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Abstract. Certain monoterpenes produced by aromatic plants are known to have lethal and sublethal effects on insects. As there is a
need to replace conventional pesticides (organophosphates, carbamates, pyrethroids) with biorational pesticides, we evaluated the
behavioural and toxicological responses of the German cockroach, Blattella germanica, exposed to the following monoterpenes,
namely (+)-a-pinene, (—)-a-pinene, limonene, menthone, linalool, menthyl acetate and geraniol. Locomotor activity and repellency
were quantified using a video tracking system. To study the effect on locomotor activity, larvae were exposed to filter papers treated
with concentrations of monoterpenes ranging between 1.4 and 1,400 pg/cm?. Only menthyl acetate applied at a concentration of 14
pg/em? or higher increased the locomotor activity of the larvae. Repellency was evaluated by exposing larvae to circles of filter
paper divided in two equal zones: one zone was treated with a solution of a monoterpene in acetone (14 or 140 pug/cm?) and the other
with only acetone. Larvae were repelled by all the monoterpenes tested. The two concentrations of geraniol and the highest concen-
tration of menthyl acetate and linalool were as repellent as DEET (positive control). The fumigant effect was evaluated by exposing
larvae to vapour from 100 pl of pure monoterpene in a sealed container. The values of the 50% Knock-down Times (KT50),
expressed in minutes, were: (+)-o-pinene: 11.8, (-)-a-pinene: 14.6, limonene: 81.0, menthone: 141.0, and linalool: 238.6. (+)-a-
Pinene was as good a fumigant as dichlorvos (positive control, KT50 = 9.7 min). The least effective compounds were menthyl ace-
tate and geraniol (both affected less than 50% of larvae after 490 min of exposure). In conclusion, (+)-a-pinene (for its fumigant
effect), menthyl acetate (for its hyperactivant effect) and menthone and geraniol (for their repellent properties) could potentially be
used for controlling B. germanica.
INTRODUCTION Sublethal effects produced by monoterpenes include
prevention of either feeding or oviposition (Petrakis et al.,
2005; Isman et al., 2007), weight loss (Karr et al., 1990),
inhibition of development (Hummelbrunner & Isman,
2001; Zahran & Abdelgaleil, 2011) and repellency (Cor-

During their coevolution with pathogens and herbi-
vores, plants developed the ability to produce secondary
metabolites that protect them from the activity of these
organisms (Isman & Akhtar, 2007). Some of these sub-

stances are components of essential oils, complex mix-
tures of monoterpenes (Cio), sesquiterpenes (Cis),
including biogenetically related phenols (phenylpropenes
and cinnamates), produced by plants belonging to the
families Lamiaceae, Myrtaceae, Rutaceae and Apiaceae
(Isman & Machial, 2006). Terpenes from plants are used
in food, pharmaceutical and perfume industries. Some
monoterpenes have lethal and sublethal effects on insects
(Isman, 2006).

Monoterpenes have high vapour pressures (Tisserand &
Balacs, 1995). This feature is favourable for their applica-
tion as fumigants. Different monoterpenes are effective
fumigants against stored product pests (Lee et al., 2003;
Rajendran & Sriranjini, 2008), mosquitoes (Lucia et al.,
2007; Zahran & Abdelgaleil, 2011), German cockroaches
(Phillips & Appel, 2010; Alzogaray et al., 2011); house-
flies (Tarelli et al., 2009), blood-sucking bugs (Sfara et
al., 2009) and human lice (Toloza et al., 2006).

nelius et al., 1997; Choi et al., 2002; Chen & Viljoen,
2010; Alzogaray et al., 2011).

Monoterpenes generally are less toxic to mammals than
conventional insecticides (organophosphates, carbamates
and pyrethroids) and once released into the environment
are relatively quickly degraded (Isman, 2000). Their
mode of action has not been extensively studied, but there
is evidence that some monoterpenes block octopamine
and/or tyramine receptors (Enan, 2001, 2005), while
others inhibit acetylcholinesterase activity (Picollo et al.,
2008; Lopez & Pascual-Villalobos, 2010). These proper-
ties, along with their repellent and fumigant effects, make
monoterpenes potential replacements for conventional
insecticides, which contaminate the environment and are
toxic to organisms other than pests. Most essential oil
components are considered to be minimum risk pesticides
according to section 25(b) of the Federal Insecticide, Fun-
gicide, and Rodenticide Act of United States (Isman &
Paluch, 2011).
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The German cockroach, Blattella germanica, is an
important sanitary pest. It is cosmopolitan and abundant
in homes and other human installations (Cochran, 2003).
Besides contaminating the places they live in with their
excrements and exuviae, they are a mechanical vector of a
number of human pathogenic microorganisms and also
produce allergens (Brenner, 1995).

The objectives of the present study were to evaluate the
effect of monoterpenes on locomotor activity, as repel-
lents and in their knock-down effect on first instar larvae
of B. germanica. The monoterpenes studied were: (+)-o-
pinene, (-)-a-pinene, limonene, menthone, linalool, men-
thyl acetate and geraniol. We choose these compounds
because they showed insecticidal activity in experiments
performed in our laboratory using head lice, Pediculus
humanus capitis De Geer (Toloza et al., 2006), blood-
sucking bugs, Rhodnius prolixus Stahl (Sfara et al.,
2011), houseflies, Musca domestica L. (Tarelli et al.,
2009) and horn flies, Hematobia irritans L. (unpubl.
results).

MATERIAL AND METHODS

Biological material

One- to 4-d-old B. germanica first instar larvae, obtained
from a colony kept at Centro de Investigaciones de Plagas e
Insecticidas (CIPEIN-CITEDEF; Villa Martelli, Buenos Aires,
Argentina), were used in all the experiments.

Chemicals

Monoterpenes were all purchased from Sigma-Aldrich
(Buenos  Aires, Argentina): (1R)-(+)-a-pinene  (98%),
(1S)-(-)a-pinene (98%), (S)-(—)-limonene (96%), (—)-menthone
(90%), linalool (97%), (1R)-(-)-menthyl acetate (98%) and
geraniol (98%). Acetone was obtained from Merck (Darmstadt,
Germany), N,N-diethyl-m-methylbenzamide (DEET) from Ald-
rich and dichlorvos (technical grade) was provided by Chemo-
tecnica SA (Spegazzini, Argentina).

Recording equipment

A closed-circuit black and white video camera (VC 1910;
Sanyo Electrical Co., Tokyo, Japan) and an image analyzer
(Videomex V, Columbus, OH) were used to evaluate the
insect’s behaviour. The video camera was used to record the
positions of insects placed on a circular piece of filter paper.
The image analyzer converts the analogue signal input from the
video camera into digital data. Resolution is 256 per 192 pixels,
and the acquisition and processing speed is 30 frames/sec. In the
monitor, the video signal colours are inverted and therefore
white objects appear to be black and vice versa. The presence of
larvae on a filter paper is determined by the visual contrast
between the individuals (white) and the paper background
(dark). To quantify larval movement, the image analyzer uses
the Multiple Zones Motion Monitor for Videomex software to
compare consecutive frames and records the number of pixels
that changed from “on” to “off” and vice versa. This parameter
is called “movement”. The software also calculates the average
number of pixels “on” during the experiment. This parameter is
called “area”. Due to changes in the positions of the larvae, the
number of total pixels “on” varies during an experiment. To
standardize the data for the size of the larvae the results were
expressed in terms of the quotient “movement”/“area”
(Alzogaray et al., 1997). Each set of data was imported to and
processed on a personal computer.
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Locomotor activity

A circle of Whatman # 1 filter paper (Whatman International,
Maidstone, UK), 7 cm in diameter was treated with 0.5 ml of
either a solution of a monoterpene in acetone or acetone alone
(control). Concentrations between 1.4 and 1,400 pg/cm? of each
monoterpene were tested, except when stated otherwise. After
the acetone evaporated, the filter paper was placed in the experi-
mental arena. A glass ring, 2.5 cm high and 5.0 cm diameter,
was placed on the filter paper to prevent the larvae from escap-
ing. Four larvae were gently placed on the area of the filter
paper encircled by the ring and their movement was recorded
for 30 min. There were six independent replicates of each
experiment.

Repellency

A circular piece of Whatman # 1 filter paper, 7 cm in diame-
ter, was divided in two equal zones: I and II. Zone I was treated
with 0.25 ml of acetone alone and zone II with 0.25 ml of a
monoterpene solution in acetone (14 or 140 ug/cm?). After the
acetone evaporated, the filter paper was placed in the experi-
mental arena. A glass ring was placed on the filter paper and
four larvae were placed in the center of the area enclosed by the
ring. To determine the distribution of larvae on the filter paper,
the TV field image was divided into two zones using the Mul-
tiple Zones Motion Monitor for Videomex software. After
placing the larvae on the filter paper, their presence in each zone
was recorded for 30 min. Results were expressed as a Distribu-
tion Coefficient (DC) = Al — AIl / Al + AIl, where Al and All
are the areas, expressed in pixels, occupied by larvae in zone I
and II, respectively (Alzogaray et al., 2000). DC values vary
between 1 (maximum attraction) and —1 (maximum repellency).
DC = 0 indicates that the larvae spent the same time in both
zones (random distribution). There were six independent repli-
cates of each bioassay.

Knock-down

The larvae were exposed to the vapour of monoterpenes in
plastic tubes, 4 cm in diameter and 4 cm long, with plastic lids.
An Eppendorf cap (Eppendorf, Hamburg, Germany) containing
100 pl of pure monoterpene was placed in the middle of the
bottom of the container. Twenty larvae were placed inside the
container and then it was sealed. Control larvae were exposed to
empty Eppendorf caps. Larvae lying on the bottom of the con-
tainer that were unable to walk were recorded as knocked-down.
The number of larvae knocked-down was recorded at different
time intervals. The same intervals of time could not be used in
all cases because the response to some compounds was very fast
and to others very slow. Therefore, to obtain an acceptable
number of observations to estimate the respective KD values,
the results were recorded every 2 min for dichlorvos, (+)-a-
pinene and (—)-a-pinene, and every 15 min for the other monot-
erpenes. In most cases, the recording ceased when at least 90%
of the larvae were knocked-down. In other cases, the experiment
ceased when the compound tested failed to affect the larvae, or
affected less than 50% of them, after an exposure of 490 min.
There were six independent replicates of each bioassay, but
when less than 50% of larvae were affected after 490 min of
exposure there were only two.

Statistical analysis

The results of the locomotor activity and repellency bioassays
were analyzed using one-way ANOVA followed by Tukey test
for post hoc comparisons. A Student’s t-test was used to com-
pare each DC value with the respective control group. Knock-
down Time 50% (KT50) values were calculated with their
respective 95% confidence intervals (95% CI) using the statis-
tical software for correlated data developed by Throne et al.
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Fig. 1. Effect of menthyl acetate on the locomotor activity of
first instar larvae of B. germanica. Each column is the mean of
six replicates. Vertical lines are SEs. Columns with the same
letter are not significantly different (P > 0.05).

(1995). Differences between values were considered significant
(P < 0.05) if the respective 95% Cls did not overlap. Linear
regression was used to study the relationship between KT50 and
vapour pressure of the monoterpenes. The vapour pressures of
the monoterpenes were obtained from Perry & Green (1984),
Lyman (1985) and Espinosa Diaz et al. (1999).

RESULTS

We evaluated the locomotory activity of first instar
larvae of B. germanica exposed to different concentra-
tions of monoterpenes. It was decided a priori to use the
following concentrations: 1.4, 14, 140 and 1,400 ug/cm?.
However, the results for the two highest concentrations of
menthone were not used because they were toxic at these
concentrations and induced uncoordinated movement and
resulted in knock-down of all the larvae before the
experiment ended. For the same reason, the 1,400 pg/cm?
results for (+)-a-pinene, (—)-a-pinene, limonene and
geraniol were also discarded.

Menthyl acetate was the only monoterpene that induced
an increase in the locomotor activity of the larvae (Fig.
1). A concentration of 1.4 pg/l did not induce a response
but at concentrations of 14, 140 and 1,400 pg/cm?* the
locomotor activity was significantly higher than that of
the control group (P < 0.05). On the other hand, there
were no significant differences in the effects of these
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Fig. 2. Repellency of the monoterpenes for the first instar
larvae of B. germanica. 1 — control; 2 — (+)-a-pinene; 3 — (—)-o-
pinene; 4 — geraniol; 5 — menthone; 6 — menthyl acetate; 7 —
limonene; 8 — linalool; 9 — DEET (positive control). Hatched
columns — 14 pg/em?; black columns — 140 pg/cm?. Each
column is the mean of six replicates. Vertical lines represent
SEs. In each pair, columns with the same letter are not signifi-
cantly different (P > 0.05). Asterisks indicate a significant dif-
ference from the control (P < 0.05).

- 0.2

three concentrations (P > 0.05). The mean locomotor
activity of larvae exposed to different concentrations of
the other monoterpenes varied between 3,072 and 5,455
pixels/area. These values were no significantly different
from that of the controls (P > 0.05).

Fig. 2 shows DC values of larvae exposed to 14 or 140
ug/cm’ of monoterpenes, except menthone, which was
evaluated only at the lower concentration since at the
highest concentration it was toxic. There were no signifi-
cant differences between the DC values of 14 pg/cm? for
limonene and the control group (P > 0.05), but signifi-
cant repellency was recorded when 140 pg/cm® of this
monoterpene was used (P < 0.05). The single concentra-
tion of menthone (14 pug/cm?) tested also produced a sig-
nificant repellent effect (P < 0.05). The DC values for the
remaining monoterpenes were significantly different from
the controls for both concentrations (P < 0.05). The two
concentrations of geraniol and the highest concentration
of menthyl acetate and linalool were more repellent than
the same concentration of DEET (positive control).

Table 1 gives the estimated KT50 values. The
decreasing order of monoterpene toxicity was as follows

TaBLE 1. Knock-down of first instar larvae of B. germanica caused by monoterpenes used as fumigants.

Monoterpene KT50 (min) CI95 Slope = SE
(+)-a-Pinene 11.8a 10.2-13.7 6.9+0.5
(-)-a-Pinene 14.6b 14.1-15.1 12.2+0.7
Limonene 81.0c 71.0-93.0 33+£03
Menthone 141.0d 111.7-183.5 4.0+04
Linalool 238.6e 206.1-283.5 8.0+0.9
Menthyl acetate - - -
Geraniol b - -
Dichlorvos 9.7a 8.8-10.7 9.1+£0.6

CI95: Confidence Interval 95%. KT values followed by the same letter are not significantly different (P > 0.05). * Knock-down was
less than 10% after 490 min of exposure. ®No mortality was observed after 490 min of exposure.
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Fig. 3. Variation in the 50% knock-down times (KT50) for
monoterpenes expressed as a function of their vapour pressure.
The results for the following compounds were used in this linear
regression analysis: (+)-a-pinene, (—)-a-pinene, limonene, men-
thone and linalool. VP: vapour pressure. Each point is the mean
of six replicates.

(the respective KT50 values are expressed in minutes,
which are in parenthesis): (+)-a-pinene (11.8) > (-)-a-
pinene (14.6) > limonene (81.0) > menthone (141.0) >
linalool (238.6). We were not able to calculate the KT50
for menthyl acetate and geraniol. Following an exposure
of 490 min, menthyl acetate knocked-down less than 10%
of the larvae and no larvae were knocked-down by
geraniol. The KT50 for dichlorvos (positive control) was
9.7. There was no significant difference between this
value and the one for (+)-a-pinene (P > 0.05). The KT50
for the remaining monoterpenes were significantly higher
than that for dichlorvos (P < 0.05).

Using linear regression analysis, we established the
existence of a highly significant relation between the
KT50 wvalues and the natural logarithm of the
monoterpene vapour pressure (DF = 1.3; F = 36.5; P =
0.009) (Fig. 3). The regression equation was KT50 =
131.1 -90.1 (log VP); (R*=0.92).

DISCUSSION

Certain monoterpenes produced by aromatic plants are
known to have lethal and sublethal effects on insects. As
there is a need for biorational pesticides to replace the
environmentally damaging conventional pesticides (orga-
nophosphates, carbamates, pyrethroids), we evaluated the
behavioural and toxicological responses of the German
cockroach,  Blattella  germanica, to  botanical
monoterpenes.

Hyperactivity in insects is one of the first symptoms of
intoxication produced by pyrethroids (Gammon, 1978;
Miller & Adams, 1982; Alzogaray et al., 1997; Alzogaray
& Zerba, 2001). Hyperactivity is responsible for the
flushing-out phenomenon in which insects become more
locomotory active and leave their refuges (Pinchin et al.,
1980; Gualtieri et al., 1985). Hyperactivity in insects is
also recorded when they are exposed to the broad-
spectrum repellent DEET. Concentrations of this com-
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pound higher than 350 pg/cm?® produce an increase in
locomotor activity in the haematophagous bug R. prolixus
(Sfara et al., 2009).

In the present study, only menthyl acetate of the seven
monoterpenes evaluated induced hyperactivity in first
instar larvae of B. germanica. This effect was apparently
not associated with toxicity at the level of the central
nervous system as less than 10% of the larvae showed
signs of intoxication after 490 min of exposure to menthyl
acetate, whereas they became hyperactive almost immedi-
ately.

A repellent is a chemical that causes insects to move
away from the source (Dethier et al., 1960). The main use
of repellents is to prevent haematophagous arthropods
from biting (Katz et al., 2008). Nevertheless, d-limonene
and some essential oils (for example mint) are used in the
United States as flushing-out agents and for perimeter
treatments as part of the strategies used for controlling
cockroaches, ants and termites (Isman, 2010). The addi-
tion of repellents to the materials used in food packaging
could prove to be an effective way of keeping insects
away from products (Wong et al., 2005).

Monoterpenes with repellent properties are generally
less effective, with a few exceptions, than DEET, either
because of their lower repellency per se or their shorter
effective life (Isman, 2006; Moore et al., 2007). When the
effect of thirty-five monoterpenes upon Anopheles gam-
biae was evaluated, only seven of them were as repellent
as DEET (Omolo et al., 2004). In the present study, all
the monoterpenes used were repellent to some degree,
and both concentrations of geraniol tested and the highest
concentrations of menthone, menthyl acetate and linalool
tested were as effective as DEET. These four substances
are repellent to other species of insect (Sfara et al., 2009;
Nerio et al., 2010). Moreover, there are commercial repel-
lents containing limonene (Isman, 2010) or geraniol
(Chen & Viljoen, 2010) as the active ingredients.

In general, monoterpene vapour is less toxic for insects
than other fumigant insecticides such as phosphine, ethyl
bromide and the organophosphate dichlorvos (Rice &
Coats, 1994a, b; Rajendran & Sriranjini, 2008; Lucia et
al., 2009; Alzogaray et al., 2011). The concentrations of
twenty-two monoterpenes that result in the death of 50%
of M. domestica (LC50) varied between 2 and > 2,500
ug/cm’, whereas the LC50 of dichlorvos was 0.01 pg/cm’
(Rice & Coats, 1994a). In the same study, a similar ten-
dency was recorded for Tribolium castaneum, for which
most of the fourteen monoterpenes used were between 9
and > 175.6 times less toxic than dichlorvos. However,
there were some exceptions: pulegone was as toxic as
dichlorvos, and /-fenchone was only 1.3 times less toxic.

Five out of the seven monoterpenes evaluated in the
present study were considerably less toxic than
dichlorvos, while (+)-a-pinene was as toxic as this
organophosphate and (-)-a-pinene was only 1.5 times
less toxic. As shown in Fig. 3, the insecticidal activity of
the monoterpenes was strongly associated with their
vapour pressure. These results are in accordance with a
previous study in which the toxicity of twelve monoter-



penes for B. germanica was a function of their vapour
pressure (Phillips & Appel, 2010). The very low vapour
pressures of menthyl acetate and geraniol, 0.1 and 0.03
mm Hg (25°C), respectively, could account for their very
low toxicity for larvae (this study) and adults of B. ger-
manica (Jang et al, 2005) and other insects (7.
castaneum: Rice & Coats, 1994a, b; M. domestica: Tarelli
et al., 2009; R. prolixus: Sfara et al., 2009).

For several decades, dichlorvos has been used for con-
trolling agricultural and stored products pests. Domesti-
cally it is used against flies, mosquitoes, cockroaches,
fleas and other insects (Tomlin, 1997). It is considered to
be a hazardous air pollutant (Dowling & Seiber, 2002).
The United States Environmental Protection Agency
(USEPA) planned to ban dichlorvos because of it is a car-
cinogen and adversely affects the central nervous system,
especially of children (Binukumar & Gill, 2010).

In Argentina, the National Administration of Medi-
cines, Food and Technology (“Administraciéon Nacional
de Medicamentos, Alimentos y Tecnologia Médica” —
ANMAT) prohibited the trade in domestic products con-
taining dichlorvos due to their adverse effect on children
(Ministerio de Salud, 2011). This has probably antici-
pated the fact that the use of dichlorvos will be restricted
or prohibited due to its risk to human health. Therefore, it
is important to identify substances with fumigant proper-
ties and good insecticidal activity that do not have the
undesirable effects of dichlorvos. In conclusion, (+)-o-
pinene (as a fumigant), menthyl acetate (in that it induces
hyperactivity), and menthone and geraniol (as repellents)
could be used for controlling B. germanica.
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