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Abstract 

Background Numerous bioassay methods have been used to test the efficacy of repellents for ticks, but the compa-
rability of results across different methods has only been evaluated in a single study. Of particular interest are com-
parisons between bioassays that use artificial containers (in vitro) with those conducted on a human subject (in vivo) 
for efficacy testing of new potential unregistered active ingredients, which most commonly use in vitro methods.

Methods We compared four different bioassay methods and evaluated three ingredients (DEET [N,N-Diethyl-meta-
toluamide], peppermint oil and rosemary oil) and a negative control (ethanol) over a 6-h period. Two of the methods 
tested were in vivo bioassay methods in which the active ingredient was applied to human skin (finger and forearm 
bioassays), and the other two methods were in vitro methods using artificial containers (jar and petri dish bioassays). 
All four bioassays were conducted using Ixodes scapularis nymphs. We compared the results using nymphs from two 
different tick colonies that were derived from I. scapularis collected in the US states of Connecticut and Rhode Island 
(northern origin) and Oklahoma (southern origin), expecting that ticks of different origin would display differences in 
host-seeking behavior.

Results The results between bioassay methods did not differ significantly, even when comparing those that provide 
the stimulus of human skin with those that do not. We also found that tick colony source can impact the outcome of 
repellency bioassays due to differences in movement speed; behavioral differences were incorporated into the assay 
screening. DEET effectively repelled nymphs for the full 6-h duration of the study. Peppermint oil showed a similar 
repellent efficacy to DEET during the first hour, but it decreased sharply afterwards. Rosemary oil did not effectively 
repel nymphs across any of the time points.

Conclusions The repellency results did not differ significantly between the four bioassay methods tested. The results 
also highlight the need to consider the geographic origin of ticks used in repellency bioassays in addition to species 
and life stage. Finally, our results indicate a limited repellent efficacy of the two essential oils tested, which highlights 
the need for further studies on the duration of repellency for similar botanically derived active ingredients and for 
evaluation of formulated products.

Keywords Ixodes scapularis, In vitro bioassays, In vivo bioassays, Repellency, DEET, Peppermint oil, Rosemary oil, 
Geographic origin

Background
Ticks and tick-borne diseases pose a major threat to 
human health in the USA. The blacklegged tick (Ixodes 
scapularis) is the primary vector of multiple human path-
ogens in the eastern USA, including Borrelia burgdorferi 
sensu stricto, B. mayonii (Lyme disease), B. miyamotoi 
(hard tick relapsing fever), Anaplasma phagocytophilum 
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(anaplasmosis), Babesia microti (babesiosis), Ehrlichia 
muris eauclairensis (ehrlichiosis) and Powassan virus 
(Powassan virus disease) [1]. Safe, effective and acces-
sible methods to deliver broad-scale or area-wide con-
trol of I. scapularis are currently lacking [2]. Therefore, 
the best defense against I. scapularis-borne pathogens 
is to reduce tick-human contact rates through tick habi-
tat avoidance and the use of personal protection meth-
ods, including tick repellents [3]. There are a number of 
US Environmental Protection Agency (EPA)-registered 
repellents on the market that are effective against I. scap-
ularis, including, but not limited to, those containing 
N,N-Diethyl-meta-toluamide (DEET), picaridin, IR3535, 
oil of lemon eucalyptus, para-menthane-diol or 2-unde-
canone as active ingredients [4, 5]. New repellent active 
ingredients are also under development, and some exist-
ing repellent active ingredients and formulations have 
not been evaluated.

Repellency bioassays are commonly used to evaluate 
the efficacy of repellents for use against ticks. There are 
a variety of bioassay methods that target different tick 
species and life stages, including both in  vivo (using a 
live subject) and in vitro (not using a live subject) meth-
ods. However, there is limited standardization between 
methods, as concentrations of the targeted active ingre-
dients and volume per treatment area may vary [6, 7]. It 
is therefore difficult to compare the results between bio-
assay methods, particularly between in vivo  and in vitro 
bioassays where stimuli from a live subject may affect the 
results of the former. The EPA recommends the in  vivo 
forearm bioassay as the primary method to evaluate tick 
repellents, but this may not work across all species and 
life stages due to differences in mobility. EPA guidelines 
do suggest a consistent concentration (20% solution) and 
volume per unit area (1 ml per 600  cm2) for the forearm 
bioassay [8], and these provide good baseline application 
rate targets for the comparison of results across bioassay 
methods.

In the development of mosquito and tick repellents, 
the EPA classifies some chemical compounds as ‘exempt’ 
from registration, referred to as ‘25(b) exempt,’ as they 
have been determined to minimally impact human health 
[9]. When these ‘25(b) exempt’ compounds are used as 
the active ingredient for commercial repellent formula-
tions, no efficacy testing is required. Many botanically 
derived essential oils are included in this category (e.g. 
peppermint oil and rosemary oil). Efficacy data for ‘25(b) 
exempt’ active ingredients and commercial products 
against ticks come from research studies and are avail-
able only for a small portion of the products on the mar-
ket. This research has been conducted using a variety of 
bioassay methods [6, 10–12], making it difficult to com-
pare the efficacy of active ingredients between studies.

Given the wide variety of bioassay methods used for 
efficacy evaluations, as well as the practical benefits of 
using in vitro methods for initial screening of novel active 
ingredients, it is important to determine whether results 
differ between bioassay methods when tick life stage, age, 
rearing conditions and the application rate of the active 
ingredients are standardized. In the present study, we 
tested two common in vivo methods (finger bioassay and 
forearm bioassay) and two in  vitro methods (jar bioas-
say and petri dish bioassay) using I. scapularis nymphs. 
Nymphs were used as they represent the life stage 
accounting for most human Lyme disease, anaplasmosis 
and babesiosis infections [13–15] and are easier to rear in 
large numbers, allowing us to use naïve nymphs for each 
time point when determining the duration of repellency. 
The study included a negative control (ethanol) and three 
repellent treatment groups: positive control (DEET) 
and two ‘25(b) exempt’ oils (peppermint oil and rose-
mary oil). To determine whether colony origin affected 
the bioassay results, repellency outcomes were com-
pared using nymphs from two separate laboratory colo-
nies that were expected to yield differences in nymphal 
questing behavior: colony ticks originated from the US 
states of Connecticut and Rhode Island (USA) and col-
ony ticks from the US state of Oklahoma (USA). Under 
natural conditions, nymphs of northern origin tend to 
display more aggressive host-seeking behavior compared 
with nymphs derived from the south [16]. We sought to 
determine if repellency was overestimated when using 
the in vitro bioassays, due to the lack of a human attract-
ant, and to assess the performance of the different bio-
assays when used with the DEET gold standard repellent 
versus potentially less repellent ‘25(b) exempt’ active 
ingredients.

Methods
Tick rearing
We used I. scapularis colonies of two origins in our bio-
assays, one derived from specimens collected in Con-
necticut and Rhode Island (northern origin), which is 
maintained at the Centers for Disease Control and Pre-
vention, Division of Vector-Borne Diseases in Fort Col-
lins, Colorado (CDC colony hereafter), and one derived 
from specimens collected in Oklahoma (southern origin) 
and maintained at Oklahoma State University, Stillwa-
ter, Oklahoma (OSU colony hereafter). The OSU colony 
was started in 1991, while the CDC colony was started 
in 2003. Both colonies are intermittently refreshed with 
ticks from the field, either from Connecticut and Rhode 
Island (CDC) or from Oklahoma (OSU), to maintain 
genetic diversity. At OSU, all tick life stages are fed on 
sheep and rabbits. OSU colony larvae shipped to CDC 
were fed on CD1 mice (Charles River Laboratories, 
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Wilmington, MA, USA) and allowed to molt into nymphs 
for use in the bioassays. In the CDC colony, adults were 
fed on New Zealand white rabbits and larvae on CD1 
mice to produce nymphs for the bioassays. Fed larval 
ticks were cleaned using water and filter paper and main-
tained at 24  °C in desiccators with a potassium sulfate 
solution (120 g/l) to maintain high relative humidity until 
the nymphs molted. Nymphs used in repellency bioas-
says were between 2- and 4-weeks post-molt. Animal use 
and experimental procedures were in accordance with 
approved protocols on file with the Centers for Disease 
Control and Prevention, Division of Vector-Borne Dis-
eases Animal Care and Use Committee.

Repellency bioassays
Four repellency bioassay methods were evaluated in 
this study, of which two were in vivo methods and con-
ducted on human skin (forearm bioassay and finger bio-
assay) and two were in  vitro methods and conducted 
within artificial containers (jar and vertically oriented 
petri dish bioassays). The finger bioassay [17] was origi-
nally designed for use with nymphs. The jar bioassay is 
a modification of the Falcon vial bioassay, using a wider 
container, and was also originally designed for use with 
nymphal ticks [18, 19]. The forearm and vertical petri 
dish bioassays were designed for use with adult ticks [8, 
20] and rely on the proclivity of adult I. scapularis to 
quest upwards. Nymphs do not climb as predictably or 
quickly as adults, and nymphal behavior is expected to 
differ based on the origin of the nymphs. Therefore, we 
modified the forearm and vertical petri dish assays so 
that nymphs were placed on the treated area, rather than 
below it. Repellency was recorded when they crawled 
off the treated area prior to a time point determined as 
described in the following subsections. For the finger bio-
assay, the treated area was small relative to the forearm 
bioassay, so nymphs crawled upwards through it reliably. 
Nymphs also tended to spread out of the small, treated 
area of the finger rapidly, making it difficult to place five 
of them within the treated area before at least one had 
already crawled away.

We standardized the volume of the test solution (nega-
tive control: ethanol [ETOH]; repellent active ingredi-
ents: DEET [Chem Service Inc., West Chester, PA, SKU: 
–12618], peppermint oil [Sigma-Aldrich, St. Louis, MO, 
SKU: W284815] or rosemary oil [Sigma-Aldrich, SKU: 
W299200] dissolved in ETOH) applied for each bioassay 
to 1  ml per 600  cm2 of treated area in accordance with 
guidance from the EPA [8], and a 20% solution was used 
for each of the three active ingredients. We conducted 
pre-trials with no test solution applied to the test sur-
face prior to each trial to ensure that the test nymphs 
displayed normal behavior and mobility (i.e. crawling 

upwards through the test area for the finger bioassay or 
crawling off the test surface for the other three bioassays). 
Nymphs were tested in sets of five in the pre-trials, and if 
> 50% of nymphs in a set did not exhibit normal behavior, 
the set was discarded and another five ticks were tested. 
Sets of nymphs performing as expected in the pre-trials 
were then used in the trials with test solutions. We tested 
a total of six rounds of five nymphs at each of the seven 
time points (0–6  h) for each bioassay, active ingredient 
and tick colony. Therefore, a total of 210 nymphs were 
used to test each bioassay method and repellent com-
bination. Each time point used separate sets of naïve 
ticks so that the observations were independent. Posi-
tive (DEET) and negative (ETOH) control bioassays were 
conducted with nymphs from both the OSU and CDC 
colonies to explore the effect of behavioral differences on 
the results. Based on their higher level of activity, only 
nymphs from the CDC colony were used to evaluate the 
efficacy of peppermint and rosemary oil as repellents.

Jar bioassay
The jar bioassay was an in  vitro bioassay that we con-
ducted inside a 90-ml-capacity plastic jar (model 
S-17034; Uline, Pleasant Prairie, WI, USA) with five holes 
punched in the cap (Fig.  1). A piece of 8 × 8-cm white 
cotton fabric was treated with 107 µl of the test solution 
(i.e. ETOH, or a 20% solution of DEET, peppermint oil 
or rosemary oil). The fabric was allowed to dry under a 
chemical hood for 20  min. Once the fabric was treated 
and dried, we placed five nymphs on it, and the fabric 
was placed on the underside of the jar’s cap; the inverted 
jar was then affixed to the cap, with the fabric secured by 
the threads of the jar and cap. The jar was then placed 
right side up so that the nymphs were upside-down at 
the top of the jar on the fabric. Ticks were placed on the 
top of the jar to force them to move downward rather 
than upward and alter their normal tendency to remain 
attached to an untreated surface.

For the jar bioassay, the time to repellency was deter-
mined by first applying nymphs to negative control 
assays (using ETOH only) and recording the amount of 
time it took for the first nymph to crawl off the ETOH-
treated surface. We then applied nymphs to positive con-
trol assays (using 20% DEET dissolved in ETOH) and 
recorded the time when 100% of ticks had crawled off the 
DEET-treated surface. This was repeated with 20 sets of 
five nymphs (10 sets with DEET as positive control and 
10 sets with ETOH as negative control) for each of the 
two tick colonies. The repellency assessment time point 
is an intermediate time between these two time points 
rounded to the nearest 5 s. When possible, time points 
were matched between bioassay methods or colonies 
(Table  1). Nymphs of different origin showed variable 
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levels of activity, and thus the time point to assess repel-
lency was 75 s for CDC nymphs and 130 s for those from 
the OSU colony. Nymphs either walked off or dropped 
off the fabric. We recorded the number of nymphs still 
on (not repelled) on the treated fabric versus those hav-
ing moved off of it (repelled) at the repellency assessment 
time points.

Vertical petri dish bioassay
The petri dish bioassay was an in  vitro bioassay con-
ducted inside an open petri dish that was tilted at a 45° 

angle (Fig.  1). A round piece of Whatman filter paper 
(diameter: 90 mm) was cut in half, with one half being 
treated (using 53  µl of test solution) and the other left 
untreated. The treated filter paper was allowed to dry 
under a chemical hood for 20  min. We then placed the 
two filter paper halves inside the petri dish, with the 
treated half at the top, and five nymphs were placed in 
the middle of the treated half of the filter paper. Ticks 
were placed on the top half of the petri dish to force them 
to move downslope rather than upward, again forcing 
them to move against their normal tendency to ascend.

Fig. 1 Setup for the four bioassay methods used to assess repellency toward Ixodes scapularis nymphs. For the finger and forearm bioassays, the 
area between the arrows was treated; for the jar bioassay, the entire piece of fabric was treated; for the petri dish bioassay, the top half of the filter 
paper was treated. For the jar, vertical petri dish and forearm bioassays, ticks are placed within the treated area and the numbers that remain inside 
versus crawl out of the treated area are recorded at the repellency assessment time point. Nymphs in the finger bioassay are introduced below the 
treated area and the numbers remaining below versus crawling onto or through the treated area are recorded
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For the petri dish bioassay, the time to repellency was 
determined by first applying nymphs to negative control 
assays (using ETOH only) and recording the amount of 
time it took for the first nymph to crawl off the ETOH-
treated surface. We then applied nymphs to positive 
control assays (using 20% DEET dissolved in ETOH) 
and recorded the time when 100% of ticks had crawled 
off the DEET-treated surface. This was repeated with 20 
sets of five nymphs (10 sets with the DEET positive con-
trol and 10 with the ETOH negative control) for each of 
the two tick colonies. The repellency assessment time 
point is an intermediate time between these two time 
points rounded to the nearest  5 s. When possible, time 
points were matched between bioassay methods or colo-
nies (Table  1). The time point for assessing repellency 
was 75 s for nymphs from the CDC colony and 130 s for 
nymphs from the OSU colony. We recorded the number 
of nymphs still on (not repelled) the treated paper versus 
the number having moved off (repelled) the treated paper 
at the repellency assessment time points.

Finger bioassay
The finger bioassay was an in vivo bioassay, conducted on 
the index finger of a human subject. The assay is based on 
the natural inclination of I. scapularis nymphs to move 
upward on a vertically positioned human skin surface, 
such as a finger or an arm. We drew lines at the first and 

second knuckle (Fig. 1) and treated the area between the 
two knuckles with 38 µl of test solution. The finger was 
then allowed to dry under a chemical hood for 20  min. 
Once treated and dried, the tip of the finger was placed 
against a table with the finger at a 90° angle. Five nymphs 
were placed at the nail bed, and they were given the 
opportunity to climb upwards through the treated area.

To determine the repellency time point for the finger 
bioassay, we recorded the time when 100% of nymphs 
had crawled through the ETOH-treated portion of the 
finger, using 10 sets of five nymphs from each colony. The 
repellency time point selected was 5 s above the slowest 
nymph rounded to the nearest 5 s time point. We added 
the extra 5 s to create a short time buffer in case nymphs 
occasionally moved slightly slower than those in our ini-
tial testing. The time point for assessing repellency was 
80 s for nymphs from the CDC colony and 340 s for those 
from the OSU colony. At the repellency assessment time 
points, we recorded the number of nymphs that were 
still below the treated area (repelled) versus those that 
had entered or crawled through the treated area (not 
repelled). If a nymph crossed into the treated area, they 
were not considered to be repelled. Only one person was 
used as a subject for this experiment to reduce variation 
in results between participants.

Forearm bioassay
The standard in vivo EPA forearm bioassay [8] uses adult 
I. scapularis and, similar to the finger bioassay, relies on 
the inclination of the ticks to crawl upwards on a verti-
cally oriented surface. Nymphs move more slowly and 
less predictably compared to adults, particularly on a 
large surface like the forearm. We therefore placed the 
nymphs directly on the treated portion of the forearm 
and they were allowed to crawl out of this area. Three 
lines were drawn on the subject’s forearm, one at the base 
of the wrist, one 3 cm up from that and a third 6 cm from 
the base of the wrist (Fig. 1). We treated the entire fore-
arm area (top and bottom) between the first and third 
lines with 184 µl of test solution. The forearm was then 
allowed to dry under a chemical hood for 20 min. Once 
treated and dried, the forearm was held at a 45° angle, 
and we placed five nymphs on the middle line in the 
center of the forearm.

For the forearm bioassay, the time to repellency was 
determined by first applying nymphs to negative control 
assays (using ETOH only) and recording the amount of 
time it took for the first nymph to crawl off the ETOH-
treated surface. We then applied nymphs to positive con-
trol assays (using 20% DEET dissolved in ETOH) and 
recorded the time when 100% of ticks had crawled off the 
DEET-treated surface. This was repeated with 20 sets of 
five nymphs (10 sets with the DEET positive control and 10 

Table 1 The data used to determine the repellency assessment 
time points (in seconds) for each of the four bioassays using 
Ixodes scapularis nymphs from two tick colonies

The time in the ‘positive control’ column represents the longest time for 100% 
of nymphs to be repelled in a positive control DEET treatment. Times in the 
‘negative  control’ column represent the shortest time that the first nymph was 
“repelled” in a negative control ETOH treatment.  The repellency assessment 
time point is an intermediate time between the other two time points rounded 
to the nearest 5 s. When possible, time points were matched between bioassay 
methods or colonies

DEET N,N-Diethyl-meta-toluamide, ETOH ethanol
a CDC colony was derived from specimens collected in Connecticut and Rhode 
Island (northern origin) and maintained at the Centers for Disease Control and 
Prevention, Division of Vector-Borne Diseases in Fort Collins, Colorado. OSU 
colony was derived from specimens collected in Oklahoma (southern origin) and 
maintained at Oklahoma State University, Stillwater, Oklahoma

Bioassay Tick  colonya Positive 
control 
(DEET)

Negative 
control 
(ETOH)

Selected 
repellency 
time point

Jar bioassay CDC 16 s 120 s 75 s

OSU 119 s 142 s 130 s

Petri dish 
bioassay

CDC 72 s 97 s 75 s

OSU 117 s 181 s 130 s

Finger bioassay CDC  > 600 s 67 s 75 s

OSU  > 600 s 332 s 340 s

Forearm bioas-
say

CDC 181 s 201 s 190 s

OSU 176 s 201 s 190 s
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with the ETOH negative control) for each of the two tick 
colonies. The repellency assessment time point is an inter-
mediate time between these two time points rounded to 
the nearest 5 s. When possible, time points were matched 
between bioassay methods or colonies. Nymphs from both 
colonies behaved similarly for the forearm bioassay, likely 
due to the relatively large distance they needed to move to 
be considered repelled (Table 1). Therefore, the time point 
for assessing repellency was 190  s for nymphs from both 
the CDC and OSU colonies. At the repellency assessment 
time point, we recorded the number of ticks still inside the 
treated are versus the number outside of the treated area. 
As with the finger bioassay, only one person was used as a 
subject for the forearm bioassay.

Statistical analyses
Repellency data were analyzed using logistic regressions 
for proportions coded as generalized linear mixed models 
using the glm() command in R with the logit link function, 
weighted by the total number of ticks in each bioassay. The 
response was a proportional variable where repellency 
was coded as the number of ticks repelled over the total 
number of ticks in a single bioassay (i.e. replicate), which 
was five in all cases. Results were considered significant at 
α = 0.05. Statistical analyses were conducted using R ver-
sion 4.2.1 [21].

For analysis of the pre-trial data, ticks were scored as 
displaying expected behavior or not. In the forearm, verti-
cal petri dish and jar bioassays, expected behavior meant 
remaining within the test area at the repellency time point; 
for the finger bioassay, it meant crawling into or through 
the test area. We used two logistic regressions for propor-
tions (one for the OSU colony and one for the CDC col-
ony) to compare the behavior between ticks applied to an 
untreated test substrate (untreated filter paper, fabric or 
skin) relative to that of ticks applied to the test substrate 
treated with ethanol (negative control). The fixed effects 
included in this analysis were bioassay method, dura-
tion after repellent application (hours 0–6) and treatment 
(untreated pre-test and ethanol). This analysis was con-
ducted to determine whether use in the bioassays during 
the pre-trials altered tick behavior in the corresponding tri-
als. The tick behavior data used for this analysis were there-
fore not corrected using the Abbott formula described 
below.

Repellency data for all remaining analyses were corrected 
against their associated pre-trial data using Abbott’s cor-
rected mortality formula, bounded by 0% and 100% [22]:

Abbott Corrected Repellency =
%Repelled in Trial− %Repelled in Pretrial

100− %Repelled in Pretrial
× 100.

Another logistic regression for proportions was used 
to compare the ethanol treatment (negative control) and 
DEET treatment (positive control) bioassay results between 
the CDC and OSU tick colonies. In this analysis, the bio-
assay method, duration after repellent application and 
tick colony origin (CDC and OSU) were included as fixed 
effects. This analysis allowed us to determine whether the 
results of the repellency bioassay methods differed between 
the two colonies once appropriate repellency time points 
were determined. A final logistic regression for propor-
tions was conducted using only the bioassay results for the 
CDC colony comparing the repellent efficacy of the rose-
mary and peppermint oils with that of the positive (DEET) 
and negative (ethanol) controls. For this analysis, the fixed 
effects included bioassay method, duration after repellent 
application and treatment (ethanol, DEET, rosemary oil, 
and peppermint oil). This allowed us to determine the effi-
cacy of the two ‘25(b) exempt’ natural active ingredients to 
act as repellents over a 6-h period.

Results
Pre‑trial data
Our first two analyses compared the proportion of nymphs 
displaying expected behavior when applied to the test sub-
strate without application of ethanol to the negative con-
trol where ethanol was applied; separate analyses were run 
for each colony. For nymphs from both the CDC and OSU 
colonies at each time point after application and across all 
methods, the application of ethanol resulted in no signifi-
cant differences in behavior compared with ticks applied to 
an untreated test substrate (Table 2).

The number of nymphs that were discarded across all 
pre-trials varied by colony, and since there were no OSU 
trials for peppermint or rosemary oil, we compared the 
total number of ticks discarded during the pre-trials for the 
negative and positive controls. In this case, ticks were only 
discarded if > 50% (> 2 ticks) per replicate did not display 
the expected behavior. For the CDC colony, 8% [57/720] 
of nymphs were discarded during finger bioassay pre-tri-
als, 6% [43/720] of nymphs during the forearm bioassays, 
7% [50/720] of nymphs during the jar bioassays and 3% of 
nymphs [22/720] during the petri dish bioassays. For the 
OSU colony, 19% [137/720] of nymphs were discarded dur-
ing finger bioassay pre-trials, 5% [36/720] of nymphs dur-
ing the forearm bioassays, 18% of nymphs [130/720] during 
the jar bioassays and 7% [50/720] of nymphs during the 
petri dish bioassays.
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Table 2 The average percentage of Ixodes scapularis nymphs from the CDC and OSU colonies not exhibiting expected behavior for 
each of the treatment groups, bioassay methods and time points in the pre-trials for the negative controls

Percent not exhibiting expected 
behavior

df Deviance residual P-value

CDC colony

 Treatment group

  Pre-trial (untreated surface) 18.0 (15.5–20.7)
[151/840]

1325 0.04 0.841

  Negative control (ETOH treated surface) 17.1 (14.8–19.8)
[144/840]

 Bioassay method

  Finger bioassay 16.2 (13.0–20.0)
[68/420]

3326 0.61 0.894

  Forearm bioassay 19.0 (15.6–23.1)
[80/420]

  Jar bioassay 32.6 (28.3–37.2)
[137/420]

  Petri dish bioassay 15.7 (12.5–19.5)
[66/420]

 Timepoint in hours after treatment

  0 19.6 (15.1–25.1)
[47/240]

6329 0.89 0.989

  1 18.3 (14.0–23.7)
[44/240]

  2 18.3 (14.0–23.7)
[44/240]

  3 20.0 (15.4–25.5)
[28/240]

  4 16.7 (12.5–21.8)
[40/240]

  5 14.2 (10.3–19.1)
[34/240]

  6 15.8 (11.8–21.0)
[38/240]

OSU colony

 Treatment group

  Pre-trial (untreated surface) 11.3 (9.3–13.6)
[95/840]

1325 0.01 0.945

  Negative control (ETOH treated surface) 11.5 (9.6–13.9)
[95/840]

 Bioassay method

  Finger bioassay 14.0 (11.0–17.7)
[59/420]

3326 7.32 0.062

  Forearm bioassay 4.0 (2.5–6.4)
[17/420]

  Jar bioassay 20.0 (16.5–24.1)
[84/420]

  Petri dish bioassay 14.3 (11.3–18.0)
[60/420]

 Timepoint in hours after treatment
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We compared our uncorrected (no Abbott correction 
applied) negative control results against the results of the 
associated pre-trials to determine whether contact with 
the bioassay apparatus or human skin had altered tick 
behavior. We also wanted to determine whether the pres-
ence of ethanol in the negative control elicited behavio-
ral effects. The results did not differ for either the CDC 
(df = 1325, deviance residual = 0.04, P = 0.841) or OSU 
(df = 1325, deviance residual = 0.01, P = 0.973) colonies. 
The results also did not vary by bioassay (CDC: df = 3326, 
deviance residual = 0.610, P = 0.894; OSU: df = 3326, 
deviance residual = 7.32, P = 0.062) or time point after 
application (CDC: df = 6329, deviance residual = 0.89, 
P = 0.898; OSU: df = 6329, deviance residual = 1.27, 
P = 0.973).

Colony comparisons for positive control (DEET) 
and negative control (ethanol)
Across each of the bioassays and time points after treat-
ment, the proportion of nymphs repelled by DEET or eth-
anol was similar between nymphs derived from the CDC 
and OSU colonies (df = 1324, deviance residual = 0.067, 
P = 0.796). The proportion of ticks repelled was greater 
for our positive control (DEET) than for the negative 
control (ethanol) (df = 1325, deviance residual = 296.1, 
P < 0.001) (Fig. 2). Nymphs in the negative control (etha-
nol) group were not truly ‘repelled,’ but rather failed to 
exhibit the expected behavior. Despite this, for simplicity, 
we refer to nymphs which did not display the expected 
behavior as ‘repelled’ in the text hereafter, as well as in 
our figures. The Abbott correction is bounded by 0 on 

the low end. Therefore, the average ‘repellency’ in the 
negative control is slightly higher than expected since 
any negative numbers were increased to 0. Across all 
bioassay methods and time points after treatment, for 
the CDC colony, 8% [58/720] were repelled in the nega-
tive control (ethanol) and 88% [634/720] were repelled 
in the positive control (DEET). For the OSU colony, 6% 
[43/720] were repelled in the negative control (ethanol) 
and 88% [634/720] were repelled in the positive con-
trol (DEET). The results also did not differ significantly 
between time points after treatment (df = 6329, deviance 
residual = 0.517, P = 0.998) or across bioassay methods 
(df = 3326, deviance residual = 1.02, P = 0.797).

Natural repellents
Using nymphs derived from the CDC colony only, the 
results did not differ significantly between bioassay 
methods across treatments or time points after treat-
ment (df = 3662, deviance residual = 2.31, P = 0.512) 
(Fig.  3). However, we detected a significant difference 
between the four treatments (ethanol, DEET, pepper-
mint oil and rosemary oil) (df = 1659, deviance resid-
ual = 353.3, P < 0.001) and between time points after 
treatment (df = 6665, deviance residual = 24.6, P < 0.001). 
In all four bioassays, the DEET treatment remained effi-
cacious for all 6 h of the evaluation period compared 
with the ethanol treatment (Fig.  3). The percentage of 
nymphs repelled in the negative control (ethanol) treat-
ment was 8% while in the positive control (DEET) 88% 
of nymphs were repelled. Across all bioassay methods, 
the repellent efficacy of rosemary oil did not differ from 

a Expected behavior consisted of, for example, crawling upwards through the test area for the finger bioassay or crawling off the test surface for the other three 
bioassays. The values in parentheses are the 95% Wilson scores. The values in square brackets are the proportion of ticks discarded for each category
b The statistical information relates to the results of the logistic regressions for proportions

Table 2 (continued)

Percent not exhibiting expected 
behavior

df Deviance residual P-value

  0 13.3 (9.6–18.2)
[32/240]

6329 1.27 0.973

  1 12.5 (8.9–17.3)
[30/240]

  2 10.0 (6.8–14.4)
[24/240]

  3 9.2 (6.1–13.4)
[22/240]

  4 9.2 (6.1–13.4)
[22/240]

  5 14.6 (10.7–19.6)
[35/240]

  6 11.3 (7.8–15.9)
[27/240]
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that of the ethanol treatment, with percentage of nymphs 
repelled at 9% across time points. Peppermint oil showed 
some repellent effect for the first hour after treatment but 
this effect dropped rapidly afterwards, although the oil 
remained somewhat effective through the second hour in 
the jar bioassay (Fig. 3). Across bioassays, for peppermint 
oil, the percentage of ticks repelled was high (93%) at the 
0-h time point and fell to 66% at the 1-h time point. The 

average percentage of nymphs repelled was 14% over the 
remaining time points across bioassays.

Discussion
A previous study determined that in  vitro and in  vivo 
methods yielded similar effective doses for a number of 
active ingredients but did not examine whether the dura-
tion of repellency varied by method [23]. The findings 

Fig. 2 Plots showing the point estimates and range (minimum and maximum across replicates) for each time point after treatment for the negative 
(ETOH) and positive (DEET) controls, shown in black and red, respectively. The solid lines and filled circle points show repellency for the CDC colony, 
and the dashed lines and filled squares show repellency for the OSU colony. The proportion repelled for the negative control (ETOH) group was a 
measure of the portion of nymphs that did not exhibit the expected behavior, rather than true repellency. CDC, Colony derived from specimens 
collected in Connecticut and Rhode Island and maintained at the Centers for Disease Control and Prevention, Division of Vector-Borne Diseases 
(Fort Collins, CO, USA); DEET, N,N-Diethyl-meta-toluamide;   ETOH, ethanol; OSU, colony derived from specimens collected in Oklahoma and 
maintained at Oklahoma State University (Stillwater, OK)
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reported here indicate that when the application rate of 
repellent active ingredients conforms to EPA guidelines 
[8] the four bioassay methods tested in our study yield 
comparable results for the duration of repellency up to 
6 h. Most notably, we did not observe significant differ-
ences between the in  vitro and in  vivo methods. Infor-
mation regarding the comparability of results between 
bioassay methods improves our ability to compare repel-
lent efficacy information across studies. The lack of 
effect that we observed when bioassays were conducted 
on a human subject (i.e. in  vivo methods) is encourag-
ing as it means that the results of efficacy testing for new 

potentially active ingredients, which most commonly are 
used in vitro methods [6], are likely to carry over to test-
ing on human subjects.

There were a number of minor notable differences 
between the bioassays. While not statistically signifi-
cant, the jar bioassay did exaggerate the duration of 
repellency for peppermint oil slightly, with 100% of 
nymphs being repelled at the 1-h time point compared 
with only 63% averaged across the other three bioas-
says. This likely occurred because ticks were upside-
down in the jar bioassay and, therefore, repellent effects 
may have been slightly enhanced by gravity as nymphs 

Fig. 3 Plots showing the point estimates and range (minimum and maximum) for each time point for the negative control (ETOH) (black), positive 
control (DEET) (red), peppermint oil (green) and rosemary oil (blue) treatments. These figures only show data for the CDC colony. The proportion 
repelled for the negative control (ETOH) group was a measure of the portion of nymphs that did not exhibit the expected behavior, rather than true 
repellency
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only needed to detach slightly to fall from the top of 
the container. The in  vivo repellency bioassays were 
conducted on a single subject; little between-subject 
variation was observed in previous studies that used 
multiple participants [24, 25]. Aside from these minor 
caveats, it appears that under controlled conditions, 
these four bioassay methods yield comparable results.

Due to behavioral differences across tick colonies, 
we found that the repellency assessment time point 
needed to be adjusted depending upon the colony that 
was used. We tested two colonies, one derived from I. 
scapularis collected from Connecticut ticks (north-
ern origin) and another derived from Oklahoma ticks 
(southern origin). Northern and southern clades of I. 
scapularis in the USA demonstrate behavioral differ-
ences, with ticks from the southern clade tending to 
quest less actively [16, 26]. We did observe that ticks 
from Oklahoma were less active and generally took 
longer to crawl off or through the treated areas. There-
fore, the repellency assessment time points tended to 
be longer for the OSU colony than for the CDC colony. 
It is possible that this difference is caused by behavio-
ral variation between the northern and southern clades, 
although differences in rearing conditions between the 
colonies may have also affected tick behavior. It is also 
possible that one or both colonies are inbred. While 
both colonies are intermittently refreshed with adults 
from either Connecticut and Rhode Island (CDC) or 
Oklahoma (OSU), it is possible that behavioral differ-
ences are due to inbreeding or other selective pressures 
under colony conditions. This highlights the need to 
conduct initial testing to ensure bioassay methods are 
appropriate, not only considering the tick species and 
life stage, but also the origin and rearing conditions of 
the colony used.

The use of repellents is generally low in the USA 
[27–30]. A repellent requiring multiple applications is 
less likely to be effective, therefore assessing repellency 
at multiple time points is important. DEET was effec-
tive across all 6 h of our study. Peppermint oil initially 
exhibited similar repellent effects to that of DEET, but 
the repellent activity dropped rapidly after the first hour. 
Rosemary oil had a limited repellent effect at all time 
points, and the results did not differ significantly from 
those of the negative control (ethanol) treatment. In con-
trast, a study investigating specific molecular compo-
nents of rosemary oil found these to be highly efficacious 
as repellents against the American dog tick, Dermacentor 
variabilis, albeit for a short duration [31]. It is therefore 
worth noting that a lack of repellent activity when test-
ing an essential oil or botanical active ingredient does not 
necessarily indicate that it contains no compounds that 
might act as repellents if isolated.

The results of previous studies of ‘25(b) exempt’ 
active ingredients have varied, depending on the con-
centration used and tick species targeted [32–34]. Stud-
ies for I. scapularis have primarily focused on finding 
an effective dose at which ‘25(b) exempt’ active ingre-
dients act as repellents by testing a range of concentra-
tions [11, 19]. A recent study investigated the duration 
of repellency of 20 different ‘25(b) exempt’ active 
ingredients at a consistent concentration [12]. Despite 
using a lower concentration than was used in our study 
(10% vs 20%), the authors of the study reported similar 
results, finding that peppermint oil was only equiva-
lently effective to DEET for 44 min and that rosemary 
oil was not an effective repellent in its raw oil form [12]. 
The concentration of an active ingredient can affect the 
duration of repellency in some cases [25], so it is pos-
sible that the repellent effects of some ‘25(b) exempt’ 
active ingredients would last longer at higher concen-
trations. It is also possible that commercial formula-
tions of these active ingredients may remain effective 
for a longer time than the unformulated active ingredi-
ents we tested due to the presence of chemical stabiliz-
ers and synergists, but this possibility requires further 
evaluation.

Conclusions
We have demonstrated that different bioassay repellency 
methods can yield similar results, regardless of whether 
it is conducted on a human subject. In the present study, 
we tested four bioassay methods, but our findings can-
not be generalized for comparisons between other exist-
ing in  vitro or in  vivo bioassay methods. For example, 
more complicated methods, such as the moving object 
bioassay [6, 35] that mimics the warmth and movement 
of a host, were not evaluated here. We have also shown 
that it is important to consider the origin of ticks used 
in repellency bioassays as differences in behavior might 
affect how repellency is measured. Our data also high-
light the need for additional testing for the duration of 
efficacy of ‘25(b) exempt’ active ingredients. This is par-
ticularly important as there are many products currently 
on the market that utilize ‘25(b) exempt’ active ingredi-
ent, whose efficacy is unknown.
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