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Contact application of Lamiaceae botanicals reduces bean weevil infestation in stored beans
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Abstract: The bean weevil (Acanthoscelides obtectus, Say) is a serious pest of stored bean seeds. Bean weevil control relies
heavily on the use of synthetic insecticides. In the search for a sustainable alternative, the residual contact toxicity and
anti-oviposition activity of thyme (Thymus vulgaris L.), rosemary (Rosmarinus officinalis L.) and basil (Ocimum basilicum
L.) essential oils as well as their dominant components (thymol, a-pinene, 1,8-cineole and linalool) were tested against A.
obtectus adults. Out of the seven tested botanicals, T. vulgaris oil, thymol and linalool exhibited the highest toxic potential
(>90% mortality). Females were less susceptible than males. The insecticidal activity of these botanicals was much greater
when they were applied on glass compared to direct application to the bean. All tested botanicals reduced oviposition by
bean weevil females. T. vulgaris oil, thymol and a-pinene also deterred bean weevil oviposition, as revealed by a two-choice
test. Our research shows that T. vulgaris oil and thymol are promising and sustainable alternatives to synthetic pesticides

for protecting stored beans against the bean weevil.
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INTRODUCTION

The bean weevil Acanthoscelides obtectus (Say) is a
cosmopolitan pest of the common bean (Phaseolus
vulgaris L.). Its ability to infest beans in the field (pre-
harvest) and in storage (post-harvest), combined with
the ability to develop up to 45 larvae in one seed [1,2],
make it the most damaging pest in bean granaries. It
causes severe losses (20-40%) in storage; in developing
countries, where weevil management is often poor, it
can destroy the entire yield in a few months [3-5]. The
use of synthetic insecticides, such as phosphine, ethyl
formate, sulfuryl fluoride, carbonyl sulfide, organo-
phosphates and pyrethroids is still the predominant
method of bean weevil management [6]. However, is-
sues such as the evolution of insect resistance, hazards
to human health and to the environment accompany
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the usage of these compounds. These are the main
reasons that push the development of more sustain-
able methods, e.g. the use of natural plant compounds
for pest management [7].

Essential oils (EOs) are complex mixtures of com-
pounds that are produced in various organs (flow-
ers, leaves, bark, roots, rhizomes, fruits and seeds) of
aromatic plants. Their role in plants is protective, as
antifungal, antibacterial, antiviral and insecticidal ac-
tivities have been reported. EOs are comprised of 20-
60 different components, mostly terpenes, aromatic
compounds and terpenoids, of which there are a few
(usually 2-3) dominant components found in larger
quantities [8]. Low mammalian toxicity, rapid biodeg-
radation and low toxicity to beneficial arthropods are
a few of the many advantages that characterize EOs
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and make them suitable alternatives for controlling
insect pests [9].

Thyme (Thymus vulgaris L.), rosemary (Rosmari-
nus officinalis L.) and basil (Ocimum basilicum L.)
belong to the Lamiaceae family. Herbs of this family
exhibit significant antioxidant, anticancer and anti-
microbial activities, and they are utilized in cosmetic,
food and pharmacological industries [10]. Thyme,
rosemary and basil EOs, as well as their dominant
components (DCs), thymol, a-pinene, 1,8-cineole and
linalool, demonstrate repellent and insecticidal effects
(both fumigant and contact) on major store insect
pests, including Tribolium castaneum (Herbst), T. con-
fusum (Jacquelin du Val), Callosobruchus maculatus
(F.), Sitophilus zeamais (Motschulsky) and Rhyzoper-
tha dominica (F.) [11-15]. Several studies have ana-
lyzed the bioactivity of the same EOs and their DCs
on the bean weevil. So far, these studies demonstrated
fumigant toxicity to eggs, larvae and adults, as well as
repellent activity and reproductive inhibition of the
oils and their DCs against the bean weevil [16-20].
However, there are no data that describe insecticidal
and anti-oviposition effects of applying these botani-
cals by contact.

Being a small insect with limited flying ability, the
bean weevil mainly walks into storehouses, finds the
bean to lay eggs or a female to mate with. Knowledge
about the contact effects of botanicals could be valu-
able for bean weevil management because application
of a protective compound on storehouse windows as
well as on the stored commodity would have a pre-
ventative, in addition to the solely curative effect that
fumigants typically display. Several recent studies have
demonstrated that EOs from plants belonging to the
Amaranthaceae, Cupressaceae, Myrtaceae, Lauraceae
and Rutaceae families can exhibit good residual con-
tact toxicity and repellent effects when applied to bean
[21-25]. In the present work, we tested three Lami-
aceae EOs and their DCs, both on the common bean
and on glass, in order to determine potential differ-
ences in biological activity. To better understand their
tull toxic potential and anti-oviposition activity, we
screened thyme, rosemary and basil EOs and several
of their DCs, namely thymol, a-pinene, 1,8-cineole
and linalool for residual contact toxicity as well as
oviposition deterrent and oviposition inhibition ef-
fects of treated bean seeds.
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MATERIALS AND METHODS

Essential oil acquisition and chemical analysis

EOs of thyme, rosemary and basil, and their DCs
(thymol, a-pinene, 1.8-cineole and linalool) were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). The
EOs were purchased in order to avoid variation in the
chemical composition due to geographic and climate
conditions. The analysis of EOs was performed using
a Shimadzu QP2010 plus gas chromatography-mass
spectrometry (GC-MS) system (Shimadzu, Kyoto,
Japan), equipped with autosampler AOC-5000 and
7ZB-1 column (Phenomenex Inc. California, USA), 30
m, 0.25 mm i.d., 0.50 pm film thickness. The column
temperature was initially set to 40°C and then gradu-
ally increased to 260°C at a rate of 4°C min'. The
carrier gas was helium of 99.999% purity at a flow rate
of 1 mL min™. Injector and ion source temperatures
were set at 250°C and 280°C, respectively. The GC-
MS operated in electron ionization (EI) mode with an
ionization energy of +70 eV. Samples were diluted in
n-hexane (HPLC grade, Fisher Chemical by Thermo
Fisher Scientific Inc, UK) (1:200, v/v) and 1 pL of the
diluted samples were injected automatically in split
mode (1:30). Mass spectra were scanned from 40 to
400 amu range (SCAN mode) together in a single ion
monitoring (SIM) mode. Identification of the con-
stituents was based on comparison with data from
mass spectra Shimadzu’s libraries (Wiley8, NIST05
and FFNSC].2). Quantitative data were obtained from
GC peak area percentages by the method of area nor-
malization. All analyses were performed in triplicate.
The sample injection volume was 1 pL.

Insect culture

Bean weevil adults were obtained from laboratory cul-
tures of the Institute for Biological Research, Belgrade,
Serbia. They were maintained on the white variety
(“Gradistanac”) of the common bean, without expo-
sure to any insecticide.

Screening on residual contact toxicity
Residual contact toxicity of basil, rosemary and thyme

EOs and their DCs on adult A. obtectus was carried out
according to the method of Jovanovi¢ et al. [26] with
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modifications. Two separate experiments, one where
the test compounds were applied on glass and another
where they were applied to the bean, were set up. Oils
and DCs were dissolved in 96% ethanol and applied
on the glass bottom of a 9-cm-diameter Petri dish,
or directly to bean seeds (10 g of bean seeds placed
on the Petri dish). We applied 0.5% v/v (correspond-
ing to 0.024 pL/cm? of glass and 150 uL/kg of bean),
1.0% (0.048 uL/cm? of glass and 300 uL/kg of bean)
and 1.5% v/v (0.072 pL/cm? of glass and 450 pL/kg of
bean) of EOs and DCs, except thymol, as it was only
available in solid form, and for which we applied the
same concentrations but expressed in w/v. As a control,
96% ethanol was applied to bean seeds and glass. Bean
seeds were treated with EO/DC solutions in a glass jar,
which was when closed and shaken thoroughly for 5
min to ensure a uniform distribution of the solution. In
order to test whether evaporation affected the efficacy
of EOs and DCs, the Petri dishes with treated beans or
glass were left open to allow the EOs or compounds
to evaporate for 20 min (standard evaporation time or
SET) or 120 min (prolonged evaporation time or PET).
For each treatment, 5 replicates (Petri dishes) with 10
female or male adults of the bean weevil (1 day old)
were set up. The number of dead insects was recorded
after 24, 48 and 72 h of exposure.

Anti-oviposition assays

Choice and no-choice tests were performed to evalu-
ate the activities of thyme, rosemary and basil EOs
and their DCs on oviposition. The choice test was
performed in 9-cm-diameter Petri dishes with two
wooden sticks attached to opposite sides. These sticks
formed an obstacle to prevent mixing of control seeds
treated with 96% ethanol and seeds treated with EOs
or DCs at rates 0.5%, 1.0% and 1.5%. Four bean seeds
were placed on each side of the Petri dish and one
mated female was placed in the middle of each Petri
dish. Prior to introduction of females to the Petri dish-
es, in both tests they were kept for 48 h with males to
ensure that mating took place.

In the no-choice test, only four bean seeds and
one inseminated female were placed in each Petri dish.
Bean seeds were treated with EO or DC solutions at
the same rates as in the choice test, while the control
seeds were treated with 96% ethanol. Since the num-
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ber of treated seeds was about five times lower than
in the toxicity tests, it caused no mortality during the
observed period. Accordingly, we evaluated the effects
of sublethal EO/DC concentrations on oviposition.

The numbers of eggs were counted daily for seven
days. Each treatment comprised 20 replicates. For cal-
culating the oviposition deterrent index (ODI), in the
choice test we used the formula:

ODI = (NT-NC)/(NT+NC),

where NC and NT stand for the number of eggs laid
on control and EO/DC-treated seeds, respectively.
Values of the ODI scale are between -1.00 and +1.00.
Values of ODI that are <-0.3 indicate that EOs and
DCs possess an oviposition deterrent effect. ODI
values that range between -0.3 and +0.3 indicate a
neutral effect and ODI values >+0.3 point to an at-
tracting effect. In the no-choice test we calculated the
percentage of oviposition inhibition (%OI) according
to the formula:

%OI=[(NC-NT)/NC]x100 [27].
Statistical analysis

Residual contact toxicity data were analyzed by one-
and two-way ANOVAs on arcsine square root trans-
formed values of mortalities. Experimental groups in
which all beetles died or survived had zero variance
and were omitted from the analysis. To estimate sex
differences in the sensitivity to applied botanicals, a
two-way ANOVA with sex and botanical concentra-
tion as the main factors was carried out on trans-
formed values of mortalities after 72 h exposure to
thyme oil (SET at 0.5, 1 and 1.5% concentrations) and
thymol (SET and PET at 0.5 and 1%) on bean and
linalool on glass (SET at 0.5 and 1%). The number of
eggs laid on the control and treated seeds in the choice
test were compared by Student’s t-test for dependent
samples. To estimate the main (EO/DC type and con-
centration) and interaction effects on the oviposition
deterrent index and oviposition inhibition we applied
two-way ANOVA. Percentages of oviposition inhibi-
tion were transformed by arcsine square root trans-
formation. Duncan’s post hoc test at level P<0.05 was
used for evaluation of significant differences between
specific experimental groups.
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RESULTS Table 1. Retention time (Rt) and percent concentration (%) of chemical constituents
of the essential oils of Thymus vulgaris, Rosmarinus officinalis and Ocimum basilicum.
The percentages of dominant components in each essential oil are marked in bold.

Chemical composition of essential

il No Rt Compound name % % %
otls (min) pou T. vulgaris | R. officinalis | O. basilicum
1| 11.338 Tricyclene - 0.25 -

The GC-MS analysis identified a to- 2| 11.560 a-Pinene 2.69 13.54 0.23
tal of 15 components of T. vulgaris, 3] 12.326 Camphene 0.68 5.52 -
23 components of R. officinalis and 4| 13.115 | 5-hepten 2 on 6 methyl - - 0.32
26 components of O. basilicum EO. 5| 13.234 Sabinene - 0.87 -
Major components of thyme EO 6| 13.425 pB-Pinene 0.09 13.07 0.09

. 8| 14.796 3-Carene - 0.17 -
(31.65%). Rosemary EO was domi- :

d by 1,8-cineole (22.08%), cam- 9| 14.814 a-Thujene - 0.68 0.03
nated by 1, (£2.U870), 10| 15.092 p-Cymene 31.65 7.97 0.20
phor (13.85%), a-pinene (13.54%) 11 15.400 1,8-Cineole 1.29 22.08 -
and ﬁ—pinene (1307%) For basil 12| 15.485 Limonene _ _ 0.43
EO, the major constituents were es- 13| 16.152 Ocimene - - 0.08
tragole (69.2%) and linalool (20.58%) 14| 16.588 y-Terpinene 2.12 - -
(Table 1). Since estragole displayed 15| 16.748 4-Thujanol - 0.15 -
genotoxic and carcinogenic effects 16| 16.775 Octanol - - 0.0
on mammals [28,29] and exhibited 17| 17.368 Fenchone - - 0.03
a much lower fumigant toxic effect 18/ 17.800 TeerOlene 0.05 -
on the bean weevil than linalool [17], 19 18.041 Linalool 238 1.38 2058

. . 20| 19.436 Camphor 1.47 13.85 -
we tested only linalool as a dominant
fbasil oil 21| 20.234 Isoborneol 0.83 - -
component of bastl otl. 22| 20.556 Borneol 2.08 8.65 -
23| 20.898 Menthol - - 0.26
Residual contact toxicity on bean 24| 21.053 Terpinen-4-ol 0.56 1.53 -
25| 21.462 a-Terpineol - 2.55 -
Of the seven tested compounds, only 26| 21.682 Estragole - - 69.20
thyme oil and its DC thymol exhib- 27| 21.777 Verbenone - 0.24 -
ited significant residual contact tox- 28| 22.907 Nerol - - 0.07
icity against A. obtectus females and 29| 23.096 Neral - - 0.52
. . 30| 23.800 Geraniol - - 0.11
males in the on-bean experiments, -
h th ds had 31| 24.131 Geranial - - 1.40
I’f’ Treazfo €F compotnes ha ;ery 32| 25.024 Thymol 43.52 - -
ittle effect (up to 4% r.norta 1ty; 33| 25.148 Bornyl-acetate - 2.07 -
Tables 2 and 3). The toxic effect of 34| 25334 Carvacrol 511 ) -
thyme oil and thymol depended on 35| 25.791 Isopinocarveol _ 0.13 i
the exposure time and the tested con- 36| 29.013 a-Copaene - 0.19 0.09
centration. The highest thymol dose 37| 30.468 B-Caryophyllene - 2.69 0.29
killed all test weevils 24 h after expo- 38| 30.919 Bergamotene - - 091
sure in the SET experiment. The SET 39| 31.343 Farnesene - - 0.37
assay for thymol on beans revealed 40| 31.563 o-Humulene - - 0.34
a lower susceptibility of female than 41] 33.154 p-Bisabolene - - 0.17
. A 42| 33.689 | p-Methoxycinnamaldehyde - - 0.62
male weevils (a significant sex effect: | 3115 Bisabol 585
: . a-bisabolene - - .
F, ,=14.40; P=0.0016), higher mor- 44| 35423 | Caryophyllene-oxide 0.93 0.31 0.13

tality after exposure to 1 than 0.5%
concentration (concentration effect:
F =48.86; P<0.0001), without any
interactions among the two main fac-
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Table 2. Percentage mortality of adult female and male A. obtectus after 24-, 48- and 72-h exposure to common bean seeds treated with
botanicals evaporated for 20 min (standard evaporation time or SET). Experimental groups were compared by one-way ANOVA (F and
P values). Different letters following numbers denote significant differences in mortality within time point as revealed by Duncan’s post
hoc test (P<0.05).

Concen- Female mortality (%) Male mortality (%)
EO/DC tration 24 h 48 h 72h 24h 48 h 72 h
(%) X |+] SE | X || SE | X || SE | X |+| SE | X |+| SE | X |+| SE
0.50 20 |+]200b| 2.0 |£[2.00b| 2.0 |£|2.00b] O |£| O 40 |+|2.45d| 6.0 |£|4.00d
thyme oil 1.00 2.0 |+|2.00b| 4.0 |+|4.00b| 4.0 |£[4.00b| 8.0 || 2.00c | 22.0 | £|2.00c| 34.0 |+ | 2.45¢
1.50 16.0 |+ | 2.45a | 18.0 |+ | 2.00a | 18.0 | +|2.00a| 66.0 | +|10.30a| 74.0 |+ |7.48a| 86.0 |£| 5.10a
0.50 0 || O 0 || 0 2.0 |+|2.00b| 2.0 |£|2.00c | 4.0 |+|2.45d| 12.0 |+| 4.90d
thymol 1.00 8.0 |+|2.00a | 180 || 3.74a | 30.0 |+ |548a| 38.0 |+ | 3.74b | 46.0 |+|5.10b| 66.0 | £ | 9.80b
1.50 1000 (x| O 1000 (£| O 1000(£| O [1000(x| O 1000 £ O |1000|x| O
0.50 0 || O 0 |+ 0 0 || O 0 |+ 0 0 || O 0 |+ 0
rosemary oil 1.00 0 || O 0 |+ 0 0 || O 0 |+ 0 0 |+| 0 0 |+ 0
1.50 0 || O 0 |+ 0 0 || O 0 || 0 2.0 |+]2.00d| 4.0 || 4.00d
0.50 0 || O 0 |+ 0 0 || O 0 || O 0 || O 0 |+ 0
a-pinene 1.00 0 || 0 0 |+ 0 0 || O 0 || O 2.0 |+]2.00d| 2.0 |£|2.00d
1.50 0 || 0 0 |+ 0 0 || O 0 || O 0 || 0 2.0 |+]|2.00d
0.50 0 || 0 0 || 0 0 || O 0 || O 0 || 0 0 || 0
1,8-cineole 1.00 0 |+ 0 0 || O 0 || O 0 || O 0 || O 2.0 |+]|2.00d
1.50 0 || 0 0 |+ 0 0 |+ 0 2.0 |+|2.00c| 4.0 |+|2.45d| 4.0 |+]|2.45d
0.50 0 |+ 0 0 |+ O 0 |+ 0 0 || O 0 || O 0 |+ O
basil oil 1.00 0 |+ 0 0 |+ 0 0 |+, 0 0 || O 0 || O 0 |+ O
1.50 0 |+ 0 0 |+ 0 0 |+ 0 0 || O 0 || O 2.0 |+]|2.00d
0.50 0 |+ 0 0 |+ 0 0 |+ 0 0 || 0 0 || O 0 || 0
linalool 1.00 0 || O 0 [+] O 20 |£|2.00b| 0 |+| O 0 || 0 2.0 |£|2.00d
1.50 0 || O 0 || 0 20 |+£|2.00b) 0 |£| O 0 || O 0 || 0
Control 0.00 0 || O 0 || 0 0 || O 0 || 0 0 || 0 0 || 0
F, =811 F, ,=10.52 F, ,=11.12 F, ,, =22.64 EF, ,,=2536 s = 2571
P =0.0017 P =0.0005 P <0.0001 P <0.0001 P <0.0001 P <0.0001

Table 3. Percentage mortality of adult female and male A. obtectus on the common bean after 24-, 48- and 72-h exposure to bean seeds
treated with botanicals that were evaporated for a prolonged time (PET) of 120 min. F and P values from one-way ANOVA show signifi-
cance among group differences. Different letters following numbers denote significant differences in mortality within the time point as
revealed by Duncan’s post hoc test (P<0.05).

Concen- Female mortality (%) Male mortality (%)
EO/DC tration 24 h 48 h 72 h 24 h 48 h 72 h
(%) X |+| SE X |£| SE X || SE X |+| SE X |+ SE X |£| SE
0.50 0 |z 0 0 |+ 0 0 |=x 0 0 |+ 0 0 |z 0 0 + 0
thyme oil 1.00 0 |+ 0 0 |+ 0 0 |+ 0 0 |+ 0 0 + 0 0 + 0
1.50 0 | * 0 0 |+ 0 2.0 |+| 2.00b 0 |+ 0 2.0 |+| 2.00b | 40 |+ | 2.45b
0.50 0 | * 0 0 |+ 0 0 |+ 0 0 |+ 0 2.0 |+| 2.00b | 80 |+ | 3.74b
thymol 1.00 0 | x 0 2.0 |+| 2.00b | 2.0 || 2.00b | 6.0 |+| 2.45b | 10.0 |+ | 3.16b | 18.0 | = | 7.35b
1.50 10.0 | £ | 3.16 |14.0|+| 4.00a | 26.0 |+ | 2.45a | 88.0 | x| 3.74a | 94.0 |£| 4.00a | 96.0 | £ | 2.45a
Control 0.00 0 | = 0 0 |+ 0 0 |+ 0 0 |+ 0 0 + 0 0 + 0
- F =633 F, ,=24.19 F ,=8451 F,  =69.91 F,  =41.72
- P = 0.0361 P <0.0001 P <0.0001 P <0.0001 P <0.0001
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Table 4. Percentage mortality of adult female and male A. obtectus after 24-, 48- and 72-h exposure to glass treated with botanicals evapo-
rated for 20 min (standard evaporation time or SET). Experimental groups were compared by one-way ANOVA (F and P values). Different
letters following numbers denote significant differences in mortality within the time point as revealed by Duncan’s post hoc test (P<0.05).

Concen- Female mortality (%) Male mortality (%)
EO/DC tration 24h 48h 72h 24h 48h 72h
(%) X |+| SE X |+| SE | X |+| SE X |+| SE X |#| SE | X |+| SE
0.50 0 + 0 0 + 0 0 + 0 + 0 0 + 0 0 + 0
thyme oil 1.00 86.0 |+ | 927a | 920 |+| 583a | 98.0 |+ | 2.00b | 940 |+| 6.00b 100.0 |+ 0 100.0 | = 0
1.50 100.0 | + 0 100.0 | = 0 100.0 | + 0 100.0 |+ 0 100.0 | £ 0 100.0 | £ 0
0.50 100.0 | + 0 100.0 | = 0 100.0 | + 0 100.0 | 0 100.0 | £ 0 100.0 | = 0
thymol 1.00 100.0 | = 0 100.0 | £ 0 100.0 | = 0 100.0 |+ 0 100.0 |+ 0 100.0 | £ 0
1.50 100.0 | 0 100.0 | £ 0 100.0 | = 0 100.0 |+ 0 100.0 |+ 0 100.0 | £ 0
0.50 0 + 0 0 + 0 2.0 | £] 2.00c 0 + 0 0 + 0 0 + 0
rosemary oil |  1.00 0 + 0 0 + 0 0 + 0 20 | x| 2.00c 20 |£]200c| 20 |=*| 2.00b
1.50 0 + 0 0 + 0 0 + 0 20 |[£]| 2.00c 20 |+]200c| 40 |=*| 245b
0.50 0 + 0 0 + 0 0 + 0 0 + 0 + 0 0 + 0
a-pinene 1.00 0 + 0 0 + 0 0 + 0 0 + 0 0 + 0 2.0 |+ 2.00b
1.50 0 + 0 0 + 0 2.0 | £]| 2.00c 0 + 0 2.0 |+|200c| 4.0 |+ | 245b
0.50 0 + 0 0 + 0 0 + 0 0 + 0 0 + 0 0 + 0
1,8-cineole 1.00 0 + 0 0 + 0 0 + 0 20 |£| 2.00c 2.0 |+|200c| 2.0 |*]|2.00b
1.50 0 + 0 0 + 0 0 + 0 40 | x| 245c 40 |*|245c| 6.0 |+ | 4.00b
0.50 0 + 0 0 + 0 0 + 0 0 + 0 2.0 |+]|200c| 2.0 |+ 2.00b
basil oil 1.00 0 + 0 0 + 0 0 + 0 0 + 0 0 + 0 2.0 |+ 2.00b
1.50 0 + 0 0 + 0 0 + 0 0 + 0 0 + 0 20 |+ | 2.00b
0.50 0 + 0 0 + 0 0 + 0 0 + 0 0 + 0 0 + 0
linalool 1.00 46.0 |+| 927b | 64.0 | +|12.08a| 68.0 |+ | 9.69a | 740 |+ | 4.00a 80.0 |+|3.16b| 92.0 |+ | 3.74a
1.50 76.0 | +|12.08ab| 86.0 |+ | 9.27a | 90.0 | +|10.00b | 94.0 |+ | 4.00b 96.0 |+ | 245a | 98.0 |+ | 2.00a
Control 0.00 0 + 0 0 + 0 0 + 0 0 + 0 0 + 0 0 + 0
F, ,=4.19 F, ,=2.09 F, ,, = 42.53 F, ,,=71.08 F,,,=73.09 F, . =5421
P =0.0417 P =0.1663 P <0.0001 P <0.0001 P <0.0001 P <0.0001

Table 5. Percentage mortality of adult female and male A. obtectus on common bean after 24-, 48- and 72-h exposure to glass treated
with botanicals evaporated for prolonged time (PET) of 120 min. F and P values from one-way ANOVA show significance of among
group differences. Different letters following numbers denote significant differences in mortality within the time point as revealed by
Duncan’s post hoc test (P<0.05).

Concen- Female mortality (%) Male mortality (%)
EO/DC tration 24 h 48 h 72 h 24 h 48 h 72 h
(%) X |#|SE| X |+| SE X |+| SE X |+| SE X |+| SE X |+| SE
0.50 0 +| 0 0 + 0 0 + 0 0 + 0 0 + 0 0 + 0
thyme oil 1.00 0 +| 0 0 + 0 0 + 0 0 + 0 20 | x| 2.00a 2.0 | = | 2.00c
1.50 0 +| 0 20 |£|2.00a| 2.0 || 2.00a 0 + 0 0 + 0 28.0 | £ | 9.16a
0.50 0 +| 0 0 + 0 0 + 0 20 |£]2.00a| 2.0 | x| 2.00a 2.0 | x| 2.00c
thymol 1.00 0 +| 0 20 |+£]2.00a| 2.0 |[+]2.00a| 2.0 [£|2.00a] 6.0 |+ | 4.00a 12.0 | + | 3.74ab
1.50 100.0 |£| O |100.0| % 0 100.0 | = 0 100.0 | £ 0 100.0 | = 0 100.0 | = 0
Control 0.00 0 || 0 0 || O 0 || O 0 |£| O 0 + 0 0 + 0
- F =0 F =0 F, =0 F,, =034 F, ,, =629
- P=1 P=1 P=1 P =0.8453 P =0.0007
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tors (concentrationxsex interaction term: FL . 6=0.72;
P=0.4073). A significant effect of sex and botanical
concentration on weevil mortality after 72 h was also
obtained in the PET assay for thymol (sex: FL 1=59.29,
P<0.0001; concentration: FL 1=92.26; P<0.0001) and
SET assay for thyme oil (sex: F1’24=60.34, P<0.0001;
concentration: Fz) , 4=48.61, P<0.0001). In these assays,
sexual dimorphism was more expressed at higher con-
centrations (significant interaction term: F | =13.81;
P=0.0019 for PET thymol assay and F | =11.38;
P=0.0003 for SET thyme oil assay).

Residual contact toxicity on glass

In the on-glass SET test, thyme oil, thymol and linalool
displayed significant toxic effects on A. obtectus adults,
while other botanicals exhibited a minimal effect (up
to 6% mortality) (Tables 4 and 5). The most effective
compound was thymol; all three concentrations caused
total mortality of the tested insects 24 h after treatment.
The same effect was achieved by the highest concen-
tration of thyme oil, while its middle concentration
caused high mortality to both weevil sexes.

High mortality in male weevils was also caused by
medium and high concentrations of linalool, whereas
only its highest concentration exhibited high mortal-
ity to females. At the end of the SET assay, two-way
ANOVA revealed a significant effect of linalool con-
centrations (F . =4.96; P=0.0406) on weevil mortality.
On average, females and males had similar mortality
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rates (sex effect: FL 1=2.89; P=0.1084), as well as a
similar sensitivity to changes in linalool concentration
(interaction term: F | =0.89; P=0.3608).

Prolonged evaporation time decreased the effect
of the tested botanicals in the on-glass test, similarly
to the on-bean test. In the on-glass PET test, only the
highest concentration of thymol caused total mortal-
ity of the tested insects, while other concentrations of
thymol had a low effect on bean weevil mortality. The
lowest concentration of thyme oil and linalool were
ineffective against bean weevil adults both in SET and
PET assays. Overall, the effect of the tested botanicals
was considerably stronger when applied to on glass
compared to on-bean tests.

Choice test

Thyme oil, thymol and a-pinene were deterrents
against A. obtectus females according to ODI val-
ues, which were lower or equal to -0.30 (Fig. 1). The
strongest deterrent effect was achieved with the high-
est dose of thyme oil. Significant differences between
number of eggs laid on control and treated bean seeds
were revealed for 1.0% (t=2.84, P=0.0109) and 1.5%
thyme oil (t=3.52, P=0.0038) and 0.5% a-pinene
(t=2.52, P=0.0214). Other botanicals had neutral or
slightly attractant effects. Two-way ANOVA showed
this variation in ODI depended on the type of bo-
tanical. On average, thyme oil exhibited a greater de-
terrent effect than linalool (P=0.0188) and rosemary

O os5% B 10% B 15% P values:

EC/DC 0.0228
0.4884

EC/DCxC 0.1015

oDI

Thymeol  Thymol Rosemary oil alpha-Pinene 1,8-Cinecle  Basiloil Linalool

O os% a 1% B 15% P values:

EC/DC  <0.0001
0.0062

EC/DCXC 0.0769

Fig. 1. Oviposition deterrent index (ODI; choice test) by essential
oils (EOs) and their dominant components (DCs) in Acanthos-
celides obtectus females. Values<-0.3 for ODI mean that the tested
botanicals possess an oviposition deterrent effect. P values from
2-way ANOVA testing significance of EO/DC, concentration (C)
and their interaction (EO/DCxC) on the oviposition deterrent
effect are displayed. Different letters denote significant differences
as revealed by Duncan’s post hoc test (P<0.05).

Fig. 2. Percentage of oviposition inhibition (OI; no-choice test)
by essential oils (EOs) and their dominant components (DCs) in
Acanthoscelides obtectus females. P values from 2-way ANOVA
testing significance of EO/DC, concentration (C) and their inter-
action (EO/DCxC) on oviposition inhibition are displayed. Differ-
ent letters denote significant differences as revealed by Duncan’s
post hoc test (P<0.05).
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(P=0.0071), whereas a-pinene was a much better
deterrent in comparison to rosemary oil (P=0.0295).

No-choice test

At the lowest concentration, thymol was the most
effective botanical. Intermediate concentrations of
a-pinene and the highest concentration of basil oil
achieved the strongest effect and reduced oviposi-
tion by half when compared to the control (Fig. 2).
Results of the two-way ANOVA revealed a signifi-
cant contribution of both compound type and com-
pound concentration on oviposition inhibition dif-
ferences. The lowest concentration evoked the lowest
response, which was significantly lower than the re-
sponse with middle (P<0.001) and high concentra-
tions (P=0.0023). Thyme oil was significantly different
from the other tested compounds since it caused the
lowest inhibition effect at 0.5% concentration.

DISCUSSION

Out of seven tested botanicals, only thyme oil and
thymol possessed residual contact toxicity, oviposition
deterrent and inhibitory effects against A. obtectus.
The toxic effect of these botanicals was dose-depend-
ent and was greater when applied on glass, compared
to the common bean. Furthermore, thyme oil toxicity
depended on evaporation time and was significantly
lower in PET assays while the highest dose of thymol
retained its toxic potential even in PET experiments.

The efficiency of EOs depends on their chemical
composition, which differs among plant species and
chemotypes, harvest times and climatic conditions of
plant habitats [9]. The GC-MS analysis showed that
thyme oil was dominated by thymol and p-cymene;
rosemary oil mainly consisted of 1,8-cineole, camphor,
a-pinene and B-pinene; while the main constituents
of basil oils were estragole and linalool. Therefore,
the thyme and basil oil used in our experiment be-
long to thymol [30] and estragole [31] chemotypes,
respectively, while rosemary oil does not seem to be
ascribable to a well-defined chemotype according to
Napoli et al. [32].

The highest contact toxicity response in our ex-
periment was obtained with thyme oil and its DC,
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thymol. Treatment of bean seeds and glass with the
highest concentration of thymol provoked total mor-
tality of beetles in SET assays. Such high insecticidal
efficiency was retained after prolonged evaporation
(PET) for males in the on-bean assay and for both
sexes in the on-glass assay. In contrast, it appeared that
the effect of thyme oil was more sensitive to evapora-
tion time and became quite inefficient after 120 min of
evaporation. However, compared to pure thymol, our
thyme oil contained only 43.52% thymol, which could
explain its poor efficiency. Contact toxicity of thyme
oil and thymol were studied in other pests as well. In
screening assays of residual contact toxicity for vari-
ous Eos, thyme oil was found to be the most efficient
against Meligethes aeneus (E) [33] and Trichoplusia ni
(Hiibner) [34]. Also, screening for contact toxicity in
Spodoptera littoralis (Boisduval) confirmed the high
efficiency of phenolic monoterpenes such as thymol
over other monoterpenes [35].

Our results show that contact toxicity also depends
on the method of application, whether directly to the
seeds or on a glass surface. Linalool was the only com-
pound that exhibited strong residual contact toxicity
when applied on the glass, and at the same time had a
minimal effect when applied on the bean. Furthermore,
thyme oil and thymol were found to be more effective
when applied on glass compared to the common bean.
This was the case because the total surface of 10 g of
beans is larger than the surface of the 9-cm Petri dish
and thus the amount of botanicals per surface area was
lower in the bean test. Consequently, it is also possible
that EOs and DCs applied on beans evaporated faster
and were more subject to oxidative degradation [36].
Part of EOs and DCs could be absorbed by seeds [37],
which would make them less available for contact with
beetles moving over the seeds.

The fumigant toxic and repellent effects of EOs
from thyme, rosemary and basil, as well as their DCs
thymol, a-pinene, 1,8-cineole and linalool, against
bean weevil have been well documented in several
previous studies [16-18,38,39]. Some EOs appear to
be more efficient in fumigant than contact toxicity
assays and vice versa. As pointed out by Jiang et al.
[34], different modes of action may account for these
different responses. It has been suggested that higher
vapor pressure leads to greater fumigant action, while
lipophilicity enables better penetration and bioavail-
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ability in contact toxicity tests. For example, 24 h of
fumigation with 2 uL/L of rosemary EO killed about 4
times more bean weevils than the same concentration
of thyme oil [12,40]. In contrast, all beetles survived
in our SET contact toxicity assays with rosemary EO,
while thyme oil resulted in high mortality. This is in
accordance with the observation that thyme oil is
more lipophilic [41] and has a lower vapor pressure
(90 Pa at 20°C) than rosemary oil (283 Pa at 20°C).

Another result of our experiment is that, com-
pared to males, female bean weevils were far less sus-
ceptible to the toxic effect of thyme oil and thymol in
several tests. Similar results were found in studies that
tested the fumigant toxicity of thyme, rosemary and
basil EOs and some DCs such as thymol, 1,8-cineole,
a-pinene and linalool [16-18,38]. The lower sensitiv-
ity of female weevils is probably due to their body
size and composition. Females are larger, live longer
and are generally less susceptible to stress than males
[42]. Moreover, females have more fat and thus more
energy that can be allocated towards detoxification
of EOs. Sonmez and Gulel [43] determined an aver-
age amount of lipids per bean weevil and concluded
that female bean weevils possess more stored fat than
males. In addition, females are much less active than
males and therefore conserve more energy. In that
way, they are much less exposed to EOs and their DCs’
toxic residues. Additionally, differences in integument
structure between the sexes [44] may affect the ef-
ficiency of botanical penetration through the integu-
ment and thus its contact toxicity.

Aside from direct mortality caused by the botani-
cals, we studied the sublethal changes in bean wee-
vil oviposition, which may have a significant impact
on pest population increase. Thyme oil, thymol and
a-pinene deterred oviposition in choice tests, with
thyme oil exhibiting the strongest deterrent effect. On
the other hand, all tested compounds had a significant
effect on the inhibition of oviposition in the no-choice
test, especially at 1.0 and 1.5% concentrations. These
results correspond to previous studies in which the
anti-oviposition effects of these compounds against
A. obtectus were recorded. Regnault-Roger and Ham-
raoui [16] reported that fumigant application of 0.05
uL/cm’ rosemary and basil EOs completely stopped
oviposition, whereas thyme oil lowered the number
of eggs laid 5-7-fold. Another study of these authors
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on the anti-oviposition fumigant effect of various
monoterpenes in A. obtectus showed a strong effect
of linalool and thymol (98% oviposition inhibition at
6 uM) [17]. However, our results for seeds treated with
a-pinene are in accordance with the results of fumi-
gation with this bicyclic monoterpene (65% oviposi-
tion inhibition), showing a similarly good oviposition
inhibition effect.

Compounds tested in this study also exhibited
anti-oviposition effects on other insect species. Pas-
cual and Ballesta [45] tested a germplasm collection
of 18 O. basilicum essential oils against storage pest C.
maculatus. The authors reported that basil EOs with
high methyl chavicol (estragole) and/or linalool con-
tents significantly inhibited oviposition. Screening for
anti-oviposition activity of EO/DCs in Bemisia tabaci
(Gennadius) revealed thyme oil as the most efficient
[46]. In addition, choice tests in Lasioderma serricorne
(F) [47], M. aeneus [33] and S. zeamais [14] revealed
the strongest repellency for thyme oil and oils rich
in thymol.

CONCLUSION

Based on strong residual contact toxicity and good
oviposition deterrent and oviposition inhibitory ef-
fects, thyme oil and thymol might be suitable candi-
dates for sustainable control of bean weevils in storag-
es. Before the commercial application of thyme oil and
thymol for common bean protection is implemented,
several issues, such as influence on beneficial arthro-
pods, germination of common bean seeds and hu-
man health, should be explored. There are no data on
thyme oil effects on A. obtectus’ natural enemies and
common bean seed germination. However, it is known
that EOs may have toxic, repellent and reproduction
reducing effects on Dinarmus basalis (Rondani), the
main parasitoid of A. obtectus [48,49,50]. It is also
known that thyme oil and thymol may reduce seed
germination of many plant species and that species
with larger seeds are less susceptible [51,52]. Thyme
oil has the status of a traditional herbal medicinal
product and possesses antimicrobial, antifungal, an-
tiparasitic, antispasmodic and antioxidant activities
[53,54]. Weak or no genotoxic effects of thyme oil and
its DC thymol were confirmed by several tests [55-57],
although higher concentrations may cause DNA dam-
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age [58]. In addition, oral LD, values in rats for thyme
oil and thymol were reported to be 4.7 g/kg and 980
mg/kg bodyweight, respectively [59,60]. Taking into
account their low persistence as displayed in our PET
assays, as well as the fact that their highest insecticidal
concentration used in our experiments was far below
levels toxic for mammals, we can consider contact ap-
plication of these botanicals safe for human nutrition.
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