N

N

Essential oil antifeedants against armyworms: promises
and challenges
Roman Pavela, Raul Narciso C Guedes, Filippo Maggi, Nicolas Desneux,

Giovanni Benelli

» To cite this version:

Roman Pavela, Raul Narciso C Guedes, Filippo Maggi, Nicolas Desneux, Giovanni Benelli. Essential
oil antifeedants against armyworms: promises and challenges. Entomologia Generalis, 2023, 43 (4),
pp.689-704. 10.1127/entomologia/2023/1887 . hal-04292029

HAL Id: hal-04292029
https://hal.inrae.fr /hal-04292029
Submitted on 17 Nov 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.inrae.fr/hal-04292029
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Open Access Review Article

= Entomologia Generalis, Volume 43 (2023), Issue 4, 689-704
Published online 27 April 2023

Essential oil antifeedants against armyworms:
promises and challenges

Roman Pavela'2, Raul Narciso C. Guedes?, Filippo Maggi?, Nicolas Desneux5, and
Giovanni Benelli®*

' Crop Research Institute, Drnovska 507, 161 06, Prague 6, Czech Republic

2 Department of Plant Protection, Czech University of Life Sciences Prague, Kamycka 129, Praha 6, Suchdol 16500,
Czech Republic

3 Departmento de Entomologia, Universidade Federal de Vigosa, Vigosa 36570-900, MG, Brazil

4 Chemistry Interdisciplinary Project (ChlP), School of Pharmacy, University of Camerino, via Madonna delle Carceri 9/B,
62032 Camerino, ltaly

5 Université Cote d’Azur, INRAE, CNRS, UMR ISA, 06000 Nice, France

6 Department of Agriculture, Food and Environment, University of Pisa, via del Borghetto 80, 56124, Pisa, ltaly

* Corresponding author: giovanni.benelli@unipi.it

With 2 tables

Abstract: Plant secondary metabolites are fascinating weapons in the fight against herbivores. Of note, products of the
plant secondary metabolism can be highly useful in developing insecticides for insect pest management. In this framework,
the present review focuses on a group of plant secondary metabolites, i.e., essential oils (EOs), and a major group of insect
pest species, armyworms, Spodoptera spp. (Lepidoptera: Noctuidae), with a major focus on antifeeding responses. Among
all tested EOs, only the ones extracted from Angelica archangelica, Artemisia nakaii, Piper hispidinervum, P. sanctifelicis,
Pulegium vulgare and Tanacetum parthenium showed good antifeedant efficacy (i.e., ED59<10 pg/cm?) against Spodoptera
littoralis or S. litura. EO major constituents showing promising antifeedant activity include pulegone, 11a-epoxyeremophil-
9-en-8-one (ligudicin A), piperitone epoxide and thujone, all showing EDsg<1 pg/cm?. Other promising compounds are
dehydrofukinone, germacrone, piperitenone and piperitenone oxide, showing EDsg<5 pg/cm?. Overall, considering the
sparse literature on the topic and the lack of standardized methods for testing EOs and their major constituents as antifeed-
ants on armyworms, a call for standardization of armyworm antifeedant tests is presented.

Keywords: armyworms, green insecticide, ingestion toxicity, moth pest, Noctuidae, Spodoptera frugiperda, Spodoptera
litura, Spodoptera littoralis

Insect-plant interactions provide a multilayered level
of intricacies that serves as a relevant driver of both insect
and plant diversification (Cogni et al. 2022, Coolen et al.
2022, Sharma et al. 2021). Constitutive and induced plant
defenses, including physical traits and volatile and non-vol-
atile compounds, challenge insect herbivory countered by a
range of tactics including evasion of plant defenses, manipu-
lation of plant parts, and sequestration and detoxification of
toxic plant defense compounds (Bernays 1991, Giron et al.

1 Introduction

The Lilliputian realm of insects imposes focus on these
organism’s small body size transferring our biased under-
standing away from the human scale. As size permeates all
aspects of insect ecology and physiology, it largely drives
the interactions of these organisms with their physical sub-
strate mainly through the forces of cohesion, adhesion and
friction rather than through gravity (Chown & Gaston 2010,

Clapham & Karr 2012). This scenario of small organisms
living in close association with a substrate drives the need
to understand the dynamics of this interaction (Backus et al.
2020), and phytophagous insects interacting with their host
plants is an illustration of that (Bernays 1991).

DOI: 10.1127/entomologia/2023/1887

2018, Naorem & Karthi 2021). Besides the eco-evolutionary
importance of the subject, insect-plant interactions are also
important within a more applied framework, both when crop
pollinators are involved and when insect crop pests are con-
sidered (Naorem & Karthi 2021, Shree et al. 2021).
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Plant secondary metabolism is particularly frequent as
a defense against herbivory driving insect specialization.
It affords a generous array of study possibilities ranging
from the understanding of how plants manipulate herbivore
insects, how herbivore insects manipulate plants, and how
these two processes interact generating the respective plant
and insect responses (Giron et al. 2018, Riffell 2020, Sharma
et al. 2021). Furthermore, products of the plant secondary
metabolism are also useful in developing chemical tools
for insect pest management and several modern insecticide
molecules were developed from such basic structures (Loso
et al. 2017, Sparks et al. 2020). However, phytochemicals
produced from this metabolism are also potentially impor-
tant as insecticidal and deterrent compounds (Sparks et al.
2001, Gerwick & Sparks 2014, Pavela & Benelli 2016,
Isman 2020, Kavallieratos et al. 2021, Umesh et al. 2021,
Collares et al. 2023).

In this scenario, the present review focuses on a group of
them, essential oils, and a major group of insect pest species,
armyworms, particularly focusing on antifeeding responses.
Of note, considering the sparse literature on the topic and the
lack of standardized methods for testing these substances on
Spodoptera pest species, a call for standardization of insecti-
cide test methods has been put forward.

2 Chemoreception, host location and
selection

Lepidoptera pest species possesses chemoreceptors essen-
tial for spatial orientation necessary for their survival,
development and reproduction (Pitre et al. 1983, Whitford
et al. 1988). Such chemoreceptors are usually abundant on
the antennae and mouthparts allowing the reliable recogni-
tion of various substances in the environment guiding the
organism behavior (Koul 2005). Besides spatial orientation
of males mediated by female pheromone molecules during
partner search in the mating period (Koul 2008, Benelli et al.
2019a), the chemoreceptor-based mechanism of searching
for suitable food is undoubtedly the second most important
one (Wanner & Robertson 2009).

Host searching and selection are important not only for
specialist insect species (i.e., monophagous and oligopha-
gous species) (Koul 2008), but also for polyphagous species
such as moths of Spodoptera frugiperda Smith (da Silva
et al. 2017). Individuals of the latter are able to select suit-
able hosts for feeding and egg-laying, and sex-specific dif-
ferences in macronutrient regulation were also detected in
S. litura Fab, with consequences for development, migration
and reproduction (Lee 2010).

Numerous examples show that Lepidoptera can actively
orient toward volatiles from their host plants (Carroll &
Berenbaum 2002, Castrejon et al. 2006, Becher & Guerin
2009), toward plants attacked by conspecific larvae (Carroll

et al. 2008, Mooney et al. 2009), or selectively move away
from odors of non-host plants (Piesik et al. 2009), and even
detect the conspecific adult female pheromone (Poivet et al.
2012). Several species can learn the odor of their host plant
on which they feed (Rojas & Wyatt 1999), and they are capa-
ble of associative learning with tastants (Salloum et al. 2011)
or with noxious stimuli associated with feeding on a noxious
host plant (Dethier 1980). Thus, Lepidoptera species have a
very elaborate olfactory system which enables them to make
ecologically relevant choices.

In Lepidoptera, the olfactory system has been mostly
studied in the adult stage, which is important but can’t over-
shadow the relevance of such system for the larval stage.
Regardless, the complexity of the adult olfactory system
makes it difficult to understand how sensory inputs are
detected at the peripheral level and translated into behaviors.
In contrast, the caterpillar olfactory system is much sim-
pler and consists of two olfactory organs, the antennae that
bear only three olfactory basiconica sensilla and the maxil-
lary palps that bear 8 sensilla, 4-5 of which are olfactory
(Roessingh et al. 2007). Together, 16 olfactory neurons are
found on the antennae (Dethier & Schoonhoven 1969). In
S. littoralis, the larvae express 22 out of 47 identified olfac-
tory receptors; 15 of them are expressed in both the anten-
nae and the palps, one is expressed only in the palps and
6 are expressed only in the antennae (Poivet et al. 2013).
Even with such a reduced olfactory system, caterpillars have
astonishing discrimination capabilities (Mooney et al. 2009,
Piesik et al. 2013), which change according to experience,
particularly through associative learning (Salloum et al.
2011).

The chemoreceptors in insects are primary sense cells
and thus true neurons generally protected from the deleteri-
ous effects of secondary plant compounds (Simmonds et al.
1990). If some receptor cells have retained their primordial
sensitivity to different kinds of secondary plant compounds,
they are ideally suited to signal the presence of chemicals
to be avoided. The above-mentioned cells, in addition to
show basic sensitivity to secondary plant substances been
preserved, are also connected to the action potential gen-
erating system, resulting in a change of impulse frequency
upon stimulation (Schoonhoven 1991). Thus, in contrast to
sugar and salt receptors, deterrent receptors have preserved
their general sensitivity, which has been linked to a neural
response mechanism. In fact, all lepidopteran larvae possess
a pair of maxillary palps that “drum” the surface of foods
during feeding. It has been hypothesized that some plant
compounds elicit rejection through stimulating (1) olfactory
receptor cells, (2) taste receptor cells, (3) oral mechanore-
ceptors, and (4) a post-ingestion response mechanism (Koul
2005).

Insects may also use other codes for taste quality, such as
assessment of the temporal sequence of firing, which gives a
continuous evaluation of the activity of individual neurons.



It is also likely that simultaneous evaluation of inputs from
different neurons allows contradictory signals, indicating the
presence of phagostimulants or antifeedants, and is assessed
concurrently (Koul 2008). In addition to these neural mecha-
nisms, other targets are also vulnerable to antifeedants, like
gamma-aminobutyric acid (GABA) antagonistic mecha-
nisms, and biogenic amine inhibition (Schoonhoven 1982,
Jankowska et al. 2017, 2019).

In this framework, it is important to study plant antifeed-
ant compounds and their mechanisms of action on phytopha-
gous insects, not only to deepen our understanding of the
plant-insect interactions, but also for their practical applica-
tion. If plant chemicals can effectively prevent leaf-cating
pests from food intake, they can be potentially used in plant
protection, or respectively, in the development of botanical
insecticides (Koul 2008, Pavela & Benelli 2016, Collares
et al. 2023).

3 Phytochemical mediators of insect
response

Botanical insecticides, fully recognized today as a fully-
fledged alternative for synthetic insecticides, utilize sec-
ondary metabolites of plant defense mechanisms as active
substances (Pavela 2016, Isman 2020a, 2020b, Haddi et al.
2020, Turchen et al. 2020, Collares et al. 2023). They con-
tain plant metabolites commonly present in nature and their
residues promptly decompose, posing no burden to the
environment (Isman 2015). Additionally, they contain mix-
tures of bioactive substances that often exhibit potentiation
and even synergistic action (Pavela 2010), which can help
to delay the development of resistant pest populations (EC
2009), a highly positive aspect of these products compared
to synthetic insecticides (Cloyd 2010). Moreover, as the
consumption of active substances of synthetic insecticides
is being restricted (e.g. Jactel et al. 2019, Verheggen et al.
2022) because of their potential negative impact on envi-
ronmental and human health (EFSA 2018, Lucchi & Benelli
2018, Ricupero et al. 2020), there is an urgent need for new
bioactive substances, particularly of natural or plant origin
to effectively prevent insect pest damage caused by phy-
tophagous insects (Callaghan 1991, Jankowska et al. 2017,
2019, Mantzoukas et al. 2022). Novel modes and mecha-
nisms of action are particularly welcome in that regard, and
they also include deterrents or inhibitors of chemosensory
cells. Any impairment of chemoreceptor response in insects
causes a subsequent change in insect behavior, with spe-
cial reference to repellent, antiovipositional or antifeedant
behavior, and a range of addition sublethal effects (Desneux
et al. 2007, Koul 2008, Ribeiro et al. 2015, Borzoui et al.
2016, Benelli et al. 2019b, 2022, Devrnja et al. 2020, Rizzo
et al. 2021).
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4 Plant essential oils

Plant metabolites with an ability to mediate communication
with insects and change their behavior include, among others,
the group of essential oils (EOs). EOs are complex mixtures
of up to several tens of compounds, predominantly oxygen-
ated and non-oxygenated monoterpenes, sesquiterpenes and
other aromatic substances such as phenypropanoids. While
responsible for plant smell and taste (Tisserand & Young
2013), EOs also form part of their natural defense mecha-
nisms (Pavela & Benelli 2016). EOs exhibit insecticidal and
antioviposition, repellent or antifeedant effects (Pavela et al.
2009, Koul 2005, Benelli & Pavela 2018). They are there-
fore viewed as phytochemicals with good prospects for the
development of new botanical insecticides (Pavela & Benelli
2016).

Considering that EOs exhibit diverse mechanisms of
action (Mossa 2016), the study of their antifeedant potential
is also important, and also their potential use in plant pro-
tection against phytophagous insects. Rather than relying on
insect mortality, antifeedants minimizes plant yield losses by
discouraging insect herbivory by deterring feeding, which is
a frequent response sparked by plant defensive compounds
and particularly of EO (Barik 2021, Isman 2002). Antifeedant
activity may be reached by either stimulating specialized
deterrent receptors in insect, or by distorting the normal
functions of sensory nerve cells that perceive phagostimulat-
ing compounds (Koul 2008). The former mode of action, by
affecting specific sensory cells (i.e., antifeedant receptors),
may either prevent insect feeding or interrupt or slow down
further feeding (Koul 2008, Purrington 2016). In contrast,
the blocking of the herbivore feeding-stimulant receptors or
directly binding to its usual feeding cues, may also lead to
antifeeding activity (Purrington 2016), although compounds
exhibiting this mode of action may not be regarded as anti-
feedant by some authors (Isman 2002).

5 Spodoptera armyworms, cutworms
and leafworms

Among Lepidoptera, the night moths belonging to Noctuidae
family include key pests of many crops of economic impor-
tance. Among them, the genus Spodoptera holds promi-
nence. For example, S. /itura, known as tobacco cutworm
or cotton leafworm, is one of the most harmful and polypha-
gous moths in Asia, Oceania and Indian subcontinent where
more than 112 host species are grown including tobacco,
cotton, soybean, beet, cabbage, and chickpeas (Munir eta
al. 2009). S. litura is often mistaken for its close relative,
S. littoralis Boisd., also referred to as the African cotton leaf-
worm or Egyptian cotton leafworm, or even Mediterranean
brocade. S. littoralis is abundant particularly in Africa,
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Mediterranean Europe and Middle East countries. It is a
highly polyphagous organism harmful to many cultural
plants and crops, as S. litura. Consequently, this species has
been identified as an A2 quarantine pest by the European
Plant Protection Organization (EPPO) and recognized to be
a highly invasive species in the United States (OEPP/EPPO
2015). Also, the fall armyworm, S. frugiperda, is a widely
spread polyphagous species, especially in eastern and cen-
tral North America and in South America wherefrom it has
spread to most warm regions of the world (Kenis et al. 2023).
The armyworm’s diet consists mainly of grasses and grain
crops such as corn, but this species can consume over 80 dif-
ferent plants (De Groote et al. 2020).

The above-mentioned representatives of the Spodoptera
genus pests not only cause considerable economic damage
(OEPP/EPPO 2015), but owing to their rapid reproduction,
polyphagous nature, and development of resistant popula-
tions, are becoming ever more difficult threat to agricultural
crops (Gutirrez-Moreno et al. 2019). The global range expan-
sion of the fall armyworm further emphasizes the concern
with the Spodoptera genus, whose common control methods
face drastic challenges. Pheromones, for example, tend to
be not specific enough for effective monitoring while bio-
control agents have limited distribution or disputable impact
at least in some scenarios. On the other hand, considering
genetically modified plants and chemical insecticides, their
efficacy is affected by the quick development and spread of
resistant populations of this group of pest species, as is well
illustrated by the difficult management of the fall armyworm
(Kenis et al. 2023). Thus, new methods of protection against
these insect pests are necessary, and antifeedants seem to
provide an option worth considering.

The purpose of this review was to undertake a critical
evaluation of what is known today about the antifeedant effi-
cacy of plant EOs against the highly polyphagous Spodoptera
spp. larvae. As we intended to obtain information that would
be as objective as possible and that would provide evidence
of the primary antifeedant response, the following criteria
of selection were determined for publications: use of stan-
dard choice or non-choice tests in leaf discs; known dose
and EO composition, or use of pure compounds contained in
EOs. Publications of WoS and Scopus databases (accessed:
January 2022) were searched using the following key words:

“Spodoptera”, “essential 0il”, and “antifeedant”.

6 Essential oils as antifeedants against
Spodoptera spp. pests

Concerning the antifeedant tests of EOs for managing
Spodoptera spp., our database search retrieved a total of 51
research items. However, only 17 articles satisfied the selec-
tion criteria and contained relevant information on antifeed-
ant efficacy of EOs against Spodoptera spp. larvae (Table 1).

In total, EOs of 33 plant species were tested. Of these, only
EOs obtained from Angelica archangelica, Artemisia nakaii,
Piper hispidinervum, P. sanctifelicis, Pulegium vulgare and
Tanacetum parthenium showed significant antifeedant effi-
cacy against S. littoralis or S. litura, where the estimated
median effective dose (EDsg) was lower than 10 pg/cm?.
In general, the efficacy of EOs depends on their chemical
composition, particularly on the mutual ratios and synergis-
tic relationships among the major compounds (Pavela 2010).
Based on the content of major compounds in selected EOs
with the highest efficacy, substances such as phellandrene,
sabinene, o-pinene, B-pinene, safrole, terpinolene, bicy-
clogermacrene, ocimene, §-3-carene, limonene, p-cymene,
nerolidol, pulegone or camphor are the likely candidates for
the antifeedant activity.

To understand the antifeedant efficacy of EOs, we need
to test not only the EOs but also their individual compo-
nent compounds. So far, only 20 publications have tested
the total of 45 aromatic compounds for antifeedant activity
against Spodoptera spp. larve, a frequent shortcoming of
botanical insecticides and their phytochemical components.
By comparing relevant results, it was possible to select
several compounds with very good antifeedant activity
(Table 2). Those with the highest efficacy include pulegone,
11a-epoxyeremophil-9-en-8-one (ligudicin A), piperitone
epoxide and thujone which showed EDs( below 1 pg/cm?.
Other promising compounds include dehydrofukinone, ger-
macrone, piperitenone and piperitenone oxide with EDs
estimated as lower than 5 pg/cm?.

7 A call for standardization of methods to
assess antifeedant activity in moths

Although the antifeedant response can be studied using
electrophysical methods focused predominantly on mea-
suring the neuronal response of B2 sensilla in caterpillars
(Roessingh et al. 2007), from the practical point of view it
is more convenient to use standard methods of treated and
untreated leaf discs. These methods are faster, technically
less demanding, can provide more information about the
importance of antifeedant efficacy in practice, and if applied
in a standard way, the results of individual authors can be
compared.

In our opinion, standard antifeedant activity tests can be
characterized as follows.

1.  These tests can be used to compare the amount of
contaminated food received by larvae in a given time
period compared to untreated control. Therefore, it is
strongly encouraged to calculate the so-called Feeding
Deterrent Index (FDI), which provides information on
the % reduction rate of contaminated food intake (T)
compared to untreated food: FDI (%) = ((C-T)/(C+T))
*100 (Koul 2005, 2008)
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Table 2. continued.

References

FDI (%)

Dose
(ng/cm?)

Species (instar)

Test used

Substance

Phenylpropanoids

Hummelbrunner & Isman 2001

Abdelgaleil et al. 2008

103.1 (82.3,129.2)

X

S. litura (5. instar)

Choice
No-choice

trans-Anethole

86.7/100.0

500/ 1000

S. littoralis (3rd instar)

S. litura (5th instar)
S. litura (3rd instar)
S. litura (3rd instar)

trans-Ethyl cinnamate

Hummelbrunner & Isman 2001

Kiran et al. 2006
Kiran et al. 2006
Andres et al. 2017

141.8 (122.8, 163.8)
82.5(69.7, 95.2)

Choice

Eugenol

100

192
225
50
50
50

! these compounds are flavonoids isolated from an ethanol extract of Senecio adenotrichius DC. (Asteraceae).

Choice

Geijerene

95.1 (83.3, 107.0)
5.25(1.3,20.7)

100

Choice

Pregeijerene
Safrole

80.5+7.2

20+38

S. littoralis (6th instar)
S. littoralis (6th instar)
S. littoralis (6th instar)

Choice

Ruiz-Vasquez et al. 2017

Choice

4’ 5-Dihydroxy-3,7-dimethoxyflavone!

Ruiz-Vasquez et al. 2017

48+ 4

Choice

5-Hydroxy-3,4',7-trimethoxyflavone!
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2. A choice test that utilizes the principle of larval abil-
ity to naturally choose food with a better nutritional
potential, not burdened with hazardous compounds.
To a certain extent, larvae can enzymatically inactivate
some indigestible or poisonous substances. However,
this inactivation requires energy. Additionally, some
substances may inhibit their food utilization ability,
and thus plants without such substances are more con-
venient for the larvae. Nevertheless, even without a
choice they can feed on food contaminated with growth
inhibiting substances. The choice test thus answers the
question whether a substance can discourage the lar-
vae from food intake, and the results suggest whether
the larvae respond to such substances as inappropriate
for feeding or whether, on the contrary, food contami-
nated with these substances becomes more attractive
for them.

3. A non-choice test is more rigorous and provides more
input for potential use in practice. If no other but con-
taminated food is presented to the larvae, they are either
able to feed with a time delay compared to untreated
control or the treated food is inacceptable. Generally,
if FDI is below 90%, the tested substance(s) prob-
ably only reduce the rate of food intake without pos-
ing insurmountable barrier to food intake. However, an
FDI value above 90% indicates that the tested com-
pound may be a true antifeedant substance as it can sig-
nificantly inhibit the response of (1) olfactory receptor
cells, (2) taste receptor cells, (3) oral mechanorecep-
tors, and/or (4) a post-ingestion response mechanism.

8 Conclusions and challenges for future
research

In polyphagous insect species, including Spodoptera spp.
larvae, it is very difficult to find an appropriate antifeedant
because the larvae have a high capacity to inactivate various
plant chemicals. Still, some compounds such as pulegone,
11a-epoxyeremophil-9-en-8-one (ligudicin A), piperitone
epoxide and thujone showing EDsq below 1 pg/cm? can be
viewed as highly promising for the development of botani-
cal insecticides with an antifeedant activity. Some EOs (e.g.,
from Piper aduncum, P. divaricatum, Melaleuca leucaden-
dra, M. alternifolia, Syzygium aromaticum, Citrus aurantium
var. amara and C. limon) can exhibit antifeedant activ-
ity when tested at LCs( estimated in acute toxicity assays
against S. frugiperda larvae, among others. In contrast, other
EOs tested in the same study, e.g., Eucalyptus citriodora,
E. globulus, Citrus aurantium var. dulcis, elicited attraction
or neutral responses (Camara et al. 2022). Nevertheless, we
are currently in the initial phases of research of the antifeed-
ant efficacy against caterpillars provided by EOs, and the
research should be intensified in order to achieve a level of
progress comparable to that seen, for example, in the case of
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repellent EOs used against mosquitoes and ticks (Pavela &
Benelli 2016a,b, Benelli & Pavela 2018).

Nevertheless, like the above-mentioned repellent com-
pounds used in protection against mosquitoes, EOs also pro-
vide a limited residual activity due to evaporation and natural
biodegradation (Tisserand & Young 2013). Therefore, it is
important to study EO persistence from the implementa-
tion point of view. In this respect, specific reviews dealing
with the encapsulation of EOs enabling to overcome several
issues concerning their environmental dispersion and per-
sistence, and efficacy at the target site of pest species are
useful and should be referred to (Pavoni et al. 2019, Pavela
etal. 2019, 2021, Benelli et al. 2020). However, comprehen-
sive information on the duration of EO antifeedant effects
remains lacking. Logically, though, unlike mosquitoes, lar-
vae cannot fly away to seek other food items. Although they
can disperse, their movement is limited in space. The persis-
tence of EO antifeedant effect depends mainly on the applied
concentration, on larval ability to overcome resistance to
feeding on contaminated food, and on the environmental sta-
bility of active substances (Skuhrovec et al. 2020).

In conclusion, we believe that future research should
focus on the following issues: (i) deeper investigation of
EO modes of action, particularly those exhibiting high anti-
feedant potential; (if) residual activity and the possibility
of extending EO efficacy through time e.g. using modern
encapsulation techniques (see Pavoni et al. 2019, Manjesh
et al. 2022); and (iif) development of formulation exploring
synergic effects of several EOs components and techniques
that extend the post-application persistence of EOs.
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