| agriculture

Article

Low Concentrations of Eucalyptus Essential Oil Induce Age,
Sex, and Mating Status-Dependent Stimulatory Responses in
Drosophila suzukii

Maria Pineda, Emanuel Lucas de Andrade Alves, Julia Almeida Antunes, Vinicius de Castro Carvalho

and Khalid Haddi *

check for
updates

Citation: Pineda, M.; Alves, E.L.d.A.;
Antunes, J.A.; Carvalho, V.d.C.;
Haddi, K. Low Concentrations of
Eucalyptus Essential Oil Induce Age,
Sex, and Mating Status-Dependent
Stimulatory Responses in Drosophila
suzukii. Agriculture 2023, 13, 404.
https://doi.org/10.3390/
agriculture13020404

Academic Editor: Yan Wang

Received: 10 January 2023
Revised: 2 February 2023
Accepted: 7 February 2023
Published: 9 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Departamento de Entomologia, Universidade Federal de Lavras (UFLA), Lavras 37200-900, MG, Brazil
* Correspondence: khalid.haddi@ufla.br; Tel.: +55-35-3829-5285

Abstract: Plant-extracted essential oils are generally suggested as potential sources for alternatives to
synthetic insecticides in insect pest control strategies. The increased interest in the use of essential
oils derives from the generalized perception of their safety for the environment, human health, and
non-target organisms as well as a lower risk of resistance development. However, studies on essential
oils have largely focused on their activity on targeted insect pests while overlooking their potential
unintended effects on insect biological and reproductive traits, especially with sublethal exposures.
Here, we first determined the toxicity of Eucalyptus globulus essential oil to adults of Drosophila suzukii
and assessed the effects of low concentrations (i.e., LC5 and LCy) in old (5-7 days) and mated flies.
Subsequently, we assessed longevity and fecundity in newly emerged virgin flies from four couples’
combinations: unexposed couples, exposed females, exposed males, and exposed couples to the
low concentration LCyy. Our results show that eucalyptus essential oil has good insecticidal activity
against adults of D. suzukii. However, compared to untreated flies, the exposure to low concentrations
enhanced the females’ fecundity only when both old and mated female and male flies were exposed,
while the females’ but not males’ life span was extended only in couples where newly emerged virgin
females were exposed. Our findings suggest that although the eucalyptus essential oil may be a
good control alternative for adult D. suzukii, its age-, sex-, and mating status-dependent stimulatory
responses mediated by exposure to low concentrations need to be considered and further investigated.

Keywords: essential oils; spotted wing drosophila; toxicity; sublethal; hormesis

1. Introduction

In the past decades, plants have been extensively screened for active compounds with
potential practical applications [1-4]. Essential oils (EOs), as plant-derived extracts, are
complex natural substances produced as secondary metabolites that have been scrutinized
for their biological activities and are frequently proposed as a suitable alternative for con-
trolling insect pests [3]. However, most of the investigations on plant EOs are carried out
under laboratory conditions and are biased toward assessing their lethal and repellent
activities against different insect pests and disease vectors. Consequently, potential ecotoxi-
cological risks and non-target impacts of these compounds as well as the physiological and
biological alterations in the targeted insect pests deriving from sublethal exposure to EOs
have been frequently overlooked [2].

From a pest management perspective, the use of insecticidal products is still an im-
portant tool to reduce pest populations. Thus, most insects are repeatedly exposed to
insecticide-mediated stresses that may result from exposure to low doses due to residue
degradation [2,5]. Such exposure can affect different aspects of the exposed insects’ be-
havioral, biological, and reproductive traits, and when it leads to stimulatory responses,
it is termed as insecticide-induced hormesis. Hormesis is a biphasic dose-response re-
lationship where a stressor that is toxic at high doses exhibits stimulatory effects at low
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doses in pests [5-7]. Beneficial and stimulatory responses resulting from exposure to low
insecticide doses were described for different insect life traits including development time,
longevity, fertility, fecundity, immune responses, locomotion, sexual communication, and
feeding [5-7]. Based on their structure and associated physico-chemical and toxicologi-
cal properties, EOs will act as any other insecticide, although they are generally natural
mixtures of several molecules with many different modes of actions. Similar to synthetic
insecticides, EOs were recently shown to induce hormetic-like responses in sublethally
exposed insects [2,8-11].

The spotted wing fly Drosophila suzukii (Diptera: Drosophilidae) is an exotic pest with
great economic importance capable of infesting a wide variety of hosts encompassing
cultivated and wild red fruit species [12-14]. It is a native species from East Asia and
was first reported in Brazil in the summer of 2012/2013 in the southern region of the
country [15] before expanding its range to other regions of the country [16]. Management of
this pest is performed mainly by the use of synthetic insecticides. To overcome the potential
disadvantages of chemical control such as toxicity to non-target organisms and relatively
high cost, the use of EOs has been suggested and investigated in D. suzukii control [17-23].

Eucalyptus is an Australian native plant, which is currently cultivated in subtropical
and Mediterranean regions [24]. Among other multipurpose uses, essential oils extracted
from the leaves of eucalyptus plants, like the Tasmanian blue gum Eucalyptus globulus
Labill (Myrtales: myrtaceae), are reported to have a wide range of bioactivities including
antioxidant, antimicrobial, fungicidal, antibacterial, acaricidal, nematicidal, and insecticidal
effects [25]. Such biological activities are frequently attributed to the presence of compounds
such as a-pinene, B-pinene, limonene, and mostly to the presence of Eucalyptol (1,8-cineole),
which generally represents more than 70% (v/v) of the eucalyptus EOs [25,26]. Recently, a
large number of natural extracts and compounds, including eucalyptus EOs, have been
tested against D. suzukii [18]. However, the potential of sublethal effects mediated by plant-
derived substances in this fly has been largely neglected in all the previous assessments of
EOs’ bioactivities.

Thus, in this research we used the spotted wing fly as the model to evaluate not only
the lethal dose-induced but also low dose-induced effects of E. globulus essential oil. We
documented stimulatory response in the longevity and fecundity in old mated as well as in
newly emerged virgin flies.

2. Material and Methods
2.1. Drosophila suzukii Rearing

The stock colony of D. suzukii, used in the experiments, was kept in a rearing facility
in the laboratory of Molecular Entomology and Eco-Toxicology (MEET) of the Entomology
Department at the Federal University of Lavras, Lavras (Minas Gerais, Brazil). The flies
were maintained in plastic cages (10 cm height x 25 cm diameter) using an artificial
diet and following previously described methods [27,28]. The cages were kept under
controlled conditions of temperature (T: 23 & 2 °C), relative humidity (RH: 60 & 5%) and
scotophase (12H).

2.2. Eucalyptus Essential Oil

The EO of E. globulus was purchased commercially in sealed amber bottles with a
volume of 10 mL from WNF Industria e Comercio Ltd.a (Sao Paulo, Brazil) [29]. The
major components are 1,8-cineole (94.4%), x-pinene (0.97%), -pinene (0.33%), 3-myrcene
(0.4%), p-cymene (1.8%), trans-3-ocymene (0.55%), cis-3-ocymene (0.11%), and 1.47% of
unidentified compounds.

2.3. Toxicity Assessment of Eucalyptus EO against Drosophila suzukii

The toxicity of eucalyptus EO was evaluated using the exposure method described in
the protocol No.26 of Insecticide Resistance Action Committee (IRAC) with slight modifi-
cations. Briefly, pre-tests with logarithmically spaced concentrations of EO were carried
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out to determine the range of concentrations causing between 0 and 100% mortality. Once
that mortality range was obtained, nine concentrations within it were used to determine
the dose-response curve of the EO. The serial concentrations were prepared by diluting
the corresponding EO volumes to the final concentration with dimethyl sulfoxide DMSO
(2.5%) and a 20% sugar water solution. Then, dental cotton rolls (2 cm) were impregnated
with 2.2 mL of the prepared serial dilutions of the EO and placed in 200-mL glass flasks. As
a negative control, 2.5% DMSO in sugar water (20%) solution was used. Subsequently, for
each repetition, 20 to 25 non-sexed flies of the same age (5-7 days) were introduced into
each glass flask. Four repetitions for each concentration were used. The flasks were closed
with foam plugs and kept in a BOD at 23 £ 2 °C, 60 = 5% relative humidity (RH), and 12H
scotophase. Mortality was evaluated after 48 h of exposure. Flies were considered dead if
they did not show any movement even after being prodded with a fine brush.

2.4. Exposure of Old Mated Adults to Eucalyptus EO Low Concentrations

Once the dose-response curve of eucalyptus EO was determined, the concentrations
LCy (control water + DMSO), LCs, and LCyo were selected to assess the effect of low dose
exposure on the survival and reproductive output of exposed flies. The exposure was
performed as previously described, with the difference that females and males of the same
age (5-7 days) were exposed separately to each concentration. After 48 h, mortality was
evaluated and the survivors were transferred to new containers with sugar water solution
(20% w/v). After 24 h, ten pairs (10 females and 10 males) from each concentration were
formed and transferred to glass containers (200 mL) with 30 mL of artificial diet, with five
repetitions for each concentration. The daily mortality of the parents was evaluated, and
every 8 days the survivors were transferred to a new glass with diet present. For each
concentration, 10 pupae were taken to estimate their mass. The daily number of emerged
flies for each treatment was counted, and the bodyweights of newly emerged (less than
1 day) females (50) and males (50) were also determined.

2.5. Exposure of Newly Emerged Virgin Adults to Eucalyptus EO Low concentrations

Based on the result of the previous bioassay (see Section 3), the LCy of eucalyptus EO
was selected to test the effects of low concentration on biological and reproductive outputs
of newly emerged virgin flies. Pupae (>1000) from D. suzukii rearing were individualized
near emergence. Upon emergence, the newly emerged flies were sexed into four groups
of 30 of either males or females, and were exposed to the LCy (control water + DMSO) or
LCy of the EO as previously described. After 48 h of exposure, the surviving adults were
paired in the four following combinations: 1—untreated pairs (?NT x o"NT), considered as
control and were exposed only to water + DMSO; 2—untreated females and treated males
(?NT x oT); 3—treated females and untreated males (?T x &’NT); and 4—treated males
and females (?T x oT). The different pairs were transferred to glass containers (10 pairs
of the same combination per container of 200 mL) with diet present, and five repetitions
per combination were made. After 8 days, the surviving adults of the same container were
transferred to a new container with diet present, and this process was repeated four times.
Parental adult longevity and fertility (weekly emergence) and the body mass of male (40)
and female (40) adults from their progeny were determined.

2.6. Statistical Analysis

The results of the mortality bioassays were subjected to Probit analyses to the
concentration-response curve and chi-square (x?) values with 95% confidence limits using
the SAS V9 statistical software package (SAS Institute, Cary, NC, USA). The results of the
survival were subjected to survival analysis using Kaplan-Meier estimators (Log-rank
method) with SigmaPlot 12.0 (Systat Software, San Jose, CA, USA). The total number of
flies emerged and pupal and adult weights were subjected to univariate analysis of vari-
ance (ANOVA) or a Kruskal-Wallis one-way ANOVA on ranks, when the assumptions of
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normality and homoscedasticity were not satisfied. Pairwise comparisons were performed
using Tukey’s analysis of means (p < 0.05).

3. Results
3.1. Toxicity Bioassays

The mortality levels obtained in the concentration-mortality bioassay were satisfacto-
rily described by the probit model with the goodness-of-fit test exhibiting a low x2-value
(x* = 1.10) and a p-value (p = 0.98) higher than 0.05. Mortality in the control group did
not exceed 10%. The tested E. globulus EO had a good lethal effect on adults of D. suzukii
presenting an LCs of 0.67uL-mL~! and an LCyg of 1.57 uL-mL~! (Table 1).

Table 1. Toxicity of essential oil of eucalyptus Eucalyptus globulus to adult flies of Drosophila suzukii.

Lethal No. of Conceflga tions Fiducial Interval 2
Concentrations Insects 1 (95%) P
(uL-mL—1)
805 1.10 0.98
LCs 0.22 0.17-0.26
LCy 0.38 0.32-0.43
LCso 0.67 0.61-0.71
LCop 1.57 1.40-1.83

3.2. Effects of Low Concentrations of Eucalyptus EO on the Biological and Reproductive Traits of
Old Mated Flies

3.2.1. Parental Flies” Longevity

The longevity of D. suzukii adult flies (5-7 days old) was not affected by exposure to
low concentrations (LCs and LCy) of E. globulus EO (Figure 1). No significant statistical
differences were found for either the female (Log-Rank test, x% = 1.93; df =2, p=0.39;
Figure 1A) or the male (Log-Rank test, x% =5.13; df = 2; p = 0.08; Figure 1B) flies exposed to
LCs and LCy of eucalyptus EO when compared with the unexposed controls. Moreover,
males generally exhibited lower longevity than females in all the treatments. Median
survival time (LT50) ranged from 15.20 to 16.43 days for females and from 9.94 to 11.53 days
for males.

3.2.2. Parental Flies’ Fertility

Females’ fertility was assessed by counting the number of emerged females and males
and the total (females + males) adults at 8 and 16 days as well as the aggregate of the
numbers of adults emerged during the whole experiment (Day 8 + Day 16; Figure 2). Both
at Days 8 and 16, no statistical significant differences were found for the total number of
males and females (Day 8: F =2.262; df =2; p=0.147; and Day 16: F =2.182; df =2; p = 0.252;
Figure 2A), the number of females (Day 8: F = 3.462; df = 2; p = 0.065; and Day 16: F = 0.825;
df =2; p = 0.462; Figure 2B), and the number of males (Day 8: F = 0.970; df = 2; p = 0.407;
and Day 16: F = 3.327; df = 2; p = 0.071; Figure 2C) of emerged flies between the treatments
exposed to LCs and LCyg of essential oil and the unexposed control (LCp). Interestingly,
when the aggregate of the numbers of adults that emerged during the whole experiment
(Day 8 + Day 16) were compared, significant statistical differences were found between
exposure to the control (LCy) and the LCyq for the total (females + males: F = 8.844; df = 2;
p = 0.004; Figure 2A), for female (F = 14.463; df = 1; p = 0.005; Figure 2B), and for male
(F=7.797;df = 1; p = 0.023; Figure 2C) flies produced.

3.2.3. Progeny Pupal and Flies’ Body Mass

The analysis of variance results showed that there is a significant decrease in pu-
pae mass (F = 7.83; df = 2; p = 0.009) when parental D. suzukii adults were exposed to
low concentrations (LCs and LCpp) of eucalyptus EO compared to unexposed flies (LCy)
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(Supplementary Figure S1). Such differences were not carried over to the female (F = 0.060;
df =2; p =0.94) or male (F = 0.006; df =2; p = 0.99) emerged flies (Supplementary Figure S1).
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Figure 1. Longevity of 5-7-day old mated females (A) and males (B) of Drosophila suzukii exposed to
low concentrations (LCy, LC5 and LCyq) of Eucalyptus globulus essential oil.

3.3. Effects of Low Concentration of Eucalyptus EO on the Biological and Reproductive Traits of
Newly Emerged Virgin Adults

3.3.1. Parental Flies’ Longevity

Significant differences were found between the four treatments for the longevity of the
newly emerged and virgin female (Log-Rank test, x* = 70.81; df = 3; p < 0.001; Figure 3A)
and male (Log-Rank test, x% = 21.40; df = 3; p < 0.001; Figure 3B) flies under different
schemes of exposure to LCy of the eucalyptus EO. Median survival time (LT5) ranged
from 37.71 to 21.70 days for females and from 15.52 to 24.62 days for males. Females from
couples where only the female was exposed (?T x ' NT) lived significantly longer than the
females from the control couples (?NT x &"NT) and other couples (NT x T and T x &°T),

while males of the control couples (?NT x &’NT) presented the highest longevity compared
to the other combinations.
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Figure 2. Total number (A), number of females (B), and number of males (C) of emerged progeny

flies of 5-7-day old mated Drosophila suzukii exposed to low concentrations (LCy, LCs and LCyp) of

Eucalyptus globulus essential oil.
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Figure 3. Longevity of newly emerged virgin Drosophila suzukii females (A) and males (B) paired in
four couples’ combinations: unexposed couples (?NT x I'NT), exposed females (T x &'NT), exposed
males (?NT x 0'T), and exposed couples (?T x &'T) to the low concentration LCy of Eucalyptus globulus
essential oil.

3.3.2. Parental Flies’ Fertility

The flies” emergence during the four weeks of the bioassay showed similar general
trends between the four treatments for females and males as well as their combined total
with some slight differences (Figure 4). In fact, the total number of flies emerged (females
and males) did not differ between the four treatments in the two first weeks of emergence
(Day 8: F =0.764; df = 3; p = 0.531; and Day 16: F = 2.678; df = 3; p = 0.082) but presented
contrasting differences in the third (H = 8.758; df = 3; p = 0.033) and fourth (F =7.054; df = 3;
p = 0.003) weeks (Figure 4A).

The untreated couples (' NT x ?NT) showed higher female (F = 2.328; df = 3; p = 0.113;
Figure 4B) and male (F = 2.453; df = 3; p = 0.101; Figure 4C) emergences in the second
week, resulting in a numerically, but not statistically, higher total number of emerged flies.
Similarly, the couples where only males were exposed ('NT x 9T) produced more flies
(Figure 4A) in the third week compared to the other combinations, and this higher number
of emerged adults was mainly due to females” emergence (F = 8.960; df = 3; p =0.001;
Figure 4B). In the fourth week, the number of flies generated by couples where only
males were exposed (’NT x ¢T) and couples where both females and males were exposed
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(T x QT) significantly decreased compared to the other two treatments due to a decrease
in both produced females (F = 4.823; df = 3; p = 0.014; Figure 4B) and males (F = 9.430;
df = 3; p <0.001; Figure 4C).
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Figure 4. Total number (A), number of females (B), and number of males (C) of emerged progeny
flies of newly emerged virgin Drosophila suzukii females (A) and males (B) paired in four couples’
combinations: unexposed couples (NT x &NT), exposed females (T x &NT), exposed males
(NT x d'T), and exposed couples (T x 'T) to the low concentration LCyq of Eucalyptus globulus
essential oil.

When the aggregate of the numbers of adults emerged during the whole experiment
(Days 8 to 32) were compared, significant statistical differences were found for the total
(females + males: F = 3.581; df = 2; p = 0.037; Figure 4A) and for male (F = 10.787; df = 2;
p = 0.008; Figure 4C) but not for female (F = 1.961; df =2; p = 0.161; Figure 4B) flies produced.
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The couples where only females were exposed (T x ?NT) performed equal to the controls
(’NT x ¢NT) and produced the highest numbers of flies.

3.3.3. Progeny Flies’ Body Mass

The body mass of the adult flies of the progeny did not differ between the four
treatments for female (H = 2.59; df = 3; p = 0.47) or male (F = 1.99; df = 2; p = 0.58) emerged
flies (Supplementary Figure S1).

4. Discussion

Plant-based products have been suggested as suitable alternatives for controlling
insect pests worldwide because of their potential safety for the environment and human
health. Although their antibacterial, antifungal, antiviral, antioxidant, and insecticidal
properties have been frequently reported, their unintended effects are generally overlooked.
The current investigation reports on the lethal and low concentrations effects of eucalyptus
essential oils on a population of the spotted wing fly D. suzukii. Although our findings
indicated good insecticidal toxicity of the eucalyptus EO against the fly’s adults, exposure to
low concentrations of this EO induced positive responses on the survival and reproductive
output of exposed flies. Such beneficial responses depended on the age, sex, and mating
status of the flies.

Our results demonstrated that the EO of eucalyptus was toxic for the exposed adult
flies, and its low concentrations negatively affected the pupal descendants of exposed
adults. Several natural compounds, such as essential oils, their major constituents, and
nanoformulations, were previously reported as repellents, contact or ingestion toxicants,
fumigants, ovicides, or oviposition deterrents for the spotted wing drosophila [17-23]. The
tested plant species included members of the Myrtaceae family like eucalyptus plants.
Eucalyptus oils and/or their major components have been reported to have insecticidal
activity [24,30] including against D. suzukii [31,32]. As the activities of plants” extracts
are strongly related to their chemical compositions, only the citral-based chemotypes of
the eucalyptus EO were previously reported to have effective insecticidal activity [30,33].
However, in the present investigation, we tested a 1,8-cineole-based chemotype that showed
good bioactivity against D. suzukii with an LCqg = 1.57 uL-mL~!. Such differences with the
previous literature could be explained by the high percentage of the 1,8-cineole (94.4%) of
the eucalyptus EO tested. Indeed, when used as a pure compound in contact bioassays,
cineole was very toxic to spotted wing flies [31], and plants that presented high cineole
content showed potent insecticidal [21,31] and repellent [34] activities against this insect.

Essential oils or their individual constituents are frequently advocated as cheap eco-
friendly and low-risk replacement options for synthetic pesticides in the control of insect
pests and disease vectors. Such perceived advantages derive primarily from the EOs’
positive attributes linked with their natural origin. Thus, the EOs’ bioactivities have been
widely tested under laboratory conditions, and most studies focused on determining their
lethal effects, and few tested the effects of sublethal exposure to essential oils. Our findings,
from two different bioassays, report positive effects of exposure to low concentrations
on the total number of produced flies and the longevity of exposed female adults. In
ecotoxicological studies with synthetic insecticides, stimulatory responses at low doses
have been reported in several insect pests [5-7]. Recently, a growing body of literature is
indicating that similar responses can be induced by plant extracts including essential oils
in insects [8-11,35-37] and other model organisms [38—40].

Exposure to low doses can favor different parameters including longevity, survival,
reproduction, and population growth rates of exposed individuals [41,42]. In the present
study, the beneficial responses induced by the low concentration of eucalyptus EO on
D. suzukii resulted either in improved longevity or higher reproductive outputs. In previous
studies on the plant extract-induced stimulatory responses, phytochemicals have been de-
scribed to extend the lifespan also of Anastrepha ludens [43], Drosophila melanogaster [9,35,44],
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Sitophilus zeamais [8], and Callosobruchus maculatus [45] as well as to stimulate longevity,
oviposition, and/or fecundity in Ceratitis capitata [11] and Bactrocera oleae [10].

Furthermore, the stimulatory effect of eucalyptus EO low concentration observed here
depended on the age, sex, and mating status of the flies. Indeed, when 5-7-days old and
mated D. suzukii adult flies were exposed to eucalyptus EO low concentration (LCy), the
total number of their progeny was higher compared to those of untreated flies while their
longevity was not impacted. On the contrary, when virgin unmated flies were exposed
to the low concentration of the EO, only longevity of exposed females was enhanced.
Differential stimulatory or beneficial effects have been reported to occur in males and
females after exposure to low levels of synthetic insecticides [46,47]. It is important to
highlight that, in our study, the exposure to low concentration was based on the established
concentration-response curve where 5 to 7-day old unsexed individuals were used. Such
experimental conditions would explain, although partially, the sex- and age- dependent
effects. Actually, D. suzukii response to chemical exposure has been shown to depend on
the age and sex of used individuals [48] and that the interval between stress exposure and
mating can affect parents’ fitness in C. maculatus [45].

The age-, sex-, and mating status-specific effects might be also linked to a trade-off be-
tween life parameters of the flies leading to a prolonged life but at the cost of reproduction
or vice-versa, a high reproductive output accompanied with a shorter life span. Trade-offs
between different biological traits under stress circumstances have been recorded in in-
sects [49-51] and were associated with either an increase of juvenile hormone levels [50,51]
or a shift in resource allocation [51] when they occur between longevity and reproduction.
The mechanisms underlying hormesis induced by phytochemicals are not well understood.
Positive responses to low lethal concentrations, like prolonged life and/or higher fecundity,
could result from exposed insect’s induced immune, antioxidative, and other downstream
adaptive responses. A generalized mechanism based on the redox-activated transcription
factor Nrf2 (Nuclear factor erythroid 2-related factor2) was suggested by Calabrese and
Kozumbo (2021) for hormesis in humans [52]. Nrf2 is a transcription factor that regulates
the cellular defense against toxic and oxidative stress [53] and coordinates an evolutionarily
conserved transcriptional activation pathway that mediates antioxidant and detoxification
responses in many animal species, including insects [54]. However, such mechanisms
still need to be further investigated and their validity proved in phytochemical induced
stimulatory responses in insects.

5. Conclusions

In the present study, we report an age-, sex-, and mating status-related enhancement
of longevity and fecundity in the spotted wing drosophila mediated by the exposure to
low dose of eucalyptus EO. Our findings reinforce the idea that the potential unintended
effects and risks associated with so called biorational compounds such as plants” EOs need
to be thoroughly assessed before advocating them as alternatives to synthetic compounds.
The knowledge about such beneficial responses in insect pests is critical to determine the
implications of the implementation and sustainability of essential oils within insect pest
management programs.

Supplementary Materials: The following supporting information can be downloaded at: https:
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adults flies (B) progeny of Drosophila suzukii exposed to low concentrations (LCq, LCs and LCy) of
Eucalyptus globulus essential oil and body mass adults progeny flies (C) of newly emerged virgin
D. suzukii paired in four couples combinations: unexposed couples (?NT x &' NT), exposed females
(2T x & NT), exposed males (?NT x 'T), and exposed couples (2T x &'T) to the low concentration
LCyg of E. globulus essential oil.


https://www.mdpi.com/article/10.3390/agriculture13020404/s1
https://www.mdpi.com/article/10.3390/agriculture13020404/s1

Agriculture 2023, 13, 404 11 of 13

Author Contributions: M.P.: methodology, investigation, formal analysis, writing—original draft;
E.L.d.A.A.: investigation, data curation; J.A.A.: investigation; V.d.C.C.: investigation, data cura-
tion; K.H.: resources, conceptualization, methodology, validation, supervision, formal analysis,
writing—original draft. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Council of Scientific and Technological Devel-
opment (CNPq), Minas Gerais State Foundation for Research Aid (FAPEMIG, APQ-02230-21), and
Coordination for the Improvement of Higher Education Personnel (Coordenagao de Aperfeicoamento
de Pessoal de Nivel Superior—Capes, Brazil) (Finance code 001).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Benelli, G.; Rizzo, R.; Zeni, V.; Govigli, A.; Samkov4, A.; Sinacori, M.; Lo Verde, G.; Pavela, R.; Cappellacci, L.; Petrelli, R.; et al.
Carlina acaulis and Trachyspermum ammi Essential Oils Formulated in Protein Baits Are Highly Toxic and Reduce Aggressiveness
in the Medfly, Ceratitis Capitata. Ind. Crops Prod. 2021, 161, 113191. [CrossRef]

Haddji, K.; Turchen, L.M.; Viteri Jumbo, L.O.; Guedes, R.N.; Pereira, E.J.; Aguiar, R W.; Oliveira, E.E. Rethinking Biorational
Insecticides for Pest Management: Unintended Effects and Consequences. Pest Manag. Sci. 2020, 76, 2286-2293. [CrossRef]
Isman, M.B. Commercial Development of Plant Essential Oils and Their Constituents as Active Ingredients in Bioinsecticides.
Phytochem. Rev. 2020, 19, 235-241. [CrossRef]

Ferreira, T.P; Haddi, K.; Corréa, R.ET.; Zapata, V.L.B.; Piau, T.B.; Souza, L.EN.; Santos, S.-M.G.; Oliveira, E.E.; Jumbo, L.O.V,;
Ribeiro, B.M.; et al. Prolonged Mosquitocidal Activity of Siparuna guianensis Essential Oil Encapsulated in Chitosan Nanoparticles.
PLoS Negl. Trop. Dis. 2019, 13, €0007624. [CrossRef]

Rix, RR.; Guedes, R.N.C.; Christopher Cutler, G. Hormesis Dose-Response Contaminant-Induced Hormesis in Animals. Curr.
Opin. Toxicol. 2022, 30, 100336. [CrossRef]

Cutler, G.C.; Amichot, M.; Benelli, G.; Guedes, RN.C.; Qu, Y.; Rix, R.R.; Ullah, E; Desneux, N. Hormesis and Insects: Effects and
Interactions in Agroecosystems. Sci. Total Environ. 2022, 825, 153899. [CrossRef]

Guedes, R.N.C,; Rix, R.R.; Cutler, G.C. Pesticide-Induced Hormesis in Arthropods: Towards Biological Systems. Curr. Opin.
Toxicol. 2022, 29, 43-50. [CrossRef]

Haddi, K; Oliveira, E.E.; Faroni, L.R.A.; Guedes, D.C.; Miranda, N.N.S. Sublethal Exposure to Clove and Cinnamon Essential
Oils Induces Hormetic-Like Responses and Disturbs Behavioral and Respiratory Responses in Sitophilus zeamais (Coleoptera:
Curculionidae). J. Econ. Entomol. 2015, 108, 2815-2822. [CrossRef]

Leonov, A.; Arlia-Ciommo, A.; Piano, A.; Svistkova, V.; Lutchman, V.; Medkour, Y.; Titorenko, V. Longevity Extension by
Phytochemicals. Molecules 2015, 20, 6544-6572. [CrossRef]

Gerofotis, C.D.; Ioannou, C.S.; Nakas, C.T.; Papadopoulos, N.T. The Odor of a Plant Metabolite Affects Life History Traits in
Dietary Restricted Adult Olive Flies. Sci. Rep. 2016, 6, 28540. [CrossRef]

Papanastasiou, S.A.; Bali, E.-M.D.; Ioannou, C.S.; Papachristos, D.P,; Zarpas, K.D.; Papadopoulos, N.T. Toxic and Hormetic-like
Effects of Three Components of Citrus Essential Oils on Adult Mediterranean Fruit Flies (Ceratitis capitata). PLoS ONE 2017,
12, e0177837. [CrossRef] [PubMed]

Asplen, M.K.G.; Anfora, A.; Biondi, D.S.; Choi, D.; Chu, K.M.; Daane, P; Gilbert, A.P.; Gutierrez, K.A.; Hoelmer, W.D;
Hutchison, R.; et al. Invasion Biology of Spotted Wing Drosophila (Drosophila suzukii): A Global Perspective and Future Priorities.
J. Pest Sci. 2015, 88, 469-494. [CrossRef]

Lee, ].C.; Bruck, D.J.; Dreves, A.].; Ioriatti, C.; Vogt, H.; Baufeld, P. In Focus: Spotted Wing Drosophila, Drosophila suzukii, across
Perspectives. Pest Manag. Sci. 2011, 67, 1349-1351. [CrossRef] [PubMed]

Hamby, K.A.; Bellamy, D.E.; Chiu, ].C.; Lee, ].C.; Walton, V.M.; Wiman, N.G.; York, R.M.; Biondi, A. Biotic and Abiotic Factors
Impacting Development, Behavior, Phenology, and Reproductive Biology of Drosophila suzukii. J. Pest Sci. 2016, 89, 605-619.
[CrossRef]

Deprd, M.; Poppe, J.L.; Schmitz, H.J.; De Toni, D.C.; Valente, V.L.S. The First Records of the Invasive Pest Drosophila Suzukii in the
South American Continent. |. Pest Sci. 2014, 87, 379-383. [CrossRef]

Andreazza, F; Haddi, K; Oliveira, E.E.; Ferreira, ].A.M. Drosophila suzukii (Diptera: Drosophilidae) Arrives at Minas Gerais State,
a Main Strawberry Production Region in Brazil. Florida Entomol. 2016, 99, 796-798. [CrossRef]

Cahenzli, F; Strack, T.; Daniel, C. Screening of 25 Different Natural Crop Protection Products against Drosophila suzukii. J. Appl.
Entomol. 2018, 142, 563-577. [CrossRef]

Dam, D.; Molitor, D.; Beyer, M. Natural Compounds for Controlling Drosophila suzukii. A Review. Agron. Sustain. Dev. 2019,
39, 53. [CrossRef]


http://doi.org/10.1016/j.indcrop.2020.113191
http://doi.org/10.1002/ps.5837
http://doi.org/10.1007/s11101-019-09653-9
http://doi.org/10.1371/journal.pntd.0007624
http://doi.org/10.1016/j.cotox.2022.02.009
http://doi.org/10.1016/j.scitotenv.2022.153899
http://doi.org/10.1016/j.cotox.2022.02.001
http://doi.org/10.1093/jee/tov255
http://doi.org/10.3390/molecules20046544
http://doi.org/10.1038/srep28540
http://doi.org/10.1371/journal.pone.0177837
http://www.ncbi.nlm.nih.gov/pubmed/28520791
http://doi.org/10.1007/s10340-015-0681-z
http://doi.org/10.1002/ps.2271
http://www.ncbi.nlm.nih.gov/pubmed/21990168
http://doi.org/10.1007/s10340-016-0756-5
http://doi.org/10.1007/s10340-014-0591-5
http://doi.org/10.1653/024.099.0439
http://doi.org/10.1111/jen.12510
http://doi.org/10.1007/s13593-019-0593-z

Agriculture 2023, 13, 404 12 of 13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Eben, A.; Sporer, E; Vogt, H.; Wetterauer, P.; Wink, M. Search for Alternative Control Strategies of Drosophila suzukii (Diptera:
Drosophilidae): Laboratory Assays Using Volatile Natural Plant Compounds. Insects 2020, 11, 811. [CrossRef]

Gullickson, M.; Flavin Hodge, C.; Hegeman, A.; Rogers, M. Deterrent Effects of Essential Oils on Spotted-Wing Drosophila
(Drosophila suzukii): Implications for Organic Management in Berry Crops. Insects 2020, 11, 536. [CrossRef]

de Souza, L.; Cardoso, M.d.G.; Konig, LEM.; Ferreira, V.R.E; Caetano, A.R.S.; Campolina, G.A.; Haddi, K. Toxicity, Histopatholog-
ical Alterations and Acetylcholinesterase Inhibition of Illicium verum Essential Oil in Drosophila Suzukii. Agriculture 2022, 12, 1667.
[CrossRef]

Finetti, L.; Civolani, S.; Mirandola, D.; Benetti, L.; Francati, S.; Albanese, F.; Menicucci, F.; Michelozzi, M.; Bellardi, M.G.;
Dindo, M.L.; et al. Monarda Didyma Hydrolate Affects the Survival and the Behaviour of Drosophila suzukii. Insects 2022, 13, 280.
[CrossRef]

Caetano, A.R.S.; Cardoso, M.d.G.; Haddi, K.; Campolina, G.A.; Souza, B.M.; Lunguinho, A.; Souza, L.; Nelson, D.L.; Oliveira, J.E.
Rosmarinus Officinalis Essential Oil Incorporated into Nanoparticles as an Efficient Insecticide against Drosophila suzukii (Diptera:
Drosophilidae). Austral Entomol. 2022, 61, 265-272. [CrossRef]

Batish, D.R.; Singh, H.P.,; Kohli, R.K.; Kaur, S. Eucalyptus Essential Oil as a Natural Pesticide. For. Ecol. Manag. 2008,
256, 2166-2174. [CrossRef]

Dhakad, A.K.; Pandey, V.V.; Beg, S.; Rawat, ].M.; Singh, A. Biological, Medicinal and Toxicological Significance of Eucalyptus Leaf
Essential Oil: A Review. |. Sci. Food Agric. 2018, 98, 833-848. [CrossRef]

Salehi, B.; Sharifi-Rad, J.; Quispe, C.; Llaique, H.; Villalobos, M.; Smeriglio, A.; Trombetta, D.; Ezzat, S.M.; Salem, M.A.; Zayed, A;
et al. Insights into Eucalyptus Genus Chemical Constituents, Biological Activities and Health-Promoting Effects. Trends Food Sci.
Technol. 2019, 91, 609-624. [CrossRef]

Andreazza, F; Bernardi, D.; Marangon, R.B.; Botton, M.; Nava, D.E. Técnica de Criagdo de Drosophila suzukii (Matsumura, 1931) (Diptera:
Drosophilidae) em Dieta Artificial; Boletim Pesquisa e Desenvolvimento/Embrapa Clima Temperado: Pelotas, Brazil, 2016; 23p.
Mendonga, L.d.P,; Oliveira, E.E.; Andreazza, F.; Rezende, S.M.; Faroni, L.R.D.; Guedes, R.N.C.; Haddi, K. Host Potential and
Adaptive Responses of Drosophila suzukii (Diptera: Drosophilidae) to Barbados Cherries. J. Econ. Entomol. 2019, 112, 3002-3006.
[CrossRef]

WEN. Oleos Essenciais. Available online: https:/ /www.wnf.com.br/ (accessed on 1 December 2021).

Yeom, H.-J.; Kang, J.; Kim, 5.-W.; Park, I.-K. Fumigant and Contact Toxicity of Myrtaceae Plant Essential Oils and Blends of Their
Constituents against Adults of German Cockroach (Blattella germanica) and Their Acetylcholinesterase Inhibitory Activity. Pestic.
Biochem. Physiol. 2013, 107, 200-206. [CrossRef]

Erland, L.A.E.; Rheault, M.R.; Mahmoud, S.S. Insecticidal and Oviposition Deterrent Effects of Essential Oils and Their Con-
stituents against the Invasive Pest Drosophila suzukii (Matsumura) (Diptera: Drosophilidae). Crop Prot. 2015, 78, 20-26. [CrossRef]
Jang, M.; Kim, J.; Yoon, K.A.; Lee, S.H.; Park, C.G. Biological Activity of Myrtaceae Plant Essential Oils and Their Major
Components against Drosophila suzukii (Diptera: Drosophilidae). Pest Manag. Sci. 2017, 73, 404-409. [CrossRef]

Kim, J.; Jang, M.; Shin, E.; Kim, ]J.; Lee, S.H.; Park, C.G. Fumigant and Contact Toxicity of 22 Wooden Essential Oils and Their
Major Components against Drosophila suzukii (Diptera: Drosophilidae). Pestic. Biochem. Physiol. 2016, 133, 35-43. [CrossRef]
Bedini, S.; Cosci, E; Tani, C.; Pierattini, E.C.; Venturi, F.; Lucchi, A.; Ioriatti, C.; Ascrizzi, R.; Flamini, G.; Ferroni, G.; et al. Essential
Oils as Post-Harvest Crop Protectants against the Fruit Fly Drosophila suzukii: Bioactivity and Organoleptic Profile. Insects 2020,
11, 508. [CrossRef]

Ferndndez-Bedmar, Z.; Anter, J.; de La Cruz-Ares, S.; Mufioz-Serrano, A.; Alonso-Moraga, A.; Pérez-Guisado, J. Role of Citrus
Juices and Distinctive Components in the Modulation of Degenerative Processes: Genotoxicity, Antigenotoxicity, Cytotoxicity,
and Longevity in Drosophila. . Toxicol. Environ. Health Part A 2011, 74, 1052-1066. [CrossRef]

Ioannou, C.S.; Papadopoulos, N.T.; Kouloussis, N.A.; Tananaki, C.I.; Katsoyannos, B.I. Essential Oils of Citrus Fruit Stimulate
Oviposition in the Mediterranean Fruit Fly Ceratitis capitata (Diptera: Tephritidae). Physiol. Entomol. 2012, 37, 330-339. [CrossRef]
Silva, S.M.; Haddi, K.; Viteri Jumbo, L.O.; Oliveira, E.E. Progeny of the Maize Weevil, Sitophilus zeamais, Is Affected by Parental
Exposure to Clove and Cinnamon Essential Oils. Entomol. Exp. Appl. 2017, 163, 220-228. [CrossRef]

Vayndorf, EM.; Lee, S.S.; Liu, R H. Whole Apple Extracts Increase Lifespan, Healthspan and Resistance to Stress in Caenorhabditis
elegans. J. Funct. Foods 2013, 5, 1235-1243. [CrossRef]

Wang, J.; Deng, N.; Wang, H.; Li, T.; Chen, L.; Zheng, B.; Liu, R.H. Effects of Orange Extracts on Longevity, Healthspan, and Stress
Resistance in Caenorhabditis elegans. Molecules 2020, 25, 351. [CrossRef]

Shimizu, C.; Wakita, Y.; Inoue, T.; Hiramitsu, M.; Okada, M.; Mitani, Y.; Segawa, S.; Tsuchiya, Y.; Nabeshima, T. Effects of Lifelong
Intake of Lemon Polyphenols on Aging and Intestinal Microbiome in the Senescence-Accelerated Mouse Prone 1 (SAMP1). Sci.
Rep. 2019, 9, 3671. [CrossRef]

Guedes, RN.C.; Walse, S.S.; Throne, J.E. Sublethal Exposure, Insecticide Resistance, and Community Stress. Curr. Opin. Insect Sci.
2017, 21, 47-53. [CrossRef]

Guedes, R.N.C,; Cutler, G.C. Insecticide-Induced Hormesis and Arthropod Pest Management. Pest Manag. Sci. 2014, 70, 690-697.
[CrossRef]

Zou, S.; Carey, J.R,; Liedo, P; Ingram, D.K.; Miiller, H.-G.; Wang, J.-L.; Yao, E; Yu, B.; Zhou, A. The Prolongevity Effect of
Resveratrol Depends on Dietary Composition and Calorie Intake in a Tephritid Fruit Fly. Exp. Gerontol. 2009, 44, 472-476.
[CrossRef]


http://doi.org/10.3390/insects11110811
http://doi.org/10.3390/insects11080536
http://doi.org/10.3390/agriculture12101667
http://doi.org/10.3390/insects13030280
http://doi.org/10.1111/aen.12592
http://doi.org/10.1016/j.foreco.2008.08.008
http://doi.org/10.1002/jsfa.8600
http://doi.org/10.1016/j.tifs.2019.08.003
http://doi.org/10.1093/jee/toz195
https://www.wnf.com.br/
http://doi.org/10.1016/j.pestbp.2013.07.003
http://doi.org/10.1016/j.cropro.2015.08.013
http://doi.org/10.1002/ps.4430
http://doi.org/10.1016/j.pestbp.2016.03.007
http://doi.org/10.3390/insects11080508
http://doi.org/10.1080/15287394.2011.582306
http://doi.org/10.1111/j.1365-3032.2012.00847.x
http://doi.org/10.1111/eea.12559
http://doi.org/10.1016/j.jff.2013.04.006
http://doi.org/10.3390/molecules25020351
http://doi.org/10.1038/s41598-019-40253-x
http://doi.org/10.1016/j.cois.2017.04.010
http://doi.org/10.1002/ps.3669
http://doi.org/10.1016/j.exger.2009.02.011

Agriculture 2023, 13, 404 13 of 13

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

Lee, K.-S.; Lee, B.-S.; Semnani, S.; Avanesian, A.; Um, C.-Y.; Jeon, H.-].; Seong, K.-M.; Yu, K.; Min, K.-J.; Jafari, M. Curcumin Extends
Life Span, Improves Health Span, and Modulates the Expression of Age-Associated Aging Genes in Drosophila melanogaster.
Rejuvenation Res. 2010, 13, 561-570. [CrossRef]

Amiri, A.; Bandani, A.R. Does Timing of Post-Stressor Exposure Mating Matter for Parental Effect? J. Stored Prod. Res. 2022,
99,102021. [CrossRef]

Salmon, A.B.; Marx, D.B.; Harshman, L.G. A Cost of Reproduction in Drosophila melanogaster: Stress Susceptibility. Evolution 2001,
55,1600-1608. [CrossRef]

Haddi, K.; Mendes, M.V.; Barcellos, M.S.; Lino-Neto, J.; Freitas, H.L.; Guedes, R.N.C.; Oliveira, E.E. Sexual Success after Stress?
Imidacloprid-Induced Hormesis in Males of the Neotropical Stink Bug Euschistus heros. PLoS ONE 2016, 11, e0156616. [CrossRef]
Blouquy, L.; Mottet, C.; Olivares, J.; Plantamp, C.; Siegwart, M.; Barres, B. How Varying Parameters Impact Insecticide Resistance
Bioassay: An Example on the Worldwide Invasive Pest Drosophila suzukii. PLoS ONE 2021, 16, €0247756. [CrossRef]

Haddi, K.; Viteri Jumbo, L.O.; Costa, M.S.; Santos, M.F,; Faroni, L.R.A.; Serrao, J.E.; Oliveira, E.E. Changes in the Insecticide
Susceptibility and Physiological Trade-Offs Associated with a Host Change in the Bean Weevil Acanthoscelides obtectus. J. Pest Sci.
2018, 91, 459-468. [CrossRef]

Flatt, T.; Kawecki, T.]J. Juvenile Hormone as a Regulator of the Trade-off between Reproduction and Life Span in Drosophila
melanogaster. Evolution 2007, 61, 1980-1991. [CrossRef]

Jager, T.; Barsi, A.; Ducrot, V. Hormesis on Life-History Traits: Is There Such Thing as a Free Lunch? Ecotoxicology 2013, 22, 263-270.
[CrossRef]

Calabrese, E.J.; Kozumbo, W.J. The Hormetic Dose-Response Mechanism: NRF2 Activation. Pharmacol. Res. 2021, 167, 105526.
[CrossRef]

He, F; Ru, X.; Wen, T. Nrf2, a Transcription Factor for Stress Response and Beyond. Int. ]. Mol. Sci. 2020, 21, 4777. [CrossRef]
Bottino-Rojas, V.; Talyuli, O.A.C,; Carrara, L.; Martins, A.].; James, A.A,; Oliveira, P.L.; Paiva-Silva, G.O. The Redox-Sensing Gene
Nrf2 Affects Intestinal Homeostasis, Insecticide Resistance, and Zika Virus Susceptibility in the Mosquito Aedes Aegypti. J. Biol.
Chem. 2018, 293, 9053-9063. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1089/rej.2010.1031
http://doi.org/10.1016/j.jspr.2022.102021
http://doi.org/10.1111/j.0014-3820.2001.tb00679.x
http://doi.org/10.1371/journal.pone.0156616
http://doi.org/10.1371/journal.pone.0247756
http://doi.org/10.1007/s10340-017-0860-1
http://doi.org/10.1111/j.1558-5646.2007.00151.x
http://doi.org/10.1007/s10646-012-1022-0
http://doi.org/10.1016/j.phrs.2021.105526
http://doi.org/10.3390/ijms21134777
http://doi.org/10.1074/jbc.RA117.001589

	Introduction 
	Material and Methods 
	Drosophila suzukii Rearing 
	Eucalyptus Essential Oil 
	Toxicity Assessment of Eucalyptus EO against Drosophila suzukii 
	Exposure of Old Mated Adults to Eucalyptus EO Low Concentrations 
	Exposure of Newly Emerged Virgin Adults to Eucalyptus EO Low concentrations 
	Statistical Analysis 

	Results 
	Toxicity Bioassays 
	Effects of Low Concentrations of Eucalyptus EO on the Biological and Reproductive Traits of Old Mated Flies 
	Parental Flies’ Longevity 
	Parental Flies’ Fertility 
	Progeny Pupal and Flies’ Body Mass 

	Effects of Low Concentration of Eucalyptus EO on the Biological and Reproductive Traits of Newly Emerged Virgin Adults 
	Parental Flies’ Longevity 
	Parental Flies’ Fertility 
	Progeny Flies’ Body Mass 


	Discussion 
	Conclusions 
	References

