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Abstract: Essential oils (EOs) are actively investigated as an alternative to numerous synthetic biocide
products. Due to their large spectra of biological activities, the impact of EOs on non-target organisms
should be characterized for biopesticide development purposes. In this study the potential phytotoxicity
of Cinnamomum cassia EO (CEO) on apple trees (Malus domestica) was investigated in terms of oxidative
burst (glutathione redox state) and damage (malondialdehyde). At 2%, CEO concentration the reduced
glutathione leaf content drops from 269.6 + 45.8 to 143 + 28.4 nmol g~ gy, after 30 min, illustrating
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ate analysis and increased expression levels suggest induction of systemic resistance. Hence, the
present research illustrates the dose-dependent phytotoxicity of CEO in terms of lipid peroxidation.
Transcriptional data illustrates the elicitor properties of CEO. These findings can help to design pest
management strategies considering both their risks (phytotoxicity) and benefits (defence activation
combined with direct biocide properties).
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Publisher’s Note: MDPI stays neutral 1. Introduction

Owing to their antibacterial [1], fungicidal [2], insecticidal [3], acaricidal [4], nemati-
cidal [5] and herbicidal [6] properties, essential oils (EO) are increasingly investigated
to be included in agricultural practices as biopesticides. According to Dayan et al. [7],
the fungicidal mode of action (Moa) consists of the inhibition of synthesis of the fun-
gal cell wall component chitin. In addition, EOs have some properties that make them
suitable for insects’ management. EO physiological actions on insects suggest a neuro-
toxic Moa [8,9], notably through octopamine synapses, y-aminobutyric acid (GABA) and
acetylcholinesterase (AChE) inhibition [10,11]. Recent studies reveal larger impacts on the
development and functioning of the muscular and nervous systems, cellular respiration,
protein synthesis, and detoxification [12]. The aforementioned biological properties make
them a good alternative to synthetic pesticides. Moreover, they follow the European direc-
tive (2009) of a reduced risk for human health and to the environment. Their phytotoxic
properties make them suitable for weed control, but are not desirable in other application
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contexts. In order to enable their large-scale use in the field, their potential phytotoxicity
with non-target organisms, especially crop plants from an agronomic perspective must be
assayed.

Adverse physiological impacts following EO application are disparate: water status
alteration, inhibition of respiration and photosynthesis, membrane interaction/disruption,
reactive oxygen/nitrogen species induction, microtubule disruption and enzymatic or
phytohormones regulation [13]. From a mechanistic point of view, most of these alter-
ations originate from, or lead to, reactive oxygen species (ROS) production. An oxidative
burst following abiotic stresses is one of the largest shared responses in plants. The cell
redox state modification, if not properly handled by the antioxidant system, can result in
oxidative damage and lead to programmed cell death (PCD). Therefore, ROS were long
considered as a toxic by-product of metabolism. Nevertheless, they also play a key role as
regulators of growth and defence pathways [14]. Plant cells are well equipped to efficiently
scavenge ROS and their reaction products by the coordinated action of non-enzymatic
and enzymatic antioxidant components. Among the non-enzymatic ones, glutathione is a
major component of the ascorbate—glutathione (AsA-GSH) pathway, playing a significant
role in protecting cells against ROS-accrued potential anomalies [15]. Most data suggest
that enhanced ROS availability, especially hydrogen peroxide (H,O,), has less impact on
the ascorbate—dehydroascorbate (DHA) ratio than on the redox status of the glutathione
pool [16]. Various stress conditions drive characteristic changes in the intracellular amount
and redox state of glutathione. Thus, modifications in the whole glutathione status can be
taken as a reliable marker of the degree of intracellular oxidative stress [17,18]. The main
function of glutathione consists of a redox-homeostatic buffering, serving as a ROS scav-
enger, but it also plays a role in stress perception, signalling and defence reactions [19,20].

In biological systems, oxygen-derived free radicals have repeatedly been demon-
strated to play a role in cellular injury through chain reactions leading to the degradation
of macromolecules such as lipids, carbohydrates, proteins and DNA [21]. Indeed, much
of the injury caused by exposure to biotic and abiotic stresses is associated with oxidative
damage at the cellular level, particularly losses in bio-membrane integrity due to formation
of lipid peroxides [22]. It should be noted that following a pathogen invasion or injury,
this reaction may also originate from increased lipoxygenase activity [23]. Primary lipid
hydroperoxides are highly unstable and reactive, quantification of lipid peroxidation is
usually estimated by focusing on secondary oxidation products derived from them [24],
such as malondialdehyde (MDA). In studies related to oxidative stress, the measurement
of MDA content has been demonstrated to be a reliable lipid peroxidation marker, repre-
sentative of a rather late stage of oxidation [23,25]. The accumulation of MDA following
EO application is frequently observed with, for example, Origanum vulgare [26], Artemisia
Fragrans [27], Cymbopogon citratus [28] or pure compounds including cinnamaldehyde [29].

After treatment with EOs, a decrease in the photosynthetic pigments namely chlorophylls
and carotenoids in a dose-dependent way have also been reported, resulting from a direct
pigment degradation or from an impairment in pigment biosynthetic pathways [28,30]. Total
leaf chlorophyll (Chl) content is a popular trait used to get an idea of the plant’s photosynthetic
capacity. Chl a and Chl b are the two forms of pigments that predominate in higher plants.
Differently involved in light assimilation, Chl a is linked to the photosystems energy-
processing centres whereas Chl b is an accessory pigment for harvesting light energy and
transmitting it to Chl a [31]. Concerning carotenoids (Car), they act first as collectors of light
energy driving photosynthetic processes. As antioxidants, their second role is the protection
of the photosynthetic system against detrimental effects of light and O, (photo-oxidation)
by scavenging ROS and the quenching of Chl excited states [32,33].

Apart from phytotoxicity, glutathione and malondialdehyde play a role as regulators
of plant defence pathways [34-36]. Moreover, monoterpenoids are able to activate defence
genes by signalling processes and Ca?* influx causes by membrane depolarization, protein
phosphorylation/dephosphorylation and the action of ROS [37]. This gene expression can
either lead to priming (an accelerated gene-response to biotic stress) or direct defence elici-
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tations. Priming properties have been observed in wheat seed with application of thyme
EO [38] and also in apple against Botrytis cinerea with thyme and savory EO [39]. Priming
following exposure to mint volatiles resulted in enhanced transcript levels of defence genes
in soy through histone acetylation within the promoter regions [40]. Regarding defence
elicitation, systematic resistance induction is divided between systemic acquired resistance
(SAR) and induced systemic resistance (ISR). A complex crosstalk exists between the two
systems relying on salicylic acid (SA) and jasmonic acid (JA) hormones. Transcriptomic
studies following exposure to volatile monoterpenes myrcene and ocimene demonstrated
that plants develop a similar response to that induced by methyl jasmonate (MeJA) [41].
The induction of SAR by EO has also been acknowledged in multiple pathosystems with
nerodiol on tea plant [42], thyme [43] and clove EO [44] on tomato, cinnamomum zeylan-
icum and trans-cinnamaldehyde EO on tangerine [45], and citronellal on coffee plant [46].
Expression of defence-related genes is considered the hallmark to decipher the potential
elicitor properties [47].

For example, Cinnamomum cassia EO (CEO) has been previously commercialized
by the Mycotech Corporation U.S. company as an aphicide/miticide/fungicide based
on cinnamaldehyde (30% in the formulation) as the active ingredient [48]. Cinnamalde-
hyde is also synthesized chemically for use as a fungicide in agriculture (e.g., Vertigo™,
Cinnacure™) on a variety of crops. Depending on the biological activity targeted, different
concentrations of EO can be applied. Indeed, in vivo herbicidal activity of cinnamaldehyde
has been observed at 3% (v/v) concentration on A. thaliana leaves [49]. Field insecticidal
activity against two spotted mites in cherry fruit was observed after five applications at
0.25% (v/v) concentration [50]. C. zeylanicum and cinnamaldehyde was applied against
Alternaria brown spot in tangerines in the field at 0.1% (v/v) [45]. Finally, EPA registration
for Cinnacure™ has recommended an application rate at 0.4% (v/v) as a fungicide and
insecticide in fruit trees [51].

The objective of this study is to investigate the molecular mechanisms resulting from
different concentrations of Cinnamomum cassia EO application (1-2%) on young Malus
domestica trees, especially the resulting oxidative burst and the potential oxidative damage.
Moreover, the potential plant gene defence activation properties have been investigated by
following 29 transcripts from major defence pathways.

2. Materials and Methods
2.1. Plant Material

Experiments on redox status, oxidative damage and photosynthetic pigments were
conducted on mature leaves of two-year-old micropropagated Malus domestica Borkh (var.
Jonagold) apple trees (height = 53 £ 8 cm; diameter = 4.4 & 0.6 mm). They were kept in a
climate chamber under the following conditions: 21 £ 0.5 °C, 60 & 10% RH, 16:8 h light:
dark periods and a photosynthetic active radiation (PAR) intensity equal to 50 wmol/m?s.

Experiments for transcriptional studies were conducted on open-pollinated apple
seedlings (46 leaves) of cv. Golden Delicious, grown under greenhouse conditions (natural
photoperiod supplemented with artificial light if needed, 17 °C night and 20-23 °C day
according to the sun light).

2.2. Emulsion Formulation and Application

A cinnamon EO emulsion (1-2% (v/v) Pranarém, batch number: CCB114) was ob-
tained using Tween 80 (2%). The emulsion was stabilized using high speed homogenization
(HSH) at 9500 rpm for 6 min (Ultra-Turrax T25) followed by high pressure homogenization
(HPH) with 8 cycles at 5000 psi (FMC). Following a previously published protocol [47,52-54]
approximately 30 mL of solution was applied on each plot to runoff.

2.3. Redox Status: Determination of Reduced (GSH) and Oxidized Glutathione (GSSG)

GSH can be derivated using monobromobimane (MBB), the amount of GSH-MBB
adduct formed was then measured by high performance liquid chromatography with
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fluorescence detection (HPLC-FLD). As MBB only reacts with the reduced form GSH, the
content of oxidized glutathione GSSG in the samples must be reduced by the addition of
dithiothreitol (DTT) in order to obtain the total amount of glutathione (i.e. GSH + GSSG).
In this way, the approximate redox state of glutathione can be estimated. The devel-
oped method is based on [17,18,55]. Briefly described, apple leaves were ground in lig-
uid nitrogen. 100 mg of this powder was mixed with 1 mL of ice-cold acid extraction
buffer (0.4 M HCI, 1 mM NayEDTA, 1% PVP). The samples were vortexed, centrifuged at
12,000 rpm for 2 min and the supernatant was filtered through a 0.45 pm syringe filter. For
GSH 100 pL of supernatant was mixed with 100 pL NaHCOs, 20 uL H,O, 200 uL. CHES
(0.5M, pH9) and 20 pL. MBB (30 Mm in acetonitrile) and left to incubate for 15 min in the
dark on ice. The reaction was then stopped by adding 660 pL of acetic acid (10%), followed
by transfer to amber vials. For GSH + GSSG 100 pL of supernatant was neutralized and
reduced in Eppendorfs with addition of 100 uL NaHCO;3; + 20 uL DTT and incubated
for 30 min in the dark and on ice. Then 200 uL. CHES and 20 uL. MBB were added. The
reaction medium was left to incubate for 15 min in the dark and on ice. The reaction was
then stopped by adding 660 pL of acetic acid (10%), followed by transfer to amber vials.
All analyses were performed on an Agilent 1260 Infinity HPLC system equipped with a
FLD detector (Aex: 395 nm, Aem: 477 nm). The autosampler was thermostated at 6 °C
and 50 puL was injected onto the Eclipse XDB-C18 column (150 x 4.6 mm, 5 pm). The
GSH-bimane derivatives were separated from the other molecules using a linear gradient
of 0.25% (v/v) acetic acid (pH 3.5) as solvent A, and 100% methanol as solvent B, at a flow
rate of 0.8 mL min~! and a column temperature of 40 °C. The linear gradient started at
18% (v/v) solvent B until 17.5 min then increased to 100% (v/v) solvent B from 20 min to
27.5 min and returned to original condition 18% (v/v) solvent B at 28 min until the run
ended at 32.5 min. GSH typical sample chromatogram, calibration curve, LOD and LOQ
are available on Figure S1.

2.4. Oxidative Damage
2.4.1. Determination of Malondialdehyde (MDA)

The thiobarbituric acid reactive substances (TBARS) content was determined according
to the method of [24] with modifications mainly based on [31,56]. Apple leaves were
ground in liquid nitrogen with a mortar and pestle. 100 mg of this powder was mixed
in an Eppendorf with 1 mL of ice-cold 5% (w/v) HCL. The samples were vortexed and
centrifuged at 13,400 rpm for 10 min. 200 pL of supernatant was added to 40 pL of BHT
(0.1% EtOH) and 760 uL of TBA (0.5% in MPA 20%), giving a final pH of approximately
1.0. The reaction mixture was heated for 30 min at 95 °C and then quickly cooled on
ice. Once the reaction had stopped the reaction mixture was centrifuged at 4000 x g for
5 min and the supernatant was placed in a vial. All analyses were performed on an
Agilent 1200 series HPLC system with MWD detector (RF-10AXL). Chromatograms were
monitored at 532 nm and the injection volume was 10 puL. Samples were analysed on a
Halo® C18 75 x 4.6 mm, 2.7 um column thermostated at 40 °C and eluted isocratically
with 35% MeOH in 50 mM KPOy buffer (pH 6.8) at 1 mL min~!. MDA typical sample
chromatogram, calibration curve, LOD and LOQ are available on Figure S2.

2.4.2. Determination of Photosynthetic Pigments

50 mg of leaf sample were ground in liquid nitrogen with a mortar and pestle. After
15 min extraction on ice in the dark in 10 mL of 96% (v/v) ethanol, the extract was cen-
trifuged at 4000 rpm for 10 min at 4 °C. The absorbance of the supernatant was measured
at 470, 649 and 665 nm using an Ultrospec 7000 spectrophotometer.

The concentrations of chlorophyll a and b and carotenoids were calculated as follows:

Ca (ng/g FW) =[(13.36 * A665) — (5.19 * A649)]/sample mass.

Cb (ng/g FW) = [(27.43 * A649) — (8.12 * A665)]/sample mass.
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Ccarotenoids (ng/g FW) = [(1000 * A470 — 2.13 * Ca — 97.64 * Cb)/209]/sample mass.

2.5. Induction of Defences (RT-PCR)

At each sampling time (24, 48 and 72 h), the five youngest expanded leaves per modality
were collected, pooled, frozen in liquid nitrogen, and stored at —80 °C until extraction. Each
experiment was repeated four times. RNA extraction, reverse transcription and real-time quan-
titative PCR were performed as previously described [57] using the same proprietary primer
set for the 29 defence genes and 3 reference genes [58]. Relative changes in defence genes’
expression (log2 ratio) were calculated using the 2"22CT method with 3 internal reference
genes’ for normalization, and against initial time (T0) from control plants.

2.6. Data Analysis

All data were collected in Excel and processed using R studio software (version 4.1.2),
with all results presented as a boxplot using the ggplot2 package. The main statistical
procedure performed was a simple two-factor analysis of variance (ANOVA 2) the fixed
factors were time and treatment. The samples came from a randomized design which
guarantees their independence. Normality was assayed by the Shapiro-Wilk normality test.
Homogeneity of variance was also demonstrated by Levene’s test. In case of interaction,
ANOVA tests were performed at each time point independently, followed by a pairwise
analysis (t-test). A probability cut-off of « = 0.05, was used for tests of significance in all
statistical analyses and adjusted with the Bonferroni correction. As qRT-PCR data were
non-normally distributed, the nonparametric Kruskall-Wallis test was applied followed by
the Conover post-hoc test with holm correction. Multivariate visualization was performed
with heatmap and principal component analysis (PCA) using Complex Heatmap and
FactoMiner packages.

3. Results
3.1. Redox Status: Determination of Reduced (GSH) and Oxidized Glutathione (GSSG)

The soluble tripeptide GSH (L-y-glutamyl-L-cysteinyl-glycine) is the principal low-
molecular-weight thiol compound in plants [22]. Glutathione typically accumulates in plant
tissues in the range of 200-600 nmol g~ 'gw [16]. GSH was derivated using monobromobi-
mane (MBB), the amount of GSH-MBB adduct formed was then quantified by HPLC-FLD.
As MBB only reacts with the reduced form GSH, the content of oxidized glutathione GSSG
in the samples must be reduced by the addition of dithiothreitol (DTT) in order to obtain
the total amount of glutathione (i.e., GSH+GSSG).

The results presented in Figure 1 display the reduced glutathione (GSH) leaf content,
total content (GSH+GSSG) and GSH/(GSH+GSSG) ratio, over time, after CEO treatment
at two concentrations, or tween. Those contents are between 100.7 nmol g’lpw and
486.6 nmol g~ 'gw. The relatively large standard deviation in the boxplot highlight the
heterogeneity of glutathione content between and within Malus domestica leaves. The two-
way ANOVA displayed on the top of the graph present significant interactions between
the treatment and time implying that the treatment effect is time dependent. This result
is consistent with the transitory aspect of the oxidative burst and with the existence of
circadian variation within the glutathione ascorbate cycle [59]. However pairwise t-test
comparisons at each time shows that the GSH content, as well as its ratio, is significantly
decreased after 30 min following 2% CEO applications. This result underlines indirectly, the
production of ROS i.e., the oxidative burst occurring rapidly after CEO application. Under
normal (unstressed) conditions, it is maintained mostly in its reduced form, resulting in
a GSH/GSSG ratio of 10 to 1 (i.e., GSH/(GSH + GSSG) = 91%) [46]. In contrast, under
oxidative conditions, two GSH molecules react together to form glutathione disulfide
(GSSG) [47]. The specific enzyme glutathione reductase (GR), reduces GSSG back to
GSH [14]. Therefore, GSH fluctuates in cells between two different forms: reduced GSH and
oxidized GSSG, as a function of GR activity (with NADPH as an electron donor) [48]. The
proportion of GSSG increases substantially only in a strongly oxidizing environment [14].
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Therefore, a decrease in GSH and the GSH/(GSH + GSSG) ratio is interpreted as evidence
of redox imbalance [47]. Indeed, it was previously established that detoxification of H,O,
through the glutathione-ascorbate cycle leads to a transient change in the oxidation degree
of the glutathione pool [60]. Such a transient change is also observed here and may therefore
result from H,O, detoxification.

Treatment (n=5) 1% 2 2% tween
Anova, F(4,34) = 8.66, p = <0.0001, n? = 0.5 Anova, F(4,34) = 8.1, p = 0.00011, 1 = 0.49 Anova, F(4,34) = 4.26, p = 0.007, n} = 0.33
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Figure 1. Effect of C. cassia EO (CEO) (1 and 2% v/v) and tween 80 application on glutathione leaf
content over time (1 = 5): (left) Reduced glutathione GSH (nmol gflpw); (center) Total glutathione
GSH+GSSG (nmol g_lpw;) (right) the glutathione ratio GSH/GSH+GSSG (%). Star on boxplot
indicates significantly different distributions (* p < 0.05, ** p < 0.01, *** p < 0.001, pairwise {-test).

3.2. Oxidative Damage
3.2.1. Malondialdehyde Content (MDA)

The bulk of MDA in leaf tissue originates from the poly-unsaturated fatty acids” (PUFAs)
peroxidation in response to oxidative stress. Its content was monitored by the TBARS assay;,
combined with a final HPLC-DAD separation step. The results following C. cassia EO or tween
80 applications are shown in Figure 2. The main conclusion that can be drawn from these
results is that, while the MDA concentration seems to fluctuate between 0 and 6 h of treatment,
it increases drastically after 24 h to reach 10.7 + 3.05 nmol g~ 'y for the 2% concentration
of CEO. In view of this trend, we can confirm that the peroxidation of membrane lipids
causing MDA production would occur between 6 and 24 h after treatment with 2% CEO.
For the data that presented a positive skewness, a square-root transformation was applied
for statistical analysis. The two-way ANOVA displayed on the top of the graph represents
significant interaction between the treatment and time implying that the treatment effect is
also time dependent. Results of the pairwise t-test confirmed that from 24 h to 72 h, the 2%
CEO treatment modality displays significantly higher values of MDA content compared to
the other modalities. This result shows that the antioxidant capacities were not sufficient to
inhibit the MDA accumulation in plant. cells.

3.2.2. Photosynthetic Pigment Content (Chlorophyll a, Chlorophyll b and Carotenoids)

To follow the potential photosynthetic pigment degradation resulting from CEO
application, chlorophyll a, chlorophyll b and carotenoids were measured by spectroscopy
in apple leaf ethanolic extract. Their respective contents following CEO application are
presented in Figure 3. Chlorophyll a and b contents are in agreement with the literature,
with on average, twice the amount of chlorophyll a than b [61]. Moreover, Chl a and
b content shows quite a similar tendency, with values sharply decreasing for the 2%
concentration after 24 h of treatment and increasing again after 48 h to finally reach initial
values. This could be a sign that plant stress management is achieved after 48 h. The
two-way ANOVA displayed on the top of the graph demonstrate significant interaction
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between the treatment and time for Chl a and b. The previous hypothesis is confirmed by
statistical analysis only for chlorophyll b, with the 24-h CEO 2% treated plants significantly
different from all others. Concerning the carotenoids, the trend is quite different, with
values remaining broadly stable from one time step to the next. There is no significant
observable difference over time apart for the significantly higher content of the 2% CEO
treatment modality after 6 h.

Anova, F(8,60) = 4.06, p = 0.00066, n> = 0.35
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Figure 2. Effect of C. cassian EO (CEO) (1 and 2% v/v) and tween 80 application on malondialde-
hyde (MDA) leaf content (ng/g) over time (1 = 5). Star on boxplot indicates significantly different
distributions (* p < 0.05, ** p < 0.01, *** p < 0.001, pairwise t-test).
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4000- - ]
| 800
4000- #
e __ 3000- | |
= ‘ = = 600 |
\cu,)_ 0 ‘c'# i
(=) o | (=]
= 3000- [ = F 2
o il s L3 L] H
= #’ H | 5 2000- 2 400-
= L =
[=% [=% [} —
<] 3 T 2
S 5 4 S ( ﬂ 903 ‘
. 000 I 5 L, . | O |
1000- 200- u
\ H H . \
1000- . l
) ) ! ‘ ) 0- ‘ ; : ; 0- . : . . .
2 6 24 48 72 2 6 24 48 72 2 6 24 48 72
Time (hours) Time (hours) Time (hours)

Figure 3. Effect of C. cassia EO (CEO) (1 and 2% v/v) and tween 80 application on photosynthetic
pigment leaf content over time (1 = 5): (left) Chlorophyll a content (ug/g); (center) Chlorophyll b
content (ug/g); (right) Carotenoid content (ug/g). Star on boxplot indicates significantly different
distributions (* p < 0.05, ** p < 0.01).

3.3. Induction of Defences

Modification of cellular redox state as well as alteration in the previously mentioned
metabolites can lead to reprogramming the expression of diverse genes. To investigate
this transcriptional reprogramming, we have applied quantitative real time polymerase
chain reaction (qQRT-PCR) techniques on 29 transcripts of chemical and physical barriers (PR
proteins, phenylpropanoids, isoprenoids, cysteines, oxidative stress, parietal modification
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and hormonal signalling (salicylic acid (SA), jasmonic acid (JA) and ethylene (ET)). Their
detailed codes and names can be found in Table S1. The different treatments consisted
of foliar application on apple seedlings (4-6 leaves, from open-pollinated M. domestica cv
Golden Delicious) of: Bion® 50 WG (salicylic acid analogue), Tween 80 aqueous solution
(surfactant 2%), and emulsions of CEO at 1% (v/v) concentration (the 2% concentration
proving to be phytotoxic). The sampling was performed after one, two or three days
(corresponding to D1, D2 and D3). Four biological replicates of the same modalities
(pooling of five apple seedlings each) were carried out. Principal component analysis (PCA)
was performed to investigate the treatments” impacts on the whole expression profile and
representations of daily mean barycenters (with confidence intervals) are displayed in
Figure 4 (left). The first two dimensions accounted for 53.5% of the total variability. Initial
variable contribution to those dimensions are represented on a variable factor map (right).
Regarding barycenters, they separate remarkably following treatment, as illustrated by the
confidence intervals. Bion parts following the first dimension whose variable contributions
are mostly SAR-related genes such as PR-proteins (PR-1, PR-10, PR-14), oxidative stress
(GST, POX), isoprenoids (Far, HMGR) and SA signalling (WRKY EDS1). Tween 80 is
closer to the initial time before treatment (T0) and water. Those samples located left
(negative value of first dimensions) imply an absence of up-regulation of the previously
cited genes. Lastly, the impact of 1% CEO can be highlighted, especially at day 1 (D1).
Indeed, it separates close to Bion following the first dimension with up-regulation of SAR-
related genes. However, opposite to Bion, this up-regulation of defence genes diminishes
drastically after 3 days. Regarding the second axis, no clear features can be underlined. In
the PCA, FPPS and EIN3 are the strongest contributors to axis 2 (PC2). These defence genes
can also respond strongly to environmental conditions. Therefore, PC2 represents above all
a manipulative or sampling day effect, while axis 1 clearly represents the treatment effect.

4 Variables factor map (PCA)
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Figure 4. Effect of C. cassia EO (CEO 1% (v/v)), Bion, tween 80 and water application on mean
normalised log 2 expression level (n = 4) by days of 29 mRNA transcripts of selected defence genes
analysed by principal component analysis (PCA) with barycenter representation (left) and variable
contribution to dimensions (right).

Figure 5 is a gene expression heatmap representing the mean deviations in the wa-
ter controls at each sampling date for the 29 defence genes considered, with all values
normalised to the initial treatment (represented on Table S2). Among the interesting in-
formation that can be derived from this figure, the first is that the control Tween 80 alone
produces effects compared to water treatment, that are quite marked for PR proteins and
agglutinin. However, Tween 80 has been assessed to be a nontoxic and biocompatible
surfactant [62]. Concerning CEO, the activation effects are visible especially at day 1 as
evidenced previously in the PCA. Prolonged activation effects until day 3 are observed
for some genes, notably for hormonal signalling (ACCO), for pathogenesis-related protein
(PR8, PR10 and PR14), for parietal modification (Pect) and phenylpropanoids (BIS2). Bion
(Acibenzolar-S-methyl) the positive control, clearly triggers SAR-related genes. Due to their
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non-normal distribution, impact of treatment was analysed by the Kruskal-Wallis test and
post hoc Conover test for pairwise comparison between treatments. We can see significant
impacts on each day and between treatments. Indeed, Bion upregulated the following
genes (expression level) on day 1, PR-2 (4.24 £ 0.47), PR-5 (3.7 & 0.68), PR-8 (1.44 + 0.86),
AGG (7.95 £+ 1.28), Far (3.47 £ 0.27), CSL (1.72 £ 0.27) and EDS1 (2.61 £ 0.28). On day 2
this increase is significant only for PR-5 (3.19 = 0.41). Finally, this increase is prolonged
until day 3 for PR1 (2.77 £+ 0.31), PR2 (4.9 £ 0.33), PR5 (3.48 £ 0.8), PR8 (2.46 & 0.62),
AGG (7.29 £ 1.43) and FAR (2.48 &+ 0.54). Tween80 produced a significant increase on
day1 for PR-14 (3.44 £ 0.27) and on day 3 for AGG (4.59 £ 0.2). CEO upregulated PR-8
(1.67 £+ 0.53), PR-14 (4.14 £ 0.92), PAL (1.56 £ 0.18), CSL (1.95 £ 0.73), GST (0.51 £ 0.17)
and ACCO (0.69 &= 0.21) on day 1. Increases are prolonged on day 3 for Pect expression
levels (3.43 + 0.43). Taken individually CEO specifically up-regulated transcripts from different
pathway compared to Bion such as ethylene from hormonal signalling (ACCO), oxidative stress
(GST) and especially phenylpropanoids (PAL) and parietal modifications (PECT).
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b Water D2
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Figure 5. Effect of C. cassia EO (CEO 1% (v/v)), Bion, tween 80 and water application on mean
normalised log 2 expression levels (1 = 4) by days of 29 mRNA transcripts of selected defence genes
analysed by heatmap (deviations to the water controls) and the pairwise Conover test with compact
letter displays (different letter representing significantly different mean).

4. Discussion

As for many other EOs it seems that foliar application of CEO triggers an oxidative
burst as suggested by the drastic decrease in reduced GSH and ratios observed. Whether
CEO directly triggers the production of ROS or results from metabolic alteration cannot be
deduced from the present study. The pro-oxidative character of CEO depends on its concen-
tration. From a broader perspective, this pro-oxidative character may differ depending on
plant sensitivity, tissue type, physiological and/or phenological state. Plants are equipped
with numerous soluble antioxidants and many ROS scavenging enzymes (superoxide
dismutase (SOD), catalase (CAT), peroxidase (POX), thioredoxin (Trx), and the enzymes of
the Asada—Halliwell-Foyer pathway [63]. Their simultaneous measurement gives a better
insight of the cellular redox state, but is labour and cost intensive [55]. Glutathione is at
the heart of the antioxidant systems. Therefore, GSH redox state measurements have been
proposed as a preferred marker for HyO; availability in plant cells [22], since it has been
used to monitor many abiotic stresses, including in apple trees, such as heavy metal [64],
drought [65] and temperature [66]. In this framework we propose to include the glutathione
redox state measurements as early markers of oxidative burst following EO or VOC appli-
cations. Another function of glutathione is to detoxify xenobiotics in plants through adduct
formation. These reactions were observed in planta for hexenal [67], methacrolein [68] and
are suggested as a conversion method for volatile organic compounds(VOCs) in plant-
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plant communication [69]. This reaction could also take place and explain part of the GSH
consumption.

If not handled by the previously described antioxidant systems, oxidative burst can
lead to the appearance of oxidative damage in many macromolecules and in cell mem-
branes, leading to MDA production. MDA Leaf content reported in apple leaf ranges
from pmol g~ gy to umol g~ 'g depending on the protocol applied. However, a two-fold
increase in content following different types of stress has been acknowledged in heavy
metal [64], drought [65] and extreme temperature [66] exposure known to trigger ROS
production. MDA originates from PUFA and it is well known that in Arabidopsis thaliana
leaves for example, mostly linoleic acid and other tri-unsaturated fatty acids are the source
of up to 75% of MDA produced [34]. This specificity makes it a limited marker of oxidative
damage. Reactive carbonyl species (RCS) production is considered a ubiquitous reaction to
oxidative burst. RCS can inactivate chloroplasts and mitochondrial enzymes accelerating
oxidative stress and consuming GSH. Therefore, besides MDA, other compounds should
be considered, such as acrolein and 4-hydroxy-2-nonenal [70]. Finally, oxidative damage
can occur for other biomolecules beside lipids. Protein inhibition [26], microtubule depo-
larization [71] or DNA damaging [72] properties have been demonstrated for other VOCs.
Those reactions lead to long-term phytotoxicity and should also be considered. Indeed,
CEO application can be considered phytotoxic in the short-term only at a 2% concentration,
but we can’t rule out other mechanisms that lead to long-term phytotoxicity at lower
concentrations.

Pathogenesis-Related (PR) proteins have been defined as plant host proteins that are
produced only in response to attack by pathogens or a related event [73]. Demonstrating
the expression of PR genes has been widely accepted as a hallmark of plant defensive
systemic acquired resistance (SAR) induction [74,75]. The SAR, which is a form of systemic
resistance in plants with a specific defence signalling pathway, can also occur after spraying
with a synthetic or natural compound, commonly known as an inducer such as the Bion
used in this study [47]. From our results (PCA) it would seem that defence induction
pathways following CEO application is similar to SAR. The most commonly screened PR
genes expressed in apples and other plant-pathogen systems are PR-1 (antifungal activity),
PR-2 (3-1,3-glucanase), and PR-8 (class III chitinase) [76]. Thyme EO has been suggested
to increase PR-8 expression in apple [39]. Our results also showed significant increases in
expression levels of PR-8 and PR-14 compared to water. Tween 80 alone also impacted
PR-related protein agglutinin and PR-14. Similar results on defence related genes have been
previously highlighted in wheat after tween 20 treatment [77]. Therefore, the formulation
needs to be investigated to determine if defence induction is actually due to the elicitor
compounds themselves.

Apart from those coding for PR proteins, other genes represent the wide diversity
of known plant defence mechanisms. The metabolic pathways to which these genes
are related include secondary metabolic pathways (phenylpropanoids and isoprenoids),
oxidative stress, parietal modifications and hormonal signalling pathways of salicylic acid,
jasmonic acid and ethylene. In our study, phenylalanine ammonia-lyase (PAL) expression
levels from the phenylpropanoids pathway was significantly (but transiently) increased.
This is coherent with previous results obtained regarding this enzyme activity in citrus
following trans-cinnamaldehyde application [45]. Changes in PAL activity have been
shown to precede the increases in BD and BIS activities in Asian pear Pyrus pyrifolia
leading to production of phytoalexins [78]. This result was not verified here, but only BIS2
was followed out of the 9 genes detected in the genome sequence of the apple ‘Golden
Delicious’ [79]. Alternatively, phenylpropanoid pathway activation could be investigated
through production of biphenyls and dibenzofurans. Indeed, production of aucuparin and
noraucuparin have been demonstrated in apple following elicitor treatment [80]. Cell wall
modification may also occur, as suggested by the increase in pectin methyl esterase (PECT)
expression levels. Regarding hormonal signalling, ACCO up-regulation suggests an impact
on ethylene. Hormonal signalling is known to be a very transient signal; therefore, the
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balance of phytohormones should be considered when investigating signal perception
following CEO application. Concerning oxidative stress, glutathione S-transferase (GST) is
specifically up-regulated after CEO application which is consistent with the GSH results
presented, regarding redox status. Finally, regarding isoprenoids, a-farnesene production
was acknowledged in response to SAR induction by Bion application. The same result was
obtained following CEO injection into apple trees with a modification of VOC emission [81].
However Farnesyl pyrophosphate synthase (FPPS) and (E, E)-«-farnesene synthase (FAR)
do not seem to be upregulated following CEO application. However, deep transcriptome
analyses such as RNA-seq should provide a more complete and less biased picture on all
the genes modulated following CEO treatment.

Regarding signal transduction, it has been suggested that while the monoterpenes could
disturb the lipid organization and/or domain formation, the phenylpropanoid cinnamalde-
hyde could rather interact with membrane receptors [49]. Recent evidence suggests that
cinnamaldehyde regulates endogenous Ca?" in the root of Brassica rapa [82]. Furthermore,
investigation observed generation of endogenous hydrogen sulphide (H,S) in roots treated
with cinnamaldehyde, supposedly by increasing the activity of L-cysteine desulfhydrase [83].
They proposed that cinnamaldehyde could regulate Ca?* directly by targeting transient re-
ceptor potential A1 (TRPA1) as observed in mammals, but also that Ca?* regulation by H,S
may operate downstream of cinnamaldehyde through a linear signalling pathway during
the induction of lateral root formation. The transcriptional reprogramming that follows CEO
application could be explained by modification of those prominent signalling molecules.

To conclude, this work highlights modification of oxidative stress related metabolites;
namely glutathione and malondialdehyde, following CEO application in a dose-response
relationship. Furthermore, it investigates transcriptional reprogramming of the major defence
pathway. Increases in expression levels of specific genes belonging to PR-proteins (PR-8, PR-
14), hormonal signalling (ACCO), oxidative stress (GST), phenylpropanoids (PAL) and parietal
modification (PECT) pathways were observed following CEO application. Multivariate analy-
sis of the 29 transcripts acknowledged similar but more transient modification of expression
levels than the SAR inducer Bion. In a broader scope, the defence induction occurring below
the phytotoxicity threshold represents an engaging research path for EO application in
agronomy to design appropriate and sustainable agricultural pest management strategies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.339
0/agronomy12020512/s1. Figure S1: Typical HPLC-FLD sample chromatogram (RT GSH-MBB = 7.2 min)
and calibration curve for GSH; Limit of detection (LOD) = 1.16 uM; Limit of quantification (LOQ) = 1.41 uM;
Figure S2: Typical HPLC-DAD sample chromatogram (RT MDA(TBA), = 2.1 min) chromatogram and
calibration curve for MDA; Limit of detection (LOD) = 0.19 uM; Limit of quantification (LOQ) = 0.25 uM;
Table S1: List of 29 defence genes followed by qRT-PCR; Table S2: Log 2 expression level of 29 defence
genes followed by qRT-PCR.
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