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Abstract: Potato late blight disease is caused by the oomycete Phytophthora infestans and is listed
as one of the most severe phytopathologies on Earth. The current environmental issues require
new methods of pest management. For that reason, plant secondary metabolites and, in particular,
essential oils (EOs) have demonstrated promising potential as pesticide alternatives. This review
presents the up-to-date work accomplished using EOs against P. infestans at various experimental
scales, from in vitro to in vivo. Additionally, some cellular mechanisms of action on Phytophthora spp.,
especially towards cell membranes, are also presented for a better understanding of anti-oomycete
activities. Finally, some challenges and constraints encountered for the development of EOs-based
biopesticides are highlighted.

Keywords: Phytophthora infestans; potato late blight disease; oomycete; essential oil; terpenoids;
phenylpropanoids; mechanisms of action; cell membrane

1. Introduction

Potato (Solanum tuberosum L., 1753) is recognized as the third most significant crop
for global human consumption [1]. With an annual production exceeding 350 million tons
harvested over an estimated area of 19 million hectares [1,2], it holds the top position
among non-cereal crops in terms of yield [3]. The versatility of potato in human diets,
coupled with its high edible biomass reaching up to 80% [2], makes it a vital contributor to
food security across the globe [1]. Indeed, S. tuberosum gained success in the food habits of
numerous populations thanks to both the facilities of its cultivation [4,5] and significant
source of energy and essential metabolites (macro and micronutrients) it provides [6,7].
In a world where the population is projected to exceed 9 billion people by 2050 [8], meeting
the increased demand for high-quality food will be crucial, and potato will definitely play a
major role. Given these reasons, efforts focusing on the management of its pests, including
late blight disease, have become strongly promoted topics.

Phytophthora infestans (Mont.) de Bary, 1876, is generally recognized as the worst
pathogen of potato [9]. The first strains originally came from Central America, more
specifically, from the Toluca Valley, Mexico [10,11]. After spreading across the United States,
they migrated to Europe and eventually expanded worldwide. In fact, potato late blight
caused the devastating Irish famine in the 1850s, resulting in the deaths of over 1 million
people and forcing many others to migrate from Ireland [12]. This event spurred scientists
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to start studying plant diseases, leading to the birth of phytopathology as a scientific field
on its own [13]. From now on, in order to effectively combat a plant pathogen, it is crucial
to accurately describe it. This requires a thorough understanding of both its taxonomy
and biology.

The genus Phytophthora encompasses over one hundred species [14]. The majority have
been identified as plant pathogens [15] causing various diseases around the world. They
belong to the clade of oomycetes; these are eukaryotic microorganisms, part of the kingdom
of the Chromista [16,17]. They are usually referred to as “pseudo-fungi” because of some
shared similarities they exhibit with fungi, such as the mode of nutrition and comparable
morphology [18]. Nonetheless, oomycetes phylogenetically diverged from Eumycetes and
differ notably by the content of their cell wall (cellulose instead of chitin) [19,20].

Among those, Phytophthora infestans was probably the first species to be observed and
classified. It is commonly known to cause both potato and tomato late blight disease [21,22].
Potato late blight is widely recognized as the most severe and problematic disease affecting
potatoes. It does not only affect the foliage of potato plants but also the tubers, both before
and after harvest [23]. When the environmental conditions are suitable for its optimal devel-
opment (i.e., relative humidity superior to 90% and temperature between 15 et 25 ◦C) [24],
late blight can devastate a whole field of potato within a matter of days [25,26]. As a
consequence, the annual costs associated with both managing and mitigating the losses
caused by P. infestans were estimated around USD 6 billion in 2015 [23,26,27].

P. infestans’ life cycle is achieved throughout two pathways. Since this organism is
known to be heterothallic, sexual reproduction requires the meeting of two different mating
types, namely A1 and A2 [21]. Mating actions lead to the formation of diploid oospores,
which establish genetic variations within the populations. Genetic recombination occurring
during sexual reproduction is a key phenomenon for the apparition of new resistant or
virulent populations [28]. In addition, oospores also constitute survival structures able to
persist in soil for relatively long periods of time. Nevertheless, asexual multiplication is
most commonly used for dissemination of the disease across the fields [18]. Indeed, along
with its mycelial growth, P. infestans develops sporangia [24]. Sporangia can either directly
germinate to infect plant tissues when temperatures are relatively high (around 20–25 ◦C)
or release motile zoospores produced within them at lower temperatures (between 10 and
15 ◦C) [26,29]. Zoospores are biflagellate cells that need moisture to swim towards new
hosts and participate in additional infection.

At the early stage of infection, spores germinate at the surface of plant tissues by
creating appressoria that are able to enter into host cells. It is the biotrophic phase during
which the first symptoms appear: a white felting starts progressing on the abaxial side of
the leaves [30]. Later on, the pseudofungi switches to the necrotrophic phase and feeds
itself by absorbing plant cellular content [30]. This initiates necrosis during advanced
stages of the infection. It ends up blocking photosynthesis and slowing down tuberiza-
tion. The combination of both these trophic stages is called hemibiotrophy [29]. Globally,
the pathogen survives thus by the persistence of its mycelium but disseminates thanks to
the density of its spores [19]. Infected plants and tubers are therefore the primary source
of inoculum. This is why discarding infected tissues remains the first prophylactic action
useful to avoid potato late blight outbreaks.

While certain lineages (such as US-1, US-8 [31], or EU-13 [32]) have gained legendary
status over the years because of their persistence across different parts of the world [33], new
strains of P. infestans are rapidly emerging [34]. These appear to be more virulent, develop
resistances to previously effective substances (e.g., phenylamides as metalaxyl) [35–37] or
show reduced sensitivity towards others (fluazinam) [38]. They also reproduce faster and
spread more rapidly across fields than before [39]. The emergence of these new pathovars
is making the fight against potato late blight disease more relevant and urgent than ever.
Taking that into consideration, innovative ways for the management of both old and new
strains must be encouraged.
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Current global food production heavily relies on intensive agriculture practices along
with extensive use of fungicides [40]. The efficacy of these synthetic substances starts to fail
because pathogens populations are developing strategies to overcome inhibition properties
and became resistant throughout the years [41,42]. In addition, out of over 4 million tons of
pesticide produced in 2019 (all chemical families considered), it is estimated that only 0.1%
effectively reached the intended target [43]. Consequently, the majority of these chemicals
end up in soils, water bodies, or into the atmosphere, contributing to pollution, altering
species distribution, and causing the destruction of ecosystems [44]. Moreover, the residues
of synthetic pesticides also pose significant risks to human and animal health because they
accumulate in tissues and have been associated with various health issues such as cancer,
mutagenicity, hepatotoxicity, neurotoxicity, nephrotoxicity, and infertility on both livestock
and wild animals [45].

In response to these challenges, there is an urgent need to implement more sustainable
and environmentally friendly agricultural practices. Cultural, harvesting and storage
methods act as the first lines of action for integrated pest management (IPM) by limiting
the dissemination and survival of pathogens [46]. In the case of potato, while numerous
cultivars exist, only a limited number of them are grown on a large scale and are valorized
by the industry. As it currently stands, the market leaders have been selected based on
other criteria such as the yields, the organoleptic properties, and the size and shape of
tubers [47]. This has made their growing hardly possible without chemical control [48].
Yet, varietal selection also plays a significant role in disease management [49]. Many
studies have demonstrated the effectiveness of resistant varieties exhibiting reduced or
even no symptoms of either foliage or tuber late blight [50–53]. Besides this, among
alternative tools, natural molecules including plants metabolites are emerging. Their use
in the frame of IPM recently introduced the notion of biocontrol, recently promoted by
European legislation [54].

The definition of biocontrol is given as “any agent—originated from nature—used
for the management of crop pests”. Unlike common sense would sometimes describe it,
biocontrol not only includes the use of micro and macroorganisms but also semiochemicals
(pheromones and kairomones) and natural substances coming from plants, animals, or of
mineral origins [55–64].

At this point, many research papers have testified the efficacy of specialized microor-
ganism metabolites against P. infestans [65–70]. Similarly, several kinds of plant secondary
metabolites (PSM) have been reported as well [71,72] such as flavonoids, tannins, coumarins,
sterols and alkaloids, but also different kinds of glycosides [73–79]. On the other hand,
researchers also focus on volatile organic compounds specifically found in essential oils
(EOs) in order to harness plant’s arsenal while overcoming the constraints.

To the best of our knowledge, nothing reported in the literature provides a clear
overview of what has been accomplished on the agent of potato late blight so far. In this paper,
we aim to establish a clear overview of the up-to-date works related to the alternative man-
agement of P. infestans through EOs. Before reaching that point, we will briefly define and
classify the metabolites found in essential oils and expose their fields of applications. We
will also touch upon certain mechanisms of action on the cellular structures of Phytophthora
since it has been poorly presented until now [56]. Eventually, we will expose some of the
difficulties encountered while working with such volatile compounds and the techniques
existing for biopesticides development.

This review attempts to provide a better understanding about the means and reasons
EOs could be used to fight phytopathogens such as P. infestans.
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2. Essential Oils as Alternative Management against P. infestans
2.1. Essential Oils Description and Fields of Application

Essential oils are described as complex hydrophobic substances resulting from plants’
secondary metabolism [80]. They are conventionally extracted through hydrodistillation,
steam distillation, or cold pressure [81–83]. They mostly encompass a wide diversity of
volatile organic compounds (VOCs) normally produced and utilized by plants as means
of defense as well as intra- and interspecific communication. More specifically, these
metabolites serve purposes as attracting pollinators, repelling herbivores, combating phy-
topathogens, and ensuring plant immunity [84].

Over the past few decades, essential oils have garnered broad interest in various
industrial and research fields, including food, cosmetic, pharmaceutical, agronomic, and
medical [85,86]. Their chemical composition provides them with a broad spectrum of bio-
logical properties, such as preservative, flavoring, or antioxidant agents [87,88]. Moreover,
extensive studies have already attested their diverse properties as insecticides, herbicides,
fungicides, antibacterial and antiviral agents, particularly useful in the frame of crop pro-
tection [89,90]. Their natural origin, high biodegradability, and generally low toxicity make
them promising candidates for the development of new biopesticides for agronomical
purposes [91]. Despite promising advantages and the tremendous number of studies con-
ducted in this sense, essential oils have encountered difficulties in becoming established on
the market. In fact, biopesticides represent barely 5% of global pesticides sold annually,
among which the large majority is based on microorganisms [92]. This puts plant-based
products way behind and represent thus an opportunity to be seized.

Among their areas of applications, EOs are listed as control agents of pathogenic
microorganisms. Figure 1 illustrates under a technical point of view the distinct protocols
on which anti-oomycete activities can be evaluated. We then present in Table 1 what
has been conducted against Phytophthora spp. with a special focus on P. infestans. Simul-
taneously, we briefly detail the precise experimental design and the associated results
obtained. This will engage further discussion about the challenges and the pertinence of
the methodologies employed.
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Table 1. Overview of literature references on essential oils classified according to the botanical origin (family, genus, and species) tested against Phytophthora spp.
with the experimental design and associated results.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Lamiaceae Thyme Thymus
vulgaris

Sporangial germination on microplate
(ED50 ≈ 0.3 µL/mL)

Mycelium growth inhibition on Petri dish (80% MGI from
0.41 µL/mL)

Detached leave assays
(DSI at 0% from 3.33 µL/mL)

Greenhouse assays on potato plants
(DSR = 80% at 3.33 µL/mL)

infestans

[93]

Fumigation test against mycelium growth (total inhibition from
0.3 µg/mL air)

Contact test against mycelium growth
(total inhibition from 6.4 µg/mL)

Contact effect on sporangia production
(Absence of sporangia from 1.6 µg/mL)

- [94]

Mycelium growth inhibition on Petri dish
(90% inhibition CTC with 4 µL/plate

after 22 days)

Greenhouse experiments on 2 potato
cultivars (1:500 v/v—reduction of 30 and

40% of DSI CTC)
[95]

Fumigation test
(100% inhibition at 1 µL/Petri dish and LC50 = 0.467 µL/mL air) - [96]

Fumigation test on mycelium growth
(Mycelium area ≈ −85% CTC after 19 days) - [97]

Sporangia development on microplate
(IC50 = 99.41 mg/L) - [98]

Mycelium growth inhibition on agar
(Inhibition of 55% CTC at 100 ppm) - [24]

Mycelium growth inhibition on Petri dish
(95% inhibition at 144 and ED50 ≈ 70 mg/L)

Sporangia development
(Completely blocked from 72 mg/L)

Zoospores production and germination
(100% inhibited from 72 mg/mL)

- parasitica [99]
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Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Mycelium growth inhibition
(EC50 ≈ 0.14 µg/mL by contact and
EC50 ≈ 0.11 µg/mL by fumigation)

Sporangia and zoospores production
((EC50 ≈ 0.0475 µg/mL)

Sporangia and zoospores germination
(EC50 ≈ 0.095 µg/mL)

- capsici [100]

Thymus
satureioides

Mycelium growth inhibition on agar
(Inhibition of 80% CTC at 100 ppm) -

infestans

[24]

Thymus
convoltus

Fumigation test on Petri dish
(60% inhibition at 4 µL/Petri after 7 days

LC50 ND)
- [96]

Thymus
pectipatus

Fumigation test on Petri dish
(100% inhibition CTC at 2 µL/Petri after 7 days,

LC50 = 0.452 µL/mL air)
- [96]

Thymus
capitus

Antifungal activity on mycelium growth
(IC50 = 107 µL/L) - [101]

Thymus
algeriensis

Antifungal activity on mycelium growth
(ND) - [101]

Thymus
schimperi -

On-field assays on 2 potato cultivars with
6= levels of resistance

(DSI equal to controls from 46 DAP)
[102]

Thymus
serpyllum

Test by contact in Petri dish with EO
encapsulated in lignin nanoparticles (LNP)

(EC50 = 120 µg/mL for EO alone
and EC50 = 88 µg/mL for EO-LNP)

Greenhouse tests on black pine plantlets
(−20% mortality CTC with EO and no
mortality with EO-LNP after 10 days)

cactorum [103]

Oregano Origanum
vulgare

Fumigation test against mycelium growth (total inhibition from
0.3 µg/mL air)

Contact test against mycelium growth (total inhibition from
6.4 µg/mL)

Contact effect on sporangia production
(Absence of sporangia from 0.8 µg/mL)

- infestans [94]
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Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Fumigation test on mycelium growth
(Mycelium area ≈ −50% CTC after 19 days) -

infestans

[97]

Mycelium growth inhibition on Petri dish
(60% inhibition CTC with 4 µL/plate

after 22 days)
- [95]

Mycelium growth inhibition on agar
(Inhibition of 90% CTC at 100 ppm)

Potato plants in growth chamber on
(25% disease suppression CTC at 0.2%) [24]

Origanum
compactum

Sporangia development on microplate
(IC50 = 96.5 mg/L) - [98]

Origanum
syriacum

Mycelium growth inhibition
(EC50 ≈ 0.07 µg/mL by contact and
EC50 ≈ 0.09 µg/mL by fumigation)

Sporangia and zoospores production
(EC50 ≈ 0.0475 µg/mL) and germination

(EC50 ≈ 0.095 µg/mL)

- capsici [100]

Origanum
majorana

Fumigation test on mycelium growth
(Mycelium area ≈ −35% CTC after 19 days) -

infestans

[97]

Mycelium growth inhibition on agar
(Inhibition EO < formulation EO + PANAM) - [104]

Savory Satureja
montana

Sporangia development on microplate
(IC50 = 74.65 mg/L) - [98]

Rosemary Rosmarinus
officinalis

Sporangial germination on microplate
(ED50 ≈ 0.6 µL/mL)

Mycelium growth inhibition on Petri dish (80% inhibition from
1.66 µL/mL)

Detached potato leaves assays
(−30% DSI CTC from 1.66 µL/mL)
Greenhouse assays on potato plants

(DSR = 90% from 3.33 µL/mL)

[93]

Fumigation test on mycelium growth
(Mycelium area ≈ −15% CTC after 19 days) - [97]
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Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Fumigation test against mycelium growth (total inhibition from
1.2 µg/mL air)

Contact test against mycelium growth (total inhibition from
12.8 µg/mL)

Contact effect on sporangia production
(Absence of sporangia from 6.4 µg/mL)

- [94]

-
On-field assays with 2 potato cultivars
presenting 6= levels of resistance (DSI

equal to the control from 46 DAP)
infestans [102]

Mycelium growth inhibition on Petri dish
(EC50 ≈ 172 µL/L) - nicotianae [105]

Sage Salvia
officinalis

Fumigation test on mycelium growth
Mycelium area ≈ −30% CTC after 19 days) - infestans [97]

Mycelium growth inhibition
(EC50 ≈ 4.86 µg/mL by contact and
EC50 ≈ 1.28 µg/mL by fumigation)

- capsici [100]

Basil Ocinum
basilicum

Fumigation test on mycelium growth
(Mycelium area ≈ −50% CTC after 19 days) - infestans [97]

Mycelium growth inhibition
(ED50 ≈ 120 mg/L) - parasitica [99]

Mycelium growth inhibition on Petri dish
(Total inhibition around 400 ppm for all three strains and

EC50 ≈ 135, 200 and 191 ppm, respectively)

Assays in greenhouse on whole plants of
pepper, cucumber and melon

(DSI reduced by50, 36 and 44% CTC after
50 mL at 100 ppm applied on the roots of

inoculated plants)

capsici
dreshleris
melonis

[106]
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Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Massep Ocinum
gratissimum

Mycelium growth inhibition on Petri dish
(Total inhibition up to 10 days at 300 µL/L with pure EO and at

250 µL/L with nano-emulsion)

Tests on artificially infected tomato fruits
(Disease reduction of 47% and 100% with
900 µL/L of pure EO and nano-emulsion

for preventive tests and of 100% with
900 µL/L of both treatments for curative)

infestans

[107]

Mycelium growth inhibition on Petri dish
(Total inhibition from 6250 µg/mL

after 14 days)
- [74]

Pepper
Mint

Mentha
piperita

Mycelium growth inhibition on Petri dish
(65% inhibition CTC with 4 µL/plate

after 22 days)

Greenhouse experiments on 2 potato
cultivars (1:500 v/v—reduction of 10 and

25% of DSI CTC
over 22 days)

[95]

Fumigation test on mycelium growth
(Mycelium area ≈ −85% CTC after 19 days) - infestans [97]

Mycelium growth inhibition by fumigation (Total inhibition with
100 µL/Petri dish) - [108]

Mycelium growth inhibition by contact
(Total inhibition at 1 µL/mL for all spp.)

Mycelium growth inhibition by fumigation
(Total inhibition at 25 µL/L air for all spp.)

-

capsici
melonis

nicotianae
cinnamoni

citrophthora

[109]

Green
mint

Mentha
spicata

Sporangia development on microplate
(IC50 = 130.56 mg/L) -

infestans

[98]

Mycelium growth inhibition by fumigation (Total inhibition with
100 µL/Petri dish) - [108]

Mentha
pulegium

Sporangial germination on microplate
(Total inhibition after 120 h at 1000 ppm) - [110]

Lemon balm Melissa
officinalis

Mycelium growth inhibition on Petri dish
(70% inhibition CTC 4 µL/plate at day 22) - [95]
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Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Lavender Lavendula
officinalis

Fumigation test against mycelium growth (Total inhibition from
1.6 µg/mL air)

Contact test against mycelium growth
(Total inhibition from 25.6 µg/mL)

Contact effect on sporangia production
(Absence of sporangia from 6.4 µg/mL)

- [94]

Mycelium growth inhibition on agar
(100 ppm—inhibition of 20% CTC) - [24]

Mycelium growth inhibition by contact
(Total inhibition at 5 µL/mL for all spp.)

Mycelium growth inhibition by fumigation
(Total inhibition at 250 µL/L air for all spp.)

-

capsici
melonis

nicotianae
cinnamoni

citrophthora

[109]

Patchouli Pogostemon
cablin

Fumigation test on mycelium growth
(Mycelium area ≈ −25% CTC after 19 days) - infestans [97]

Hyssop Hyssopus
officinalis

Mycelium growth inhibition on Petri dish
(45% inhibition CTC with 4 µL/plate

after 22 days)

Greenhouse experiments on 2 potato
cultivars (1:500 v/v—reduction of 70 and

85% of DSI CTC)
infestans [95]

Zataria Zataria
multiflora

Mycelium growth inhibition on Petri dish in association
with chitosan (CS)
(EO IC50 = 0.039%

and EO + CS IC50 = 0.011%

Assays on wounded cucumber fruits
artificially infected

(DSI −20% CTC with EO alone
and −75% CTC with EO-CS after 7 days at

4 ◦C and then 2 days at 24◦)

drechsleri [111]

Myrtaceae Clove Syzygium
aromaticum

Sporangial germination on microplate
(ED50 ≈ 4.5 µL/mL)

Mycelium growth inhibition on Petri dish (80% MGI from
0.41 µL/mL)

Detached potato leaves assays
(DSI −30% CTC from 3.33 µL/mL)
Greenhouse assays on potato plants

(DSR = 40% at 6.66 µL/mL)

infestans

[93]

Sporangia development on microplate
(IC50 = 28.42 mg/L) - [98]

Mycelium growth inhibition
(Total inhibition from 250 µL/L)

Tests on cocoa pod husk pieces
(DSI −70% CTC at 1000 µL/L after

2 weeks)
megakarya [112]
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Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Eucalyptus

Eucalyptus
globulus -

On-field assays on 2 potato cultivars with
6= levels of resistance

(DSI −25% on sensitive 53 DAP and
DSI −33% on resistant cultivar

60 DAP)
infestans

[102]

Eucalyptus
citriodora

Sporangia development on microplate
(IC50 = 122.11 mg/L) - [98]

Eucalyptus
tereticornis

Mycelium growth inhibition on Petri dish
(Total inhibition from 12,500 µg/mL

after 14 days)
- [74]

Tea tree Melaleuca
alternifolia

Mycelium growth inhibition
(EC50 ≈ 3.59 µg/mL by contact

and
EC50 ≈ 10.07 µg/mL by fumigation)

- capsici [100]

Sporangia development on microplate
(IC50 = 476.37 mg/L) - infestans [98]

Lauraceae

Laurel Laurus
nobilis

Fumigation test against mycelium growth (Total inhibition from
2.0 µg/mL air)

Contact test against mycelium growth (Total inhibition from
51.2 µg/mL)

Contact effect on sporangia production
(Absence of sporangia from 12.8 µg/mL)

-

infestans

[94]

Cinnamon Cinnamomum
cassia

Sporangial germination on microplate
(ED50 ≈ 0.5 µL/mL)

Mycelium growth inhibition on Petri dish (80% MGI from
1.66 µL/mL)

Detached potato leaves assays
(DSI −40% CTC at 6.66 µL/mL)

Greenhouse assays on potato plants
(DSR = 20% at 6.66 µL/mL)

[93]

Sporangial germination on microplates (Total inhibition after
120 h at 1000 ppm) - [110]

Mycelium growth inhibition on Petri dish
(Total inhibition at 72 and ED50 ≈ 40 mg/L)

Sporangia and zoospores production
(Completely blocked from 144 mg/L)

Zoospores germination
(Totally inhibited from 72 mg/mL)

- parasitica. [99]



Molecules 2023, 28, 7302 12 of 38

Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Cinnamomum
zeylanicum

Sporangial germination on microplate
(Total inhibition after 120 h at 1000 ppm) - infestans [110]

Mycelium growth inhibition on Petri dish in association with
chitosan (CS)

(EO IC50 = 0.039% and EO + CS IC50 = 0.011%)

Assays on wounded cucumber fruits
(DSI −35% CTC with EO alone

and −85% CTC with EO-CS after 7 days at
4 ◦C and then 2 days at 24◦)

drechsleri [111]

Mycelium growth inhibition
(EC50 ≈ 0.19 µg/mL by contact and
EC50 ≈ 0.28 µg/mL by fumigation)

- capsici [100]

Mycelium growth inhibition on Petri dish
(Total inhibition from 0.625 mg/mL)

Zoospores’ germination
(Totally inhibited from 0.625 mg/mL)

Sporangia production
(Totally impeded from 1.25 mg/mL)

Effect on leaf necrosis and sporulation on
taro aerial part leaves

(Disease symptoms completely
inhibited—leaf necrosis diameter = 0—and

sporulation entirely blocked
from 1.25 mg/mL)

colocasiae [113]

Cupressaceae Juniper Juniperus
communis

Sporangial germination on microplate
(ED50 ≈ 2.3 µL/mL)

Mycelium growth inhibition on Petri dish (30% MGI from
3.33 µL/mL)

Detached potato leaves assays
(DSI −25% CTC from 3.33 µL/mL)
Greenhouse assays on potato plants
(DSR around 40% at 3.33 µL/mL)

infestans

[93]

Verbenaceae Common
lantana

Lantana
camara

Mycelium growth on Petri dish
(40% inhibition CTC at 2 mL/L after 7 days) - [114]

Piperaceae Pepper Piper
nigrum

Sporangial germination on microplates
(ED50 ≈ 1.2 µL/mL)

Mycelium growth inhibition on Petri dish (30% MGI at
6.66 µL/mL)

Detached leave assays
(DSI −30% CTC from 6.66 µL/mL)
Greenhouse assays on potato plants

(DSI around 50% at 3.33 µL/mL)

[93]

Zingiberaceae Turmeric

Curcuma
longa

Sporangial germination on microplates
(ED50 ≈ 2.5 µL/mL)

Mycelium growth inhibition on Petri dish (60% MGI from
3.33 µL/mL)

Detached leave assays
(DSI −25% CTC from 3.33 µL/mL)
Greenhouse assays on potato plants

(DSR = 75% from 3.33 µL/mL)

[93]

Curcuma
phaeocaulis

Mycelium growth inhibition on Petri dish
(EC50 = 4.9 µg/mL and EC90 = 34.3 µg/mL) - [115]
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Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Mycelium growth inhibition on Petri dish
(EC50 = 0.5 µg/mL and EC90 = 7.1 µg/mL)

Investigation of activity against sporangial and zoospore
production and germination

(No sporangial nor zoospore production at 20 µg/mL and spores’
takes 4×more time to achieve germination at 20 µg/mL CTC)

Protective and curative assays on
detached cucumber leaves

(Control efficacy > 90% CTC for both
preventive and curative activities from

100 µg/mL after 72 h of incubation)

capsici [115]

Ginger Zingiber
officinalis

Mycelium growth on Petri dish
(100% inhibition at 2 mL/L for 7 days)

Greenhouse assays on tomato plants
(DSI −80% CTC after 10 weeks) infestans [114,116]

Mycelium growth inhibition on Petri dish
(Total inhibition from 1250 ppm)

Inhibition of sporangia and zoospores
(Total inhibition for at 625 ppm)

Assessment of necrosis on taro leaves
(Diameter of necrosis ≈0 and no from

1250 ppm sporangia after 72 h)
Reduction in symptoms on taro corms

(−80% DSI CTC at 625 ppm after 7 days)

colocasiae [117]

Asteraceae

Mexican
marigold

Tagetes
erecta

Mycelium growth inhibition on Petri dish
(40% inhibition CTC at 2 mL/L

after 7 days)

Greenhouse assays on tomato plants
(DSI −80% CTC after 10 weeks) infestans [114,116]

Indian
chrysanthe-

mum

Chrysanthe-
mum

indicum

Mycelium growth inhibition on Petri dish
(100% inhibition CTC from 200 µL/L)

Spore germination
(100% inhibition CTC from 200 µL/L)
Fumigation test on mycelium growth

(100% inhibition from 100 µL/L)

- nicotianae [118]

Amaryllidaceae Garlic Allium
sativum

-

On-field assays on 2 potato cultivars
presenting 6= levels of resistance (DSI
−33% CTC 53 DAP on susceptible
−33% CTC up to 60 DAP on resistant) infestans

[102]

Mycelium growth on Petri dish
(100% inhibition at 2 mL/L after 7 days)

Greenhouse assays on tomato plants
(DSI −80% CTC after 10 weeks) [114,116]

Mycelium growth inhibition on Petri dish in DMSO 2%
(EC50 ≈ 1 108 µL/L after 4 days)

On-pot experiments on tobacco roots
(Disease control effect of 46% by root-
irrigation at 1:500 v/v and of 49% by

fumigation at 1:500 v/v)

nicotianae [119]
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Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Rutaceae

Lemon Citrus
limon

Mycelium growth inhibition on Petri dish
(35% inhibition CTC after 7 days)

Inhibition rate of sporulation
(10% inhibition CTC at 1:100 v/v at day 21)

Inhibition of the infection on potato
foliar discs after soaking in EO solutions at

3 dilution rates
(Average inhibition of 5% CTC)

infestans

[120]

Orange Citrus
sinensis

Mycelium growth inhibition on Petri dish
(No inhibition at all tested concentrations 1.15; 2.5; 5; 7.5 mL/L)

Greenhouse experiments
(−80% DSI CTC for protective at 5 mL/L

but no curative effect at 7.5 mL/L)
[121]

Mycelium growth inhibition on Petri dish
(50% inhibition CTC after 7 days)

Inhibition rate of sporulation
(90% inhibition CTC at 1:100 v/v at day 21)

Inhibition of the infection on potato foliar
discs after soaking in EO solutions at 3

dilution rates
(Average inhibition of 65% CTC)

[120]

Mycelium growth inhibition by contact
(No inhibition for none of the spp. even at the highest tested

concentration of 1 µL/mL)
-

capsici
melonis

nicotianae
cinnamoni

citrophthora

[109]

Bergamot Citrus
bergamia

Mycelium growth inhibition on Petri dish
(55% inhibition CTC after 7 days)

Inhibition rate of sporulation
(50% inhibition CTC at 1:100 v/v at day 21)

Inhibition of the infection on potato foliar
discs after soaking in EO solutions at

3 dilution rates
(Average inhibition of 40% CTC)

infestans [120]

Lime Citrus
aurantifolia

Mycelium growth inhibition on Petri dish
(MGI > 95% at 400 ppm after 7 days)
Inhibition of sporangium production
(−50% sporangia at 250 ppm CTC)

Necrosis inhibition tests on taro foliar
discs (At 5000 ppm total necrosis

inhibition for preventive and 50% for
curative test)

colocasiae [122]

Bottle brush Callistermon
citrinus

Mycelium growth inhibition on Petri dish
(Total inhibition from 312.5 µg/mL

after 14 days)
- infestans [74]
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Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Prickly ash

Zanthoxylum
armatum

Mycelium growth inhibition on Petri dish
(Total inhibition at 2.5 µL/mL from 48 h)

Investigation of activity against sporangial and zoospore
production and germination
(No sporangial nor zoospore

production and germination at 2.0 µg/mL)

Protective and curative tests on
pepper fruits

(Control efficacy > 90% CTC for
protective and 80% for curative at

200 µL/mL after 3 days of incubation)

capsici [123]

Zanthoxylum
xanthoxyloides

Mycelium growth inhibition on Petri dish
(Total inhibition from 350 µL/L)

Tests on cocoa pod husk pieces
(DSI −64% CTC at 2000 µL/L

after 2 weeks)
megakarya [112]

/ Tetradium
glabrifolium

Mycelium growth inhibition on Petri dish
(Total inhibition at 20 mg/L up to 96 h)

Activity against spores’ production
(No spores produced at all at 20 mg/L)

Inhibition of spores’ germination (3×more time to germinate at
10 mg/L CTC)

Activity test on detached pepper leaves
(Efficacy ≈ 100% CTC at 500 mg/L for
both protective and curative after 96 h)

Activity test on pepper fruits
(Efficacy ≈ 100% CTC at 500 mg/L

for both protective and
curative after 96 h)

capsici [124]

Poaceae Lemon
Grass

Cymbopogon
nardus

Mycelium growth inhibition
(EC50 ≈ 0.44 µg/mL by contact and
EC50 ≈ 0.25 µg/mL by fumigation)

- capsici [100]

Cymbopogon
flexuosus

Sporangial germination on microplates
(Total inhibition for 120 h

at 1000 ppm)
- infestans [110]

Cymbopogon
citratus

Mycelium growth inhibition on Petri dish
(Total inhibition around 72.5 ppm for all three strains and EC50

≈135, 200 and 191 ppm, respectively)

On-plants assays in greenhouse
(DSI reduced by 30, 70 and 35% CTC

after 50 mL at 100 ppm applied on the
roots of inoculated plants)

capsici
dreschsleri

melonis
[106]

Mycelium growth inhibition on Petri dish
(No growth at 6250 µg/mL after 14 days) - infestans [74]
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Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Mycelium growth inhibition on Petri dish
(Total inhibition at 244 and ED50 ≈ 60 mg/L)

Sporangia and zoospores production
(Totally hampered at 144 mg/L)

Zoospores germination
(Totally inhibited from 72 mg/mL)

- parasitica [99]

Palmarosa Cymbopogon
Martini

Mycelium growth inhibition
(EC50 ≈ 0.10 µg/mL by contact and
EC50 ≈ 0.15 µg/mL by fumigation)

Sporangia and zoospores production
((EC50 ≈ 0.04 µg/mL) and germination

(EC50 ≈ 0.08 µg/mL)

- capsici [100]

Euphorbiaceae Croton Croton
macrostachyrus -

On-field assays on 2 potato cultivars
presenting 6= levels of resistance (DSI
−25% CTC 53 DAP on susceptible and
−15% CTC 60 DAP on resistant)

infestans

[102]

Apiaceae Caraway Carum
carvi

Mycelium growth inhibition on Petri dish
(4 µL/plate—no inhibition at all CTC

after 22 days)

Greenhouse experiments on 2 potatoes
cultivars (1:500 v/v—reduction of 15 and

35% of DSI CTC over 22 days)
[95]

Mycelium growth inhibition
(ND) - [125]

Fumigation test against mycelium growth (total inhibition from
0.4 µg/mL air)

Contact test against mycelium growth
(total inhibition from 6.4 µg/mL)

Contact effect on sporangia production
(Absence of sporangia from 3.2 µg/mL)

- [94]
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Table 1. Cont.

Essential Oil Origin Tested
ReferencesBotanical

Family
Vernacular

Name
Plant

Species
In Vitro Experiments

(EO Concentration—Results Obtained)
In Vivo Experiments

(EO Concentration—Results Obtained)
On

Phytophthora

Cumin Cuminum
cymimum

Mycelium growth inhibition on Petri dish
(Total inhibition at 216 and ED50 ≈60 mg/L)

Sporangia and zoospores production
(80% inhibited from 144 mg/L)

Zoospores germination
(Totally inhibited from 144 mg/mL)

- parasitica [99]

Mycelium growth inhibition on Petri dish
(10% inhibition CTC with 4 µL/plate after 22 days)

Greenhouse experiments on 2 potatoes
cultivars (DSR of 20 and 30% CTC after

22 days at 1:500 v/v)
infestans [95]

Fennel Foeniculum
vulgare

Mycelium growth inhibition
(EC50 ≈ 8.10 µg/mL by contact but
no inhibition at all by fumigation)

- capsici [100]

Dill Anethum
graveolens

Mycelium growth inhibition on Petri dish
(ND) [126]

Cannabaceae Hop Humulus
lupulus

Mycelium growth on twelve-well plates
(IC50 > 1000 mg/L)

Spores’ germination on microplates
(IC50 > 5000 mg/L)

- infestans [76]

Geraniaceae

/ Pelagornium
graveolens

Mycelium growth inhibition
(ED50 ≈ 140 mg/L) - parasitica [99]

Geranium Geranium
spp. (ND)

Mycelium growth inhibition by contact
(Total inhibition at 1 µL/mL for all spp.)

Mycelium growth inhibition by fumigation
(Total inhibition at 100 µL/L air for all spp.)

-

capsici
melonis

nicotianae
cinnamoni

citrophthora

[109]

MGI: mycelium growth inhibition; DSI: disease severity index; DSR: disease severity reduction; IC50: median inhibitory concentration; ED50: median effective dose; LC50: median lethal
concentration; CTC: compared to control (non-treated); DAP: days after planting; ND: no data.
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2.2. Assessing Anti-Oomycete Activities of Natural Substances at Different Laboratory Scales

The biological activity of natural substances against phytopathogens can be evaluated
at different levels. To begin, in vitro assays are extensively cited in the literature as a result
of their convenience for studying the characteristics of microorganisms. This occurs princi-
pally on Petri dishes or in microplates in solid and liquid media, respectively. However, it is
important to keep in mind that these assays only represent an initial step in biopesticide
development. Indeed, many studies confine their experiments away from real conditions.
As a consequence, it prevents the apprehension of the microorganism behavior in its natural
environment in response to the tested substances.

Conversely, as can be observed in Table 1, documentation on in vivo assays is more
limited. This is mainly due to the higher complexity of the experimental setup. Studying
potato late blight under real conditions involves the control of the S. tuberosum–P. infestans
pathosystem. This clearly requires significant resources and time compared to in vitro
assays that can be carried out much faster. Nevertheless, the pathosystem must be im-
plemented in order to understand the actual interactions existing between the pathogen
and its host. It provides evidence for the anti-oomycete effects of active substances under
conditions that are as close as possible to real agroecosystems. In addition, in vivo tests can
be conducted at various scopes.

Firstly, detached leaf assays (DLA) offer an initial approximation of the plant’s reaction
to an infection. As mentioned earlier, leaves are typically the first organ colonized by the
late blight agent. Once the spores reach the leaf surface, they initiate the germination
process and start developing mycelium. This marks the progression of the disease [127].
It results in the apparition of a white felting typically observed and measurable at the
early stage of late blight. Nonetheless, maintaining detached leaves intact has its limits.
Chlorophyll degradation, drying, and bacterial contamination are a few examples that
hinder the long-term conductance of those ex situ experiments. Consequently, DLA may
not always correlate with in situ tests [128].

Secondly, in vivo experiments can be performed on whole plants in controlled green-
house conditions. This allows disease monitoring on the natural host with optimal control
of the pathosystem parameters: temperature, humidity, and photoperiod. They can all
significantly influence the development of P. infestans [129]. Another great deal of interest
when switching on living material is the varietal choice. Indeed, tolerant and susceptible
cultivars do not react the same when facing pathogens [102]. Resistance mechanisms
(R-genes particularly) largely influence the development of the disease [130,131]. Further-
more, distinct Phytophthora strains or isolates belonging to the same species but sampled
from different areas would not react the same manner to the same substances [100,132] nor
express equivalent virulence on plant host [93]. Although belonging to the same species
and causing the same pathology, those populations still exhibit various stages of virulence,
resistance, and rapidity to accomplish their life cycle [133]. Inevitably, this also contributes
to the variability of the results obtained.

Thirdly, studies conducted on field consider numerous parameters that impact not
only the physiology of the pathogen but also the response of the crop [65]. These include
soil physicochemical properties, meteorology, climate, agronomic practices (e.g., fertilizers
and pesticides history, plowing), the presence or absence of other micro-/macroorganisms,
and, of course, the interactions they hold with the pathosystem. Lastly, on-field trials
require a long period of time, large areas, and above all a comprehensive data collection to
ensure accurate interpretation of results. Unlike experiments carried out in the laboratory
(i.e., on Petri dish, in microplates, detached leaves or even on whole plants in greenhouse),
environmental factors cannot be controlled here. Favorable conditions at one point may be-
come unfavorable later, adding complexity to the experiments. In conclusion, the sequential
changes of experimental scales (in vitro, ex vivo, in vivo) are time- and resource-consuming
for the operator, whereas successful laboratory results do not always lead to promising
situation on the field [134].
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2.3. Insights of Essential Oils Activity on P. infestans

In order to correctly discuss protocols carried out in different conditions by different
researchers, adapted comparison values must be chosen. The activity of a substance in vitro
is commonly described as an inhibitory threshold such as IC/EC50 or IC/EC90, or via a
precise % of inhibition at a specific concentration—most often either on mycelium growth
or on spore production or germination. In vivo, the reduction in disease severity index
(DSI/DSR) is used as indicator of either curative or protective properties.

If relevant, these orders of magnitude will be mentioned to facilitate comparisons.
Initially, large in vitro screenings usually serve as preliminary indicators for selecting

highly bioactive compounds with great potential. For instance, Quintanilla et al. and
De Clerck et al. conducted studies on extensive variety of EOs against P. infestans [95,110].
Afterwards, certain EOs are selected for further investigation. As referenced in Table 1,
it is already worth emphasizing the frequency at which some botanical families such as
Lamiaceae (notably with thyme, peppermint, and oregano), Lauraceae (mainly cinnamon)
Myrtaceae (clove and eucalyptus) and Rutaceae are presented in the literature. Interestingly,
the majority of these taxa are part of the most manufactured EOs around the world [135]
and benefit in some cases from large biomass wastes that need to be valorized [82].

During in vitro experiments, mycelium growth occurs as the main parameters moni-
tored to evaluate anti-oomycete power. In that context, EOs can be tested either in liquid
phase (i.e., dissolved in the culture medium with or without an organic solvent and/or
a surfactant)—one qualifies this “by contact”—or in vapor phase during what is called
“fumigation”. From there, it has been demonstrated several times that most of the time,
the vapor phase acts to a much greater extent against Phytophthora spp. than by con-
tact [94,96,100,109,136]. Several protocols were implemented in order to assess mycelium
inhibition on Petri dish and fumigations were by far, the most effective [97]. For instance,
complete inhibition was achieved with as little as 0.3 µg/mL air for both oregano and
thyme oils by fumigation whereas it required up to 6.4 µg/mL in liquid medium to achieve
the same inhibition by contact [94]. Several other EOs follow that trend. It is, however,
not the case for all. Fennel EOs has an EC50 ≈ 8 µg/mL in liquid phase whereas its vapor
phase could simply not cause any inhibition at all, even at the highest concentrations [100].
This is probably due to the lower vapor pressure of the bioactive compounds that prevents
them from acting on mycelium when not in contact with it. Eventually, exposure time is a
critical parameter to assess properly the efficacy of fumigations treatments since volatile
compounds take some time to go from liquid to gaseous state [136].

In addition, in vitro experiments can also deal with sporangia and spores’ production
and their ability to achieve germination. Usually, EOs give better results on reproductive
structures (i.e., sporangia and spores) than on vegetative ones (mycelium). De facto,
effective concentration relative to inhibition of both spores’ production and germination
are commonly lower to those relative to mycelium development. This happened on many
Phytophthora spp. illustrated here: P. infestans [94], P. capsici [100], P. nicotianae [118] and
even on P. parasitica [99].

Beyond distinct effects on various structures of the pathogens, EOs with very similar
composition can conversely generate very contrasting results. Three Rutaceae oils were
compared, and bergamot’s much better activity compared with orange and lemon was
hypothesized to be caused by their slight distinction of minor components [120]. Simi-
larly, three Thymus species were compared from a chemical and biological perspective.
Despite their closely related phylogeny, the EOs extracted from these three plant species
differed significantly in their profiles of secondary metabolites. Consequently, the essential
oils exhibited gradual fumigant effects on P. infestans, at 60%, 80%, and 100% inhibition,
respectively, for T. convolutus, T. pectinatus, and T. vulgaris [96].

Subsequently, oils can further be applied onto whole plants; disease progression
monitored under controlled conditions. Interestingly, a study conducted on two potato
varieties of different susceptibility towards late blight revealed that one of the EOs tested
(hyssop) not only prevented disease progression, but also appeared to enhance plant
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growth [95]. Clearly, EOs impact the development of the pathogen as much as they
modulate plant physiology. Therefore, negative plant response such as phytotoxicity must
be considered [137]. Taking this into account, Quintanilla et al. established a qualitative
evaluation of phytotoxicity and expressed the potential of the tested EOs in regard to both
crop protection and phytotoxic effects [95].

Ultimately, favorable biological properties are sometimes revealed when trials are
extended in the field. For instance, orange oil was not particularly active against mycelium
growth on Petri dish but reduced late blight progression in greenhouse experiments by up
to 80% at a concentration of 5 mL/L [121]. Jointly, rosemary offered the best protection
on potato plants against late blight, whereas thyme and clove were, in contrast, the best
inhibitors on Petri dishes and microplates [93]. Hence, when EO effectiveness is assessed
both in vitro and in vivo, trends in results may occasionally diverge. This makes the
selection of promising chemical biocontrol agent even more delicate. Moreover, when trials
are pushed far enough in time, treated plants end up as infected as the control ones [102].
This demonstrates the limit of protection conferred by EOs when simply applied without
appropriate formulation [83].

Conjointly, EOs are regularly more effective for preventive applications (i.e., applied
before inoculation) than for curative uses (i.e., applied after inoculation) [121–123]. These
two modes of application clearly target two opposing but complementary stages of the dis-
ease. Prevention aims to block spore germination, while the purpose of curative treatments
is to slow down or stop mycelium progression throughout the leaves. As mentioned earlier,
spores seem more sensitive, i.e., inhibited at lower concentrations than mycelium. This cor-
relates with the better performance of EOs as a preventive treatment rather than curative.

Finally, innovative formulations regularly tested in vitro, significantly enhanced the
inhibition over time compared with the oil tested alone [103,104,107,108].

The effects of EOs throughout all listed experimental designs are summarized in
Figure 2. As mentioned previously, anti-oomycete activities can occur towards hyphae
structure and growth as well as the development, production, and germination of repro-
ductive forms.
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Figure 2. Summary of EO impacts on the development of Phytophthora infestans mycelial structures
and reproductive forms, all possible experimental devices taken into account.
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3. Investigating Mechanisms of Action of Essential Oil Components
3.1. Chemical Composition and Variability of Essential Oils

Essential oils are complex mixtures of volatile organic compounds (VOCs) generated
by plants secondary metabolism [138]. They mostly—but not exclusively—gather two
major types of compounds that can be classified based on the metabolic pathway they come
from: terpenoids and phenylpropanoids [139].

Terpenic compounds result from the condensation of several isoprene unit
(IU—C5H8) [140]. Monoterpenes (2 IU—C10) together with sesquiterpenes (3 IU—C15)
frequently account for the majority of essential oil composition [141], although diterpene
(4 IU—C20) and triterpene (6 IU—C30) also exist [142]. Theoretically, “terpenes” strictly
refers to linear or cyclic unsaturated hydrocarbons, whereas “terpenoids” carry various
oxygenated functions which give alcohols, ethers, ketones, aldehydes, or esters [91].

On the other hand, phenylpropanoids are synthetized from the phenylalanine amino
acid notably through the shikimate pathway [138,143]. The chemical structure involves a
benzene ring to which other organic functions can be attached [144]. Phenylpropanoids
occur less frequently than terpenes and are specific to microorganisms and plants [141].

Comparing complex mixtures is not an easy task. Indeed, some species of plants can
exhibit completely different chemical compositions and, consequently, distinct biological
activities of their oil. In fact, plant secondary metabolism can be influenced by both
endogenous and exogenous factors [145]. Endogenous factors refer to the plant genetic,
anatomic and physiological features from which the biomass will be extracted [146]. On the
other hand, exogenous or abiotic factors encompass environmental parameters into which
plants develop. This includes soil properties, altitude, meteorological as well as climatic
conditions (e.g., temperature, humidity, light, and photoperiod) [147–151]. Agronomic
practices—cultivation methods and fertilization or the physiological stage at which the
plant is harvested—are other causes responsible for EO variability [152].

In other words, biotic and abiotic conditions among which plants grow along with
the extraction method—modify EO chemical composition in both qualitative (type of
metabolites) and quantitative (their proportion) manner [105].

To overcome confusion, the chemotype must be specified. A chemotype refers
to a chemically distinct profile of secondary metabolites derived from the same plant
species [83,153]. Small genetic or epigenetic differences can significantly alter the chemo-
type of a plant and, consequently, the composition of its essential oil, even if the plant’s
morphology appears unchanged. Thyme serves as a notable example, with at least seven
different chemotypes identified within the same species [154]. Beyond the notion of chemo-
type, the major/leading compounds also serve to describe EOs—in an approximative way
but with reasonable accuracy [155].

So far, we have always considered essential oils as substances in their own right. Nev-
ertheless, in order to correctly apprehend their mechanisms of action, chemical profile must
be known. Gas chromatographic analysis coupled with mass spectrometry (GC-MS) has
become an essential tool to determine precise compositions of EOs [139,156]. Regrettably,
all studies do not systematically provide a complete GC-MS analysis of the studied oils.
Though, in order to better understand underlying molecular patterns, it seems essential to
be aware at least of the main compounds involved.

For this purpose, we reported in Table 2 —when indicated—the major compound(s)
along with the plant from which the EOs were extracted. These VOCs are classified
according to their metabolic pathway of origin, together with the chemical family they
belong to. They will further be discussed as promising molecules for late blight disease
control. Other plant extracts containing high proportions of the listed molecules are likely
to show appropriate anti-oomycete potentials as well.
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Table 2. Major constituents identified in promising essential oils against Phytophthora spp., classified
according to the metabolic pathways and chemical class they belong to.

Chemical Class Metabolite CAS
Number

Found as Major Component in the
Essential Oils of Reference

Terpenoids

Hydrocarbons

D-limonene 5989−27-5

Citrus limon
[120]Citrus bergamia

Citrus sinensis
Zanthoxylum armatum [123]
Tetradium glabrifolium [124]

Citrus aurantifolia [122]

α-pinene 80-56-8
Rosmarinus officinalis [102,105]

Cistus ladanifer [157]

α-terpinene 99-86-5 Origanum majorana [104]

α-selinene 473-13-2 Chrysanthemum indicum [118]

α-humulene 6753-98-6 Humulus lupulus [76]

γ-terpinene 99-85-4
Thymus vulgaris [96]

Ocimum gratissimum [107]

€-β-caryophyllene 87-44-5 Humulus lupulus [76]

α-phellandrene 99-83-2 Anethum graveolens [126]

p-cymene 99-87-6
Thymus pectipatus [96]

Origanum marjorana [104]

β-ocimene 3779-61-1 Ocimum basilicum [106]

β-elemene 33880-83-0 Tetradium glabrifolium [124]
δ-cadimène 483-76-1 Chrysanthemum indicum [118]

Phenolic
compounds

Carvacrol 499-75-2

Thymus vulgaris [94,96]
Thymus schimperi [102]
Origanum vulgaris [94]

Origanum compactum [98]
Satureja montana [98]
Thymus capitatus [101]
Thymus serpyllum [103]

Thymol 89-83-8

Thymus vulgaris [98–101]
Thymus pectinatus [96]

Ocimum gratissimum [107]
Zataria multiflora [111]

Alcohol

Borneol 507-70-0
Thymus satureioides [132]
Ocinum basilicum [106]

Rosmarinus officinalis [94]

Linalol 78-70-6
Ocinum basilicum [99]

Zanthoxylum armatum [123]

Terpinen-4-ol 562-74-3 Melaleuca alternifolia [98]

Citronellol 106-22-9
Pelargonium graveolens [99]

Zanthoxylum xanthoxyloides [112]

Geraniol 106-24-1 Citrus aurantifolia [122]

Curcumol 4871-97-0 Curcuma zedoaria [115]
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Table 2. Cont.

Chemical Class Metabolite CAS
Number

Found as Major Component in the
Essential Oils of Reference

Ether
Eucalyptol 470-82-6

Eucalyptus globulus [102]
Laurus nobilis [94]

Thymus convoltus [96]
Origanum majorana [104]
Curcuma zedoaria [115]

Dill ether 74410-10-9 Anethum graveolens [126]

Ketone

L-carvone 6485-40-1 Mentha spicata [98,108]

D-carvone 2244-16-8
Anethum graveolens [126]

Carum carvi [125]

L-menthone 89-78-1 Mentha piperita [108]

Camphor 76-22-2
Lavendula officinalis [94]
Thymus convolutus [96]

Aldehyde

Citronellal 106-23-0 Eucalyptus citriodara [98,105]

Neral—Citral B 106-26-3 Cymbopogon citratus [106]

Geranial—Citral A 5392-40-5
Cymbopogon citratus [99,106,121]

Citrus sinensis [121,122]
Zingiber officinale [117]

Ester Bornyl acetate 76-49-3 Citrus aurantifolia [122]

Phenylpropanoids

Ether

Eugenol 97-53-0
Syzygium aromaticum [93,98,112]

Syringa oblata [158]

Methyleugenol 93-15-2 Asarum heterotropoides [159]

Anethole 104-46-1 Foeniculum vulgare [94]

Aldehyde
Cuminaldehyde 122-03-2 Cuminum cyminum [99]

Cinnamaldehyde 14371-10-9
Cinnamomum cassia [99]

Cinnamomum zeylanicum [111,111]

Other metabolic pathway

Sulfur
compounds Diallyl disulfide 2179-57-9 Allium sativum [119]

3.2. Cellular Impacts of Essential Oil Components on Oomycetes

In order to precisely apprehend the mechanisms whereby essential oil components
(EOCs) act on pathogens, attention must be drawn to a molecular scope. Figure 3a provides
a graphical representation of the possible cellular sites of action of EOs bioactive molecules
on oomycetes. Since the cell membrane was revealed to be a hot spot for this topic, Figure 3b
zoomed in to examine precise phenomena occurring on that specific target, along with the
main associated parameters observed to assess them.

As presented above, several modes of action have been highlighted on different cellular
sites of Phytophthora. Still, EOs activities are much more understood on bacteria, fungi or
weeds than on oomycetes [54,91,137,159,160]. Since the literature lacks comprehension on
P. infestans specifically, we extended the scope to Phytophthora spp. and more generally
to oomycetes.
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Figure 3. Possible mechanisms of all reported EO and EOCs on Phytophthora cellular sites: (a) general
impacts on DNA transcription, protein synthesis and activity, osmotic pressure, endoplasmic reticu-
lum, liposomes, vacuoles and mitochondria structures, cell wall structure, and cytoplasmic membrane
integrity. (b) Zoom on deduced mechanisms (in box) towards plasmalemma: membrane disruption,
change in permeability, lipidic peroxidation and ions leaking with the associated parameters assessing
these damages (in italic) and hypothetical perturbation of sterol pathway.

To begin, EOC must access the right cellular location before carrying out any biological
activity. Unlike plants whose tissues are generally protected by a cuticular wax [161],
oomycete mycelium and spores present a relatively simple histology. It enables a faster
translocation of molecules directly towards the cells.

Limited information is provided about the impact of EOCs on the oomycete cell
wall, the first cellular barrier to cross. However, Soylu et al. mentioned cell wall detach-
ment and thickening, which was certainly attributed to an inappropriate biosynthesis
of polysaccharides [94]. Some monoterpenes (D-limonene, α-terpinene, and p-cymene)
were demonstrated to disturb cell wall structure on bacteria [162] and fungi [163]. Due to
the distinctions with oomycete cell wall, we can only hypothesize similar action of ter-
penic compounds, without guaranteeing it. It is worth highlighting that chemical nature
and functional group position characterizing EOC clearly influence their efficacy [99,101].
This might explain for example, the difference of biological activity between isomers such
as thymol and carvacrol. These two phenolic compounds differ in the position of the
hydroxyl group around the aromatic ring. They might interact with hydrophobic sugars
and therefore disrupt the cell wall with different levels of affinity.

When confronted with any signs of cytotoxicity, Phytophthora mobilizes detoxification
tools. Among those commonly found against conventional fungicides, there are efflux
pumps, cell wall bonding [164] or enzymatic complexes such as cytochromes P450 [165].
These defense mechanisms either remove the toxic compound from the cytosol or transform
it into a non-toxic one. None of them were proven to act specifically towards EOC. Yet, some
plant metabolites—notably, thymol or carvacrol—have been described as efficient inhibitors
of efflux pump, but on other microorganisms [166,167]. Similarly, if the efflux of VOCs is
prevented by one of them, global efficacy would certainly be enhanced.

Generally, VOCs biocidal activities towards microorganisms are mostly related to the
lipophilic nature, low molecular weight and high vapor pressure [84,160]. In that context,
cell membranes are key targets for terpenoids and phenylpropanoids. These molecules
easily interact with phospholipids, fatty acid and sterols, perturbating general membrane
integrity [42]. Several biological parameters were reported on Phytophthora plasmalemma
and will be listed as evidence of its disruption.

First, membrane electrical conductivity reflects on electrolytes balance. Changes in
membrane permeability leads to ions leakage [168] which results in abnormal conduc-
tance [169,170]. This has been observed on P. capsici and P. nicotianae facing turmeric
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oil [115], eugenol (a leading compounds of clove oils—among others) [171], C. indicum and
Z. armatum oils (almost exclusively composed of mono- and sesquiterpene) [118,123] as well
as diallyl disulfide (main component of garlic oil) [119]. Additionally, a decrease in the pH
was measured after treatment with eugenol, manifesting abnormal ions flow (in this case
protons) across the membrane [171]. This feature is relatively common with VOCs bearing
a hydroxyl group (carvacrol and eugenol for instance). This chemical function increases the
hydrophilic nature of the molecule which slightly enhances solubility in aqueous medium.
It also gives the ability to easily exchange protons [103].

Second, malondialdehyde (MDA) is a common product of reactive oxygen species
(ROS) reacting with polyunsaturated fatty acids [172]. In the same way, cellular content of
Phytophthora spp. in MDA was measured after facing several treatments with diallyl disul-
fide, eugenol, curcumol or D-limonene, for instance. When mycelial inhibition occurred,
cells showed MDA rates proportional to substances concentrations [115,118,124,171]. Al-
though it probably indicates oxidative stress around the membrane, MDA does not reveal
the oxidation of one specific molecule. Yet, a precise target needs to be identified in order
to correctly apprehend EOC oxidative abilities on the oomycete plasmalemma.

Generally, terpenic hydrocarbons seem less likely to disrupt bacteria cytoplasmic
membrane—notably through oxidations—compared with oxygenated terpenoids [173].
The same assumption could be extended to oomycetes. This was considered by the presence
of geranial, geraniol, or nerol when D-limonene was the major compounds (<90%) in the
oils of several citrus [120]. Linalol was also proved to affect lipids metabolism on another
oomycete (Saprolegnia ferax) [174]. It modified the permeability of both cytoplasmic and
mitochondrial membranes which impacted cellular flow and respiration processes. Similar
results were reported on other fungal phytopathogens: thymol was thought to be responsi-
ble for lipid peroxidation and even to interfere with ergosterol biosynthesis [175–177].

Thirdly, propidium iodine (PI) is a fluorescent probe that crosses damaged plasma
membrane and binds to DNA [178]. It is used to detect dying cells through membrane
degradations. Correspondingly to the previous listed markers (conductivity, pH and MDA
levels), PI fluorescence increased when Phytophthora hyphae were confronted with some oil
treatments [118,124]. While this observation effectively attests membrane damage, precise
lipidic profile should indicate molecular alteration of specific membrane components.

Once into the intracellular medium, EOCs also interfere with the cytoplasmic content.
Osmotic pressure can be revealed by the detection of excessive levels of glycerol in fungi-
like organisms [179]. To be precise, intracellular glycerol levels increased in a turmeric
oil dose-dependent manner [115]. Interestingly, vacuoles swelled and became unusually
larger [94,124], whereas liposomes were also detected abnormal or completely absent
compared to non-treated cells [94,115,123,124]. The endoplasmic reticulum (ER) continuity
also became unusual facing methyleugenol [150].

To sum up, essential oil lipophilic nature is proposed to primarily degrade the cyto-
plasmic membrane. Nevertheless, EOC manifestly perturb organelles as well. As known,
they all are delimited by a membrane although their composition in lipids and proteins
clearly varies [180]. Since they are part of the endo-membrane system connected to the
plasmalemma, we propose to extend the general mechanisms of EOC to all organelles
delimited by such a lipidic structure. This forms what could look like a cellular contin-
uum highly likely to represent a prime target for lipophilic compounds i.e., terpenes and
phenylpropanoids.

Moreover, some other mechanisms of common terpenes have been reported but
consistently on bacteria or fungi rather than on oomycetes [42]. Still, it is worth noting that
linalol affects some protein complex involved in the respiratory chain while mitochondrial
dysfunction by D-limonene was also reported [123,181]. In addition, terpinen-4-ol was in
turn proved to disturb DNA transcription and protein synthesis [182]. Oxygenated VOCs
bearing polar groups reportedly participate in the inhibition of some major enzyme complex
by bonding easily to their active site through the formation of hydrogen bonds [183].
Once again, regarding the fundamental cytologic differences between bacteria, fungi versus
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pseudo-fungi, no strict conclusions may here be drawn. Yet, these assumptions open up
certain attempts to understand. Lastly, citral inhibited the expression of certain effector
genes and could decrease virulence of P. capsici towards its host [184]. This raises a whole
new field of comprehension on a transcriptomic level about pathogen–host interactions
modulated by EOC.

3.3. VOCs Interactions Modulate Biological Activities

The potential of EO heavily relies on the combined activities of the multiple com-
pounds they are made out of. In fact, some cases reported that isolated compounds show
better activity than the whole essential oil at equivalent concentration (e.g., diallyl disul-
fide compared to garlic oil) [119]. In contrast, the whole mixture regularly works better
(e.g., curcumol and β-elemene compared to turmeric oil [115]; D-limonene and linalol com-
pared to the oil of winged prickly [123]; thymol compared to thyme oil [167]). Consequently,
EOC are proved to work either in synergy, with additive effects or as antagonists [90,185].

4. Overcoming Essential Oils Challenges for Biopesticides Development

Natural products are gaining interests due to their ability to be easily degraded and
thus less persistent in the environment, unlike most synthetic pesticides [186]. Above all,
they have shown multiples times biological potential to fight crop disease. However,
these benefits also lead to some challenges to overcome. Indeed, low persistency in the
environment means a shorter time lapse during which the molecules display biological
actions. In fact, natural compounds are usually unstable outside of the cell compartments
they originally come from [85]. High volatility and instability facing oxygen, light, or heat,
contribute to EOC lack of persistence [187]. Furthermore, the hydrophobic nature of
essential oils makes it physically difficult to develop biopesticides sprayable on the fields
because those must be in aqueous solution to be practically used. Therefore, adapted
formulations must be established to overcome these challenges before considering the
breakthrough of plant-based phytosanitary products.

In that field, research has led to much progress since many different and innovative
formulations have already been published. Their purpose is to enhance the slow release
of essential oils onto their target, reduce volatility, increase stability, and improve water
solubility. All these parameters are primordial to ensure spreading and penetration of active
substances throughout the living tissues. In addition, chemical degradations (occurring
through oxidation and isomerization, for instance) must also be prevented to conserve for
as long as possible the initial properties [188]. Formulation helps release progressively
bioactive molecules towards the target at the most appropriate time [189].

In that context, micro and nanoemulsions are very documented strategies used to
formulate EOs. They both consist of homogeneous isotropic colloidal systems where
droplets of EO are dispersed in an aqueous solution with the help of a surfactant and
occasionally co-surfactants [190]. The distinction between these two types of emulsions
lies in the size of dispersed oil droplets related to the free Gibbs energy of the system [191].
The main issue to overcome is finding the appropriate balance between the biologically
active compounds and the most adapted surfactant agent. In fact, the activity of EO
emulsions has been proven to vary similarly to the physico-chemical parameters of the
emulsions, notably according to droplet size, which influences the stability [192–194].

On the other hand, encapsulation refers to any physical or chemical techniques allowing
to enclose and protect a substance to release it in a controlled way [83]. Nowadays, the most
appropriate matrix to encapsulate biopesticides seems to be natural polymers [195,196].
As an example, cyclodextrins are so-called “molecular cages” and intensively studied
for their properties enabling the confinement of VOCs in 3D-structures [197,198].

Finally, many other appropriate ways exist to overcome EO challenges and develop
such biopesticides—both in liquid and solid state. In any case, it must be carefully chosen
according to the application, the agronomic context, and proper targets in order for them to
effectively work [199].
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5. Discussion

We have presented some reasons explaining the limited number of EO-based products
registered for crop protection, despite numerous studies demonstrating the potential
of those secondary metabolites. On Figure 4, we summarized the concerns during the
development of a biofungicide candidate based on essential oils. Nevertheless, further
steps do exist—but are beyond this paper scope —and need to be taken before the actual
launch on the market of such products.
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Pathogen behaviors fluctuate according to conditions and laboratory settings whereas
plant physiology can respond in many different ways to the infection. On the other hand,
EO efficacy also depends on the chosen surfactants because these systematically modify
the biodisponibility of active ingredients [200]. The versatility of essential oils paired with
the complexity of S. tuberosum—P. infestans pathosystem reflects on the high diversity of
protocols that can be tested. Therefore, it is the researchers’ responsibility to report the
limits of the results provided in the laboratory, in greenhouses or in the field. De facto,
no breakthrough of news molecules may be promoted as long the efficacy has not been
tested at each experimental and practical scale.

While most of the time, they clearly interfere with mycelium growth, EOC also slows
the development of sporangia and spores [100]. Hence, the impact towards different tissues
is complementary because cell lysis of vegetative apparatus impedes reproductive organs
development [113]. Evidently, if zoospores cannot be produced nor released, it drastically
reduces the rate of dissemination of the pathogen [201] and thus the progression of the
disease. While some compounds do affect both vegetative and reproductive structures
of Phytophthora [113], others are efficient only on either one of them, leaving the other
relatively intact [171]. To optimize efficacy, research and development focus on substances
able to inhibit both vegetative and reproductive forms. If it acts at different stages of the
life cycle and through multiple mechanisms of action, the biocidal power is more likely to
successfully express. Nevertheless, plant infection is the one to prioritize and reduce above
all stages of the lifecycle.

In order to prevent as much phytotoxicity as possible and guarantee valuable crop
yields [202], there is a need to develop an effective method against P. infestans that will not
(or little) interfere with S. tuberosum physiology [159]. Knowing that the cell membrane
appeared similar to the major site of action of EOCs, we suggest focusing on one of its
specific components.

We mentioned earlier certain particularities of oomycetes cytology. Another interesting
trait is the inability for some species to synthetize their own sterols [203], a characteristic
called auxotrophy. Sterols designate a class of compounds derived from triterpenoids
that ensures—among other roles—membrane fluidity and integrity [204]. Auxotrophic
organisms need to acquire these metabolites by absorption from the cellular content of host
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plants because they are unable to synthetize de novo [205]. Sterols are common to all living
organisms but differ in terms of origin and chemical structures (phytosterols in plants [206]
and ergosterol in fungi [207]). In the case of Phytophthora, certain constituents of essential
oils might interfere with sterols absorption because Phytophthora does not (or very little)
modify them before integration onto its plasma membrane [208]. In conclusion, to achieve
good action of a novel substance, the aim is to ensure that its mechanism relies towards a
cellular site, or a specific metabolite only involved in the homeostasis of the pathogen but
not (or as little as possible) in the one of non-target organisms: plant-host, insects, or soil
microbiome [209].

Apprehending global effects of substances is crucial to guarantee low environmental
toxicity and qualify them as "low-risk" [59] or “generally recognized as safe” (GRAS) [210].
A growing number of synthetic molecules are being forbidden because of dangerous
impacts on human, animal or ecosystem health and need to be replaced [211–213].

Furthermore, EO mixture of active and sometimes multi-target molecules are particu-
larly useful on resistant pathogens [167]. As described earlier, disparate cellular sites can be
disturbed simultaneously by more than on molecules. This puts a lower selection pressure
and decreases chances for the apparition of resistant populations [214].

Lastly, the lesser discussed benefits of EO in the frame of plant protection are known
as eliciting and priming effects [215,216]. They consist of preparing crops to better fight
pathogens or apprehend physiologic stresses by inducing plant defenses [217]. The effects
of EO on plant immunity just began to be investigated.

Nowadays, global food system production is being undermined notably by climate
change [218], loss of soil fertility and novel resistances to pesticides. Besides this, aromatic
and perfume plants—from which most of common EOs are extracted—usually require
significant amounts of fertilizers or phytochemicals to reach acceptable biomass yields [219].
Therefore, growing those plants with conventional and intensive practices to promote
afterwards a sustainable agriculture with plant-based biopesticides—would seem like
nonsense. Moreover, primary resources (water, arable lands, and energy—among others)
are monopolized in some countries for the production of EO. In some cases, it jeopardizes
the survival of local populations.

In brief, the increased demand for EO throughout the years has resulted in severe
environmental and social impacts in some countries of the world. For these reasons,
biomass origin and production methods must absolutely be regulated.

Several other factors contribute to the poor adoption rate of EO as biopesticides: strict
legislation—particularly in the EU compared to the USA, China, or India—[220] low and
sometimes inconsistent persistence of biological activities due to chemical variability and
difficulties to standardize quality and quantity of the production [221]. Lastly, low yields of
extraction impede affordable prices of EOs, which makes it difficult for them to substitute
synthetic pesticides—generally much more affordable [222].

Up to now, only mint and orange EOs (with L-carvone [223] and D-limonene as main
constituents, respectively) have been registered in some countries of Europe, as potato
anti-sprouting agents [224]. Other than that, no EO-based treatment exists on the market
against potato diseases. However, modern monitoring techniques establish potato late
blight diagnostic and plan at best necessary phytochemicals treatments [225,226].

Incontestably, the actual farming world cannot yet work correctly and ensure current
and future needs of food production without conventional pesticides [227]. Nonetheless,
partial substitution of synthetic molecules with plant-based products [228], together with
appropriate methods could ensure a more optimal and sustainable crop protection.

6. Conclusions

• Context on potato and associated diseases: Solanum tuberosum is one of the most impor-
tant crops in terms of human consumption and Phytophthora infestans—an oomycete
causing potato late blight—represents its main threat.
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• Challenges for late blight control: Synthetics pesticides are harmful to human health,
the environment, and biodiversity; thus, biocontrol tools, in particular, natural molecules
extracted from plants, such as essential oils, are gaining interest.

• Current research status: Numerous in vitro studies demonstrated the efficacy of essen-
tial oils, but in vivo trials are still lacking.

• Inconsistencies in the results: Essential oils tested against P. infestans are not unanimous
in their effectiveness and do not systematically present same potential at different
experimental and practical scales.

• Incomplete understanding of mechanisms of action: Essential oil components primar-
ily target cell walls and membranes but also other cellular structures, which must be
further explored.

• High diversity of VOCs composition: Investigation on essential oil major compounds
may allow better comprehension of the global mechanisms of action.

• Main challenges for EO-based biopesticides: Finding substances that specifically dis-
turb Phytophthora cellular machinery without impacting the host plant (phytotoxicity)
nor other living organisms (ecotoxicity).

• Need for optimal formulation: EO requires appropriate physico-chemical methods to
ensure stability, target-specific delivery, and long-term activity.

• Take-home message: Essential oils definitely present high anti-oomycete potential to
cure diseases such as late blight caused by Phytophthora infestans; however, cellular
sites of action must be better understood, and appropriate formulations developed to
obtain effective biopesticides.
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