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ABSTRACT
Plants are often subject to attack by fungi, nematodes and insects, which generate immense
yield losses. Hence, the quest for crop protection solutions is ongoing, concurrent with
greater awareness towards the use of synthetic chemicals in agricultural practice. Scientific
research has shifted towards the use of natural products, which possess good efficacy and
are environment friendly. This review details two classes of natural products. The first one is
the plant essential oils with their volatile constituents, which have been proven to possess
antifungal, nematicidal and insecticidal activities. The second class is the lipopeptides
produced by antagonistic microorganisms. Their biological activities are discussed, as they
have been shown effective against plant fungi and pests. Essential oils and lipopeptides
have huge potential to be used as biopesticides. The combinatorial approach between
essential oils, antagonistic microorganisms and lipopeptides for crop protection is discussed,
potentially both can produce a synergistic effect, resulting from their combination against
plant fungi, nematodes and pests.

Nomenclature: EC50: The concentration required to kill 50% of the second stage juveniles or
reduce the egg hatch by 50%; LC50: The lethal concentration that causes the death of 50%
insect larvae; RD50: The essential oil dose capable of repelling 50% of the insect population;
DC50: The concentration required to cause 50% inhibition of insect feeding in foods treated
with essential oils in comparison with controls (untreated foods)
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1. Introduction

Plants have a larger metabolic network than most other
organisms. Apart from producing primary metabolites
(PMs) like sugars, amino acids, nucleotides, lipids and
energy sources (Aharoni and Galili 2011), plants pro-
duce a vast range of secondary metabolites (SMs). These
play a key role in maintaining plant fitness, as they pro-
tect plants against external biotic and abiotic aggres-
sions, such as microbial infections, herbivores (e.g., slugs
and snails, arthropods and vertebrates) and UV radi-
ation. They also play a role in attraction of pollinators,
allelopathy and signaling (Dixon 1999).

Secondary metabolism guarantees flexible adapta-
tion of plants to the demands of their continuously
changing environment (Hartmann 2007). They are
classified into three important groups. The first group
is the preformed compounds, which includes

compounds present in plants in their biologically
active form, such as plant extracts, essential oils, phen-
olic compounds, flavonoids, plant growth substances
and regulators. These preformed compounds stimulate
the resistance of plants, as they have antimicrobial
properties, by inhibiting the growth and development
of bacteria and fungi (Barkai-Golan 2001; Martinez
2012). The second group is the inducible preformed
compounds. It includes substances normally present in
healthy tissues, which may be further induced in
response to pathogen attack, to activate the resistance
in plants. The third group concerns the phytoalexins
and other induced inhibitory compounds, such as
pathogenesis-related proteins, active oxygen species
and lectins. They act as inhibitory substances following
recognition of an invader (Martinez 2012).

Preformed and induced defense mechanisms pro-
vide plants with resistance to several microorganisms.
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However, some microorganisms became virulent by
the production of effector molecules, which suppress
plant defense (Jones and Dangl 2006); allowing the
propagation of virulent pathogens in the susceptible
plant tissues (Berger et al. 2007). Plant pathogens
including fungi and bacteria have developed differ-
ent strategies to invade a plant. They can be
necrotrophic, which need living tissue for growth
and reproduction or biotrophic, which kill the host
tissue at the beginning of the infection and feed on
the dead tissue (Berger et al. 2007). Other plant
pathogens like nematodes can adopt more sophisti-
cated modes of biotrophic parasitism, causing mor-
phological changes of the plant cells and leading to
the appearance of many symptoms such as galls,
root knots or cysts (Dangl and Jones 2001). All
these attacks affect the quality of plants and generate
yield losses.

Crop diseases are usually treated with synthetic
pesticides. However, the overuse of these chemicals
has raised the concern of both scientists and the
public on many levels (Koul et al. 2008). The resi-
dues of pesticides may affect public health, as they
remain in soil, water resources and crops and can
be transferred to the food chain. On the other hand,
the emergence of resistance in pathogens towards
pesticides raises the question of their efficacy
(Cabras et al. 1999; Koul et al. 2008;
Martinez 2012).

An answer to these concerns lies in the use of
plant derived compounds like essential oils.
Essential oils (EOs) are promising biocontrol agents
as they are biodegradable, cause minimal effects on
non-target organisms and delay the occurrence of
resistance in pests (Isman 2000). Further, they have
shown a broad spectrum of antifungal, nematicidal
and insecticidal properties (Soliman and Badeaa
2002; Chebli et al. 2003a; De Andrade Dutra et al.
2016; Avato et al. 2017; Reddy and Dolma 2018).

Another important alternative to pesticides
among biological control agents are antagonistic
microorganisms. Many yeast, fungal and bacterial
strains have been shown to be effective against vari-
ous plant pathogens (Wisniewski and Wilson 1992;
Pusey et al. 2018). Thus many strains of
Agrobacterium, Pseudomonas, Bacillus, Alcaligenes,
Streptomyces and others have been reported as
promising bacterial control agents. To fight against
plant pathogens, they utilise different mechanisms
such as parasitism, cross protection, antibiosis and
competition (Shoda 2000).

The use of microorganisms as biological control
agents showed promising effects for crop protection.
Nevertheless, in many cases it can be difficult to
achieve high levels of inhibition of pathogens using
one biological control agent. The current trend is to

combine several approaches in the context of an
integrated pest management strategy (Zhang et al.
2008), which could lead to increased efficacy as bio-
pesticide (Stevi�c et al. 2014).

This study summarizes information on biological
activities of EOs, mainly against plant attacking
fungi, insects and nematodes. Moreover, it describes
a detailed overview of lipopeptides produced by bac-
teria and their biological activities. There view ends
with the study of the effect resulting from the com-
bination of EOs with antagonistic microorganisms
and lipopeptides for control of plant pathogens.

2. Essential oils

2.1. Essential oils, composition and
ecological functions

Essential oils (EOs) are a mixture of volatile com-
pounds, characterized by a strong odor, derived from
secondary metabolism of plants. They can be synthe-
sized by all plant organs, i.e., leaves, stems, flowers,
fruits, buds, seeds, roots or bark and are stored in cav-
ities, canals, secretory cells, epidermal cells or glandu-
lar trichomes (Bakkali et al. 2008). EOs are produced
mainly by: Annonaceae, Apiaceae, Araceae,
Asteraceae, Ericaceae, Burseraceae, Cistaceae,
Cupressaceae, Geraniaceae, Gramineae, Lamiaceae,
Lauraceae, Malvaceae, Myristicaceae, Myrtaceae,
Oleaceae, Pinaceae, Piperaceae, Rosaceae, Rutaceae
and Valerianaceae (Stewart 2005). The production of
EOs is due to systemic and environmental reasons.
For plant functions, EOs provide volatile compounds
which reinforce photosynthesis under thermal and
oxidative stress conditions (Vickers et al. 2009).
Concerning the plant ecological functions, essential
oil compounds participate in plants interactions
within the environment, as allelopathic agents by
inhibiting germination. In plant-animal interactions,
EOs act by repelling predators (Al-Mousawi and Al-
Naib 1975) and attracting insects pollinators
(Pichersky and Gershenzon 2002).

Several methods are used to extract EOs from
plants. The conventional ones include hydrodistilla-
tion, extraction by organic solvents, fats and cold
expression. Innovative methods comprise extraction
by microwaves and supercritical CO2 extraction (Basile
et al. 1998; Kim and Lee 2002; Aghel et al. 2004; Ferhat
et al. 2007; Lucchesi et al. 2007). Many industries and
fields utilize EOs properties such as food, cosmetic and
pharmaceutical industries (Prakash and Gupta 2005;
Sacchetti et al. 2005; Bakkali et al. 2008). Their import-
ance in agriculture is mainly attributed to their use in
biological control against plant pathogens.

Essential oils contain two classes of compounds.
The first class concerns terpenes or terpenoids.
Terpenes are hydrocarbons, which result from

2 K. BASAID ET AL.



coupling many isoprene units (C5H8), and terpe-
noids are terpenes modified by enzymes, which add
or remove methyl groups, or add oxygen molecules
(Sikkema et al. 1995; Burt 2004). Among terpenes,
monoterpenes consisting of two isoprene units
(C10H16) were the most volatile (with low molecular
weight). They have several functional groups such as
carbides, alcohols, aldehydes, ketones and ethers,
and can be acyclic, monocyclic or bicyclic. The
sesquiterpenes resulting from three isoprene units
(C15H24) have also several structures such as
carbides, alcohols, ketones and epoxides (Bakkali
et al. 2008; Kaloustian et al. 2008). In some cases,
diterpenes are made of four isoprene units (C20H32)
(Vila et al. 2002). The second class of essential oil
compounds consist of volatile aromatic compounds,
derived from phenylpropane (Kurkin 2003). They
contain aldehydes, alcohols, phenols, methoxy
derivatives and methylenedioxy compounds (Bakkali
et al. 2008). Figure 1 shows some examples of essen-
tial oil compounds belonging to the two classes.

It is known that the composition and the amount
of major and minor compounds of EOs influence
their biological activities (Dorman and Deans 2000;
Lahlou 2004). The qualitative and quantitative
chemical profile of EOs and their yield depend
on several intrinsic and extrinsic factors. Internal
factors include genetic background of the plant
(species, ecotype and chemotype) (Thompson et al.
2003), plant origin and population (Moghaddam

and Mehdizadeh 2017), plant organ (Angioni et al.
2006), seasonal sampling period or developmental
stage, as the formation of active metabolites notably
occurs during intensive metabolism, such as periods
of flowering and fruiting (Badi et al. 2004). Other
bioactive compounds are produced during the har-
vest period (Lahlou 2004). External factors include
environmental conditions (climate, geographical
origin), cultivation conditions (soil properties, fertil-
ization and mineral nutrition, irrigation frequency,
sowing date and harvest time and methods), and
postharvest techniques (drying methods, extraction
method and time, quantification methods and
conditions of analysis) (Moghaddam and Mehdizadeh
2017). All these factors are susceptible to the changing
of chemical profile of plant species, resulting in altera-
tions in biological activities of their oils.

2.2. Biological activities of essential oils

2.2.1. Antifungal activity of essential oils against
post-harvest fungi
Several EOs extracted from different botanical fami-
lies were tested for their in vitro and in vivo anti-
fungal activities against plant fungi, including those
causing diseases in postharvest such as : Penicillium
digitatum (Pers.), Penicillium italicum Wehmer,
Penicillium expansum Link., Alternaria citri Ellis &
N. Pierce, Botrytis cinerea Pers: Fr., Phytophthora
citrophthora (R.E. Sm. & E.H. Sm.), Geotrichum

Figure 1. 2 D chemical structures of selected compounds of essential oils: terpenes [monoterpene (thymol C10H14O),
sesquiterpene (b-cadinene C15H24), diterpene (abietic acid C20H30O2)], and aromatic compounds [aldehyde (cinnamaldehyde
C9H8O), alcohol (cinnamic alcohol C9H10O), phenol (eugenol C10H12O2), methoxy derivative (anethole C10H12O) and methylene
dioxy compound (apiole C12H14O4)].
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citri-aurantii (Ferraris) E.E. Butler, Alternaria
alternate (Fr. : Fr.) Keissl., Aspergillus flavus Link :
Fr., Aspergillus parasiticus Speare, Aspergillus ochra-
ceus G. Wilh. and Fusarium moniliforme J. Sheld.
(Soliman and Badeaa 2002; Chebli et al. 2003a;
2004; Alilou et al. 2008; Vitoratos et al. 2013;
Yazdanpanah and Mohamadi 2014; Soylu and
Kose 2015).

Plant families that have been widely studied are
Lamiaceae, Asteraceae, Myrtaceae, Apiaceae,
Rutaceae, Lauraceae and Poaceae. Among these
families, Lamiaceae is the most studied, with species
of the genera Thymus, Origanum, Lavendula,
Rosmarinus, Asteriscus and Mentha. Several species
of this family have been tested for their wide chem-
ical diversity, making them good candidates for the
study of antifungal activity. Table 1 illustrates exam-
ples of EOs belonging to different botanical families,
which have demonstrated an antifungal potential
against postharvest fungi. As for examples species
Mentha piperita, which gave 100% inhibition of
Geotrichum candidum Link. at a small dose of
5 ppm (Verma et al. 2011). Likewise, Zataria multi-
flora species gave 100% inhibition of P. expansum at
50 ppm (Mohammadifar et al. 2012), and Origanum
compactum and Thymus glandulosus completely
inhibited B. cinerea at 100 ppm (Chebli et al.
2003b). In vivo, tested species include Zataria multi-
flora, that provided more than 95% inhibition of
fruit decay by A. citri at 300 ppm (Ramezanian et al.
2016), and Origanum vulgare which gave 90% inhib-
ition of fruit decay by G. citri-aurantii at 1000 ppm
(Regnier et al. 2014).

Table 2 presents some examples of essential oil
compounds, with in vitro antifungal activity against
post-harvest phytopathogenic fungi. Phenols are the
most active like thymol and carvacrol (Chebli et al.
2003b; Kim et al. 2016a). Alcohols and sesquiter-
pene lactones also possess an antifungal activity, as
do aliphatic aldehydes (Thompson 1989; Wedge
et al. 2000; Lee et al. 2008; L�opez-Meneses
et al. 2017).

The mechanism of action of EOs constituents
on fungi was studied by several authors. Conner
and Beuchat (1984) were among the first to relate
antifungal action against yeast to interference with
enzymes, which are involved in the production of
energy and the synthesis of structural constituents.
Sharma and Tripathi (2008) suggested another
mechanism of action, which stated that EOs constit-
uents attack cell walls, leading to the loss of
cytoplasmic contents of mycelial cells. Related to
their hydrophobic nature, they interfere with lipid
membranes of fungal cells, causing an increase of
cation permeability in membranes. Consequently,
changes occur in the proton flux and the pH

gradient inside fungal cells, which eventually affects
their metabolism, leading to their death (Beckman
2000). This dysfunction of the membrane affects
energy production in fungal cells, by inhibiting
enzymes and key substrates in the production of
ATP (El-Mogy and Alsanius 2012). Furthermore,
spore germination and elongation of the germ tube
may be affected, leading to inhibition of fungal
growth (Da Cruz Cabral et al. 2013).

Lucini et al. (2006) reported that monoterpenes
act on retarding the sclerotic differentiation and
increasing the concentration of lipid peroxides, lead-
ing to the destruction of fungal cells. In addition to
monoterpenes, phenols have an antifungal capacity,
as they possess an aromatic ring with a hydroxyl
group, which forms hydrogen bonds with the active
sites of cellular enzymes (Figure 2) (Daferera
et al. 2000).

2.2.2. Nematicidal activity of essential oils against
plant-parasitic nematodes
Several EOs extracted from different botanical fami-
lies have been studied for their in vitro and in vivo
nematicidal activity, mainly against nematodes of
the genera Meloidogyne and Bursaphelenchus (Oka
et al. 2000; Kim et al. 2008). Plant families that have
been widely studied include Lamiaceae, Asteraceae,
Myrtaceae, Apiaceae, Rutaceae and Poaceae. Among
these, Lamiaceae is the most studied, with species of
the genera Thymus, Rosmarinus, Artemisia, Mentha,
and Origanum (Table 3), given their traditional use
in medicine, in addition to their local availability
in large amounts. Examples of inhibitory species
from this family tested in vitro comprise Rosmarinus
officinalis and Ocimum basilicum, which gave 98.3%
and 100% inhibition of Meloidogyne incognita
(Kofoid and White) Chitwood at 15 ppm and
250 ppm respectively (Pandey et al. 2000; Avato
et al. 2017). In vivo, Plectranthus cylindraceus and
Haplophyllum tuberculatum reduced the number of
Meloidogyne javanica (Treub) Chitwood eggs on the
roots of tomato plants by 90.4% and 89.8% respect-
ively, at a small dose of 5 mg/ml of soil (Onifade
et al. 2008). Likewise, Mentha rotundifolia and
Origanum syriacum controlled M. javanica on
tomato plants at a dose of 200mg/kg, by providing
a gall index of 0 (Oka et al. 2000).

Examples of EOs and their constituents, active on
plant parasitic nematodes are presented in (Table 3)
and (Table 4).

Parasitism of nematodes is related to the effectors
produced by the nematode glands (secretions),
which manipulate the cellular machinery and alter
the functions of the host plant cells (Haegeman
et al. 2012; Hewezi and Baum 2013). Discovered
effectors include the enzymes pectate lyases,
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polygalacturonases, b-1,4-endoglucanases and expan-
sins, which degrade the cell wall and modify its struc-
ture (Davis et al. 2011). Furthermore, it was
demonstrated that proteins analogous to CLAVATA3/

ESR (CLE) present in the plant play a key role in
meristem differentiation and interact with receptors at
the level of the membrane, resulting in the formation
and maintenance of the giant cells (Guo et al. 2011).

Table 1. Recent examples of essential oils in vitro antifungal activities against some post-harvest phytopathogenic fungi.
Fungi Plant species Family Study Inhibitory dose (% of inhibition) References

Botrytis cinerea Pers: Fr. Poliomintha longiflora Lamiaceae In vitro 800 ppm (100%) Cid-P�erez et al. (2016)
Angelica archangelica Apiaceae In vitro 600 ppm (100%) Fraternale et al. (2016)
Melissa officinalis Lamiaceae In vitro 2000 ppm (76.81%) El Ouadi et al. (2017)

Penicillium expansum Link. Poliomintha longiflora Lamiaceae In vitro 1200 ppm (100%) Cid-P�erez et al. (2016)
Melissa officinalis Lamiaceae In vitro 1000 ppm (100%) El Ouadi et al. (2017)

Alternaria citri Ellis & N. Pierce Zataria multiflora Lamiaceae In vitro 300 ppm (100%) Ramezanian et al. (2016)
Thymus vulgaris Lamiaceae In vitro 400 ppm (100%) Ramezanian et al. (2016)
Zataria multiflora Lamiaceae In vivo 300 ppm (95.4%) Ramezanian et al. (2016)
Thymus vulgaris Lamiaceae In vivo 400 ppm (94.8%) Ramezanian et al. (2016)

Rhizopus stolonifer(Ehrenb. :
Fr.) Vuill.

Melissa officinalis Lamiaceae In vitro 2000 ppm (100%) El Ouadi et al. (2017)

Aspergillus niger Tiegh. Thymus vulgaris Lamiaceae In vitro 1250 ppm (100%) Hossain et al. (2016)
Origanum vulgare Lamiaceae In vitro 625 ppm (100%) Hossain et al. (2016)
Cinnamomum

zeylandicum
Lauraceae In vitro 2500 ppm (100%) Hossain et al. (2016)

Trachyspermum ammi Apiaceae In vitro 56.10�3 mg/ml air (100%) Kim et al. (2016a)
Pimenta dioica Myrtaceae In vitro 56.10�3 mg/ml air (100%) Kim et al. (2016a)
Allium sativum Amaryllidaceae In vitro 7.5 ppm (100%) Arasu et al. (2019)
Menthapulegium Lamiaceae In vitro 200 ppm (100%) Mejdoub et al. (2019)

Colletotrichum
gloeosporioides(Penz.) Penz.
& Sacc.

Poliomintha longiflora Lamiaceae In vitro 1000 ppm (100%) Cid-P�erez et al. (2016)

Alternaria solani Sorauer Eucalyptus staigeriana Myrtceae In vitro 1000 ppm (100%) Tomazoni et al. (2017)
Eucalyptus globulus Myrtaceae In vitro 10,000 ppm (100%) Tomazoni et al. (2017)
Cinnamomum

camphora
Lauraceae In vitro 1500 ppm (100%) Tomazoni et al. (2017)

Angelica archangelica Apiaceae In vitro 750 ppm (100%) Fraternale et al. (2016)
Sclerotinia sclerotiorum (Lib.)

de Bary
Ziziphora

clinopodioides
Lamiaceae In vitro 150 ppm (100%) Ma et al. (2016a)

Ziziphora
clinopodioides

Lamiaceae In vivo 10,000 ppm (97.1%) Ma et al. (2016a)

Piper aduncum Piperaceae In vitro 30 ml (100%) Valadares et al. (2018)
Aspergillus flavus Link : Fr. Thymus vulgaris Lamiaceae In vitro 1250 ppm (100%) Hossain et al. (2016)

Origanum vulgare Lamiaceae In vitro 2500 ppm (100%) Hossain et al. (2016)
Cinnamomum

zeylandicum
Lauraceae In vitro 5000 ppm (100%) Hossain et al. (2016)

Poliomintha longiflora Lamiaceae In vitro 1400 ppm (100%) Cid-P�erez et al. (2016)
Allium sativum Amaryllidaceae In vitro 6.5 ppm (100%) Arasu et al. (2019)
Mentha pulegium Lamiaceae In vitro 100 ppm (100%) Mejdoub et al. (2019)

Aspergillus parasiticus Speare Thymus vulgaris Lamiaceae In vitro 1250 ppm (100%) Hossain et al. (2016)
Origanum vulgare Lamiaceae In vitro 2500 ppm (100%) Hossain et al. (2016)
Cinnamomum

zeylandicum
Lauraceae In vitro 2500 ppm (100%) Hossain et al. (2016)

Trachyspermum ammi Apiaceae In vitro 56.10�3 mg/ml air (100%) Kim et al. (2016a)
Pimenta dioica Myrtaceae In vitro 56.10�3 mg/ml air (83.5%) Kim et al. (2016a)

Aspergillus ochraceus Wilh. Trachyspermum ammi Apiaceae In vitro 56.10�3 mg/ml air (100%) Kim et al. (2016a)
Pimenta dioica Myrtaceae In vitro 56.10�3 mg/ml air (84.4%) Kim et al. (2016a)

Fusarium culmorum(Wm.G.
Sm.) Sacc.

Angelica archangelica Apiaceae In vitro 300 ppm (100%) Fraternale et al. (2016)

Fusarium oxysporum Schl. Angelica archangelica Apiaceae In vitro 300 ppm (100%) Fraternale et al. (2016)
Syzygium aromatica Myrtaceae In vitro 149.9 ppm (50%) Xie et al. (2017)

Rhizoctonia solani (Kuhn.) Syzygium aromatica Myrtaceae In vitro 106.5 ppm (50%) Xie et al. (2017)
Fusarium solani (Mart.) Sacc. Angelica archangelica Apiaceae In vitro 350 ppm (100%) Fraternale et al. (2016)
Alternaria tenuissima var.

alliicola T.Y Zhang
Cymbopogon citratus Poaceae In vitro 1000 ppm (100%) L�opez-Meneses

et al. (2017)
Cinnamomum

zeylandicum
Lauraceae In vitro 5000 ppm (100%) L�opez-Meneses

et al. (2017)
Fusarium coeruleum Lib.

ex Sacc.
Angelica archangelica Apiaceae In vitro 350 ppm (100%) Fraternale et al. (2016)

Fusarium sporotrichioides Sherb. Angelica archangelica Apiaceae In vitro 350 ppm (100%) Fraternale et al. (2016)
Fusarium tabacinum (J.F.H.

Beyma) W. Gams
Angelica archangelica Apiaceae In vitro 350 ppm (100%) Fraternale et al. (2016)

Fusarium verticillioides
(Sacc.) Nirenberg

Angelica archangelica Apiaceae In vitro 300 ppm (100%) Fraternale et al. (2016)

Cymbopogon citratus Poaceae In vitro 1000 ppm (100%) L�opez-Meneses
et al. (2017)

Cinnamomum
zeylandicum

Lauraceae In vitro 5000 ppm (100%) L�opez-Meneses
et al. (2017)

Penicillium notatum Westling Allium sativum Amaryllidaceae In vitro 1.1 ppm (100%) Arasu et al. (2019)
Rhizopus microsporus Tiegh. Allium sativum Amaryllidaceae In vitro 3.1 ppm (100%) Arasu et al. (2019)
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Additionally, the effector Hs19C07 plays a role in hor-
monal balance, in favor of the formation of the feeding
tube (Lee et al. 2011).

Several hypotheses have been proposed to explain
the mode of action of EOs against nematodes.
Oka (2001) suggested that essential oil components
affect nematodes nervous system by acting on

acetylcholinesterase, an enzyme necessary for
the degradation of acetylcholine (Ach), which is a
main neurotransmitter in the central nervous sys-
tem. The inhibition of the degradation of Ach leads
to its accumulation and consequently the convul-
sion, paralysis and death of the nematode. Oka et al.
(2000) related the action of EOs constituents
on nematodes to their interference with the cell
membranes, and the changes in their permeability.
In addition, some aldehydes such as formaldehyde
can make irreversible changes to protein structures
located on the surface of nematodes (Oka 2001).

2.2.3. Insecticidal activity of essential oils against
agricultural pests
A large number of EOs extracted from different
families have shown insecticidal activity against
several plant and stored grain infesting insects, and
mainly against species of the genera Schistocerca,
Spodoptera, Tribolium, Acanthoscelides, Tetranychus

Table 2. Recent in vitro essential oils compounds inhibitory activity against post-harvest phytopathogenic fungi.
Fungi Inhibitory compounds Inhibitory dose (% of inhibition) References

Alternaria tenuissima var. alliicola T.Y Zhang Citral 1000 ppm (100%) L�opez-Meneses et al. (2017)
Geraniol 5000 ppm (100%) L�opez-Meneses et al. (2017)
Trans-2-hexen-1-ol 5000 ppm (100%) L�opez-Meneses et al. (2017)

Fusarium verticillioides (Sacc.) Nirenberg Citral 1000 ppm (100%) L�opez-Meneses et al. (2017)
Geraniol 1000 ppm (100%) L�opez-Meneses et al. (2017)
Trans-2-hexen-1-ol 5000 ppm (100%) L�opez-Meneses et al. (2017)

Fusarium solani (Mart.) Sacc. Trans-cinnamaldehyde 1.31 ppm (50%) Marei and Abdelgaleil (2018)
Eugenol 35.43 ppm (50%) Marei and Abdelgaleil (2018)

Aspergillus parasiticus Speare Thymol 56.10�3 mg/ml air (100%) Kim et al. (2016a)
Carvacrol 56.10�3 mg/ml air (100%) Kim et al. (2016a)
Eugenol 56.10�3 mg/ml air (100%) Kim et al. (2016a)
Methyl eugenol 56.10�3 mg/ml air (59.7%) Kim et al. (2016a)

Rhizoctonia solani (Kuhn.) Cinnamaldehyde 75.4 ppm (50%) Xie et al. (2017)
Eugenol 58.9 ppm (50%) Xie et al. (2017)
Trans-cinnamaldehyde 2.57 ppm (50%) Marei and Abdelgaleil (2018)
(–)-menthone 24.69 ppm (50%) Marei and Abdelgaleil (2018)
Thymol 50 ppm (88.21%) Wang et al. (2019)
Carvacrol 50 ppm (78.76%) Wang et al. (2019)

Fusarium oxysporum (Schltdl.) Cinnamaldehyde 156.9 ppm (50%) Xie et al. (2017)
Eugenol 52.9 ppm (50%) Xie et al. (2017)
Trans-cinnamaldehyde 1.56 ppm (50%) Marei and Abdelgaleil (2018)

Aspergillus ochraceus Wilh. Thymol 28.10�3 mg/ml air (100%) Kim et al. (2016a)
Carvacrol 28.10�3 mg/ml air (100%) Kim et al. (2016a)
Eugenol 56.10�3 mg/ml air (100%) Kim et al. (2016a)
Methyl eugenol 56.10�3 mg/ml air (58%) Kim et al. (2016a)
Citral 400 ppm (100%) Tang et al. (2018)
Geraniol 300 ppm (98.38%) Tang et al. (2018)

Aspergillus flavus Link : Fr. Citral 500 ppm (100%) Tang et al. (2018)
Geraniol 500 ppm (98.44%) Tang et al. (2018)

Aspergillus niger Tiegh. Thymol 28.10�3 mg/ml air (100%) Kim et al. (2016a)
Carvacrol 28.10�3 mg/ml air (100%) Kim et al. (2016a)
Eugenol 56.10�3 mg/ml air (100%) Kim et al. (2016a)
Methyl eugenol 56.10�3 mg/ml air (66.2%) Kim et al. (2016a)
Trans-cinnamaldehyde 3.19 ppm (50%) Marei and Abdelgaleil (2018)

Alternaria solani Sorauer Trans-cinnamaldehyde 2.44 ppm (50%) Marei and Abdelgaleil (2018)
(–)-menthone 9.31 ppm (50%) Marei and Abdelgaleil (2018)
Eugenol 36.37 ppm (50%) Marei and Abdelgaleil (2018)
Thymol 50 ppm (50.73%) Wang et al. (2019)
Carvacrol 50 ppm (60.42%) Wang et al. (2019)

Penicillium digitatum (Pers.) Trans-cinnamaldehyde 0.75 ppm (50%) Marei and Abdelgaleil (2018)
(–)-menthone 43.54 ppm (50%) Marei and Abdelgaleil (2018)
Eugenol 16.14 ppm (50%) Marei and Abdelgaleil (2018)

Penicillium cyclopium Westling a-phellandrene 1800 ppm (100%) Zhang et al. (2017)
Nonanal 400 ppm (100%) Zhang et al. (2017)

Botrytis cinerea Pers: Fr. Trans-cinnamaldehyde 1.42 ppm (50%) Marei and Abdelgaleil (2018)
Thymol 50 ppm (90.50%) Wang et al. (2019)
Carvacrol 50 ppm (87.93%) Wang et al. (2019)

Phytophthora infestans (Mot.) Trans-cinnamaldehyde 1.80 ppm (50%) Marei and Abdelgaleil (2018)

Figure 2. Mechanism of interaction between proteins and
polyphenols (Adapted from Asano et al. 1982).
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Table 3. Recent effectiveness of essential oils produced by some plant species against plant parasitic nematodes.

Nematodes Plant species Family Part used Study
Inhibitory dose (% of inhibition or

gall index) References

Meloidogyne incognita
(Kofoid and White)

Mentha canadensis Lamiaceae Aerial parts In vitro 139 ppm (50%) Ji et al. (2016)

Artemisia herba-alba Asteraceae Whole plant In vitro 5 ppm (97.4%) Avato et al. (2017)
Rosmarinus officinalis Lamiaceae Whole plant In vitro 15 ppm (98.3%) Avato et al. (2017)
Thymus satureioides Lamiaceae Whole plant In vitro 15 ppm (85.7%) Avato et al. (2017)
Artemisia herba-alba Asteraceae Whole plant In vivo 200lg/kg soil (gal index ¼ 2.4) Avato et al. (2017)
Citrus sinensis Rutaceae Whole plant In vivo 200lg/kg soil (gal index ¼ 3) Avato et al. (2017)
Rosmarinus officinalis Lamiaceae Whole plant In vivo 200lg/kg soil (gal index ¼ 3) Avato et al. (2017)
Thymus satureioides Lamiaceae Whole plant In vivo 200lg/kg soil (gal index ¼ 3) Avato et al. (2017)
Conyza dioscoridis Asteraceae Leaves In vitro 186 ppm (50%) Abbassy et al. (2017)
Melia azedarach Meliaceae Leaves In vitro 315.3 ppm (50%) Avato et al. (2017)
Moringa oleifera Moringaceae Leaves In vitro 347.3 ppm (50%) Avato et al. (2017)
Ocimum sanctum Lamiaceae Aerial parts In vitro 282 ppm (50%) Eloh et al. (2019)
Cymbopogon

schoenanthus
Poaceae Leaves In vitro 288 ppm (50%) Eloh et al. (2019)

Cinnamomum
zeylanicum

Lauraceae Stem and bark In vitro 355 ppm (50%) Eloh et al. (2019)

Monarda didyma Lamiaceae Aerial parts In vitro 1000 ppm (50%) Laquale et al. (2018)
Monarda fistulosa Lamiaceae Aerial parts In vitro 1000 ppm (50%) Laquale et al. (2018)

Meloidogyne javanica
(Treub) Chitwood

Mentha pulegium Lamiaceae Aerial parts In vitro 1010 ppm (95%) Kimbaris et al. (2017)

Mentha spicata Lamiaceae Aerial parts In vitro 950 ppm (95%) Kimbaris et al. (2017)
Piper hispidinervum Piperaceae Aerial parts In vitro 1000 ppm (100%) Andr�es et al. (2017)
Piper hispidinervum Piperaceae Aerial parts In vivo 700 ppm (78%) Andr�es et al. (2017)

Meloidogyne hapla. Kor. Alpinia galanga Zingiberaceae In vitro 125 ppm (100%) Jeon et al. (2016)
Pratylenchus vulnus

Allen and Jensen
Artemisia herba-alba Asteraceae Whole plant In vitro 15 ppm (67%) Avato et al. (2017)

Citrus sinensis Rutaceae Whole plant In vitro 15 ppm (73.2%) Avato et al. (2017)
Rosmarinus officinalis Lamiaceae Whole plant In vitro 15 ppm (75.2%) Avato et al. (2017)

Xiphinema index Thorne
and Allen

Artemisia herba-alba Asteraceae Whole plant In vitro 2 ppm (100%) Avato et al. (2017)

Rosmarinus officinalis Lamiaceae Whole plant In vitro 2 ppm (100%) Avato et al. (2017)
Thymus satureioides Lamiaceae Whole plant In vitro 2 ppm (100%) Avato et al. (2017)

Heterodera avenae
Wollenweber

Mentha canadensis Lamiaceae Aerial parts In vitro 385.7 ppm (50%) Ji et al. (2016)

Kaempferia galanga Zingiberaceae Rhizomes In vitro 91.78 ppm (50%) Li et al. (2017)

Table 4. Recent in vitro active essential oil constituents against plant parasitic nematodes.

Nematodes Inhibitory compounds
Inhibitory dose
(% of inhibition) References

Meloidogyne incognita (Kofoid and White) Menthol 147.4 ppm (50%) Ji et al. (2016)
a-terpinol 115.2 ppm (50%) Ji et al. (2016)
Thymol 15 ppm (90%) Avato et al. (2017)
1,8-cineole 15 ppm (63.5%) Avato et al. (2017)
Trans-2-hexenal 162 ppm (90%) Lu et al. (2017)
Cinnamyl acetate 81 ppm (50%) Eloh et al. (2019)
Methyl eugenol 117 ppm (50%) Eloh et al. (2019)
Cinnamyl alcohol 128 ppm (50%) Eloh et al. (2019)
Acetyl eugenol 141 ppm (50%) Eloh et al. (2019)
Isoeugenol 168 ppm (50%) Eloh et al. (2019)
Eugenol 216 ppm (50%) Eloh et al. (2019)
Benzyl benzoate 235 ppm (50%) Eloh et al. (2019)
Carvacrol 14.2 ppm (50%) Laquale et al. (2018)
c-terpinene 118.3 ppm (50%) Laquale et al. (2018)

Meloidogyne javanica (Treub) Chitwood Safrole 500 ppm (48.6%) Andr�es et al. (2017)
Safrole/terpinolene (1/9) 500 ppm (50.43%) Andr�es et al. (2017)
Safrole/terpinolene (1/1) 500 ppm (93.3%) Andr�es et al. (2017)
Safrole/terpinolene (9/1) 500 ppm (100%) Andr�es et al. (2017)
Safrole/terpinolene (16/1) 500 ppm (100%) Andr�es et al. (2017)
Carvacrol 1000 ppm (98%) Nasiou and Giannakou (2017)
Piperitenone epoxide 50 ppm (95%) Kimbaris et al. (2017)
Piperitone epoxide 210 ppm (95%) Kimbaris et al. (2017)
Piperitenone 240 ppm (95%) Kimbaris et al. (2017)
R-(-)-carvone 350 ppm (95%) Kimbaris et al. (2017)
Geraniol 500 ppm (95%) Nasiou and Giannakou (2018)

Heterodera avenae Wollenweber Menthol 242.5 ppm (50%) Ji et al. (2016)
a-terpinol 190.3 ppm (50%) Ji et al. (2016)
Ethyl cinnamate 100.60 ppm (50%) Li et al. (2017)
Ethyl p-methoxy cinnamate 83.04 ppm (50%) Li et al. (2017)
Trans-cinnamaldehyde 94.75 ppm (50%) Li et al. (2017)
Borneol 734.89 ppm (50%) Li et al. (2017)
1,8-cineole 921.21 ppm (50%) Li et al. (2017)

Pratylenchus vulnus Allen and Jensen Carvacrol 29.5 ppm (50%) Laquale et al. (2018)
O-cymene 82.9 ppm (50%) Laquale et al. (2018)
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and Sitophilus. Plant families that were mostly
studied include Lamiaceae, Rutaceae, Asteraceae,
Myrtaceae, Apiaceae, and Zingiberaceae (Table 5).
Lamiaceae is the most studied family, with species
of the genera Thymus, Origanum, Salvia, Majorana,
Rosmarinus, Mentha, and Lavendula. Examples of
inhibitory species include Ocimum basilicum and
Origanum vulgare, which gave 90% inhibition to
Schistocerca gregaria (Forskål) at small doses of 1.84
and 1.88 ppm respectively (Mansour et al. 2015).
Elsewhere, Satureia hortensis inhibited completely
Spodoptera litura Fab.at 100 mg/larva (Isman et al.
2001), and Origanum onites and Satureja thymbra
both showed 100% inhibition activity of Ephestia

kuehniella Zeller at 9ml/l air (Ayvaz et al. 2010).
Table 5 and Table 6 refer to some examples of EOs
and their constituents that proved their effectiveness
in inhibition of insect pests of plants.

The study of involved mechanisms showed that
essential oils act on insects in several ways. They
can be toxic by direct contact, like EOs of Artemisia
monosperma, Astoma seselifolium, Pelargonium
graveolens and Pituranthos Tortuosus, which are
active against S. oryzae, with LC50 values of 0.15,
0.16, 0.17 and 0.19mg/cm2, respectively. Others act
by fumigation, such as EOs of Artemisia judaica,
Callistemon viminals, Citrus aurantifolia, Citrus
limon, Citrus paradisi, Citrus sinensis, Cupressus

Table 5. Essential oils activity against plants insect and mite pests.

Insects Plant species Family Part used
Inhibitory dose (%

of inhibition) References

Tetranychus urticae Koch Achillea mellifolium Asteraceae Aerial parts 3.586 ml/l air (50%) Ebadollahi et al. (2016)
Mentha longifolia Lamiaceae Leaves 11.08mg/l air (50%) Reddy and Dolma (2018)
Mentha piperita Lamiaceae Leaves 15.86mg/l air (50%) Reddy and Dolma (2018)
Cymbopogon flexuosus Poaceae Leaves 17.23mg/l air (50%) Reddy and Dolma (2018)
Chrysopogon zizanioides Poaceae Leaves 18.82mg/l air (50%) Reddy and Dolma (2018)

Tribolium castaneum Herbst Citrus limon Rutaceae 25.52mg/l air (50%) Abou-Taleb et al. (2016)
Myrtus communis Myrtaceae 26.51mg/l air (50%) Abou-Taleb et al. (2016)
Schinus terebinthifolius Anacardiaceae 28.19mg/l air (50%) Abou-Taleb et al. (2016)
Origanum vulgare Lamiaceae 9.97mg/l air (50%) Abou-Taleb et al. (2016)
Callistemon viminalis Myrtaceae 18.86mg/l air (50%) Abou-Taleb et al. (2016)
Citrus sinensis Rutaceae 24.57mg/l air (50%) Abou-Taleb et al. (2016)
Tanacetum tomentosum Asteraceae Aerial parts 20 ml/0.25 l air (90%) Haider et al. (2017)
Ta. Dolichophyllum Asteraceae Aerial parts 20 ml/0.25 l

air (77.50%)
Haider et al. (2017)

Artemisia frigida Asteraceae Aerial parts 6.79mg/l air (50%) Zhang et al. (2019)
Bruchus rufimanus (Bohman) Mentha suaveolens Lamiaceae Leaves and flowers 100 ml/l air (100%) Amzouar et al. (2016)
Callosobruchus maculatus (Fabr.) Citrus latifolia Rutaceae Fruit peels 10.02 ml/l air (50%) De Andrade Dutra

et al. (2016)
Citrus reticulata Rutaceae Fruit peels 12.68 ml/l air (50%) De Andrade Dutra

et al. (2016)
Citrus sinensis Rutaceae Fruit peels 12.98 ml/l air (50%) De Andrade Dutra

et al. (2016)
Citrus paradisi Macf. Rutaceae Fruit peels 12.63 ml/l air (50%) De Andrade Dutra

et al. (2016)
Sitophilus oryzae (L.) Artemisia judaica Asteraceae Aerial parts 29.97 ppm (50%) Abdelgaleil et al. (2016)

Cupressus sempervirens Cupressaceae Leaves 17.16 ppm (50%) Abdelgaleil et al. (2016)
Myrtus communis Myrtaceae Leaves 27.40 ppm (50%) Abdelgaleil et al. (2016)
Origanum vulgare Lamiaceae Aerial parts 1.64 ppm (50%) Abdelgaleil et al. (2016)
Artemisia monosperma Asteraceae Leaves 0.15mg/cm2 (50%) Abdelgaleil et al. (2016)
Astoma seselifolium Apiaceae Leaves 0.16mg/cm2 (50%) Abdelgaleil et al. (2016)
Pelargonium graveolens Geraniaceae Leaves 0.17mg/cm2 (50%) Abdelgaleil et al. (2016)
Pituranthos tortuosus Apiaceae Aerial parts 0.19mg/cm2 (50%) Abdelgaleil et al. (2016)
Thymbra capitata Lamiaceae Aerial parts 3.4 ml/l air (50%) Koutsaviti et al. (2018)
Salvia pomifera Lamiaceae Aerial parts 4.4 ml/l air (50%) Koutsaviti et al. (2018)
Salvia fruticosa Lamiaceae Aerial parts 15.5 ml/l air (50%) Koutsaviti et al. (2018)
Laurus nobilis Lauraceae Leaves 8.0 ml/l air (50%) Koutsaviti et al. (2018)
Salvia officinalis Lamiaceae Aerial parts 9.9 ml/l air (50%) Koutsaviti et al. (2018)
Callistemon viminals Myrtaceae Leaves 16.17 ppm (50%) Abdelgaleil et al. (2016)
Citrus aurantifolia Rutaceae Fruit peels 29.37 ppm (50%) Abdelgaleil et al. (2016)
Citrus limon Rutaceae Fruit peels 9.89 ppm (50%) Abdelgaleil et al. (2016)
Citrus paradisi Rutaceae Fruit peels 24.13 ppm (50%) Abdelgaleil et al. (2016)
Citrus sinensis Rutaceae fruit peels 19.67 ppm (50%) (Abdelgaleil et al. 2016)
Hyssopus offcinalis Lamiaceae 25mg/l air (100%) Kim et al. (2016b)
Origanum majorana Lamiaceae 25mg/l air (100%) Kim et al. (2016b)
Thymus zygis Lamiaceae 25mg/l air (100%) Kim et al. (2016b)

Rhyzopertha dominica (F.) Mentha pulegium Lamiaceae Leaves 6900 ppm (50%) Brahmi et al. (2016)
Mentha rotundifolia Lamiaceae Leaves 3300 ppm (50%) Brahmi et al. (2016)

Trichoplusia ni (H€ubner) Bunium persicum Apiaceae Fruits 277.9 ppm (50%) Khanavi et al. (2017)
Pistacia atlantica Anacardiaceae Aerial parts 653.5 ppm (50%) Khanavi et al. (2017)
Thymus kotschyanus Lamiaceae Aerial parts 449 ppm (50%) Khanavi et al. 2017)
Thymus vulgaris Lamiaceae 54lg/insect (50%) Tak et al. (2016b)
Cymbopogon citratus Poaceae 123.8lg/insect (50%) Tak et al. (2016b)
Rosmarinus officinalis Lamiaceae 215.8lg/larva (50%) Tak et al. (2016a)

Liposcelis bostrychophila Badonnel Artemisia frigida Asteraceae Aerial parts 0.52mg/l air (50%) Zhang et al. (2019)
Lasioderma serricorne (F.) Artemisia frigida Asteraceae Aerial parts 4.53mg/l air (50%) Zhang et al. (2019)
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sempervirens, Myrtus communis, Origanum vulgare,
Rosmarinus officinalis, Schinus molle and Schinus
terebinthifolius. They were toxic to S. oryzae, with
LC50 values ranging from 1.64mg/l to 29.97mg/l
(Abdelgaleil et al. 2016).

It was also shown that EOs of Cinnamomum
cassia, Litsea cubeba, Mentha piperita, Satureia
hortensis, Perilla frutescens and Thymus vulgaris and
their major compounds (�)-perillaldehyde, carva-
crol, cinnamaldehyde, thymol, (�)-menthol and
citral, repelled the insect L. serricorne at a dose
of 0.1 ll for Eos and at a dose of 1 ll or 1mg
for compounds (Hori 2003). Alternatively, they can
hinder insects from feeding (Hummelbrunner and
Isman 2001). Essential oils also inhibit insects by
affecting their reproduction. Thus, it was described
that EOs of Mentha viridis, Mentha microphylla,
Lavandula hybrida, Rosmarinus officinalis and
Eucalyptus globulus reduce fertility in the insect

Acanthoscelides obtectus (Say), and those of
Eucalyptus globules and Origanum vulgare reduce
egg hatching (Papachristos and Stamopoulos
2002). Similarly, oxygenated compounds such
as linalool, eugenol, carvacrol and terpineol inhibit
reproduction of the insect A. obtectus, by inhibition of
oviposition and emergence of the imagos (Regnault-
Roger and Hamraoui 1995).

Many involved mechanisms of action of EOs on
insects were described. Rattan (2010) attributed their
action to the influence on biochemical processes,
which interrupt the endocrinological balance of
insects. Moreover, he suggested interference with
the c-aminobutyric acid (GABA) receptor in insects.
Other authors referred the effect of essential oil
compounds on insects to their action on octopa-
mine, which plays key roles as a neurotransmitter,
neuromodulator and neurohormone in invertebrate
system. Monoterpenes cinnamyl alcohol, eugenol

Table 6. Activity of essential oil compounds against plant insect and mite pests.
Insects Inhibitory compounds Inhibitory dose (% of inhibition) References

Sitophilus oryzae (L.) Carvacrol 2.4 ml/l air (50%) Koutsaviti et al. (2018)
Cis-thujone 5.1 ml/l air (50%) Koutsaviti et al. (2018)
Cis- and trans-thujone 4.5 ml/l air (50%) Koutsaviti et al. (2018)
Sabinene hydrate 3.9mg/l air (100%) Kim et al. (2016b)
Linalool 3.9mg/l air (100%) Kim et al. (2016b)
a-terpineol 3.9mg/l air (100%) Kim et al. (2016b)
Terpinen-4-ol 3.9mg/l air (100%) Kim et al. (2016b)

Trichoplusia ni (H€ubner) Cuminaldehyde 128.7 ppm (50%) Khanavi et al. (2017)
P-cymene 39.8 ppm (50%) Khanavi et al. (2017)
c-terpinene 65.4 ppm (50%) Khanavi et al. (2017)
Limonene 87.1 ppm (50%) Khanavi et al. (2017)
P-cymene / c-terpinene (25/75) 38.1 ppm (50%) Khanavi et al. (2017)
Thymol 32.6 lg/insect (50%) Tak et al. (2016b)
P-cymene 125.8 lg/ml air (50%) Tak et al. (2016b)
a-pinene 181.8 lg/ml air (50%) Tak et al. (2016b)
a-terpineol 61.9 lg/insect (50%) Tak et al. (2016a)
1,8-cineole 229.6 lg/larva (50%) Tak et al. (2016a)
(±)-camphor 471.3 lg/larva (50%) Tak et al. (2016a)
a-terpineol 61.9 lg/larva (50%) Tak et al. (2016a)
1,8-cineole / (±)-camphor (50/50) 214.9 lg/insect (50%) Tak et al. (2016a)

Tetranychus urticae koch Isofuranodiene 15.8 lg cm�2 (50%) Benelli et al. (2017)
Germacrone 42.7 lg cm�3 (50%) Benelli et al. (2017)
1,8-cineole 17.59 ppm (50%) Abdelgaleil et al. (2019)
(-)citronellal 44.54 ppm (50%) Abdelgaleil et al. (2019)
Limonene 11.55 ppm (50%) Abdelgaleil et al. (2019)
a-pinene 18.24 ppm (50%) Abdelgaleil et al. (2019)
Pulegone 7.48 ppm (50%) Abdelgaleil et al. (2019)
4-terpineol 31.74 ppm (50%) Abdelgaleil et al. (2019)

Drosophila melanogaster Meig. Terpinolene 0.09 ppm (50%) Zhang et al. (2016)
3-carene 0.28 ppm (50%) Zhang et al. (2016)
Eugenol 0.03 ppm (50%) Zhang et al. (2016)
Thymol 0.07 ppm (50%) Zhang et al. (2016)
Carvacrol 0.04 ppm (50%) Zhang et al. (2016)
Isoeugenol 0.05 ppm (50%) Zhang et al. (2016)
Citral 0.06 ppm (50%) Zhang et al. (2016)
(±)-citronellal 0.015 ppm (50%) Zhang et al. (2016)
Cuminaldehyde 0.07 ppm (50%) Zhang et al. (2016)
(�)-verbenone 0.03 ppm (50%) Zhang et al. (2016)
(þ)-pulegone 0.02 ppm (50%) Zhang et al. (2016)

Liposcelis bostrychophila Badonnel Terpinen-4-ol 0.08mg/l air (50%) Zhang et al. (2019)
Verbenone 0.14mg/l air (50%) Zhang et al. (2019)
a-terpineol 0.58mg/l air (50%) Zhang et al. (2019)
a-terpinyl acetate 0.39mg/l air (50%) Zhang et al. (2019)

Lasioderma serricorne (F.) Terpinen-4-ol 6.90mg/l air (50%) Zhang et al. (2019)
Camphene 8.78mg/l air (50%) Zhang et al. (2019)
a-terpineol 3.27mg/l air (50%) Zhang et al. (2019)

Tribolium castaneum Herbst Terpinen-4-ol 3.74mg/l air (50%) Zhang et al. (2019)
Verbenone 7.09mg/l air (50%) Zhang et al. (2019)
Camphene 4.10mg/l air (50%) Zhang et al. (2019)
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and trans-anethole act on octopamine by blocking
octopamine receptors (Enan 2005; Rattan 2010). In
the same context, Abdelgaleil et al. (2019) reported
the efficacy of monoterpenes 1,8-cineole, (�)-citro-
nellal, limonene, a-pinene, pulegone and 4-terpineol
against the mite T. urticae to their inhibition of
acetylcholinesterase, as they compete with acetylcho-
line, for its active center on acetylcholinesterase.
Symptoms of a neurotoxic mode of action include
hyperactivity, tremor, forced diuresis and convul-
sion, resulting in immobilization and death of the
insect (Hummelbrunner and Isman 2001). Authors
also reported inhibition of EOs to ATPase activity
in targeted insects. Abdelgaleil et al. (2016) reported
that EOs of Callistemon viminalis and Origanum
vulgare inhibit ATPase activity in the insect
S. oryzae. The same finding was found using
essential oil of Callistemon viminalis against the
insect T. castaneum (Abou-Taleb et al. 2016).
Complex mixtures of molecules contained in EOs
with differing mechanisms of action, may be efficient
in preventing the development of resistant pathogens

and pests. This is an additional benefit of developing
biopesticides from EOs (Pavela and Benelli 2016).

Through analysis of recent studies that investigate
the activities of EOs against plant pathogens, it
can be noted that the majority of studies have been
limited to laboratory experiments. Only few studies
have explored the field effectiveness of EOs.
This step is crucial for large scale application
of EOs. It confirms the biocidal effect of oils on
the target pathogen, and reveals any phytotoxicity
of oils on the plants. On the other hand, it enables
the estimation of the required amounts in EOs for
pathogen control in fields, to decide if the complete
process of application of EOs is cost efficient.

2.3. Application limits of essential oils

In spite of considerable research effort throughout
the world, and the ever increasing volume of
scientific literature, the exploitation of EOs for
management of plant pathogens in open fields or
greenhouses hasn’t been sufficient. Commercialized

Figure 3. 2 D chemical structures of selected lipopeptides produced by Bacillus and Pseudomonas. Bacillus lipopeptides [iturins
(iturin A C48H74N12O14), fengycins (fengycin C72H110N12O20) and surfactins (surfactin C53H93N7O13)]. Pseudomonas lipopeptides
[viscosin (viscosin C54H95N9O16), orfamide (orfamide A C64H114N10O17), syringomycin (syringomycin C53H85ClN14O17), amphisin
(amphisin C66H114N12O20), syringopeptin (syringopeptin C113H183N27O30) and tolaasin (tolaasin A C91H155N21O26)].
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pest control products based on essential oils are
limited (Koul et al. 2008). Hence, there is noticeable
delay towards the development end of the spectrum.

Several challenges hinder the commercialization
of essential oils as biopesticides. First, there is the
heavy regulatory process of approval for biopesti-
cides, standardization and refinement of pesticide
products, and protection of technology (patents).
Several plant EOs are exempt from registration in
the United States, however it is not the case for
most countries (Isman 2005; Isman and Machial
2006). Solving this barrier requires the adjustment
of regulatory systems to better accommodate these
products (Isman and Machial 2006), which will clear
a path for approval of more biopesticides, and
enable development of EOs on commercial scale.
On the other hand, there is an issue of efficacy.
Essential oils often fell short in terms of efficacy in
comparison with synthetic pesticides, although there
are specific pest contexts where EOs produced the
same level of control as conventional products
(Koul et al. 2008). They may require great volumes
to complete their action, or frequent reapplications
when used in fields, which can be a challenge, as
the availability of sufficient quantities of plant
material is not always guarantied all year round.
Many plant species have low yields and therefore
can’t be convenient for large-scale commercial appli-
cation, as the latter requires great production of
EOs (Koul et al. 2008). Appealing to farmers
requires providing solutions that are not only effect-
ive but economical. Essential oil based pesticides
(EOBP) often require greater volumes for use, con-
sequently, significant application costs. Thus, they
aren’t able to compete in terms of cost with conven-
tional chemical pesticides. To compensate for this, it
is necessary to invest in innovative and more effi-
cient extraction processes (e.g., microwave extrac-
tion and super critical fluid extraction), that enable
increase of extraction yield. The choice of suitable
chemotypes with high yields is also fundamental for
practical use of EOs.

Moreover, frequent applications of EOBP may
result in phytotoxicity if they are misused. Almost
any oil can be phytotoxic if applied at concentrations
exceeding 2% (as an aqueous emulsion), and in some
cases at a concentration as low as 1% (Isman 2016).
Creating formulations that combine EOs with other
natural molecules like microbial substances can
enhance EOBP, as it allows the reduction of volumes
used in EOs while potentially improving the effective-
ness of the product (Dimki�c et al. 2015).

Other challenges include persistence, i.e., how
long the product remains biologically active against
target pests after application to the targeted area,
and consistency in the performance, as the chemical

profile of essential oils changes due to many intrin-
sic and extrinsic factors previously mentioned
(Isman 2016). This will require regular testing of
EOBP by their manufacturers and thus additional
work and charges (Koul et al. 2008). Both issues
could be mitigated through microencapsulation of
EOs (Yang et al. 2009). Encapsulation is suitable for
entrapping EOs with different chemical compos-
ition. This method reduces loss of the active princi-
ples (Moretti et al. 2002). It also offers the
possibility of controlled release, thus, extending the
residual activity of EOBP from hours to days (or
even weeks) in the field (De Oliveira et al. 2014).
Encapsulation in liposomes enables overcoming
physicochemical stability concerns of EOs (sensibil-
ity to oxygen, light, temperature, and volatility) and
their reduced bioavailability which is due to low
solubility in water (Detoni et al. 2012).

The safety of a number of EO-based products has
been reported on humans and other vertebrates.
However, only moderate efforts have been carried
out to shed light on the potential effects of EOs on
non-target organisms, sharing the same ecological
niche as the target pests (Pavela and Benelli 2016).
In some cases, EOs were found to be toxic against
non-target organisms. Essential oil of Corymbia
citriodora caused high mortality of the pollinator bee
Tetragonisca angustula Latreille (Ribeiro et al. 2018).
Preventing this effect, requires following of the
principles of ecological selectivity (Hull and Beers
1985), in which the application of botanical pesticides
should be carried out at dusk in order to avoid
periods of higher pollinator activity (i.e., warmer
periods of the day) (De Bruijn and Sommeijer 1997).
In the same context, EOs of Melaleuca alternifolia,
Myroxylon Pereira, Melaleuca linariifolia and
Melaleuca quinquenervia, have been proved to be
toxic towards the non-target water flea, Daphnia
magna Straus (Park et al. 2011; Seo et al. 2012;
Conti et al. 2014). Thorough toxicological tests are
needed on non-target organisms, such as earthworms,
parasitoids and predators of moth pests, to ensure
that potential botanical pesticides based on EOs are
completely safe for the environment. This knowledge
could be used to determine the optimal application
dose of potential botanical pesticides based on EOs
(Pavela and Govindarajan 2017; Benelli et al. 2018).

3. Lipopeptides

3.1. Lipopeptides, composition and
ecological functions

Microorganisms produce surface and interface com-
pounds that possess an antagonistic activity, namely
lipopeptides, glycolipids, phospholipids, polysacchar-
ides, fatty acids and protein complexes, of which
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lipopeptides are the most renowned (Georgiou et al.
1992; Neu 1996; Ron and Rosenberg 2001; Kim et al.
2004). Their easy biodegradation in nature, minimal
environmental toxicity and high stability towards
extreme temperature, pH, and salinity makes them
suitable for use as biological control agents (Ron and
Rosenberg 2001; In�es and Dhouha 2015). They are
produced by a wide range of bacteria such as species
of genera Bacillus, Pseudomonas, Enterobacter,
Streptomyces and Erwinia (Javaheri et al. 1985; Levy
et al. 1992; Chernin et al. 1995; Bryk et al. 1998;
Gomes et al. 2001). The focus in this review will be
on the two genera Bacillus and Pseudomonas.

Having an amphiphilic nature, they consist of
a cyclic oligopeptide linked to a lipid fraction
(examples in Figure 3). Lipopeptides produced by
the genus Bacillus are classified into three families
according to their amino acid sequences: surfactins,
iturins and fengycins (Ongena and Jacques 2008).
These amphiphilic substances are composed of
seven (surfactins, iturins) or ten a-amino acids (fen-
gycins), linked to one unique b-hydroxy (surfactins,
fengycins) or b-amino (iturins) fatty acid.
The length of this fatty-acid chain may vary from
C14 to C18 for fengycins, C14 to C17 for iturins
and C13 to C16 for surfactins (Ongena et al. 2005).
Lipopeptides produced by Pseudomonas spp. are
classified in six groups: viscosin (Group�e et al.
1951), syringomycin (Segre et al. 1989), syringopep-
tin (Ballio et al. 1991), amphisin (Sørensen et al.
2001), tolaasin (Bassarello et al. 2004), and orfamide
groups (Ma et al. 2016b). Discovery of new lipopep-
tides in numerous environments is ongoing. These
can either be assigned to an existing group (Zachow
et al. 2015; Ma et al. 2016b; G€otze et al. 2017) or
constitute a new group, such as the recently discov-
ered xantholysins (Li et al. 2013) and bananamides
(Nguyen et al. 2016).

Lipopeptides play important ecological roles in
their ecosystems. They are involved in the process of
plant root colonization by rhizobacteria. For example
surfactins, which play a crucial role in the formation
of biofilm by Bacillus subtilis 6051 around the roots
of Arabidopsis, and thus the colonization of roots
and their protection against Pseudomonas syringae pv
tomato DC3000 (Bais et al. 2004). Arthrofactin pro-
duced by Pseudomonas sp. MIS38 also contributed to
formation of biofilms (Roongsawang et al. 2003). The
movement of bacteria on the roots during the pro-
duction of biofilms is carried out by produced lipo-
peptides, such as surfactin (family of surfactins) and
mycosubtilin (family of iturines) lipopeptides, which
facilitate the propagation of a B. subtilis isolate
(Lecl�ere et al. 2006).

In addition to biofilm formation, lipopeptides
destroy biofilms created by pathogenic bacteria. In

fact, surfactin inhibits the biofilm formation for sev-
eral bacteria such as Salmonella enterica serovar
typhimurium, Listeria monocytogenes ATCC 7644
and ATCC 19112 and Pseudomonas fluorescens
ATCC 13525 (Mireles et al. 2001; De Araujo et al.
2016). Moreover, putisolvins I and II lipopeptides
produced by Pseudomonas putida PCL1445, inhibit
biofilms formation of different species of
Pseudomonas (Kuiper et al. 2004).

Lipopeptides also possess the chelating capacity
for metal ions. Examples are lipopeptides iturin and
gramicidin S, that have an affinity towards cations
Rbþ, Naþ and Kþ(Rautenbach et al. 2000).
This capacity is useful to the bacteria producing
these lipopeptides, like siderophores, which exploit
these metal ions as micronutrients (Raaijmakers
et al. 2010). Further, lipopeptides that possess this
capacity can detach metal ions from soil, which can
be useful to treat soils contaminated with heavy
metals (Mulligan et al. 2001).

Furthermore, they play a role in the induction of
“induced systemic resistance” (ISR) in the host
plant. It was shown that surfactin and fengycin pro-
duced by Bacillus spp. induce ISR in beans (Ongena
et al. 2007), and massotolide A produced by
Pseudomonas fluorescens SS101,which triggers ISR in
tomato acts indirectly on the pathogen P. infestans,
hence limiting its growth on the infected plant
(Tran et al. 2007).

The process by which lipopeptides induce ISR
has been detailed by many studies. The work of
Ongena et al. (2005) showed that fengycins pro-
duced by B. subtilis M4 are involved in inducing
ISR in potatoes, by stimulating the production
of phenolic compounds by the plant (chlorogenic
acid, ferulic acid, tyrosine, and cinnamic acid).
Likewise, the inoculation of roots of cucumber by
Pseudomonas putida BTP1 induced the production
of antifungal compounds (phenols and aglycones),
which contribute to the protection of the plant
against Pythium aphanidermatum (Edson) Fitz.
(Ongena et al. 1999). Jourdan et al. (2009) stated
that lipopeptides are capable of inducing ISR by
perturbation of the membrane, which triggers a cas-
cade of reactions including alkalinization of the
medium, ion flux, stimulation of the enzymes lipox-
ygenase and phenylalanine ammonia lyase, and the
production of reactive species of oxygen. These
changes are not irreversible, and are aimed only
at the perturbation of the membrane, in order to
trigger the ISR. Thus, the presence of lipopeptides is
not associated with phytotoxicity or a repressive
effect on plant growth. In the same context, lipopep-
tides mycosubtilin and surfactin produced by B. sub-
tilis strains BBG131, BBG125 and Bs2504 stimulate
grapevine innate immune responses, by stimulating
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defense gene expression. Gene expression analyses
suggest that mycosubtilin activates jasmonic acid
and salicylic acid (SA) signaling pathways, whereas
surfactin mainly induces an SA-regulated response.
The two lipopeptides were efficient also at protect-
ing grapevine plants against the fungus B. cinerea.
The treatment of grapevine plants by mycosubtilin
and surfactin separately prior to infection with B.
cinerea, led to a local long-lasting enhanced toler-
ance to the fungus (Farace et al. 2015).

3.2. Biological activities of lipopeptides

The surfactin family compounds produced by
Bacillus spp., are recognized mainly by their anti-
microbial activity. They interfere with cell mem-
branes in a proportional manner to their doses, due
to their amphiphilic properties (Ongena and Jacques
2008). Surfactin produced by B. subtilis C4 allowed
the inhibition of seven isolates of L. monocytogenes
at a dose of 0.125mg/ml (Sabat�e and Audisio 2013).
Similarly, surfactin produced by B. subtilis fmbj
allowed the destruction of spores of Bacillus cereus
(Huang et al. 2007). Some studies have shown that
surfactins also possess antifungal activity. The
example with surfactin produced by Bacillus licheni-
formis BC98, which allowed the inhibition of the
fungus Magnaporthe grisea (Herbert) Barrat a min-
imal concentration of 1 lg/ml, in addition to the
inhibition of other fungi (Tendulkar et al. 2007).
Mycosubtilin produced by B. subtilis strains also
showed potent in vitro and in vivo inhibitory activ-
ities, alone and in combination with surfactin
against the fungus F. oxysporum, on rhizomes of Iris
germanica odoratissima infected with the fungus.
Activity of mycosubtilin results from its ability to
inhibit spore formation and germination, and to
damage the hyphal cell wall structures in an irre-
versible manner (Mihalache et al. 2018).

The fengycin family compounds are recognized by
their antifungal properties (Deleu et al. 2005). They
proved to be antifungal against a wide range of phy-
topathogenic fungi such as B. cinerea, R. solani, R.
stolonifer, Podosphaera fusca SF48, F. oxysporum and
Fusarium graminearum Schw. (Tour�e et al. 2004;
Romero et al. 2007; Wang et al. 2007; Tao et al.
2011; Guo et al. 2014; Zhao et al. 2014). Fengycin A
produced by B. subtilis IB inhibits the growth of the
fungus F. graminearum by destroying the integrity of
the pathogen’s membrane, leading to disturbance of
the metabolism and consequently disturbance of the
fungal growth (Wang et al. 2007), and fengycin pro-
duced by B. subtilis fmbJ acts on cell membranes, cel-
lular organs and inhibition of DNA synthesis on the
fungus R. stolonifer (Tao et al. 2011).

The iturin family compounds are known for their
antifungal and in some cases antimicrobial activities
(Ongena and Jacques 2008). Iturins produced by B.
amyloliquefaciens RC-2 allowed the inhibition of the
fungus Colletotrichum dematium (Pers.: Fr.) Grove
(Hiradate et al. 2002). Similarly, bacillomycin D pro-
duced by B. subtilis AU195, exerts antifungal activity
against the fungus A. flavus (Moyne et al. 2001).
The mechanism of action differs from those of sur-
factins and fengycins, which primarily disrupt the
membrane. A study by Aranda et al. (2005) demon-
strated that iturin A acts onosmotic perturbation,
with the creation of ion-conducting pores.

From Pseudomonas spp., syringotoxin, syringo-
mycin E, syringopeptin SP22A, syringopeptin
SP25A, tolaasin I and II, white line inducing prin-
ciple and putisolvin-like lipopeptides exert antifun-
gal activity against the grey mold agent B. cinerea
(Lavermicocca et al. 1997; Andolfi et al. 2008; Kruijt
et al. 2009). Pseudophomins A and B isolated from
P. fluorescens strain BRG100 displayed antifungal
activity against the phytopathogens Phoma lingam
(Tode ex Fr.) Desm. and S. sclerotiorum, the causal
agents of black-leg and white mold diseases respect-
ively (Pedras et al. 2003). Massetolide A was anti-
fungal against P. infestans (Van de Mortel et al.
2009), and sringomycin E produced by P. syringae
strains ESC-10 and ESC-11 suppressed P. digitatum,
the agent of green mold of citrus (Bull et al. 1998).
In the same context, tensin, viscosinamide, orfa-
mide, unamycin, pseudophomins, poaeamide and
putisolvin-like lipopeptides were antifungal against
R. solani (Hansen et al. 2000; Nielsen et al. 2000;
Pedras et al. 2003; Kruijt et al. 2009; Raaijmakers
et al. 2010; Michelsen et al. 2015; Zachow et al.
2015; Ma et al. 2016b). Some lipopeptides were
found to be antifungal only when used in combina-
tions, the example of lipopeptides orfamide A and
sessilin-(T) produced by Pseudomonas sp. CMR12,
which were able to inhibit growth of R. solani when
applied together (Olorunleke et al. 2015).

Other than their action on fungi and bacteria,
few studies were reported on lipopeptides action on
plant insects. From Bacillus spp., surfactin C14 and
C15 purified from B. subtilis (S499 strain) showed
insecticidal activity against the fruit fly D. mela-
nogaster. Being incorporated to artificial diet of the
insect at 100 ppm, surfactin C14 and C15 showed
respectively 85.4 and 92.6% adults mortality after
one-day exposure (Assie et al. 2002). B. subtilis
SPB1 biosurfactant was evaluated against larvae
of the Egyptian cotton leaf worm Spodoptera
littoralis (Bosid.) and the Mediterranean flour moth
E. kuehniella, and the obtained LC50 values were
251 ng/cm2 and 257mg/g respectively. Furthermore,
histopathological changes were observed in the
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larval midgut of both insects. These include vesicle
formation in the apical region, cellular vacuolization
and destruction of epithelial cells and their bounda-
ries (Ghribi et al. 2012a, 2012b, 2012c).

From Pseudomonas spp., orfamide A produced by
Pseudomonas protegens F6 exhibited insecticidal activity
against green peach aphid Myzus persicae (Sulzer),
producing an LC50 of 34.5lg/mL (Jang et al. 2013).
The same lipopeptide was required for full oral toxicity
of Pseudomonas protegens strain Pf-5 against
D. melanogaster (Loper et al. 2016). Similarly, orfamide
produced by P. protegens CHA0 and Pseudomonas sp.
CMR12a was important in oral infections of the cabbage
moth Plutella xylostella (L.) (Flury et al. 2017).
Moreover, xantholysines A and B isolated from
Pseudomonas sp. DJ15 were insecticidal againstM. persi-
cae (Lim et al. 2017), and viscosin applied topically
produced mortality of several aphids (Hashimoto 2002).

To our knowledge, lipopeptides have not been
tested on nematodes. Thus, research must be
oriented towards this axis. Further research is
also required towards control of plant insects, for
a global management approach.

Published studies on the biological efficacy of
lipopeptides are limited to their in vitro or in vivo
screening efficacy against target organisms. The work
done so far on activities of lipopeptides against
plant pathogens is thus only the first step in the
development of lipopeptides based products. There is
a knowledge gap on effects of lipopeptides on non-
target organisms, while such research is important to
prevent ecotoxicological effects. Hence the next step
towards the development of products based on
lipopeptides must include investigating the effects of
lipopeptides on non-target organisms.

3.3. Application limits of lipopeptides

Production and application of lipopeptides at
industrial scales is faced with many constraints. The
main one is the high production cost, associated
with the use of expensive commercial media
(Makkar and Cameotra 2002). Thus, during the last
decade, research has shifted towards finding cost-
free or low-cost substrates for lipopeptides produc-
tion (Zouari et al. 2014). Several by-products of
agro-industrial origin have been reported as low
cost alternative substrate, such as soybean (Abalos
et al. 2001), rice straw (Zhu et al. 2012) and potato
waste (Ayed et al. 2018). Other challenges include
inefficient production and recovery methods.
Improving the lipopeptide production process to
become cost-competitive requires development of
efficient multistep downstream processing methods,
including optimization of the culture conditions,
and separation processes for maximum production

and recovery of lipopeptides. Reducing the final
products cost also requires improving the produc-
tion yield of the producer bacterial strains
(Mukherjee et al. 2006). Using recombinant and
mutant overproducing microbial strains, which are
able to grow on a wide range of cheap substrates,
could produce lipopeptides in high yields (Banat
et al. 2010). Furthermore, the process byproducts
should be minimal or managed as recycled products
rather than as wastes (Makkar and Cameotra 2002).

New avenues of research on biosurfactant pro-
duction are opening up, thanks to some emerging
bioprocess intensification strategies currently being
explored. These include coproduction of lipopepti-
des with other economically important compounds
like enzymes, the use of immobilized cells and the
use of nanoparticles. These techniques are promising
to enhance industrial production of lipopeptides
and consequently enable their commercial success
(Singh et al. 2019).

Moving forward with research on lipopeptides also
requires meaningful comparison of the effectiveness
of lipopeptides or derivation of structure-activity rela-
tionships between studies. Yet, the comparison is lim-
ited by the diversity in investigated organisms,
procedures used and concentration ranges tested,
which causes hindrance for further development of
lipopeptides as biological agents. It is necessary to
define a common series of organisms, reference
strains and assaying procedures, and make them
available to characterize newly isolated lipopeptides.
The data could then be added to existing databases
or used to develop new ones, on the basis of using
on molecular tools (Geudens et al. 2018).

Based on all what we cited above, lipopeptides
and EOs have shown potential as biological control
agents. Hence, it is noteworthy to test their combin-
ation for pathogen control. This is further expanded
in Section 4.

4. Combined application of essential oils and
antagonistic microorganisms and
lipopeptides

Very few studies were performed to test the com-
bined effect of EOs with antagonistic microorgan-
isms against plant pathogens. Arrebola et al. (2010)
tested the combination of EOs of C. citrates Stapf.
and T. vulgaris with B. amyloliquefaciens PPCB004
on fungi B. cinerea, P. expansum and R. stolonifer.
In vitro, a culture filtrate of B. amyloliquefaciens
combined with each essential oil individually (5%
(v/v)) provided complete inhibition of the three
fungi at volumes ranging from 2 to 6ll/petri dish.
These volumes are lower than those required by the
EOs applied alone, and which did not allow a total
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inhibition. In vivo, the combination of the bacterial
suspension (108 cfu/ml) and C. citrates essential oil
at 75 ll was tested on peaches inoculated with the
three fungi individually. Synergism has been defined
by Richer (1987) as “the combined action of two or
more agents that is greater than the sum of the
action of each of the agents used alone”.Limpel’s
formula, as described by Richer (1987), was used to
determine synergistic interactions between EOs and
the bacterial strain. Limpel ‘s formula is
Ee¼XþY-(XY/100), in which Ee is the expected
effect from additive response of two treatments and
X and Y are the percentages of disease reduction
relative to each agent used alone (Limpel 1962).
Consequently, if the combination of the two agents
produces values greater than Ee, then synergism is
said to be exhibited. The combination of the bacter-
ial strain and C. citratus essential oil produced a
synergistic effect, as it gave higher results than those
achieved by the essential oil and the bacterial strain
applied alone resulting in a disease reduction of B.
cinerea, P. expansum and R. stolonifer (50%, 42%and
82% respectively). Furthermore, the use of a modi-
fied atmosphere conditioning on the fruits having
undergone the combined treatments, produced an
optimum result by absence of infected fruit and
preservation of fruit quality. In the same context, a
combination of Lactobacillus plantarum A7 (108

cells/ml) with EOs of T. vulgaris at 0.5ll/ml or C.
cyminum at 3 ll/ml resulted in complete inhibition
of Botrytis spp., with lower volumes in EOs than
those required when used separately. The combina-
tions L. plantarum/T. vulgaris (100ll/l) and L. plan-
tarum/C. cyminum (50 ll/l) were further tested
in vivo on strawberries. An improvement in fruit
infection control was observed in comparison with
the unique application of EOs or the bacterial strain,
in addition to the preservation of fruit quality
(Zamani-Zadeh et al. 2014). The author referred to
the effect resulting from the combined use of L.
plantarum and thyme or cumin oils as a synergistic
effect. Nevertheless, his reference wasn’t based on
any definition or equation.

As for combining EOs with lipopeptides, only
one study addressed this type of combination to our
knowledge. Dimki�c et al. (2015) tested the effect of
lipopeptides produced by Bacillus spp SS-12.6 in
combination with EOs of T. vulgaris and Satureja
hortensis, against seven Fusarium species. In vitro,
lipopeptides produced a more significant inhibition
of the fungi in combination with each essential oil,
than that achieved by the lipopeptides applied alone.
According to Limpel (1962) formula, a synergistic
effect was noticed with the combination of lipopep-
tides with T. vulgaris against Fusarium tricinctum, F.
semitectum and F. solani, and with the combination

of lipopeptides with S. hortensis against F. equiseti.
For the remaining species of Fusarium, the effect
produced was additive. These combinations were
also tested in vivo on marigold seeds, and a reduc-
tion in infection was noticed, without a synergistic
effect. The essential oil of T. vulgaris produced an
inhibition of 80% of seed infection when coupled
with lipopeptides, compared to 50% inhibition when
the oil is used alone, without an adverse effect on
germination. Similarly, S. hortensis essential oil
coupled with lipopeptides produced higher inhib-
ition (75%) than that produced by the oil applied
alone (46%) (Dimki�c et al. 2015).

According to the authors of this study, the syner-
gistic effect between lipopeptides and EOs can be
related to their chemical structures, and may be ori-
ented towards cytoplasmic membranes. In addition
to enhancing antifungal activity, the combination of
these substances reduces the required concentrations
in each, which is very useful in in vivo projection
for crop treatments, on economic and environmen-
tal scale. It is important though to establish the
chemical compatibility between EOs and lipopepti-
des prior to their combination in formulations.

More studies need to be performed in this direc-
tion. Further, similar combinations must be tested
against plant attacking insects and nematodes. Both
lipopeptides and EOs have proved to be insecticidal
and nematicidal. Thus, research must be oriented
towards discovering possible additive and synergistic
effects, which can be produced as a result of their
combination. Creating formulations using both sub-
stances at affordable prices will provide farmers
with solutions that are eco-friendly but also effect-
ive, which will ultimately give them a more favor-
able view on bio pesticides in the future.

5. Conclusion and further direction

This review highlights essential oils and lipopeptides
as biocontrol agents of plant pathogens. Both have
showed promising activities against post-harvest
pathogens. Nevertheless, their consideration in the
future for possible applications in crop protection
requires overcoming several limitations. The com-
bination of essential oils and lipopeptides in plant
pathogens control is also discussed, for the possible
synergistic effect resulting from this combination.
More evaluations and tests are required to fully
understand the mechanism of this synergy. The syn-
ergy between plants and other community members
(bacteria, fungi, nematodes and insects) is highly
important. It results in the development of ‘coping’
strategies for community members within the soil.
To make use of this interaction in fields for crop
protection, we need to measure the elements and
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factors that control this synergy, and that requires
system approaches.

Essential oils and lipopeptides link the formation
of distinct communities and their responses in the
soil environment. Future approaches should center
on further refining the classes (qualities) to be
considered. The recommended qualitative approach
contributes to form approximated rules by which
interactions take place within synergy. A more
highly refined systems approach will lead to greater
measurement of the defined system, potentially ena-
bling scenario formation and prediction of synergy
with 100% certainty. Exploration of hybrid mathe-
matic and combinatorial areas enable expansion of
the effect of the groups identified here, throughout
all related community members in the soil environ-
ment. Resolving the scales on which interaction
takes place is another important step towards a
measured predictive model. First, the main classes
for example essential oils and lipopeptides must be
quantified, and their antifungal, nematicidal, insecti-
cidal effects must be measured. The latter will
develop cause-effect, process based and combinator-
ial models of synergy and thus apply our intuition
in crop development with agroecological and wider
ecological impact.
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