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Abstract: Most insecticides commonly used in storage facilities are synthetic, an issue that generates
concerns about food safety and public health. Therefore, the development of eco-friendly pest
management tools is urgently needed. In the present study, a 6% (w/w) Hazomalania voyronii essential
oil-based nanoemulsion (HvNE) was developed and evaluated for managing Tribolium confusum,
T. castaneum, and Tenebrio molitor, as an eco-friendly wheat protectant. Larval and adult mortality
was evaluated after 4, 8, and 16 h, and 1, 2, 3, 4, 5, 6, and 7 days, testing two HvNE concentrations
(500 ppm and 1000 ppm). T. confusum and T. castaneum adults and T. molitor larvae were tolerant
to both concentrations of the HvNE, reaching 13.0%, 18.7%, and 10.3% mortality, respectively, at
1000 ppm after 7 days of exposure. However, testing HvNE at 1000 ppm, the mortality of T. confusum
and T. castaneum larvae and T. molitor adults 7 days post-exposure reached 92.1%, 97.4%, and 100.0%,
respectively. Overall, the HvNE can be considered as an effective adulticide or larvicide, depending
on the target species. Our results highlight the potential of H. voyronii essential oil for developing
green nanoinsecticides to be used in real-world conditions against key stored-product pests.

Keywords: botanical-based insecticide; cereals; green grain protectant; essential oil nanoformulation;
stored-product beetles; Tenebrionidae

1. Introduction

The confused flour beetle, Tribolium confusum (Jacquelin du Val) (Coleoptera: Tenebri-
onidae), is a cosmopolitan secondary stored-product pest of high economic importance [1].
It has been reported to infest 119 different commodities [2]. The contamination of infested
stored products by body fragments and toxins (e.g., methyl-1,4-benzoquinone, ethyl-1,4-
benzoquinone, methoxybenzoquinone) may have a negative impact on consumers [3,4].
Due to its ability to infest processed commodities, it is usually found in mills, bakeries,
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pet shops, and storage units [2]. Recently, Kavallieratos et al. [5] reported that the larval
and pupal development period is a complex phenomenon depending on the geographical
origin of T. confusum and the type of infested commodity.

The red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), is a
key secondary pest of stored products that is globally distributed [1]. It has been reported
to infest 246 different commodities, an issue that makes it one of the most polyphagous
stored-product insect pests [2]. It can be routinely found in mills, storage units, pet stores,
and retail stores [2]. As in the case of T. confusum, T. castaneum produces quinones that cause
skin irritation [6]. Skourti et al. [7,8] recently outlined that different levels of temperature
and different types of commodities, chiefly alter the immature developmental period.

The yellow mealworm beetle, Tenebrio molitor L. (Coleoptera: Tenebrionidae), is one of
the biggest stored-product insects. It is categorized as a secondary pest and a scavenger [1].
It infests fewer commodities (i.e., at least 46) compared to the other two species [2]. Tenebrio
molitor can be easily found in flour mills, storage units, and food shops [2]. Apart from
being a pest of stored products, it is reared as pet food for birds, fish, and reptiles [1,9,10],
and–more recently–widely considered as a promising food for humans, while it degrades
polystyrene and plastic waste [11]. Tenebrio molitor contaminates the commodities with
quinones, but it is not as severe as the contamination by the species belonging to the
Tribolium genus [10]. Anyway, it can cause allergic reactions in humans [6]. It can complete
the biological cycle in only 30 days, while as an adult, it can survive up to two years [1,3].

It is well known that tenebrionids can develop resistance to several insecticides [12–14].
Therefore, new insecticidal formulations are necessary to be developed [15–18]. Among
natural products with efficacy against stored-product insects, essential oils (EOs) and their
main constituents have been revealed to be promising [18–20]. However, in real-world
conditions, EOs need to be encapsulated in micro- and nanoformulations to enhance
their persistence and physio-chemical stability while maintaining their biological prop-
erties [21,22]. Nanoemulsions (NEs) can be considered one of the most promising ways
for the encapsulation and formulation of EOs. Nanoemulsions are kinetically stable oil
droplets in water systems with a surfactant-to-oil ratio (SOR) ranging from 1 to 2 [23], and
a droplet diameter <100 nm. Thanks to the reduced size of the droplets of the internal
phase and the consequent increment of the surface area, NEs allow a better interaction of
the encapsulated compounds into the target site [23] by overcoming the EO’s poor physic-
ochemical stability and solubility issues [24]. This strategy can boost the applicability of
EOs as natural insecticides [25–29].

Therefore, EO-based NEs are alternative solutions for pest management for a wide
spectrum of insects of public health importance, and crop pests as well. For example,
Ghosh et al. [30] treated 3rd instar larvae of Aedes aegypti L. (Diptera: Culicidae) with
different NE concentrations from Ocimum basilicum L. (Lamiaceae) EO. Larval mortality
was completely suppressed even after 15 min of exposure at 200 mL of 10-fold diluted
NE. Duarte et al. [31] tested the larvicidal efficacy of 5% (w/w) NE of Rosmarinus officinalis
L. (Lamiaceae) EO against the 4th instar larvae of Ae. aegypti. Mortality levels reached
80% after 24 h and 90% after 48 h at 250 ppm. Recently, Benelli et al. [27] proposed a 6%
(w/w) NE of Carlina acaulis L. (Compositae) root EO against the European grapevine moth,
Lobesia botrana (Denis and Schiffermüller) (Lepidoptera: Tortricidae), reaching 50% and
90% mortality of 1st instar larvae with 9.04 and 17.70 µL/mL, respectively. In a further
recent study, Pavela et al. [32] evaluated NEs based on C. acaulis EO and found that less
than 1200 µL/L caused 90% mortality to 3rd instar larvae of Culex quinquefasciatus Say
(Diptera: Culicidae).

However, there is little published research on the utilization of NEs based on EOs as
grain protectants [16,33]. For instance, Hashem et al. [19] used an NE of Pimpinella anisum
L. (Apiaceae) EO for the management T. castaneum adults, over a wide spectrum of NE
concentrations, on cracked wheat kernels. Nevertheless, there are no data on the efficacy of
Hazomalania voyronii (Jum.) Capuron (Hernandiaceae) EO-based NE against T. confusum,
T. castaneum, and T. molitor. However, the bioactivity of the pure EO of H. voyronii has
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been recently studied [20], showing that the raw H. voyronii EO exerted a rather limited
toxicity as a grain protectant against important stored-product beetles. Even on selected
species and instars (e.g., Trogoderma granarium Everts (Coleoptera: Dermestidae) adults),
mortality rates reached about 79% after 7 days of exposure at 1000 ppm. In this framework,
one may hypothesize that a way to boost the efficacy of this EO may be to develop highly
stable EO-based nanoformulations [23]. As a model EO prototype, here we used the one
obtained from H. voyronii, a traditional Malagasy plant (e.g., it is used to heal wounds, the
drinkable bark decoction of stems is used for the treatment of malaria) with documented
insecticidal efficacy [34]. Perilla aldehyde, the major compound of the H. voyronii EO, is
used as a flavouring component to baked foods, sweets, meat products, dressing for salads,
sauces, salted vegetables, and beverages [35]. Furthermore, perilla aldehyde is a “generally
recognized as safe” (GRAS) substance [36].

To validate the hypothesis formulated above, the objective of the present study was
the development of a 6% (w/w) H. voyronii EO-based NE for the effective and eco-friendly
management of larvae and adults of three major stored-product beetles (i.e., T. confusum,
T. castaneum, and T. molitor). To assess the applied potential to protect stored grains, the
effectiveness of this NE as a grain protectant was investigated in small environments
mimicking real wheat storage conditions.

2. Results
2.1. Development and Characterization of H. voyronii EO-Based NE

After a preliminary screening, the quantitative composition of the H. voyronii NE was
selected as follows: 6% (w/w) of the EO phase was emulsified in the aqueous medium
containing 4% (w/w) of surfactant (Polysorbate 80). A high-energy method (i.e., high
pressure homogenization) was employed at the pressure of 130 MPa to obtain H. voyronii
EO-based NE characterized by oil droplets with a size in the nanometric range. From
DLS analysis, in fact, the sample showed a monomodal size distribution with a mean
diameter (Z-average) of 53.54 ± 0.20 nm and a polydispersity index of 0.340 ± 0.013 after
preparation (Figure 1). The absence of oil droplets with a diameter above 1 µm confirms
the formation of a true NE. Indeed, the sample appeared homogenous upon observation
by optical microscope.
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Figure 1. Size distribution (d.nm) of the prepared Hazomalania voyronii-based nanoemulsion (6%
w/w) as obtained from dynamic light scattering.

2.2. Insecticidal Efficacy

When the insecticidal efficacy of the 6% (w/w) H. voyronii NE was evaluated, between
exposure intervals, all main effects were significant, while the associate interaction was not
significant (Table 1). Within exposure intervals, the main effect as well as the interaction
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exposure x insect species-stage were significant, while the interactions exposure x NE
concentration and exposure x NE concentration x insect species-stage were not significant
(Table 1).

Table 1. Evaluation of the insecticidal activity of a 6% (w/w) Hazomalania voyronii essential oil
nanoemulsion: MANOVA parameters about the main effects and associated interactions leading to
the observed mortality rates on Tribolium castaneum, Tribolium confusum, and Tenebrio molitor adults
and larvae, between and within exposure intervals (error df = 96).

Between Exposure Intervals df F p

Intercept 1 892.5 <0.01
Nanoemulsion concentration 1 8.4 <0.01

Insect species-stage 5 67.0 <0.01
Nanoemulsion concentration x insect species-stage 5 0.3 0.89

Within exposure intervals df F P
Exposure 9 85.0 <0.01

Exposure x nanoemulsion concentration 9 0.9 0.51
Exposure x insect species-stage 45 6.1 <0.01

Exposure x nanoemulsion concentration x insect species-stage 45 1.1 0.40

Concerning T. castaneum adults, the mortality caused by H. voyronii EO-based NE was
0.0% until the 1st day post-treatment, then reached 2.2% after 2 days of exposure for both
tested NE concentrations (Table 2). The mortality remained low and did not exceed 12.5%
and 18.7% at 500 ppm and 1000 ppm, respectively, after 7 days of exposure. Although the
mortality of T. castaneum larvae did not exceed 10% at 500 ppm and 12.6% at 1000 ppm
16 h post-exposure, it reached 84.1% at 500 ppm and 97.4% at 1000 ppm, after 7 days
of exposure.

Regarding T. confusum adults, the mortality remained at low levels (Table 3). After 4
days of exposure at 500 ppm, the mortality was 3.3%, and after 7 days it reached 10.3%.
The mortality at 1000 ppm was not significantly higher than the one at 500 ppm, after 2
and 7 days of exposure reaching 3.3% and 13.0%, respectively. As far as T. confusum larval
mortality is concerned, 5 days of exposure to the two NE concentrations led to significantly
higher mortality at 1000 ppm than 500 ppm (i.e., 45.0% and 26.4%, respectively). The H.
voyronii NE killed 59.3% of larvae at 500 ppm, and 92.1% of larvae at 1000 ppm, 7 days
post-exposure.

Mortality of T. molitor adults was <90% after the 7th day of exposure (94.8%) at
500 ppm, while at 1000 ppm after the 6th day of exposure it was 93.5% (Table 4). Complete
mortality of this life stage was achieved testing 1000 ppm of H. voyronii NE after 7 days
post-exposure. No mortality of T. molitor larvae was noted testing 500 ppm and 1000 ppm,
2 days and 1 day post-exposure, respectively. At the end of the experimental period, the
overall larval mortality did not exceed 5.8% at 500 ppm, and 10.3% at 1000 ppm.
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Table 2. Mean (%) mortality ± SE of Tribolium castaneum adults and larvae after 4 h, 8 h, 16 h, 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, and 7 days of exposure to wheat treated with a
6% (w/w) Hazomalania voyronii essential oil nanoemulsion at two concentrations. Within each column, asterisks indicate significant differences, and in all cases df = 16; two-tailed t-test at p
= 0.05. Within each row, means followed by the same uppercase letter are not significantly different, df = 9, 89; Tukey’s HSD test at p = 0.05. Where no letters or no asterisks exist, no
significant differences were recorded. Where dashes exist, no statistical analysis was performed.

Exposure 4 h 8 h 16 h 1 Day 2 Days 3 Days 4 Days 5 Days 6 Days 7 Days F p

Adults
500 ppm 0.0 ± 0.0 B 0.0 ± 0.0 B 0.0 ± 0.0 B 0.0 ± 0.0 B 2.2 ± 1.5 AB 3.3 ± 2.4 AB 3.3 ± 2.4 AB 6.7 ± 2.9 AB 9.1 ± 4.0 AB 12.5 ± 4.7 A 3.1 <0.01

1000 ppm 0.0 ± 0.0 B 0.0 ± 0.0 B 0.0 ± 0.0 B 0.0 ± 0.0 B 2.2 ± 1.5 AB 7.8 ± 3.2 AB 11.4 ± 4.0 AB 13.2 ± 3.8 A 16.5 ± 4.8 A 18.7 ± 5.4 A 6.1 <0.01
t - - - - 0 −1.0 −1.6 −1.1 −1.0 −0.6
p - - - - 1.00 0.31 0.13 0.29 0.32 0.53

Larvae
500 ppm 2.2 ± 1.5 D 8.9 ± 2.6 CD 10.0 ± 2.9 C 14.4 ± 2.9 BC 30.1 ± 4.6 AB 41.6 ± 5.2 AB 54.4 ± 5.0 A 58.2 ± 5.7 A 60.7 ± 6.8 A 84.1 ± 4.1 A 23.3 <0.01

1000 ppm 4.4 ± 1.8 C 10.0 ± 2.4 C 12.6 ± 3.3 BC 15.1 ± 4.2 BC 30.3 ± 4.9 AB 42.7 ± 5.4 A 54.9 ± 4.5 A 70.1 ± 3.5 A 87.1 ± 3.6 A* 97.4 ± 1.7 A* 19.7 <0.01
t −1.0 −0.5 −0.5 0.4 <0.1 −0.2 −0.1 −1.9 −3.3 −2.9
p 0.35 0.66 0.61 0.72 1.00 0.87 0.89 0.08 <0.01 0.01

Table 3. Mean (%) mortality ± SE of Tribolium confusum adults and larvae after 4 h, 8 h, 16 h, 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, and 7 days of exposure to wheat treated with a 6% (w/w)
Hazomalania voyronii essential oil nanoemulsion at two concentrations. Within each column, asterisks indicate significant differences, in all cases df = 16; two-tailed t-test at p = 0.05. Within each row,
means followed by the same uppercase letter are not significantly different, df = 9, 89; Tukey’s HSD test at p = 0.05. Where no letters or no asterisks exist, no significant differences were recorded.
Where dashes exist, no statistical analysis was performed.

Exposure 4 h 8 h 16 h 1 Day 2 Days 3 Days 4 Days 5 Days 6 Days 7 Days F p

Adults
500 ppm 0.0 ± 0.0 C 0.0 ± 0.0 C 0.0 ± 0.0 C 0.0 ± 0.0 C 0.0 ± 0.0 C 0.0 ± 0.0 C 3.3 ± 1.7 BC 7.9 ± 2.8 AB 10.3 ± 2.4 A 10.3 ± 2.4 A 11.3 <0.01

1000 ppm 0.0 ± 0.0 B 0.0 ± 0.0 B 1.1 ± 1.1 B 2.2 ± 2.2 B 3.3 ± 2.4 AB 4.4 ± 2.4 AB 5.6 ± 2.4 AB 9.3 ± 2.0 A 10.8 ± 2.5 A 13.0 ± 3.3 A 5.9 <0.01
t - - −1 −1 −1.5 −2.0 −0.6 −0.8 −0.1 −0.3
p - - 0.33 0.33 0.15 0.07 0.58 0.44 0.95 0.8

Larvae
500 ppm 0.0 ± 0.0 D 0.0 ± 0.0 D 1.1 ± 1.1 D 4.7 ± 2.6 CD 6.9 ± 3.0 CD 13.0 ± 4.3 BC 20.7 ± 3.0 AB 26.4 ± 1.7 A 41.9 ± 2.3 A 59.3 ± 2.9 A 31.7 <0.01

1000 ppm 0.0 ± 0.0 F 1.1 ± 1.1 F 4.4 ± 2.4 EF 13.3 ± 4.7 DE 21.1 ± 6.1 CD* 28.6 ± 6.2 BCD 36.0 ± 6.2 ABC 45.0 ± 6.7 ABC* 67.7 ± 2.3 AB* 92.1 ± 2.0 A* 29.2 <0.01
t - −1 −1.2 −1.6 −2.3 −1.7 −1.9 −2.2 −7.6 −8.7
p - 0.33 0.26 0.14 0.03 0.12 0.07 0.05 <0.01 <0.01
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Table 4. Mean (%) mortality ± SE of Tenebrio molitor adults and larvae after 4 h, 8 h, 16 h, 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, and 7 days of exposure to wheat treated with a 6% (w/w)
Hazomalania voyronii essential oil nanoemulsion at two concentrations. Within each column, asterisks indicate significant differences, in all cases df = 16; two-tailed t-test at P = 0.05. Within each row,
means followed by the same uppercase letter are not significantly different, df = 9, 89; Tukey’s HSD test at p = 0.05. Where no letters or no asterisks exist, no significant differences were recorded.
Where dashes exist, no statistical analysis was performed.

Exposure 4 h 8 h 16 h 1 Day 2 Days 3 Days 4 Days 5 Days 6 Days 7 Days F p

Adults
500 ppm 0.0 ± 0.0 E 0.0 ± 0.0 E 6.8 ± 2.4 D 15.8 ± 4.4 CD 25.9 ± 4.7 BC 43.1 ± 9.3 AB 55.3 ± 6.1 AB 70.8 ± 6.0 A 80.1 ± 4.9 A 94.8 ± 2.8 A 59.6 <0.01

1000 ppm 0.0 ± 0.0 E 0.0 ± 0.0 E 9.0 ± 2.0 D 21.7 ± 5.2 CD 41.3 ± 8.0 BC 63.3 ± 9.1 AB 72.5 ± 8.2 AB 84.3 ± 5.9 AB 93.5 ± 3.8 AB* 100.0 ± 0.0 A 49.1 <0.01
t - - −0.9 −0.4 −0.4 −1.4 −1.3 −1.4 −2.1 −1.9
p - - 0.38 0.68 0.68 0.17 0.21 0.18 0.05 0.08

Larvae
500 ppm 0.0 ± 0.0B 0.0 ± 0.0 B 0.0 ± 0.0 B 0.0 ± 0.0 B 0.0 ± 0.0 B 1.1 ± 1.1 AB 2.2 ± 1.5 AB 3.3 ± 1.7 AB 5.6 ± 2.4 A 5.8 ± 2.5 A 3.0 <0.01

1000 ppm 0.0 ± 0.0 C 0.0 ± 0.0 C 0.0 ± 0.0 C 0.0 ± 0.0 C 4.4 ± 2.4 B 4.4 ± 2.4 B 5.6 ± 2.4 AB 5.6 ± 2.4 AB 5.6 ± 2.4 AB 10.3 ± 3.8 A 3.0 <0.01
t - - - - −2.0 −1.2 −1.1 −0.6 0 −0.7
p - - - - 0.07 0.26 0.31 0.58 1.00 0.52
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3. Discussion

Our results indicate that the NE-based on H. voyronii EO (6% w/w) is effective against
T. castaneum, T. confusum, and T. molitor. This nanosystem led to high mortality levels on
different life stages of the tested species, even at 500 ppm. Concerning T. molitor adults,
the mortality reached 100% at 1000 ppm, and 94.8% at 500 ppm, after 7 days of exposure.
The mortality of larvae was very low, even at the highest tested concentration (1000 ppm),
reaching 10.3% after 7 days of exposure. Earlier research has revealed that the adult
stage is the most susceptible life stage of T. molitor. For example, Kavallieratos et al. [37]
found that when 0.504 ppm deltamethrin, 5 ppm pirimiphos-methyl, 1000 ppm silicoSec
(which is a diatomaceous earth (DE)), and 1 ppm spinosad were applied on stored wheat
as grain protectants, high adult mortality rates were achieved (92.2%, 100%, 100%, and
94,4%, respectively), while they caused moderate larval mortality (10.0%, 71.1%, 43.3%,
and 28.9%, respectively). Apart from the wheat, barley and maize have also been tested
on the same formulations as grain protectants, and the results followed the same pattern,
with larvae being more tolerant than adults. In addition, testing the efficacy of 5 ppm
pirimiphos-methyl on barley in a wide range of temperature and relative humidity levels,
a greater mortality of T. molitor adults was found, if compared to the larvae [38].

In an earlier study, the raw EO of H. voyronii showed relevant efficacy on T. granarium
adults, but not on the larvae [20]. The raw EO caused 78.9% adult mortality at 1000 ppm,
but only 15.6% at 500 ppm after 7 days of exposure. Larvae were more tolerant and the
mortality rates at 500 ppm and 1000 ppm after 7 days of exposure did not exceed 4.4% and
15.6%, respectively. Although the raw H. voyronii EO does not allow an adequate control of
T. molitor and T. granarium larvae, the suppression of the adult stage of both pests is a very
important finding, as adults are the vehicle of reproduction [20].

In contrast, the results of the present study outlined that the adults of T. castaneum and
T. confusum remained practically unaffected by being exposed to the H. voyronii EO-based
NE, given that the highest adult mortality was 18.7% for T. castaneum at 1000 ppm and
13.0% at 1000 ppm for T. confusum, while the larvae had a mortality of 97.4% for T. castaneum
at 1000 ppm and 92.1% at 1000 ppm for T. confusum after 7 days of exposure. Previous
research on T. castaneum has reported that the adults are tolerant to several insecticides.
Fumigation studies on the species of four EOs extracted from the plants Lantana camara L.
(Verbenaceae), Cymbopogon nardus (L.) Rendle (Poaceae), Cinnamomum zeylanicum Blume
(Lauraceae), and Trachyspermum ammi (L.) Sprague (Apiaceae) showed that for all the tested
EOs and exposure times, T. castaneum adults needed relatively high EO volumes (e.g., 14.56,
37.52, 4.40, and 14.86 µL, respectively, for each EO after 72 h of exposure) than the larvae
(e.g., 5.00, 4.13, 2.48, and 2.73 µL, respectively, for each EO after 72 h of exposure) [39].
When the d-strain of T. castaneum was treated with 1 mg/L and the r-strain with 2 mg/L
phosphine (PH3), after 4 h of treatment, adults have been found more tolerant than the
larvae. For both d- and r-strains of T. castaneum, after 24 h of exposure to <10 mg/L
carbonyl sulphide (COS), the larvae were less tolerant than adults [40]. Earlier, Arthur [41]
reported that larvae were less tolerant than the adults. Regarding contact toxicity, Deb
and Kumar [42] reported that the Artemisia annua L. (Asteraceae) EO had greater larvicidal
than adulticidal efficacy against T. castaneum. Mujeeb and Shakoori [43] suggested the
larval stage as the preferable life stage to apply pirimiphos-methyl, outlining that this is the
most susceptible stage. Adults of T. confusum were also more tolerant than the larvae. The
natural insecticide silicoSec attained 100% larval mortality after 7 days of exposure, but
when tested on adults it did not exceed 85% after 14 days of exposure [44]. Spinetoram and
spinosad [45] had high larval mortality reaching 98.9% in a mixture of the two insecticides
after 14 days on treated wheat kernels, while the adult mortality reached 67.8% for the same
mixture after 14 days on treated wheat kernels. Similarly, studying the effectiveness of
eight pyrrole derivatives, a better larvicide than adulticide action has been detected [46–48].

EO constituents have a wide spectrum of effectiveness on adults and larvae that
could be partially explained by their different mode of actions [49]. For instance, perilla
aldehyde, the main component of H. voyronii EO, showed insecticidal and inhibitory effects
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on the enzyme acetylcholinesterase (AChE) in Drosophila suzukii (Matsumura) (Diptera:
Drosophilidae) [50], and it has been argued that its insecticidal activity could be related
to the presence of exocyclic and endocyclic double bonds in the chemical structure [51].
Furthermore, 1,8-cineole and limonene, the other two main constituents of the H. voyronii
EO, showed insecticidal efficacy against a wide spectrum of insects, including mosquitoes
(e.g., Culex pipiens L. (Diptera: Culicidae), Cx. quinquefasciatus, Ae. aegypti, Ae. albopictus
(Skuse) (Diptera: Culicidae)), houseflies (Musca domestica L. (Diptera: Muscidae)), and
stored-product beetles (Sitophilus granarius (L.) (Coleoptera: Curculinonidae)) [52–55].

The significant toxicity of the EO-based NE developed here against T. castaneum and
T. confusum larvae is important, since targeting the adults is crucial to achieve a major
reduction of the overall population. Storage units can host several species in different
developmental stages existing simultaneously [56–59]. Therefore, insecticides based on
natural products such as EO-based NEs, which can manage a broad spectrum of stored-
product insects, are highly desirable [16,33]. Our results showed that the H. voyronii
EO-based NE is toxic against three tenebrionid species. Similarly, Hashem et al. [19]
tested four different concentrations of a P. anisum EO-based NE against T. castaneum adults,
showing that 7.5% and 10% v/v killed 51.2% and 74.3% of the exposed individuals, in
comparison to the control after 9 days of exposure, respectively; 12 days post-exposure, the
overall mortality rates reached 54.7% at 7.5% v/v and 81.3% at 10% v/v.

Our findings indicate that among the different species tested here, all belonging to the
Tenebrionidae family, there is a wide variability of the performance of H. voyronii EO-based
NE as a grain protectant. However, the level of efficacy depends on the life stage of the
target species. A crucial factor for elevated effectiveness of insecticides is the timing of their
application [7,60]. Therefore, the knowledge of the species and the life stage that infests
grain commodities could maximize the management strategy if the H. voyronii EO-based
NE is selected as a component of a management strategy against T. castaneum, T. confusum,
and T. molitor.

4. Materials and Methods
4.1. Essential Oil

The dry bark of H. voyronii was obtained from trees growing in Kirindy Forest, Mada-
gascar (coordinates: S 20◦28′15.002”; E 44◦17′56.06”; 62 m a.s.l.) in February, 2018. Then, it
was subjected to hydrodistillation for 3 h using a Clevenger-type apparatus. The chemical
composition was recently reported in our recent study by Benelli et al. [34]. The major
components were oxygenated monoterpenes, namely perilla aldehyde (43%), 1,8-cineole
(33.2%), and limonene (13%).

4.2. Insects

Tribolium confusum and T. castaneum were cultured on wheat flour and 5% brewer’s
yeast, and T. molitor on a combination of oat bran and potato slices for additional mois-
ture [61], at 30 ◦C, 65% relative humidity, and continuous darkness [37,62,63]. The founding
colonies were acquired from storage facilities in Greece. The two Tribolium species were
maintained in the Laboratory of Agricultural Zoology and Entomology, Agricultural Uni-
versity of Athens, since 2003, and T. molitor since 2014. For the tests, unsexed adults <2
weeks old, and larvae that were 3rd–4th instar old (for T. confusum and T. castaneum) and
10–14 mm long (for T. molitor) were used [37,62].

4.3. Commodity

Hard wheat, Triticum durum Desf. (var. Claudio) (Poales: Poaceae) clean and free of
infestations and pesticides was used in the experiments. Prior to the bioassays, moisture
content of the wheat kernels was 12.4%, calibrated by a moisture meter (mini GAC plus,
Dickey-John Europe S.A.S., Colombes, France).
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4.4. Development and Characterization of H. voyronii EO-Based Nanoemulsion

Hazomalania voyronii EO NE was obtained through a high-energy method, by using a
high-pressure homogenizer according to the procedure reported by Cappellani et al. [64].
A 6% (w/w) of EO was added dropwise to 4% (w/w) Polysorbate 80 (Sigma-Aldrich)
aqueous solution under high-speed stirring (Ultraturrax T25 basic, IKAfi Werke GmbH
& Co.KG, Staufen, Germany) for 5 min at 9500 rpm. The obtained emulsion was then
homogenized with a French Pressure Cell Press (American Instrument Company, Aminco,
MY, USA) for four cycles at a pressure of 130 MPa. Visual inspection of the formulation
was performed by using a polarizing optical microscope (MT9000, Meiji Techno Co. Ltd.,
Chikumazawa, Miyoshi machi, Iruma-gun Saitama, Japan) equipped with a 3-megapixel
CMOS camera (Invenio 3S, DeltaPix, Smørum, Denmark) to assess NEs formation. Dynamic
light scattering (DLS) analyses were then carried out to determine lipophilic internal phase
droplets size using a Zetasizer Nano S (Malvern Instruments, Worcestershire, UK) equipped
with backscattered light detector working at 173◦. A sample of 1 mL was analysed at
25 ◦C, following a temperature equilibration time of 180 s. The analyses were performed
in triplicate.

4.5. Insecticidal Assays

The NE based on H. voyronii EO (6% w/w) was tested at the concentrations of
500 µL/kg wheat (=500 ppm) and 1000 µL/kg wheat (=1000 ppm). The test concentrations
were selected based on preliminary tests on the three tenebrionid species. Test solutions
were prepared in water at the final volume of 750 µL, and sprays were performed on
plates, where 0.25 kg wheat lots were laid out [20]. Additional lots of 0.25 kg wheat treated
with (i) water and (ii) carrier control (4% w/w surfactant dispersed in water) served as
controls. The spraying of the wheat lots was conducted by an AG-4 airbrush (Mecafer S.A.,
Valence, France) on different trays. Controls were sprayed using different AG-4 airbrushes.
Then treated lots were transferred to 1-L glass containers and were shaken for 10 min to
equally distribute the NE on the total quantity of wheat. The same procedure was followed
for controls. From each treated lot or controls, three samples of 10 g each were obtained
with different scoops. A Precisa XB3200D compact balance (Alpha Analytical Instruments,
Gerakas, Greece) was used to weigh the samples on a filter paper that was unique for each
sample. Then, samples were placed in glass vials (7.5 cm × 12.5 cm diameter and height).
The caps of the vials had a 1.5 cm diameter circular opening in the middle, covered with
gauze, to sufficiently aerate the content of the vials. The upper inner necks of the vials
were covered by polytetrafluoroethylene (60 wt % dispersion in water) (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany), to assure that the beetles would remain in the
vials. Thereafter, 10 larvae or adults of each tenebrionid species were separately transferred
into the vials. The containers remained in incubators set to 30 ◦C and 65% RH for the
whole experimental period. Mortality rates’ evaluation was accomplished by an Olympus
stereomicroscope (SZX9, Bacacos S.A., Athens, Greece) at 57x total magnification after 4,
8, and 16 h and 1, 2, 3, 4, 5, 6, and 7 days of exposure, by gently nudging each individual
insect using a fine brush (Cotman 111 No 000, Winsor and Newton, London, UK) to detect
any movement. For each concentration of the NE and control, different brushes were used.
The above procedure was repeated three times with new insects, wheat, and vials.

4.6. Data Analysis

Control mortality on wheat treated with water was low (<5%) for all insect species and
life stages tested, therefore no correction was necessary. In contrast, the control mortality
on wheat treated with the carrier control 4% w/wsurfactant dispersed in water, was >5%
for all tested species and life stages, ranging up to 17.8%. Therefore, mortality values
were corrected by the Abbott formula (i.e., (1 − insect population in treated unit after
treatment/insect population in control unit after treatment) × 100) [65]. Before conducting
analysis, the mortality data were log(x + 1) transformed to normalize variance [66,67]. Sta-
tistical analyses were conducted by following the repeated-measures model [68]. Exposure
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interval was the repeated factor, and mortality was the response variable. The main effects
were the concentration and insect species/developmental stage. The associated interactions
of the main effects were considered in the analysis. All analyses were conducted using
JMP v.14 software [69]. Means were separated using the Tukey–Kramer (HSD) test at 0.05
of significance [70]. The two-tailed t-test at n-2 df and 0.05 significance [71] was used
to compare the two tested concentrations of H. voyronii EO-based NE at each species or
life stage.

5. Conclusions

To eco-friendly manage several important insect pests of stored products, a combi-
nation of the H. voyronii EO-based NE with other natural insecticides (e.g., DEs) could
potentially provide an enhanced level of protection for stored durable commodities against
multi species infections. For example, the use of DE or natural zeolite as grain protectants
caused 100% mortality on T. castaneum adults after 14 or 21 days of exposure, respec-
tively [72]. A combination of H. voyronii EO-based NE with DE or natural zeolite could
enhance the likelihood of the management of T. castaneum, T. confusum, and T. molitor,
regardless of their being adults or larvae, an issue that merits further investigation. Fur-
thermore, Athanassiou et al. [73] found that the mortality of S. oryzae was significantly
higher when silica gel was combined with the EO of Juniperus oxycedrus L. ssp. oxycedrus
(Pinales: Cupressaceae) compared to the silica gel alone. In this scenario, additional experi-
mental efforts are necessary to shed light on the impact of H. voyronii EO-based NE as a
multi-species killing agent.
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