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Pomacea canaliculata (golden apple snail) is one of the most destructive and invasive rice pests
in Southeast Asia and Thailand. This work focused on the molluscicidal efficiency of thymol,
eucalyptol, and linalool against P. canaliculata under laboratory conditions. All essential oils
made the snail motionless, closed its operculum shell, turned the soft body at the spire reddish
and typically caused death within 24 hr. The toxicity levels of P. canaliculata after being exposed
to the three essential oil compounds were significantly (p < 0.05) different at both 24 hr and
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48 hr, with thymol being the most effective control (dose required for 50% mortality after 24
hr = 20.7 mg/L). Snails treated with thymol seemed to relax before death, with some typically
Plant molluscicides, recovering within 48 hr. The percentage of egg hatching in the treatment group (28.89-48.84%)
was significantly (p < 0.005) reduced compared to the control (87-88%), with thymol being

the most effective inhibitor (percentage of egg hatching = 28.89%). Glutathione-s-transferase

Pomacea canaliculata

(GST) and acetylcholinesterase (AChE) activities were reduced after snails were exposed to all
three compounds (p < 0.05; correlation factor approximately1.25—1.50-fold and 1.64-2.14-fold
for GST and AChE, respectively). However, carboxylesterase reduced only linalool and thymol.
The findings indicated that all three essential oil compounds were viable alternatives to chemicals
for controlling P. canaliculata.

Introduction cluster, high hatching success rate, and more frequent reproduction

over their lifetime, golden apple snail populations are large and

The introduced golden apple snail, Pomacea canaliculata
(Lamarck, 1822) has been found naturally in Thailand since 1984
(Keawjam and Upatham, 1990) and its spread has affected the
freshwater ecology of Thailand. Rice is an essential crop grown
worldwide and is one of the most important export products of
Thailand (Joshi, 2007). The golden apple snail has become one of the
most serious rice pests in Thailand, as it has in other Asian countries
(Chang, 1985; Rejesus et al., 1990; Mochida, 1991 Anderson, 1993;
Naylor 1996; Hayes et al., 2008). Because of their numerous eggs per
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widespread in agriculture settings (Teo, 2004; Horn et al., 2008).
Golden apple snails are highly invasive and difficult to eliminate or
control, and they pose a threat to young seedlings of both transplanted
and direct-seeded rice (Naylor, 1996).

Infestations by golden apple snails are responsible for an annual
economic loss ofapproximately USD 1.47billionin SoutheastAsianrice
production (Joshi, 2007). In Thailand, 141-257 ha have been seriously
affected by this snail since 2001 (Joshi, 2007). According to Brito and
Joshi (2016), seedlings aged more than more 30 d are more tolerant to
snail damage than younger seedlings. These authors suggested that the
most effective method of snail control relates to crop establishment;
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transplanted 20-day-old seedlings are better able to withstand snail
damage than 13-day-old transplanted seedlings or direct-seeded rice.

Past studies have reviewed efforts to control the golden apple
snail in rice paddies of Asia, including biological controls such as
predator animals (Teo, 2001; Yusa et al., 2006; Dreon et al., 2014),
but these efforts have proven to be of limited effectiveness in the
field. Some farmers have attempted to remove or destroy the golden
apple snail with synthetic molluscicides, especially niclosamide and
metaldehyde (Coloso et al., 1998; Liu et al., 2006; Schnorbach et al.,
2006), an approach that has been favored due to its immediate results
(Cheng and Kao, 2006; Joshi, 2007; Joshi et al., 2008). However,
these residues can persist in fields, causing health and environmental
problems (Coloso et al., 1998; Liu et al., 2006; Schnorbach et al., 2006
Cheng and Kao, 2006; Joshi, 2007; Joshi et al., 2008).

Research efforts have focused on plant essential oil compounds
for pest control. For example, eugenol (Gomes et al., 2011; Padori et
al., 2012) and linalool (Heldwein et al., 2012; Fujiwara et al., 2017)
are effective at anesthetizing some aquatic organisms.

Monoterpenes are secondary metabolites found in the plant kingdom
and are the primary contributors to the organoleptic properties
associated with various herbs, spices, citrus, conifers and most flowers
and fruits (Davis, 2010). These 10-carbon, short-chain terpenes, often in
combination with sesquiterpenes (C15) and diterpenes (C20), exhibit
broad-spectrum antimicrobial, allelopathic, herbivore deterrent,
and pollinator-attractant properties (Davis, 2010).

The current research investigated three monoterpene compounds—
linalool, eucalyptol and thymol—which all have been reported to have
insecticidal properties (Hummelbrunner and Isman 2001; Kumrungsee
et al., 2014; Pavela 2014; Yotavong et al., 2015). All three compounds are
phenolic monoterpenes found as a major component in many essential
oil-bearing plants such as Ocimum basilicum, Alpinia galanga and
Thymus vulgaris, respectively (Ruttanaphan, 2018; Tharamak et al., 2020).
All are generally recognized as safe (GRAS) by the FDA (Ruttanaphan,
2018; Tharamak et al., 2020). Although there many researchers have
reported insecticide efficiency (Hummelbrunner et al., 2001; Kumrungsee
et al., 2014; Pavela 2014), there have been few studies on using plant
essential oil compounds for the control of golden apple snails.

The present study investigated the control of the golden apple
snail using integrated pest management strategies involving essential
oils (Eos). These substances promise to create fewer environmental
problems because they are more quickly degradable than synthetic
pesticides (Hummelbrunner and Isman 2001; Kumrungsee et al.,
2014; Pavela 2014; Yotavong et al., 2015). Thus, this study aimed to
evaluate the molluscicidal effects of linalool, eucalyptol and thymol
on the juvenile and egg stages of P. canaliculata. In addition, P.
canaliculata detoxification enzyme activities were analyzed.

Materials and Methods
Collection of P. canaliculata

From a pond located on the Kasetsart University Bangkhen
campus in Bangkok, Thailand, 50 mating pairs of male and female

P. canaliculata were collected in June—August 2018. The mollusks
were placed ina box (30 cm % 30 cm x 20 cm) containing dechlorinated
tap water and were treated to mimicked natural pond conditions
(temperature, 29.50 + 0.02°C; relative humidity 75%; pH 6.87 £ 0.05;
dissolved oxygen, 5.44 + 0.14%; and total dissolved solids, 0.41 + 0.01
g/L). Prepared rocks, dry grass and a tree branch were included to
mimic the natural environment. The snails were left to mate. After
the female snails had laid eggs above water, the egg masses (45 cm
diameter) were collected 2 d after laying. Each egg mass contained
approximately 400-1,000 eggs. Twenty egg masses were placed on
netting (20 cmx25 cm) in the laboratory for the molluscicidal test of
essential oils. Thirty egg masses from the same egg cluster were used
in the hatching test.

Essential oil compounds

Linalool, eucalyptol and thymol were tested in these studies.
All compounds were obtained commercially (97-99% purity) from
Sigma-Aldrich (Singapore) and were evaluated individually to
determine their efficacy levels against the juvenile stage and eggs of P.
canaliculata. The compounds were dissolved in acetone (AR grade)
for use in the molluscicidal efficiency tests.

Evaluation of the molluscicidal efficiency of essential oil compounds

The evaluation of the molluscicidal activity of essential oils
against the juvenile snails of P. canaliculata was performed as per the
World Health Organization guidelines (World Health Organization,
1965). Different concentrations of individual compounds were
prepared to test against the snails. A stock solution of each essential oil
compound was prepared by dissolving it in acetone at 30,000 mg/L.
From this stock solution, the various concentrations were prepared by
dilution with acetone in the range 0-20,000 mg/L.

The deep pink-red eggs of P. canaliculata became whitish-pink
before hatching, which was used to time the essential oil treatments.
Individual juvenile snails on the 1 day after hatching from the
egg cluster were placed in plastic trays with 1,000 mL of different
concentrations of each essential oil. Five different concentrations
of each test solution of the compounds were tested, each with three
replicates of 30 snails. Three replicates with 10 mg/L acetone were
used as negative controls. The control experiments were performed
using dechlorinated tap water.

All molluscicidal evaluations were carried out on the same day at
room temperature (25 + 1°C) under normal diurnal lighting. Snails exposed
to different concentrations of the essential oil compounds were left
for median lethal mortality (LCs,) observation for 24 hr. and 48 hr.
The snails were not fed during the exposure and recovery periods.
Upon observation, the dead snails were removed from the containers.
The mortality of snails was calculated based on probit analysis using the
StatPlus Program (Version for Mac; Analysesoft; Canada). The juvenile
apple snails of the control group and treated groups at 24 hr. and 48 hr.
were evaluated by comparing photos (taken with a Stereomicroscope,
Model Nikon SMZ 800N NIS element D4.13.0064 bit).
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Efficiency of essential oils: Egg hatching rate and hatching time

The different concentrations of individual compounds were
prepared to test against the eggs of snails. A stock solution of
individual essential oil compounds was prepared by dissolving in
acetone, with concentrations in the range 0-20,000 mg/L.

Five different concentrations of 10 mL of each compound were
tested by spray (Potter Spray Tower Model BURKARD) on the eggs
with three replicates. Acetone was used as a negative control. Control
experiments were performed using dechlorinated tap water alone. All
experiments were carried out at room temperature (25 + 1°C) under
normal diurnal lighting. Snail eggs exposed to different concentrations
of the essential oil compounds were counted to determine the egg
hatching percentage and for hatching period observation.

Morphological analysis

After being treated with thymol, the juvenile apple snails were
tested at 24 hr. and 48 hr.; some had died, and some recovered
within 48 hr. The control group and treated groups were evaluated
by comparing photos (taken using a Nikon stereomicroscope, Model
SMZ 800N NIS element D4.13.0064 bit).

Mode of action study

The extraction method was modified from Phankaen et al. (2017).
P. canaliculata surviving beyond 24 hr of treatment were dissected
to inspect the liver which was then ground in a homogenized buffer
and centrifuged at 4°C and 10,000xg for 10 min. The supernatant was
transferred to a new tube for carboxylesterase (CE) and glutathione-s-
transferase (GST) and acetylcholinesterase (AChE) analyses.

The CE activity was analyzed using p-nitrophenyl acetate (pNPA)
assay modified from Phankaen et al. (2017) with measurements
taken using a microplate reader (Biotek PowerWave XS microplate
spectrophotometer) with the kinetic mode at A, = 410 nm at 37°C.
The extinction coefficient for pNPA is 176.4705. Three biological
replicates per treatment were tested.

The method for determining GST activity was that of Oppenoorth
(1979) using 150 mM 1-chloro-2,4-dinitrobenzene (CDNB) as
substrate. The optical density was recorded using the microplate
reader at intervals of 30 s for 3 min at 37°C and 340 nm. The
extinction coefficient is 0.0096 for CDNB. Three biological replicates
per treatment were tested.

The AChE activity analysis method was modified from Ellman
(1961) by measuring at A, =412 nm in the kinetic mode. The enzyme
activity was detected using the microplate reader. Three biological
replicates per treatment were tested.

The data obtained in the evaluation of the molluscicidal efficiency
of varied concentrations of the three essential oils were used to
calculate the mortality rate (mean + SD) among juvenile snails. The
LC,, values at 24 hr. and 48 hr. were analyzed using the Stat Plus for
Mac program (AnalystSoft Inc.).

Statistical analysis

Data of LC,, values and percentage hatching and number and
date of hatching of the varied concentrations of essential oils were
analyzed using analysis of variance in the SPSS Statistical Software
version 16.0. (SPPS Inc.). Duncan’s new multiple range test (p < 0.05)
was used to compare means, with the mean LCj, of each oil compound
compared between 24 hr and 48 hr using the Student’s t—test.
A statistical comparison of all enzyme activity was performed using
Duncan’s new multiple range test and Tukey’s test in the Stat Plus for
Mac program (AnalystSoft Inc.). The protein content of each fraction
used as an enzyme source was determined using the Bradford method
(Bradford, 1976) before measuring the enzyme activity for the total
analyzed protein.

Results and Discussion

Molluscicidal activity of individual essential oil compounds in
Jjuvenile stage of P. canaliculata

The molluscicidal activities of each essential oil at different
concentrations against P. canaliculata were evaluated. Neither death
nor behavioral symptoms were noted in the control groups treated
with water (Fig. 1A) or acetone (Fig. 1B), whereas the treated snails
were motionless, the operculum shell was tightly closed, the soft
body at the spire was reddish and snails typically died within 24 hr
(Fig. 1C). After 24 hr, altered loss body pigment was observed and
the pigment mostly disappeared within 48 hr after treatment (Fig. 1D).
This indicated that the essential oils were responsible for the altered
behavior and mortality of the snails.

(A) B)

Fig. 1 Observation of hatched juvenile of Pomacea analiculata in different treated
conditions: (A) active movement by foot and head extend in control with water
and (B) motionless in control with acetone. Body pigments (black spot) of the
dead snail mantle was decrease following exposure to essential oil compounds
after (C) 24 hr and (D) after 48 hr.
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An analysis of the molluscicidal activities of the three essential
oil compounds on P. canaliculata showed that the mortality was
dose-dependent. Thymol had the highest control efficiency, with LCs,
values of 20.70 mg/L and 19.96 mg/L at 24 hr and 48 hr, respectively.
Moderate snail control efficiency was observed using linalool, with
LC,, values of 982.43 mg/L and 841.97 mg/L at 24 hr and 48 hr,
respectively. In contrast, eucalyptol had the lowest control efficiency,
with LCy, values of 3,618.19 mg/L and 3,469.38 mg/L at 24 hr and
48 hr, respectively. The toxicity levels of P. canaliculata after being
exposed to the three essential oil compounds were significantly
(p < 0.05; p = 0.00) different at both 24 hr and 48 hr, respectively.
Following the same trend, higher efficiency of linalool and eucalyptol
increased after longer exposure for 48 hr but there was no significant
difference between the 24 hr and 48 hr exposure (Table 1). In addition,
snails treated with thymol seemed to relax before death; some
recovered within 48 hr and so they were not counted in the mortality
analysis at 24 hr.

Evaluation of efficiency from essential oil compounds on egg hatching

The highest percentage of egg hatching was reported for
undisturbed essential oil conditions. The maximum hatching was
approximately 88% in the control (water) and 87% in the acetone
treatment. All behavioral parameters and percentages of egg hatching
were highly significantly (p < 0.005) different for the essential oil
treatments compared to the water and acetone controls. Following the
same trend, an increased concentration of essential oil decreased the
egg hatching percentage. In the first group at the lowest concentration
(2,500 mg/L) of three essential oils at 24 hr, the percentage of egg
hatching significantly decreased, with thymol having the greatest
decrease (70%), whereas at the 5,000 mg/L and 10,000 mg/L
concentrations, there were no clear patterns (Fig. 2). At 20,000 mg/L,
all three oil compounds were effective inhibitors of egg hatching;
thymol was the most effective, with only 28.99% of eggs hatching
under this condition, following by linalool (32.29%) and eucalyptol
(48.84%). However, at the highest concentrations, there were no
significant (p = 0.12) differences in the egg snail hatching rates among
the three essential oils (Fig. 2).

In the untreated and essential oil conditions, the juvenile snails
had completely hatched from the egg masses after averages of
11.63+ 1.44dand 11.88 +1.32 d, respectively from the natural control
and acetone control. The efficiency of linalool and thymol on egg
hatching followed the same pattern with more rapid hatching with an
increased concentration of these essential oils (Fig. 3). The minimum
days of hatching were significant (p = 0.001; p = 0.008) following
treatment with the maximum concentration of 20,000 mg/L for
24 hr with thymol and linalool having means of 6.00 + 2.16 day
and 7.58 + 2.07 day, respectively. However, there was no clear
effect of eucalyptol on the hatching period, with this essential oils
increasing the hatching period to its maximum at a concentration at
10,000 mg/L after an average of 16.66 + 1.28 d that was longer than
for the control conditions. However, eucalyptol had the lowest number
of hatching days, with a mean 9.25 + 1.33 d and this was significantly
(p = 0.011) different from the others at a concentration of 2,500 mg/L
for 24 hr.

Mode of action

The GST activity of golden apple snails was reduced by all
compounds (p < 0.05, Tukey’s test). The correlation factor suggested
a 1.25-1.50-fold decrease relative to the control groups. However,
CE reduced only linalool and thymol. AChE was also reduced for all
experiments, with a correlation factor of 1.64-2.14-fold. This mode of
action would account for the mortality, which resulted from reduced
neuro-enzyme levels and caused inhibition of both detoxification
enzymes (Table 2).

Pomacea canaliculata can cause losses in agriculture products
(Chang, 1985; Rejesus et al., 1990; Mochida, 1991; Anderson, 1993;
Naylor, 1996; Sanico et al., 2002; Joshi, 2007), potentially causing
economic disaster (Horgan et al., 2014). There have been many
attempts to control the golden apple snail population, including
biological control (Teo, 2001; Yusa et al., 2006; Dreon et al., 2014),
but molluscicides have been favored due to the immediate results
(Cheng and Kao, 2006; Joshi, 2007; Joshi et al., 2008). Essential
oils are a viable option for molluscicide control. Although all three
of the tested essential oil compounds cause mortality within 24 hr,

Table 1 The median lethal concentration (LCs) ' values of Pomacea canaliculata after exposure to different concentrations of each essential oil compounds

for 24 hr and 48 hr
Compound Exposure for 24 hr Exposure for 48 hr
Slope? (SE) LCs, Slope (SE) LCs, t test
(fiducial limits) (fiducial limits) (p-value)

Thymol 31.59 20.70 19.67 19.96 0.003
(9.11) (18.31-23.08)° 3.01) (18.93-20.57)°

Linalool 6.37 982.43 5.36 841.97 0.314
(0.73) (895.94-064.35)° (0.61) (752.50-924.47)°

Eucalyptol 15.73 3,618.19 15.14 3,469.38 0.092
(1.5) (3517.74-3718.99)¢ (1.42) (3369.01-3569.61)¢

p-value 0.00 0.00

'LC,, values in a column with different lowercase superscripts are significantly (p < 0.05) different. Slope values is come from a probit equation of compound

concentrations on death of Pomacea canaliculata exposed for 24 hr and 48 hr. Fiducial limts is underlying distribution on logistic growth of probit equation for

mortality values analysis
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Fig. 2 Mean percentage = SD of egg hatching rates of Pomacea canaliculata
after exposure to controls and four different levels of three types of essential
oil compounds at 24 hr. after treatment, where the same letters at each
concentration indicate not significantly (p > 0.05) different among chemicals
and ppm = parts per million.
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Fig. 3 Mean percentage + SD of egg hatching period of Pomacea canaliculata
after exposure to controls and four different levels of three types of essential
oil compounds at 24 hr after treatment, where the same letters at each
concentration indicate not significantly (p > 0.05) different among chemicals
and ppm = parts per million.

Table 2 Acetylcholinesterase (AChE, nM Acetylcholinesterase/min/mg protein), detoxification enzymes (CE = carboxylesterase, nM p-nitrophenol/min/mg

protein; GST = glutathione-s-transferase, glutathione conjugated product/ min/ mg protein) activities on survival of Pomacea canaliculata after treatment with

essential oil compounds for 24 hr

Treatment AChE CE GST

Control 1.028 £ 0.05* 190.76 +2.15° 4.49 £ 0.54*
Linalool 0.479 £0.01° 120.65 = 4.09° 3.17 +0.53°
Eucalyptol 0.483 +£0.01° 192.53 + 4.63° 2.99+0.43¢°
Thymol 0.627 £ 0.04° 136.94 £9.57° 3.58 +£0.24¢

Values in the same column with different lowercase superscripts are significantly (p < 0.05) different using Tukey’s test.

Control = treatment tested with acetone only; NF = no effect

thymol was most effective against snail larvae, which was consistent
with reports in the literature (Franzios et al., 1997; Kumrungsee et
al., 2014; Lee et al., 1997, Hummelbrunner and Isman, 2001). Based
on a neurotoxic mode of action, some researchers noted that thymol
in particular, was one of the most toxic essential oil compounds to
insect larvae (Enan, 2001; Isman and Machial, 2006). The relaxation
and recovery effects of thymol on juvenile apple snails before death
seemed similar to the effects reported for eugenol and essential oils
of leaves from O. Majorana and O. americanum on juvenile apple
snails from Brazil (Bianchini et al., 2017). Bianchini et al. (2017)
suggest that eugenol and the essential oil of O. americanum and O.
majorana promoted muscle relaxation in P. canaliculata.

In addition, high concentrations of the three essential oils resulted
in a decrease in golden apple snail egg hatching. In particular, the
highest concentration in the laboratory (20,000 ppm treatment level)
of all three oil compounds was the most effective, resulting in less than
50% of the eggs hatching. The highest tested concentration of thymol
was the most effective treatment, resulting in an egg hatching rate
of only 28.99%. Thymol at the lowest tested concentrations (2,500
mg/L) caused the egg hatching percentage to decrease by around
18%. After the linalool and eucalyptol treatments, the egg hatching
percentages followed the same trend, and were significantly different

from the control condition. (Singh et al., 2010) explained that the
eggshell of P. canaliculata is mainly composed of calcium carbonate
and attached organic matter. (Bianchini et al., 2017) demonstrated
that many essential oils directly damage the P. canaliculata shell.
In the current study, the decreased egg hatching due to the essential
oils might be explained by these chemical substances suppressing the
surface layer of the egg capsule by covering the surface (Wu et al.,
2005) and possibly dissolving the organic matter on the eggshell that
subsequently affected the embryo snail inside. Some authors (Turner,
1998; Pizani et al., 2005) have suggested that hatching failure can be
caused by reduced oxygen availability to developing embryos, and
essential oils that cover the surface layer of eggs are likely to prevent
oxygen uptake. It was likely that a thin covering of oil evaporated,
consequently, the percentage egg hatching of golden apple snails
remained high when treated with low concentrations of essential
oils. In terms of time to hatch, thymol and linalool decreased the
egg hatching period of P. canaliculata from 11 d completed hatching
by the control to one-half that period after both treatments. This
was contrasted by eucalyptol that produced fluctuating results after
treatment with no clear pattern of egg hatching time. The inhibitory
effect of thymol and linalool on decreasing the period of hatching was
not examined further.



12 C. Printrakoon, V. Bullangpoti / Agr. Nat. Resour. 55 (2021) 7-14

Molluscicide evaluation to control golden apple snail had been of
interest for a decade but with almost no effective success (Mochida,
1991) and some compounds tested were not safe for environmental
and animal health (Anderson, 1993; Naylor, 1996; Cheng and Kao,
2006). The current study suggested that essential oils (such as thymol
from Thai botanical extract) can be used for the management of
larvae and eggs of golden apple snails in rice fields. Oil (thymol)
from the herb thyme in the family Lamiaceae is among the best-
known essential oils with bioactivity against insects and other pests;
(Isman and Machial, 2006) reported that the thymol functional groups
include alcohols and these compounds are usually responsible for the
characteristic aromatic odors or flavors or both of the extracted plants.
In addition, Pomacea canaliculata lays numerous eggs per egg mass
(Teo, 2004, Horn et al., 2008). Thus, as shown in the current study,
snail destruction in the egg stage before hatching or prolonging the
time to hatch to allow extended physical destruction of the vulnerable
egg masses could be an effective and practical method to decrease
snail populations.

Animals use detoxification enzymes, including glutathione-
s-transferase or carboxylesterases, to metabolize secondary plant
metabolites and other toxins (Ramsey et al., 2010). The induction of
detoxification enzymes by xenobiotic compounds is one mechanism
by which pests can develop resistance to pesticides (Yu and Hsu,
1993, Li et al., 2007). The high toxicity of the pesticide results mostly
from its high retention in the pests. The inhibitory effect can occur
by competition between two or more compounds for the same
detoxifying enzyme. Some compounds selectively inhibit only one
detoxifying activity. For example, cimetidine can bind directly to
the heme-iron of the cytochrome P450 reactive site to inhibit all
cytochrome-dependent Phase I enzyme activities (Bailey et al., 1998).
Furthermore, grapefruit juice, which contains high amounts of the
flavonoid naringenin, inhibits the first-pass metabolism of many drugs
that are detoxified through the Cyp3A4 enzyme-antiporter system in
the human intestine (Bailey et al., 1998).

All tested essential oils in the current study reduced detoxification
enzyme activity, suggesting that the mortality associated with
GAS after exposure to essential oils was a result of a reduction in
detoxification enzyme activity.

The mortality may result from reduced acetylcholinesterase
activities, causing paralysis and then knockdown. The current findings
were consistent with those of previous studies reporting that natural
plant products inhibit detoxification enzymes, such as extracts of
Melia amaranthus and Derris in Spodoptera exigua (Rachokarn et
al., 2008; Ruttanaphan, 2018), extracts of Melia toosendan Sieb. Et
Zucc. Pron. in S. litura (F.) and Melanoplus sanguinipes (F.) (Feng
et al., 1995) and extracts of Alpinia galanga in Bactrocera dorsdalis
(Sukhirun et al., 2011).

In conclusion, the current study showed that essential oils are
useful as botanical pesticides for controlling GAS, though the activity
of the essential oils mostly decreased over time because of their high
volatility. The persistence of the insecticidal activity of the essential
oils was related to their chemical composition and the sensitivity of
the target pest to the active compounds in the essential oils (Obeng-

Ofori et al., 1997; Ngamo et al., 2007). Monoterpenes are the most
active compounds that sustain essential oil insecticidal efficiency
(Ngamo et al., 2007). Oils with a high content of hydrogenated
compounds lost their activity more rapidly than those containing
mainly oxygenated compounds (Huang and Ho, 1998). The speed of
the oxidation of hydrogenated monoterpenes is greater for compounds
such as sabinene and eucalyptol (Kim et al., 2003). This oxidation
leads to the reduction of the insecticidal efficiency of the oil. Thus,
before recommending use in the field, the persistence of the three
compounds in the current research need to be investigated.
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