of action of tick repellents is in its infancy especially as compared 

to insects. A better understanding of the molecular mechanisms of repellent chemoreception 

including the role of the central nervous system would be valuable in advancing our basic 

understanding of the sensory physiology of the acarines and the rational design of next 

generation repellents. 

3. Assay methods for tick repellency 

 One problem in the research and development of new tick repellents is the lack of a 

standardized testing method. Early discovery of repellents sought to rapidly identify broad-

spectrum, non-irritating, non-plasticizing repellents that exhibited long-lasting efficacy, and 

little thought was given to developing a standardized testing method [40]. Even today, a wide 

range of methods is employed when testing tick repellents. Studies differ in the timeframe in 

which repellency is examined, the species and life stages used, the formulation and amount 

of active ingredient tested, applications of repellent to different types of materials that may or 

may not affect repellent volatilization, the use of an animal host or not, the utilization of 

different types of tick behaviors in the bioassay, variability in the consideration of tactile 

versus spatial repellency, and laboratory versus field assay approaches. These variations in 

testing methodology and assay conditions make comparison among studies problematic and 

difficult to relate to the day-to-day real world use of repellents for personal protection. In a 

2004 review, Dautel [40] grouped the methods available for testing putative tick repellents 

into three broad categories: (1) those that are performed in the absence of hosts or host 

stimuli, (2) performed in the presence of host stimuli, and (3) performed using a live host. 
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 Tests conducted in the absence of a host are easy to standardize and can be conducted 

rapidly and at a low cost. For example, Witting-Bissinger et al. [26] and Bissinger et al. [34] 

conducted a simple choice test between a treated and untreated surface in Petri dishes. 

Repellency in this case was determined by the number of ticks found on the treated versus 

untreated surface and compared in separate experiments with ticks in an arena with no 

repellent. Climbing bioassays can be used with ticks that exhibit ambushing behavior. These 

tests use vertical rods [41-43] or strips of fabric [44] treated at some level above the base of 

the vertical climb with a repellent barrier. Ticks that climb past the barrier are considered not 

repelled while those that retreat or fall from the treated surface are repelled. Unlike Petri dish 

bioassays, climbing bioassays confirm that ticks are indeed host-seeking based on their 

questing behavior at the time of the assay. Field tests also can be conducted in the absence of 

a host by comparing the number of questing ticks collected on treated and untreated cloths 

dragged over the ground in tick-infested habitat [24, 45-47]. The laboratory tests mentioned 

here do not place human subjects at risk; however it is important to note that in cloth drag 

tests, the human dragging the cloth is at risk of exposure to tick bites. For all of these assays, 

i.e., the Petri dish, climbing, and cloth drag tests, the procedure is easy to perform, rapid, and 

inexpensive. However, an overestimate of repellency in the absence of host cues is possible 

[40].  

 Tests that incorporate a tick attractant, especially that mimic as close as possible or 

involve an actual host, should more accurately represent the practical use of a repellent. 

Moving-object bioassays and olfactometers where the test compound is presented at a 

distance from the tick can be used to exclusively evaluate spatial repellency. The moving-
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object bioassay [30] uses a heated rotating drum to mimic body heat and movement of the 

host. Compounds are applied to a raised surface on the drum and questing ticks are 

positioned so they can contact the raised portion as it passes. For olfactometers, ticks can be 

provided a choice between the host odorant alone versus host odorant with repellent or a 

choice between air with and without repellent.  In this case, the odorants and repellents 

merge from each arm of the Y-tube presenting the tick a choice. Disadvantages of both the 

rotating drum and Y-tube olfactometer tests are the need for specialized equipment, and for 

the former, only one test run can be conducted at a time [40].  

 The ideal measure of repellency is a field trial in tick-infested habitat comparing 

human volunteers who apply a repellent to their clothing or skin to those who remain 

untreated. This type of study tests the repellent against wild populations of ticks rather than 

laboratory-reared specimens and under the conditions that would be found during practical 

usage. However, such tests are difficult to conduct because of the number of human 

volunteers needed for sufficient replication and time needed to conduct the assay. Animals 

may be substituted for human hosts under field [48] or laboratory conditions [12, 35, 49-50] 

and can be used to directly measure reduction of tick attachment. However, the animals used 

may not be the preferred host of the tick, resulting in an incorrect estimation of repellency 

[40]. Tests using live hosts also place animals and humans at risk to disease transmission and 

require approval by an Institutional Animal Care and Use Committee (IACUC) or an 

Institutional Review Board (IRB), respectively. Laboratory bioassays using a live host can 

reduce the chance of disease transmission if the ticks used are obtained from a disease-free 

colony. Laboratory studies are also useful because they allow control of environmental 
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conditions. Both field and laboratory studies using humans place subjects at risk of allergic 

reactions from tick bites. Additionally, the chemicals used in repellency studies may have 

weakly established toxicity profiles. 

 One compromise to the field test that incorporates host cues is the fingertip assay, a 

modified laboratory climbing bioassay [9-10, 23, 51-52]. The index finger of a human 

subject is treated with a band of repellent proximal to the distal end of the digit leaving the 

finger tip untreated. The finger is positioned vertically with the fingertip touching the center 

of an arena containing ticks. Those that crawl above the treated zone of the finger are not 

repelled while those that retreat or fall off the treated surface are repelled. Similar tests have 

been conducted to simulate natural habitats in the laboratory where the arena may contain 

grass [53] or dry leaf litter, i.e., the simulated forest floor method [54]. The repellent is 

applied to the socks or in a band around the ankles of the subject who stands in the container 

and the number of ticks that cross the treated area is recorded as not repelled.   

 What is greatly needed are comparative studies of the various methods for repellency 

testing, especially studies between practical field tests involving human volunteers or animal 

subjects versus potential laboratory tests without a host that might mimic the field test. One 

such study by Matthewson et al. [55] found a poor correlation of results for different 

compounds in the presence and absence of a host for the red-legged tick, Rhipicephalus 

evertsi evertsi (Neumann). Apparently xenobiotic metabolism, different binding properties 

(to clothing, hair and skin), and trans-epithelial transport can potentially affect the activity of 

a repellent [55]. For this reason, additional research is needed to develop a model laboratory 
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test without the need for a host that can accurately mimic the day-to-day use of repellents for 

personal protection or to control ticks on animals.  

4. The first synthetic repellents 

 Prior to World War I and the emergence of synthetic chemical repellents, arthropod 

repellents were primarily plant-based [56] with oil of citronella being the most widely used 

compound and standard against which others were tested [39]. Three synthetic repellents 

existed before World War II: dimethyl phthalate (DMP) which was discovered in 1929, 

indalone (butyl-3,3-dihydro-2,2-dimethyl-4-oxo-2H-pyran-6-carboxylate) which was 

patented in 1937, and ethyl hexanediol (also known as Rutgers 612) which was made 

available in 1939 (Table 1). These three compounds were later combined into a formulation 

for military use termed 6-2-2 or M-250 (six parts DMP, and 2 parts each indalone and 

Rutgers 612) [39]. Synthetic repellents were developed principally to protect military troops 

from arthropod-borne disease and were heavily researched by the US military during World 

War II.  From 1942-1949, the United States Department of Agriculture (USDA) tested more 

than 7000 compounds for repellent properties. During WWII, thousands of compounds were 

tested for repellency against biting arthropods including mosquitoes and chiggers [18, 57]; 

however little attention was paid to tick repellents [58]. In the mid to late 1940’s and early 

1950’s a number of studies were conducted examining various compounds applied to 

clothing for use against ticks. Some compounds including n-butylacetanilide, n-

propylacetanilide, undecylenic acid, and hexyl mandelate were highly effective against ticks 

but were never commercialized and made available for civilian use [39]. Here the early 
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synthetic repellents that were available commercially are discussed with the inclusion of 6-2-

2 which was available for military use. 

4.1 DMP 

 Dimethyl phthalate was originally developed as a solvent [59]. It exhibits low toxicity 

with no adverse effects observed in rabbits exposed daily to dermal applications of 1,000 

mg/kg and a mouse LD50 of 6,900 mg/kg [59]. DMP is a broad spectrum repellent that was 

used widely from the 1940s to the 1980s before being replaced by other active ingredients. It 

was commonly used in China before being replaced by Quwenling (para-menthane-3,8-diol, 

PMD) and was the standard repellent in India before DEPA (N, N-diethyl-2-phenyl-

acetamide) [59]. 

 Results from studies examining the repellency of DMP were mixed. Adult A. 

americanum were not repelled by DMP applied to uniforms, and although DMP was initially 

effective in preventing attachment of nymphal A. americanum, repellency fell below 50% by 

the third day of testing [53]. In contrast, Brennan [58] found that DMP applied to socks worn 

by human volunteers provided complete protection for four weeks against adult A. 

americanum but gave little protection against the Rocky Mountain wood tick, Dermacentor 

andersoni Stiles. DMP reduced the number of ticks attached to humans by half compared to 

controls when uniforms were treated once in a 5 d period and 5 x fewer ticks were attached 

when uniforms were treated twice in a 6 d period [53]. Hadani et al. [49] examined repellent 

effects of DMP against larval and nymphal Hyalomma excavatum Koch on their gerbil host 

Meriones tristrami Thomas. DMP (applied at 50 mL/animal) provided 50% repellency 

against larvae and nymphs at concentrations of 0.4 and 2.6%, respectively. At the same 
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application rate, 90% repellency against larvae was observed at a concentration of 1.1% and 

7.6% for nymphs. In this study, DMP was less repellent against both life stages than the 

pesticide benzyl benzoate and two isomers of deet. DMP was also repellent against all life 

stages of the fowl tick, Argas persicus (Oken), and brown dog ticks, Rhipicephalus 

sanguineus (Latreille), but less repellent than deet or DEPA [35]. 

4.2 Indalone 

 In general, indalone was considered more effective for the prevention of tick bites 

than other early synthetic repellents, including deet [59]; however in some studies, indalone 

was ineffective [45, 60]. The oral toxicity of indalone is low (mouse LD50 13,700 mg/kg), but 

kidney and liver damage was observed in rodents exposed to indalone for an extended period 

of time [59]. Indalone has also been noted as having an unpleasant smell [53]. 

 Military uniforms treated with indalone provided over 70% protection from adult and 

nymphal A. americanum 2 weeks after treatment [53]. Similarly, indalone provided complete 

protection from nymphal and adult A. americanum and adult I. scapularis for 3 weeks after 

application to socks [53]. Fabric impregnated with an acetone solution of indalone provided 

≥ 90% repellency against A. americanum over 5 d of field-testing, and uniforms impregnated 

with the same solution provided > 90% repellency for 30 d [61].  

 In contrast, Granett and French [45] found that coveralls and cloth drags treated with 

indalone provided only 49 and 76% repellency, respectively, 4 d after treatment compared to 

untreated materials. Additionally, indalone-treated coveralls that were washed twice and 

tested 7 weeks after treatment provided only 39% repellency against the American dog tick, 

Dermacentor variabilis Say [60]. An aerosol formulation of indalone applied to uniforms 
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was also ineffective, providing only 22% repellency against ticks in field trials. However, an 

emulsion formulation provided 83% repellency from 4-6 weeks after treatment [62]. In a 

recent study, indalone presented in an air stream on a locomotion compensator decreased 

attraction of adult A. variegatum to their aggregation-attraction pheromone [31]. 

4.3 Ethyl hexanediol 

 Ethyl hexanediol (EH) like DMP was also developed originally as a solvent [59]. 

Strickman [59] suggested EH may be less useful as a repellent against ticks than with other 

arthropods. Few studies have examined the repellency of EH against ticks. Smith and Gouck 

[53] treated socks with EH and observed complete protection from A. americanum nymphs 

and I. scapularis adults 1 and 3 weeks after treatment, however repellency against nymphal 

A. americanum declined to approximately 50% the fourth week after treatment. Products 

containing EH were eventually removed from US and Canadian markets in 1991 after 

toxicity was observed in laboratory animals [18]. 

4.4 6-2-2 

 Different repellents were mixed to produce 6-2-2 (DMP: indalone: Rutgers 612) in an 

attempt to combine more than one mode of action, extend repellent duration, and broaden the 

range of efficacy [59]. Smith and Gouck [53] performed field trials examining repellency of 

uniforms treated with 6-2-2. The number of ticks attached to human volunteers was 3.2 x less 

for uniforms treated once in a 5 d period with 6-2-2 than for controls. Uniforms treated twice 

with 6-2-2 over a 6 d period provided a 6.4 x lower tick attachment compared to controls. In 

a third trial, uniforms treated with 6-2-2 applied from a sprayer reduced tick attachment 2.6-

3.7 x compared to controls over 5 d [53]. In a laboratory test under simulated natural 
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conditions, 6-2-2 applied to socks worn by human volunteers provided 99-100% protection 

over 4 weeks of testing against A. americanum but provided insufficient repellency against 

D. andersoni [58].  

5. Modern synthetic repellents 

5.1 Deet 

 Use of the early synthetic repellents was overshadowed by the discovery of DEET 

which gradually became the gold standard for arthropod repellents [59]. Over 20,000 

compounds have been screened for repellency against arthropods, yet none have resulted in a 

product of equal commercial success to that of deet with its broad-spectrum range of 

protection and duration of repellency [19]. Deet was formulated as an arthropod repellent in 

1946 [63] and registered for commercial use in 1957. Deet is the active ingredient in the 

majority of commercially available tick repellents used on human skin today and is effective 

against several tick species. For example, deet was 90-100% repellent against a number of 

larval and adult Haemaphysalis spp. on filter paper treated 24 h before bioassays [64]. Deet 

also provided 98% repellency from 10-20 min after application against nymphal A. 

americanum and I. scapularis at 1.6 µmol/cm2 in fingertip bioassays [10]. With this same 

assay approach, deet (0.3 mg/cm2) provided 2.7 h protection against nymphal A. americanum 

but provided <1 h protection against I. scapularis nymphs [9]. A slow-release polymer 

formulation of 33% deet provided 97.65% repellency for 12 h against nymphal A. 

americanum in a simulated forest floor experiment using human volunteers [54].    

  Against some tick species, deet was unable to provide long-lasting protection even at 

relatively high concentrations. Jensenius et al. [65] tested the efficacy of four commercially 
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available lotion formulations of deet against nymphal bont ticks, Amblyomma hebraeum 

Koch. Three deet products containing 19.5, 31.6, and 80% deet repelled ≥90% of A. 

hebraeum 1 h after application, but 4 h after application provided <50% repellency. 

Similarly, Pretorius et al. [66] compared 20% lotion formulations of Picaridin and deet 

against nymphal A. hebraeum and found that overall deet outperformed Picaridin but only 

provided effective protection for 2 h. In field trials, a 33.25% extended duration lotion 

formulation of deet applied to military battle dress uniforms provided 87.5% repellency 

against I. scapularis larvae but only provided 19.1% repellency against nymphs of the same 

species [11]. In the same study, deet was only 50% repellent to adult D. variabilis and 

nymphal and adult A. americanum and provided 61.4% repellency to larval A. americanum 

compared to controls. Deet was not repellent to adult A. variegatum in a study examining 

repellency in the presence of an attractant (an aggregation-attachment pheromone) even 

when presented at 106 times the amount of the attractant [31].    

5.2 Permethrin 

 Permethrin is a synthetic pyrethroid insecticide that was registered in the US in 1979 

and has been widely used for several decades against ticks and other arthropods (Table 1). 

Permethrin provides protection from several species of ticks; however this protection is due 

primarily to its toxicity rather than repellency [67]. Permethrin can be applied to clothing and 

bed nets but should not be applied to skin [1].  

  Permethrin provided better protection than deet in a number of bioassays. For 

example, 0.5% permethrin applied to clothing provided 100% protection against nymphal 

and adult A. americanum [68] and D. variabilis, while a 20% spray of deet provided 85 and 
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94% protection against the same ticks, respectively [69]. Clothing treated with 0.5% 

permethrin also provided 100% protection of all life stages of I. scapularis while 20 and 30% 

deet provided 86 and 92% repellency, respectively, against the three life-stages pooled 

together [70]. On baby mice treated to the point of repellent runoff, permethrin provided 95% 

effective control at a concentration of 0.14% while deet provided the same repellency at a 

concentration of 17.47% against nymphal Ornithodoros parkeri Cooley [50]. Buescher et al. 

[71] also found that permethrin was significantly more potent than deet against O. parkeri. In 

a field study, the number of Western blacklegged ticks, Ixodes pacificus Cooley and Kohls, 

collected from overalls treated with a 0.5% pressurized spray of permethrin did not differ 

significantly from that of untreated overalls [72]. However, ticks collected from treated 

overalls exhibited 100% morbidity/mortality 1 h after contact with treated overalls with 

fewer than 50% of the ticks recovering after 24 h. Similarly, significantly fewer active live 

ticks were collected from uniforms treated with permethrin (0.5% spray or 0.125% 

impregnant) than those treated with an extended-duration formulation of deet (33.25%) [11]. 

 A new method of clothing impregnation using polymer-coating of permethrin onto 

fabric followed by heating to 130ºC increased the longevity of permethrin, which was still 

active after 100 launderings compared to standard dipping methods (US Army Individual 

Dynamic Absorption (IDA)-Kit and Peripel 10 ) [73]. Time to knockdown (inability of tick 

to move or migrate) of laundered treated fabric was measured for nymphal I. ricinus. Fabric 

treated by the factory polymer-coated method exhibited significantly greater knockdown than 

both the IDA-Kit and the Peripel 10 methods of fabric treatment. Complete knockdown of I. 
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ricinus on factory polymer-coated fabric occurred after 7 min for unlaundered cloth and in 

15.2 min after 100 launderings.   

 While toxicity of permethrin can be long-lasting, true repellency is short-lived. Lane 

and Anderson [67] compared repellency of permethrin-treated and untreated cotton surfaces 

and observed that initial repellency of permethrin wore off within 8-15 min for Pacific Coast 

ticks, Dermacentor occidentalis Marx, and within 4-8 min for pajaroello ticks, Ornithodoros 

coriaceus Koch. Some species of ticks appear to be less susceptible to permethrin than 

others. Fryauff et al. [74] exposed camel ticks, Hyalomma dromedarii (Koch), to fabric 

impregnated with permethrin and then placed ticks on rabbits and recorded the time to 

attachment. Interestingly, attachment was greater and more rapid in permethrin-exposed ticks 

than in controls. The authors hypothesized that permethrin induced a premature or excess 

release of a neurosecretory substance that stimulates attachment. The synthetic pyrethroid, 

cypermethrin, stimulated egg development in other tick species, Ornithodoous parkeri and O. 

moubata [reviewed by 75], suggesting that this class of chemistry may actually promote tick 

reproduction and feeding. Mortality in the former studies with H. dromedarrii was low, and 

protection against permethrin may have been due to its thick chitin and cuticle that also 

offers protection from desiccation in the desert environment [76]. Resistance to permethrin 

and other pyrethroids has been observed in the southern cattle tick, Rhipicephalus (formerly 

Boophilus, [77]) microplus (Canestrini) [78-79]. Resistance appears to be due to the presence 

of pyrethroid hydrolyzing esterases [80-82] and a trans-permethrin hydrolyzing 

carboxylesterase [81]. Toxicity of permethrin can also vary with tick age. Eight-week old 
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larval A. hebraeum and brown ear ticks, Rhipicephalus appendiculatus Neumann, were 8.8 

and 1.5 x more susceptible, respectively, to permethrin than 2-week old larvae [83].   

5.3 DEPA  

 DEPA (N, N-diethyl-2-phenyl-acetamide) (Table 1) is a compound with moderate 

oral toxicity (mouse oral LD50 900 mg/kg) [84] and low to moderate dermal toxicity (rabbit 

and female mouse LD50 of 3,500 and 2,200 mg/kg, respectively) [85-86] that was developed 

around the same time as deet. DEPA has recently regained interest and could prove to be an 

important repellent in developing countries because of its low cost, $25.40 per kg compared 

to $48.40 per kg for deet [18]. In India, DEPA is used as a repellent because of the lack of 

availability of 3-methylbenzoic acid, a compound necessary for the manufacture of deet [35].  

 Rabbits treated with 0.3 mL of 25% formulations of deet or DEPA were provided 

>90% repellency against larval R. sanguineus for 15 d after treatment. Deet provided >90% 

repellency against nymphal and adult R. sanguineus for 7 and 5 d, respectively, while DEPA 

provided the same repellency for 5 d against nymphs and 4 d against adults. Hens treated 

with 0.3 mL of 25% deet or DEPA were provided 11 and 7 d of >90% repellency, 

respectively, against larval A. persicus. Twenty-five percent treatments of deet or DEPA 

provided >90% repellency against A. persicus nymphs for 5 d and the same repellency 

against adult A. persicus for 4 d [35].    

5.4 Piperidines 

 Some repellents have been developed based on piperidine, a colorless organic 

compound with a peppery odor. The structural motif is present in piperine, the alkaloid that 

gives pepper (Piper spp.) its hot flavor [27]. AI3-37220 (cyclohex‐3‐enyl 2‐
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methylpiperidin‐1‐yl ketone) is a piperidine derivative whose insect repellent properties 

were first described by McGovern et al. in 1978 [87]. In field studies against adult and 

nymphal A. americanum, AI3-37220 provided significantly greater overall protection than 

deet [13]. Both repellents provided 100% repellency against nymphs immediately after 

application; however 5 h later deet provided <60% repellency while AI3-37220 provided 

>90% repellency. Against adults, AI3-37220 provided >95% repellency immediately after 

application compared to approximately 85% repellency for deet. After 6 h, AI3-37220 

provided approximately 80% repellency and deet <50% repellency. AI3-37220 also provided 

greater repellency than deet against A. americanum in vertical climbing bioassays but was 

slightly less repellent than deet against I. scapularis [88].   

 AI3-37220 is a racemic mixture with two asymmetrical centers. Achiral synthesis 

yields a mixture of four stereoisomers. The 1S, 2’S stereoisomer is the most effective against 

mosquitoes [89] and has been formulated into a compound called SS220 or Morpel 220. 

Rabbits treated with 20% Morpel 220 were completely protected from attachment by A. 

americanum for up to 72 h. Morpel 220 also significantly reduced attachment by adult D. 

variabilis compared to controls 72 h after application, although no difference in attachment 

was observed between Morpel 220-treated rabbits and controls at 0, 24, and 48 h [12]. SS220 

provided 94% repellency against A. americanum and 100% repellency against I. scapularis 

in fingertip bioassays at concentrations of 0.8 µmol/cm2 [10]. When applied at a rate of 155 

nmol/cm2, SS220 repelled 100% of I. scapularis nymphs and 84% of A. americanum nymphs 

in fingertip bioassays [23]. A 20% cream formulation of SS220 provided 100% repellency 

for 12 h against nymphal A. americanum in a simulated forest floor experiment [54]. In tests 
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against nymphal I. scapularis, the effective concentration to repel 95% of the nymphs was 

32.6 ± 3.9 nmol/cm2 (the EC95 ± SE) for SS220 compared to 58.4 ± 62.4 nmol/cm2 for deet 

[23].   

 Schreck et al. [9] tested a number of piperidine compounds against nymphal A. 

americanum and I. scapularis. A compound similar to AI3-37220, 1-(3-cyclohexenyl-

carbonyl) piperidine (AI3-35765), provided the longest duration of protection against A. 

americanum (4 h, 1.5 x longer than deet). Five other piperidine compounds provided between 

2.3-3.0 h protection against A. americanum. However, none of the compounds tested 

provided >1 h protection time against I. scapularis.   

 Picaridin (1-piperidine carboxylic acid) (also known as Bayrepel®, KBR 3023, and 

Icaridin) is a colorless, nearly odorless piperidine analog that was developed by Bayer in the 

1980’s using molecular modeling [18, 90] (Table 1). Picaridin became commercially 

available in the US in 2005 [91]. The compound exhibits low toxicity and is not a skin 

sensitizer [90]. In trials against nymphal A. hebraeum, 20% Picaridin provided effective 

repellency for 1 h; however repellency declined to approximately 55% from 2-4 h after 

application [66]. In a simulated forest floor experiment, a 20% cream formulation of 

Picaridin provided 100% repellency against nymphal A. americanum for 12 h [54].  

6. Plant-based repellents 

 Renewed interest in plant-based arthropod repellents was generated after the US EPA 

added a rule to the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) in 1986 

exempting compounds considered to be minimum risk pesticides [92]. Recently a large 

number of studies have emerged examining biologically-based repellents for use against ticks 
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and other arthropods [21-26, 34, 52, 97-98, 101, 128]. Increased interest in biologically-

based repellents is also likely a response to the public perception that synthetic insect 

repellents such as deet are unsafe [15]. Additionally, registration of biologically-based 

repellents by the US EPA is generally more rapid than registration of synthetic compounds. 

Biopesticides (the term used by the EPA for naturally occurring substances that control pests) 

are often registered in less than one year while conventional pesticides are registered in an 

average of three years [93]. 

 Plants produce numerous secondary compounds that serve as repellents, feeding 

deterrents, or toxicants to phytophagous insects [94]. Defensive phytochemicals are grouped 

into 5 broad categories: growth regulators, nitrogen compounds, phenolics, proteinase 

inhibitors, and terpenoids [27]. The vast majority of phytochemicals that have been tested for 

repellency against ticks are terpenoids. A number of plants and essential oils from plants also 

exhibit repellent properties against hematophagous arthropods including ticks (Tables 2 and 

3).  

6.1 Terpenoids 

 Terpenoids are a structurally diverse assembly of compounds that make up the largest 

group of secondary plant chemicals [95] and are involved in defense against herbivorous 

arthropods and pathogens [96]. Terpenes are derived from units of isoprene and are classified 

sequentially as chains of isoprene (hemi-, mono-, sesqui-, di-, etc.) [27]. Plant-derived 

terpenoids are repellent against several species of ticks. For example, Dautel et al. [30] found 

that I. ricinus nymphs spent significantly less time on filter paper treated with 1 mg/cm2 of 

myrtenal, a bicyclic terpene that is a constituent of the essential oil of a number of plants 
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including citronella, Cymbopogon nardus (L.) Rendle, peppermint, Mentha x piperita L., and 

lemon balm, Melissa officinalis L. [27] than on untreated controls. Tunόn et al. [22] tested 

whole and fractioned compounds from the extract of southernwood, Artemisia abrotanum L., 

and the essential oil from the carnation flower, Dianthus caryophyllum L., against nymphal I. 

ricinus. Eight hours after treatment, the monocyclic terpene eugenol isolated from both plants 

provided >90% repellency while the acyclic terpene alcohol β-citronellol isolated from 

carnation flower oil provided 84.1% repellency. Similarly, oil of citronella, containing 

citronellol and geraniol repelled 83% of I. ricinus nymphs after 8 h, and lily of the valley 

essential oil which also contains citronellol provided 67% repellency 8 h after application to 

filter paper [97]. Eugenol isolated from fractioned sweet basil, Ocimum basilicum (L.) 

provided equivalent repellency to deet against I. ricinus in Petri dish bioassays at 100 and 

1000 µg doses but was less repellent at a 10 µg dose. In bioassays where treated or untreated 

filter paper were held in the palm of a human subject’s hand, eugenol was repellent compared 

to controls but was less repellent than equivalent doses of deet [25]. Thorsell et al. [97] found 

that 10% clove oil, which contains high amounts of eugenol, provided 78% repellency while 

10% deet provided 71% repellency against I. ricinus nymphs for 8 h.  

 Pållson et al. [98] tested constituents in the essential oil from the flowers of aromatic 

tansy, Tanacetum vulgare L., against nymphal I. ricinus. Several terpenoid compounds 

(Table 3) and one blend of compounds provided greater percentage repellency than hexane 

controls with mean percentage repellencies ranging from 64.3-71.5%. Extracts and oils of 

wormwood, Artemisia absinthium L., sweetgale, Myrica gale L., and marsh tea, 

Rhododendron tomentosum (Stokes) were also tested against nymphal I. ricinus [46]. 
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Monoterpenes isolated from M. gale were active; however, the extracts provided < 50% 

repellency. A 10% dilution of R. tomentosum produced 95.1% repellency while an ethyl 

acetate extraction of A. absinthium provided 78.1% repellency. The primary volatile 

compounds identified in A. absinthium and R. tomentosum were the terpenes, myrtenyl 

acetate (77.8%) and (3Z)-hexanol (18.3%), respectively.  

 Two terpenoids, callicarpenal and intermedeol, isolated from American beautyberry, 

Callicarpa americana L. and Japanese beautyberry, C. japonica Thunb. have activity against 

ticks. Using a fingertip bioassay, Carroll et al. [23] compared deet and SS220 to callicarpenal 

and intermedeol against nymphal A. americanum and I. scapularis. Against A. americanum, 

only SS220 and intermedeol provided significant repellency compared to controls while all 

four compounds were highly repellent (≥96%) against I. scapularis. In dose-response tests, 

SS220 provided the greatest repellency against I. scapularis, however no difference in 

repellency was found between callicarpenal, intermedeol, and deet. Callicarpenal applied to 

cloth provided 100% repellency against I. scapularis 3 h after application; however 

repellency fell to 43.3% at 4 h [23]. 

 Essential oil and fractioned compounds from the Alaska yellow cedar, 

Chamaecyparis nootkatensis (D. Don) Spach., possess acaricidal activity against I. 

scapularis nymphs [99-100]. Dietrich et al. [101] isolated 14 compounds classified as 

monoterpenes, eremophilane sesquiterpenes, and eremophilane sesquiterpene derivatives 

from the essential oil of the heartwood of Alaskan cedar. After an initial screening for tick 

repellency, the four most repellent compounds were compared to deet against nymphal I. 

scapularis in in vitro studies. No significant difference in the RC50 (concentration that 
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produces 50% repellency) was found 4 h post-treatment between deet and the compounds 

carvacrol, nootkatone (derived from grapefruit oil but found in Alaskan cedar), nootkatone 

1→10 epoxide, and valencene-13-ol.   

 Isolongifolenone is a sesquiterpene compound found in the South American tree, 

Humiria balsamifera St. (Aubl.) [52]. In fingertip bioassays, both isolongifolenone and deet 

applied at 78 nmol compound/cm2 repelled 100% of I. scapularis nymphs. Isolongifolenone 

and deet were less repellent against A. americanum compared to I. scapularis, repelling only 

80% of the nymphs at a concentration of 78 nmol compound/cm2 [52].  

6.2 Plant growth regulators 

 Methyl jasmonate is a volatile compound involved in the regulation of plant growth 

and development that is found in the essential oil of a number of plants [102]. Garboui et al. 

[24] tested different concentrations of methyl jasmonate on cotton cloth against nymphal I. 

ricinus. Methyl jasmonate at a concentration of 0.3 and 0.75 mg/cm2 provided 92 and 99% 

repellency, respectively, compared to untreated controls. Field trials were also conducted to 

compare repellency between treated and untreated flannel cloth drags. Cloth treated with 0.2 

mg/cm2 methyl jasmonate exhibited 80.9% repellency on the first day of testing; however 

repellency dropped to 28.5% on the second day with the same cloth that was tested.   

 Plant essential oils are generally less efficacious and provide an acceptable level of 

protection for less time after application than deet or permethrin because of their high 

volatility [27, 103]. This problem can be overcome by the use of higher concentrations. 

Jaenson et al. [21] showed that 1% diluted oils from R. tomentosum did not provide 

significant repellency against nymphal I. ricinus; however, 10% produced 95% repellency. In 
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a separate study, low repellency was observed against nymphal I. ricinus at 1% for geranium, 

Pelargonium graveolens L’Hér. ex Aiton, and lavender, Lavandula angustifolia Mill., oils 

and 100% repellency for 30% concentrations [46]. Similar results were obtained in climbing 

bioassays testing lavender essential oil against adult coarse-legged ticks, Hyalomma 

marginatum rufipes Koch, where the duration of repellency was dose-dependent with 20% 

concentrations of lavender oil providing 100% repellency for 50 min and a 5% concentration 

providing complete protection for only 20 min [104].  

 There is the popular belief that compounds of plant origin are benign and harmless to 

the user [27]. Increasing the concentration of plant essential oils can increase efficacy, but 

high concentrations may also cause contact dermatitis [92]. Additionally, many plant extracts 

that provide repellency against ticks exhibit toxic effects in vertebrates. For example, eugenol 

is an eye and skin irritant and has been shown to be mutagenic and tumerogenic [105]. β-

Citronellol and 2-phenylethanol are skin irritants, and 2-phenylethanol is an eye irritant, 

mutagen, and tumerogen; it also affects the reproductive and central nervous systems [105]. 

It has been suggested that repellent compounds with toxic attributes be used as clothing 

treatments rather than for application directly to human skin [25].   

6.3 Anti-tick pasture plants 

 Acaricides are the primary control method for ticks that parasitize livestock. 

Acaricides are problematic because they are expensive, and their use can lead to pesticide 

resistance, environmental pollution, and residues in meat, milk, and hides [106]. Repellent 

and acaricidal anti-tick pasture plants have been proposed as components of an overall 

integrated tick management program [107]. Essential oils and compounds (Table 3) from 
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repellent pasture plants have been examined mostly against cattle ticks. There is one 

exception, where Carroll et al. [44] studied a related plant species in the genus Commiphora 

against 3 ticks that bite humans. The use of anti-tick pasture plants and their actives to 

prevent tick feeding on humans needs further study.   

 Several grasses have been suggested for use in anti-tick pastures. Thompson et al. 

[108] conducted field trials comparing recapture rates of larval R. microplus released in 

monocultures of 6 pasture grass species. Molasses grass, Melinis minutiflora Beauv. 

exhibited the greatest tick deterrence with greatly reduced tick recapture rates and no re-

infestation. Mwangi et al. [109] observed climbing behavior in the laboratory of R. 

appendiculatus presented simultaneously with stems of molasses grass and Pennisetum 

clandestinum Hochst. ex Chiov. (control). No R. appendiculatus climbed the molasses grass 

while 79.2-93.2% (depending on life-stage) climbed P. clandestinum. In field plots, no larval, 

4.3% of nymphal, and 3.8% of adult R. appendiculatus climbed molasses grass compared to 

76.2, 65, and 73.2% of larval, nymphal, and adults in P. clandestinum. Additionally, 

significantly fewer R. appendiculatus chose molasses grass leaves compared to the control in 

Y-olfactometer trials [109]. Repellency of Gamba grass, Andropogon gayanus Kunth was 

also tested against larval R. microplus [110]. Tick repellent properties were exhibited in 

mature grass 6-12 months old but not in plants 3 months old. The authors note that the 

presence of glandular trichomes on older grass and possibly a volatile compound may be 

responsible for the difference in repellency.   

 Two tropical legumes, Stylosanthes hamata (L.) Taub. and S. humilis Kunth, 

exhibited acaricidal and repellent properties [111]. The plants’ stems and leaves are covered 
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with glandular trichomes that produce a sticky secretion containing toxic volatiles [112]. In 

Y-olfactometer bioassays comparing extracts of different plant parts in various solvents, 

repellency ranged from 70-87% for S. hamata and 68-92% for S. humilis against R. 

microplus larvae [113]. Seventeen compounds were identified using GC-MS from S. hamata 

with linolenic acid being the most abundant. Sixteen compounds were identified from S. 

humilis with the compounds ferrocene and β-sitosterol being the most abundant.  

 A number of African plants have tick repellent properties [107]. Oil from wild basil, 

Ocimum suave Willd (an African shrub) was highly repellent against R. appendiculatus in 

climbing bioassays. No significant difference was found between deet and wild basil oil, and 

mortality occurred in all life stages exposed to O. suave oil [41]. In a climbing bioassay, 

essential oil from the African shrub, Cleome monophylla L. was as repellent as deet at a 0.1 

µL dose against R. appendiculatus but less repellent than deet at lower doses. A number of 

fractioned compounds including carvacrol, 2-dodecanone, 1-α-terpineol, and 3-undecanone 

from C. monophylla essential oil also provided equivalent repellency to deet at a dose of 0.1 

µL. 2-Dodecanone and 1-α-terpineol additionally provided equivalent repellency to deet at 

concentrations of 0.01 and 0.001 µL, respectively [42]. Essential oil from African 

spiderflower, Cleome (Gynandropsis) gynandra (L.) Brig., was also repellent against R. 

appendiculatus. In climbing bioassays, 0.1 µL of C. gynandra essential oil provided 98.9% 

repellency compared to 84.0% repellency for an equivalent amount of deet. However, deet 

was more repellent than C. gynandra oil at 0.0001 µL, providing 70.5 versus 50.5% 

repellency, respectively. Fractioned compounds from C. gynandra (Table 3) were also highly 

repellent against R. appendiculatus providing ≥ 90% repellency at 0.1 µL [43]. Malonza et 
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al. [114] similarly found that nymphal and adult A. variegatum and R. appendiculatus 

avoided contact with C. gynandra leaves used as plugs in glass tubes. Fewer ticks were 

observed contacting C. gynandra leaves compared to tubes plugged with non-absorbent 

cotton wool over a 24 h period. Likewise, in olfactometer trials, significantly more nymphal 

and adult R. appendiculatus moved towards the control arm of a Y-olfactometer plugged 

with cotton wool than to the arm plugged with C. gynandra leaves. In addition to repellency 

by C. gynandra, high levels of mortality were observed in nymphal A. variegatum and R. 

appendiculatus. All R. appendiculatus nymphs died within 6-16 h, and 71% of A. variegatum 

nymphs died after 2 h of continuous exposure to the plant leaves [114].            

 The indigenous Maasai of Kenya and northern Tanzania use plants in the genus 

Commiphora as flea and tick repellents by employing the sap in a topical application or by 

consuming the boiled plant [115]. Gum haggar, Commiphora holtziana Engl. is an East 

African plant traditionally used by farmers as a tick repellent when rubbed on the skin of 

cattle. Birkett et al. [116] tested the resin of gum haggar against larval R. microplus. A 

hexane extract of the resin provided repellency for up to 5 h whereas a second species, C. 

myrrha, was not active. Analysis of the resins showed that C. myrrha contained much lower 

levels of sesquiterpene hydrocarbons assumed to be responsible for the repellency and that 

are abundant in C. holtziana. Kaoneka et al. [117] tested hydrodistilled oil and fractioned 

compounds of C. swynnertonii Burtt against adult R. appendiculatus in a climbing bioassay. 

Ten percent oil of C. swynnertonii repelled 87.3% of the ticks while deet and the fractioned 

compound α-copaene repelled 100%. At 1%, α-copaene and deet also provided 100% 

repellency; however repellency of α-copaene was significantly lower than deet at a 0.1% 
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dose. Carroll et al. [44] tested hexane extracts of gum resin from the shrub Commiphora 

erythraea Engler against A. americanum, D. variabilis, and I. scapularis in climbing 

bioassays on treated cotton cloth. The extract provided 100% repellency against larval and 

adult A. americanum at a concentration of 0.2 mg/cm2 and also provided significant 

repellency compared to controls against D. variabilis and I. scapularis. In addition, greater 

than 80% mortality was observed in A. americanum and D. variabilis exposed to 0.02 

mg/cm2 C. erythraea extract.    

7. Commercially available natural repellents  

 Although a number of plants and plant-compounds are repellent, relatively few have 

been commercialized. In some cases the cost of the extraction of pure bioactive compounds 

is prohibitive, and the yield of these compounds may be low [27]. The active ingredients in 

many commercially available arthropod repellents were originally isolated from a plant or 

other natural source but are mass-produced synthetically. A synthetic preparation can be 

beneficial because of the potential of obtaining high purity and concentration of the active. A 

number of active ingredients commonly found in commercially available tick repellents are 

presented in Table 1. 

7.1 IR3535 

 The repellent IR3535 or EBAAP (ethyl butyl acetyl aminopropionate) is a synthetic 

currently registered as a biopesticide by the US EPA [118] because of its structural 

resemblance to naturally occurring β-alanine (Table 1). IR3535 causes less irritation to 

mucous membranes and exhibits a safer acute oral and dermal toxicity than deet [119], and 

no recorded reports of adverse reactions to the product have been made [18]. IR3535 has 
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been available in Europe since the 1970s but was not available in the US until 1999 [120]. 

Staub et al. [121] examined the effectiveness of a repellent containing both deet and EBAAP 

on human volunteers in field tests in Switzerland where the predominant tick species was I. 

ricinus. The repellent provided 41.1% repellent effectiveness and significantly fewer ticks 

were found attached to repellent-treated volunteers compared to those treated with a placebo. 

Cilek [122] determined that IR3535 was more repellent than similar concentrations of deet 

against nymphal I. scapularis. Carroll et al. [118] tested three controlled release formulations 

of IR3535 against nymphal I. scapularis. A 10% lotion formulation of IR3535 prevented 

ticks from crossing a treated zone on human volunteers for 9.1 h. Twenty percent aerosol and 

pump formulations prevented ticks from crossing the treated region for 11 and 12.2 h, 

respectively. However, when presented in an air stream, EBAAP was unable to inhibit 

attraction of A. variegatum to its aggregation-attraction pheromone [31], which suggests that 

this compound is active as a contact repellent. 

7.2 PMD 

 The monoterpene, para-menthane-3,8-diol (PMD), is the major constituent of the 

byproduct from the distillation of leaves from the Australian lemon-scented gum tree, 

Corymbia citriodora (Hook.) K.D. Hill & L.A.S. Johnson (formerly Eucalyptus maculata 

citriodon) (Myrtaceae) (Table 1). The essential oil from C. citriodora, termed oil of lemon 

eucalyptus, contains citronella, citronellol, geraniol, isopulegol, and delta pinene [27]. 

Essential oil from C. citriodora was determined to provide short-term repellency against 

mosquitoes; however PMD was repellent for a longer duration, likely because of its relatively 
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low volatility [123]. In China, PMD is called Quwenling which translates to “effective 

repeller of mosquitoes” [27].  

 In addition to being repellent against several species of mosquitoes, PMD is also 

repellent against ticks. For example, Trigg and Hill [124] examined attachment of I. ricinus 

nymphs on the ears of rabbits treated with PMD. The proportion of nymphs that fed on rabbit 

ears 43 h after treatment with PMD was greatly reduced compared to untreated ears. 

Additionally, PMD was acaricidal with an average mortality of 77.5% on treated compared 

to 11.6% on untreated ears. In a field test, Gardulf et al. [125] found significantly lower tick-

attachment on skin treated with Citriodiol lemon eucalyptus extract compared to untreated 

controls. However, no significant difference was found between treated and untreated 

volunteers in the number of unattached crawling ticks. Jaenson et al. [46] tested oil of lemon 

eucalyptus and MyggA® Natural, a product similar to Citriodiol that contains 30% oil of 

lemon eucalyptus with a minimum of 50% PMD and small amounts of geranium, lavender, 

and rose extracts against nymphal I. ricinus. Both products provided 100% repellency 5 min 

after the beginning of bioassays. Field trials using cloth drags treated with MyggA® Natural 

or oil of lemon eucalyptus were 74 and 85% repellent, respectively, on the first day of 

testing. A separate field study conducted by Garboui et al. [47] showed that blankets treated 

with two concentrations of MyggA® Natural (3.2 and 4.2 g/m2) and the repellent RB86 (70% 

neem oil containing azadirachtin) significantly reduced the number of I. ricinus nymphs 

collected by dragging compared to untreated blankets. Significantly fewer nymphs were 

collected on blankets treated with 4.2 g/m2 MyggA® Natural than were collected on the other 

two repellent treatments. 
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7.3 2-Undecanone 

 The repellent compound 2-undecanone (methyl nonyl ketone) was originally isolated 

from the glandular trichomes of the wild tomato plant, Lycopersicon hirsutum Dunal f. 

glabratum C. H. Müll [126] (Table 1). Resistance to insect herbivory of L. hirsutum f. 

glabratum is afforded in part by the presence of 2-undecanone. In studies against O. parkeri, 

2-undecanone was ≥ 90% repellent at 100 and 50 µg/cm2 but was not repellent at 10 µg/cm2 

in choice-tests between treated and untreated filter paper [127].  

 The arthropod repellent BioUD® contains the active ingredient 2-undecanone and was 

registered by the US EPA in 2007. In choice tests on treated and untreated filter paper, 

BioUD® with 7.75% 2-undecanone provided significantly greater mean percentage 

repellency than 98.1% deet against A. americanum and I. scapularis and equivalent 

repellency to 98.1% deet against D. variabilis on treated filter paper compared to untreated 

controls [34]. The same formulation of BioUD® was more repellent than 15% deet against D. 

variabilis in head-to-head tests directly comparing the repellents on treated filter paper. 

BioUD® provided high repellency against D. variabilis on treated cotton cheesecloth for 8 d 

after repellent treatments [26] and an average of 93.2% repellency against A. americanum 

over 7 weeks of testing [128]. Additionally, BioUD® was determined to be repellent against 

D. variabilis on human skin for at least 2.5 h after repellent treatment [26]. 

7.4 Dodecanoic acid 

 Dodecanoic (lauric) acid (DDA) is a saturated fatty acid that occurs as the main 

compound in coconut and palm kernel oil (Table 1). The tick repellent product ContraZeck® 

contains 10% DDA. Schwantes et al. [129] tested formulations of 10% DDA against I. 
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ricinus nymphs using the moving object bioassay [30]. Dodecanoic acid in alcohol provided 

a mean repellency of 86.5%. In the same study, ContraZeck® was compared to the coconut 

oil-based repellent Zanzarin® against I. ricinus nymphs and to Autan®, containing the 

synthetic repellent Icaridin, against I. ricinus adults on human skin. From 30-60 min after 

repellent application, ContraZeck® provided 83% repellency and Zanzarin® provided 94% 

repellency; however repellency fell to 63% for ContraZeck® and 75% for Zanzarin® from 

5.5-6 h. When compared to Autan®, Contrazeck® provided greater mean percentage 

repellency at 2, 3, and 6 h after application with repellency ranging from 75.5-88%.    

8. Additional natural repellents 

8.1 Arthropod-based repellents 

 Many vertebrates anoint themselves with chemicals produced by arthropods or other 

organisms. For example, birds and mammals have been observed to rub themselves with 

millipedes that excrete benzoquinones, presumably to repel ectoparasites. The potential for 

use of chemicals produced by arthropods as personal repellents has been known for some 

time and was reviewed by Jacobson in 1966 [130]. More recently, Carroll et al. [131] tested 

3 common benzoquinone millipede defensive secretions in a climbing bioassay against 

nymphal A. americanum. One compound, 2-methoxy-3-methyl-1,4-benzoquinone, provided 

significant repellency compared to controls against A. americanum (100% at a concentration 

of 550 mM). After capuchin monkeys, Cebus apella L. in a Brazilian ecological park were 

observed anointing themselves with formic acid-producing ants, Falótico et al. [51] 

examined the repellency of formic acid and the ants themselves against nymphal Cayenne 

ticks, Amblyomma cajennense (F.) and Amblyomma incisum Neumann, and against adult 
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Amblyomma parvum Aragão. Formic acid applied at an amount that covered human index 

fingers from the first to the third skin fold at a concentration of 50% repelled 100% of A. 

cajennense nymphs, 98.6% of A. incisum nymphs, and 86.1% of A. parvum adults in 

fingertip bioassays. Formic acid however is highly volatile and was effective only for 

approximately 25 min. 

8.2 Vertebrate-produced repellents 

 Some vertebrates produce their own chemicals that provide defense against 

ectoparasites [132]. The crested auklet, Aethia cristatella Pallas, is a seabird that produces a 

volatile citrus-like odorant that is secreted from wick-like feathers [133]. The odorant is 

predominantly comprised of even-numbered saturated and monounsaturated aldehydes [134]. 

These odorants appear to be important in sexual selection with auklets producing higher 

levels of odorant being more attractive. Prospective mating pairs of auklets rub the portions 

of the bodies that they are unable to self-preen (the beak, head, neck, and breast) against the 

wick feathers of one another [133]. A cocktail of odorant components caused a dose-

dependent repellent response in A. americanum in a moving object bioassay. A 10% 

ethanolic solution of octanal, the predominant compound in the auklet secretion, provided 

significantly greater repellency against nymphal A. americanum than blank or ethanol 

controls [134]. A blend of odorant components provided significant repellency compared to 

controls against nymphal seabird ticks, Ixodes uriae (White), a tick that parasitizes auklets. In 

the same experiment, octanal provided highly significant repellency compared to controls. 

Nymphal and adult I. uriae exposed to 5 µL of octanal became moribund within 15 min and 

1 h, respectively [134]. 
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9. Comparative activity of EPA-registered, current commercial tick repellents  

 Bissinger et al. [128] recently conducted comparative studies of the currently 

available (EPA-registered) commercial repellents for personal protection from biting 

arthropods, including ticks and mosquitoes. The activity of 7 products containing 6 different 

active ingredients were compared in laboratory two-choice Petri dish bioassays on cotton 

cheesecloth against A. americanum and D. variabilis (Table 4). The products that gave the 

highest mean percentage repellency against both tick species were BioUD® (7.75% 2-

undecanone, HOMS, LLC Clayton, NC), Cutter® (30% oil of lemon eucalyptus, Spectrum, 

St. Louis, MO), Jungle Juice (98.1% deet, Sawyer Products, Safety Harbor, FL), and Skin-

so-soft Expedition™ Bug Guard Plus (19.6% IR3535®, Avon Products, Inc., New York, NY). 

There was no statistically significant difference in the mean percentage repellency provided 

by these 4 products. Slightly lower mean percentage repellency was provided by Cutter® 

Advanced Outdoorsman (15% Picaridin, Spectrum, St. Louis, MO) against both species. 

Lowest mean percentage repellency against both species was provided by the product 

containing 0.5% permethrin (Premium Clothing insect repellent, Sawyer Products, Safety 

Harbor, FL). The 3 most active repellents were each directly compared to BioUD® in the 

same Petri dish on cotton cheesecloth. BioUD® provided significantly greater overall mean 

percentage repellency than IR3535® for A. americanum and D. variabilis. BioUD® was 

significantly more repellent than oil of lemon eucalyptus for A. americanum but did not 

differ significantly in repellency against D. variabilis. No statistically significant difference 

in repellency was found between BioUD® and deet for either tick species [128]. 
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10. Importance of formulation 

 Repellent activity against ticks is determined by a variety of factors which include the 

rate of evaporation from the site of application, the importance of contact versus spatial 

repellency, the delivery rate to the receptor, and the potency of the compound to elicit 

repellent behavior. At the level of the sensilla, potency is affected by delivery of the repellent 

to the receptor, the affinity of the receptor protein for the repellent, degradation of the 

repellent in the sensilla, and potency (once in the receptor) of eliciting an effective repellent 

behavior. In addition, because repellents need to provide personal protection for extended 

periods of time, a balance must exist between all of the factors important in repellency to 

achieve high levels of activity for 6 h or more. A repellent might be highly volatile and 

therefore highly active for the first 30 min and then the active has been exhausted from the 

treated surface. Conditions such as abrasion, humidity, temperature, and wind also can affect 

the longevity of repellency [18]. Finally, because of the human factor, feel on the skin, the 

amount that can be applied to the skin, smell, and the perception of whether the repellent is 

safe affects use and ultimately whether a person will be protected from tick-borne disease. 

Formulation can play an important role in this equation. For example, an early field study 

showed that indalone formulated as an emulsion provided 83% repellency against ticks for 6 

weeks compared to only 22% provided by an aerosol formulation [62]. Unfortunately, the 

vast majority of published research on tick repellents (discussed earlier) has focused on the 

discovery of active ingredients with less interest in the science of repellent formulation. 

Additionally, due to the proprietary nature of formulation chemistry, information on 

formulations is often difficult for the general research community to obtain.  
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 Many repellents are formulated in alcohol [135]. This could pose a safety hazard to 

users since repellents may be applied outdoors around open flames (camping or cooking 

fires, gas-burning lanterns, etc.) and are flammable. In addition to posing a safety hazard, 

formulation in alcohol can enhance dermal absorption, as is the case with deet [135]. This 

absorption is partially responsible for deet’s short-lived repellent action [136]. A liposomal 

preparation of deet (LIPODEET) was formulated in an attempt to increase the duration of its 

repellent protection. LIPODEET is absorbed into the skin at a 10 x lower rate than deet 

formulated in alcohol [137]. Attachment by adult A. americanum and D. variabilis on rabbits 

treated with 20% formulations of deet or LIPODEET were compared. LIPODEET provided 

complete protection from attachment by A. americanum for 72 h [12]. Compared to controls, 

deet offered no protection from attachment by D. variabilis while LIPODEET-treated rabbits 

had 9 x fewer ticks attached at 24 h and 3.7 x fewer at 72 h. LIPODEET was also acaricidal 

for both A. americanum and D. variabilis. Similarly, Carroll et al. [54] showed that a 

polymer formulation of deet and cream formulations of SS220 and Picaridin provided 

approximately 100% protection against A. americanum nymphs for 12 h. The new polymer-

coating method used to apply permethrin to cloth [73] also could be applied to other active 

ingredients and improved formulation technologies might be a critical factor in the improve 

effectiveness of a variety of repellents already described in the literature including essential 

plant oils.  

11. Future directions 

 Screening of chemical libraries, the bioassay of different biological products from 

plants and animals, the development of structure-activity relationships, and serendipity have 
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historically been critical factors in the research and development of repellents for personal 

protection from the nuisance and vector-borne pathogens associated with tick feeding. Often 

the first objective of these studies has been protection from mosquitoes with ticks as a 

secondary concern. Without question repellents need to have broad spectrum activity to be 

commercially relevant and available to the public. The understanding of the mechanism of 

repellency from spatial versus contact to the molecular basis of odorant reception in ticks has 

fallen far behind that of mosquitoes. For example, over 50 different odorant-binding proteins 

have been identified in the mosquito, Anopheles gambiae Giles [33], while similar work in 

ticks is minimal. The recent sequencing of the I. scapularis genome [138] as well as new 

high throughput DNA sequencing technologies, the ease for the de novo construction of 

transcriptomes from sample sizes as small as a single cell, and advances in bioinformatics 

should lead in the near future to the rapid identification of similar proteins in ticks as well as 

significant advances in our overall understanding of tick repellency at the molecular level. 

Understanding the importance of tactile versus spatial repellency will also be critical. 

Although screening of chemical libraries and the examination of extracts from plants and 

animals will continue to be an important source for new compounds in the future, molecular 

and stereochemical modeling involving odorant transport, binding and degradation proteins 

as well as the development of in vitro and single cell receptor bioassays could also be 

important [19, 33] and at the very least add to our basic knowledge of the mechanism of 

repellency.  

 A critical factor in the development of tick repellents and one that should be 

considered in the future even more so than in the past is the human factor. No matter how 
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effective the repellent, public perception whether based on science or not, can affect repellent 

use and therefore the spread of vector-borne diseases. The growing interest in “green 

technologies” will likely also have an impact on repellent development and use in the future. 

It is the responsibility of the scientific community to understand this issue and be engaged in 

public education about the most effective and safe methods for personal protection. 

Formulation chemistry relative to tick repellents and repellents in general has been an 

understudied area in the scientific literature and might be a critical factor in repellent 

discovery and use in the future. Finally, the development of standardized bioassays for 

repellency that have been validated as substitutes for tests using human volunteers and 

animals are needed to better evaluate the many different repellent compounds described in 

the literature, those to be discovered in the future and to determine relative effectiveness.        
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Table 1. Active ingredients commonly found in commercially available tick repellents  
Chemical Name IUPAC Name CAS 

Number 
Chemical 
Formula 

Structure 

 
deet, 
Diethyl toluamide 

 
N,N-diethyl-3-methyl-benzamide 

 
134-62-3 

 
C12H17NO 

NEt 2Me C

O

 
DEPA, 
N,N-diethyl-2-phenyl-
ethanamide 

N,N-diethyl-2-phenyl-acetamide 2431-96-1 C12H17NO 

Et 2N PhCH 2C

O

 
DMP,  
Dimethyl phthalate 

dimethyl benzene-1,2-
dicarboxylate 

131-11-3 C10H10O4 

OMe

OMe

C

O

C

O
 

Dodecanoic acid,  
Lauric acid 

Dodecanoic acid 8045-27-0 C12H24O2 (CH 2 )10 MeHO 2C
 

 
Indalone 

 
butyl 6,6-dimethyl-4-oxo-5H-
pyran-2-carboxylate 

 
8039-36-9 

 
C12H18O4 

OBu-n
Me

Me

C

O

O

O
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Table 1. Continued 
 
Icaridin, KBR 3023, 
Picaridin 

 
 
1-piperidine carboxylic acid 

 
 
119515-38-7 
 
 

 

 
 

C12H23NO3 

 

Et

Me

C O

O

N
CH

CH2 CH2 OH
 

IR3535, EBAAP 3-[N-butyl-N-acetyl]-
aminopropionic acid ethyl ester 

52304-36-6 C11H21NO3 

Bu-nEtO

Ac

NCH 2CH 2C

O

 

PMD,  
Para-menthane-3,8-diol, 
Quwenling 

(1R,2R,5R)-2-(2-
hydroxypropan-2-yl)-5-methyl-
cyclohexan-1-ol 

81176-88-7 C10H20O2 

Me

Me

Me

HOOH

R
R

R

 
Ethyl hexanediol,  
Rutger’s 612 

2-ethylhexane-1,3-diol 94-96-2 C8H18O2 

n-Pr EtCHCH

CH 2OH OH

 
Permethrin (3-phenoxyphenyl)methyl 3-

(2,2-dichloroethenyl)-2,2-
dimethyl-cycloprop 
ane-1-carboxylate 

52645-53-1 C21H20Cl2O3 Me Me

OPh

Cl 2C CH
C O

O

CH 2
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Table 1. Continued 
 
2-Undecanone, 
Methyl nonyl ketone 

 
 
undecan-2-one 

 
 

112-12-9 

 
 

C11H22O 

 

(CH 2) 8Me MeC

O
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Table 2. Plants that exhibit repellency against ticks, their taxonomic families, tick species repelled, and references 
 
Scientific Name   Common Name  Family   Tick Species   References 
 
Andropogon gayanus  Gamba grass  Poaceae   R. microplus   [108, 110] 
 
Artemisia abrotanum  southernwood  Asteraceae  I. ricinus   [22] 
 
Azadirachta indica  neem tree  Meliaceae  I. ricinus   [47]  
 
Callicarpa americana  American beautyberry Verbenaceae  A. americanum, I. scapularis [23] 
           
Callicarpa japonica  Japanese beautyberry Verbenaceae  A. americanum, I. scapularis [23] 
           
Chamaecyparis nootkatensis  Alaska yellow cedar Cupressaceae  I. scapularis   [99-101]  
 
Cleome/Gynandropsis gynandra  African spider flower Capparidaceae  R. appendiculatus  [43, 114] 
 
Cleome monophylla  spider plant  Capparidaceae  R. appendiculatus  [42]  
 
Commiphora erythraea   sweet myrrh  Burseraceae  A. americanum, D. variabilis, [44] 
          I. scapularis 
 
Commiphora holtziana  gum haggar  Burseraceae  R. microplus   [116] 
 
Commiphora swynnertonii     Burseraceae  R. appendiculatus  [117]  
 
Convallaria majalis   lily of the valley  Liliaceae  I. ricinus   [97]  
 
Corymbia citriodora  lemon-scented gum Myrtaceae  I. ricinus   [46, 124-125]   
            
Cymbopogon spp.  citronella grass  Graminae, Poaceae I. ricinus   [97] 
 
Dianthus caryophyllum  carnation  Caryophyllaceae  I. ricinus   [22] 
 
Humiria balsamifera  oloroso   Humiriaceae  A. americanum, I. scapularis [52]  
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Table 2. Continued 
 
Lavandula angustifolia  lavender   Lamiaceae  H. marginatum rufipes, I. ricinus [46, 104] 
 
Lycopersicon hirsutum f.  wild tomato  Solanaceae  A. americanum, D. variabilis [26, 34, 127-128] 
glabratum         I. scapularis, O. parkeri 
 
Melinis minutiflora  molasses grass  Poaceae   R. appendiculatus  [108-109] 
 
Ocimum basilicum  sweet basil  Lamiaceae  I. ricinus   [25] 
 
Ocimum suave   wild basil  Lamiaceae  R. appendiculatus  [41] 
 
Pelargonium graveolens  geranium  Geraniaceae  I. ricinus   [46]  
 
Rhododendron tomentosum marsh tea  Ericaceae  I. ricinus   [21] 
 
Stylosanthes hamata  Caribbean stylo  Fabaceae  R. microplus   [113] 
 
Stylosanthes humilis  Townsville stylo  Fabaceae  R. microplus   [113]  
 
Syzygium aromaticum  clove   Myrtaceae  I. ricinus   [97] 
 
Tanacetum vulgare  tansy   Asteraceae  I. ricinus   [98] 
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Table 3. Tick repellent compounds isolated from various plants  

 
Compound Name Tick Species Repelled Reference Formula Structure 

 
borneol 

 
I. ricinus 

 
[98] 

 
C10H18O 

 
 
 

Me

Me

Me
HO R

S

R
 

callicarpenal A. americanum,  
I. scapularis 

[23] C16H26O 
 
 
 

Me
Me

Me
Me

CHO

H

R

R
S

R

 
1,8-cineol 

 (eucalyptol) 
I. ricinus [98] C10H18O 

 
 

Me

Me

Me

O
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Table 3. Continued 

carvacrol 

 

 
 

I. scapularis,  
R. appendiculatus 

 
 

[42-43, 101] 

 
 

C10H14O 
 
 
 

 

Pr-i

Me

OH
 

β-Citronellol I. ricinus [22] C10H20O 
 
 
 
 

Me

CMe 2CH CH 2CH 2 CH 2CH 2 CHHO
 

 
α-copaene R. appendiculatus [117] C15 H24 

 
 
 

Pr-i

Me
Me

H

R

S

S

S

S

 
 

coumarin I. ricinus [22] C9H6O2 
 
 
 

OO

 
β-cyclocitral R. appendiculatus 

 
[43] 

 
 
 
 

 
 

C10H16O 
 
 
 

Me

Me

Me

CHO
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Table 3. Continued 

m-Cymene 
 

 
 

R. appendiculatus 
 

 
 

[43] 

 
 

C10H14 
 
 
 
 

 
 

Pr-iMe
 

decanal I. uriae [134] C10H20O 
 
 
 

(CH 2 )8 MeOHC
 

 
 

dodecanoic acid I. ricinus [129] C12H24O2 
 
 
 

(CH 2 )10 MeHO 2C
 

2-dodecanone R. appendiculatus [42]  C12H24O 
 
 
 (CH 2) 9Me MeC

O

 
eugenol I. ricinus [22] C10H12O2 

 
 
 

OMe

HO

CH 2 CH CH 2
 

 
trans-geraniol 

 
R. appendiculatus 

 
[43] C10H18O 

 
 
 Me

Me 2C
OH

E
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Table 3. Continued 

trans-geranylacetone 

 

R. appendiculatus 
 

 
 

[43] 
 

 
          
 C13H22O 

 
 
 

 
 

Me

CMe 2
Me

O

E

 
 
 

(-)-isolongifolenone A. americanum, I. scapularis [52] C15H22O  

MeMe

Me Me

OH

R

S

 
humulene R. appendiculatus [42] C15H24 

 
 
 

 

Me

Me

Me

Me

E
E

E
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Table 3. Continued 

methyl jasmonate  

 
 

I. ricinus 

 
 

[24] 

 
 

C13H20O3 
 
 
 

 
 

Et

OMeO

O

Z

R
R

 
myrtenal I. ricinus 

 
[30] C10H14O 

 
 
 

 

Me

Me

CHO

 
nonanal 

 
R. appendiculatus 

 
[43] C9H18O 

 
 
 

(CH 2) 7Me CHO
 

nerol   
 

R. appendiculatus 
 

 
 

[43] 
 
 

 
 

C10H18O 
 
 
 

 
 

Me
Me 2C OH

Z

 
nerolidol R. appendiculatus [43] C15H26O 

 
 
 

Me

Me

Me 2C

OH

CH 2Z S
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Table 3. Continued 

nootkatone 

 
 

I. scapularis 

 
 

[101] 

 
 

C15 H22 O 
 
 
 

 
 

Me
Me

Me

O

CH 2

S
R

R

 
 
 

nootkatone 1→10 epoxide I. scapularis [101] C15H22O2 

Me
Me

Me

O
O

CH 2

S
R

R

 
octanal A. americanum,  

I. uriae 
[134] C8H16O 

 
 
 

(CH 2 )6 MeOHC
 

 
 

2-phenylethanol I. ricinus [22] C8H10O 
 
 

PhCH 2CH 2HO
 

1-α-terpineol I. ricinus,  
R. appendiculatus 

[42-43, 98] C11H20O 
 
 
 

Et

Me

Me

C

OH
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Table 3. Continued 

 
4-terpineol 

 
 
 

I. ricinus 

 
 
 

[98] 

 
 
 

C10H18O 
 
  
 

 

Pr-i

Me

OH

 
 

thujone I. ricinus [98] C10H16O 
 
 
 

i-Pr

Me

O

S

R
R

 
2-undecanone A. americanum, 

 D. variabilis, 
 I. scapularis, O. parkeri 

[26, 34, 127] C11H22O 
 
 
 (CH 2) 8Me MeC

O

 
 

3-undecanone R. appendiculatus [42] C11H22O 
 
 
 (CH 2) 7Et MeC

O

 
valencene-13-ol I. scapularis [101] C16H26O 

HO
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Table 3. Continued 

verbenol 

 
 

I. ricinus 

 
 

[98] 

 
 

C10H16O 
 
 
 

 
 

Me

Me

Me

OH

 
 

1-verbenone I. ricinus [98] C10H14O 
Me

Me

Me

O

R

R

 
 
Chemical structures were obtained from [139]. 
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Table 4. Overall mean (± 1 SE) percentage repellency of 7 commercially available products from 3-3.5 h after repellent 

application to cotton cheesecloth against Amblyomma americanum and Dermacentor variabilisa  

 

Active ingredient  Product      Mean (± 1 SE) percentage repellencyb 

          A. americanum   D. variabilis 

2-undecanone [7.75%] BioUD® sprayd    98.1 ± 5.2a    97.2 ± 6.1ab 

Deet [98.1%]   Jungle Juicee     91.8 ± 5.2ab    100.0 ± 6.1a 

IR3535 [19.6%]  Skin-So-Soft Expedition™ Bug Guard Plusf 92.6 ± 5.2ab    83.3 ± 6.1ab 

Oil of lemon eucalyptusc Cutter®g     88.4 ± 5.2ab    91.0 ± 6.1ab 

Permethrin [0.5%]  Premium Clothing insect repellente  68.1 ± 5.2c    37.5 ± 6.1c 

Picaridin [5%]   OFF! ® familycare insect repellent IIh  63.0 ± 5.2c    not tested 

Picaridin [15%]  Cutter® Advanced Outdoorsmang  78.2 ± 5.2bc    79.9 ± 6.1b 
a From [128]  
b Means in the same column followed by the same letter are not statistically significantly different (P ≤ 0.05, pairwise comparison) 
c 30% containing approx. 65% p-menthane-3,8-diol 
d HOMS, LLC, Clayton, NC 
e Sawyer Products, Safety Harbor, FL 
f Avon Products, Inc., New York, NY    
g Spectrum, St. Louis, MO 
h S.C. Johnson & Son, Inc., Racine, WI 
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Chapter 2 

 

Novel Arthropod Repellent, BioUD®, is an Efficacious Alternative to Deet 
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Abstract 

 For over 50 years, deet has been the gold standard for arthropod repellents and has 

been an important tool to protect people from disease agents carried by ticks, mosquitoes and 

other arthropods.  However, some people avoid using deet because of concerns about adverse 

health effects.  In 2007, a new repellent, BioUD® with the active ingredient 7.75% 2-

undecanone originally derived from wild tomato plants, was registered by the US EPA.  In 

the current study, repellent efficacy of BioUD® was compared using arm-in-cage studies with 

7 and 15% deet against the mosquitoes Aedes aegypti (L.) and Ae. albopictus Skuse.  No 

differences were found in mean repellency over 6 h after application between BioUD® versus 

7 and 15% deet for Ae albopictus.  For Ae. aegypti, no differences were found over the same 

time period for 7% deet.  Compared to 15% deet, BioUD® mean repellency was lower over 

the 6-h test period.  Human subject field trials were conducted in North Carolina, US and 

Ontario, Canada comparing the repellency of BioUD® to products containing 25 and 30% 

deet.  BioUD® provided the same repellency or was more efficacious than 25 and 30% deet, 

respectively, in these studies.  Laboratory trials were conducted to determine the repellent 

activity of BioUD® against the American dog tick, Dermacentor variabilis (Say), on human 

skin and cloth.  BioUD® repelled ticks at least 2.5 h after application to human skin.  On 

cloth, no differences in mean repellency were found through 8 d after application between 

BioUD® and 7% deet.  In a two choice test for BioUD® versus 15% deet on filter paper, ticks 

spent significantly more time on the deet-treated surface than the BioUD®-treated surface.  

Based on these studies in toto, BioUD® is an efficacious alternative to deet in its repellent 

activity.   
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 Repellents are the most commonly used form of personal protection against biting 

arthropods that transmit human diseases (Becker et al. 2003).  Repellents can either be 

directly applied to the skin or applied to clothing or bed nets for protection against 

hematophagous arthropods (McCain and Leach 2007).  For over 50 years, deet (N, N-diethyl-

3-methylbenzamide) has been the most extensively used active ingredient in topical 

arthropod repellents (Frances 2007).  Although deet is considered safe (Osimitz and Grothaus 

1995; Koren et al. 2003; Sudaken and Trevathan 2003) and effective (Fradin and Day 2002, 

Frances 2007), some people avoid deet because of concerns about adverse health effects or 

its unpleasant smell and feeling on skin (Frances and Debboun 2007).  Herrington (2003) 

surveyed 1,750 residents in 6 Northeastern US states and found that 45.2% of respondents 

believed it was somewhat to very likely that insect repellents in general could make an adult 

“sick”, and 56.2% of respondents with children (n=600) believed it was somewhat to very 

likely that repellents could cause sickness in children.  In a survey by Aquino et al. (2004), 

35% of respondents in British Colombia perceived deet as an environmental hazard and 27% 

disagreed or strongly disagreed that deet was safe for human use.  Based on the wide variety 

of plant extracts found in various repellent products, Gerberg and Novak (2007) infer that 

botanically-based repellent products have gained popularity in recent years in part because of 

the positive public perception of natural compounds.  Plant essential oils (Trongtokit et al. 

2005) and plant-based repellents have been widely available as deet alternatives but are 

generally less efficacious than deet because of reduced repellency in a shorter time after 

application than deet (Fradin and Day 2002; Moore et al. 2007).  Attempts at increasing 

protection time often result in use of higher concentrations, which may lead to contact 
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dermatitis (Barnard 1999).  Currently only three alternatives to deet, two botanical, para-

menthane-3,8-diol (PMD), a distillate by-product of acid-modified lemon eucalyptus oil from 

the plant Corymbia citriodora (Hook.) K.D. Hill & L.A. Johnson (Moore et al. 2007) and 

IR3535 (3-[N-Butyl-N-acetyl]-aminopropionic acid, ethyl ester), and one synthetic, Picaridin 

(KBR 3023), are recommended by the US Centers for Disease Control and Prevention for 

use in the US (Carroll and Loye 2006; www.cdc.gov/westnile).  Additional efficacious 

botanical repellents are needed as alternatives to deet or other synthetic repellents. 

 BioUD® (HOMS LLC, Clayton, NC) is a new arthropod repellent registered by the 

US EPA in April 2007.  The active ingredient in BioUD®, 7.75% 2-undecanone, was 

originally derived from the glandular trichomes of the wild tomato plant Lycopersicon 

hirsutum Dunal f. glabratum C. H. Müll and is a natural plant defense mechanism against 

insect herbivory (Farrar and Kennedy 1987; Kennedy 2003).  Rat acute oral and dermal 

toxicity and rabbit dermal irritation toxicity tests resulted in BioUD® being rated as category 

IV (the lowest toxicity level) by the EPA.  Here we report the repellency of BioUD® 

compared to deet-based repellents against mosquitoes and ticks in laboratory and field 

settings.   

Materials and Methods 

Mosquito arm-in-cage studies 

 Mosquitoes.  Aedes aegypti and Ae. albopictus colonies were established from field-

collected eggs from New Orleans, LA in 2003.  At 6 - 8 month intervals, adults reared from 

field-collected eggs were added to each mosquito colony to sustain genetic diversity.  Larvae 

of both species were reared as described by Trexler et al. (2003).  Mosquito colonies were 
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maintained in separate insectaries at ~28oC, ~75% RH, and a photoperiod of 14 h light:10 h 

dark, including two twilight periods (60 min each).  Adult females used in experiments were 

provided 10% sucrose solution ad libitum and were never allowed to bloodfeed.   

Test substances.  A commercial formulation of BioUD® spray (7.75% 2-undecanone, 

Bite Blocker, HOMS, Clayton, NC), 7% deet (Cutter® Skinsations®, Spectrum, St. Louis, 

MO), and an ethanolic formulation of 98.11% deet diluted to 15% (Sawyer Products, Safety 

Harbor, FL) were used for tests.  BioUD® was provided by Allen Jones of HOMS and deet 

products were purchased at a local retail store.  For all studies on human skin, repellents were 

applied at a rate of 1 ml/600 cm2.  Repellent and control treatments were randomly assigned 

to test subjects on the first day of testing.  Subjects then cycled through each repellent so that 

each subject tested each repellent only once unless otherwise noted in the text.    

 Test procedures.  Trials were conducted using Protocol 276-06-8 approved by the 

NC State University (NCSU) Institutional Review Board (IRB) and all human subjects 

provided written informed consent prior to the study.  The experimental protocol was 

modified from the EPA Product Performance Test Guidelines OPPTS 810.3700 Insect 

Repellents for Human Skin and Outdoor Premises, for IRB approval. 

 The testing method is as follows.  The test area was the surface of the arm from the 

elbow to the wrist (hands were covered with latex gloves).  Test areas were washed with soap 

and water then swabbed with 70% ETOH prior to application of each repellent.  Control arms 

were cleansed in the same manner.   For each test, fifty mated nulliparous host-seeking 

female mosquitoes aged between 6-18 d were released into a square 27,000 cm3 Plexiglas® 

cage with a sleeved opening for insertion of a subject’s arm.  Each subject used a separate 
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cage containing naïve mosquitoes for each test day.  Landing counts were taken at 1 h 

intervals from 1-6 h post-application of each repellent.  Landings were defined as a mosquito 

resting on the subject's forearm for approximately 2 s.  First, the untreated arm was inserted 

into a sleeved opening in the cage and the number of mosquitoes that landed on the arm was 

recorded for 1 min.  Next, the treated arm was then exposed to mosquitoes for 1 min.  One 

observer recorded all landings and instructed each subject to move their arm so that 

mosquitoes would be discouraged from blood-feeding.  Landing counts included multiple 

landings from the same mosquito; however, all repellents tested were evaluated in the same 

manner.  The landing count minimum for each hourly reading was 8 landings in 1 min. on 

the untreated arm.  Control counts falling below the minimum were not included in data 

analyses.  The bioassay was repeated 6 times using 4 subjects (3 males, 1 female) for each 

mosquito species.  Each subject tested all 3 repellents with 2 of the subjects (1 male, 1 

female) testing each repellent twice.   

 Data analysis.  Percentage repellency provided by each repellent was calculated as 

follows: (control count-treatment count / control count) x 100.  Percentage repellency data 

for each subject and treatment were arcsine transformed to achieve approximate normality 

and then analyzed using a repeated measures ANOVA with unstructured error covariance.  

To determine if statistically significant differences in mean percentage repellency (P ≤ 0.05) 

existed between repellents across all time points and at each time point, probability of 

difference values were calculated in least significant difference tests for least square mean 

(LSM) repellencies under the hypothesis Ho: LSM(i) = LSM(j) (SAS Institute 2003).   

 



 
 

 
 80

Mosquito field trials 

Test substances.  In field trial 1, BioUD® spray (7.75% 2-undecanone) and OFF!® 

Active™ IV (25% deet, SC Johnson, Racine, WI) were used.  In field trial 2, BioUD® spray 

(7.75% 2-undecanone) (HOMS, LLC, Clayton, NC), Bite Blocker® Xtreme™ (3% soybean 

oil, 6% geranium oil, and 8% castor oil) (HOMS, LLC, Clayton, NC), and Deep Woods™ 

OFF!® (30% deet, SC Johnson, Racine, WI) were used.  BioUD® and Bite Blocker® Xtreme™ 

were provided by Allen Jones of HOMS and deet products were purchased at local retail 

stores. 

Study site 1.  A repellency trial was conducted on a public nature trail at the Howell 

Woods Environmental Learning Center in Four Oaks, Johnston County North Carolina (NC), 

USA from 20-22 August 2006.   

 Test procedures for study site 1.  Tests were conducted using Protocol 275-06-8 

approved by the NCSU IRB and all human subjects provided written informed consent 

before participating in studies.  Subjects were randomly assigned daily to receive repellent 

treatments or act as controls.  Each repellent was evaluated on 3 different human subjects per 

day.  Three additional subjects received no repellent treatment and served as controls.  The 

following female:male ratios were used: day 1, 5:4; day 2, 4:5;and day 3, 5:4.  The same 

subjects were not necessarily used each day due to availability of volunteers.  Each subject 

wore a mosquito net over their head, long pants, and a long-sleeved shirt with the sleeve of 

the test arm rolled up to the elbow.  The opposite hand was covered with a white cotton 

glove.  The test area was the surface of the arm from the elbow to the wrist and the top of the 

hand.  The palm of the hand remained untreated.  Each subject washed the area to be treated 
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with water and unscented soap prior to repellent application.  The area was then swabbed 

with 70% ethanol and dried with a clean towel.  Untreated arms that served as a control were 

cleansed in the same manner.  Repellents were applied at 1400 h (6 h before dusk).  

 Mosquito landing counts were conducted hourly from 3-6 h after application of 

repellent.  Landings were defined as a mosquito resting on the subject's forearm/hand for 

approximately 2 s.  The number of such landings was recorded by each subject using a hand-

held mechanical counter.  Subjects physically disturbed mosquitoes from probing the skin by 

moving the arm.  One 5 min measurement was made at each of 3 test locations for each 

hourly time point.  Volunteers were spaced approx. 4.5 m apart at each testing location in a 

repeating sequence of treatments and controls.  At the termination of each 5 min trial, the 

study conductor collected mosquitoes from each subject using an aspirator for approximately 

5 min.  Mosquitoes were returned to the laboratory for identification using the keys of Slaff 

and Apperson (1989).  Representative specimens were deposited in the NCSU insect 

museum as vouchers.   

 Data analysis for study site 1.  Percentage repellency provided by each repellent was 

calculated as follows: (control count-treatment count / control count) x 100.  Percentage 

repellency data were arcsine transformed to achieve approximate normality and then 

analyzed separately for each mosquito species using a repeated measures ANOVA with 

unstructured error covariance.  To determine if statistically significant differences in mean 

percentage repellency (P ≤ 0.05) existed between repellents across all time points and at each 

time point, probability of difference values were calculated in least significant difference 
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tests for least square mean (LSM) repellencies under the hypothesis Ho: LSM(i) = LSM(j) 

(SAS Institute 2003). 

 Study site 2.  Trials were conducted in a meadow bordering a mixed 

deciduous/coniferous woodlot adjacent to a marsh, 4 km south of the southern city limit of 

Guelph, Ontario (ON) from 24-26, 31 July - 1 August 2006.  Trials were performed by J. D. 

Heal of Arcturus Testing, Guelph, ON, Canada on a contractual basis to obtain independent 

field results at a different geographical location from North Carolina, using different test 

subjects and different test protocols from those used in study site 1. 

Test procedures for study site 2.  Subjects gave verbal informed consent before 

beginning trials.  Eight subjects participated in tests each day with each repellent tested on 

two different subjects per day (one for each repellent application time) and two additional 

subjects served as untreated controls.  Subjects dressed in identical green overalls, head nets, 

and white cotton gloves.  The test area was the surface of both arms of each subject from the 

elbow to the wrist.  Each day of the evaluation, a subject applied one product to both arms at 

either 1500 or 1700 h (3.5 or 5.5 h before dusk).  During the five evenings of the study, the 

products were evaluated for each application time, on each subject at least once for a total of 

five replications for all products, and at both duration times. 

Subjects were randomly assigned to one of eight positions on a grid at least 10 m 

from each other located within the study site.  Eight 3.5-min biting counts were taken over a 

30 min period.  During each biting count, subjects aspirated all mosquitoes landing and 

probing on both forearms into 150 ml clear plastic vials for species identification.  Following 

biting counts, subjects recorded the number of mosquitoes captured.  Subjects rotated to the 
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next position on the grid within 17 sec when the next 3.5-min biting count began so that each 

subject was at each grid position once each night. 

 Vials containing mosquitoes were transferred to a freezer (-17○C) nightly.  At the end 

of the experiment, mosquitoes were pooled and 150 mosquitoes were randomly selected to 

determine species composition.  Mosquitoes were identified under a dissecting microscope 

using the keys of Wood et al. (1979). 

 Data analysis for study site 2.  Percentage repellency for each 30-min exposure 

period for each product was calculated as previously described.  Mean number of mosquitoes 

biting treated and untreated subjects over the five evenings of the study was compared using 

ANOVA and the Duncan’s Multiple Range Test (SAS Institute 2003). 

Tick laboratory trials  

 Ticks.  Unfed, mixed gender, adult American dog ticks (Dermacentor variabilis Say) 

were obtained from laboratory colonies of D. E. Sonenshine at Old Dominion University 

(Norfolk, VA).  Ticks were fed on New Zealand White rabbits (Oryctolagus cuniculus L.).  

Unfed and engorged ticks were maintained at 26 ± 1°C, 92 ± 1% relative humidity and a 

photoperiod of 14:10 h.  The strain was originally colonized from wild specimens collected 

near Williamsburg and Chincoteague, VA in 1995.   

 Test substances.  Repellency studies on human skin were conducted with BioUD® 

lotion (7.75% 2-undecanone).  Comparative studies were also conducted on cloth with 

BioUD® spray (7.75% 2-undecanone) versus 7% deet (Cutter® Skinsations®), and a two-

choice bioassay was conducted on filter paper with BioUD® spray and an ethanolic 

formulation of 98.11% deet (Sawyer Products, Safety Harbor, FL) diluted to 15%.  BioUD® 
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was provided by Allen Jones of HOMS, and deet products were purchased at a local retail 

store. 

 Skin trial. Trials were conducted using Protocol 277-06-8 approved by the NCSU 

IRB, and all human subjects provided written informed consent before participating in 

studies.  Ticks were enclosed in a 12.6 cm2 arena constructed from a Petri plate lid lined with 

2 layers of cheesecloth with the open-end covered with aluminum screening to prevent the 

ticks from biting the subject but permitting the ticks to make direct contact with the skin.  

Prior to the beginning of each trial, 6 ticks were placed in each arena so that they were 

positioned between the cheesecloth and aluminum screening.  Ticks were held in an 

incubator at 27ºC, 65% RH, and complete darkness for 30 min prior to the beginning of each 

assay.  Tests were conducted at ambient temperature and humidity.   

 The skin on the inner forearm directly below the elbow of each volunteer was 

cleansed with 70% ethanol and allowed to dry.  A permanent marker (Sharpie extra-fine 

point, Sanford Corp., Oak Brook, IL) was used to mark the area where the arena would be 

applied using an empty arena as a template.  An arena containing ticks was applied to the 

untreated marked area on the skin with the screen against the skin and covered with a 0.3 m2 

piece of aluminum foil to exclude light.  Distribution of ticks was recorded after 30 min to 

show that the position of the ticks in the arena was random and not determined by any 

possible unknown environmental stimuli.  Ticks were returned to the incubator after the 30 

min control trial.  Half of the skin in the test area was then treated with 20 μl of BioUD® and 

the arena reapplied 2 h post-application of repellent.  Distribution of ticks was recorded as 
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described for controls.  Repellent trials were replicated 6 times using 3 volunteers (1 female, 

2 males).  Controls were replicated 4 times using the same 3 volunteers.   

 Head-to-head trial.  These studies were conducted at 27ºC, 65% RH, and complete 

darkness (except during the approx. 5 sec to monitor tick distribution).  Ticks were allowed 

to choose either a BioUD®- or deet-treated filter paper surface.  Tests were conducted in 63.6 

cm2 Petri plate lids lined with two 31.8 cm2 semi-circle pieces of filter paper (Whatman no. 

1), each treated with 250 μl of either BioUD® or deet and allowed to dry for 2.5 h at room 

temperature before the start of the experiment.  Six ticks were placed in each arena along the 

line where BioUD® and deet-treated papers met.  Tick distribution was recorded 30 min after 

the beginning of each assay.  Trials were repeated 3 times. 

Cloth trial.  Studies were conducted as previously described for the head to head trial 

but using two layers of cotton cheese cloth cut into two semi-circles (31.8 cm2 each).  Ticks 

were allowed to choose either a treated or untreated cheesecloth surface.  Cloth was treated 

separately with either 65 μl of BioUD® or deet and allowed to dry for 2 h at room 

temperature before beginning bioassays.  Arenas lined completely with untreated cloth 

served as controls.  Six ticks were placed in each arena along the line where BioUD®-treated 

and deet-treated cloth met.  Tick distribution was then recorded 90 min post-introduction.  

Three replicates of each treatment were performed with cloth from each assay being re-

assayed daily for 8 d using naïve ticks.   

 Data analysis.  Tick distribution was converted to repellency indexes (RI) calculated 

as follows: (no. ticks on untreated surface –no. ticks on treated surface) / (no. ticks on 

untreated surface + no. ticks on treated surface).  Repellency indexes of -1 designated 
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repellency, +1 indicated attraction and 0 indicated a neutral response.  RI data for cloth trials 

were analyzed using repeated measures ANOVA.  Statistically significant differences 

between means for effects of treatment x day were separated by calculating probability of 

difference values for least square mean (LSM) repellency indexes under the hypothesis Ho: 

LSM(i) = LSM(j) (SAS Institute 2003).  RI data for filter paper and skin trials were evaluated 

by Chi-square analyses (P ≤ 0.05) (SAS Institute 2003).   

Results and Discussion 

Comparative repellency of BioUD® versus deet in arm-in-cage studies 

 Arm-in-cage studies were conducted to examine the repellency of BioUD® versus 

deet under laboratory conditions.  Deet was used in these studies as the positive control 

because it is recognized as the gold standard for comparison of novel insect repellents and is 

the most widely used active ingredient in commercial insect repellents on the market today 

(Frances 2007).  There was no significant difference found between subjects for trials using 

Ae. aegypti (F = 0.26; d.f. = 5, 10; P = 0.93) or Ae. albopictus (F = 1.87; d.f. = 5, 10; P = 

0.19).   Mean percentage repellency results for these studies using BioUD® with 7.75% 2-

undecanone and 7 or 15% deet against Ae. aegypti and Ae. albopictus are presented in Table 

1.  The overall mean percentage repellency from 1-6 h after treatment with BioUD® did not 

differ significantly from 7% deet (Cutter® Skinsations®) against Aedes aegypti (t = 0.20; d.f. 

= 2, 14.4; P = 0.84) or against Ae. albopictus (F = 2.72; d.f. = 2, 13.9; P = 0.10).  The overall 

mean percentage repellency of BioUD® (mean ± 1 SE) for this same time period differed 

significantly from 15% deet (mean ± 1 SE) against Ae. aegypti (t = 3.78; d.f. = 2, 14.3; P = 

0.002) (Table 1).  No difference was found at 6 h.  BioUD® and 15% deet did not differ 
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significantly in overall mean percentage repellency from 1-6 h after treatment against Ae. 

albopictus (F = 2.72; d.f. = 2, 13.9; P = 0.10).  The overall mean repellencies from 1-6 h for 

these studies against Ae. aegypti and Ae. albopictus, respectively, were 80.4 and 88.2% for 

BioUD®, 80.2 and 94.2% for 7% deet, and 96.6 and 96.8% for 15% deet.  Average mean (± 1 

SE) numbers of mosquitoes landing on controls for 1 min each hour for each repellent 

treatment are presented in Table 2.  In these arm-in-cage studies, BioUD® with 7.75% 2-

undecanone was as efficacious as 7% deet against both mosquito species tested and was also 

as efficacious as 15% deet against Ae. albopictus but not Ae. aegypti, based on overall mean 

percentage repellency. 

Field evaluation of BioUD® versus deet  

 To better understand the performance of BioUD® in a natural setting, repellency 

studies using human subjects were conducted under field conditions in North Carolina 

(USA).  The results are presented in Table 3.  Overall mean percentage repellency did not 

differ significantly (F = 1.59; d.f. = 1, 3.5; P = 0.284) between BioUD® with 7.75% 2-

undecanone (mean ± 1 SE) and commercially available 25% deet (OFF!® Active™ IV) (mean 

± 1 SE) against wild mosquito populations during the 6 h after application to human skin.  

Average mean numbers of mosquitoes landing on untreated controls are presented in Table 3.  

Dominant mosquito species collected from human subjects during field trials were 

Psorophora ferox (von Humboldt) (54.7%) and Ae. atlanticus/tormentor Dyar & Knab 

(=Ochlerotatus  atlanticus/tormentor of Reinert 2000, see Savage and Strickman 2004) 

(23.3%).    
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 An independent analysis of the performance of BioUD® under field conditions was 

also conducted at an entirely different geographical location in Ontario (Canada), using a 

different test protocol from that used in North Carolina (USA), that examined repellency for 

different mosquito species, and which used biting instead of landing counts as a measure of 

repellency.  In these studies, BioUD® provided significantly greater repellency than Bite 

Blocker® Xtreme™ and 30% deet (Deep Woods™ OFF!®) against mosquitoes at 6 h after 

application (P = 0.0001 and P = 0.027, respectively) (Table 3).  BioUD® provided 95.5 and 

95.6% repellency at 4 and 6 h, respectively, compared to untreated controls, while Bite 

Blocker® Xtreme™ provided 93.9 and 53.7%, and deet provided 96.7 and 72.2% repellency, 

respectively (Table 3).  The average mean biting pressure over the 3-day study was 4.3 ± 3.6 

mosquitoes per 3.5 min (Table 3).  The dominant mosquito species collected from subjects 

were Ae. vexans (Meigen) (32%), Ae. euedes Howard, Dyer, & Knab (=Oc. euedes of Reinert 

2000, see Savage and Strickman 2004) (29.3%), and Ae. stimulans (Walker) (=Oc. stimulans 

of Reinert 2000, see Savage and Strickman 2004) (15.3%).  These results showed that 

BioUD® outperformed Bite Blocker® Xtreme™ and a commercially available 30% 

formulation of deet under field conditions representative of the normal use of an insect 

repellent for mosquito protection and by the bioassay methods as described. 

Repellency of BioUD® on human skin against ticks 

Another important use of repellents is to provide protection against ticks.  Ticks in the 

no-choice test moved back and forth on both sides of the test arena, reflecting a repellency 

index approximating 0, indicating a neutral response.  However, BioUD® with 7.75% 2-

undecanone showed statistically significant repellency (Chi-square, P = 0.003) compared to 
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untreated controls against D. variabilis 30 min after the application of ticks to the treated skin 

(2.5 h after application of the repellent) (Fig. 1).  Longer assay times were not investigated.  

Under the conditions and methodologies employed in this experiment, it appears from these 

studies that BioUD® on human skin is repellent to ticks for at least 2.5 h after application. 

Comparative repellency of BioUD® versus deet against ticks 

 It was difficult to conduct a two-choice assay between BioUD® and deet on human 

skin, because the two repellents applied side by side mix during the course of the assay.  

Movement of a single repellent is not as problematic because of the hydrophobic properties 

of the compounds tested.  It was also preferable to conduct these comparative studies on filter 

paper versus human skin to reduce the use of human subjects.  In the head-to-head 

comparison of BioUD® versus deet, ticks found the deet treated surface to be less repellent 

over that of BioUD® 3 h after the application of the repellents as measured by the repellency 

index.  When presented simultaneously with the 2 repellent surfaces, ticks spent significantly 

more time on deet-treated surfaces than on BioUD®-treated surfaces 30 min after the ticks 

were introduced into the test arenas (Chi-square, P = 0.0005) (Fig. 1).  These findings 

indicate that BioUD® is a more potent tick repellent than 15% deet under the conditions of 

this assay.  Whether BioUD® would be the superior repellent on human skin was not 

determined.  Two-choice tests with higher concentrations of deet were not conducted.   

 Comparative repellency of BioUD® versus deet on cotton cloth 

 One common use of insect repellents for personal protection from insects and ticks is 

application to clothing (McCain and Leach 2007).  Repellency results of cloth treated with 

BioUD® with 7.75% 2-undecanone or 7% deet against D. variabilis are shown in Fig. 2.  In 
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control experiments, the repellency index was approximately 0, suggesting that the ticks were 

positioned randomly in the test arena in the absence of a repellent.  The overall mean 

repellency index for BioUD® (mean ± SE) during the 8 d after application to cotton 

cheesecloth did not differ significantly (LSD, P ≤ 0.05) from 7% deet (Cutter® Skinsations®) 

(mean ± SE) against the American dog tick (Fig. 2).  Higher BioUD® repellency was found 

on days 4 and 5 (Fig. 2).  The overall mean repellency indexes for both BioUD® and 7% deet 

were significantly different from the untreated cotton cheesecloth controls over the entire 

incubation period (LSD, P ≤ 0.05).  Time periods greater than 8 d were not investigated.  

These studies suggest that BioUD® with 7.75% undecanone would achieve similar tick 

repellency to at least 7% deet for over a week on cotton clothing.  However, the effect of 

increased temperature from body heat and moisture from perspiration as well as contact with 

other substrates was not considered in these tests.   

 Although deet is an efficacious insect and tick repellent which has been used in many 

different commercial products for many years, public perception whether right or wrong 

indicates that some people believe repellents containing deet are unsafe (Aquino et al. 2004).  

Clearly repellents, no matter how efficacious, will not deter transmission of disease agents by 

insects and ticks if the products are not used by the public.  BioUD® was registered by the 

US EPA as a biopesticide arthropod repellent with repellent activity against mosquitoes and 

ticks in April 2007.  In the current studies, BioUD® was as efficacious as 7 or 15% deet in 

lab studies (depending on mosquito species) and comparable to or more efficacious than 25 

and 30% deet, respectively, in field studies against mosquitoes.  BioUD® repels ticks for at 

least 2.5 h after application to skin, and it provided greater repellency than 15% deet in filter 
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paper assays.  Based on these studies, BioUD® is an efficacious alternative to deet in its 

activity as a repellent.  Its approval for use without restrictions by the EPA and the positive 

public perception of the use of natural plant compounds (Isman 2006, Gerberg and Novak 

2007) may encourage its use and increase human protection from vector-borne diseases.  

BioUD® is also a green technology produced from non-petroleum sources, which may 

promote public acceptance of this technology.  In addition, the repellent is formulated in 

water, is non-flammable, and does not etch plastics. 

 

Acknowledgements 

The authors thank D. E. Sonenshine for providing ticks and C. Brownie for assistance with 

statistical analyses. 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 92

References cited 

Aquino, M., M. Fyfe, L. MacDougall, and V. Remple.  2004. West Nile virus in British 

Columbia. Emerging Infectious Diseases 10:1499–1501. 

Barnard, D.R.  1999.  Repellency of essential oils to mosquitoes (Diptera: Culicidae).  

Journal of Medical Entomology 36: 625-629. 

Becker, N., D. Petrić, M. Zgomba, C. Boase, C. Dahl, J. Lane, and A. Kaiser.  2003.  

Mosquitoes and their control.  Klewer Academic, New York, NY, 498 pp. 

Carroll, S. P. and J. Loye.  2006.  PMD, a registered botanical mosquito repellent with 

deet-like efficacy.  Journal of the American Mosquito Control Association 22: 507-

514. 

Farrar, R. R. and G. G. Kennedy.  1987.  2-Undecanone, a constituent of the glandular 

trichomes of Lycopersicon hirsutum f. glabratum: Effects on Heliothis zea and 

Manduca sexta growth and survival.  Entomologia Experimentalis et Applicata 43: 

17-23. 

Fradin, M. S. and J. F. Day.  2002.  Comparative efficacy of insect repellents against 

mosquito bites. New England Journal of Medicine 347:13–18. 

javascript:popRefLink(16,'B36','10.1056%2FNEJMoa011699') 

Frances, S. P.  2007.  Efficacy and safety of products containing deet, Pp. 311-326.  In: M. 

Debboun, S. Frances, and D. Strickman, Insect Repellents: Principles, Methods, and 

Uses.  CRC Press, Boca Raton, FL, 495 pp. 



 
 

 
 93

Frances, S. P. and M. Debboun.  2007.  User acceptability: public perceptions of insect 

repellents, Pp. 397-404.  In: M. Debboun, S. Frances, and D. Strickman, Insect 

Repellents: Principles, Methods, and Uses.  CRC Press, Boca Raton, FL, 495 pp. 

Gerberg, E. J. and R. J. Novak. 2007.  Considerations on the use of botanically-derived 

repellent products, Pp. 305-310.  In: M. Debboun, S. Frances, and D. Strickman, 

Insect Repellents: Principles, Methods, and Uses.  CRC Press, Boca Raton, FL, 495 

pp. 

Herrington, J. E.  2003.  Pre-West Nile Virus outbreak: perceptions and practices to prevent 

mosquito bites and viral encephalitis in the United States.  Vector-Borne and 

Zoonotic Diseases 3: 157-173. 

Isman, M. B.  2006.  Botanical insecticides, deterrents, and repellents in modern agriculture 

and an increasingly regulated world.  Annual Review of Entomology 51: 45-66. 

Kennedy, G. G.  2003.  Tomato, pests, parasitoids, and predators: tritrophic interactions 

involving the genus Lycopersicon.  Annual Reviews of Entomology 48: 51-72. 

Koren, G., D. Matsui, and B. Bailey.  2003.  DEET-based insect repellents: safety 

implications for children and lactating women.  Canadian Medical Association 169: 

209-212. 

McCain and Leach. 2007.  Repellents used in fabric: the experience of the U.S. military, Pp. 

261-274.  In: M. Debboun, S. Frances, and D. Strickman, Insect Repellents: 

Principles, Methods, and Uses.  CRC Press, Boca Raton, FL, 495 pp. 



 
 

 
 94

Moore, S. J., A. Lenglet, and N. Hill.  2007.  Plant-based insect repellents, Pp. 276-304.  In: 

M. Debboun, S. Frances, and D. Strickman, Insect Repellents: Principles, Methods, 

and Uses.  CRC Press, Boca Raton, FL, 495 pp. 

Osimitz, T. G. and R. H. Grothaus.  1995.   The present safety assessment of deet. Journal 

of the American Mosquito Control Association 11:274-278. 

Reinert, J. F.  2000.  New classification for the composite genus Aedes (Diptera: Culicidae: 

Aedini), elevation of subgenus Ochlerotatus to generic rank, reclassification of the 

other subgenera, and notes on certain subgenera and species.  Journal of the American 

Mosquito Control Association 16: 175-188. 

SAS Institute Inc.  2003.  User’s Guide for SAS® Software Navigator, SAS Institute, Cary, 

NC, 874 pp. 

Savage, H. M. and D. Strickman.  2004. The genus and subgenus categories within 

Culicidae and placement of Ochlerotatus as a subgenus of Aedes.  Journal of the 

American Mosquito Control Association 20: 208-214. 

Slaff, M. and C. S. Apperson.  1989.  A key to the mosquitoes of North Carolina and the 

Mid-Atlantic states. 

Sudaken, D. L. and W. R. Trevathan.  2003.  DEET: A review and update of safety and 

risk in the general population.  Clinical Toxicology 41: 831-839.  

Trexler, J. D., C. S. Apperson, L. Zurek, C. Gemeno, C. Schal, M. Kaufman, E. Walker, 

D. Wesley Watson and L. Wallace.  2003.  Role of bacteria in mediating the 

oviposition responses of Aedes albopictus (Diptera: Culicidae).  J. Med. Entomol.  40: 

841-848. 



 
 

 
 95

Trongtokit, Y., Y. Rongsriyam, N. Komalamisra, and C. Apiwathnasorn.  2005.  

Comparative repellency of 38 essential oils against mosquito bites.  Phytotherapy 

Research 19: 303-309. 

United States Center for Disease Control.  2008.  Updated information regarding mosquito 

repellents. (http://www.cdc.gov/ncidod/dvbid/westnile/resources/uprepinfo.pdf) 

United States Environmental Protection Agency.  1999.  Product performance test 

guidelines,  

 OPPTS 810.3700.  Insect repellents for human skin and outdoor premises. 

Wood, D. M., P. T. Dang, and R. A. Ellis.  1979.  The Insects and Arachnids of Canada 

Part 6: The Mosquitoes of Canada. Agriculture Canada Publication 1686. 390 pp. 

 

 

 

 

 

 

 

 



 
 

 
 96

Table 1.  Mean (± 1 SE) percentage repellency of BioUD®, 7 and 15% deet against Aedes 

aegypti and Ae. albopictus in laboratory arm-in-cage studies.   

 

Time after 

application (h) BioUD®1  7% Deet 2           15% Deet 3 

Aedes aegypti 

   1  96.1 ± 1.2a  98.5 ± 1.2a  99.6 ± 1.2a 

   2  86.7 ± 3.9b  88.7 ± 3.9b  99.5 ± 3.4a  

   3  81.7 ± 3.7b  88.0 ± 3.7b           100.0 ± 3.7a 

   4  79.5 ± 5.0b  73.0 ± 5.0b  96.1 ± 5.0a 

   5  70.1 ± 7.8b  74.7 ± 7.8b  95.2 ± 8.0a 

   6  68.2 ± 8.7ab  58.4 ± 8.7b  89.4 ± 8.7a 

---------------------------------------------------------------------------------------------------------------- 
Aedes albopictus 
   1  94.5 ± 2.3a  98.3 ± 2.3a  99.3 ± 2.4a 

   2  98.3 ± 1.0a  100.0 ± 1.0a           100.0 ± 1.0a 

   3  93.1 ± 3.1a  95.3 ± 3.1a           100.0 ± 3.1a 

   4  79.4 ± 4.6a  94.0 ± 4.6a  96.3 ± 5.0a 

   5  87.4 ± 4.7a  91.0 ± 4.7a  96.6 ± 5.7a 

   6  76.3 ± 7.4a  86.9 ± 7.4a  88.1 ± 8.3a 

 Means within the same row followed by the same letter are not significantly different.  (P ≤ 

0.05, LSD, SAS Institute 2003); 17.75% 2-undecanone, 2Cutter® Skinsations®, 3ethanolic 

formulation 
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Table 2.  Average mean (± 1 SE) number of mosquitoes landing on controls for 1 min each 

hour for each repellent treatment against Aedes aegypti and Ae. albopictus in laboratory arm-

in-cage studies.   

 

Time after 

application (h) BioUD®1  7% Deet 2          15% Deet 3 

Aedes aegypti 

   1  76.2 ± 11.1  58.5 ± 11.1          53.8 ± 11.1 

   2  65.7 ± 8.2  60.1 ± 8.2          36.3 ± 6.6  

   3  71.5 ± 7.7  68.5 ± 7.7          35.0 ± 7.7 

   4  76.7 ± 11.0  71.2 ± 11.0          36.8 ± 11.0 

   5  87.5 ± 10.5  72.0 ± 10.5          43.9 ± 11.4 

   6  79.5 ± 11.5  79.3 ± 11.5          43.8 ± 11.5 

---------------------------------------------------------------------------------------------------------------- 

Aedes albopictus 

   1  24.2 ± 4.4  31.7 ± 8.4          38.0 ± 8.4 

   2  14.3 ± 3.4  26.0 ± 5.4          34.2 ± 3.7 

   3  20.5 ± 4.8  21.7 ± 2.2          39.0 ± 7.6 

   4  25.7 ± 4.0  34.5 ± 8.5          25.0 ± 6.9 

   5  26.0 ± 2.8  28.4 ± 3.3          32.7 ± 7.5 

   6  16.7 ± 3.2  30.0 ± 10.2          26.3 ± 10.9 

 17.75% 2-undecanone, 2Cutter® Skinsations®, 3ethanolic formulation 
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Table 3.  Average mean (± 1 SE) number of mosquitoes landing on controls and mean (± 1 SE) percentage repellency of BioUD®, 

Bite Blocker® Xtreme™, 25 and 30% deet against mosquitoes.  Four Oaks, NC (USA) and Guelph, ON (Canada). 

   Time after  Mean number of   BioUD ®2  Bite Blocker®  Deet 4 

    application (h) landings on control1     Xtreme™ 3 

 

North Carolina5 

   3   11.0 ± 2.4   98.4 ± 8.2a   n/a            100.0 ± 8.2a

   4   13.2 ± 3.6   94.2 ± 8.2a  n/a   99.0 ± 8.2a 

   5   19.3 ±5.5   92.2 ± 8.2a  n/a   99.7 ± 8.2a

   6   12.7 ± 3.2   79.0 ± 8.2a  n/a   95.8 ± 8.2a 

------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Ontario6 

   4   4.3 ± 3.6   95.5 ± 2.0a  93.9 ± 3.3a            96.7 ± 1.2a

   6   4.3 ± 3.6   95.6 ± 3.0a  53.7 ± 17.2c            72.2 ± 5.2b  

 

Means within the same row followed by the same letter are not significantly different.  (P ≤ 0.05, LSD, SAS Institute 2003)  

1Per 5 min for NC trials, per 3.5 min for ON trials,  27.75% 2-undecanone, 33% soybean oil, 6% geranium oil, and 8% castor oil, 

4OFF!® Active™ IV (25% deet) used in NC trials; Deep Woods™ OFF!® (30%) deet used in ON trials, 5Percentage repellency 

based on landing counts, 6Percentage repellency based on biting counts 
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Figure 1. (upper) Pooled (over 4 and 6 replicates, respectively) tick distribution on untreated 

human skin and skin treated with BioUD® lotion versus an untreated control 2.5 h after 

repellent application; (lower) Pooled (over 3 replicates) tick distribution on untreated filter 

paper and filter paper 3 h after treatment with  BioUD® spray or 15% DEET.  17.75% 2-

undecanone; 2ethanolic formulation 
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Figure 2. Repellent activity (RI ± SE) of BioUD®- and 7% deet-treated cheesecloth 

compared to untreated cotton cheesecloth 90 minutes after introduction of Dermacentor 

variabilis to test arenas over 8 days.  RI values of -1 represent high repellency, 0 represent 

neutrality and 1 represent attractiveness.  17.75% 2-undecanone, 2Cutter® Skinsations® 
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Chapter 3 

 

Efficacy of the New Repellent BioUD® Against Three Species of Ixodid Ticks 
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Abstract 

 BioUD® with the active ingredient 2-undecanone originally derived from wild tomato 

plants is a new repellent recently registered by the US EPA.  Repellent efficacy of BioUD® 

(7.75% 2-undecanone) and DEET (98.11%) was examined in the laboratory using a choice 

test between repellent-treated and control filter paper surfaces for Amblyomma americanum, 

Dermacentor variabilis and Ixodes scapularis.  BioUD® provided greater repellency against 

A. americanum and I. scapularis than DEET.  No difference was found between BioUD® and 

DEET against D. variabilis.  In head-to-head assays between BioUD® and DEET, undiluted 

and 50% dilutions of BioUD® were more repellent than undiluted DEET against all three 

species tested.  Similarly, a 25% dilution of BioUD® was more repellent than DEET against 

A. americanum while no differences in mean percentage repellency were found between a 

25% dilution of BioUD® and DEET against D. variabilis and I. scapularis.  Based on 

regression analysis, the concentration of BioUD® required for equivalent repellency to 

98.11% DEET was 39.5% for D. variabilis and 29.7% for I. scapularis.  A log-probit model 

could not be constructed for A. americanum from the dosages tested.  Based on filter paper 

head-to-head assays, BioUD® is at least 2 to 4 times more active as a repellent than DEET 

against three species of Ixodid ticks under the conditions of our laboratory bioassays.   

 

Keywords:  arthropod repellent, BioUD, DEET, ticks, undecanone 
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 Ticks are responsible for transmitting the majority of vector-borne disease agents in 

the United States, and the incidence of tick-borne disease in humans is increasing as more 

people move from urban to rural areas (Spach et al. 1993).  Four genera of Ixodid ticks 

vector human pathogens in the US: Amblyomma, Dermacentor, Ixodes (Gayle and Ringdahl 

2001), and Rhipicephalus (Demma et al. 2005).  The lone star tick, Amblyomma americanum 

(L.) is a carrier of and may be able to transmit several different pathogens that can cause 

disease in humans including Ehrlichia chaffeensis and E. ewingii (Varela et al. 2004).  The 

American dog tick, Dermacentor variabilis Say, is the key vector of Rickettsia rickettsii that 

causes Rocky Mountain spotted fever in the eastern United States and D. variabilis is also 

capable of causing tick paralysis.  The black-legged tick, Ixodes scapularis Say, is the 

primary vector of the Lyme disease spirochete, Borrelia burgdorferi, in the Eastern, 

Midwestern and South Central United States.  Ixodes scapularis is also a vector of the 

causative agent of human babesiosis, Babesia microti, and of human granulocytic 

anaplasmosis, Anaplasma phagocytophilum, formerly E. phagocytophila (Dumler et al. 2001; 

Sonenshine et al. 2002).     

 The most effective means of preventing tick-borne disease is to prevent tick bites by 

application of an arthropod repellent to clothing and skin, and by careful examination of the 

body and prompt removal of ticks after exposure to an infested area (Centers for Disease 

Control 2005).  The most widely used arthropod repellent is DEET (N, N diethyl-m-

toluamide) (Frances 2007).  DEET has been shown to be highly effective against mosquitoes 

but can be less repellent against ticks when compared to permethrin or piperidine repellents 

(Evans et al. 1990; Salafsky et al. 2000; Schreck et al. 1995; Solberg et al. 1995).  
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Additionally, the safety of DEET is doubted by some people (Aquino et al. 2004), and as a 

precautionary measure, DEET should not be used on children under two months of age (U.S. 

Centers for Disease Control 2004).  The synthetic pyrethroid permethrin is also available for 

use against ticks as a repellent and acaricide for use on clothing but is not approved by the 

EPA for application on skin (Sonenshine et al. 2002).  Currently only two repellent 

alternatives to DEET are recommended by the Centers for Disease Control and Prevention 

for use on human skin for protection from ticks: IR3535 (3-[N-Butyl-N-acetyl]-

aminopropionic acid, ethyl ester) and Picaridin (2-(2-hydroxyethyl)-1-piperidinecarboxylic 

acid 1-methylpropyl ester).  However, DEET continues to be the gold standard for repellents 

and is commercially the most widely available and well-known product against which other 

repellents are often compared.   

 Prior to the discovery of the synthetic chemical repellents such as DEET, botanical 

oils were used for personal protection from biting arthropods (Novak and Gerberg 2005).  

Based on the wide variety of plant extracts found in various repellent products, Gerberg and 

Novak (2007) recently concluded that botanically-based repellents are regaining popularity.  

This is in part due to the positive public perception of natural compounds.  A number of plant 

essential oils have been shown to have repellent properties against ticks (Ndungu et al. 1995; 

Lwande et al.1998; Thorsell et al. 2006; Tunón et al. 2006).  However, plant essential oils are 

generally less efficacious and provide an acceptable level of protection for less time after 

application than DEET (Fradin and Day 2002; Moore et al. 2007).  The use of higher 

concentrations can often overcome this problem.  Jaenson et al. (2005) showed that 1% 

diluted oils from Rhododendron tomentosum (Stokes) did not provide significant repellency 
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against nymphal I. ricinus L.; however, 10% produced 95% repellency.  In a separate study, 

Jaenson et al. (2006) observed low repellency against nymphal I. ricinus for 1% geranium 

and lavender oils and 100% repellency for 30% concentrations.  While increasing the 

concentration of plant essential oils can increase efficacy, high concentrations can also lead 

to contact dermatitis (Barnard 1999).   

 Safe and efficacious plant-based repellents are needed to protect people that choose 

not to use products containing DEET or other synthetic repellents.  In 2007, the arthropod 

repellent BioUD® (HOMS, LLC, Clayton, NC) was registered by the US Environmental 

Protection Agency for use against mosquitoes and ticks.  The active ingredient in BioUD® is 

the 11-carbon methyl ketone, 2-undecanone that was originally isolated from the glandular 

trichomes on the stems and foliage of the wild tomato plant, Lycopersicon hirsutum Dunal f. 

glabratum C. H. Müll (Farrar and Kennedy 1987).  Resistance of L. hirsutum f. glabratum to 

insect herbivory is due in part to the presence of 2-undecanone (Kennedy 2003).  Witting-

Bissinger et al. (2008) showed BioUD® was an efficacious repellent against D. variabilis in 

laboratory studies on treated human skin, cloth and filter paper.  The rat acute oral and 

dermal toxicity and rabbit dermal irritation toxicity tests resulted in BioUD® being rated as 

category IV (the lowest toxicity level) by the EPA.  Additional research was conducted here 

to evaluate the repellency of BioUD® against three tick species (A. americanum, D. 

variabilis, and I. scapularis) important in disease pathogen transmission and to determine 

quantitative differences in tick repellency between BioUD® (7.75% 2-undecanone) and 

DEET (98.11%) under controlled laboratory conditions.    
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Materials and Methods 

 Ticks.  Naïve, unfed, host-seeking (as determined by raised forelegs in response to 

the investigator’s breath), mixed sex, adult ticks were used in all trials.  Amblyomma 

americanum were collected from wild populations in Chatham County, NC, USA on 17 

April and 13 June and in Wake County, NC, USA on 10 June 2008.  The American dog tick, 

D. variabilis, was reared as previously described (Sonenshine, 1993) from specimens 

originally collected near Richmond, VA, USA.  Ixodes scapularis were purchased from the 

Oklahoma State University tick laboratory (Stillwater, OK, USA).  Adult ticks (all three 

species) for use in repellency studies were held in plastic vials at ~28oC, ~75% RH, and a 

photoperiod of 14 h light: 10 h dark, including dusk and dawn periods (60 min each).     

 Test substances.  Repellency studies were conducted with BioUD® spray (7.75% 2-

undecanone, HOMS, LLC, Clayton, NC) and DEET (98.11% N, N diethyl-m-toluamide, 

Jungle Juice 100 Insect Repellent, Sawyer Products, Safety Harbor, FL).  BioUD® was 

provided by Allen Jones of HOMS, and DEET was purchased at a local retail store.   

 Choice trials (repellent versus untreated surface).  Behavioral bioassays were 

conducted at 25ºC, 65% RH, and in complete darkness (except during the approx. 5 sec to 

monitor tick distribution).  Ticks were allowed to choose between a BioUD®-treated and 

untreated filter paper surface or a DEET-treated and untreated filter paper surface in separate 

experiments.  Tests were conducted in 63.6 cm2 Petri plate lids lined with two 31.8 cm2 semi-

circle pieces of filter paper (Whatman no. 1), each treated with 250 μL of either BioUD® or 

DEET and allowed to dry for 3 h at room temperature under a fume hood.  At 3 h, six ticks 

were placed in each arena along the line formed by the junction of treated and untreated 
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papers.  Distribution of ticks was recorded every 5 min from 5-30 min after the introduction 

of ticks to test arenas.  An untreated control was used to determine the distribution of ticks in 

the absence of a repellent.  Trials were repeated 6 times. 

 Choice trials (BioUD versus DEET).  A dose-response two-choice test was 

conducted to determine the dose at which BioUD® with 7.75% 2-undecanone was equivalent 

to 98.11% DEET.  In these head-to-head comparisons between two different repellents, three 

dilutions of BioUD® (1:1, 1:2 and 1:4) were tested against D. variabilis and I. scapularis and 

four dilutions of BioUD® (1:1, 1:2, 1:4 and 1:8) against A. americanum.  BioUD® was diluted 

with deionized water and mixed by vortexing to obtain different concentrations.  Trials were 

conducted in the same manner as in the previously described choice tests except that BioUD® 

and DEET were directly compared in the same test arena.   

 Data analysis.  Mean percentage repellency data for choice bioassays were analyzed 

separately for each tick species by fitting a general mixed linear model to observed responses 

using the SAS procedure PROC MIXED (SAS® ver. 9.1, SAS Institute, Cary, NC) with 

treatments, time, and their interaction as fixed-effect factors.  A visual examination of a 

scatter plot of predicted values against residuals (Draper and Smith 1981) revealed that the 

residuals were evenly distributed about a mean of zero, indicating that the response data 

exhibited homogeneity of variances and normality.  Repeated observations on time within 

each replication were considered correlated measures and the covariance structure for these 

repeated measures on time was modeled through a heterogeneous compound symmetry 

covariance.  Pairwise mean comparisons were analyzed to determine statistical differences in 

mean repellency between repellents or between a repellent-treated and untreated surface 
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across all time points and at each time point.  Tukey’s adjustment was in effect to assure an 

experiment-wise significance level of P = 0.05 for all comparisons. Chi square test for 

proportions was used to determine if mean tick distribution for untreated sides in control 

trials differ significantly (significance level of P = 0.05) from the null hypothesis that the 

expected proportion in the absence of any repellent is 0.5 (Ho: Proportion = 0.5).  Regression 

analysis was used to approximate the dose at which BioUD® provided equivalent repellency 

to 98.11% DEET in head-to-head assays by plotting probit repellency versus log dose 

(Finney 1971) using the method of least squares and inverse predictions of 95% fiducial 

ranges (Sokal and Rohlf 1995).  The variance-covariance matrix and 95% confidence 

intervals were estimated by the methods of Steel and Torrie (1980) and Robertson and 

Preisler (1992), respectively.  Calculations were made in Excel Spreadsheets (Microsoft 

1997) as described by Young et al. (2003). 

Results  

 Two-choice bioassay: BioUD® or DEET versus untreated control.  Both BioUD® 

and DEET were significantly repellent (P < 0.05) to unfed adults of A. americanum, D. 

variabilis and I. scapularis on filter paper using a two choice test of each repellent versus an 

untreated control (Fig. 1).  At all time points examined repellency was significantly greater 

than 50% (the control; P ≤ 0.05; pairwise comparison) and could not be explained by random 

distribution in the test arena.  The actual location of ticks in arenas at 3.5 h after repellent 

treatment for all replicates for each tick species is shown in Fig. 2.   

 Mean overall percentage repellency for BioUD® was significantly higher than that for 

DEET (t = 3.53; d.f. = 2, 10; P = 0.006) against A. americanum, 97.2% vs. 81.9% repellency, 



 
 

 109

respectively.  This was also the case at each time point assayed except at 5 and 20 min (P ≤ 

0.05; pairwise comparison) (Fig. 1a).  For A. americanum, BioUD® was more repellent than 

DEET, where only 1 tick was found on the treated surface for the former versus 9 for DEET 

(Fig. 2).   

 In the case of the D. variabilis, no significant difference in the overall mean 

percentage repellency (t = 0.13; d.f. = 2, 10; P = 0.99) or repellency at each time point was 

found (P >0.05; pairwise comparison) between BioUD® and DEET (Fig. 1b).  The overall 

mean percentage repellencies for BioUD® and DEET were 98.1 and 97.7%, respectively.  In 

this case, most of the ticks were found on the untreated surface for both repellents (Fig. 2, D. 

variabilis).   

 For I. scapularis, BioUD® provided significantly greater overall mean repellency than 

DEET (t = 3.38; d.f. = 2, 10; P = 0.018).  The mean overall repellency of BioUD® for I. 

scapularis was 91.2% as compared to 70.8% for DEET.  These differences are also apparent 

when examining the location of ticks in the test arena for all of our replicates combined (Fig. 

2, I. scapularis).  These results were similar to that for A. americanum and obviously 

different from that of D. variabilis (Fig. 2).  BioUD® also was more repellent than DEET at 

each time point examined for I. scapularis (P ≤ 0.05; pairwise comparison) (Fig. 1c) except 5 

min after introduction of ticks to arenas.  Note that the overall repellency of BioUD® was 

similar for the three tick species examined (Figs. 1-2).  Alternatively, DEET appeared to 

have a higher repellent activity for D. variabilis than for A. americanum and I. scapularis.   

 Two-choice bioassay: BioUD® versus DEET (head-to-head comparison).  

Witting-Bissinger et al. (2008) showed that BioUD® with 7.75% 2-undecanone in head-to-
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head comparisons using filter paper choice assays was more repellent than 15% DEET 

against unfed American dog tick adults.  In the current study, dose-response studies were 

conducted to better assess the relative effectiveness of the two repellents (Fig. 3) using 

different tick species.  In dose-response head-to-head bioassays with A. americanum, 1:1 (F 

= 352.8; d.f. = 1, 5; P < 0.0001), 1:2 (F = 133.6; d.f. = 1, 5; P < 0.0001), and 1:4 (F = 117.7; 

d.f. = 1, 5; P = 0.0001) dilutions of BioUD® with 7.75% 2-undecanone provided significantly 

greater overall mean repellency than 98.11% DEET (Fig. 3a).  As was shown before for 

treatments of each repellent versus a no repellent control (Fig. 1), no change in repellency 

was found during the course of the bioassay from 5-30 min after ticks were added to the 

arena.  This was also the case for the other head-to-head studies that will be discussed later.  

Ticks were evenly distributed in the control where both sides of the test arena were untreated 

(Fig. 3a) (Chi-square, P = 0.37), showing the tick distribution was a result of a response to 

the repellent treatments.  Fig. 4 (A. americanum) shows the actual distribution of ticks in the 

test arena at 30 min for all of the replicates combined.  It is clear that ticks were evenly 

distributed on each side for the control and that undiluted BioUD® was more repellent than 

DEET (Fig. 4, A. americanum).  Percentage repellency against A. americanum did not differ 

significantly between the 1:8 dilution of BioUD® and DEET (F = 0.35; d.f. = 1, 5; P = 0.58).   

 In equivalent studies with D. variabilis, only 1:1 (F = 45.9; d.f. = 1, 5; P = 0.001) and 

1:2 (F = 20.8; d.f. = 1, 5; P = 0.006) dilutions of BioUD® provided statistically significant 

greater overall percentage repellency than DEET (Fig. 3b).  DEET provided statistically 

significant greater repellency than the 1:4 dilution of BioUD® against D. variabilis (F = 6.8; 

d.f. = 1, 5; P = 0.048) (Fig. 3b).  The control showed that the ticks were distributed equally 
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on both sides of the test arena (Fig. 3b (Chi-square, P = 0.73) and Fig. 4, D. variabilis).  

Again it was clear that undiluted BioUD® was more repellent than DEET (Fig. 4, D. 

variabilis).   

 Again for I. scapularis, 1:1 (F = 64.8; d.f. = 1, 5; P = 0.0005) and 1:2 (F = 16.8; d.f. 

= 1, 4; P = 0.015) dilutions of BioUD® provided significantly greater overall percentage 

repellency than DEET (Fig. 3c) with ticks equally distributed in the controls (Fig. 3C (Chi-

square, P = 0.62) and Fig. 4, I. scapularis).  It was apparent when examining tick distribution 

in the arena that more ticks were found on the DEET surface than on the undiluted BioUD® 

surface (Fig. 4, I. scapularis) as was also the case for the other tick species (Fig. 4).  No 

statistically significant difference in percentage repellency against I. scapularis was found 

between the 1:4 (F = 3.0; d.f. = 1, 5; P = 0.14) dilution of BioUD® and DEET (Fig. 3C).   

 Successful log dose-probit linear models were obtained for BioUD® concentration 

versus overall percentage repellency of BioUD® in head-to-head comparisons with DEET for 

D. variabilis and I. scapularis (r2 = 0.998 for both species).  The approximate concentration 

of BioUD® required for equivalent repellency to DEET was 39.5% for D. variabilis (n = 108, 

95% CI = 33.6 – 46.0) and 29.7% for I. scapularis (n = 108, 95% CI = 25.1 – 34.4).  The 

regression was non-linear (r2 = 0.752) for A. americanum, and the dose for equivalent 

repellency of BioUD® could not be determined from the dosages tested.  Regardless, the 

head-to-head comparisons of BioUD® with DEET based on the concentration of the US EPA 

registered active ingredient, show that undiluted BioUD® is at least 12.7-fold more active 

than DEET under the assay conditions of this study.  Based on dilution studies, BioUD® with 

7.75% 2-undecanone was at least 4-, 2- and 2-fold more active than 98.11% DEET for A. 
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americanum, D. variabilis and I. scapularis, respectively in head-to-head comparisons (Fig. 

3).   

Discussion 

 The current study was aimed at evaluating the relative effectiveness of BioUD® 

versus that of DEET using two different bioassay approaches: (a) a two-choice bioassay 

between repellent-treated and untreated filter paper surfaces and (b) a two-choice bioassay 

between different dilutions of BioUD® and undiluted DEET (a head-to-head comparison 

between repellents).  Our previous research (Witting-Bissinger et al. 2008) was with the 

American dog tick only.  Addition of the lone star tick and the blacklegged tick in this study 

allowed us to determine whether the relative effectiveness of BioUD® might vary across 

genera within the Ixodidae.  A filter paper bioassay was used for these studies for several 

reasons.  It permitted both types of choice assays to be conducted using the same bioassay 

approach.  It allowed head-to-head repellent comparisons which were not possible on human 

subjects because the two repellents applied side by side would mix during the assay.  It 

allowed us to perform a larger number of experiments with different tick species and with a 

higher level of replication than would have been possible using human volunteers.  In the 

case of experiments with field-collected A. americanum, it avoided the risk of disease 

transmission during the bioassay.  Use of field-collected ticks is more relevant to the 

practical relative efficacy of the repellents being studied than use of only laboratory-reared 

ticks as in our previous studies (Witting-Bissinger et al. 2008) 

 In many cases botanically-based repellents require higher concentrations of active 

ingredient to provide effective repellency against hematophagous arthropods (Barnard 1999; 
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Jaenson et al. 2005; Jaenson et al. 2006).  This can be problematic because some plant 

essential oils can cause contact dermatitis at high concentrations (Barnard 1999).  However, 

BioUD® with 7.75% 2-undecanone was significantly more repellent than highly concentrated 

DEET.  These studies were conducted in the absence of a host, and additional research is 

needed to determine what effects the introduction of host cues might have on the comparative 

tick repellency of BioUD® versus DEET. 

 DEET is highly repellent against mosquitoes and is the most extensively used active 

ingredient in commercial arthropod repellents.  DEET, however, is relatively ineffective 

against ticks (reviewed by Frances 2007) and public perception by some is that DEET is 

unsafe (Aquino et al. 2004).  BioUD® was registered in 2007 by the US EPA as a mosquito 

and tick repellent.  The current study shows that BioUD® is effective against three species of 

ixodid ticks that are known vectors of disease in the US.  In choice tests of repellent versus 

an untreated control, BioUD® was more repellent than DEET against A. americanum and I. 

scapularis and provided equivalent repellency against D. variabilis.  Undiluted and 50% 

dilutions of BioUD® were more repellent than 98.11% DEET against all three tick species 

tested in head-to-head trials.  The 25% dilution of BioUD® was also more repellent than 

98.11% DEET in head-to-head trials against A. americanum.  Based on these studies, 

BioUD® is an efficacious alternative to DEET in its activity as a tick repellent.  Further 

studies are needed to evaluate the comparative repellency of BioUD® versus DEET in the 

presence of a host and the repellency of BioUD® against ticks needs to be tested in the field.  

The positive perception of the use of natural plant compounds (Isman 2006; Gerberg and 
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Novak 2007) and the approval of BioUD® by the US EPA for use without restrictions may 

increase the likelihood of its use and increase personal protection from vector-borne diseases.   
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Figure 1.  Mean percentage repellency (± 1 SE) (n=6) of BioUD®- and 98.11% DEET-

treated filter paper compared to untreated controls against (a) Amblyomma americanum, (b) 

Dermacentor variabilis, and (c) Ixodes scapularis from 3 - 3.5 h after treatment (5-30 min 

after the addition of ticks to the arena).  Means for each time point followed by different 

letters are significantly different (P ≤ 0.05 pairwise comparison; SAS Institute, 2003) 
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Figure 2. Pooled (over 6 replicates) distribution of ticks 3.5 h after repellent treatment (30 

min after ticks added to the arena) in trials comparing filter paper treated with BioUD® or 

98.11% DEET  versus untreated filter paper against Amblyomma americanum, Dermacentor 

variabilis, and Ixodes scapularis.  Controls are shown in Figure 4.   

 DEET BioUD® 

I. scapularis 

Untreated Untreated 

D. variabilis 

A. americanum

= 1 tick 
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Figure 3.  Overall mean percentage repellency (± 1 SE) (n=6) for dose-response assays 

comparing dilutions of BioUD® to 98.11% DEET on treated filter paper surfaces against (a) 

Amblyomma americanum, (b) Dermacentor  variabilis, and (c) Ixodes  scapularis from 3-3.5 

h after treatment (5-30 min after the addition of ticks to the arena).  The control represents a 

two-choice test in the absence of repellent.  *=Significant difference in repellency (P ≤ 0.05 

pairwise comparison; SAS Institute 2003). 
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Figure 4.  Pooled (over 6 replicates) distribution of ticks 3.5 h after repellent treatment (30 

min after ticks added to the arena) in head-to-head trials comparing undiluted BioUD® with 

7.75% 2-undecanone versus 98.11% DEET on filter paper against Amblyomma americanum, 

Dermacentor variabilis, and Ixodes scapularis. For controls, no repellent treatment was 

made.  

I. scapularis 

BioUD®  Untreated Untreated 

D. variabilis

A. americanum

= 1 tick 
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Chapter 4 

 

Comparative Efficacy of BioUD to Other Commercially Available Arthropod Repellents 

against the ticks, Amblyomma americanum and Dermacentor variabilis on Cotton Cloth 
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Abstract. BioUD® is an arthropod repellent that contains the active ingredient 2-undecanone 

originally derived from wild tomato plants. Repellency of BioUD® was compared to five 

commercially available arthropod repellents against the ticks Amblyomma americanum (L.) 

and Dermacentor variabilis Say in two-choice bioassays on treated versus untreated cotton 

cheesecloth. Overall mean percentage repellency against both species was greatest for and 

did not differ significantly between BioUD® (7.75% 2-undecanone) and products containing 

98.1% DEET, 19.6% IR3535®, and 30% oil of lemon eucalyptus. Products containing 5 and 

15% Picaridin and 0.5% permethrin were also repellent compared to untreated controls but to 

a lesser degree than BioUD®. The four most active repellents at the same concentrations used 

before were directly compared in head-to-head bioassays on cotton cheesecloth. BioUD® 

provided significantly greater overall mean percentage repellency than IR3535® for A. 

americanum and D. variabilis.  BioUD® was significantly more repellent than oil of lemon 

eucalyptus for A. americanum but did not differ significantly in repellency against D. 

variabilis. No statistically significant difference in overall mean percentage repellency was 

found between BioUD® and DEET for A. americanum or D. variabilis. In a 7-week time-

course bioassay, BioUD® applied to cotton cheesecloth and held at room temperature 

provided 5 weeks of > 90% repellency against A. americanum. 

INTRODUCTION 

 The lone star tick, Amblyomma americanum (L.) is an aggressive tick that bites 

humans during all postembryonic lifestages. Amblyomma americanum has expanded its 

range in the United States (US) in recent years and is now distributed in some areas of the 

midwest, throughout the southeast, and along the east coast as far north as New York state.1 
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This tick is the established vector of several human pathogens, including Ehrlichia 

chaffeensis and E. ewingii.1 The American dog tick, Dermacentor variabilis Say feeds on 

humans during the adult stage and is a known vector of Rickettsia rickettsii and Francisella 

tularensis, the pathogens that cause Rocky Mountain spotted fever, and tularemia, 

respectively.2 Amblyomma americanum is commonly found attached to humans in the 

southern and Atlantic states of the US, and D. variabilis frequently parasitizes humans in the 

eastern US.3  

 One important protective measure against tick bites is the use of personal arthropod 

repellents. DEET (N, N-diethyl-m-toluamide) has been the most widely used arthropod 

repellent for personal protection for more than 50 years. DEET is a broad-spectrum repellent 

that has been shown to be effective against mosquitoes and other biting flies, chiggers, and 

ticks.4 DEET is highly effective against several species of mosquitoes5--7 but is generally less 

repellent against ticks compared to other arthropod repellents, such as permethrin or 

piperidines.8--10 Additionally, although DEET has been widely used with few adverse health 

effects11—13, the safety of this repellent has been questioned.14 Currently only two repellent 

alternatives to DEET are recommended by the Centers for Disease Control and Prevention 

(CDC) that are labeled for use on human skin against ticks by the US Environmental 

Protection Agency (EPA)15: IR3535® (3-[N-butyl-N-acetyl]-aminopropionic acid, ethyl ester) 

and the piperidine repellent Picaridin (2-(2-hydroxyethyl)-1-piperidinecarboxylic acid 1-

methylpropyl ester). The synthetic pyrethroid permethrin is also available as a repellent and 

acaricide for use on clothing but can not be applied to human skin.2 The protective action of 

permethrin against ticks has been attributed primarily to its toxic properties rather than to its 
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repellency.16 Additional safe and efficacious repellent alternatives to DEET are needed to 

protect people that choose not to use DEET or other synthetic repellents. 

 BioUD® is a new plant-based arthropod repellent registered by the US EPA for use on 

human skin and clothing against mosquitoes and ticks. The active ingredient (ai) in BioUD®, 

2-undecanone (methyl nonyl ketone), was originally isolated from the glandular trichomes of 

the wild tomato, Lycopersicon hirsutum Dunal f. glabratum C. H. Müll.17 In laboratory 

studies, BioUD® was repellent to D. variabilis Say on cotton cheesecloth, filter paper, and 

human skin.18 In addition, BioUD® applied to cotton cheesecloth was found to be highly 

repellent against D. variabilis for at least 8 d after treatment.18 BioUD® also provided 

significantly greater percentage repellency than 98.1% DEET against adult A. americanum 

(L.) and blacklegged ticks, Ixodes scapularis Say in choice bioassays on treated filter paper 

compared to untreated controls.19   

 One common use of repellents is their application to clothing. The longevity of 

arthropod repellents can be increased with application to clothing rather than to human 

skin.20 Our present study was conducted to compare the efficacy of BioUD® against A. 

americanum and D. variabilis on cotton cloth to that of repellents recommended by the CDC 

that are currently labeled for use against mosquitoes or ticks by the US EPA. Additionally, 

because BioUD® is a new product and little is known about the longevity of its activity, the 

duration of tick repellency by BioUD® on cotton cloth was examined over 7 weeks.    

MATERIALS AND METHODS 

 Ticks.  All ticks used in trials were naïve, unfed adults of mixed-sex exhibiting host 

seeking behaviors (as indicated by raised forelegs in response to human breath). Amblyomma 
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americanum were collected from wild populations in Sanford, NC, USA on 17 April and 13 

June and in Wake County, NC on 10 June 2008. Dermacentor variabilis were obtained from 

laboratory colonies of D.E. Sonenshine at Old Dominion University (Norfolk, VA, USA) 

where they were reared as previously described21 from specimens originally collected near 

Richmond, VA.  Prior to bioassays, ticks were maintained at ~28oC, ~75% RH, and a 

photoperiod of 14 h light: 10 h dark, including dusk and dawn periods (60 min each).     

 Test substances. Repellency bioassays were conducted with seven commercially 

available arthropod repellent products (Table 1). All products were purchased at retail stores.   

Choice trials (treated versus untreated surface). Trials were conducted at 25ºC, 

65% RH, and in complete darkness (except during the approx. 5 sec needed to monitor tick 

distribution). Ticks were allowed to choose either a repellent-treated or untreated cheesecloth 

surface. Tests were conducted in 63.6 cm2 Petri plate lids lined with two double-layered 31.8 

cm2 semi-circle pieces of cotton cheesecloth (Type #11675, NCSU Central Stores, Raleigh, 

NC). Cloth was treated separately with 65 μL of repellent and allowed to dry for 3 h at room 

temperature under a fume hood before beginning bioassays. Six ticks were placed in each 

arena at the junction where repellent-treated and untreated cloth met for all repellents except 

permethrin. To minimize the possible toxic effects of permethrin, ticks were placed on the 

untreated cloth surface just adjacent to the junction where treated and untreated cloth met in 

bioassays comparing permethrin-treated versus untreated cloth. Tick distribution was 

recorded every 5 min from 5--30 min after introduction of ticks to arenas. Arenas lined with 

two double-layered semi-circles of untreated cloth served as controls to measure the 

distribution of ticks in the absence of a repellent. All repellents were tested against both tick 
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species with the exception of 5% Picaridin which was not tested against D. variabilis since 

15% Picaridin provided statistically lower repellency than BioUD® against D. variabilis. Six 

replicates of each treatment were performed for trials using A. americanum and four 

replicates were performed for each treatment for trials using D. variabilis. 

 Choice trials (BioUD® versus other commercial repellents). Head-to-head trials 

were conducted to directly compare products that exhibited the highest mean percentage 

repellency in the choice trials (treated versus untreated surface) just described and that did 

not differ significantly in repellency from that of BioUD® against both tick species. Trials 

were conducted in the same manner as in choice tests (treated versus untreated surface) 

except that cheesecloth treated with BioUD® was compared beside cheesecloth treated with 

DEET, IR3535®, or oil of lemon eucalyptus in the same test arena. Four replicates of each 

treatment combination were made. The same controls were used as described before.  

Weekly time-course trials. Trials were conducted to examine the longevity of 

BioUD® repellency on cotton cloth over time against A. americanum. Six replicates were 

performed as described for choice trials (treated versus untreated surface) with cloth from 

each assay being re-assayed weekly for 7 weeks using naïve ticks for each assay. Untreated 

controls were conducted on weeks 1, 6, and 7.   

 Data analysis. Prior to analyses, mean percentage repellency data for A. americanum 

choice trials (treated versus untreated surface) were square root transformed to achieve 

approximate normality. Mean percentage repellency data for choice (treated versus untreated 

surface) and head-to-head trials were analyzed separately for each tick species by fitting a 

general mixed linear model to observed responses using the SAS procedure PROC MIXED23 
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with treatments, time, and their interaction as fixed-effect factors. Mean percentage 

repellency data for weekly time-course trials were analyzed by fitting a general mixed linear 

model to observed responses using PROC MIXED with time, week, and their interaction as 

fixed-effect factors. Data for head-to-head, weekly time-course, and mean percentage 

repellency for D. variabilis choice trials (treated versus untreated surface) were not 

transformed since a visual examination of scatter plots of predicted values against residuals22 

revealed that the residuals were evenly distributed about a mean of zero, indicating that the 

response data exhibited homogeneity of variances and normality. Repeated observations on 

time within each replication were considered correlated measures, and the covariance 

structure for these repeated measures on time was modeled through a heterogeneous 

compound symmetry covariance. Pairwise mean comparisons (P ≤ 0.05) were analyzed to 

determine statistical differences in mean repellency between repellents or between a 

repellent-treated and untreated surface across all time points and at each time point. Chi-

square test for proportions was used to determine if mean tick distribution for untreated sides 

in control trials differed significantly (P = 0.05) from the null hypothesis that the expected 

proportion in the absence of any repellent is 0.5 (Ho: Proportion = 0.5).   

RESULTS 

 Choice trials (treated versus untreated surface). Mean percentage repellency at 

each observational time point for choice trials for A. americanum and D. variabilis are 

presented in Figures 1a and 2a, respectively. Overall mean percentage repellency averaged 

across all time points from 3--3.5 h after repellent treatment are presented in Figures 1b and 

2b for A. americanum and D. variabilis, respectively. Mean percentage repellency for each 
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treatment did not change over time for A. americanum (F = 0.34; df = 5, 200; P = 0.89) or D. 

variabilis (F = 0.98; df = 5, 105; P = 0.43), and there was no significant interaction between 

each repellent treatment and time for A. americanum (F = 0.85; df = 35, 200; P = 0.70) or D. 

variabilis (F = 0.70; df = 30, 105; P = 0.87). All repellent treatments differed significantly in 

repellency compared to untreated controls (P ≤ 0.05; pairwise comparison) from 3--3.5 h 

after application against A. americanum (Figure 1b). Against D. variabilis only permethrin 

did not differ significantly from untreated controls in mean percentage repellency (t = 1.03; 

df = 6, 18; P = 0.31) for the same time period (Figure 2b). Overall mean percentage 

repellency against A. americanum and D. variabilis was greatest for and did not differ 

significantly between BioUD®, DEET, IR3535®, and oil of lemon eucalyptus (P ≥ 0.05; 

pairwise comparison). Overall mean percentage repellency also did not differ significantly 

between DEET, IR3535®, oil of lemon eucalyptus, and the product with the highest Picaridin 

concentration (15%) for A. americanum or for D. variabilis (P ≥ 0.05; pairwise comparison) 

(Figures 1 and 2, respectively). Permethrin and product with the lowest Picaridin 

concentration (5%) provided the lowest mean percentage repellency against A. americanum 

and did not differ significantly from each other in mean percentage repellency (t = 0.69; df = 

7, 35; P = 0.49) (Figure 1b). Ticks were evenly distributed in the controls where cloth in both 

sides of the arena were untreated for A. americanum (Chi-square, P = 0.71) and D. variabilis 

(Chi-square, P = 0.68). 

 Choice trials (BioUD versus a different commercial repellent). Overall mean 

percentage repellency results from head-to-head trials are presented in Figure 3 (mean 

percentage repellency at each time point not shown). BioUD® provided significantly greater 
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overall mean percentage repellency than IR3535® for A. americanum (F = 336.35; df = 1, 3; 

P = 0.0004) and D. variabilis (F = 52.31; df = 1, 3; P = 0.006) from 3--3.5h after repellent 

application. BioUD® was significantly more repellent than oil of lemon eucalyptus for A. 

americanum (F = 307.04; df = 1, 3; P = 0.0004) from 3--3.5h after repellent application 

(Figure 3a). Overall mean percentage repellency of BioUD® from 3--3.5 h after application 

did not differ significantly from that of oil of lemon eucalyptus for D. variabilis (F = 7.79; df 

= 1, 3; P = 0.07) (Figure 3b); however, a significant treatment by time interaction was 

observed (F = 7.92; df = 5, 30; P < 0.0001) so that BioUD® was significantly more repellent 

than oil of lemon eucalyptus at all time points except 5 min after introduction of ticks to test 

arenas. No statistically significant difference in overall mean percentage repellency was 

found between BioUD® and DEET for A. americanum (F = 1.3; df = 1, 3; P = 0.37) or D. 

variabilis (F = 0.22; df = 1, 3; P = 0.67) for the same time period. Ticks were evenly 

distributed in controls for A. americanum (P = 0.71, Chi-square) and D. variabilis (P = 0.68, 

Chi-square) (Figures 3--5, untreated). Figures 4 and 5 show the actual distribution of ticks in 

arenas 30 min after their introduction for all replicates combined. It is clear that BioUD® was 

more repellent than IR3535® and oil of lemon eucalyptus at 30 min against A. americanum 

(Figure 4) and D. variabilis (Figure 5). It is also evident that BioUD® was more repellent 

than DEET at 30 min for A. americanum (t = 2.43; df = 5, 30; P = 0.02) (Figure 4); however 

there was no significant treatment by time interaction (F = 1.84; df = 5, 30; P = 0.14) and 

there was no difference in repellency between BioUD® and DEET at any time period other 

than 30 min. BioUD® and DEET also did not differ significantly in repellency at 30 min for 

D. variabilis (Figure 5) for all of the replicates combined.  
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 Weekly time-course trials. Mean percentage repellency results for weekly time-

course trials are presented in Figure 6. Overall mean percentage repellency against A. 

americanum was 98.6% on week 1. Mean percentage repellency by BioUD® did not decline 

significantly until week 6 when it fell to 87.4%. Mean percentage repellency of BioUD® over 

all 7 weeks of testing was 93.2%. Ticks were distributed evenly in arenas for untreated 

controls (P > 0.05, Chi-square).  

DISCUSSION 

 One common use of personal arthropod repellents is their application to clothing. The 

current study was conducted to examine the repellency of BioUD® and other commercially 

available arthropod repellents containing EPA-registered active ingredients against the ticks, 

A. americanum and D. variabilis on cotton cheesecloth. Previously we found that BioUD® 

provided significantly greater mean percentage repellency than 98.1% DEET against A. 

americanum and equivalent repellency to 98.1% DEET against D. variabilis on treated filter 

paper compared to untreated controls.19 Similar results were found in the current study when 

comparing BioUD® to 98.1% DEET against D. variabilis but mean percentage repellency did 

not differ between BioUD® and DEET for A. americanum. Additionally, while BioUD® was 

more repellent than DEET for both species in head-to-head trials on filter paper19 no 

difference was found for either species in head-to-head trials on cotton cloth. This suggests 

that DEET may bind better to cotton cloth than to filter paper. 

 In choice trials (treated versus untreated surface), the repellency of BioUD® did not 

differ from the products containing IR3535® or lemon eucalyptus for either tick species 

tested. However, in head-to-head trials BioUD® was more repellent than the product 
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containing IR3535® against both A. americanum and D. variabilis. Mean percentage 

repellency against D. variabilis did not differ significantly between BioUD® and the product 

containing oil of lemon eucalyptus in head-to-head trials but BioUD® was significantly more 

repellent than oil of lemon eucalyptus against A. americanum. BioUD® was also significantly 

more repellent than Picaridin and permethrin products in the choice trials between a repellent 

and untreated surface for both tick species tested. It is important to note that permethrin is a 

toxicant. If sub-lethal effects occurred to reduce repellent detection and/or the ability to move 

away from a repellent surface, this might under-estimate the repellent activity of permethrin 

in our assay format. The same could also be the case for the other repellents that were 

studied. No research was conducted to examine toxicity of the compounds tested. It is also 

important to note that in the presence of a human subject, each repellent may exhibit 

differential potentiation. Previously we showed that similar levels of repellency were 

achieved against D. variabilis when BioUD was applied to cotton cheesecloth and human 

skin.18 In the present study, our assay methodology allowed us to rapidly test multiple 

compounds against two species of ticks at a higher level of replication than would have been 

possible using human subjects. It also allowed us to conduct tests with field-collected A. 

americanum without the risk of disease transmission during the bioassay. Finally, our 

methodology allowed us to make head-to-head comparisons that would not be possible on 

human skin because the two repellents applied side by side would mix during the bioassay.  

 A high concentration of active ingredient (ai) is often required to elicit a repellent 

response against hematophagous arthropods from botanically-based repellents.24--26 In this 

study two botanically-based repellents were tested: oil of lemon eucalyptus and BioUD®. 
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Both repellents provided high levels of repellency against the tick species tested; however the 

amount of ai in BioUD® was 3.9 times less than the amount of ai in the product containing 

lemon eucalyptus. Additionally, BioUD® was less concentrated than most of the other 

repellents tested, containing 12.7 times less ai than the DEET product, 2.5 times less ai than 

the product containing IR3535®, and 1.9 times less ai than the most concentrated Picaridin 

product tested. 

 In addition to requiring a high concentration to be effective, the duration of repellency 

is often short-lived for botanically-based repellents largely because plant essential oils are 

highly volatile.27 Previously we showed that BioUD® applied to cotton cheesecloth was 

highly repellent against D. variabilis for at least 8 d after treatment.18 In the present study, we 

examined repellency of BioUD® against A. americanum for 7 weeks. Mean percentage 

repellency was > 90% for the first 5 weeks and did not decline significantly until the sixth 

week. These results indicate that BioUD® could be an effective tick repellent on clothing for 

several weeks. Additional studies are needed to take into account the effects of body heat, 

perspiration, and abrasion on duration of repellency of BioUD®.  

 Three repellent active ingredients approved for use on human skin against ticks by the 

US EPA are recommended by the CDC: DEET, IR3535®, and Picaridin. In this study DEET 

and IR3535® were highly repellent against both tick species tested but 15% Picaridin 

provided a slightly lower level of repellency. Although highly concentrated DEET was 

repellent against both species of ticks in this study, some members of the public perceive 

DEET to be unsafe.14 Because of this, safe and efficacious botanically-based repellents are 

needed to provide an alternative for the portion of the population that chooses not to use 
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DEET-based products. While additional studies are needed to evaluate the repellency of 

BioUD® versus other commercially available repellents in the presence of a host and in the 

field, these and previous results18,19 suggest that BioUD® is an efficacious alternative to 

DEET and other commercially available arthropod repellents for use against ticks.   
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Table 1. Active ingredients and concentrations of repellent products used in tick bioassays 

Active Ingredient   Product   

DEET [98.1%]   Jungle Juice, Sawyer Products, Safety Harbor, FL      

IR3535® [19.6%]   Skin-So-Soft Expedition™ Bug Guard Plus, Avon Products, Inc., New York, NY    

Oil of lemon eucalyptus [30%]  Cutter®, Spectrum, St. Louis, MO         

   (approx. 65% p-menthane-3,8-diol)  

Permethrin [0.5%]   Premium Clothing insect repellent, Sawyer Products, Safety Harbor, FL   

Picaridin [5%]    OFF! ® familycare insect repellent II, S.C. Johnson & Son, Inc., Racine, WI   

Picaridin [15%]   Cutter® Advanced Outdoorsman, Spectrum, St. Louis, MO     

2-undecanone [7.75%]   BioUD® spray, HOMS, LLC, Clayton, NC         
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Figure 1. (a) Mean percentage repellency of repellent-treated cotton cheesecloth compared to 

untreated controls against A. americanum at each time point from 3--3.5 h after treatment (5--

30 min after the addition of ticks to the arena) (b) Overall mean percentage repellency (± 1 

SE) (n = 6) of repellent-treated cotton cheesecloth compared to untreated controls against A. 

americanum from 3--3.5 h after treatment (5--30 min after the addition of ticks to the arena). 

Different letters above means indicate a significant difference in repellency (P ≤ 0.05 

pairwise comparison; SAS Institute Inc. 2003) 



 
 

 143

 

Figure 2. (a) Mean percentage repellency of repellent-treated cotton cheesecloth compared to 

untreated controls against D. variabilis at each time point from 3--3.5 h after treatment (5--30 

min after the addition of ticks to the arena) (b) Mean percentage repellency (± 1 SE) (n = 4) 

of repellent-treated cotton cheesecloth compared to untreated controls against D. variabilis 

from 3--3.5 h after treatment (5--30 min after the addition of ticks to the arena). Different 

letters above means indicate a significant difference in repellency (P ≤ 0.05 pairwise 

comparison; SAS Institute Inc. 2003) 



 
 

 144

 

 

Figure 3. Mean percentage repellency (± 1 SE) (n = 4) for head-to-head assays comparing 

BioUD®  to DEET, IR3535®, and oil of lemon eucalyptus on treated cotton cheesecloth 

surfaces against (a) A. americanum and (b) D. variabilis from 3--3.5 h after treatment (5--30 

min after the addition of ticks to the arena). The control represents a two-choice test in the 

absence of repellent. * = Significant difference in repellency (P ≤ 0.05 pairwise comparison; 

SAS Institute 2003) 

 



 
 

 145

   

 

 

Figure 4. Pooled (over all replicates) distribution of A. americanum in test arenas 3.5 h after 

treatment (30 min after addition of ticks to the arena) for head-to-head bioassays 
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Figure 5. Pooled (over all replicates) distribution of D. variabilis in test arenas 3.5 h after 

treatment (30 min after addition of ticks to the arena) for head-to-head bioassays 
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Figure 6. Weekly, overall mean percentage repellency (± 1 SE) (n=6) of BioUD®-treated compared to untreated cotton 

cheesecloth against A. americanum. Means for each time point followed by different letters are significantly different (P ≤ 0.05 

pairwise comparison; SAS Institute 2003) 
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Chapter 5 

 

Transcriptome and Microarray Analyses of Synganglia from  

Unfed, Part-fed and Replete American dog ticks, Dermacentor variabilis Say 
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Introduction 

 Ticks are hematophagous parasites and vectors of organisms that cause disease in 

humans and other animals (Sonenshine, 1993). Current methods of tick control rely heavily 

on the use of chemical acaricides, with traditional acaricide targets being primarily 

neurologically-based (Lees and Bowman, 2007). Acaricide resistance has become 

widespread around the world causing a need for new acaricide targets or alternative methods 

of tick control. The central nervous system in ticks is composed of a single mass called the 

synganglion (Sonenshine, 1991). Despite the fact that most acaricides target the nervous 

system, relatively little is known about tick neurobiology and how blood-feeding and mating 

affect gene expression in the synganglion.  

 All life stages of most hard ticks require blood-feeding from a vertebrate host that 

lasts for several days. Feeding duration is shortest in larval ticks and longest in adult females 

(Sonenshine, 1991). Egg maturation in metastriate ticks, such as the American dog tick, 

Dermacentor variabilis Say, occurs only after adult females mate and blood-feed to repletion 

(Sonenshine, 1991). Both female and male ticks feed from a host prior to mating, after which 

the male detaches, and mating occurs while the female continues to feed. Factors passed from 

male ticks to females during mating lead to initiation of rapid feeding and engorgement 

(Sonenshine, 1991) with females increasing in size by approximately 100 x their original 

body weight (Sonenshine and Tignor, 1969). Physical changes also occur in the nervous 

system in response to blood-feeding where cells in the synganglia increase in size. 

Histological examination showed that neurosecretory cells in the synganglia of virgin female 

Hyalomma dromedarii exhibited an increase in size and changes in the amount of 
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neurosecretory material produced compared to partially-fed virgin females. Other 

neurosecretory cells increased in size after part-fed virgins were mated, with levels of 

neurosecretory material decreasing in some cell types and increasing in others (Marzouk et 

al., 1987).  

 Ticks and other hematophagous arthropods are faced with a number of challenges in 

obtaining a bloodmeal from their hosts. Vertebrate animals have three efficient mechanisms 

for dealing with blood-feeding parasites: hemostasis, inflammation, and immunity (Ribeiro 

and Francischetti, 2003). To deal with these challenges, ticks have evolved a complex 

cocktail of pharmacologically-active molecules contained in the saliva that inhibit blood 

clotting, encourage vasodilation, suppress or destroy inflammatory responses (Ribeiro, 1987; 

Sonenshine, 1991), and inhibit T-cell proliferation (Ferreira and Silva, 1998). Blood also 

contains the toxic molecule heme (Graça-Souza et al., 2006). While work has been conducted 

examining the gene expression and mass sequencing of selected tissues in ticks such as the 

hemocytes (de Miranda Santos et al., 2006), midgut (Anderson et al., 2008), ovaries (de 

Miranda Santos et al., 2006), and salivary glands (Francischetti et al., 2005; de Miranda 

Santos et al., 2006; Ribeiro et al., 2006; Alarcon-Chaidez et al., 2007) less is known about 

the transcribed genes in the tick synganglia, partly because of the difficulty in extracting 

sufficient amounts of tissue. Recent advances in sequencing technology now allow 

researchers to rapidly obtain large amounts of data from a small amount of tissue. We used 

454 pyrosequencing to characterize the transcribed genes in the synganglia of unfed, part-fed, 

and replete female D. variabilis. Here we place special emphasis on genes associated with 

detoxification, anti-hemostasis, and evasion of the host immune system. To gain an 
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understanding of the molecular pathways associated with blood-feeding and mating in the 

metastriate Ixodidae, we observed changes in gene expression in the synganglia among the 

three different physiological feeding stages mentioned previously.  

Materials and methods 

Ticks   

American dog ticks, D. variabilis, were reared as previously described (Sonenshine, 

1993) from specimens originally collected near Richmond, Virginia, USA. Adult ticks were 

held in plastic capsules attached to New Zealand white rabbits, Oryctolagus cuniculus and 

permitted to feed as required for experiments. Larvae and nymphs were fed on Norway rats, 

Rattus norvegicus. Rearing conditions were 26 ± 1°C, 92 ± 6% RH and 14 h light: 10 h dark. 

All use of animals for this research was carried out in accordance with protocols approved by 

the Old Dominion University Institutional Animal Care and Use Committee (IACUC) and 

are on file in the Old Dominion University Animal Care Facility Office.       

454 library preparation  

A 454 library was designed as previously described by Donohue et al. (2009a). 

Approximately 50 synganglia (including lateral secretory organs and pedal nerves) each were 

dissected from female D. variabilis that were either unfed, part-fed virgin (attached to the 

host for 4-5 d), part-fed virgin forcibly detached from the rabbit host and held in culture for 

4-5 d, part-fed mated (allowed to mate for ≤1 d) or replete (1 d post drop off from the host). 

Tissues from each feeding stage were homogenized separately in TRI Reagent (Sigma-

Aldrich, St. Louis, MO). RNA pellets were rehydrated in 100 µM aurintricarboxylic acid to 

prevent degradation (Hallick et al., 1977). Approximately 3 µg of total RNA from each group 
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were pooled, and mRNA was isolated using an Oligotex mRNA isolation kit (Qiagen, 

Valencia, CA). Purified mRNA was precipitated using ethanol then rehydrated and combined 

with 10 picomoles of modified 3’ reverse transcription primer                                             

(5’-ATTCTAGAGACCGAGGCGGCCGACATGT(4)GT(9)CT(10)VN-3’) (Beldade et al., 

2006) and 10 picomoles SMART IV oligo                                                                              

(5’-AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGCCGGG-3’) (Zhu et al., 2001).  

The mRNA and primers were incubated at 72°C for 2 min and then combined with the 

following reagents on ice: 1 µl RNase Out (40 U/µl), 2 µl 5X first strand buffer, 1 µl 20 mM 

DTT, 1 µl dNTP mix (10 mM each) and 1 µl Superscript II reverse transcriptase (Invitrogen, 

Carlsbad, CA). The reaction was incubated at 42°C for 90 min then diluted to 30 µl with TE 

buffer (10 mM Tris HCL pH 7.5, 1 mM EDTA) and stored at -20°C until further use. Second 

strand cDNA was synthesized by combining 5 µl of first-strand cDNA with 10 picomoles of 

modified 3’ PCR primer                                                                                                             

(5’-ATTCTAGAGGCCGAGGCGGCCGACATGT(4)GTCT(4)GTTCTGT(3)CT(4)VN-3’) 

(Beldade et al., 2006), 10 picomoles of 5’ PCR primer                                                            

(5’-AAGCAGTGGTATCAACGCAGAGT-3’) (Zhu et al., 2001), 5 µl 10X reaction buffer, 1 

µl dNTP mix, 2 µl MgSO4, 0.4 µl Platinum HiFi Taq Polymerase and 34.6 µl H2O 

(Invitrogen). Thermal cycling was conducted as follows: 94°C for 2 min followed by 20 

cycles of 94°C for 20 sec, 65°C for 20 sec and 68°C for 6 min. The first PCR reaction was 

conducted, and 5 µl aliquots from cycles 18, 22 and 25 were analyzed on a 1% agarose gel to 

optimize the number of cycles. Five additional reactions were conducted to produce 

sufficient quantities of cDNA for 454 library preparation. The contents were combined, and 
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the cDNA was purified using a PCR purification kit (Qiagen) according to the 

manufacturer’s recommendations. 

The cDNA library was prepared with appropriate kits (Roche, Indianapolis, IN; 

Qiagen) for pyrosequencing on the GS-FLX sequencer (Roche) according to the 

manufacturer’s recommendations described previously by Margulies et al. (2005). The only 

deviation from the protocol was prior to titration sequencing: following emulsification PCR, 

DNA-positive beads were enriched in order to increase the number of reads collected during 

titration.  

 Bioinformatics  

Removal of primer sequence contamination and assembly of GS-FLX sequencing 

reads were carried out with GS Assembler ver. 1.1.02.15 (Roche) using the following default 

parameters: seed step: 12, seed length: 16, seed count: 1, minimum overlap length: 40, 

minimum overlap identity: 90%, alignment identity score: 2, alignment difference score: -3.  

Assembled contiguous sequences (contigs) were initially identified using the Tera-BLASTX 

algorithm with DeCypher (TimeLogic) against Genbank non-redundant (nr) and expressed 

sequence tag (est) databases (downloaded June 2008).   

Microarrays 

Four groups of 20 synganglia each were dissected and pooled separately from unfed, 

part-fed, and replete female D. variabilis and immediately placed in extraction buffer 

(Molecular Devices, Sunnyvale, CA) on dry ice. DNase-treated (Qiagen) total RNA was 

isolated with the PicoPure kit (Molecular Devices) according to the manufacturer’s protocol. 

One microgram of total RNA from each sample was linearly amplified using the 
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MessageAmp II aRNA amplification kit (Ambion) according to manufacturer’s 

recommendations. Separately, 109.6 ng of positive control RNA, spike mix A and B (Agilent 

Technologies, Santa Clara, CA) were amplified and subsequently converted to antisense 

RNA (aRNA) using the MessageAmp II aRNA kit.  

Approximately 350 pg of spike mix A or spike mix B aRNA was added to separate 

aliquots of 500 ng of unfed, part-fed and replete aRNA. The Amino Allyl MessageAmp II kit 

(Ambion) was used for second round amplification and subsequent dye incorporation 

according to the manufacturer’s protocol. Cy3 and Cy5 dyes used in labeling reactions were 

purchased from GE Life Sciences (Piscataway, NJ). Samples that included spike mix A were 

labeled with Cy3 dye and samples with spike mix B were labeled with Cy5 dye. 

 A total of 7490 contigs, were chosen for probe design on the Agilent e-array website 

(earray.chem.agilent.com/earray/) from the D. variabilis synganglion transcriptome 

(Donohue et al. 2009a). From the 21,119 sequences in the synganglion transcriptome, those 

sequences that had an expect value (e-value) of 0.01 or lower as determined using the Basic 

Local Alignment Search Tool (BLASTx) (Altschul et al., 1997) to the nr Genbank database 

(downloaded February 2008) were included. Additionally, all genes greater than 300 bp in 

length (1623) were also included in the probe design. In order to predict the sense or 

antisense strand of the unknown genes, each sequence was translated into all six open 

reading frames (ORF) and the number of stop codons in each frame was indexed. Under the 

criteria that the ORF with the least number of stop codons was likely the correct translation, 

1603 were predicted as either sense or antisense. Ten contigs contained no stop codons in 
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either positive or negative ORFs; therefore both the sense and antisense strands were 

included in the probe design. 

After completion of the probe design on the Agilent website, two 8 x 15 array slides 

were used for the experiment (Figure 1). Labeled aRNA and microarrays were sent to the 

Interdisciplinary Center for Biotechnology Research (ICBR) at the University of Florida for 

hybridization, scanning and feature extraction according to the Agilent protocols. 

Microarray data analysis 

 Intensity data obtained from ICBR was analyzed using JMP Genomics (SAS Institute 

Inc., Cary, NC). Data was log2-transformed then normalized using locally weighted linear 

regression (lowess) analysis within arrays followed the same normalization across all arrays. 

Examination of the distribution analysis of the data was used to evaluate the normalization. 

Normalized intensity data were then analyzed using a mixed model analysis of variance 

(ANOVA) to identify the significantly regulated genes using the following model:  

Y = µ + dye + array + treatment + e, 

where Y is expression, dye and treatment are fixed effects and array is a random effect. A 

Bonferroni correction was used to correct for multiple means testing at significance threshold 

of P = 0.05 (Hochberg, 1988). Volcano plots were created and hierarchical clustering of the 

standardized LS Means was conducted in JMP. 

Results and Discussion 

Sequencing of the synganglion transcriptome  

The results of the sequencing of the synganglia transcriptome were previously 

described by Donohue et. al (2009a). Briefly, a total of 532,136 filtered and vector-trimmed 
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reads resulted from pyrosequencing of the D. variabilis synganglion transcriptome. The 

average length of the 469,406 “long” reads was 228.95 bp. Redundant sequences were 

assembled with GS Assembler resulting in 21,119 sequences of which 14,881 contained ≥ 2 

reads and represented true contigs. The 6238 singletons that were not assembled into contigs 

ranged in size from 99 to 248 bp in length and were included in all BLAST searches. A 

search against the Genbank nr database by BLASTx, and with an e-value cutoff of 10, 

resulted in at least one match for 10,674 sequences (50.5% of the expressed genes).   

There were 7379 contigs that had a significant e-value (≤ 1e-05) when compared to 

the GenBank nr database using a BLASTx search. Figure 2 shows the distribution of species 

within these positive results. Twenty-four of the 30 species represented in Table 3 with ≥ 20 

positive hits have completed or draft genome sequences that are publically available and 

therefore a large amount of information is known about their expressed genes. The vast 

majority of homologous genes to the D. variabilis synganglia transcriptome were found from 

other tick species (4742 contigs; A. americanum, Argas monolakensis, D. variabilis, 

Haemaphysalis longicornis, Ixodes scapularis, and Rhipicephalus microplus). Of these, 

matches to I. scapularis were the most abundant (4497 significant positive matches). The I. 

scapularis genome is the first tick genome to be sequenced (Hill and Wikel, 2005) and 

annotation of the genome is on-going. Additional transcripts and those with unknown 

functions from our library may be identified with greater certainty after this annotation is 

completed. Another 299 genes from the D. variabilis transcriptome were homologous to 

sequences from blood-feeding insects including the mosquitoes, Aedes aegypti and 
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Anopheles gambiae, and the louse, Pediculus humanis. Species that had ≥ 20 hits are shown 

separately and those with fewer than 20 hits are grouped into a category labeled “other”.  

To infer gene ontology (GO), contigs were compared to the Uniprot Trembl database. 

The accession numbers for the top BLASTx match were mapped in BioMart 

(www.biomart.org) to retrieve the GO identity list which was then mapped using WEGO. All 

matches with an e-value > 1e-05 were removed. Based on biological function, 1919 

sequences were assigned to one of 15 classes (Table 1). The classes that contained the most 

abundant number of genes were cellular processes (33.72%) and metabolic processes 

(27.15%).  

The 50 most abundant transcripts from the D. variabilis synganglion transcriptome 

based on 454 analysis are presented in Table 2. Sixteen of the 50 contigs had no sequence 

similarity to genes in GenBank or were homologous to sequences with unknown functions. 

The most abundant contig (00643) with 1872 reads, was homologous to the yolk protein 

vitellogenin-2 (Vg-2) precursor (ABW82681) from D. variabilis. A second contig with 

homology to Vg-2 was sequenced 525 times. The occurence of transcripts with homologies 

to the same gene are likely from incomplete sequences that did not overlap and therefore 

were not assembled into a contiguous sequence. Vitellogenin is expressed primarily in the fat 

body and to a lesser degree in the midgut (Thompson et al., 2005, 2007). Vitellogenin is not 

produced in the synganglion to our knowledge, and therefore the presence of this gene in the 

library is likely due to fat body contamination. Three contigs (20280, 20336, and 20861) 

were homologous to a second D. variabilis Vg gene (AAW78557) and were sequenced from 

the library 712, 568, and 406 times, respectively. A structurally similar protein to Vg, 
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hemelipoglycoprotein (contig 18487) was sequenced 1587 times from D. variabilis 

synganglia. Hemelipoglycoprotein is the primary hemolymph protein in hard ticks and binds 

carbohydrates, cholesterol, heme, and lipids (Donohue et. al, 2009b). Hemelipoglycoprotein 

is expressed primarily in the fat body and salivary gland but is also present in the ovaries and 

midgut. Similar to our results, Huang (2008) found three transcripts in the I. scapularis 

synganglia EST library with homology to D. variabilis hemelipoglycoprotein. Vitellogenin 

and hemelipoglycoprotein were not included on our arrays, therefore we do not have 

information regarding their regulation with blood-feeding and mating. 

A transcript (20983) with high homology to D. variabilis ferritin and containing the 

conserved ferritin domain (cd00904) was sequenced 751 times from our library. Ferritins are 

the main iron storage proteins found in living organisms. Ferritin from D. variabilis is 

expressed in the midgut and to a lesser degree in the fat body, salivary glands, and ovaries 

(Mulenga et al., 2004). In ticks, ferritins may serve an additional role as antimicrobials. 

Mulenga et al. (2003, 2004) found that ferritin was not differentially expressed in D. 

variabilis in response to blood-feeding, but was upregulated in response to bacterial infection 

and mechanical damage. Likewise, in our study, ferritin was not differentially regulated 

between feeding stages (ANOVA, P = 0.05). 

Contig 18351, with homology to Ixodes scapularis tetraspanin (EEC05032), was 

sequenced from the library 678 times. Tetraspanins are a large family of highly expressed 

transmembrane proteins found on most animal cells and tissue types (Hemler, 2001). These 

proteins function as regulators of cell invasion, fusion, morphology, motility, and signalling 

(reviewed by Hemler, 2005). Mulenga et al. (2003) found that tetraspanin was upregulated in 
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the ovaries of D. variabilis that had been infected with R. montanensis. Bacteria in the family 

Rickettsiae are intracellular parasites that must gain entry into a cell before being able to 

successfully establish infection. This could explain the increase in tetraspanin expression in 

infected ticks since tetraspanins function as adhesion/receptor molecules (Mulenga et al., 

2003). In our microarray analysis, we found no differential expression in the D. variabilis 

synganglia in response to bloodfeeding or mating (ANOVA, P = 0.05). 

Housekeeping genes are constituitively expressed in an organism throughout 

development and maintain cellular functions (Watson et al., 1965). A number of the genes in 

Table 2 are homologous to housekeeping genes including the cytoskeletal component actin, 

ribosomal proteins, the translation factor elongation factor-1 alpha (EF-1α), and the sodium-

potassium pump enzyme. Transcriptome analysis typically identifies such genes because of 

their high abundance and redundant nature (Anderson et al., 2008). None of the genes in 

Table 2 were significantly regulated in our microarray analysis (ANOVA, P = 0.05). 

Detoxification 

Other putative genes were identified from the D. variabilis synganglion transcriptome 

that were less abundant than the top 50 most abundant contigs. These included genes that are 

involved in detoxification, anti-hemostatisis, and evasion of the host immune system. 

Cytochrome P450 proteins are heme-containing enzymes that catalyze numerous biological 

oxidation reactions. Many are involved in detoxification of xenobiotic compounds 

(Guengerich, 2001) including acaricides (Guerrero et al., 2005) and in insects are involved in 

ecdysteroid and juvenile hormone biosynthesis (Feyereisin, 1999). Huang (2008) identified 

two contigs with homologies to cytochrome P450s in an expressed sequence tag (EST) 
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library from the synganglia of I. scapularis. In our library, 67 contigs were homologous (≤ 

1e-10) to putative P450s (Table 3), of which 65 were homologous to P450s identified from 

ticks. In insects, P450s are differentially expressed with the initiation of blood-feeding and 

mating. Levels of P450s declined in Anopheles gambiae (Marinotti et al., 2005) but were 

upregulated with blood-feeding in the mosquitoes Aedes aegypti (Sanders et al., 2003) and 

Culex pipiens (Baldridge and Feyereisen, 1986). McGraw et al. (2004) found a significant 

number of cytochrome P450s were downregulated in female Drosophila melanogaster after 

mating. The authors hypothesize that the downregulation of cytochrome P450 genes may be 

important to avoid “detoxification” of molecules received from male semen. They also 

suggest P450s regulate hormone levels after mating or that a shift in resource allocation away 

from detoxification and towards reproduction occurs. In our study, levels of P450s were not 

significantly different between feeding stages and did not change after mating (ANOVA, P = 

0.05). In addition, McGraw et al. (2004) found that the majority of genes encoding for the 

antioxidant glutathione S-transferase (GST) were downregulated in mated D. melanogaster. 

Huang (2008) identified one GST from the synganglion of I. scapularis. In our microarray 

analysis we identified 22 GSTs (Table 3); however, none were significantly differentially 

regulated (ANOVA, P = 0.05). 

Stress-response 

 Heat shock proteins (Hsps) are a group of highly conserved proteins that are typically 

upregulated in response to environmental stress (Rinehart et al., 2007). These proteins were 

originally discovered in D. melanogaster that were exposed to elevated temperatures 

(Ritossa, 1962). In addition to being upregulated in the presence of extreme heat, genes 
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encoding these proteins are triggered by the presence of denatured proteins above a specific 

threshold (Ananthan et al., 1986) caused by stressors including depletion of cellular energy, 

extreme concentrations of ions, and toxins (Feder and Hoffman, 1999). Not all Hsps are 

stress-responsive and some function as molecular chaperones ensuring that peptides in 

various states of synthesis are maintained in a specific conformation or are imported/exported 

or localized to a particular organelle (Feder and Hoffman, 1999). In ticks, the function of 

Hsps and stressors leading to their induction has been understudied, particularly given the 

fact that ticks survive extended periods of time (sometimes years) without ingesting a 

bloodmeal (Needham and Teel, 1986, 1991) and that ticks encounter the host immune system 

when they do blood-feed (Ribeiro and Francischetti, 2003). Hwang (2006) showed that heat 

increased expression of Hsp70 in D. variabilis while cold shock or desiccation did not. In the 

present study, 23 putative Hsps were sequenced from the D. variabilis synganglia 

transcriptome (Table 3). However, none of these transcripts were differentially expressed 

with blood-feeding or mating (ANOVA, P = 0.05).  

Ubiquitin is a small protein with similar characteristics to Hsps in that it is actively 

induced after stress (Cissé et al., 1993). Ubiquitin mediates degradation of regulatory 

proteins and the ubiquitin system is involved in apoptosis, development, and the immune 

response (Hershko and Ciechanover, 1998). A transcript with significant homology to I. 

scapularis ubiquitin protein ligase (contig 00736) was sequenced from our library and was 

significantly downregulated from part-fed to replete ticks (ANOVA, P < 0.0001) but was not 

significantly regulated from unfed to part-fed or replete ticks (ANOVA, P = 0.05; Table 6). 
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Immune function 

 The initiation of blood-feeding can cause the upregulation of antimicrobial genes in 

insects and ticks. Defensins are a widespread family of antimicrobial peptides that are found 

in plants and animals, including invertebrates, that destroy bacterial invaders by forming 

membrane penetrating channels (Gillespie et al., 1997) or intramolecular bridges (Beerntsen 

et al., 2000) eventually leading to cell lysis. In insects, defensins were originally thought to 

turn on solely in response to infection (Nakajima et al., 2002) and are expressed in tissues 

that are in close proximity to microbial invaders (Hancock and Scott, 2000). Nakajima et al. 

(2001, 2002) showed that while bacterial challenge caused an increase in the production of 

defensins in the soft tick, Ornithodoros moubata, defensins were also constitutively 

expressed in the fat body, midgut, and reproductive tract of ticks that were not challenged 

with bacteria. The authors also observed that blood-feeding resulted in upregulation of 

defensins in the midgut or fat body of O. moubata and hypothesize that this upregulation may 

be to fight off microbes contained in the bloodmeal (Nakajima et al. 2001, 2002). Defensin 

also increased in the midgut of the stable fly, Stomoxys calcitrans after a bloodmeal (Lehane 

et al., 1997) and in the midgut of the mosquito, An. gambiae after feeding on blood infected 

with the malaria parasite, Plasmodium berghei (Hoffman, 1997). Lai et al. (2004) found that 

defensin peptide 1 isolated from the synganglia of Amblyomma hebraeum was upregulated 4 

days after a bloodmeal. Defensins and defensin-like peptides have been isolated previously 

from D. variabilis (Johns et al., 2001; Sonenshine et al., 2002; Anderson et al., 2008) and the 

synganglia of I. scapularis (Huang, 2008). We found three transcripts with homologies to 
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tick defensin genes in our library (00638, 19448, 20450); however, none were differentially 

expressed from our 454 library (ANOVA, P = 0.05; Table 4).  

Lysozymes are enzymes that kill bacteria by cleaving bonds between N-

acetylmuramic acid and N-aceytlglucosamine sugar residues in bacteria cell walls (Jollès and 

Jollès, 1984, Qasba and Kumar, 1997). We found one contig with homology to a lysozyme-

precursor from Ornithodoros moubata which appeared 11 times in our library and one contig 

with homology to D. variabilis lysozyme was sequenced 27 times (Table 4). Huang (2008) 

also isolated a transcript with homology to D. variabilis lysozyme from I. scapularis 

synganglia. In our study, neither lysozyme was significantly regulated with blood-feeding or 

mating (ANOVA, P = 0.05). 

Serine proteases are enzymes that function physiologically in blood clotting, 

inflammation, and the immune system. Thrombin is a serine protease found in vertebrate 

blood that is involved in blood coagulation and functions to convert soluble fibrogenin into 

insoluble fibrin (Di Cera et al., 1997). Serine protease inhibitors (serpins) play a role in the 

regulation of blood clotting, complement activation, and the inflammatory response 

(Potempa et al., 1996) and have been indicated as strong candidates for anti-tick vaccines 

(Sugino et al., 2003). Serpins in the hemolymph of insects serve a protective function against 

parasites or pathogens (Kanost, 1999). In A. americanum, serpins are termed lospins for Lone 

Star tick serpins (Mulenga et al., 2007). Serpins contain a conserved reactive center loop 

domain. Six (00331, 00635, 04186, 10642, 15477, and 20450) of the 19 the transcripts with 

significant homologies to tick serpins in our library (Table 4) contained this domain. None of 



 
 

 164

the serpins identified in from the D. variabilis synganglia transcriptome were significantly 

regulated (ANOVA, P = 0.05). 

 One-hundred twenty-one contigs were differentially expressed on our arrays 

(ANOVA, P ≤ 0.05). Of these contigs, 78 matched Drosophila melanogaster orthologs. 

Approximately half of these genes (38) contained significant gene ontology matches in the 

DAVID Bioinformatics Database. The nine Level 3 categories of significantly regulated 

genes from the gene ontology analysis using DAVID (Dennis et al., 2003) are presented in 

Table 5.  

Volcano plots for all comparisons are shown in Figure 3. The differences in 

expression are shown on the x-axis as log2 ratios (a difference of 1 represents an approximate 

2-fold change). The y-axis shows the –log10 (p-value) for each paired comparison. The red 

line is the Bonferroni-corrected for false discovery rate significance value. Hierarchical 

clustering was conducted to determine whether specific underlying expression patterns were 

present among the significantly regulated genes across the three different feeding stages 

(Figures 2). Hierarchical clustering grouped unfed and part-fed ticks as being more similar in 

terms of differentially expressed genes with replete ticks as the outgroup (Figure 4).  

Conclusion  

Tick control relies heavily on chemical acaracides, especially those that target the 

central nervous system. Although this is the case, relatively little is known about tick 

neurobiology and how blood-feeding and mating affect gene expression in the synganglion. 

In this study, we sequenced the synganglia from unfed, part-fed, and replete female D. 

variabilis using 454 high throughput parallel pyrosequencing. In our library, housekeeping 
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genes and genes involved in iron storage and vitellogenesis (although for the latter was likely 

from fat body contamination) were highly abundant. Sequencing projects such as ours may 

lead to identification of new acaricide or anti-tick vaccine targets. 

Blood-feeding arthropods must face three efficient mechanisms that vertebrate hosts 

exhibit to deal with hematophagous parasites: hemostasis, inflammation, and immunity 

(Ribeiro and Francischetti, 2003). We identified a number of transcripts (Tables 3 and 4) 

with significant homologies to genes that are involved in anticoagulation, antimicrobial 

activity, detoxification, and stress response in the synganglia transcriptome from D. 

variabilis, suggesting that these genes occur in the nervous system rather than only in the fat 

body, midgut, ovaries, and salivary glands as previous studies have shown (Mulenga et al., 

2004; Anderson et al., 2008). However, only one of these transcripts, ubiquitin protein ligase, 

was significantly regulated with blood-feeding. When analyzing our microarray data, we 

used the stringent Bonferroni correction for multiple means testing. While the chance for 

observing false positives in microarray data with such a correction is low, the chance for 

false negatives is high. It may be more appropriate to reanalyze the data using a less stringent 

multiple means correction in order to observe significant differences among feeding stages in 

the transcripts listed in Tables 3 and 4. 
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Figure 1. Dermacentor variabilis microarray map. U = unfed, P = part-fed, R = replete.  

Samples that included spike mix A are labeled “A” and those that included spike mix B are  

labeled “B”. Samples that included spike mix A were labeled with Cy3 dye and samples with  

spike mix B were labeled with Cy5 dye. 
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Figure 2. Species distribution of sequences with significant (≤ 1e-05) homology to contigs  

from the Dermacentor variabilis synganglia 454 synganglion library (based on BLASTx  

searches from the NCBI nonredundant database downloaded February 2008). * Indicates  

species whose genome has been sequenced. 
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Figure 3. Volcano plots from microarray analysis for all comparisons among unfed, part-fed, and replete transcripts from the  

Dermacentor variabilis synganglia. Differences in expression are on the x-axis as log2 ratios (a difference of 1 represents an 

 approximate 2-fold change). The y-axis shows the –log10 (p-value) for each paired comparison. The red line is the Bonferroni- 

corrected for false discovery rate significance value.   
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Figure 4. Hierarchical clustering of standardized LS Means clustered by treatment and gene 

for the significant contigs (ANOVA, P = 0.05; 10 clusters are shown) for the differentially 

regulated transcripts from the Dermacentor variabilis synganglia transcriptome.  
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Table 1. Major categories of Level 2 biological functions for the Dermacentor variabilis  

synganglion transcriptome. 

Biological function   Count    % of total for GO Level 2 

biological adhesion   18   0.94 

biological regulation   153   7.97 

cellular process   647   33.72 

developmental process  113   5.89 

establishment of localization  108   5.63 

growth     5   0.26 

immune system process  4   0.21 

localization    119   6.20 

locomotion    2   0.10 

metabolic process   521   27.15 

multicellular organismal process 43   2.24 

multi-organism process  1   0.05 

pigmentation    146   7.61 

reproduction    5   0.26 

response to stimulus   34   1.77 

Total     1919 
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Table 2. The 50 most abundant transcripts from the female D. variabilis synganglia transcriptome 

Transcript Reads       Accession no. Best Match to NR Protein Database Species  E value Conserved domains  Putative function 

00643 1872 ABW82681 vitellogenin-2 precursor Dermacentor variabilis 0.0 Lipoprotein N-terminal domain lipid transport 
20326 1613  XP_002404061 Na+/K+ ATPase, alpha subunit, putative  Ixodes scapularis 0.0 E1-E2_ATPase  plasma membrane cation 

transporter 
18487 1587 ABD83654 hemelipoglycoprotein precursor Dermacentor variabilis 0.0 DUF 1943, von Willebrand  lipoglycoheme carrier 
        factor type D domain 
20205 1277 XP_002414860 apoptosis-promoting RNA-binding protein  Ixodes scapularis 0.0 RNA binding domain,  apoptosis regulation 
   TIA-1/TIAR, putative      poly-adenylate binding protein 
20625 1251 XP_002400781 40S ribosomal protein, putative  Ixodes scapularis 2e-34 ribosomal protein S5   translocation during peptide  

C-terminal domain  elongation 
19995 975 NP_620240 golgi autoantigen, golgin subfamily b  Rattus norvegicus 1.7  none   intercisternal cross-bridge  
          formation of Golgi complex 
20921 916 EEC16994 matricellular protein osteonectin/SPARC/ Ixodes scapularis 3e-20 SPARC_EC  modulates cell adhesion
   BM-40, putative        and proliferation 
  
20927 800 EEC05876 hypothetical protein IscW_ISCW004528  Ixodes scapularis 4e-99 von Willebrand factor  unknown 
       type D domain 
21013 798 XP_002401765 conserved hypothetical protein  Ixodes scapularis 2e-149 DUF1943, lipoprotein  unknown 
       N-terminal domain 
20650 767 NP_001026665 serine/arginine repetitive matrix 1 Gallus gallus  0.015 none   pre-mRNA processing 
20983 751 AAL75582 ferritin  Dermacentor variabilis 2e-55 eukaryotic ferritin  iron storage 
20280 712 AAW78557 vitellogenin  Dermacentor variabilis 0.0 DUF1943, von Willebrand  lipid transport 
       factor type D  
21105 710  unknown       none   unknown 
18351 678 EEC05032 tetraspanin, putative  Ixodes scapularis 7e-67 Tetraspanin_LEL  trans-membrane protein 
20438 651 EEC01730 nonmuscle myosin essential light chain Ixodes scapularis 2e-76 none   
19447 589 AAY66814 selenium dependent salivary glutathione Ixodes scapularis 4e-56 none   protection from  
   peroxidase        endogenous 
          hydroxyperoxides  
20336 568 AAW78557 vitellogenin  Dermacentor variabilis 0.0 vitellogenin_N  lipid transport 
20019 555 EEC05874 conserved hypothetical protein  Ixodes scapularis 2e-38 DUF1943, DUF 1081  unknown 
00277 548 AAP79880 actin  Rhipicephalus microplus 0.0 actin   cytoskeleton component 
20327 541 ABG74714 Ac1147-like protein  D. citri  1e-31 none   unknown 
20366 535 EEC11115 transcription factor XBP-1, putative  Ixodes scapularis 2e-45 none   ER chaperone gene  
           regulation 
19397 532 AAS55945 actin  Ornithodoros moubata 0.0 actin   cytoskeleton component 
20943 525 ABW82681 vitellogenin-2 precursor Dermacentor variabilis 0.0 von Willebrand factor  lipid transport 
       type D domain   
20600 520 EEE20601 conserved hypothetical protein  Toxoplasma gondii 7.0 none   unknown 
19612 515 EEC13271 translation elongation factor EF-1 alpha/ Ixodes scapularis 3e-22 eukaryotic   GTP-dependent binding of  
  Tu, putative     elongation factor 1  aminoacyl-tRNAs to 
           ribosomes 



 
 

 183

Table 2. Continued 
 
20653 506 XP_001424686 hypothetical protein Paramecium tetraurelia 3e-20 none   unknown 
00788  505 EEC01972 hypothetical protein IscW_ISCW001035  Ixodes scapularis 0.0 RUN domain  involved in RAS-like  
            GTPase signaling 
21067 493 ZP_01721340 beta-N-acetylhexosaminidase Algoriphagus sp. 3.0 none   unknown 
19192 486 EEC13586 conserved hypothetical protein  Ixodes scapularis 1e-99 none   unknown 
20884 479 EEC03191 peroxinectin, putative  Ixodes scapularis 0.0 animal haem peroxidase cell adhesion 
21038 472  unknown     none   unknown 
21096 469 EEC00578 hypothetical protein IscW_ISCW000022  Ixodes scapularis 8e-72 none   unknown 
20555 468 ABI52753 ribosomal protein L15  Argas monolakensis 8e-97 ribosomal_L15e superfamily ribosomal protein L15 
20807 467  unknown      none    unknown 
20698  467  EEC18201  secreted protein, putative                                Ixodes scapularis 3e-10 none   unknown 
20502 459 AAY66959 60S ribosomal protein L14 Ixodes scapularis 6e-35 none   60S ribosomal protein L14 
20412 458 XP_002409988 fasciclin, putative Ixodes scapularis 4e-147 fasciclin I superfamily  developmental processes 
20575 440 ABG36580.1 U58 Elephantid herpesvirus 1 0.43 none   unknown   
18355 440 NP_224038.1 putative histidine-rich metal-binding protein Helicobacter pylori 3.6 none   unknown 
18982 438 BAF02771 cytochrome oxidase sub-unit 1 Ixodes granulatus 1e-162 none   cytochrome oxidase  
18361 434 EEC01163 conserved hypothetical protein Ixodes scapularis 6e-56 Ndr family   cellular differentiation 
00266 433 EEC03688 heat shock protein, putative Ixodes scapularis 0.0 PTZ00009 heat shock  stress response 
        70 kDa protein     
20687 429 EEC12610 collagen alpha chain, type IV, putative Ixodes scapularis 6e-99 C-terminal tandem repeated basement membrane 
       domain in type 4 procollagen, structural component 
       collagen triple helix repeat 
20709 423 EEC07695 hypothetical protein IscW_ISCW006498 Ixodes scapularis 1e-86 none   unknown 
20080 421   unknown   none   unknown 
20802 418 ZP 01730348 hypothetical protein CY0110_04523 Cyanothece sp.   9.7  none   unknown 
00177 414 BAF63671 protein disulfide isomerase-2 Haemaphysalis  0.0 PDIa family  oxidative protein folding in 
    longicornis      endoplasmic reticulum 
19660  410 XP_319365.4 AGAP010188-PA Anopheles gambiae 1e-116 tetratricopeptide repeat domain, chaperone binding 
         heat shock chaperonin-binding   
         motif      
20861 406 AAW78557 vitellogenin Dermacentor variabilis 3e-135 lipoprotein N-terminal domain lipid transport 
20910 401  unknown     none   unknown 
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Table 3. Stress responsive genes from the Dermacentor variabilis synganglia transcriptome 
 
Contig No. Best Match to NR Protein Database Accession no.  Species    Score E value  
 
Cytochrome P450s 
00300  cytochrome P450, putative   EEC19097  Ixodes scapularis   89.4 9e-17  
00851  cytochrome P450, putative   EEC15754  Ixodes scapularis   98.6 2e-19  
00855  cytochrome P450, putative   EEC07475  Ixodes scapularis   314 1e-83 
00856  cytochrome P450, putative   EEC07771  Ixodes scapularis   253 2e-65  
01150  cytochrome P450, putative   EEC09672  Ixodes scapularis   68.2 2e-10  
01449  cytochrome P450, putative   EEC08584  Ixodes scapularis   740 0.0  
01450  cytochrome P450, putative   EEC08584  Ixodes scapularis   86.3 8e-16 
01878  cytochrome P450, putative   EEC18187  Ixodes scapularis   73.2 7e-12  
02032  cytochrome P450, putative   EEC17342  Ixodes scapularis   144 4e-33 
02127  cytochrome P450, putative   EEC07771  Ixodes scapularis   164 3e-39 
02535  cytochrome P450, putative   EEC01141  Ixodes scapularis   75.9 1e-12 
03270  cytochrome P450 4W1   AAD40966  Rhipicephalus microplus  230 5e-59  
03856  AF086809_1 cytochrome P450  AAD54000  Rhipicephalus microplus  194 3e-48 
04009  P450 CYP319A1    AAF91384  Rhipicephalus microplus  55.1 2e-06  
04565  cytochrome P450, putative   EEC01860  Ixodes scapularis    127 3e-54  
05286  cytochrome P450, putative   EEC08584  Ixodes scapularis   133 6e-30  
05433  cytochrome P450 4W1   AAD40966  Rhipicephalus microplus  104 3e-21  
05497  cytochrome P450, putative   EEC11244  Ixodes scapularis   434 1e-119  
05704  cytochrome P450, putative   EEC02626  Ixodes scapularis   135 9e-31 
05765  cytochrome P450, putative   EEC15758  Ixodes scapularis   80.9 3e-14 
06190  cytochrome P450, putative   EEC04408  Ixodes scapularis   120 3e-26 
06206  cytochrome P450, putative   EEC07771  Ixodes scapularis   115 2e-24  
06241  AF086809_1 cytochrome P450  AAD54000  Rhipicephalus microplus  103 5e-21 
06273  Cyp49a1    XP_001841736  Culex quinquefasciatus  43.5 3e-08  
07202  cytochrome P450, putative   EEC19065  Ixodes scapularis   104 2e-21  
07289  cytochrome P450 IIC5, putative  EEC10393  Ixodes scapularis   166 1e-52  
07502  cytochrome P450, putative   EEC09672  Ixodes scapularis   111 2e-23 
07599  cytochrome P450, putative   EEC17342  Ixodes scapularis   87 5e-16 
07793  cytochrome P450, putative   EEC16308  Ixodes scapularis   103 4e-21  
07880  cytochrome P450, putative   EEC07771  Ixodes scapularis   83.6 5e-15  
08286  P450 (cytochrome) oxidoreductase  NP_001123431  Sus scrofa   79.3 5e-23 



 
 

 185

Table 3. Continued 
 
08435  cytochrome P450, putative   EEC09683  Ixodes scapularis   69.3 1e-24  
09011  cytochrome P450, putative   EEC03326  Ixodes scapularis   83.6 5e-15 
09488  cytochrome P450, putative   EEC13069  Ixodes scapularis   87 5e-16  
09634  cytochrome P450, putative   EEC08584  Ixodes scapularis   96.7 6e-19 
09961  cytochrome P450, putative   EEC19065  Ixodes scapularis   74.3 3e-12  
10591  cytochrome P450, putative   EEC02387  Ixodes scapularis   55.8 1e-06 
11238  cytochrome P450, putative   EEC02626  Ixodes scapularis   109 7e-23 
11717  cytochrome P450, putative   EEC01867  Ixodes scapularis   77 5e-13 
12067  cytochrome P450, putative   EEC07771  Ixodes scapularis   61.6 2e-08 
12220  cytochrome P450, putative   EEC13748  Ixodes scapularis   75.5 1e-12 
12512  cytochrome P450, putative   EEC17040  Ixodes scapularis   57.8 3e-07 
12591  cytochrome P450, putative   EEC09436  Ixodes scapularis   87 5e-27 
12784  cytochrome P450, putative   EEC11244  Ixodes scapularis   141 2e-32  
13481  cytochrome P450, putative   EEC09683  Ixodes scapularis   158 8e-46  
13708  cytochrome P450, putative   EEC08009  Ixodes scapularis   102 1e-20 
14539  AF086809_1 cytochrome P450  AAD54000  Rhipicephalus microplus  110 3e-23 
14699  AF086809_1 cytochrome P450  AAD54000  Rhipicephalus microplus  91.7 2e-17 
14843  cytochrome P450, putative   EEC16306  Ixodes scapularis   72.8 9e-12 
15132  cytochrome P450, putative   EEC12207  Ixodes scapularis   106 6e-22  
15346  cytochrome P450, putative   EEC19820  Ixodes scapularis   97.4 3e-19  
15370  cytochrome P450, putative   EEC19064   Ixodes scapularis   58.9 1e-07 
17683  cytochrome P450    AAD54000  Rhipicephalus microplus  213 8e-54  
17816  cytochrome P450, putative   EEC17342  Ixodes scapularis   98.6 2e-19 
18410  cytochrome P450, putative   EEC07771  Ixodes scapularis   304 8e-81  
18839  cytochrome P450, putative   EEC09672  Ixodes scapularis   86.3 8e-16 
18913  cytochrome P450, putative   EEC07771  Ixodes scapularis   182 2e-44  
19067  cytochrome P450, putative   EEC00803  Ixodes scapularis   234 1e-60  
19377  cytochrome P450, putative   EEC05868   Ixodes scapularis   138 2e-31  
19558  cytochrome P450, putative   EEC09683  Ixodes scapularis   164 2e-39  
19901  cytochrome P450, putative   EEC02685  Ixodes scapularis   157 1e-36  
19891  cytochrome P450, putative   EEC01860  Ixodes scapularis   73.9 4e-12 
20081  cytochrome P450, putative   EEC13538  Ixodes scapularis   62 2e-08  
20417  cytochrome P450, putative   EEC08584  Ixodes scapularis   53.5 6e-06  
20597  cytochrome P450, putative   EEC01694  Ixodes scapularis   171 3e-41 
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Table 3. Continued 
 
20764  cytochrome P450, putative   EEC17342  Ixodes scapularis   108 3e-51 
20976  cytochrome P450, putative   EEC01860  Ixodes scapularis   151 4e-58  
 
Glutathione S-transferases 
00319  glutathione S-transferase, putative  AAO92279  Dermacentor variabilis  339 2e-91  
00558  microsomal glutathione S-transferase ACF35503  Dermacentor variabilis  223 1e-56 
01924  glutathione S-transferase, putative  EEC09121  Ixodes scapularis   238 2e-61  
02121  glutathione S-transferase, putative  EEC17944  Ixodes scapularis   396 1e-109 
04185  glutathione S-transferase, putative  EEC15339  Ixodes scapularis   95.9 1e-18  
04517  glutathione S-transferase, putative  EEC13769  Ixodes scapularis   303 1e-80 
07596  glutathione S-transferase, putative  EEC20195  Ixodes scapularis   82.4 1e-14 
09548  glutathione S-transferase, putative  ACF35506  Dermacentor vari abilis  278 1e-73 
10537  glutathione S-transferase, putative  EEC12426  Ixodes scapularis   72.8 9e-12 
15175  glutathione S-transferase, putative  EEC20054  Ixodes scapularis   76.6 6e-13 
17900  glutathione S-transferase, putative  EEC09570  Ixodes scapularis   201 1e-49 
18106  glutathione S-transferase, putative  ABB46494  Dermacentor variabilis  152 7e-36 
18267  glutathione S-transferase, putative  EEC09121  Ixodes scapularis   61.2 3e-08 
19141  glutathione S-transferase, putative  EEC06527  Ixodes scapularis   168 7e-40  
19415  glutathione S-transferase, putative  ACF35505  Dermacentor variabilis  104 2e-21  
19566  glutathione S-transferase, putative  EEC05607  Ixodes scapularis   217 4e-55 
19578  glutathione S-transferase, putative  ACF35506  Dermacentor variabilis  102 8e-21 
20724  glutathione S-transferase, putative   EEC20195  Ixodes scapularis   110 3e-23  
20837  glutathione S-transferase, putative  ABB46494   Dermacentor variabilis  200 8e-50  
20839  glutathione S-transferase, putative  ACF35505  Dermacentor variabilis   86.7 6e-16 
20855  glutathione S-transferase, putative  ACF35505  Dermacentor variabilis  80.9 3e-14 
20869  glutathione S-transferase, putative  ACF35506  Dermacentor variabilis  92.4 1e-17 
 
Heat shock proteins 
00266  heat shock protein, putative  EEC03688  Ixodes scapularis   824 0.0 
00535  heat shock cognate 70 protein  AAN86047  Spodoptera frugiperda  403 1e-110 
00710  heat shock transcription factor, putative EEC09347   Ixodes scapularis   160 2e-37 
01194  heat shock protein, putative  EEC05056  Ixodes scapularis   331 2e-89 
01317  heat shock protein 105kD   NP_001086692  Xenopus laevis   313 5e-83  
03873  heat shock protein 20.6, putative  EEC06453  Ixodes scapularis   197 2e-49 
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Table 3. Continued 
 
04354  heat shock protein 70 B2   XP_001864723  Culex quinquefasciatus  94 4e-18 
03392  heat shock-related protein, putative  AAO92281  Dermacentor variabilis  144 2e-33 
05618  heat shock protein 20.5, putative  EEC10927   Ixodes scapularis   111 2e-23 
05096  heat shock factor binding protein 1-like NP_001129658  Nasonia vitripennis  83.2 8e-17 
06511  heat shock protein 70 (HSP70)-interacting  EEC07974  Ixodes scapularis   75.1 2e-12 

protein, putative  
07399  heat shock protein, putative  EEC00620  Ixodes scapularis   187 2e-46 
09266  heat shock transcription factor, putative EEC09347  Ixodes scapularis   52 9e-15  
16873  Hsp90 protein, putative   EEC18473   Ixodes scapularis   141 2e-32 
18364  heat shock-related protein, putative  AAO92281   Dermacentor variabilis  70.5 5e-11 
13460  putative heat shock-related protein  AAO92281  Dermacentor variabilis  50.1 5e-07  
13849  heat shock protein 70 (HSP70)-interacting  EEC07974  Ixodes scapularis   67 5e-14 

protein, putative  
14152  heat shock protein 9   AAH44175  Danio rerio   106 7e-22 
20554  Hsp90 protein     EEC18473  Ixodes scapularis   134 1e-55 
20948  Hsp90 protein, putative   EEC18473  Ixodes scapularis   186 6e-46 
20725  putative heat shock-related protein  AAO92281  Dermacentor variabilis  115 1e-24 
20746  Hsp90 protein, putative   EEC18473  Ixodes scapularis   113 6e-24 
20971  heat shock protein 10   AAT92186  Ixodes pacificus   182 8e-45  
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Table 4. Antimicrobial and/or anti-hemostasis genes from the Dermacentor variabilis synganglia transcriptome 
 
Contig No. Best Match to NR Protein Database Accession no.  Species    Score E value  
 
00331  lospin 4     ABS87356  Amblyomma americanum  241 1e-62  
00376  hemolectin, putative   EEC02351   Ixodes scapularis   1278 0.0  
00532  serpin-4 precursor   EEC19557  Ixodes scapularis   62.4 2e-08 
00635  serine protease inhibitor, putative  EEC05896  Ixodes scapularis   186 2e-66  
00638  defensin-like protein   AAO18363  Dermacentor variabilis  87 5e-16  
01217  lospin 10    ABS87362  Amblyomma americanum  154 4e-41  
01757  serpin-8 precursor, putative  EEC18973  Ixodes scapularis   151 8e-35 
04186  serpin-2     BAD11156  Haemaphysalis longicornis 157 2 e-37   
06329  lospin 10    ABS87362  Amblyomma americanum  174 3e-42 
07091  serine proteinase inhibitor serpin-2  AAK61376  Rhipicephalus appendiculatus 202 8e-51 
07910  serine protease inhibitor, putative  EEC05896  Ixodes scapularis   190 4e-37 
08513  lospin 3     ABS87355  Amblyomma americanum  60.1 6e-08 
10642  serine proteinase inhibitor serpin-1  AAK61375  Rhipicephalus appendiculatus 185 2e-45 
11279  serpin, putative    EEC00440  Ixodes scapularis   100 4 e-20  
12465  lospin 9     ABS87361  Amblyomma americanum  129 8e-29   
14146  serine protease inhibitor, putative  EEC05896  Ixodes scapularis   114 4e-24 
15477  lospin 1     ABS87353  Amblyomma americanum  92.4 1 e-17  
15965  C-type lectin, putative   EEC15231  Ixodes scapularis   147 4 e-34  
19056  lysozyme    AAO23571  Dermacentor variabilis  271 2e-71 
19418  serine proteinase inhibitor serpin-3  AAK61377  Rhipicephalus appendiculatus 227 1 e-64  
19448  defensin     Q86QI5   Dermacentor variabilis  132 1 e-29  
19993  lospin 8     ABS87360   Amblyomma americanum  155 6 e-36  
20053  serpin, putative    EEC00440  Ixodes scapularis   82.8 9e-15 
20450  amercin     ABI74752  Amblyomma americanum  47.4 4 e-04  
20824  lysozyme precursor   AAL17868  Ornithodoros moubata  107 3 e-22  
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Table 5. GO Level 3 biological processes in the differentially expressed genes of the 

 Dermacentor variabilis synganglia. 

GO Biological Process     Count  %  p-value 

cellular biosynthetic process    15  20.0  1.8e-02 

eye pigmentation      3  4.0  4.2e-02  

electron transport      7  9.3  5.8e-02 

macromolecule biosynthetic process   11  14.7  6.1e-02 

rRNA processing      3  4.0  6.2e-02 

ribonucleoprotein complex biogenesis and assembly  5  6.7  6.9e-02 

pole cell fate determination    2  2.7  7.5e-02 

pigment metabolic process     3  4.0  8.4e-02 

cellular macromolecule metabolic process   23  30.7  1e-01 



 
 

 190

Table 6. Significantly differentially expressed contigs (ANOVA with Bonferroni correction, P = 0.05) from the Dermacentor variabilis synganglia 

transcriptome and closest match to the NCBI NR Protein Database (E value ≤ 1e-10).  

 
Contig No. Best Match to NR Protein Database   Accession no. Species   Score E value UF:PF PF:R        UF:R 
 
00074  ribosomal protein L13A, putative    EEC09112  Ixodes scapularis  717 5e-74 NS - - 
00208  WD-repeat containing protein    EEC13640  Ixodes scapularis  786 7e-82 NS NS - 
00235  NADH dehydrogenase, putative    EEC19803  Ixodes scapularis  399 2e-37 NS NS - 
00334  unknown             NS NS + 
00521  cytoplasmic aconitase/ iron-regulatory protein  ACJ70654  Ixodes ricinus  890 0.0 NS NS + 
00736  ubiquitin protein ligase, putative     EEC10293  Ixodes scapularis  167 7e-27 NS - NS 
00776  CDGSH iron sulfur domain- containing protein 3, putative EEC01161  Ixodes scapularis  111 8e-24 NS NS - 
00799  SLC12A8 protein, putative     EEC15561  Ixodes scapularis  259 7e-68 NS + NS 
00890  unknown            NS NS + 
00891  dolichol-phosphate mannosyltransferase subunit, putative  EEC03224  Ixodes scapularis  92 6e-33 NS - - 
00931  peptidyl-prolyl cis-trans isomerase, putative    EEC03647  Ixodes scapularis  176 8e-10 NS NS - 
01107  translin associated factor X, putative    EEC16478  Ixodes scapularis  307 2e-49 NS NS - 
01181  fukutin       AAH17538  Mus musculus  461 2e-76 - NS NS 
01430  kinase-activated protein kinase, putative    EEC20463  Ixodes scapularis  450 1e-124 NS NS + 
01994  PREDICTED: similar to CG17331-PA isoform 1   XP_393468 Apis mellifera  207 6e-42 NS - NS 
02009  vesicle transport protein USE1, putative    EEC15053  Ixodes scapularis  273 3e-24 NS NS - 
02518  unnamed protein product    CAF92184  Tetraodon nigroviridis 230 8e-59 NS NS - 
02586  exosomal 3'-5' exoribonuclease complex, subunit Rrp41, putative  EEC02983  Ixodes scapularis  246 4e-66 NS NS - 
02740  unknown             - + NS 
02982  transcription initiation factor IIF, auxiliary subunit, putative EEC13491  Ixodes scapularis  178 6e-18 NS NS + 
03046  GA15885       EAL25970  Drosophila pseudoobscura  179 9e-07 NS NS - 
03479  manganese superoxide dismutase, putative    EEC01000  Ixodes scapularis  224 4e-29 NS NS - 
03944  macrophage migration inhibitory factor    ACF35547  Dermacentor variabilis 116 8e-16 NS - - 
04024  density-regulated protein, putative   EEC14192  Ixodes scapularis  184 5e-75 NS NS - 
04184  NADH-ubiquinone oxidoreductase sgdh subunit, putative   EEC07593  Ixodes scapularis  146 2e-19 NS NS - 
04336  transcription initiation factor IID subunit    ABI52792  Argas monolakensis  124 7e-36 NS - - 
04401  peroxisomal acyl-CoA oxidase, putative    EEC03946  Ixodes scapularis  661 6e-95 - + NS 
04663  sugar kinase, putative      EEC10066  Ixodes scapularis  351 5e-46 NS - NS 
04983  nucleolar protein c7c, putative     EEC15534  Ixodes scapularis  804 2e-24 + NS + 
05075  small nuclear ribonucleoprotein (snRNP) splicing factor  EEC05942  Ixodes scapularis  107 2e-44 NS NS - 
05095  kynurenine 3 hydroxylase     BAG12984 Haemaphysalis longicornis 466 8e-40 NS NS + 
05173  unknown       AAY66868 Ixodes scapularis  105 3e-19 NS - NS 
05178  elongation factor, putative     EEC20173  Ixodes scapularis   711 9e-81 + NS NS 
05180  ribosomal protein L16, putative     EEC06315  Ixodes scapularis  178 9e-53 NS NS - 
05310  conserved hypothetical protein    EEC00339  Ixodes scapularis  217 2e-23 NS - NS 
05401  ribosome biogenesis protein bms1, putative    EEC07163  Ixodes scapularis  1112 1e-102 NS - NS 
05512  programmed cell death protein, putative    EEC17126  Ixodes scapularis  835 2e-23 + - NS 
05606  low-density lipoprotein receptor, putative   EEC16847  Ixodes scapularis  130 5e-29 NS + + 
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Table 6. Continued 
 
05854  ACYPI005567      BAH70576  Acyrthosiphon pisum  197 4e-11 NS NS - 
05924  transcription elongation regulator, putative    EEC01225  Ixodes scapularis   698 8e-68 + NS NS 
06020  phosphofurin acidic cluster sorting protein, putative   EEC00724  Ixodes scapularis  878 4e-32 NS NS + 
06086  cytochrome C      AAY86488  Dermacentor variabilis 109 10e-59 NS NS - 
06111  guanylate-binding protein, putative    EEC03955  Ixodes scapularis  537  1e-19 + NS NS 
06169  transferase, putative     EEC14997  Ixodes scapularis  334 4e-15 NS - NS 
06915  SWI/SNF complex subunit SMARCC2, putative   EEC19174  Ixodes scapularis  1067 3e-33 NS NS + 
07180  acyl-CoA synthetase, putative     EEC19701  Ixodes scapularis  589 7e-67 NS NS + 
07200  secreted protein, putative    EEC16345  Ixodes scapularis   351  1e-20 NS - NS 
07490  conserved hypothetical protein      EEC18693  Ixodes scapularis  310 6e-24 NS - - 
07819  conserved hypothetical protein      EEC15302  Ixodes scapularis  255 1e-21 NS - NS 
08429  guanylate-binding protein, putative    EEC03955  Ixodes scapularis  537 2e-26 + NS NS 
08835  unknown             - + NS 
09505  conserved hypothetical protein    EEC08578  Ixodes scapularis  530 6e-21 + NS NS 
09530  conserved hypothetical protein     EEC06450  Ixodes scapularis  525 3e-74 + NS NS 
09790  conserved hypothetical protein     EEC15302  Ixodes scapularis  255 3e-10 NS - NS 
09846  conserved hypothetical protein     EEB19432  Pediculus humanus corporis 139 1e-29 NS NS - 
09865  diphosphoinositol polyphosphate phosphohydrolase, putative EEC13010  Ixodes scapularis  123 6e-27 NS NS - 
10376  fh1/fh2 domains-containing protein, putative   EEC01812  Ixodes scapularis   685 8e-32 NS + NS 
10476  PREDICTED: similar to LOC496087 protein   XP_786892 Strongylocentrotus purpuratus 239 3e-16 NS - - 
10583  PREDICTED: hypothetical protein    XP_001607506 Nasonia vitripennis  513 3e-21 + NS + 
10736  steroidogenic acute regulatory protein, putative   EEC17164  Ixodes scapularis  472 1e-30 + NS NS 
10796  nucleoside-diphosphate kinase    AAY66978 Ixodes scapularis  116 9e-25 NS NS - 
11087  unknown             - NS NS 
11199  putative salivary secreted peptide    AAT92148 Ixodes pacificus  99 2e-21 NS NS - 
12607  cellular nucleic acid binding protein, putative   EEC01511   Ixodes scapularis  239 3e-26 + NS + 
13133  low-density lipoprotein receptor, putative   EEC16847  Ixodes scapularis  350 4e-29 NS + + 
13311  small nuclear ribonucleoprotein Sm D3, putative   EEC14097  Ixodes scapularis  122 6e-19 NS - - 
13568  signal sequence receptor delta    AAY66974 Ixodes scapularis  87 6e-16 NS - - 
13940  PREDICTED: similar to lethal giant larvae homolog 1   XP_392864  Apis mellifera  1160 9e-59 NS NS + 
13970  DEAD box ATP-dependent RNA helicase, putative   EEC01510.1 Ixodes scapularis  274 4e-15 + NS + 
14096  GA18397      XP_001355590 Drosophila pseudoobscura  233 4e-22 NS NS - 
14371  regulator of chromosome condensation, putative  EEC15489  Ixodes scapularis  405 7e-17 + NS NS 
14573  NADH-ubiquinone oxidoreductase ashi subunit, putative EEC12613  Ixodes scapularis  179 3e-11 NS NS -
  
14946  conserved hypothetical protein     EEC13011  Ixodes scapularis  201 8e-32 NS - - 
15460  helicase, putative      EEC03893  Ixodes scapularis  546 2e-21 + NS + 
16154  signal recognition particle     ABR27967 Triatoma infestans  148 3e-25 NS - - 
16645  peroxinectin, putative      EEC08358  Ixodes scapularis  588 4e-23 - NS NS 
16650  GJ17069       EDW63875 Drosophila virilis  423 5e-12 NS - NS 
16986   Acidic fibroblast growth factor intracellular- binding protein  EEB16458  Pediculus humanus corporis 355 5e-17 NS - - 
17159  conserved hypothetical protein     EEC14948   Ixodes scapularis  372 6e-16 NS - - 
17446  phenylalanine hydroxylase     EDS32280  Culex quinquefasciatus 190 7e-31 NS NS + 
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17936  secreted protein, putative    EEC06777  Ixodes scapularis  117 3e-25 + NS NS 
18013  ubiquilin 1,2, putative     EEC07228  Ixodes scapularis  135 5e-30 + NS NS 
18042  CDK inhibitor P21 binding protein, putative    EEC16662  Ixodes scapularis  329 1e-65 NS NS - 
18070  PREDICTED: similar to Nhp2 non-histone chromosome XP_396907 Apis mellifera  127 3e-16 NS NS - 

protein 2-like 1  
18219  aldo-keto reductase, putative     EEC18706  Ixodes scapularis  271 2e-11 NS - NS 
18597 short-chain alcohol dehydrogenase, putative EEC08316 Ixodes scapularis 328 4e-88 NS - NS 
18714  conserved hypothetical protein     EEC16115  Ixodes scapularis  368 8e-41 NS - - 
19176  hypothetical protein IscW_IS1CW000701    EEC00975  Ixodes scapularis  446 1e-18 NS NS + 
19252  hypothetical protein BRAFLDRAFT_210874   EEN67406  Branchiostoma floridae 384 3e-27 NS NS + 
19491  glycosyltransferase, putative    EEC09516  Ixodes scapularis  164 1e-18 NS NS - 
19599  prefoldin, putative      EEC19878  Ixodes scapularis  101 2e-31 NS - - 
19610  26S proteasome complex subunit DSS1, putative   EEC19491  Ixodes scapularis  79 4e-13 NS NS - 
20120  CYTB_15045 cytochrome b     NP_008522 Rhipicephalus sanguineus 358 7e-116 NS + - 
20367  unknown             NS NS - 
20946  serine/threonine protein kinase, putative    EEC20092  Ixodes scapularis  293 6e-31 NS NS + 


