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The use of conventional pesticides is debated because of their multiple potential
adverse effects on non-target organisms, human health, pest resistance development
and environmental contaminations. In this setting, this study focused on developing
alternatives, such as trunk-injected essential oil (EO)-based biopesticides. We analysed
the ecophysiology of apple trees (Malus domestica) following the injection of
Cinnamomum cassia and Mentha spicata nanoemulsions in the tree’s vascular system.
Targeted and untargeted volatile organic compounds (VOCs) analyses were performed
on leaf-contained and leaf-emitted VOCs and analysed through dynamic headspace—
gas chromatography—mass spectrometry (DHS-GC-MS) and thermal desorption unit
(TDU)-GC-MS. Our results showed that carvone, as a major constituent of the
M. spicata EO, was contained in the leaves (mean concentrations ranging from 3.39
to 19.7 ng gpw ™) and emitted at a constant rate of approximately 0.2 ng gow~' h=".
Trans-cinnamaldehyde, C. cassia’s major component, accumulated in the leaves (mean
concentrations of 83.46 and 350.54 ng gpw ™~ ') without being emitted. Furthermore, our
results highlighted the increase in various VOCs following EO injection, both in terms of
leaf-contained VOCs, such as methyl salicylate, and in terms of leaf-emitted VOCs,
such as caryophyllene. Principal component analysis (PCA) highlighted differences in
terms of VOC profiles. In addition, an analysis of similarity (ANOSIM) and permutational
multivariate analysis of variance (PERMANOVA) revealed that the VOC profiles were
significantly impacted by the treatment. Maximum yields of photosystem Il (Fv/Fm) were
within the range of 0.80-0.85, indicating that the trees remained healthy throughout
the experiment. Our targeted analysis demonstrated the systemic translocation of EOs
through the plant’s vascular system. The untargeted analysis, on the other hand,
highlighted the potential systemic acquired resistance (SAR) induction by these EOs.
Lastly, C. cassia and M. spicata EOs did not appear phytotoxic to the treated trees, as
demonstrated through chlorophyll fluorescence measurements. Hence, this work can
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be seen as a proof of concept for the use of trunk-injected EOs given the systemic
translocation, increased production and release of biogenic VOCs (BVOCs) and absence
of phytotoxicity. Further works should focus on the ecological impact of such treatments
in orchards, as well as apple quality and production yields.

Keywords: essential oil, biopesticide, Malus domestica, trunk-injection, Cinnamomum cassia, Menthas picata,

systemicity

INTRODUCTION

Apple Malus domestica Borkh is the most cultivated fruit crop
worldwide, reaching a production of 84.7 million tonnes in 2016
and representing a gross product value of US § 45.8 billion
(FAOSTAT). As any other plant, apple trees are subject to abiotic
and biotic stresses that cause important economic losses. Apple
trees suffer from fungal, viral and bacterial diseases; insects; mites;
and nematodes (Kellerhals et al., 2012). The rosy apple aphid,
Dysaphis plantaginea, and the apple worm, Cydia pomonella, are
amongst the most serious apple pests (Rousselin et al., 2017),
whilst the main diseases are apple scab, powdery mildew, and fire
blight caused by the fungi Venturia inequalis and Podosphaera
leucotricha and by the bacteria Erwinia amylovora, respectively
(Jamar et al., 2010). All these factors can impair production
or marketable yields because apples do not fulfil the minimum
quality criteria. Currently, the most applied delivery method for
pest control is air-blast spray application of pesticides to the tree
canopy (Damos et al., 2015). However, pesticide off-target drift
can lead to adverse effects on non-target organisms. Over the
last 50 years, biodiversity has been reduced by up to 50% in
European bird species and by 20-30% in British and German
flora (Geiger et al., 2010). Pesticides can cause environmental
contamination and risks for human health through excessive
residues on the fruit (Damalas and Eleftherohorinos, 2011).
Additionally, pests can develop resistance to these pesticides,
which usually contain a single active molecule (Alins et al., 2017).
Altogether, this suggests that the plant protection product (PPP)
mode of application selection is an economic and ecological
challenge around the world. As a result of the negative perception
of synthetic pesticides, causing negative effects on human health
during and after application, and fears of their excessive residues
in or on fruit, consumer demand for agricultural products
without synthetic pesticide residues from excessive phytosanitary
treatments has increased. This is why alternative solutions have
been investigated, such as biological pesticides or biopesticides.
An abundant body of literature is published each year concerning
the prospect of plant essential oils (EOs) as active ingredients in
the production of biopesticides (Campos et al., 2019).

The International Organisation for Standardisation (ISO)
defines an EO as a “product obtained from vegetable raw
material, either by distillation with water or steam, or from
the epicarp of citrus fruits by a mechanical process, or by dry
distillations.” Due to their biological activity, they have long
been applied in cosmetics, therapeutics, and food applications
(Hiisnii Can Baser and Buchbauer, 2015). The composition of
EOs is highly variable and comprises a tremendous diversity of
compounds. However, most of them belong to the terpenoids

(mono- or sesqui-) or phenylpropanoids class of compounds,
both of which have high lipophilicity and volatility, especially at
room temperature. The secondary metabolites of EOs originate
from methylerythritol phosphate and phenylalanine pathways
(Rehman et al., 2016).

Some of the volatile organic compounds (VOCs) contained
in EOs play a major role in plant defence mechanisms against
bacteria, fungi, viruses, and herbivores (Bakkali et al., 2008).
Therefore, much research has been performed to integrate these
antibacterial, fungicidal, and insecticidal EOs as alternatives
for sustainable agronomic practices, limiting environmental
and health hazards. Indeed, due to their rapid degradation
and since they are generally recognised as safe (GRAS), they
represent an interesting alternative application of most synthetic
conventional pesticides (Koul et al, 2008). Two EOs were
used in this study:cinnamon EO (Cinnamomum cassia J. Presl)
and mint EO (Mentha spicata L.). They both present well-
documented biopesticidal activity (Singh and Pandey, 2018; De
Clerck et al., 2020) due to their insecticidal and fungicidal
(Muchembled et al., 2018; Lee et al., 2020) properties, which
have already led to commercial product development (Isman
et al., 2011; Isman, 2020).For example, mint EO has presented
an inhibition concentration between 24 and 83 mg L~ l'on
apple scab, depending on the strain (Muchembled et al., 2018).
C. cassia, on the other hand, possesses a lethal dose 50 of 17.41 pl
ml~! on aphid Myzus persicae (Ikbal and Pavela, 2019).

Nevertheless, particular attention must be paid to the
formulation of EO-based pesticides (Acimovi¢ et al., 2020).
A well-studied formulation could, on the one hand, counter
the high volatility of EOs and ensure the prolonged release of
the active substance and, on the other hand, attenuate potential
phytotoxic effects (Moretti et al., 2002; Maes et al., 2019). EOs
can impact many plant physiological processes (water status
alteration, membrane integrity, respiration, and photosynthesis
inhibition) through diverse modes of action, such as reactive
oxygen species (ROS) induction and enzymatic or phytohormone
regulation (Werrie et al., 2020). In this regards, chlorophyll
fluorescence has been proven useful to evaluate plant vitality and
response to abiotic stress (Kalaji et al., 2016). The application
of EOs in apple tree may lead to phytotoxicity depending on
the application method, concentration, and adaptive duration.
For example, 7% of flowers were injured for clove oil in a
thinning experiment for concentrations as low as 2% (Miller
and Tworkoski, 2010). Fruit damages were also reported in
postharvest treatment with savory, oregano, and thyme EOs
at concentrations of 1-10% for the purpose of controlling
Botrytis cinerea and Penicillium expansum (Lopez-Reyes et al.,
2010). Nevertheless, fruit damage was not observed with
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thermal fogging treatment of lemongrass and citrus EOs at a
concentration of 0.125% to control B. cinerea (Mbili et al., 2017).
Therefore, the mode of EO application, the formulation and the
selection of the active substance must be adapted for specific
purposes and carefully evaluated.

Trunk injection is a method of applying chemicals directly
to the vascular system of the tree after bark piercing, and
the chemicals are then distributed systemically through the
xylem tissue. This application method directly targets pests
whilst reducing environmental exposure to pesticides and input
quantities (Doccola and Wild, 2012; Wise et al, 2014). It
has recently been experimented to fight fungi, such as apple
scab, Venturia inaequalis, and powdery mildew, Podosphaera
leucotricha, with disease severity reductions of 22-55 and 41.8-
73.5% depending on the season and the product considered
(potassium phosphites and synthetic fungicides) (Percival and
Boyle, 2005; Ac¢imovi¢ et al, 2016b). A similar experiment
on insect species [codling moth Cydia pomonella (L.), rosy
apple aphid Dysaphis plantaginea (Passerini) and green apple
aphid Aphis pomi (Passerini)] reported up to two seasons of
control after a single injection of imidacloprid or emamectin
benzoate (Wise et al., 2014). Spatial and temporal distributions
of imidacloprid in leaves have been investigated (Ac¢imovic et al.,
2014), as well as residues to nectar and pollen, which were
below the Environmental Protection Agency (EPA) threshold of
25 ng g~ ! for imidacloprid (Coslor et al., 2019). Although the
management of the injection timings may help to keep residue
under the toxic limit, systemic resistance inducers have also been
explored with the injection of acibenzolar-S-methyl (ASM) to
induce systemic acquired resistance (SAR) and to control fire
blight (Ac¢imovic et al., 2015).

In the present study, we aimed to determine the distribution
of trunk-injected EOs in young apple trees, thus proving their
systemic movement by quantifying target VOCs, both within
leaves and by aerial emissions. We also determined the impact
of injected EOs on tree physiology by monitoring chlorophyll
fluorescence and untargeted VOCs.

MATERIALS AND METHODS

Essential Oils

The cinnamon EO (C. cassia J. Presl) and mint EO (M. spicata
L.) used in this study were purchased from Pranar6m (Pranarém
& Herbalgem, Ghislenghien, Belgium). Before formulation of the
EOs, the oil composition was analysed by gas chromatography
associated with mass spectrometry (GC-MS). These analyses were
carried out on a 7890A-5975C GC-MS equipped with an HP-5MS
30 m x 0.25 mm x 0.25 wm capillary silica column (Agilent
Technologies Inc., Santa Clara, United States). The operating
conditions were the following: helium flow of 1.0 ml min~!; the
oven temperature was programmed at 40°C for 2 min, increased
to 100°C at a rate of 5°C min~!, increased to 120°C at a rate
of 3°C min~!, held for 3 min, increased to 220°C at a rate of
5°C min~!, and finally increased to 310°C at a rate of 15°C
min~!. One microliter of a 1 mg ml~! EO solution in hexane
(HPLC grade, Merck KGaA, Darmstadt, Germany) was injected

in splitless mode. The injector, quadrupole and MS temperatures
were 250, 150, and 230°C, respectively. The mass spectrometer
(MS) ran in electron impact (EI) mode at an electron energy of
70 eV. Mass spectra were acquired in the range of 30-400 atomic
mass units (amu).

Emulsion Formulations

To facilitate injection and diffusion of EOs in the tree vascular
tissue, a water-soluble, stable, and homogenous EO emulsion
was prepared. To prepare 100 ml of the 0.5% (v/v) EO/water
emulsion, 2 ml of Tween 80 (CAS 9005-65-6, Merck KGaA,
Darmstadt, Germany) and 20 ml of 100 mM ethylene diaminete
traacetic acid (EDTA) (Titriplex III, Merck KGaA, Darmstadt,
Germany) solution were added to 15 ml of water under constant
agitation at 1,250 rpm. Water was then added to bring the final
volume to 100 ml. After 5 min under constant agitation, the
solution was then stabilised by high-speed homogenisation for
6 min at 9,500 rpm (Ultra-Turrax T25, IKA WERKE, Staufenim
Breisgau, Germany) and by high-pressure homogenisation with
eight cycles at 5,000 psi (FMC, Philadelphia, United States).
The emulsion stability was checked by analysing the EO
particle sizes and distribution in solution with a particle
sizer (Beckman Coulter Delsa™ Nano C Particle Analyser,
California, United States).

Biological Material

Experiments were performed on 2-years-old apple trees
(M. domestica Borkh, cv “Jonagold” grafted on M26 rootstock)
obtained locally (Serres de Sauveniéres, Gembloux, Belgium).
The trees were 155 £+ 15 cm high and presented a trunk
diameter of 2 £ 0.2 cm above the graft union. During the
experimental phase, the plants were placed in an environmental
chamber with controlled environmental conditions [21 4 0.5°C,
62 £ 10% relative air humidity and 16:8 h light/dark periods
and photosynthetically active radiation (PAR) of 50 jtmol m?
s~!]. Plants were watered every day with 500 ml of water. They
developed fully expanded leaves but were free of flowers or fruit.

Trunk Injection System

The trees used in the experiment were drilled right above the
grafting union with holes that were 1 mm wide and 1 cm deep.
Three trunk injection ports per tree trunk were created and
were positioned at an equal distance from each other (each
120° of trunk radius). Each injection port was slanted upward
at a 60° angle in relation to the trunk axis (Figure 1). Needles
(BD vacutainer® safety lock 23G, Becton Dickinson, New Jersey,
United States) were inserted into the ports and connected
on the other side to drip bags (Baxter®, Baxter International
Inc., Deerfield, United States) filled with the solution injected
(Figure 1). Four different treatments were tested using three
biological replicates over a period of 96 h. The first two modalities
were treated with EO emulsions (one with cinnamon oil and
the other with mint oil), the third was a negative control
(emulsion exempt of EOs) and the fourth was a blank treatment
(no injection). To avoid cross-contamination, the treatments
were delivered separately from each other at different times.
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FIGURE 1 | Laboratory trunk-injection device (left) and sampling of leaf-emitted volatile organic compounds (VOCs) (right).

Tenax TA
cartridges

Nalophan
bag

Activated *
charcoal

Air sampling
pump

_

Treatments were applied on different trees each time with a
chamber ventilating period of 2 days.

Volatile Organic Compound Sampling by

Headspace Techniques

Leaf-Contained VOCs

Ten leaves were homogenously sampled at t = 0, 24, 48, 72,
and 96 h on each replicate tree. Sampling was performed by
cutting the leaves at their base and dipping them into liquid
nitrogen before storage at -80°C prior to dynamic headspace-
gas chromatography-mass spectrometry (DHS-GC-MS) analysis.
A dry weight (DW) measurement was performed at the end of
the experiment at 60°C until constant weight to obtain content

results in ng gpw L

Leaf-Emitted VOCs

The headspace was sampled following the protocol for the volatile
collection of aphid-infested leaves from an apple tree (Stewart-
Jones and Poppy, 2006). Briefly, two Tenax TA® 60/80 cartridges
(Camsco®, Houston, United States) were attached to an inert
polyethylene terephthalate (PET) bag (Nalophan®, Odometrics,
Arlon, Belgium) enclosing a single branch. The trapping of
emitted VOCs was performed by constant air sampling of
50 ml min~! using a Gilian air sampling pump (Sensidyne®,
St. Petersburg, United States) attached to the other side of the
cartridges (Figure 1). Briefly, air enters the bag through the
activated charcoal tube, loads in the VOCs and exits the bag
through the Tenax TA cartridges, which capture VOCs. The
bag and its connected cartridges were set up on each tree
(n =3) at t = 0 h. The cartridges were then replaced at ¢t = 24,
48, 72, and 96 h and stored at —80°C prior to the GC-MS
analysis. At the end of the experiment, all leaves enclosed in the
bag were sampled and weighed. A DW measurement was also
performed on these leaves at 60°C until constant weight to obtain
results in ng gpw ' h™ L.

VOC Analysis: Sample Preparation and

GC-MS Analysis

Leaf-contained VOCs were analysed by DHS-GC-MS. Before
dynamic headspace sampling (DHS), the leaves were ground
(A11 basic grinder, IKA WERKE, Staufenim Breisgau, Germany)
with liquid nitrogen. Then, 1 g of freeze-grinded leaves was
put in a 20 ml screw cap vial (Gerstel®, Miilheiman der Ruhr,
Germany), and 2 ml of a 20% (w/v) NaCl solution was added
to create a salting out effect (Liberto et al., 2020). Afterward,
the sealed vial was incubated in the dynamic headspace system
at 35°C for 20 min (automated dynamic headspace DHS,
Gerstel®, Miilheiman der Ruhr, Germany). The headspace was
then dynamically transferred to a Tenax TA cartridge by
applying 1,200 ml of nitrogen at a flow of 30 ml min~!,
The cartridge was then drypurged at 50 ml min~! for 4 min.
The cartridge was then sent to the thermal desorption unit
(Thermal Desorption Unit TDU 2, Gerstel®, Miilheiman der
Ruhr, Germany) for GC-MS analysis. The thermal desorption
parameters used were the same as those described below for
leaf-emitted VOCs. Tenax TA® porous polymers, based on 2,6-
diphenyl-p-phenylene oxide, are widely used as an adsorbent in
purge trap applications and plant headspace analysis due to their
high versatility.

Leaf-emitted VOCs were analysed by TDU-GC-MS. Before
thermal desorption, 1l of 0.4 mg ml~! 1-phenyloctane (CAS
2189-60-8, Merck KGaA, Darmstadt, Germany) in hexane was
added to the cartridge by a multipurpose sampler (Multi-Purpose
Sampler MPS, Gerstel®, Miilheiman der Ruhr, Germany). The
addition of 1-phenyloctane as an internal standard (IS) allowed
for semiquantification of the VOCs present on the cartridge.
The VOCs were then thermally desorbed in the TDU and
cryofocused in the cooled injection system (CIS) (Gerstel®,
Miilheiman der Ruhr, Germany). The TDU temperature program
was 40°C for 1 min and was increased to 280°C at a rate
of 100°C min~! and held for 5 min. CIS was mounted
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with a baffled glass liner and operated in solvent vent mode,
and the temperature program was -60°C for 0.10 min, which
was increased to 250°C at a rate of 12°C s~! and held
for 2 min following existing protocols (Delory et al, 2016;
Durenne et al., 2018).

The analyses were carried out on a 7890A-5975C GC-MS
equipped with an HP-5MS 30 m x 0.25 mm x 0.25 pm
capillary silica column (Agilent Technologies Inc., Santa Clara,
United States). The operating conditions were the following:
helium flow of 1 ml min~! and oven temperature 40°C for
2 min, which was increased to 220°C at a rate of 5°C min~!
and finally increased to 310°C at a rate of 15°C min~! and held
for 3 min. The quadrupole and MS temperatures were 150 and
230°C, respectively. The MS ran in EI mode at an electron energy
of 70 eV. Mass spectra were acquired in the range of 30-400 amu.

For untargeted analysis, identification was based on
comparison of the obtained spectra with the reference mass
spectra from the NIST 17, Wiley 275 and pal 600 databases.
Moreover, experimental retention indexes (RIs) were calculated
using C7-Cj3 solutions and compared to literature RIs. Technical
grade standards were injected to ensure identification (Nea et al.,
2019; Tanoh et al., 2020). Semiquantification was performed
using the following formula:

compound A area

Compound A concentration = * IS concentration

IS area

Detection and quantification of the major compounds of
EO were performed in single-ion monitoring (SIM) mode.
Based on the characterisation of the selected EOs, calibration
curves in TDU-GC-MS using pure standards were established
for each major component of the EO: (+)-carvone (CAS

2244-16-8, 99.9% purity, Supelco®, Missouri, United States)
for mint and trans-cinnamaldehyde (CAS 14371-10-9, >99%
purity, Merck KGaA, Darmstadt, Germany) for cinnamon oil.
The 6-point calibration curves were established by injecting
1pl of the standard solution in hexane (Merck KGaA,
Darmstadt, Germany). For (4)-carvone, ions 108 and 93
were selected as qualifiers, and ion 82 was selected as he
quantifier. A calibration curve (y = 0.527x+0.020, R? = 0.985)
was established in triplicates between 1.50 and 861.05 pg
ml~!. For trans-cinnamaldehyde, ions 132 and 103 were used
as the qualifier, and ion 131 was used as the quantifier.
A calibration curve (y = 0.628x+0.018, R? = 0.989) was
established in triplicates between 0.623 and 954.50 pug ml~!.
The IS 1-phenyloctane was also used at a concentration
of 400 g ml~ 1.

Chlorophyll Fluorescence Measurements

The potential phytotoxic effect of EOs on the photosynthetic
efficiency of plants was evaluated by estimating the maximum
quantum efficiency of photosystem II (Fv/Fm) with a
fluorimeter (Handy PEA+, Hansatech Instruments Ltd.,
Norfolk, United Kingdom). For a healthy sample, this ratio is
around 0.83 and lowers as plant stress increases, reaching 0.3
at the end of senescence (Bresson et al., 2018). Moreover, the
maximum quantum yield of photosystem II has been used to
evaluate foliar response after EO application (Synowiec et al.,
2015, 2019). Measurements were performed at the same time of
day for each time considered (t = 0, 24, 48, 72, and 96 h for each
modality tested). Fv/Fm was assessed on three leaves randomly
selected on each tree. Before the measurement, the leaves were
dark-adapted for 20 min using leafclips. Fv/Fm measurements
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were then performed by exposing the leaves to light intensity of
3,000 pmol m~2 s~ !

Statistical Analysis

The results from the targeted VOCs were visualised, and
detailed nonparametric statistical analysis (Kruskal-Wallis test
and Dunn’s test) was generated in Rstudio with ggstatplots
(Patil, 2018). The untargeted VOC profiles, either contained or
emitted, underwent several statistical analyses to understand
the impact of the treatments performed on the apple trees.
First, one-way analysis of variance (ANOVA) was performed
for each VOC present in the profiles to understand which of
them were significantly different between treatments using
Tukey’s post hoc test. Descriptive statistics were coupled with
principal component analyses (PCA) and heatmaps to visualise
treatment effects and which VOCs they impact. All of these
analyses were performed with metaboanalyst' (Pang et al.,
2020). Analysis of similarity (ANOSIM) and permutational
multivariate analysis of variance (PERMANOVA) were
performed between the different treatments. PERMANOVA
tests the simultaneous response of one or more variables
to one or more factors based on a similarity/distance
matrix with permutation methods (Anderson, 2017). The
ANOSIM and PERMANOVA were calculated in Rstudio
(R 3.5.2 software, R Development Core Team, Boston
United States) using the VEGAN package. ANOSIM and
PERMANOVA were performed to establish if the contained
and emitted VOC profiles were significantly impacted by the
treatment. For fluorescence measurements, two-way repeated
measures ANOVA was performed on the Fv/Fm dataset with

! www.metaboanalyst.ca

treatments and time as a factor, followed by the pairwise
t-test. A probability cutoff of a = 0.05 was applied for tests
of significance in all statistical analyses and adjusted with the
Bonferroni correction.

RESULTS

Essential Oil Compositions and

Formulations

GC-MS analysis of the EOs demonstrated that C. cassia oil was
composed of 91.22% trans-cinnamaldehyde, and M. spicata was
mainly composed of carvone (57.78%) and limonene (25.28%).
A detailed composition can be found in the Supplementary
Tables 1, 2. The EO compositions are similar to those reported
before (Snoussi et al., 2015; Zhang et al, 2019). A stable
nanoemulsion had a mean particle size diameter below 200 nm
and a polydispersion index < 0.2.

VOCs Spectra Analysis

Targeted Essential Oil Compounds

Regarding mint EO, the main compound, carvone, was found in
both the emission and in the leaves, as displayed in Figure 2.
The emission rate into the air was constant throughout the
experiment at around 0.2 ng gpw~! h™!. The leaf content,
however, was more variable within and between 24 and 48 h.
Indeed, the carvone content varied between 3.39 and 19.7 ng
gpw !, with a maximum 2 days after injection. However, as
this compound was not found in the other treatments of the
experiment, it demonstrates the systemic translocation of the
trunk-injected mint EO.

Ywusarwaisl) = 840, p = 0.078, o ginar = 0.60, Clgss, [0.27, 0.98], ngys = 15
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[ 7= 85.53. Clasyl0. 171.06] |
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FIGURE 3 | Boxplot of trans-cinnamaldehyde contained (in ng gpyw ™) in the leaves over time after injection.

i~ 350,54, Clgs.[44.88. 688.31]

[ 7-213.68, Closn(156.36.271.19)
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96
(n=3)
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Pairwise test: Dunn test; Comparisons shown: only significant
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Trans-cinnamaldehyde, the main compound of cinnamon
EO, was only recovered in the content of the leaf (and
not in the air emission). However, this content was much
higher in comparison to carvone, ie., mint EO content,
as observed in Figure 3, reaching 350 ng gpw ! 72 h
after injection.

Untargeted VOCs Emitted (TDU-GC-MS)
A total of 56 compounds were detected in the headspace
emissions profiles of M. domestica trees belonging to the

alkanes, alkenes, alcohols, aldehydes, aliphatic and aromatic
esters, furanes, homoterpenes, ketones, monoterpenes,
sesquiterpenes, and terpenoids (Supplementary Table S3).
A selection of biogenic VOCs (BVOCs) that have a
major biological role in the environment, such as pest
attractant, attraction of pest-killing parasitic ~ wasps,
antennal response elicitor, or herbivory-induced plant
volatile (Gershenzon and Dudareva, 2007; Hare, 2011;
Souza et al, 2017), is presented in Figure 4. The apple
trees that we injected with both EOs emitted the largest
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TABLE 1 | Pairwise permutational multivariate analysis of variance (PERMANOVA)
comparisons for volatile organic compounds (VOCs) emissions
between treatment.

No injection Cinnamon Control
Cinnamon 0.006** - -
Control 0.400 0.013* -
Mint 0.006** 0.006** 0.253

The asterisks indicate significant differences: *P <0.05, *P < 0.01.

D
and

amounts of caryophyllene, linalool
and significantly larger amounts
(E)-4,8-dimethyl-nonatriene (DMNT).

Multivariate analysis of the emitted VOC profiles performed
by PCA captured 83.3% of variance in the first two dimensions
(Figure 5). VOC profiles of EO-injected trees separated well from
the control and no injection treatment. On the other hand, as
can be observed in the heatmap (Figure 5), some compounds
are produced for both oils, such as caryophyllene, germacrene
D, bergamotene, (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene
(TMTT) and linalool, whereas some of them are specific to
a particular oil. Indeed, cinnamon-oil-injected trees emitted
more terpinen-4-ol, o-farnesene, and trees injected with
mint oil emitted more DMNT and P-ocimene. Amongst
the compounds previously mentioned, linalool, germacrene D
and terpinen-4-ol are found in mint EO, and caryophyllene
is found in cinnamon EO, but as minor compounds at
concentrations below 1%.

The VOC emission profiles were significantly impacted by the
treatment. ANOSIM revealed significant structural differences
for VOC profiles between treatments, with some overlapping
(R = 0.281, p = 0.002). On the other hand, PERMANOVA
performed on the same data set revealed similar outcomes for
comparisons between treatment (F = 3.9517, p = 0.001***).
Pairwise PERMANOVA yielded significant differences for
multiple comparisons in all cases, except for the no injection-
control and mint-control, as shown in Table 1.

and germacrene
of a-farnesene

Untargeted VOCs Contained (DHS-GC-MS)

A total of 67 compounds were detected in the VOCs contained
within leaves. These compounds belong to the alcohols,
aldehydes, alkadienes, alkanes, aromatic and aliphatic esters,
fatty acid esters, homoterpenes, and ketones (Supplementary
Table 4). Injection of EOs significantly increased methyl
salicylate, benzaldehyde, benzeneacetaldehyde, p-ionone,
and nonanal (Figure 6). Amongst those compounds, only
benzaldehyde was found in the cinnamon EO but also as a minor
compound below 1%.

VOC profiles for EO-treated trees were much more dispersed
in comparison to the control and no injection treatments
(Figure 7). As for the emitted VOCs, it seems from the heatmap
that some compounds increased for both oil treatments, such
as decanal, caryophyllene and 1-penten-3-ol. Some increases
were specific, such as numerous aldehydes for cinnamon oil (2-
heptenal, 2-nonenal, 2,4-hexadienal) and terpenes for mint oil
(a-terpineol, eucalyptol, p-homocyclocitral). With regard to the
EO composition, only a-terpineol was found in trace amounts
within the mint EO at 0.25%.

ANOSIM revealed significant differences for VOC profiles
between treatments, with some overlapping between group
(R 0.2712, p = 0.001). PERMANOVA analysis of the
same dataset revealed similar outcomes for comparisons
between treatments (F 7.3673, p 0.001***).  Finally,
pairwise PERMANOVA revealed significant pairwise differences
between all treatments, except for the control-no injection and
cinnamon-mint, as shown in Table 2.

Chlorophyll Fluorescence

Maximum yields of photosystem II (Fv/Fm) over time are
presented in Figure 8. Chlorophyll fluorescence showed that
most values were located between 0.80 and 0.85, implying
that the trees maintained good ecophysiological performances
throughout the experiment (Figure 8). Two-way repeated
measure ANOVA revealed a significant impact of factors
(treatment: F = 4.759, p = 0.003, ges = 0.082; day: F = 4.782,
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FIGURE 6 | Boxplot of a selection of Malus domestica volatile organic compounds (VOCs)content (ng gpw™ ') from plants injected with mint and cinnamon essential
oils (EOs) and the control. The asterisk symbols above the bars indicate a significant difference between the means (P < 0.05).
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FIGURE 7 | Principal component analysis (PCA) (left) and heatmap of top 25 contributors merged by group (right) of Malus domestica volatile organic compounds
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TABLE 2 | Pairwise permutational multivariate analysis of variance (PERMANOVA)
comparisons for volatile organic compounds (VOCs) contained
between treatments.

No injection Cinnamon Control
Cinnamon 0.006™* - -
Control 0.585 0.006** -
Mint 0.016* 0.151 0.022*
The asterisks indicate significant differences: *P < 0.05, P < 0.01.
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FIGURE 8 | Maximum quantum yield of photosystem Il (Fv/Fm) boxplot per
treatment during time after injection. The star symbols above the bars indicate
a significant difference between the means (P < 0.05).

p =0.001, ges = 0.107) without interaction (F = 1.59, p = 0.099,
ges = 0.107). Pairwise comparison demonstrated significant
differences only at day 1 between treatment (Figure 8) and only
for the control between 24 and 48 h and 24 and 96 h.

DISCUSSION

Taken altogether, our results demonstrate, for the first time, the
systemic translocation of trunk-injected EOs in apple plants.
Carvone increased in the leaf content and was emitted at a
constant rate, and trans-cinnamaldehyde content increased
in the leaves but was not found in detectable amounts in
the air emissions. The strong spatial heterogeneity combined
with the relatively small sampling may also contribute to the
variability of the results. However, it appears that the EO
translocation within apple tree tissues and its diffusion in
ambient air must be conditioned by its own physicochemical
properties. Amongst those properties, vapour pressure, organic
carbon-water partitioning coeflicient (Ko/c), and the octanol
water partition coefficient (Ko/w) may explain the differences
observed between carvone and trans-cinnamaldehyde (Doccola
and Wild, 2012; Montecchio, 2013; Ac¢imovié, 2014). Out of
these two, trans-cinnamaldehyde was the molecule with the
smallest vapour pressure of 153 and 3.853 Pa at 25°C for
carvone and trams-cinnamaldehyde, respectively (European
Chemical Agency, 2020). This molecule, following Henry’s law,
has a smaller tendency to volatilise and hence accumulates in
the leaves. Moreover, from a histological point of view, they
diffuse slowly through aqueous phases in the mesophyll, lipid
bilayer membranes and internal airspace (in the substomatal
cavity) before release through the stomata (Calfapietra et al,
2013). This diffusion is conditioned following the compounds’
octanol water partition coefficients (Ko/w), which are 2.7
for carvone and 2.1 for trams-cinnamaldehyde. It is worth

Frontiers in Plant Science | www.frontiersin.org

April 2021 | Volume 12 | Article 650132


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Werrie et al.

Biopesticide Trunk-Injection

mentioning that other phenomena could concurrently take
place, such as the potential transformation or degradation
of these xenobiotic compounds by the apple plants. Diverse
mechanisms such as reduction/oxidation, esterification or
conjugation with carbohydrates (glycosylation) or glutathione
(glutathionylation) were demonstrated in planta for numerous
GLVs and terpenes (Matsui et al., 2012; Rivas et al,, 2013)
and by diverse microorganisms (Asakawa et al., 2018). This
was specifically demonstrated for Arabidopsis aldehydeoxidase
4 (AAO4) extracted from Arabidopsis thaliana developing
seeds that could convert trans-cinnamaldehyde in vitro
(Ibdah et al., 2009).

In addition to the established systemic circulation of carvone
and trans-cinnamaldehyde, it is most interesting to look at the
modification of other VOCs in the emission profiles that can
strongly impact trophic interaction within ecosystems. BVOC
emissions can mediate herbivore interactions (Trowbridge and
Stoy, 2013). Within the framework of this discussion, one should
bear in mind that numerous factors can influence apple tree VOC
emissions, including meteorological (Vallat et al., 2005), circadian
(Giacomuzzi et al., 2017), physiological (Zeng et al., 2017), and
phonological (Casado et al., 2006), as well as interactions with
herbivores (Suckling et al., 2012) or fungi (Souleyre et al., 2019).
However, systemic release of induced volatiles also occurs in
plants in the case of insect feeding to recruit natural enemies. The
homoterpenes DMNT and TMTT, the monoterpenes ocimene
and linalool and these squiterpenes farnesene and caryophyllene
are a shared response to herbivores in diverse plant systems
(Paré and Tumlinson, 1999; Holopainen and Gershenzon, 2010).
Therefore, modification of emitted VOCs, such as those observed
in our work, may alter trophic interactions with regard to
chemical ecology. Moreover, germacrene-D, o-farnesene and
methyl salicylate may have resulted from SAR activation by the
injected EOs, since SAR has been detected after trunk injection
of SAR activators (Ac¢imovic et al., 2015). Indeed, monoterpenes
have been acknowledged to support SAR amongst different plants
(Riedlmeier et al., 2017). The elicitation of resistance in young
apple trees by acibenzolar-S-methyl was observed to specifically
increase the production of the compounds that were effective
against rosy apple aphids and Erwinia amylovora (A¢imovic et al.,
2015; Warneys et al., 2018). Moreover, Cinnamomum zeylanicum
oil and trans-cinnamaldehyde were proven to be efficient
against Alternaria brown spot in tangerine by direct effects
and resistance induction (Perina et al., 2019). A prospective
molecular tool such as quantitative real-time PCR to detect
changes in expression levels of genes involved in plant defence
mechanisms may prove useful to challenge this hypothesis (Dugé
De Bernonville et al., 2014; A¢imovi¢ et al., 2015). The plant
defence responses include other mechanisms, such as cell wall
fortification, antimicrobial compounds such as pathogenesis
related (PR)protein productions, phytoalexins or reactive oxygen
species (ROS) (Marolleau et al,, 2017). Phytoalexins include
diverse plant secondary metabolites biosynthesised in response
to pathogens and certain abiotic stresses. In the subtribe
Malinae of the Rosaceae family, the phytoalexins biphenyl and
dibenzofuranare are produced upon pathogen attack (Chizzali
and Beerhues, 2012) and after elicitor-treated cell cultures

(Saini et al, 2019; Teotia et al, 2019). The production of
phytoalexins following treatment with EOs could also be an
interesting prospect in order to determine and clarify the defence
induction potential of these compounds as well as their potential
impact on pathogens.

The results presented in this work clearly exposed
the possibility that EO application could trigger different
physiological processes within plants, leading to other BVOC
emissions. Some compound production seems to be shared
for both EOs, whereas some seem to be specifically induced
by each EO. These results support the hypothesis of different
modes of action for each EO and further demonstrated the
plant’s reaction to these EO injections. The differences between
the two EO profiles may result from their specific interactions
with the plant and, more precisely, with the plasma membrane.
Recently, molecular techniques of dynamic interaction were
applied to study the interaction between a biomimetic membrane
with monoterpene (citronellal and citronellol) and with
cinnamaldehyde (phenylpropanoids). Briefly, the in silico
insertion model predicted different behaviours between the
two classes (monoterpenes and phenylpropanoids), which
are the stable interactions with plant lipids for monoterpene,
whilst trans-cinnamaldehydes had no stable interaction with
the membrane. These predictions were confirmed using in vitro
biophysical assays (Lins et al., 2019).

Regarding the contained VOC profiles, green leaf volatiles
(GLVs) generated by the lipoxygenase (LOX) pathway such as 2-
hexenal constitute the major compounds. Due to the extraction
protocol, this profile may not be interpreted as a potential pool for
VOC emissions in the environment, as de novo synthesis could
have occurred during incubation and trapping after grinding,
especially for GLV. DHS is the most widely used sampling
approach in the plant field because of its flexibility (sampled
volume, trapping approaches and materials) (Bicchi et al., 2008).
A high concentration factor was applied for the trace components
under study. However, the analysis of these contained profiles
may prove useful to further establish the metabolomic impact of
EOs injection into apple trees. The presence of greater amounts of
other aldehydes, such as nonanal, and the plant volatile hormone
methyl salicylate reinforces the previously formulated hypothesis
of resistance induction (Wenig et al., 2019). Other compounds
emerged from the degradation of carotenoids, namely B-ionone
and homocyclocitral (Dudareva et al., 2013).

Our work did not express foliar phytotoxicity. Chlorophyll
fluorescence is a non-destructive and sensitive method that is
widely used in eco-physiological studies to assess abiotic stress in
plants. Indeed, perturbation in plant metabolism may decrease
photosystem II (PSII) performance. However, local toxicity at
the injection site cannot be excluded, as well as the mechanical
damage that occurs due to the injection procedure (Doccola,
2012; A¢imovic et al., 2016a). Furthermore, the specific mode of
action of carvone can lead to microtubule depolarisation within
cells. Lastly, unspecific generation of ROS has been frequently
observed after EO application (Kaur et al., 2010; Sunohara et al,,
2015; Dahiya et al., 2020). Carotenoids are amongst the first non-
enzymatic antioxidants acting to protect photosystem II from
photo-inhibition and ROS (Pospisil, 2012). Therefore, the higher
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content of its degradation product in the leaf may be explained by
such a phenomenon. Physiological disorder in phytohormones or
ROS balances that may result in chronic and long-term toxicity
from EO applications should be addressed before concluding a
lack of harmful effects of the treatments.

In terms of agricultural application, trunk injection and EO
applications are rarely used (Ac¢imovi¢ et al., 2020). This work was
established as a proof of concept that the combination of both
may be a suitable strategy to develop the biopesticidal potential
of EOs whilst avoiding most of their drawbacks. However, we
must highlight that more works in terms of reproducibility of
results over different years, with other apple varieties, rootstock
and efficiency on diverse pests are needed to establish the
agronomic potential of such treatment. The absence of impact
on apple quality or yield and on tree growth through long-term
phytotoxicity should be established as well. Field trials should be
performed to establish efficacy as a biopesticide and the lack of
harmful effect to beneficial insects.

Plant VOCs are a promising tool, as they have numerous
applications in agriculture, such as parasitoid attractant or
through defence induction or priming, growth regulators and
abiotic stress protectants (Brilli et al., 2019). Moreover, the use
of natural substances that elicit systemic resistance has been
proven to be a suitable strategy for pathogen management
in orchards (Lateur, 2002). The possibility of combining
EOs due to their biopesticidal properties with a new mode
of application—trunk injection—was hereby demonstrated.
Furthermore, the variations in the emitted and contained VOCs
clearly demonstrate that young apple trees react to EO injection
and that this reaction may be explored to design sustainable
agricultural practices.
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