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Simple Summary: The maize weevil (Sitophilus zeamais Motsch) is a major pest in stored grain,
responsible for significant economic losses and having a negative impact on food security. Due to
the harmful effects of traditional chemical controls, it has become necessary to find new insecticides
that are both effective and safe. In this sense, plant-derived products such as essential oils (EOs)
appear to be appropriate alternatives. Therefore, laboratory assays were carried out to determine the
chemical compositions, as well as the bioactivities, of various EOs extracted from aromatic plants on
the maize weevil. The results showed that the tested EOs were toxic by contact and/or fumigance,
and many of them had a strong repellent effect. Samples of 14 EOs and 17 of their main constituents
(monoterpenes) had high fumigant toxicity against S. zeamais adults and might constitute a viable
control method of this pest.

Abstract: Chemical control of the maize weevil (Sitophilus zeamais) has been ineffective and presents
serious collateral damage. Among plant-derived insecticides, essential oils (EOs) are suitable candi-
dates to control this stored products pest. In this work, the insecticidal activities of 45 natural EOs
against S. zeamais adults were screened, and the most promising ones (24 EOs) were characterized
by GC-MS. The repellent and toxic effects (contact and fumigant) of these 24 EOs were determined,
and by a cluster analysis they were classified into two groups considering its fumigant activity and
contact toxicity. For the EOs with the highest fumigant potential (14 oils) and their main active
constituents (17 compounds), lethal concentrations were determined. The most active EOs were those
obtained from L. stoechas and L. alba, with LCsq values of 303.4 and 254.1 uL./L air and characterized
by a high content of monoterpenes. Regarding the major compounds, the oxygenated monoterpenes
R-(+)-pulegone (LCsp = 0.580 mg/L air), S-(-)-pulegone (LCs = 0.971 mg/L air) and R-(-)-carvone
(LCsp = 1.423 mg/L air) were the most active, as few variations in their concentrations significantly

increased insect mortality.

Keywords: essential oil; Sitophilus zeamais; fumigant toxicity; topic toxicity; repellent

1. Introduction

Cereal production is essential to guaranteeing food security because cereals consti-
tute between 50-60% of the human diet and are also an excellent source of macro and
micronutrients [1]. An advantage of these products is their possibility for being stored for
long periods of time without losing their nutritional value; therefore, they are available all
throughout the year [2]. Despite this, it is during the post-harvest and storage stages where
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further deterioration occurs, mainly through pest insects, which cause losses of between
20-30% of the product in the tropical and subtropical areas of the world [3].

The maize weevil, Sitophilus zeamais Motsch (Coleoptera: Curculionidae), is one of the
most important pests of stored grains, responsible for the primary damage of maize [4].
It is estimated that an average of two insects per grain generate 18.3% losses in 48 days.
The greatest damage to the grain is caused by larvae and adults; eggs are laid during most
of the adult life, although 50% can be laid in the first 5 weeks of an adult’s life [5,6]. The
female drills the grain to oviposit in small, chewed cavities that are subsequently sealed
by a secretion, protecting the individual to complete their life cycle within it. Owing to
this, most strategies are focused on adult control [7,8]. Infestations of this species result
in weight loss, decreased germination power, and reduced levels of nutrients, taste, and
smell in the grains [9]. In addition, high temperature and humidity conditions allow the
proliferation of other insect species and microorganisms [10,11]. Different strategies are
used to control S. zeamais, chemical control being the most effective one. A factor that
plays an important role in chemical control is the mode of application, which depends on
the ecology of the insect as well as the characteristics of the place or product where the
treatment is to be applied. In storing grain in bulk in warehouses or silos it is difficult
to prevent and control insect infestations [10]. In this sense, insecticides with fumigant
action are the most effective method for controlling pests in stored products, because due
to their high volatility they can spread throughout the air space of the silo and reach areas
that would not otherwise be accessible [12]. However, commercial pesticides are usually
not very selective, and many are toxic to the environment and harmful to health [13,14].
Therefore, the development of effective and safe alternatives for the control of this stored
grain pest is required.

Nowadays, interest in bioprospecting studies has increased as a potential strategy
to find new applications for biodiversity. Furthermore, countries privileged with nat-
ural resources might improve their inherent capacities to strengthen economic activi-
ties such as safer and healthier agriculture [15]. In this sense, essential oils (EOs) from
plants could be alternative sources for pest management because of their different bio-
logical activities, biodegradability, and minimal effects on non-target organisms and the
environment [8,13,15]. EOs are complex, biodegradable, volatile, and lipophilic mixtures
of terpenoids (monoterpenoids and sesquiterpenoids) and phenylpropanoids mainly [16].
Different studies report that EOs components cause a toxic effect in insects by contact,
ingestion, or fumigation. They also produce other behavioral effects such as repellency,
food deterrence, and inhibition of oviposition and growth [17,18]. It is important to con-
sider that bioactivity of EOs is directly related to their chemical composition, which can
vary dramatically, even within the same plant species. In fact, sources of compositional
variability can include the plant part extracted, the phenological state of the plant, and the
season, as well as growth environment conditions [19]. Therefore, research regarding the
chemical components of EOs is gaining importance.

Thus, this study aimed to evaluate the insecticidal activity of EOs from 45 species of
plants present in Colombia, belonging to 16 families, against adult weevils of S. zeamais.
First, preliminary insecticidal activity was evaluated to select the most active EOs (24) and
perform their chemical characterization. Then, to establish if the mortality of EOs was
caused by fumigant or contact toxicity, a test in which contact between the insect and the
oil was avoided was performed, as well as making a topical contact assay. Later, a cluster
statistical analysis was carried out to group the EOs according to their insecticidal activity
(fumigant and contact toxicity) and repellence. To the group of EOs that mainly exerted
a fumigant effect, lethal concentrations (LC) were estimated. Finally, the compounds
present in EOs with the best fumigant effect were selected, and their fumigant activity was
also evaluated.



Insects 2021, 12, 532

30f19

2. Materials and Methods
2.1. Selection of Essential Oils with Potential Insecticidal Ctivity on Sitophilus zeamais
2.1.1. Plant Material

The samples of 45 aromatic plants, including wild and domesticated, were randomly
collected during different field trips in the departments of Cundinamarca, Boyacd, and
Santander (Colombia) or acquired in the marketplace of Samper Mendoza (Bogota, Colom-
bia). A specimen of each sample gathered was sent to a herbarium (Herbario Nacional
Colombiano and/or Jardin Botanico José Celestino Mutis) for taxonomic determination
(Table S1).

2.1.2. Extraction of Essential Oils

The different parts of each chosen plant were subjected to steam extraction for 2 h.
The EOs were recovered by condensation using a Clevenger-type apparatus, and after
decantation, they were dried with anhydrous sodium sulfate and stored in amber-sealed
glass bottles for refrigeration at 4 °C until use.

2.1.3. Insects

S. zeamais adults were obtained from a colony maintained in the research group
Quimica de Productos Naturales Vegetales Bioctivos (QuiProNaB) of the Department of
Chemistry of the Universidad Nacional de Colombia—Bogota. The insects were kept in
corn mixtures of ICA (Instituto Colombiano Agropecuario) variety 508 and yellow corn ICA
variety 105 and arranged in a culture chamber under controlled conditions for temperature
(27 £1 °C), humidity (65 £ 5% RH), and darkness [5]. Adult insects, between 6-10 days
after emergence, were used in the different activity tests.

2.1.4. Preliminary Insecticidal Activity

To select the most active EOs, preliminary insecticidal activity was determined by
the “vial in vial” method reported in the literature [20]. A volume of 11 pL of EOs was
applied to a 2 cm diameter Whatman® No. 1 filter paper placed on top of a 1.5 mL glass vial.
Subsequently, the vial was introduced into a 22 mL vial with a screw-type closure containing
10 insects without sexing, leaving a final concentration of essential oils of 500 uL/L air. As
positive controls, Nuvan 50® (Sanigral Ltda. Bogota, Colombia), containing dichlorvox as
the active ingredient (100 uL/L air), and Fosfamin® (Fumitoro Ltda. Bogotd, Colombia),
with phosphine as the active ingredient (150 uL/L air), were used. The negative control
was applied in the same way, but without the addition of any substance. All tests were
performed in triplicate under controlled temperature and humidity conditions (27 £+ 1 °C
and 65 £ 5% HR). Insect mortality was determined after 24 h. The insects were considered
dead when observed with a stereoscope with no movement of the legs and/or the antennae
seen after stimulation for 15 s with an entomological pin. The mortality percentages (%M)
were calculated using the Abbott’s [21] correction formula:

Y% Mt — Y%Mc

%Mortality = { 100 = %Moe

} * 100 (1)
where Mt = mortality with treatment and Mc = mortality with control.

Essential oils with mortality percent >40% were selected to continue the study. To de-
termine their chemical composition and which of the active EOs exerted a purely fumigant
action, a test which avoided contact of the insect with the oil and a topical contacts assay
were performed.

2.2. Chemical Characterization of Essential Oils
2.2.1. Sample Preparation

A volume of 25 pL of each EO was taken and brought to a final volume of 1 mL
with n-hexane or dichloromethane. The standard hydrocarbon solution was prepared by
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dissolving 25 uL of a homologous hydrocarbon solution (Cg—Cyg) to a final volume of 1 mL
with n-hexane.

2.2.2. Analysis by GC-MS

The chromatographic analysis was performed using an Agilent Technologies 6850 11
series gas chromatograph with selective mass detector Agilent Technologies MSD5975B,
which was operated at 70 eV, using a quadrupole analyzer in full scan mode at 4.57 scan s~ 1.
Mass spectra were acquired between 40 and 400 m/z. Two different analyses of the essential
oils were performed, using two orthogonal polarity columns: DB-5MS and HP-INNOWax.

In the first analysis, a DB-5MS column ((5%)-phenyl-methylpolysiloxane, 60 m X
0.25 mm x 0.25 pm) was used, with injection in Split mode (20:1) for 1.5 min. The tempera-
ture ramp started at 40 °C for 2 min, and then it was increased to 123 °C (4 °C/min) and
remained constant for 2 min. Afterward, it increased to 160 °C (4 °C/min), remained con-
stant for 5 min, was subsequently increased to 220 °C (5 °C/min), and then kept constant
for 8 min. Finally, it was increased to 280 °C (5 °C/min) and kept constant for 4 min, for a
total run time of 75 min. In the second analysis, a HP-INNOWax column (polyethylene
glycol (PEG), 60 m x 0.25 mm x 0.25 um) was used, with injection in Split mode (20:1)
for 1.5 min. The temperature ramp started at 45 °C for 4 min, and then it was increased
to 120 °C (3 °C/min) and remained constant for 2 min. Finally, it was increased to 250 °C
(4 °C/min) and kept constant for 8 min, for a total time of 71.5 min. The injection volume
used in each analysis was 1 pL.

2.2.3. Determination of Chemical Composition

The chemical constituents were determined by comparing the mass spectra and reten-
tion indices obtained for each compound with those reported in the Pherobase database [22]
and those published in the literature [23]. The linear retention indices (RI) were calculated,
using a homologous series of hydrocarbons from Cg to Cys, and eluted under the same
operational conditions described for EOs.

2.3. Determination of the Insecticidal and Repellent Effect
2.3.1. Reagents

The pure compounds and the alkanes solution (Cg—Cy4) standard (1000 ppm) were
purchased at Sigma—Aldrich© (Saint Louis, MO, USA) or Merck © (Darmstadt, Germany).
The compounds examined in the fumigant bioassay against S. zeamais were DL-limonene
(purity 95%), x-pinene (purity 97%), 3-pinene (purity 98%), 1,8-cineole (purity 99%), 1R-(-)-
fenchone (purity 98%), S-(+)-carvone (purity 96%), R-(-)-carvone (purity 98%), terpinolene
(purity 85%), A-3-carene (purity 90%), (-)-terpinen-4-ol (purity 95%), p-cymene (purity
90%), R-(+)-pulegone (purity 90%), S-(-)-pulegone (purity 98%), y-terpinene (purity 97%),
sabinene (purity 75%), «-phellandrene (purity 95%), linalool (purity 97%), a-terpinene
(purity 90%) and B-caryophyllene (purity 80%).

2.3.2. Fumigant Activity Test

Essential oils with a mortality percent >40% (24 EOs) and 19 of their individual
constituents (ICs) were subjected to fumigant activity evaluation by the modified “vial
in vial” method. In this test, contact of the insect with the EO or IC was avoided. To
achieve this, the vial with the paper impregnated with EO was placed and covered with a
sheer curtain or a 15% PTFE solution [24]. The same conditions of the previous trial were
reproduced to evaluate the EOs: 11 uL (500 uL/L air) of EO, 24-h mortality reading, and
three replicates. For the ICs, quantities between 3.0-5.0 uL were applied in 1.5 cm-diameter
filter paper rings (Whatman®) located at the bottom of the screw cap of a 22 mL amber vial,
leaving a final concentration of 150 ppm (0.6-1.1 mM (mmol/L of air)). EOs and ICs with a
mortality percent >60% were selected for continuing the study. The percentage of mortality
was calculated using Equation (1). All treatments were replicated five times under the same
temperature and humidity conditions. To determine if there were significant differences
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between the mortality caused by EOs in the preliminary insecticidal activity assay and in
the fumigant assay, a non-parametric analysis was performed with the Mann-Whitney test.

To obtain results that allowed for estimating the lethal concentrations, different quanti-
ties of EOs or ICs were used. For EO quantities, between 1.1-18 uL of EO (50-818 pL/L air)
were employed. In the case of compounds, the filter papers were impregnated with dif-
ferent amounts (0.10-4.00 pL) of pure compound and placed in the bottom of the screw
cap of a glass vial of 22, 140, 270, or 518 mL, according to each concentration [5]. The
test was carried out with five replicates and two repetitions under the same temperature
and humidity conditions. The lethal concentrations LC39, LC5p, and LCqj of the EOs and
ICs were estimated by Probit analysis, using the R software with a general public license.
Different quantiles of EOs and their compounds were also estimated, using the same
statistical program.

2.3.3. Topical Contact Toxicity Test

The contact toxicity was determined by the topical contact method, which consisted
of applying different amounts of EOs (0.10, 0.15, and 0.20 pL) with a micro-syringe on the
insect’s prothorax. Untreated insects were used as negative controls, and Nuvan 50° was
used as a positive control at a volume of 0.10 pL. The treated insects were transferred to
22 mL glass vials, leaving 10 insects per vial. The vials were kept in the culture chamber
under controlled temperature and humidity conditions (27 £ 1 °C and 65 &+ 5% RH). All
treatments were performed in triplicate, and insect mortality was determined after 24 h [25].
The percentage of mortality was calculated using Equation (1).

2.3.4. Repellent Activity Test

The repellent action was measured using an olfactometer with static air, consisting
of two 290 mL bottles connected by a tube (1 = 6 cm, d = 0.7 cm), with a container (44 mL)
located in the central part of the duct (Figure 1). In one of the bottles corresponding to
the treatment, a 1.5 mL vial was placed that had a 2 cm diameter Whatman® No. 1 paper
disc impregned with different volumes of EO, corresponding to concentrations between
6.2-22.7 uL/L of air. In the other bottle was placed a 1.5 mL vial with paper without EO,
and this acted as a control. Adult S. zeamais insects (20 per assembly) were incorporated
through the central container of the connecting tube. The test was executed in darkness,
and the olfactometer was rotated in order to make sure that the behavior of the insects only
depended on the repellent action. The activity reading was done at 2, 6, and 24 h after the
application, and the number of insects present in both containers (treated and untreated)
were recorded. All treatments were performed in triplicate [26]. The repellency percentage
(RP) was calculated as
_N-T
CON+T
where N = number of insects present in the untreated area and T = number of insects in the
treated area.

The repellency at 2 h, 6 h, and 24 h for each of the concentrations evaluated was
classified according to the following repellency scale (% repellency = class): (<0.1 = 0),
(0.1-20 =1, (20.1-40.0 = II), (40.1-60.0 = III), (60.1-80.0 = IV), and (80.1-100 = V) [27].

RP % 100%. )

Incorporation
container

f 3
6 cm L"*f;/l 6 cm

44 mL

Untreated area

Figure 1. Olfactometer design employed for repellent assay (Own authorship based on data from [26]).
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2.3.5. Statistical Analysis

With the data obtained from the fumigant, contact, and repellent assays as well as the
chemical profiles of the EOs, a cluster analysis was completed. The methodology that was
used corresponded to a hierarchical method with a measure of similarity and a method of
grouping through partitions known as k-means.

Based on classification using the cluster method, for the final sample, composed
of 14 EOs with the highest fumigant potential, the lethal concentrations (LCz, LCs,
and LCqg) were estimated by adjusting a Probit model. Subsequently, an analysis of
variance (ANOVA) was performed to determine if there were significant differences in
lethal concentrations. Then, through a post hoc analysis of Tukey, it was determined that
groups of oils had marked differences in lethal concentrations. Finally, the compounds that
were most correlated with mortality were determined through the Wald statistic.

3. Results and Discussion
3.1. Selection of EOs with Potential Insecticidal Activity Against S. zeamais

The preliminary insecticidal assay performed for EOs from 45 plant species belonging
to 16 families, using the “vial in vial” method at a maximum concentration of 500 puL/L air,
allowed identification of 24 EOs with potential insecticidal activity that caused mortality
>40% (Figure 2). The EOs that exhibited the highest mortality rates (>90%) were those
extracted from R. officinalis, L. stoechas, S. viminea, M. septentrionalis, Eucalyptus sp., and L.
alba. For the R. officinalis EO, it has been reported that it exerts fumigant, repellent, and toxic
effects upon contact with different species of the genus Sitophilus, effects that have been
attributed to the presence of 1,8-cineole and camphor [28,29]. Essential oils of the genus
Eucalyptus with a high content of 1,8-cineole have also exhibited fumigant and repellent
activity against species of the genus Sitophilus [30,31]. In addition, potential toxic contact
activity on S. zeamais has been reported for the essential oil of L. alba, an effect attributed
to its high limonene content [32]. For the essential oils of M. septentrionalis (%M = 97), S.
viminea (%M = 94), L. stoechas (%M = 93), X. discreta (%M = 73), P. el-metanum (%M = 70), A.
cumanensis (%M = 40) and P. nubigenum (%M = 40), the insecticidal activity on S. zeamais is
reported for the first time.

N 9> Mortality

Minimal mortality

A. robusta —
B. costaricensis mmm—

L 22T 22N Y EEEES S22 E oSS REEEEY SR o VTSRS
2= s = S S§& &S S =SS S 8= ® = = = = S RS =S e
‘g:E;CEQ.Qmu:::=£3:q3:3w3§:::-§§45 SSPESRTSSEDE
SSE S S ESR2PEESSSSYESRESRESEE=TES=E T ESSSSEESE
SR S<SSESTEEES S ; LPIT=TI ST S8 2= S S =S =SS SET a3
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Screening of insecticidal activity for 45 EOs, evaluated at a concentration of 500 uL/L air, against S. zeamais.

3.2. Chemical Characterization of EOs with Potential Insecticidal Activity

The GC-MS analysis with orthogonal polarity columns of the 24 EOs allowed the
identification of 166 compounds, corresponding to 83-99% of the total composition. In
Figure 3, percentage contents of the main chemical classes of the essential oil components
are reported. In Table S2, the compounds are presented according to the elution order



Insects 2021, 12, 532

7 of 19

Percentage content (%)

100

80

60
40

20

obtained with the DB-5MS column; the retention index for both columns (DB-5MS and
HP-INNOWax), the refractive index, and the density for each of the EOs are also reported.

B Oxygenated monoterpenes B Non-oxygenated monoterpenes OOxygenated sesquiterpenes

B Non-oxygenated sesquiterpenes OPhenylpropanoids BOthers

C. X sinensis Yl il

o
v
=
)
=
IS}
g
=
)
<
Figure 3.

C.oalbum =5

C. citratus (NI

C.nardus B
Ocotea sp. [}

S. viminea

X. discreta [T

7
g
g
o
5
o

Eucalyptus sp.
L. origanoides |NINNNRRRR RN
L. stoechas |EREE
P. aduncum [

H. myricariifolium |y
M. septentrionalis [

o — _ o, :
— L T a UL B m—
2 s s S s g g g g
o = = ~ = = = = =
2 S £ = 8 S §E §E 8§
S T S ) S
e S >oH & 2 § » =
S g = £ £ § £ 8
g g : § < § §
@ ; o T o~ a =
U T 53 2 vi
ko e
[

Content percentages of the main chemical classes of components in the 24 active EOs.

As presented in Figure 3, the chemical composition of the EOs was varied, highlighting
monoterpenoids, sesquiterpenoids, phenylpropanoids and other compounds. It was
determined that from the 24 EOs selected, 75.0% of those were mainly monoterpenic
(56.3% and 99.7% of the total chemical composition). Among the major monoterpenes, the
presence of x-pinene, 3-pinene, 1,8-cineole, limonene, carvone, camphor, and pulegone
stood out, compounds for which previously were reported fumigant, repellent, and/or
antifeeding activity against S. zeamais [10,33].

Phenylpropanoid type oils represented 16.7% of the total oils, which contained be-
tween 52.7 and 94.1% of this type of constituents. The oils belonging to this group were
characterized by containing as major compounds myristicin, apiol, dilapiol and anethole,
some of which present previous reports of insecticidal effects against insects of the genus
Sitophilus [33]. Finally, EOs composed mainly by sesquiterpenoids and alkanes represented
4.1% of the total oils. For A. cumanensis oil, sesquiterpenes represented 86.6% of the total
composition, with germacrene-D (17.25%), bicyclogermacrene (16.79%), and y-curcumene
(34.11%) as its majority compounds. In the case of H. mexicanum oil, alkanes represented
57.5% of its content, nonane being the most abundant one (53.08%). For all the compounds
mentioned above, any type of activity on insects of the genus Sifophilus has been reported.

This work constitutes the first report of the chemical composition of EOs from leaves of
M. septentrionalis and P. nubigenum. For the EO of the species M. septentrionalis, 93.78% of the
chemical composition was determined, finding that this oil was characterized by containing
monoterpenic ketones (menthone (8.17%) and pulegone (41.85%)) and sesquiterpenoids
(B-caryophyllene (16.51%) and bicyclogermacrene (8.67%)). This class of compounds has
been previously reported in other species of the genus Minthostachys and in the family
Lamiaceae [34,35]. The EO of P. nubigenum, 93.30% of the chemical composition was deter-
mined and its main components were myristicin (36.68%) and apiol (11.83%), compounds
that are characteristic of some species of the genus Piper [36,37].

In this study, for the Piperaceae family, EOs were found consisting mainly of monoter-
penes and/or sesquiterpenes, which was in accordance with what had been reported in
the literature for P. pertomentellum (cis-B-ocimene (28.49%), trans-f3-ocimene (21.02%), and
germacrene D (26.88%)) and P. aduncum (x-pinene (6.14%), limonene (6.59%), linalool
(22.43%), and piperitone (45.46%)), among others [37]. For the EO of P. el-methanum (syn-
onymous P. oblicum), it was determined that the main constituents were x-pinene (8.48%),
a-phellandrene (43.47%), limonene (19.36%), and 3-phellandrene (7.78%). When compar-
ing the chemical composition with that previously reported for the EO of P. oblicum, great
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differences were found, which may be related to the origin of the species. [38]. Addition-
ally, it was found species characterized by their high contents of phenylpropanoid type
molecules, among which stand out P. nubigenum and P. cf. asperiusculum.

For EOs from species of the Lamiaceae family, the main constituents were of the
monoterpene type (greater than 60%), except for the EO of O. basilicum, which was rich
in phenylpropanoids (estragole (81.78%) and methyl cinnamate (5.10%)). Some examples
of EOs with a high content of monoterpenes belonging to this family were R. officinalis
(o-pinene (23.20%), camphene (8.71%), 1,8-cineole (23.22%), and camphor (13.19%)), L.
stoechas (1,8-cineole (17.12%), fenchone (27.77%), and camphor (27.99%)), and S. viminea
(p-ment-3-en-8-ol (45.39%) and pulegone (38.61%)) [34,35].

3.3. Determination of the Insecticidal and Repellent Effect of the Selected EOs
3.3.1. Fumigant Toxicity

To select a method for evaluating any insecticidal effect, it is important to consider
whether the test conditions are adequate for the characteristics of the insects, especially
in the case of the fumigant effect. Given the ability of S. zeamais to climb the walls of the
vial and come into contact with the paper impregnated with the treatment, it was possible
that the mortality of the insects was due to both contact toxicity and/or the fumigant effect.
Hence, the need of differentiating between an exclusively fumigant test and a general test
of insecticidal activity was evident. To determine which of the 24 EOs exerted a purely
fumigant action, a test that avoided contact of the insect with the oil, was carried out. A
comparison of the results of the mortality in the preliminary insecticidal assays and of the
fumigant test is presented in Figure 4. The Mann-Whitney test allowed determining that
there are significant differences between the mortalities caused by some essential oils in
the general insecticide test and in the fumigant test (Table 1).

MW Screening of insecticidal activity OFumigant activity test
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40 -

20 -
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(=)
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F—l
Ocotea sp. F_'
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L. origanoides
L. stoechas
O. basilicum
P. aduncum
R. officinalis
S. viminea
X. discreta
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H. mexicanum
P. el-metanum

C. sempervirens

H. myricariifolium
M. septentrionalis

P. nubigenum
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. cf. asperiusculum
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Figure 4. Comparisons of mortality presented in the screenings of insecticidal activity and the fumigant activity test.

Table 1. Results of the Mann—-Whitney test for the comparison of mortality presented in the screening of insecticidal activity

and the fumigant activity test.

Mann-Whitney

Mann-Whitney Mann-Whitney

Species Test p Value Species Test p Value Species Test p Value

A. cumanensis p <0.0001 * H. myricarifolium p > 0.0500 P. aduncum p <0.0160 *
C. X sinensis p > 0.0500 L. verum p <0.0001 * P. cf. asperiusculum p <0.0160 *
C. album p > 0.4640 L. alba p > 0.0500 P. el-metanum p <0.0350 *

C. citratus p <0.0330 * L. origanoides p <0.0330 * P. nubigenum p <0.0350 *
C. nardus p <0.0260 * L. stoechas p > 0.0500 P. pertomentellum p <0.0350 *

C. sempervirens p > 0.0500 M. septentrionalis p <0.0160 * R. officinalis p <0.0350 *
Eucalyptus sp p > 0.0500 O. basilicum p <0.0100 * S. viminea p <0.0350 *
H. mexicanum p > 0.0500 Ocotea sp. p <0.0160 * X. discrete p > 0.0500

* There was a significant difference between the mortality results for the compared assays.
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When comparing the results of the two methodologies used, it was evident that by
avoiding contact between insects and EO, 10 of the 24 EOs showed a decrease in their
toxic effects, reaching mortality rates equal to or less than 10%. For these 10 EOs, fumigant
toxicity was negligible compared to contact toxicity at the tested concentrations. Among
the species that lost their toxic effects avoiding the contact were mainly those belonging to
the genus Piper. Considering the chemical composition of the 10 oils that proved not to be
fumigants, it was observed that they contained phenylpropanoids (1. verum, O. basilicum, P.
nubigenium, and P. cf. asperiusculum) or sesquiterpenes (A. cumanensis) as major compounds.
This could lead to thinking that these types of metabolites tend to affect insects mainly by
contact, probably due to their low volatility [39,40].

In the case of the EOs of S. viminea, Ocotea sp. and P. el-metanum, a 50% decrease
in toxicity with respect to the preliminary insecticide assay was observed, suggesting
that these EOs may have had fumigant and contact effects on the insects. Analyzing the
chemical composition of these three EOs, it could be observed that they were composed,
more than 90%, of monoterpenes. The first one was characterized by a high content
of p-ment-3-en-8-ol (45.4%) and pulegone (38.6%), the second one mainly contained o-
terpineol (44.2%), and the last one had «-phellandrene (43.5%) as the major component.
The fumigant and contact activities for pulegone and fumigant activity for «-terpineol
and a-phellandrene have been reported in the literature concerning S. zeamais. [14]. M.
septentrionalis was also characterized by high contents of pulegone (41.9%). For this oil,
there was no reduction in mortality in the fumigant assay, suggesting that the decrease in
the toxic effects of S. viminea may have been related to the presence of p-ment-3-en-8-ol, a
compound that possibly exerted a contact effect.

Like the oil of M. septentrionalis, the EOs of X. discreta, C. sempervirens, H. mexicanum,
H. myricariifolium, R. officinalis, L. stoechas, Eucalyptus sp., C. x sinensis and L. alba exhibited
similar activity in the two methods evaluated, indicating that their toxic effects against
S. zeamais were fumigant. In these oils, a high content of monoterpenes was observed,
except for H. mexicanum oil, which was mainly composed of alkanes (nonane, 53.1%).
The oils mentioned above had in common the presence of limonene, «-pinene, and 1,8-
cineole, compounds for which fumigant activity against S. zeamais had been previously
reported [8,41]. In the present study, the fumigant toxicity against S. zeamais was reported
for the first time for the EOs from the species S. viminea, M. septentrionalis, L. alba, P.
el-metanum, C. sempervirens, L. stoechas, X. discrete, and C. album.

3.3.2. Contact Toxicity

The fumigant test carried out against S. zeamais suggested that 10 of the 24 EOs could
present, mainly, a contact effect because their lethal effects in the fumigant assays were
less than 10%. The results of these oils in the topical contact toxicity test are illustrated in
Figure 5; here, it can be seen that these 10 EOs caused mortality in ranges from 30 to 100%,
confirming the observed behavior in the fumigant tests. Similarly, it was found that the
oils of P. aduncum, L. origanoides, C. nardus and C. citratus were the most active by contact,
causing mortality greater than 90% in the three quantities evaluated. For the remaining
six EOs, it was shown that the percentage of mortality increased proportionally with the
amount of oil applied.
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Figure 5. Contact toxicity results of the 10 EOs that produced fumigant mortalities less than 10%.

The results of the contact and fumigant toxicities of the 14 EOs that presented mortality
rates greater than 25% in the fumigant test are illustrated in Figure 6. It was observed that
13 EOs exhibited fumigant and contact activities, while H. mexicanum EO was the only one
that did not cause contact mortality. The EOs from C. X sinensis, C. sempervirens and H.
myricariifolium, although they were toxic by contact in all the quantities evaluated, caused
higher mortalities when they were evaluated as fumigants at a concentration of 500 uL/L
of air. In contrast, the oils from S. viminea, M. septentrionalis, Ocotea sp., and C. album,
although they exhibit fumigant activity at the concentrations evaluated, caused higher
mortality rates when the oils were applied directly to the insect at all the quantities tested.

I (.10 pL /015l e 0.20 pL -=—-0—-- Fumigant activity test
N - — —
@ S
P \ ~o _
\ ~e-. R L
) \ ~ 7 )
U \ ’ 7 |\
i / \ / A
\ S ’ \
, —
\ L / A4 \ ’ \ ®
/, K / \ /
, A \ , \ v,
[ o \ ’ \ R
S \ / ’ \
/ \ ‘ ’ \
y/ P S \
4 e by \
o 4 \
\
\
\
\
\
\
\
T T T T T T T T T T T T —@®—
= 2 = a < = = s a 2 < = « IS = 0
N @ S S @ S s = S = @ S = = ) h
= § = £ 2 g = = 2 S s g E = S O
§ S s g = 3 = ~ g g s £ 3 g 2 B
= : o Y = g g o kS S N B . =
Z. x g = S 3 i bS] S} Oy © » > S
( $ S = N = S ~ e
- " A T 2 e Y - 3
O = . =
s = S
Z

Figure 6. Contact toxicity results of the 14 EOs that produced fumigant mortalities greater than 25%.

In Figure 6, the contact toxicity results for the 10 AEs that did not cause high fumigant
effects are presented. It is observed that the AEs corresponding to S. viminea, M. septen-
trionalis, Ocotea sp. and L. alba were the most active in the topical contact test, causing
mortality rates higher than 90% in all the quantities evaluated. These results indicate
that EOs consisting mainly of phenylpropanoids and sesquiterpenes exerted an action
mainly by contact against S. zeamais. It has been described in structure-activity relationship
studies that less volatile compounds tend to present a higher toxicity by contact [39]. In
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contrast, for monoterpenes, there was no clear trend because they could exert a toxic effect
by fumigation, contact or both.

The results of the contact toxicities of the EOs of X. discreta, L. stoechas, S. viminea,
M. septentrionalis, P. el-metanum, P. nubigenum, P. cf. asperiusculum, P. pertomentellum, and
C. album presented in this work constitute the first reports of these activities for the men-
tioned oils on S. zeamais. For the EOs of P. aduncum, C. citratus, C. nardus, O. basilicum, R.
officinalis, C. sempervirens and L. alba, it has been reported that they exert contact toxicity
against the insect of interest, with LDs less than 0.5 pL/cm? in contact tests with treated
surfaces [42-44].

3.3.3. Repellent Activity

Table S3 shows the olfactometer assay results, which were classified according to
repellency percentages on a scale of 0 to V, 0 being an indicator of neutrality and V an
indicator of high repellent power [26]. It was noted that all evaluated EOs showed repellent
activity against S. zeamais, and it was also found that this effect showed great variation,
being affected by the type of oil, the exposure time, and the concentration of oil evaluated.

The I. verum EO, which was characterized by a high anethole content, showed repellent
percentages (RP) between 43.3 and 70.0% at 2 h of treatment and RP between 20.0 and
46.7% after 24 h. Thus, the oil was classified as a class I to III repellent, in accordance with
the literature reports for oils rich in anethole, which indicated moderate levels of repellency
against S. zeamais [45].

The EOs from H. myricariifolium, L. stoechas, P. aduncum, C. nardus, and C. x sinensis did
not show great variation in their repellent effects at the evaluated concentrations during the
24 h of the test. These oils had the highest repellent effects against S. zeamais, being classified
in categories IV and V. For citronellal, x-pinene, linalool, limonene and (3-caryophyllene
has been reported in literature their repellent action against S. zeamais, and these were the
majority constituents in some of these EOs [30,46,47]. The EOs of X. discreta, Eucalyptus sp.,
P. el-methanum, P. pertomentellum and C. citratus exhibited the greatest repellent effect at
24 h, classifying in category V for the highest concentrations evaluated. Some of these oils
were characterized by a high content of 1,8-cineole, limonene, and «-pinene, compounds
for which their repellent activity against S. zeamais has been previously described [30,46].

Some of the EOs evaluated in this work present previous reports of repellent action
against S. zeamais, such as is the case of those from C. sempervirens, C. citratus., C. nardus, L.
alba, O. basilicum, R. officinalis, H. mexicanum, H. myricariifolium, P. aduncum, P. pertomentellum
and P. cf. asperiusculum [8,42,48,49]. The repellent assay results obtained for the EOs of
these species in some cases differed from those previously reported in the literature due
to differences in the methods used and changes in the composition of the EOs, as well as
the use of different plant organs, among others. This study constitutes the first report of
repellent activity against S. zeamais of the EOs from L. stoechas, C. album, X. discreta, M.
septentrionalis, S. viminea, P. el-metanum, P. nubigenum, A. cumanensis, and I. verum, being
many of them classified in categories IV to V.

3.4. Characterization of Essential Oils with Fumigant Potential
3.4.1. Statistical Analysis

An exploratory cluster analysis was carried out with the Euclidean distance model
as a selection criterion to define the representative sample of EOs that have insecticidal
potential, mainly fumigant. In this analysis, the initial sample corresponded to the 24 AOs
that presented insecticidal effects in the general test. The results obtained for these EOs on a
time scale of 24 h at the maximum concentration or dose in three treatments were included
as variables: T1 (fumigant action), T2 (contact toxicity) and T3 (repellency). The cluster
analysis allowed determining two main groups, according to their insecticidal activity. The
first group consist of 14 EOs (X. discreta, C. sempervirens, H. mexicanum, H. myricariifolium,
R. officinalis, L stoechas, M. septentrionalis, Eucalyptus sp., Ocotea sp., C. X sinensis, L. alba,
S. viminea, C. album, and P. el-metanum) that showed greater fumigant action (mortalities
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greater than 50% with 500 uL/L air). The second group is mainly constituted by the EOs
that presented the highest contact and repellent potential, except for P. aduncum oil that
presented high contact activity and low repellent effect (33%). The EOs belonging to the
second group were discarded for causing mortalities, in the fumigant method, that did not
exceed 10%. It was found that in the group of 14 EOs, 75% had a percentage of mortality
and repellency above 85% (Table 2).

Table 2. Statistical parameters of cluster analysis.

% Contact Mortality % Fumigant Mortality % Repellent Action
Parameter
[0.2 uL] [11 pL] [22 uL]
Median 88.35 73.00 79.90
Coefﬁme(sﬁt i)flx)/arlanon 0.44 0.42 016
Asymmetry (Fisher) -1.12 —0.74 -1.18

To verify the section of the final sample, a Box-Plot diagram was constructed (Figure 7),
in which the %mortality caused in the fumigant method is represented for the EOs that
make up group I (selected EOs) and the group II (EOs discarded), observing marked
differences between the two groups. In group I it is observed that approximately 25% of
the EAs that comprise it can cause mortalities greater than 40% with a concentration of
500 uL/L air, and that approximately 50% of the EAs can cause mortalities greater than
70% at the same concentration. On the contrary, in group Il it is found that the oils of this
group cause mortalities of less than 10%.

80
|

60
|

Mortality (%)
40
|

Groups
Figure 7. Variability in the fumigant action of the groups resulting from the cluster analysis.

3.4.2. Determination of Lethal Concentrations of EOs with Fumigant Potential

At the 14 EOs with fumigant potential selected by the cluster analysis, the lethal
concentrations (LC) on S. zeamais were estimated, using fumigant activity test evaluating
different concentrations of each oil. Table 3 shows the fumigant toxicity results of the
EOs in terms of their LCsg, including the slope, intercept, and significance values (x>
not significant, p > 0.05) of each of the equations that represent the regressions applied
using the Probit model. It is observed that the lowest values of LCsy correspond to the
oils of Eucalyptus sp., H. mexicanum, R. officinalis and L. alba, with concentrations lower
than 255.0 uL/L air. The other essential oils evaluated presented LCsy between 300.0 and
650.0 uL/L air. The oil of Eucalyptus sp. was the most toxic because it presented the
lowest median lethal concentration (LCsg: 184.3 uL/L of air), being significantly lower than
the other essential oils based on the criterion of nonoverlapping of the LCsy confidence
intervals at 95% probability. The highest LCsy was observed for Ocotea sp. oil (LCsp:
642.63 pL/L of air), which was 38.68 times higher than the LCs( estimated for Eucalyptus
sp., being the least toxic EO by fumigance.
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Table 3. Fumigant toxicity for the 14 EOs, expressed as median lethal concentrations (LCsp).

LCsg 2.(95%

Species Confidence Limit) Slope P Intercept ¢ p-Value 4
uL/L Air

C. X sinensis (382432_74868 8) 0.004 —1.907 8.04 x 1071
593.0 _5

C. album (4945-653.7) 0.003 —2.055 3.10 x 10
C. sempervirens 1 645_1521 %) 0.004 —1.863 7.69 x 10711
Eucalyptus sp. (139%(%2'32.1) 0.005 —0.893 9.48 x 10714
* H. mexicanum (173253562 0) 0.005 —1.140 160 x 10713
* H. myricariifolium (33843635'29 9) 0.002 —0.779 210 x 1078
254.1 . 21

L. alba (229.1-279.6) 0.008 2.005 4.65 x 10
303.4 B _n

L. stoechas (276.0-332.7) 0.007 2.103 470 x 10
M. septentrionalis @ 493902450 5 0.004 —1.130 3.08 x 10713
642.6 _ -13

Ocotea sp. (597.5-692.7) 0.004 2.770 414 x 10
P. el-metanum (5286;%925 0) 0.002 —1.046 1.54 x 1073
R. officinalis 20 4%:_32'22.3) 0.005 —1.097 9.48 x 10714
. 483.6 _ 14

S. viminea (432.9-545.6) 0.005 2.540 1.51 x 10
. 4223 -8

X. discreta (358.9-480.8) 0.003 —1.365 496 x 10

2 concentration that caused 50% of the mortality (5 replicate data);  slope of the linear regression of concentration—
mortality; © intercept of the linear regression of concentration-mortality; 9 significance (cx < 0.05); * previously
reported [8].

The lethal concentrations, LC3p and LCqy, were estimated to make a scatter plot
(Figure 8) that allowed easier visualization of the sensitivity that S. zeamais had to different
lethal concentrations of each EO. In this sense, it was observed that for the oils of L. alba and
L. stoechas, the smallest changes in the concentration of the oils were required to achieve
significant changes in insect mortality. In contrast, for the oils of H. myricariifolium and P.
el-metanum, high variations in their concentrations were required to achieve an appreciable
change in the mortality of S. zeamais, with LCog above 1000 uL/L of air. Additionally, it
was observed that although the EO of Eucalyptus sp. had the lowest values of LC3 and
LCsy, it required a concentration of more than double the LCs to reach a mortality of 90%.
In this study, the fumigant LCs, values on S. zeamais are reported for the first time for the
oils of L. stoechas, R. officinalis, M. septentrionalis, X. discreta, C. sempervirens, S. viminea, C.
album, and P. el-mentanum.
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Figure 8. Scatter plot of the different lethal concentrations of fumigant toxicity for the 14 active EOs.

3.4.3. Fumigant Potential of Some Individual Components (ICs)

To estimate which of the chemical constituents of EOs may be responsible for the
fumigant effects against S. zeamais, the Wald statistical method was applied (with a sig-
nificance level of 1%). This analysis did not allow discrimination between the possible
compounds responsible for the fumigant effect, as it suggested that the 166 chemical
constituents determined in this study are highly significant in the fumigant toxicity. It is
important to mention that Wald’s method does not consider interactions of any kind due to
multicollinearity problems in the data [50]. Therefore, in this study, 19 major ICs present in
the EOs with the highest fumigant potential (LC50 < 255 uL/L air) (Table 4) were selected,
using as selection criteria their presence in more than one EO and the possibility of being
purchased commercially (Figure 9).

0, 0, Sk L D )

)-Carvone )-Carvone B-Pinene

(o8

DL-Limonene

(R)-(+)-Pulegone -)-Pulegone Linalool

@%@?%

)-Fenchone  1,8-Cineole ~ p-Cymene a-Terpinene  Sabinene pB-Caryophylene

PR 98 P

a-Phellandrene Terpinolene  y-Terpinene Terpinen-4-ol ~ A-3-Carene a-Pinene

Figure 9. Chemical structures of the 19 ICs evaluated in the fumigant test.
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Table 4. Percentages of the main components of the 14 EOs with potential fumigant activity on S. zeamais.

@ g 2
= » -3 g 2 s s @«
N 2 @ 3 S @ = s = S =
Component RI* = Y @ 5 .5 3 S § S § § é § %
J § o E S Sy = 5 s 3 3 S o .
S © a3 i g - N
= =
Nonane 904 53.08
«-Pinene 939 7.12 16.89 2528 42.52 24.01 23.20 24.71
Camphene 956 8.71
Sabinene 976 9.39 5.08
B-Pinene 983 12.42 36.04
«-Phellandrene 1010 43.47
A-3-Carene 1012 11.93
a-Terpinene 1020 4.85
p-Cymene 1028 4.96 3.40
Limonene 1033 6.58 91.22  6.50 53.10 5.93 19.36 3.01
cis 3-ocimene 1035 18.05
B-Phellandrene 1036 37.62 7.07 7.78
1,8-Cineole 1038 66.65 17.12 23.20 10.06
y-Terpinene 1060 5.72
a-Terpinolene 1087 6.58
Fenchone 1094 27.77
Camphor 1155 27.99 13.19
p-Ment-3-en-8-ol 1158 45.39
Menthone 1161 8.17
Terpinen-4-ol 1186 0.22 0.79 0.31 0.48 1.09 0.39 0.06
a-Terpineol 1201 4429
Pulegone 1252 41.85 38.61
Carvone 1256 27.94
Terpinyl acetate 1354 12.20
-Caryophyllene 1430 13.59 16.51
a-Caryophyllene 1465 4.69
Germacrene D 1491 11.20
Abietadiene 1969 8.35

* Non-polar column DB-5MS; the numbers within the table correspond to the relative percentages of each compound in the EO.

Among the 19 ICs evaluated, 17 presented fumigant potential, causing mortalities
higher than 70% at a concentration of 150 mg/L. The compounds 1,8-cineole, sabinene,
a-pinene and limonene presented high fumigant activity (mortality > 80%) and were
present as major components in more than three active EOs. Other constituents that were
found as the majority in at least two EOs with high fumigant activity were (-pinene,
R-(+)-pulegone, and S-(-)-pulegone, which presented a mortality of 100% at maximum
concentration evaluated. Compounds that were presented on at least one potentially
fumigant EO such as a-phellandrene, y-terpinene, R-(-) fenchone, A-3-carene, terpinolene,
and carvone (R and S) also showed stronger fumigant action. The compounds that were
present in more than one EO, but in a low proportion, such as p-cymene, a-terpinene, and
(-)-terpinen-4-ol, revealed a mortality of 100%. This indicated that the fumigant capacity of
the EOs was not only due to their majority components.

Table 5 reports the LCs for the 17 active ICs, as well as the slope values and sig-
nificance of each of the equations that represent the regressions applied to the selected
compounds using a Probit analysis. All active compounds had LCsy lower than 120 mg/L
air; among them, the monoterpenic ketones R-(+)-pulegone, S-(-)-pulegone, and R-(-)-
carvone stood out because they exhibited lower LCsy than dichlorvos (positive control).
Additionally, they were the compounds with greater slopes, indicating that small changes
in concentration were required to increase mortality against S. zeamais. Other compounds
with moderate fumigant effect like (-)-terpinen-4-ol, S-(+)-carvone, R-(-)-fenchone, ter-
pinolene, and 1,8-cineole also did not require large changes in concentration to increase
their fumigant capacity. Fumigant activity against species of the genus Sitophilus has been
previously reported in the literature for these compounds, with LCsy between 19.0 and
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30.6 pL/L air [51-53]. In this study, the values of fumigant LCsy against S. zeamais for

S-(-)-pulegone and R-(-)-fenchone are reported for the first time.

Table 5. Fumigant toxicities for the 17 active ICs, expressed as median lethal concentrations (LCsp).

LCsg 2 (95% Confidence Limit)

Compound Slope P p-Value €
mg/L Air umol/L Air
0.58 3.81 373
—(+)- —6
R-(+)-Pulegone (0.46-0.71) (3.03-4.69) (£0.84) 9.90 x 10
0.97 6.37 1.79
—(-)- -5
S-()-Pulegone (0.69-1.21) (4.54-7.98) (£0.44) 4.50 x 10
1.42 9.48 1.73
—(-)- —5
R-(-)}-Carvone (1.14-1.72) (7.57-11.48) (£0.40) 1.30 x 10
S-(+)-Carvone 2.87 1910 0.52 2.00 x 1074
(1.99-3.75) (13.26-24.99) (0.14)
(- Terpinen 4.0l 4.03 26.14 0.61 240 x 10-5
(3.27-4.91) (21.22-31.82) (£0.15)
10.59 69.59 0.20
—(-)- -5
R~(-)-Fenchone (8.56-13.16) (56.24-86.45) (40.046) 1.50 > 10
L8-Cincol 12.96 84.04 0.15 p
,-Ineole (10.38-16.10) (67.31-104.36) (£0.031) 2.60 x 10
Comene 28.68 213.67 0.07 B
Py (23.08-3559)  (171.95-256.12) (£0.016) 1.20 x 10
Terpinolene 52.13 337.92 0.035 73
P (34.83-72.33)  (225.81-468.91) (£0.012) 1.33 x 10
Terninene 60.24 44221 0.04 p
P (47.80-72.75)  (350.86-533.98) (+£0.007) 1.80 x 10
Sabi 68.65 503.92 0.04 »
abinene (56.89-79.75)  (417.59-585.44) (+£0.008) 270 x 10
A 80.35 589.79 0.02 B
-5-(arene (64.09-97.18)  (470.47-713.38) (£0.005) 8.70 x 10
U 88.69 651.06 0.03 B
imonene (74.72-103.70)  (548.49-761.24) (+£0.005) 3.10 x 10
88.87 652.36 0.02
- -5
o-Phellandrene (5970 10827)  (511.64-794.79) (40.006) 4.50 x 10
-Pinene 97.60 716.41 0.02 B
(77.15-116.76)  (566.36-857.12) (£0.005) 1.10 x 10
Merminene 107.95 792.42 0.02 »
y-ierp (82.31-146.97)  (604.23-1078.84) (+£0.005) 8.30 x 10
N 110.38 810.25 0.02 »
a-Pinene (90.76-130.60)  (666.22-958.70) (£0.004) 350 x 10
217 9.84 0.51
. —4
Dichlorvos (C+) 1 53 3.81) (6.01-17.22) (+£0.15) 44010

2 Concentration that caused 50% of the mortality (5 replicates); ® slope of the linear regression of concentration—
mortality; € significance (« < 0.05).

The results presented in this study demonstrate that the group of EOs with prominent
fumigant activity and, in particular, its main monoterpenic components have the potential
to be used in the development of useful products for the control of S. zeamais. However,
in future research is necessary to characterize and validate their potential applications, as
well as to estimate the economic and social viability of potential insecticides based on their
possible sustainable productive use.
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4. Conclusions

This study contributes to the chemical and insecticidal characterization of EOs from
aromatic plants and shows their potential as effective alternatives for the control of S.
zeamais. The results indicated that the oils with the greatest fumigant potential were those
obtained from L. stoechas and L. alba. The oxygenated monoterpenes R-(+)-pulegone, S-
(-)-pulegone, and R-(-)-carvone were the ICs with the highest fumigant potential. These
substances (EOs and ICs) had low lethal concentrations and did not require large variations
in their concentrations to significantly increase insect mortality. The EOs with higher contact
toxicity were characterized by a high content of sesquiterpenoids and phenylpropanoids.
Although most EOs had a high percentage of repellency, there was no clear link between
chemical composition and repellent effect.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/insects12060532/s1: Table S1, sample information of the 45 species plants worked; Table S2:
chemical compositions of the EOs of 24 spices with potential insecticidal activity; Table S3: Repellent
effects of EOs from the 24 active species of plants on adults of S. zeamais.
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