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Abstract

Thymol is a natural phenolic monoterpene widely produced by different species belonging to the
Labiateae family. Although the thymol phytotoxicity is well known, the knowledge of its potential
toxic mechanism is still limited. In this regard, the model species Arabidopsis thaliana was treated
for 16 days by sub-irrigation with 300 uM of thymol. The results confirmed the high phytotoxic
potential of this phenolic compound, which caused a reduction in plant growth and development.
Thymol induced a water status alteration accompanied by an increase in ABA content and stomatal
closure. Furthermore, leaves appeared necrotic in the margins and their temperature rinsed. The
increase in H>O. content suggested an oxidative stress experienced by treated plants. Both
metabolomic and proteomic analysis confirmed this hypothesis showing a strong increase in
osmoprotectants content, such as galactinol and proline, and a significant up-accumulation of proteins
involved in ROS detoxification. Furthermore, the down-accumulation of proteins and pigments
involved in the photosynthetic machinery, the increase in light sensitivity and the lower PSII
efficiency well indicated a reduction in photosynthetic activity. Overall, we can postulate that
thymol-induced phytotoxicity could be related to a combined osmotic and oxidative stress that

resulted in reduced plant development.

Keywords: specialized metabolites; natural herbicide; oxidative stress; photosynthesis; photosystem
I1; plant water status.



1. Introduction

Weeds are still the most important pest problem in fields, since they compete with crops for

water and nutrient resources reducing their yields and quality, and causing great losses to agriculture
(Zimdahl, 2018). Nowadays, to maximize the agricultural efficiency, weed control mainly occurs
using chemical herbicides (Harrison and Loux, 2017). However, the negative impact of these
synthetic compounds on the environment and the human health together with the rapid increase of
weeds resistance has made more insistent and stringent to develop alternative methods for weed
control (Busi et al., 2018; Westwood et al., 2018). The identification of natural or natural-like
molecules, with new modes of action, could be a valid alternative as new bio-herbicides or templates
for new synthetic herbicides in a sustainable agriculture (Busi et al., 2018; Duke et al., 2018). Among
these, essential oils (EOs) and their constituents, produced by plants, are very interesting compounds
which activity has already been proved in agriculture for their fungicidal, insecticidal and nematicidal
activity (Arancibia et al., 2017; Chen et al., 2019; Isman et al., 2019). The EOs have been frequently
reported for their positive (interesting) effect on weed control according to their allelopathic features
(Alipour et al., 2019; Benvenuti et al., 2017; Nikolova et al., 2018). A large number of terpenoids has
been identified in EOs that are involved in plant-plant interactions, inhibiting growth and
development of many crops and weeds through multiple physiological effects (Araniti et al., 2017b;
Landi et al., 2020). Among these, carvacrol, farnesene, citral, trans-caryophyllene and thymol are
phytotoxic terpenoids with a promising herbicidal activity (Araniti et al., 2016; Araniti et al., 2017a;
Araniti et al., 2017c; Araniti et al., 2018; de Assis Alves et al., 2018; Grafia et al., 2013).
In particular, thymol is a natural occurring phenol monoterpene widely distributed in the plant
kingdom, being a major constituent of EOs, together its isomer (Naghdi Badi et al., 2017). Nowadays,
thymol has a wide range of functional roles in drug, food and cosmetic industry due to its potential
antimicrobial, antioxidant, anticarcinogenesis and anti-inflammatory activities (Gursul et al., 2019;
Lietal., 2017; Salehi et al., 2018; Pivetta et al., 2018).

In plants, thymol completely inhibited seed germination and seedlings growth of Johnson
grass (Sorghum halepense L.) (Matkovi¢ et al., 2018), Amaranthus retroflexus, Chenopodium album
and Rumex crispus, showing a potent phytotoxic effect (Kordali et al., 2008). The application of
several monoterpene compounds, such as thymol, on maize roots induced a modification of the sterol
proportion, which changed unsaturation of fatty acids, increasing unsaturated phospholipids
percentage and consequently the membrane permeability (Zunino et al., 2005). Recently, thymol
displayed a clastogenic and aneugenic action, resulting in damage to the DNA and the mitotic spindle
in both eudicots (lettuce) and monocots (sorghum) and exhibiting a strong phytotoxic and cytotoxic
activity (de Assis Alves et al., 2018). In particular, the thymoxyacetic acid, obtained from thymol by
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acidification, showed a toxicity similar to that of the commercial herbicide 2,4-D, being more
pronounced in L. sativa (eudicot) than inS. bicolor (monocot) (de Assis Alves et al., 2018).
Furthermore, Nasrollahi et al. (2018) demonstrated that thymol decreased photosynthetic rate and
chlorophyll fluorescence in lettuce treated plants, increasing, in contrast, photochemical efficiency of
photosystem 11, proline content and several antioxidant enzymes.

Despite the large evidences regarding its wide biological activity, no clues are given concerning
potential mode of action (MOA) of thymol on plants, fundamental for its use in agriculture.
Noteworthy, thymol has been listed as a potential candidate to be developed as safe agrochemical
based on US Environmental Protection Agency of the United States assessments (USEPA/IRIS,
2014).

Due to the intrinsic complexity to understand the MOA, different approaches are required in several
scientific fields. In recent years, —omics techniques, such as transcriptomic, proteomic and
metabolomics together with physiological, biochemical and/or molecular approaches could lead to
the understanding of the impact of natural toxins and their MOA on plant metabolism.

In this respect, in the present paper the effects of thymol and its MOA on adult plants of Arabidopsis
thaliana, through an integrated -omics (metabolomic and proteomic) and physiological approach,

have been proposed.

2. Materials and methods
2.1 Dose-response curve: the phytotoxic effect of thymol on A. thaliana

Arabidopsis thaliana L. (Heyn.) ecotype Columbia (Col-0) seeds were sterilized and vernalized as
previously described by Araniti et al (2013). After sterilization, seeds were sown in Petri dishes (10
x 10 cm) containing agar medium (0.8%) enriched with macro- and micronutrients (Murashige —
Skoog basal salt; Sigma-Aldrich) and sucrose (1%), pH 6.0. Sown plates were placed, in a vertical
position, in a growth chamber, at 22 °C + 2 °C, 8/ 16 h, light (90 mol m2s1) / darkness photoperiod,
and 55% relative humidity. Immediately after germination, 10 seedlings, selected for uniform size,
were transplanted on Petri dishes and treated with 0, 50, 100, 200, 400, 800 and 1200 uM thymol, for
14 days. At the end of the treatment, a bunch of 10 seedlings, per treatment and replicate, was
collected and fresh weight (FW) of seedlings was evaluated. Raw data where then fitted through non-
linear regression to identify the EDso parameter (the concentration of thymol which cause the 50% of

FW inhibition) on which to focus the next experiments.

2.2 The phytotoxic effect of thymol on A. thaliana adult plants



Experiments on adult plants have been carried out as previously reported by Araniti et al. (2018) with
some modifications. Uniform seedlings of Arabidopsis thaliana L. (Heyn.) Col-0 seedlings (30 per
treatment, 14 days old), obtained in agar plates, as previously reported, were individually transplanted
into pots (6 x 6 x 8 cm) containing Perlite (Agrilit 3), previously sterilized and moistened with half-
strength Hoagland nutrient solution (pH 6.0). Transplanted seedlings were allowed to establish for 7
days and during which they were sub-irrigated every other day with a same nutrient solution. Thymol
treatment began when plants were 3 weeks old. Thymol was solubilized in EtOH (0.1%) and diluted
in half-strength Hoagland solution to reach final concentrations: 0 uM (control) and 300 M. Thymol
solutions were then applied in plants (3 weeks old), through sub-irrigation (25 ml/pot) every other

day, for 16 days. EtOH 0.1% was added in the control solution.

2.3 Chlorophyll a fluorescence and pigments content

Chlorophyll a fluorescence emitted by adult plants of Arabidopsis treated with thymol was
determined as previously described by Martinez-Pefalver et al. (2011) using the Maxi-Imaging-PAM
Chlorophyll Fluorescence System fluorometer (Walz, Effeltrich, Germany). The following
parameters were recorded every 2 d during 16 days of treatment: the maximum PSII efficiency in
dark adapted leaves (Fv/Fm), the effective photochemical quantum yield of photosystem Il (¢u), the
apparent electron transport rate (ETR), the quantum yield of light-induced nonphotochemical
quenching (¢nrg), chlorophyll a fluorescence (¢no) and the fraction of the open photosystem Il
reaction centers (qu). The photosynthetic response was monitored for 5 min, and fifteen
measurements were obtained for each parameter at each measuring time, which output was a

kinetic plot for each parameter along time. At the end of the experiment the integral value of the
kinetic plot area for each replication, time point and parameter was calculated and reported on the
graphs (Grafia et al., 2013).

Chlorophyll a, chlorophyll b and carotenoids were quantified as previously reported by
Araniti et al. (2017c). In particular, 100 mg of plant material, for each replicate and treatment, were
extracted with methanol (1.5 ml) and then centrifuged at 170 g for 5 min. Subsequently, 500 ul of
supernatant were diluted with 500 pl of methanol and sample absorbance was read at 470, 653, 666
and 750 nm. Pigment content, quantified using Wellburn’s equations (Wellburn, 1994), was
calculated as pg / g of DW and expressed as % compared to the control.

Anthocyanins were extracted from 0.2 g of leaf tissue previously grounded in liquid nitrogen.
Samples, suspended in 1 mL water, were centrifuged at 18,000 g for 10 min. The supernatant was

diluted with 0.4 M sodium acetate at pH 4.5 and 25 mM potassium chloride at pH 1.0, and centrifuged



once again. Total monomeric anthocyanins were measured by recording the Aso as outlined in Giusti
and Wrolstad (2001).

2.4 Leaf temperature, stomatal density and size

Variations in leaf temperature were evaluated using a thermocamera (FLIR T640bx). Images were
then analyzed using the Flir Tool software, which allowed measuring the temperature gradient from
the leaf base (LV) till the distal part of the lamina (LB).

Immediately, after leaf detaching, both stomatal density (number of stomata per unit leaf area)
and size (length between the junctions of the guard cells at each end of the stomata) were evaluated
on untreated and treated plants using an epifluorescence microscope system (Olympus bx53) and
expressed as percentage compared to the control (Malone et al., 1993; Radoglou and Jarvis, 1990; Xu
et al., 2008).

2.5 Fresh weight (FW), dry weight (DW), DW/FW ratio, leaf number and area, leaf relative water
content (RWC), leaf osmotic potential [V (n)] and leaf membrane stability index [MSI (%)]

At the end of the experiment, a pool of four rosettes (biological sample), for each treatment
and replicate, was collected and their FW, leaf number and area were evaluated. In particular, leaf
area was quantified using the open source software ImageJ (Image Processing and Analysis in Java).
Successively, plant samples were hoven dried at 60 °C to determine the DW and to calculate the
DWI/FW ratio.

Leaf relative water content (RWC) was estimated as previously reported by Gonzélez and
Gonzalez-Vilar (2001). One leaf blade for each replicate was weighted (FW) and incubated in 15 ml
of ultrapure water for 24 h at 4°C. After incubation, leaves were blotted and weighted to get the turgid
weight (TW). Successively, leaf samples were oven dried and newly weighted (DW). FW, TW, and

DW were used to evaluate the RWC parameter using the following formula:

RWC = [(FW — DW)/ (TW — DW)] * 100

For the Wr leaf evaluation, four leaves, per treatment and replication, were collected and frozen at -
20 °C. After 24 hours, defrosted leaves were squeezed into a syringe taking care to eliminate the first
drop. The remaining extracts were collected in vials and their Wn was measured with a cryoscopic
osmometer (Osmomat 030, Gonatec) (Gonzalez, 2001; Araniti et al., 2018). The Wn leaf was
expressed in mega pascal (MPa).



The MSI was determined indirectly as reported by Sairam et al. (2002). Leaf discs with
uniform size (1cm @) were transferred in tubes containing 10 ml of ultrapure water. They were then
heated at 30°C for 30 minutes and successively the electrical conductivity was measured (C1).
Samples were then transferred in a bath at 100°C for 30 minutes, were then cooled on ice and the
electric conductivity was again measured (C2). The MSI index was calculated using the following

formula:

MSI (%) = (1- C1/C2) * 100 (Sairam, 2002)

2.6 Relative quantification of abscisic acid through GC-MS

Arabidopsis rosettes were cut, deeply frozen in liquid nitrogen, powdered and transferred in a
2 ml centrifuge tube (0.1 + 0.002 g), for each treatment and replicate. Sample extraction and
derivatisation were carried out as previously described by Rawlinson et al. (2015), with some
modifications. To the powdered frozen samples, 20 pl of indole propionic acid (20 mg/ml) were
added as internal recovery standard. Successively, 200 pl of NaOH (1 % w/v), 147 pl of MeOH and
34 pl of pyridine were added to samples, and vortexed for 40 sec. To the extracted samples were
added 20 pl of methyl chloroformate and newly vortexed for 30 sec. This step was repeated two
times. To samples were added 400 ul of chloroform, shaken for 10 sec., and 400 ul of NaHCOs3
solution (50 mM). Samples were shaken for 20 sec and immediately centrifuged (22000 g) for 1 min.
The organic fraction was collected, dispensed in 2 ml centrifuge tubes and the aqueous residues were
eliminated using anhydrous Na;SO4. One hundred pl of organic fraction were used for the GC-MS
analysis, which was carried out using a GC-MS single quadrupole apparatus equipped with a TG-
5MS capillary column. Helium was used as gas carrier with a flow rate of 1 ml/min. Injector and
transfer line were settled at 250°C and 270°C, respectively. Three ul of sample were injected with a
35 psi pressure pulse, which was held for 1 min. The following temperatures were programmed:
isocratic for 1 minute at 40°C, from 40°C to 320°C with a rate of 20°Cxmin, then isocratic for 2 min
320°C. The ion source was settled at 200°C and the solvent delay was 4.5 min. Mass spectra were
recorded in electronic impact (EI) mode at 70 eV, scanning at 50-400 m/z range for selection of
appropriate EI mass fragments for each analyte. Then, the MS was run in selected ion monitoring
(SIM) using 1 quantifier ion (m/z) and two qualifiers (m/z) for ABA-methyl ester the ions 190
(quantifier), 162 and 134 (qualifiers) were used. The ABA identification was carried out comparing
the relative retention time and mass spectra of molecule with pure standards derivatized, as previously
described, and with the commercial libraries (NIST 2005, Wiley 7.0 etc.). The ABA content was



previously normalized on the internal standard amount (indole propionic acid) and quantified using

a standard curve built with ABA derivatized pure standard.

2.7 In-situ semi-quantitative determination of H20, lipid peroxidation, and protein content

The H20, was determined following the method proposed by van Acker et al. (2000)
successively modified by Sanchez-Moreiras et al. (2011). Four fully expanded leaves were cut,
infiltrated under vacuum and incubated in dark condition for 8 h in the 3,3’-diaminobenzidine (DAB)
(1 mg mL™) solution (pH 3.8). After incubation, leaves (5 leaves for each treatment and replicate)
were exposed to light for 30 min and successively pigments were removed using an ethanol : acetic
acid (1:1 v/v) solution. The percentage of stained leaf area was evaluated using the image analysis
software Image ProPlus v.6.0 (Media Cybernetics Inc., Bethesda, MD, USA).

Lipid peroxidation was quantified as previously described by Hodges et al. (1999), using 100
mg of fresh plant material, obtained from a pool of four full rosettes, for each treatment and replicate.
The MDA equivalents were calculated using the equations proposed by Hodges et al. (1999),
corrected by Landi (2017), and then expressed in percentage compared to the control.

Total protein content of Arabidopsis leaves was determined according to the Bradford (1976)
protocol, using bovine serum albumin as standard. Total protein content, calculated as pg per gram
of DW, was expressed in percentage compared to the control.

2.8 Extraction, identification and quantification of primary metabolites in Arabidopsis leaves

Plant materials (a pool of four full rosettes, for each treatment and replicate) were collected
and immediately snap frozen in liquid nitrogen to quench the metabolism. Freshly homogenized (100
mg) plant material were obtained for each biological sample and replicates.

Extraction was done by adding 1400 ul of methanol (at -20°C) to samples and vortexed for
30 s after addition of 60 pl ribitol (0.2 mg/ml stock in d H20) as an internal quantitative standard.
Samples were then transferred in a thermomixer at 70°C, shaken for 10 min (950 rpm), and
centrifuged for 10 min at 11000 g. The supernatants were collected and transferred to glass vials
where 750 pl CHCI3 (-20°C) and 1500 pl ddH20 (4°C) were sequentially added. All the samples were
vortexed for 10 s and then centrifuged for 15 min at 2200 g. Upper polar phase (150 pl), for each
treatment and replicate, was collected, transferred to a 1.5 ml tube and dried in a vacuum concentrator
without heating. Before freezing and storing at -80° C, the tubes were filled with argon and placed in
a plastic bag with silica beads (for avoiding moisture and hydration during short-term storage). Before

derivatization, stored samples were placed in a vacuum concentrator for 30 minutes to eliminate any



trace of humidity. Then, 40 pl of methoxyamine hydrochloride (20 mg/ml in pyridine) were added to
the dried samples and incubated for 2 h in a Thermomixer (950 rpm) at 37°C. Methoxyaminated
samples were then silylated by adding 70 pl of MSTFA (N,O-bis-trimetilsilil-trifluoroacetamide) to
the aliquots. Samples were further shaken for 30 min at 37°C. Derivatized samples (110 pl) were then
transferred into glass vials suitable for the GC/MS autosampler. For analysis injector and source were
settled at 250°C and 260°C temperature, respectively. One pul of sample was injected in splitless mode
with a flow of 1ml/min using the following programmed temperature: isothermal 5 min at 70 °C
followed by a 5°C/ min ramp to 350 °C and a final 5 min heating at 330°C. Mass spectra were
recorded in electronic impact (EI) mode at 70 eV, scanning at 45-500 m/z range, solvent delay 9
minutes.

In addition to samples, an n-hydrocarbons mixture (alkane calibration standard all even C8-
C40, Sigma Aldrich, Italy) and blank samples were separately injected. The alkane standards were
used for Retention Index calculation, whereas the blank sample for removing features based on blank
information (Lisec et al., 2006).

The MS DIAL with open source public available EI spectra libraries were used for raw peaks
extraction and the data baseline filtering and calibration of the baseline, peak alignment,
deconvolution analysis, peak identification and integration of the peak height essentially followed as
described (Tsugawa et al., 2015). An average peak width of 20 scan and minimum peak height of
1000 amplitudes were applied for peak detection, and sigma window value of 0.5, EI spectra cut-off
of 10 amplitudes were implemented for deconvolution. For identification, 0.5 min of the retention
time tolerance, 0.5 Da of the m/z tolerance, 60% of the EI similarity cut-off, and 80% of the
identification score cut-off were settled. In the alignment parameters setting process, both the
retention time tolerance and retention time factor were 0.5 min. For, MS-DIAL data annotations we
used publicly available libraries. Compound identification was based on the mass spectral pattern as
compared to El spectral libraries such as the NIST Mass Spectral Reference Library (NIST14/2014),
the MSRI spectral libraries from Golm Metabolome Database (Kopka et al., 2005) available from
Max-Planck-Institute for Plant Physiology, Golm, Germany, MassBank (Horai et al., 2010), the
MoNA (Mass Bank of North America).

2.9 Proteomic analysis

Proteomic analysis was performed on an aliquot of samples used for metabolomics following the
method reported by Salehi et al. (2018). Briefly, proteins were extracted in phenol (buffered with Tris
HCI, pH 8.0, Sigma, St.Louis, MO, USA), precipitated in five volumes of 0.1M ammonium acetate

in cold methanol, reduced and alkylated, then digested overnight using porcine trypsin (Promega,



Madison, CA, USA). Peptides were analyzed by shotgun data-dependent MS/MS using a 1260 nano-
LC Chip Cube source coupled to a 6550 iFunnel quadrupole-time-of-flight mass spectrometer (both
from Agilent Technologies, Palo Alto, CA, USA). Peptides were analyzed through a 60 min water-
acetonitrile gradient (with 0.1% HCOOQOH), using a chip made of a 40 nL enrichment column and a
150 mm separation column (Agilent Zorbax 300SB-C18, 5 um). The elution gradient was designed
from 3% to 90% acetonitrile at a flow of 0.6 pl min™t. The data-dependent tandem mass spectrometric
acquisition was set to 20 precursors per cycle (4 Hz, 300-1700 m/z) with positive polarity. Ramped

collision energy was used for collision-induced decomposition, as a function of peptide charge.

Proteins inference was carried out in Spectrum Mill MS Proteomics Workbench (Rev B.04; Agilent
Technologies) setting carbamidomethylation of cysteine as a fixed modification and allowing one
missing cleavage per peptide. Mass tolerance was + 10 ppm and + 20 ppm for precursor and product
ions, respectively. Search was conducted against the proteome of A. thaliana (Uniprot, downloaded
January 2018); the database was concatenated with the reverse one. Autovalidation with a target 1%
false discovery rate and label-free quantitation (protein summed peptide abundance), were also

adopted.

2.10 Statistical analysis

A completely randomized design with four replications was applied in all the experiments
except for chlorophyll a fluorescence that was replicated 3 times. Data were first checked for
normality through the Kolmogorov-Smirnov test and then tested for homogeneity of variances with
the Levene’s test. Differences among treatments were statistically evaluated through t-test (P < 0.05).
Differences among treatments in chlorophyll a fluorescence experiments were statistically evaluated
by analysis of variance followed by Least Significant Difference tests (LSD) (P < 0.05).

The EDso value was evaluated by a nonlinear regression model using a log-logistic function as
reported by Beltz et al. (2005).

Metabolite concentrations were checked for integrity and missing values were replaced with
a small positive value (the half of the minimum positive number detected in the data). Data were then
normalized by the reference feature (ribitol), transformed through “Log normalization” (to make the
metabolite concentration values more comparable among different compounds) and scaled through
Pareto-Scaling (mean-centered and divided by the square root of standard deviation of each variable).
Data were then classified through Principal Component Analysis (PCA), metabolite variations were

presented and samples clustered through a heatmap. Differences between treatments were considered



significant when the P < 0.05 (Student’s t-test). Metabolomic data handling were carried out using
the software metaboanalyst 4.0 (Chong et al., 2018).

Proteomic data were elaborated using Mass Profiler Professional B.04 (Agilent
Technologies), as previously reported (Bernardo et al., 2017). Briefly, data were Log2 normalized,
baselined against the median of control and then an unsupervised hierarchical cluster analysis
(distance: Euclidean; linkage rule: Ward’s), based on fold-change heatmaps, was carried out to
naively identify the relatedness/unrelatedness between treatments. Thereafter, the dataset was
elaborated through Partial Least Squares Discriminant Analysis (PLS-DA), a multivariate supervised
approach that allowed identifying the most discriminant proteins according to their weight in the PLS-
DA prediction model (as resulted from the model Score Plot). A fold-change analysis (fold-change

cut-off =3) was finally performed to describe the extent and direction of the accumulation.

The ontology of differentially accumulated proteins was finally investigated using the online tools
agriGO 2.0 (Tian et al., 2017) and DAVID 6.8 (Sherman and Lempicki, 2009; Galperin and
Cochrane, 2009) to summarize the biochemical processes involved in plant response to thymol.

3. RESULTS
3.1. Phytotoxic effect of thymol on A. thaliana

Thymol severely affected shoot growth of A. thaliana in a dose dependent manner. In
particular, FW reduction was significantly evident already at 100 UM (25 %). Such reduction
increased along with the increasing of thymol concentrations reaching 81% and 93% with 800 uM
and 1200 pM treatments, respectively (Fig. 1).

The fitting of the dose response curve through non-linear regression allowed evaluating the

EDso parameters, which was 289.2 uM (Fig. 1).

3.2 Fresh weight (FW), dry weight (DW), DW/FW ratio, leaf number and area, leaf relative water
content (RWC) and leaf osmotic potential (¥r)

Thymol treatment significantly altered all the morpho-physiological parameters evaluated. In
particular both fresh and dry weight pointed out a 47% and 33% reduction, respectively. On the other
hand, DW/FW ratio significantly increased (25%). At the same, plant growth inhibition was
accompanied by a reduction of the leaf number, already observed after 4 days of treatment, a decrease
of the leaf area (36%) and the RWC (69%), and an increase of the W (16%) (Wx is characterized by



negative value, so an increase of 16% means that the W= in plants treated was a 16% more negative
than control) (Fig. 2).

3.3 Lipid peroxidation, protein content, leaf membrane stability index [MSI (%)] and in-situ semi-
quantitative determination of H.O>

In plants treated with thymol, an increment in lipid peroxidation (57%) accompanied by a reduction
in total proteins (43%) and membrane stability (44%), were observed (Fig. 4). Moreover, in DAB
stained leaves, a clear increment in H20. content was highlighted by the brownish leaves coloration

(Fig. 3).

3.4 Leaf stomatal density and size, leaf temperature and ABA content

Plants treated with thymol pointed out an increment in ABA content (51%) accompanied by the
stomatal closure and the reduction in both density (45%) and size (37%) (Fig. 4). Moreover, in plants
treated an increment in temperature in all parts of leaf was observed, especially high in the peripheral

areas of the blade decreasing toward the midrib and the petiole (Fig. 4).

3.5. Chlorophyll a fluorescence and pigment content

The chlorophyll a fluorescence monitoring pointed out a severe alteration of the photosynthetic
machinery in thymol-treated adult plants. In particular, the parameters F./Fm (after 6 days of
treatment), ¢n and ETR (after 8 days) were significantly reduced by treatment. On the contrary, ¢no
and ¢npq Were significantly increased after eight days (Fig. 5).

Concerning the pigments content, chlorophylls a (30%), chlorophyll b (31%) and carotenoids (53%)
were significantly reduced by thymol treatment, whereas that of anthocyanins was highly stimulated
(64%) (Fig. 5).

3.6 Metabolomics

To get more insight into the effects of thymol on Arabidopsis metabolism, a GC/MS-driven
untargeted-metabolomic analysis was carried out.

The multivariate analysis (PCA), carried on the annotated metabolites, highlighted a clear
separation between two treatments, indicating that thymol induced significant alterations in



Arabidopsis metabolome. The separation was achieved using the principal components (PCs) PC1 vs
PC2, which explained a total variance of 81.2 %. In particular, the PC1 and PC2 variables were
responsible for 64.9 % and 16.3 % variation sources, respectively (Fig 6).

The loading plots analysis highlighted that the PC1 was mainly dominated by isothreonic acid,
ethanolamine, tartaric acid, glycerol-3-phosphate and galactose, whereas the PC2 by galacturonic
acid, inositol, sinigrin, ribose, methylmalonic acid and isoleucine (Fig 6 and S1).

Successively, data were analysed through univariate analysis and, based on t-test, the
significant discriminating metabolites were identified (supplementary material S1).

Among them, eight amino acids, six organic acids, one oxidized vitamin and seven sugars
have been annotated. Among the amino acids, B-alanine and threonine were the only ones
significantly reduced by treatment (Table 1). On the contrary, proline, aspartic acid, glutamic acid,
ornithine, serine and valine were significantly increased in response to thymol. A similar trend was
observed also in organic acids, where malic acid was the only significantly inhibited, whereas all the
others as well as the vitamin ascorbic acid increased in response to thymol (Table 1). Finally, among
the sugars, sucrose and myo-inositol were significantly down-accumulated by treatment whereas

galactinol, maltose, fructose, glucose and trehalose were up-accumulated (Table 1).

3.7 Proteomic analysis

A MS-based proteomic analysis was performed in A. thaliana plants following application of 300
uM thymol. Overall, the approach allowed annotating about 150 proteins passing the validation
thresholds applied; the whole list of proteins is provided as supplementary material (supplementary
material S2). The subsequent unsupervised hierarchical clustering identified two main sub-clusters,
each of them including samples from the same treatment except for a thymol-treated sample that
grouped with control (Figure 7). Notably, when looking at the fold-change based heat-map of the
cluster analysis, several proteins showed a marked up-accumulation in response to the thymol
treatment. Nonetheless, to note that this naive analysis pointed out a relatively high biological

variability within each treatment.

Thereafter, a subsequent supervised approach, namely PLS-DA analysis, was carried out using the
treatment as class membership parameter. This further multivariate analysis confirmed that 300 uM
thymol induced a distinct proteomic signature in A. thaliana plants (model accuracy: 100%)
(supplementary materials S3). The most discriminant proteins were exported from PLS-DA
covariance structures, according to their weight in the prediction model; these highly discriminant
proteins are provided in table 1 together with their fold-change values. Consistently with the previous



analysis, most of proteins was accumulated following thymol application. Interestingly, all the down
accumulated proteins were chloroplastic, such as ATP synthase, PSI or PSII proteins, as well as the
chloroplastic phosphoglycerokinase 1. By contrast, the up accumulated proteins included, among the
others, photosynthesis related proteins (such as CP43 chlorophyll apoprotein, plastocyanin, thylakoid
lumenal 15kDa protein 1, probable plastid-lipid-associated protein 6 chloroplastic), ROS
detoxification proteins (Probable peroxidase 26 and superoxide dismutase [Fe] 1 chloroplastic) and
redox stress (plastid-lipid associated protein 6), proteins involved in fatty acids metabolism (ACP 4
and palmitoyl-ACP thioestherase) and in vacuole trafficking (V-type ATP-ase and vacuolar
cation/proton exchanger). Noteworthy, ATP-synthase mitochondrial showed an opposite trend
compared to its chloroplastic analogous.

Proteins passing the fold-change cut-off of 3 were also identified, in order to achieve more
information on the proteome changes induced by thymol treatment (supplementary material S2).
Differentially accumulated proteins were interpreted in both agriGO and DAVID for ontology
analysis. The outcome of DAVID elaborations confirmed the involvement of chloroplast processes,
with PSI, PSII and chlorophyll binding proteins being the most affected. Furthermore, the thioredoxin
processes was also highlighted by this elaboration, further indicating the involvement of both

photosynthesis and oxidative stress, also strongly confirmed by agriGO ontology.

4. Discussion

In the present study, the monoterpenic phenol thymol was screened by the in-vitro bioassays for its
phytotoxicity on Arabidopsis seedlings. These rapid and cost-effective tools allowed to identify the
key concentrations (Eg. EDso, EDgo and/or LDsp) on which to focus the in-situ experiments in both
laboratory and open fields (Araniti et al., 2017c). The results confirmed the high phytotoxic activity
of this compound, already observed on other species ( de Assis Alves et al., 2018; Nasrollahi et al.,
2018), pointing out an EDso value of 289 pM. For this reason, 300 uM thymol was later adopted to
understand its mode of action on soilless cultured adult plants of A. thaliana by an integrated
physiological, metabolomic and proteomic approach.

Our dataset clearly indicated that thymol strongly affected plant water status inducing a cascade effect
starting from the ABA signal and stomatal closure. Consequently, a reduced evapotranspiration
accompanied by an increment in leaf temperature followed by a ROS burst in leaves were observed,
causing oxidative stress and cell membranes damages. The PSII efficiency was directly (physically
damaged) or indirectly altered and this was translated in a strong reduction in plant growth and

development. Taken together, these results suggested that thymol-treated plants were experiencing a



water status alteration followed by an oxidative damage, as already observed by Araniti et al. (2017b)
and Grafa et al. (2016) on Arabidopsis adult plants treated with the sesquiterpene trans-caryophyllene
and the monoterpene citral, respectively. Below we detail the molecule mechanism by which thymol
affected A. thaliana growth.

A significant decrease in leaf number and area, already after 4 days of treatment, accompanied by a
reduction in both FW and DW were observed, suggesting an impairment in plant development
triggered by thymol. Additionally, plants were characterized by a general decrease in protein content
accompanied by a buildup in leaf osmotic potential, an increment in DW/FW ratio and a reduction in
RWC.

In accordance with previous results in plants subjected to water status stress (Kuromori et al., 2018;
Sharma and Rai, 1989) thymol treatment caused a significant increment in ABA content together with
amino acids accumulation, responsible of stomata closure needed for reducing plant transpiration and
water losses. Therefore, in plants treated with thymol, almost all the stomata on the leaf abaxial
surface were closed, while the others showed a significant reduction in stomatal size and density.
Doheny-Adams et al. (2012) reported that Arabidopsis plants exposed to drought developed stomata
characterized by a reduced size. Smaller stomata not only provided a reduced total leaf pore area but
allowed a faster aperture and closure response, maximizing the water use efficiency (Franks and
Beerling, 2009; Drake et al., 2013; Lawson et al., 2014).

However, stomatal limitation contributed to a water conservation, limiting, at the same time, the
influx of CO> to substomatal chamber and affecting the photosynthetic rate (Flexas and Medrano,
2002), as also observed in plants under drought stress condition (Bartlett et al., 2016).

Furthermore, a reduced water transpiration together with a prolonged stomatal closure lead to
an increase of leaf temperature and, as a consequence, might promote ROS accumulation and physical
damages to the photosynthetic machinery, especially to PSII, very sensitive to high temperature
(Mathur and Jajoo, 2014). The thermal camera confirmed that, in thymol-treated plants, a significant
higher temperature was measured particularly in the leaf blade margins, starting point of necrosis
formation under drought stress (Vollenweider and Glnthardt-Goerg, 2005; Vollenweider et al.,
2016). In particular, leaf temperature lowered close to the petiole. Furthermore, in the leaf margins,
the DAB staining highlighted a higher dark brown color (high concentration of H20.), which
gradually reduced its intensity moving towards the petiole. Similar results such as H202-induced lipid
peroxidation and proteins content reduction were also observed in Arabidopsis leaves treated with
the allelochemical 2-benzoxazolinone (Sanchez-Moreiras et al., 2011).

The ROS increase resulted in a perturbation of the cellular redox state that can ultimately lead

to oxidative stress (Dumont and Rivoal, 2019). Proteomic results strongly supported the redox



imbalance in response to thymol treatment, which was indirectly suggested by the upregulation of the
superoxide dismutase [Fe] 1 chloroplastic and PER26 (Probable peroxidase 26), that accumulated in
response to oxidative stress to scavenge O2" and H20O5, respectively ( Valerio et al., 2004; Pilon et al.,
2011). In particular, the PER26 enhancement may be related to the accumulation of oxidized
ascorbate (dehydroascorbate) observed in treated plants, since this enzyme utilizes ascorbate as
electron donor to scavenge H»Oo.

Fold change analysis suggested that thymol treatment also affected the thioredoxin system, which
plays an important role in redox homeostasis, since its catalytic site reduces disulphide bonds in target
proteins thus affecting numerous biochemical processes (Kang et al., 2019). Furthermore, thioredoxin
affected chloroplastic ATP-synthase acting as a switch under abiotic stresses (Carrillo et al., 2016).
In chloroplast, the thioredoxin system includes also ferredoxin (Fd)-dependent thioredoxin reductase
and reduced nicotinyl adenine dinucleoside phosphate NADPH-dependent thioredoxin reductase
C(NTRC); this latter is known to regulate a wide diversity of biochemical processes including the
redox signaling, the Calvin cycle, as well as the synthesis of starch and tetrapyrroles (Kang et al.,
2019). Moreover, Vieira Dos Santos and Rei (2006) found that, under abiotic constrains, thioredoxin
accumulation plays a key role in oxidative stress response. In agreement with our results, they
identified peroxiredoxin and superoxide dismutase among the targets of thioredoxin, and postulated
that the thioredoxin-induced cascade had a regulatory modulation of enzymes involved in repair and
detoxication processes, thus offering a possible explanation to thymol-induced DNA damage.

A further link between thymol and ROS homeostasis has been related to its effects on salt overly
signaling (SOS) pathway (Cheng et al., 2020), which is involved in Na*/H* trafficking across
membranes, including the vacuole. This might explain the accumulation of the vacuolar V-type ATP-
ase and cation/proton exchanger, both involved in stress acclimation (Yokoi et al., 2002), observed
in our results. A connection between the SOS signaling and ROS burst was also supported by the up-
accumulation of the plastid -lipid associated protein 6, an osmiophilic transporter of antioxidants.
To maintain plant homeostasis and turgor and as well as to protect cells from ROS, plant responses
to thymol were associated with an accumulation of several metabolites, such as, organic acids, sugars
and sugar alcohols and amino acids. Data from the literature indicated that under oxidative stress
complex changes in metabolite pools in central carbon metabolism (Dumont and Rivoal, 2019) with
osmoprotectant function could be induced. In this respect, thymol treatments affected the
tricarboxylic acid (TCA) cycle, which was significantly altered in both metabolomic and proteomic
profiles. In particular, several Krebs cycle intermediates, such as citrate, fumarate, succinate and a-
ketoglutarate, were significantly upregulated in response to thymol. These results were also in

accordance with their role as key components in mechanisms useful to cope with environmental



stressors (Lopez-Bucio et al., 2000), such as thymol, or water stress (Timpa et al., 1986). In addition,
some of these organic acids such as citric acid and fumaric acid ameliorated plant performances under
stressful conditions, in particular enabling plant protection against ROS spread ( EI-Tohamy et al.,
2013). In particular, fumarate, one of the major forms of fixed carbon in Arabidopsis (Chia et al.,
2000), is converted to malate through a reversible hydration/dehydration catalysed by the enzyme
fumarase (Fernie and Martinoia, 2009). Therefore, the reduction in malic acid observed in stressed
plants could be due both to a reduction of fumarase activity or to a conversion of malate to fumarate
in order to increase the availability of carbon skeletons and energy for the metabolization of other
compounds to cope with stress (Chia et al., 2000). In particular, this second hypothesis was strongly
supported by the experiments carried out by Kim and Lee (2002) who observed that in carrot cells,
growing on malic acid as carbon source, it was firstly converted into fumaric acid by fumarase and
then used for growth. Moreover, it has been proved that in Arabidopsis, a species which accumulates
large amounts of fumarate, the malate is converted to fumarate by cytosolic fumarase
(Pracharoenwattana et al., 2010), confirming the importance of this metabolite as source of carbon
skeletons and the reduction on malate content under thymol stress. Finally, Nunes-Nesi et al. (2007)
reported that a tomato mutant deficient in mitochondrial fumarase activity (low malate production)
was characterized by a marked reduction of transpiration and stomatal conductance due to a
deficiency in stomatal function, which is in line with our results.

In particular, the protein mitochondrial ATP synthase subunit d, which catalyzes the terminal step in
oxidative respiration generating ATP, was significantly stimulated by the treatment. Zhang et al.
(2008) reported that this protein isolated in Arabidopsis plants was able to confer resistance to several
abiotic stress such as drought, cold and salinity.

Among the osmoprotective metabolites, proline, threalose and galactinol, the most effective
compounds (Suprasanna et al. 2016), were significantly increased in thymol-treated plants.
Interestingly, their biosynthesis is induced by both ABA signaling and metabolism (Sharma and Rai,
1989; Stewart and Voetberg, 1985; Taji et al., 2002; Yu et al., 2019). Furthermore, ABA in turn
induced the enzyme galactinol synthase, which is involved in the biosynthesis of raffinose family
oligosaccharides promoting plant stress tolerance ( Nishizawa et al., 2008; Panikulangara et al., 2004;
Taji et al., 2002).

Water status alteration and consequently stomatal limitation negatively affected photosynthesis, as
demonstrated under mild to moderate drought conditions (Misson et al., 2010). Both DAVID and
agriGO ontologies, gained from the differential proteins, highlighted that photosynthesis and
chloroplastic processes were significantly affected by thymol treatment. Supportively, a high

reduction in sucrose and in several proteins linked to photosynthesis together with a decrease of



pigments content supported this hypothesis. In particular, a reduction in both chlorophyll a and b as
well as in carotenoids was observed in thymol-treatment plants. On the contrary, anthocyanins, which
play a pivotal role in photoprotection, due to their sunscreen prerogative (Landi et al., 2015; Lo
Piccolo et al., 2018), were significantly stimulated (0.7-fold higher than control) by thymol.
Furthermore, the evaluation of several chlorophyll fluorescence parameters related to photosynthetic
biochemistry activity, useful tool for monitoring the physiological status of the plant photosynthetic
apparatus (Kalaji et al., 2016), confirmed the thymol effects on photosynthesis. In contrast with recent
results on lettuce ( Nasrollahi et al., 2018), the maximum photochemical efficiency of PSII (Fv/Fm)
was significantly compromised by thymol treatment already after 6 days of treatment, while the other
parameters (i.e. ¢u, dnro, Pno, gL and ETR) changed (were affected) from the 8" day onward.
Undoubtedly, the duration of exposure to thymol, the concentrations applied and the diverse species
between the experiments could contribute to this difference. The Fv/Fm decline denoted some
damages to light harvesting complexes of PSII (LHCIIs) and PSII reaction centers (RCIIs). This
decrease may be also related to the chlorophylls reduction (as observed in our experiment) as well as
the denaturation of chlorophyll-binding proteins (Yamane et al.,1998), such as the antenna pigment-
protein complex CP47 (Bricker and Frankel, 2002), down-regulated by thymol treatment. However,
the up-regulation of CP43, pivotal for the light harvest by PSII (Bricker and Frankel, 2002), was not
enough to preserve the impairment of PSII maximum quantum yield.

Beside damages to LHCII, a gL decrease, related to the closure of reaction centers, supported the
occurrence of RCII damages induced by thymol treatment. This resulted in a lower ability of PSII to
tunnel electrons to the photochemistry (lower ETR and yield of PSII under light-adapted conditions,
namely ¢n). Similar results were observed by Grafia et al. (2013; 2016) and Araniti et al. (2017b) on
Arabidopsis adult plants treated with citral and coumarin, respectively.

Concerning the partitioning of harvested light in controlled and non-controlled dissipative
mechanisms (®npg, and dno, respectively), the stronger increase of both ®no and ®npg Values in
thymol-treated plants reflected the sub-optimal capacity to photoprotect the photosynthetic apparatus
(Klughammer et al., 2008). Indeed, ®no usually reflects the fraction of energy that is passively
dissipated in the form of heat and fluorescence, mainly due to the closed PSII, whereas ®npg
corresponds to the fraction of energy dissipated in the form of heat via the regulated photoprotective
NPQ mechanisms (Klughammer et al., 2008; Pfundel et al., 2008). The successful regulation in
variable environmental stresses is generally aimed at maximal values of ®psi, with the remaining loss
1-®ps)) aimed at a maximal ratio of ®npo/Pno (Pflindel et al., 2008). At saturating light intensities, a
stronger enhancement of non-regulated mechanisms can lead to photodamage and photoinhibition, in

most cases shifting from dynamic to chronic photoinhibition.



In this context, the reduced photoprotective capacity of thymol-treated plants can be attributable to
the lower carotenoids content. Indeed, carotenoids, in addition to their role of accessory pigments and
as part of the dissipative NPQ, play an important role in protecting against photoinhibition acting as
free radical scavengers (Choudhury and Behera, 2001; Demmig-Adams et al., 1996; Havaux and
Kloppstech, 2001). Their strong reduction could have limited the protection against the
photodegradation of chlorophyll, thereby facilitating the formation of ROS and increasing the
possibility of photoinhibition ( Havaux and Kloppstech, 2001; Hortensteiner and Krautler, 2011).
Furthermore, we can postulate a contribution of the previously reported thioredoxin-mediated action,
by thioredoxin reductase type C, acting on chlorophyll biosynthesis, on the impairment of
photosynthetic processes.

The inability of thymol-treated plants to prevent photoinhibition and to protect PSII by
photodegradation was also suggested by the down regulation of the chloroplastic ATP synthase
subunit beta, which is involved in the production of ATP during the light dependent reaction. As
summarized by Murata and Nishiyama (Murata and Nishiyama, 2018), the processes involved during
the repair of photosystem Il (PSII), experiencing photoinhibition, involves the replacement of
photodamaged D1 protein by newly synthesized one. Both degradation and synthesis of D1 proteins
during the repair of photosystem Il are strictly dependent from the ATP produced by the chloroplastic
ATP synthase. Furthermore, ATP is necessary for several other aspects involved in PSII repair, such
as transcription of psbA genes, which encodes the precursor to D1 (pre-D1). These high requirements
for ATP during the repair processes of PSII have been demonstrated by several authors, which
showed that inhibitors of ATP synthase and uncouplers of ATP synthesis interrupt the biosynthesis
of D1 and the repair of PSII.

Conclusions

In the present study thymol resulted a good candidate as a botanical herbicide, considering its high
effectiveness on Arabidopsis plants.

The results strongly indicated that thymol caused an alteration of the plant water status that induced
a cascade effect that started with ABA signalling and accumulation, and consequently a stomatal
closure followed by a reduction of carbon absorption and metabolization. The reduction of
evapotranspiration accompanied by the inability of the plants to fully dissipate the energy in excess
induced an increase of leaf temperature at PSII level and a ROS burst, which reduced the membrane
integrity andphysically damaged the photosynthetic machinery. Although thymol-treated plants tried

to cope the stress, activating several enzymes involved in ROS detoxification and increasing the



concentrations of metabolites with osmoprotectants and sunscreen functions, the prolonged thymol
treatment made plants unable to counteract the oxidative stress.

The present dataset offers a deep analysis on the biochemical and physiological mechanisms activated
and/or repressed in Arabidopsis plants after thymol treatment and it encourages future research with

the use of this molecule against weed species.
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Figure 1: Non-linear regression fit of the dose-response curve calculated on shoot fresh weight of
Arabidopsis seedlings treated with thymol 0-1200 uM for 14 days. N=4.
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Figure 2: Fresh weight (FW), dry weight (DW), DW/FW, leaf area and number, osmotic potential

(Wn), relative water content (RWC) and plant growth and development comparison between treated
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and untreated plants (Photo). Data are expressed as percentage compared to control. Asterisks

indicate significant differences between mean values of treated and control plants after t-test with
P <0.05: * (P <0.05), ** (P <0.01), *** (P <0.001). N=4.
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Figure 3: Lipid peroxidation, total proteins content, membrane stability index (MSI and in-situ
semi-quantitative determination of H.O; evaluated on Arabidopsis plants exposed to thymol (0 and
300 uM) (Photo). Data are expressed as percentage compared to control. Asterisks indicate
significant differences between mean values of treated and control plants after t-test with P <0.05: *
(P<0.05), ** (P<0.01), *** (P <0.001). N=4.
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Figure 4: In the following image are reported: Imaging of stomata in untreated (a-b) and treated (c-
d) plants. Thermocamera images reporting the changes in temperature in both untreated (e) and
thymol-treated (f) plants. Moreover the effects of thymol on stomatal size and density, leaf
temperature along leaf blade (LB, leaf blade border ; ML, middle leaf blade ; and LV, leaf vein and
petiole) and abscisic acid (ABA) content.
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Figure 5: Values of maximum quantum efficiency of photosystem Il (PSIl) in dark-adapted
conditions (Fv./Fm), PSIlI operating efficiency (¢n), quantum yield of regulated (¢nrg) and
nonregulated energy dissipation of PSII (¢no), apparent electron transport rate (ETR), Estimates the
fraction of open PSII

centres (gL) and pigments content in Arabidopsis seedlings exposed to thymol (300 uM).
Measurements were carried out every two days from the beginning (day 0) till the end (day 10) of the
treatment. Fifteen measures were obtained for each parameter at each measuring time, which gave a
kinetic plot for each parameter along the time. The integral value of the area was obtained from for
each parameter at every time. * P < 0.05; ** P < 0.01; *** P < 0.001. AU = Arbitrary Units.
Chlorophyll a fluorescence, N=3. Pigments content, N=4.
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Figure 6. PCA analysis carried on the metabolite identified and quantified after thymol (300 uM)
treatment. Principal Component analysis model scores A) and loading plot B) of metabolite profile
of untreated (0 uM) and treated plants (300 uM). Both score and loading plots were generated using
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Table 1: Effects of thymol treatment (300 uM) on metabolite content.

Metabolites 0 uM 300 uM Classes
beta-Alanine 2.84 (£0.21) 0.746 (+0.08)***

Proline 0.022 (+0.01) 0.177 (x0.07)**

Threonine 0.196 (+0.02) 0.015 (+0.01)*

Aspartate 0.018 (+0.01) 0.116 (+0.02)* Amino acids
Glutamate 0.0015 (x0.0002)  0.0139 (£0.004)***

Ornithine 0.013 (+0.01) 0.079 (x0.02)*

Serine 0.006 (+0.002) 0.021 (+0.009)**

Valine 0.0003 (+0.0001) 0.002 (+0.0007)**

5-Oxoproline 0.0037 (x0.001) 0.012 (£0.001)**  Amino acid derivative
Fumaric acid 0.239 (x0.16) 2.313 (£0.27)*

Citric acid 0.005 (x0.002) 0.026 (+£0.004)**

a-Ketoglutaric acid 0.035 (+0.01) 0.647 (x0.32)*** Organic acids
Succinic acid 0.005 (+0.003) 0.015 (+0.004)*

Malic acid 1.090 (£0.14) 0.053 (£0.02)***

Dehydroascorbate 0.045 (+0.015) 0.127 (+0.024)** Oxidized vitamin
Threonic acid 0.02 (£0.01) 0.068 (x0.015)* Carboxy acids
Maltose 0.036 (x£0.02) 0.18 (x0.02)**

Glucose 0.348 (x0.013) 1.284 (£0.14)***

Fructose 3.11 (x0.74) 13.97 (£0.95)*** Sugars
Sucrose 1.46 (£0.19) 0.468 (£0.16)**

Trehalose 0.21 (#0.11) 1.22 (x0.08)**

Galactinol 1.55 (x0.18) 36.19 (£3.11)*** Polyols
Myo-Inositol 0.54 (+0.06) 0.012 (x0.02)***

Data are expressed as peak intensity normalized in comparison to the internal standard ribitol.

Values in brackets indicate Standard Deviation. Statistical significance of the data was

evaluated through t-Test with P < 0.05. N=4.



