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Abstract

Essential oils (EOs) have been extensively studied as valuable eco-friendly compounds, 

with herbicidal activity, for weed management. Phytotoxic potential of EOs, extracted 

from a wild population of Origanum vulgare ssp. hirtum (Link) Ietswaart, has been here 

evaluated on plant model Arabidopsis, through a physiological and metabolomic 

approach. The EOs composition was mainly characterized by monoterpenes and 

sesquiterpenes, with a strong abundance of two monoterpenic phenols, namely carvacrol 

and thymol, and the monoterpene o-cymene. The in-vitro bioassay confirmed a strong 

phytotoxic effect of EOs on Arabidopsis rosettes, showing by both a strong growth 

reduction and highly chlorotic leaves. In well-developed seedlings, EOs firstly caused 

growth reduction and leaf chlorosis, together with a series of interconnected metabolic 

alterations: i) impairing the nitrogen assimilation into amino acids, which affects in 

particular the glutamine metabolism; and as consequence ii) excessive accumulation of 

toxic ammonia into the leaves, associated with oxidative stress and damage; iii) declining 

the efficiency of the photosynthetic apparatus, connected to the reduced CO2 fixation and 

photooxidation protection; iv) impairing the photorespiratory pathway. Overall, the 

results highlights that EOs alters principally the ability of Arabidopsis seedlings to 

incorporate inorganic nitrogen into amino acids, principally glutamine, leading to a 

dramatic accumulation of ammonia in leaf cells. This primary effect induces, in turn, a 

cascade of reactions that limits the efficiency of PSII, inducing oxidative stress and finally 

causing a strong plant growth reduction, leaf necrosis and eventually plant death.

Keywords: metabolomic; essential oils; phytotoxicity; nitrogen metabolism; 

photosynthesis; volatiles

INTRODUCTION

Nowadays, the negative effects of synthetic herbicides to human health and environment 

is regarded as a real problem (Aktar et al., 2009). As a result, in the last years, the research 

has been focused on exploring for new eco-friendly compounds, with herbicidal activity, 

for crop protection and weed management (Dayan et al., 2009). Among natural products, 

essential oils (EOs) are very promising substances, exhibiting a wide range of biological 

activities and already proficiently used in agriculture as fungicides (Isman, 2000), 

insecticides (Khani and Asghari 2012) and nematicidal products (Andrés et al. 2012). 

Recently, a major attention has been also paid to EOs chemical characterization and their 
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phytotoxic potential extracted from different species (Garcia-Rellan et al., 2016; Araniti 

et al., 2013a,b; Verdeguer et al., 2016; Tworkoski 2002; Rolli et al., 2014). A large 

number of allelochemicals, principally belonging to the terpenoids family, has been 

identifiedand tested for their phytotoxicity in EOs (Araniti et al., 2016; Araniti et al., 

2017a; Araniti et al., 2017b; Graña et al., 2013). Interestingly, they pointed out a wide 

range of metabolic targets (Chaimovitsh et al. 2010; Duke et al. 2004) such as chlorophyll 

synthesis and photosynthesis (De Feo, 2002). Among them, both the monoterpene citral 

and the sesquiterpene farnesene are able to alter hormonal balance and cell ultrastructure 

in seedlings of Arabidopsis thaliana (Araniti et al. 2017a; Araniti et al. 2016; Graña et 

al. 2016). Furthermore, both the sesquiterpene trans-caryophyllene and the monoterpene 

citral alter the plant water status inhibiting the germination and growth of several weeds 

(Araniti et al. 2017b; Graña et al. 2016), whereas the monoterpene 1,8-cineole strongly 

inhibits all the mitosis phases and the respiration of isolated organelles (Romagni et al. 

2000). The high variety of combinations of different terpenoids, with diverse biological 

activity, in EOs composition, could be really interesting to develop new multi-targeted 

bio-herbicides as it allows: 1) the synergistic interaction among their components, 

increasing the biological activity (Araniti et al. 2013a; Andrés et al., 2017); 2) the trigger 

of phytotoxic activity of compounds present at non-phytotoxic concentration and/or 

sometimes in traces (Araniti et al. 2013a); 3) the overcome of resistance phenomenon to 

the synthetic herbicides (Vrbničanin et al. 2017). As reported by Holt et al. (1993), the 

classes of herbicides against which resistance is largely increasing tend to have single 

target sites under the control of single or very few genes. 

However, despite the increasing interest in EOs and/or in their isolated constituents as 

natural herbicides for weed management, the studies have been focused on the effects on 

germination process, seedlings growth of weeds and crops (Amri et al., 2013) but little 

information deepened on their impact on plant metabolism and/or on the metabolic 

pathway affected. For example, many studies have referenced on the phytotoxic potential 

of Origanum ssp. EOs and their volatile compounds on germination and seedlings growth 

of weeds and crops (Atak et al., 2016; Amri et al., 2013; De Almeida et al., 2010; 

Dadalioǧlu and Evrendilek, 2004; Dudai et al., 1999). 

Therefore, the aim of the present study is to evaluate the phytotoxic potential of 

the EOs extracted from a wild population of Origanum vulgare ssp. hirtum (Link) 

Ietswaart in order to identify their mode of action and metabolic targets through a 



4

physiological and metabolomic approach. A particular attention is focused on their effects 

on the photosynthetic machinery.

MATERIALS AND METHODS 

Plant collection, essential oil extraction and chemical characterization

Plant collection and distillation

Aerial parts of a Calabrian wild population of O. vulgare L. ssp. hirtum were collected 

on July, at the beginning of the flowering stage (balsamic period), in the locality of 

Podargoni (RC) (southern Italy, 38°09'47.5"N 15°46'43.5"E) and immediately 

processed. Essential oils (EOs) were extracted using a semi-industrial stainless-steel 

distilling apparatus. Samples were distilled for four hours and the obtained oils were 

separated from the hydrolates, dried with anhydrous sodium sulphate and stored in dark 

vials at -20 °C.

GC-MS analysis

Essential oils (EOs) were chemically characterized using a Thermo Fisher (Waltham, 

Massachusetts, US) gas chromatograph apparatus (Trace 1310) equipped with a single 

quadrupole mass spectrometer (ISQ LT). The capillary column was a TG-5MS 30 m×0.25 

mm×0.25µm, the gas carrier was helium with a flow of 1 mL/min. Injector and source 

temperatures were settled at 200 °C and 260 °C, respectively. Sample was diluted 1:100 

(v:v) in ethanol and 1µl was injected in a split mode with a split ratio of 60. The 

programmed temperature was as follow: isocratic for 3 minutes 60 °C for, from 60 °C to 

240 °C with a rate of 3 °C per min then isocratic for 4 minutes at 240 °C. Mass spectra 

were recorded in electronic impact (EI) mode at 70 eV, scanning the 40–400 m/z range. 

Compounds identification was carried out comparing the relative retention time and mass 

spectra of the molecules with those of the libraries (NIST, mainlib, wiley8, wiley 

fragrances etc.).

In-vitro bioassays

Seeds of Arabidopsis thaliana (L.) Heynh., ecotype Columbia (Col-0), were surface 

sterilized and vernalized as reported by Araniti et al. (2017b). Sterilized seeds were sown 

in square Petri dishes (100 x 100 mm) containing agar (0.8 % agar w/v) medium enriched 
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with a mixture of micro- and macronutrients (Murashige-Skoog, Sigma-Aldrich SRL, 

Milan, Italy) supplemented with 1% sucrose (w/w). Plates, placed horizontally to 

encourage rosette growth, were transferred in a growth chamber at 22  2 °C and light 

intensity of 90 mol m-2 s-1 supplied by a cool white fluorescent lamp (Polylux XL FT8, 

55W 8440). After germination, ten uniform seedlings (4-days-old) were transferred to a 

single plate and grown for 10 days with same medium containing 0, 8, 16, 32, 64, 125, 

250, 500 μL/L EOs, which were previously dissolved in ethanol (0.1% v/v). The same 

amount of ethanol was added to the control plates. At the end of EOs treatment, the aerial 

parts were collected and weighted (FW, g). A dose-response curve of FW to increasing 

EOs concentrations allowed us to determine the ED50 value (dose causing 50% inhibition 

of the total response) to be used for all the subsequent experiments.

Chlorophyll a fluorescence parameters

Arabidopsis seedlings (8-days-old) were treated for 10 days with 110.91 µL/L 

EOs and the chlorophyll a fluorescence emitted was monitored every two days for 10 

days using the Maxi-Imaging-PAM Chlorophyll Fluorescence System fluorometer 

(Walz, Effeltrich, Germany), as previously described by Araniti et al. (2017c). The 

maximum efficiency of photosystem II (PSII) in dark-adapted state (Fv/Fm), the effective 

PSII photochemical quantum yield (ǧII), the quantum yield of regulated (ǧNPQ) and non-

regulated non-photochemical energy loss in PS II (ǧNO), the non-photochemical 

quenching coefficient (qN); the fraction of open PS II reaction centers based on a lake 

model (qL) were evaluated.

Photosynthetic response was monitored for 5 min, and fifteen measurements were 

obtained for each parameter at each measuring time.

Fresh weight (FW), dry weight (DW), DW/FW, pigments content, total protein 

content and lipid peroxidation

Immediately after treatment, a bunch of 10 seedlings (18-days-old) were pulled 

together (considered as a replicate) and weighted (FW). Samples were then oven-dried at 

60 °C for 48 h for DW determination. Pigment content (chlorophyll a, chlorophyll b and 

total carotenoids) and lipid peroxidation were evaluated as previously reported by Araniti 

et al. (2017b). In particular, pigments content was calculated using Wellburn’s equations 
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(Wellburn, 1994), whereas lipid peroxidation using Hodges’s equations (Hodges et al., 

1999) with some modifications (Landi, 2017). Total protein content was evaluated using 

the Bradford method (Bradford, 1976)

In-situ semi-quantitative determination of H2O2 

Hydrogen peroxide was determined as reported by Araniti et al. (2017c) following a 

modified version of the Van Acker et al. method (2000). After EOs treatment, rosettes, 

separated from roots, were vacuum infiltrated for 5min with 1 mg/mL solution of 3,3-

diaminobenzidine (DAB) (pH 3.8). Successively, they were incubated in the previously 

described solution for 8 h in dark conditions at room temperature. After incubation, 

rosettes were exposed to sun light for 15 min, washed in 96% EtOH till chlorophyll 

pigments were completely removed and fixed in 70% glycerol. An image of the stained 

rosettes was captured using a camera (Canon EOS 30D).

Leaf stomatal density and size

Leaf stomatal density, expressed as stomata number per unit leaf area (Radoglou and 

Jarvis, 1990), was evaluated. Detached leaves were firstly cleaned using a degreased 

cotton ball, placed on microscope slides, wetted with few drops of 1:1 solution of 

phosphate buffer saline (pH 7) and pure glycerol and then covered with a cover slip.

Stomata number for each sample was counted under an epifluorescence microscope 

system (Olympus bx53, Shinjuku, Tokyo, Japan) and stomatal density was obtained by 

dividing the stomata number to the surface unit. Stomatal size, which might indicate the 

maximum potential opening of the stomatal pore, but not the aperture of opening that 

actually occurs, was defined as the length in micrometers between the junctions of the 

guard cells at each end of the stoma (Malone et al., 1993; Maherali et al., 2002).

Impact of essential oils on plant metabolism

To evaluate the EOs impact on plant metabolome, untreated and treated rosettes were 

collected and the metabolome was extracted and derivatized as previously described by 

Araniti et al. (2017c).  The derivatized extract (1 µL) was injected in splitless mode (flow 
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of 1 mL/min) into a TG-5MS capillary column with injector and detector settled at the 

temperature of 250 °C and 260 °C, respectively. Compound separation was achieved 

using the following programmed temperature: isothermal 5 min at 70 °C followed by a 5 

°C/ min ramp to 350 °C and a final 5min heating at 330 °C. Mass spectra were recorded 

in electronic impact (EI) mode at 70 eV, scanning at 45–500 m/z range.

Plant metabolites were identified using mass spectral libraries (NIST 2005, Wiley 7.0 

etc.). Relative metabolites quantification was based on internal standard (ribitol 0.02 

mg/mL) added during the extraction process.

Ionomic analysis

Ion chromatography was employed to evaluate the variation in cations content in 

seedlings (8-days-old) treated for 10 days with the 110.9 µL/L EOs. A pool of 40 

seedlings were collected, dried at 60 °C, weighted and finally reduced to ashes at 550 °C 

for 12 hours. A known amount of ashes (the equivalent of one gram of dry plant material) 

was digested in 20 mL of HCl 1M at 100 °C per 30 min. After digestions, the samples 

were filtered with filter Whatmann n° 1 and diluted with bi-distilled water in order to 

reach a final concentration of HCl 0.2 M. Then, samples were newly filtered through 

filters Millipore (0.25 µm-pore size) and diluted for the analysis.

The ions detection and quantification were carried out by a suppressed ion 

chromatography, employing a Dionex DX 500 IC System (Thermo Scientific, Waltham, 

Massachusetts, US) equipped with a conductimeter detector (ED 40, Dionex). Cations 

(Na+, NH4
+, K+, Mg2+, Ca2+) where analyzed by using an IonPack AS22 (4 X 250 mm) 

employing a CS12A column (4 X 250 mm), using Na2CO3 + NaHCO3 3.5 mM as eluent. 

Experiments were carried out using a flow rate of 1 mL/min.

Experimental design and statistical analysis

All the experiments were carried adopting a completely randomized design. The in-vitro 

bioassay consisted of 4 replications, raw data were fitted through a non-linear regression 

model using a log-logistic function (Table Curve 2d by Systat Software) in order to 

identify the ED50 parameter (Belz, Hurle, & Duke, 2005). Moreover, data means were 

first checked for their deviations from normality (Kolmogorov–Smirnov test), tested for 
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homogeneity of variances (Leven Median test) and then means were analyzed through 

one way ANOVA using Tukey’s test (P < 0.05) as post-hoc.

Concerning the results on rosettes growth, stomatal density, cation and pigment 

content, total protein content, MDA by-product level, H2O2 accumulation, and chlorophyll 

a fluorescence parameters, the statistical significance of differences among the means of 

control and treated plants were estimated by Student’s t-test (P ≤ 0.05). 

Metabolomic data were analyzed using the software Metaboanalyst 3.0 

(http://www.metaboanalyst.ca/) (Xia et al. 2015) as previously reported by Araniti et al. 

(2017c). Data, expressed as metabolite concentrations, were checked for integrity and 

missing values were replaced with a small positive value. Data were successively 

normalized by the pre-added internal standard (ribitol), transformed through “Log 

normalization” and scaled through Pareto-Scaling. Data were then classified through 

Principal Component Analysis (PCA) and metabolite variations were presented as 

heatmap. Differences between treatments were considered significant with P ≤ 0.05 

(Student’s t-test). Finally, the identification and visualization of the affected metabolic 

pathways was performed using the metaboanlyst tool MetPa  (Xia et al. 2015).

2. RESULTS

2.1 Essential oils GC-MS chemical characterization

The relative abundances of the chemicals isolated from the EOs of O. vulgare L. ssp. 

hirtum are reported in Table 1. Forthyfive chemicals have been characterized most of 

which belong to the mono- and sesquiterpene classes (Table 1). In particular, 1 ester, 1 

ketone, 16 monoterpenes, 12 monoterpenic alcohol, 2 monoterpenic phenol, 12 

sesquiterpenes and 1 sequiterpenic alcohol have been identified.

Among them, the monoterpene o-Cymene and the two monoterpenic phenol, carvacrol 

and thymol, were the most abundant representing the 66.7 % of total blend.

2.2 In-vitro bioassay

The in-vitro bioassay pointed out that the EOs were characterized by a strong phytotoxic 

potential affecting rosettes growth and development. In fact, in seedlings treated, a 

statistically significant inhibition of fresh weight of rosettes (24.5 %) was observed at  32 

http://www.metaboanalyst.ca/
Utente
Evidenziato
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µL/L concentration, reaching 84% of inhibition at the highest concentration (Fig. 1). The 

non linear regression fitting of FW raw data allowed to quantify the ED50, the value of 

110.9 µL/L (Fig. 1). Moreover, a reduced number of leaf development was observed in 

treated seedings (data not shown). 

2.3 Experiments on developed seedlings of A. thaliana

2.3.1 Chlorophyll a fluorescence, pigment and protein content, lipid peroxidation 

and in-situ semi-quantitative determination of H2O2

Arabidopsis rosettes grown in nutrient medium enriched with essential oil were severely 

photoinhibited from the 6th day of the beginning of the treatment (Fig. 2). The decline of 

Fv/Fm increased progressively in treated seedlings from 6th day till to the end of the 

treatment period (Fig. 2, a). Similarly, values of ǧII were severely limited at 8th and 10th 

days after the beginning of the treatment accompanied by the raise of both ǧNO and ǧNPQ 

values (Fig. 2, b-d).

The pseudo-color images obtained by Imaging PAM clearly confirmed the decline of both 

Fv/Fm and ǧII parameters in full leaf blade (Fig. 3). Of note, older leaves were more 

compromised than younger ones and both the Fv/Fm and ǧII values were lower in leaf 

margin than in central portion of leaf.

EOs treatment significantly affected FW, DW and DW/FW ratio (Fig. 4, a-c). In particular 

FW and DW were reduced by 48% and 26%, respectively (Fig. 4, a,b). On the other hand, 

DW/FW was significantly increased by 20% (Fig. 4, c). Moreover, EOs treatment 

increased the lipid peroxidation in Arabidopsis leaves, in which MDA by-product level 

was 24% higher than control (Fig. 4, d), and reduced significantly the total protein content 

of leaves by 30% (Fig. 4, e).

In addition, seedlings treated with the EOs had a lower content of photosynthetic 

pigments. In particular, both chlorophyll a and b content was significantly reduced by 

64% and 42%, respectively. Carotenoid content was even strongly reduced by 84% by 

the EOs treatment (Fig. 4, f).

Finally, a high accumulation of H2O2 was observed in the full rosette of treated seedlings 

(Fig. 4, g).

2.3.2 Leaf stomatal density and stomatal size
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In untreated plants stomata were open with turgid guard cells, whereas in treated plants 

an extremely high presence of closed stomata was observed (Fig., 5 a versus b). 

Moreover, EOs treatment significantly reduced, with similar amplitude, both stomatal 

density ( ̴ 39% lower than control; Fig. 5, c), and size (38% lower than control; Fig. 5, 

d).

2.3.3 Ionomic analysis

The identification and quantification of cations through ionic chromatography pointed 

out significant differences between essential oil-treated and untreated seedlings (Fig. 6).

Interestingly, in treated plants, a high increment in Na+ and NH4
+ content was observed, 

which was 12 and 7 folds highly concentrated than control, respectively (Fig. 6). Also K+ 

(2.5 folds) and Ca2+ (1.8 folds) content was significantly increased in treated plants, 

whereas Mg2+ content was 0.43 folds lower than the control (Fig. 6).

2.3.4 Metabolomic GC-MS analysis on A. thaliana

In order to assess the effects of the EOs on Arabidopsis seedlings the data matrix, obtained 

through untargeted metabolomic, was analyzed through the principal component analysis 

(PCA). The PCA score plot (Fig. 7, A) pointed out a clear separation between treated and 

untreated plants. Sample separation was achieved using the first two principal 

components (PCs) (PC1 vs PC2) with a total variance of 81.1%, where 67.7% and 13.4% 

of the variance was explained by the PC1and the PC2, respectively (Fig. 7, a). The PCA 

loading plot (Fig. 7, a) showed that the chemicals, which allowed samples separation on 

PC1, were maltose, glucose, fructose, norvaline, phosphoric acid, adipic acid and threose 

(Fig. 7, b). On the other hand, PC2 was dominated by adipic acid, oxalic acid, indole-3-

acetonitrile, acetamide and ethanolamine (Fig. 7, b).  Among all the compounds isolated 

in Arabidopsis metabolome, significant features where identified through t-test analysis, 

which allowed to identify that 37 compounds, out of the 59 isolated, were significantly 

affected by the treatment. In particular, 14 amino acids, 9 organic acids, 1 fatty acid, 8 

sugars, 1 sugar alcohol and 4 amines (Table 2).  

Among the amino acids, which content was altered by the treatment, β-alanine was the 

less influenced since in treated plants its content was just a 1% higher than control. On 

the contrary, GABA and N-α-acetyl-L-lysine were the most affected and their content 

was increased by 85.8 % and 105.7 %, respectively. Similarly, L-norvaline, L-ornithine, 
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and putrescine content was significantly stimulated by the treatment with values ranging 

from 73 % to 97 % compared to the control. All the other amino acids identified were 

significantly reduced by EOs treatment with values ranging from 8 % (proline) to 55 % 

(glycine) compared to control (Table 2).

Concerning the organic acids, except to threonate, all the others were significantly 

reduced by the treatment. Similar trend was observed in the fatty acids and the amines 

isolated (Table 2). Finally, sugars content pointed out a strong reduction of sucrose (47 

% lower than control), threalose (47 %), threose (75 %), mannose (5 %) and the sugar 

alcohol myoinositol (59 %). On the contrary, fructose (104 %), glucose (131 %) and 

maltose (208 %) highly accumulated in treated plants (Table 2).    

A snapshot of the metabolites affected in the metabolomic network of plants 

exposed to EOs is reported in Fig. 8 where it is possible to observe the different regions 

of cell network affected by EOs. In particular, in the glycolysis pathways was observed a 

reduction in sucrose content and a strong increase in glucose and fructose (Fig. 8). 

Concerning the ascorbic acid metabolism, both myoinositol and glucuronic acid were 

significantly reduced, whereas an increase in threonic acid, linked to ascorbate 

catabolism, was observed (Fig. 8). Glyceric acid, serine, glycine and glycolic acid 

content, compounds linked to the 3-PGA cycle, were significantly reduced by the 

treatment (Fig. 8). Similarly, a significant reduction of lactic and pyruvic acids was 

observed, which are linked to the pyruvate cycle together with a reduction in aspartic acid 

and its derived amino acid lysine and an increment in β-alanine, all linked to oxaloacetic 

acid (Fig. 8). Concerning, the glutamate branch, linked to 2-oxoglutarate, glutamic acid, 

proline and urea were significantly reduced, whereas GABA, ornithine and putrescine 

content was incremented (Fig. 8). Finally, a significant reduction in malate was observed, 

suggesting a perturbation of the TCA cycle (Fig. 8).

Moreover, as reported in Fig. 9, all the identified metabolites which are involved 

in photorespiration were significantly inhibited by EOs treatment.

In order to evaluate the impact of EOs treatment on the biochemical pathways, the 

significant features were analyzed through MetPa, which is a metaboanalyst tool that 

combines the metabolite enrichment analysis with the topology analysis. Pathways were 

considered affected by the treatment only if the impact was higher than 0.2 and the data 

obtained are reported in Fig. 10.

The most affected pathways were related to the amino acids metabolism. Among them 

alanine aspartate and glutamate metabolism were the most affected (impact of 0.87) 
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followed by the ß-alanine metabolism, glycine, serine and threonine metabolism as well 

as arginine and proline metabolism on which was observed an impact ranging from 0.54 

to 0.41 (Figure 10 A-B). All the others pathways identified pointed out an impact lower 

than 0.3 (Fig. 10 A-B). 

DISCUSSION

The essential oils isolated from O. vulgare L. spp. hyrtum were mainly characterized by 

monoterpenes and sesquiterpenes, whose physiological effects on cell respiration, 

membrane integrity, plant water status, microtubule organization, have been largely 

reported (Araniti et al., 2017a; Araniti et al., 2017b; Grana et al., 2013). In addition, these 

terpenoids can act synergistically increasing their phytotoxicity (Araniti et al. 2013a).  

In particular, the GC-MS analysis revealed a strong abundance of two monoterpenic 

phenols, namely carvacrol and thymol, and the monoterpene o-cymene, as already 

observed in wild population of O. vulgare from Southern Italy (De Almeida et al., 2010; 

Mancini et al., 2014). Their phytotoxic activity and ecological roles have been reported 

when isolated from the same species or subspecies of Origanum vulgare (de Almeida et 

al. 2010), and other species such as Origanum acutidens sensu (Kordali et al. 2008). The 

high abundance of these compounds makes the O. vulgare spp. hyrtum EOs of great 

interest for their allelopathic, phytoxic and herbicidal activity, generally linked to the 

presence of monoterpenes and sesquiterpenes (Amri et al., 2013). 

The in-vitro bioassay confirmed a high phytotoxic effect of EOs on Arabidopsis rosettes, 

showing by both a strong growth reduction and extended chlorotic leaves, already at low 

ED50 value. Although, root growth was also significantly affected by EOs treatment (data 

not shown), the effects on rosettes were most remarkable, suggesting the aerial parts as 

the main target of EOs. Similar effects were already observed on Arabidopsis seedlings 

treated with the sesquiterpene trans-caryophyllene, which caused a root growth reduction 

but, above all, a stronger alterations in shoots with chlorosis and leaf deformations 

(Araniti et al., 2013a; Araniti et al., 2017b).

Once identified the ED50 concentration, the subsequent experiments were carried 

out on well-developed seedlings (8 days old) in order to monitor the EOs effects on the 

photosynthetic machinery as well as to identify the metabolic pathways affected by EOs 

treatment in mature leaves. 
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The first visible symptom of toxicity was the growth reduction of seedlings and 

the appearance of leaf chlorosis, at the end of treatment. These effects were associated 

with a relevant increase in DW/FW ratio, suggesting that seedlings are also experiencing 

a water status alteration. It has been reported that DW/FW increment could be partially 

due to an accumulation of osmoprotectants useful for intracellular osmotic adjustment 

(Guidi et al., 2017; Pompeiano et al., 2017) as observed in EOs-treated plants. The 

accumulation of osmoprotective solutes, such as putrescine, ornithine, glucose, fructose, 

which increased after EOs treatment, is a common response of plants when subjected to 

heavy metals, allelopathic or xenobiotic compounds (Sharma & Dietz, 2006). 

Accumulation of cytosolic compatible solutes plays a pivotal role by balancing the 

osmotic potential of the vacuole, where mainly inorganic ions are compartmentalized 

(Chaves et al., 2009; Huang et al., 2004; Handa et al., 1986). Accordingly, in Arabidopsis 

seedlings, treated with EOs, a high accumulation of Na+, K+, Ca2+ and NH4
+ was 

observed.

In particular, the NH4
+ content (8-folds higher than the control) represents the sum 

of both organic and inorganic nitrogen (total N) since it derived from a previous digestion 

of plant material and its successive acidification. However, the reduction in total protein 

and amino acids, in treated plants, suggests that the biggest part of the total N mainly 

derived from inorganic nitrogen, whose accumulation can dramatically alter plant 

metabolism and exacerbates the ROS production, and consequently causing oxidative 

damage in leaves (Tachibana et al., 1986). Furthermore, the current results suggest that 

the NH4
+ accumulation together with the severe reduction in glutamate/glutamine could 

be attributed to an inhibition of glutamine synthetase (GS) activity, the main enzyme of 

ammonia assimilation pathway into organic compounds in plants (Miflin and Lea, 1976). 

This effect suggests that GS enzyme could be the crucial target of the O. vulgare spp. 

hyrtum EOs. Among the GS inhibitors, the phosphinothricin (PPT) has received special 

attention because of its use as a commercial herbicide, namely glufosinate (Lacuesta et 

al. 1992). Indeed, glufosinate, is a nonselective postemergence herbicide, largely used 

since 70’s, that controls several grasses and broadleaf weeds (Lydon and Duke, 1999; 

Duke et al., 2000). Some essential oils (or some EOs bioactive components) are 

proficiently used as natural herbicides [for a review see (Dayan et al., 2009)], in a few 

case their real target is completely known. For example, cineol, an EOs chemical 

component, can inhibit the amino acid biosynthesis such as asparagine (Romagni et al., 
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2000), but, to the best of our knowledge, no reports suggested glutamine synthase as the 

main target of essential oils (or some isolated compounds).

The ammonia accumulation is strictly associated with the photosynthesis rate 

inhibition in both C3 and C4 plants (Lacuesta et al. 1990; Wild et al. 1987). Although the 

metabolic changes, observed in the present study, did not indicate the photosynthetic 

apparatus as main target of EOs, ammonia accumulation can induce different cascade 

effects such as the direct inhibition of PSI and PSII reaction centers. In particular, 

ammonia has the ability to binds to the catalytic manganese of the oxygen-evolving 

complex of PSII (Britt et al., 1989) and it also reduces the pH gradient across the 

membrane, which can uncouple photophosphorylation (MacLachlan et al., 1994). The 

results indicate that chlorophyll fluorescence parameters remain unchanged until to the 

6th day from the EOs treatment beginning, counteracting the effect of EOs on Arabidopsis 

seedlings. Conversely, from the 8th day onwards, the photosynthetic efficiency of PSII 

severely decreases in treated seedlings and a parallel increase of both ǧNO and ǧNPQ was 

observed. The ǧNO usually reflects the fraction of energy, which is passively dissipated 

in the form of heat and fluorescence mainly due to the closed PSII, whereas ǧNPQ 

corresponds to the fraction of energy dissipated in form of heat via the regulated 

photoprotective NPQ mechanisms, namely Δ-pH- and xanthophyll-regulated thermal 

dissipation (Klughammer and Schreiber 2008, Pfündel et al. 2008). So that, an increment 

of these coefficients suggests that excessive excitation energy can be efficiently 

dissipated into harmless heat and the PSII energy-regulation mechanism, this latter also 

supported by higher values of qN found in treated plants. However, at saturating light 

intensities, a stronger enhancement of ǧNO over ǧNPQ reflects a suboptimal capacity of 

photoprotective reactions, which eventually will lead to photodamage and 

photoinhibition, in most cases shifting from dynamic to chronic photoinhibition 

(Klughammer and Schreiber 2008). For example, the oxidative stress implied by both 

MDA and H2O2 production can be partially a direct consequence of an altered ability of 

light processing due to the sensible increase of close reaction centers (higher values of 

qL), which leads to ROS generation and propagation of oxidative stress, even at the 

chloroplast membrane level.

It is worth being noticed that the negative effect exerted by EOs to the photosynthetic 

apparatus is further exacerbated by the significant decline of the photorespiratory 

metabolism, which can really be helpful in plant sunder stress for several reasons 

(Peterhansel et al., 2010). First, photorespiration is the only pathway in the plant for 
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phosphoglycolate metabolism that would otherwise accumulate and inhibit key enzymes 

such as triose phosphate isomerase (Anderson, 1971) and phosphofructokinase (Kelly and 

Latzko, 1976). Second, under stressful conditions, there is an overproduction of NADPH 

in light reaction centers with respect to the demand of Calvin cycle and photorespiration 

can act as an electron sink by consuming reducing equivalents during the refixation of 

released ammonia and by exporting reduced components from the chloroplast to the 

mitochondria (Igamberdiev and Lea, 2002). Third, photorespiration can protect from 

photoinhibition under condition of excessive ammonia as observed in plants in which the 

accumulation of ammonia was obtained by manipulating the expression of glutamine 

synthase (Kozaki and Takeba,1996). Finally, photorespiration is obviously tightly 

integrated into plant primary metabolism and most of its intermediates are also part of 

other metabolic pathways significantly contributing to the synthesis of several amino 

acids (Novitskaya et al., 2002).

For the sack of the truth, beside the strong effect provoked by ammonia 

accumulation on plant metabolic network, there could be other further effect that have 

contributed to the effectiveness of O. vulgare EOs. For example, the strong accumulation 

of sodium in leaves might have markedly impaired the plant photosynthetic performance 

causing a decrease of the quantum yield of photosystem II and an increase of non-

photochemical quenching, as also observed by other authors (Müller et al., 2014). In EOs-

treated plants, a significant reduction in sucrose, which could be to both a consequence 

of plant reaction to oxidative stress and/or to the alterations observed on PSII, together 

with an increase in glucose, fructose and threonate were observed. In particular, a 

pronounced accumulation of threonate, which production is strictly linked to oxidative 

stress conditions, was observed by Obata et al (2011) in Arabidopsis plants treated with 

menadione (oxidative stress-inducing compound). The high threonate content, a 

breakdown product of ascorbate under oxidative stress (Marino et al., 2007), indicated a 

failure to recycle, through the ascorbate-glutathione cycle, the oxidized ascorbate, the 

main antioxidant compounds in the cell (Baxter et al., 2007). Furthermore, it has been 

reported that during oxidative stress, to increase the carbon availability as energy source, 

plant cells increase glucose and fructose production irreversibly cleaving the sucrose 

through the enzymes invertases (Xiang et al., 2011). These enzymes are largely involved 

in protecting plants from oxidative stress (Bolouri‐Moghaddam et al., 2010, Nishizawa et 

al., 2008; Ramel eta al., 2009; Sulmon et al., 2006). Moreover, the accumulation of these 
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primary metabolites was consistent with amino acids reduction linked to the downstream 

glycolytic intermediates and the TCA cycle.  

Conclusion

The effect of O. vulgare spp. hyrtum EOs against Arabidopsis seedlings consisted of a 

series of metabolic alterations, which are likely interconnected each other: i) impairing 

the nitrogen assimilation into amino acids, which affects in particular the glutamine  

metabolism; and as consequence ii) excessive accumulation of toxic inorganic N into the 

leaves, associated with  oxidative stress and damage; iii) declining the efficiency of the 

photosynthetic apparatus, connected to the reduced CO2 fixation, which  causes  a plant 

reduction and low capacity to protect against photooxidation; iv) impairing the 

photorespiratory pathway therefore further exacerbating the excess of intercepted light 

per assimilated CO2.

Taken together, the data highlights that EOs isolated from Origanum vulgare L. ssp. 

hirtum alters principally the ability of Arabidopsis seedlings to incorporate inorganic 

nitrogen into amino acids, principally glutamine, leading to a dramatic accumulation of 

ammonia in leaf cells. This primary effect induces, in turn, a cascade of reactions that 

limits the efficiency of PSII, inducing oxidative stress and finally causing a strong plant 

growth reduction, leaf necrosis and eventually plant death. 
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Table 1: GC-MS chemical characterization of Origanum vulgare ssp. hirtum  essential 

oils.

Apex RT Compound %Area Classes
4.43 Methyl-2-methylbutanoate 0.12 Ester
9.9 α-Thujene 0.04 Monoterpenes

10.07 α-Pinene 0.76 Monoterpenes
10.5 Camphene 0.08 Monoterpenes
11.2 ß-Pinene 0.08 Monoterpenes
11.33 Morillol 0.16 Monoterpenic alchool
11.45 Octan-3-one 0.06 ketone
11.54 ß-Myrcene 0.98 Monoterpenes
11.77 Sabinene 0.03 Monoterpenes
11.88 Δ-3-Carene 0.11 Monoterpenes
11.99 α-Terpinene 0.38 Monoterpenes
12.14 o-Cymene 19.79 Monoterpenes
12.2 Limonene 1.04 Monoterpenes
12.24 Eucalyptol 0.27 Monoterpenes
12.34 ß-Ocimene 0.02 Monoterpenes
12.65 γ-Terpinene 0.06 Monoterpenes
12.78 trans-4-Thujanol 0.09 Monoterpenic alchool
13.18 Linalool 2.86 Monoterpenic alchool
13.46 trans-p-2-Menthen-1-ol 0.04 Monoterpenic alchool
13.61 1-Terpinenol 0.03 Monoterpenic alchool
13.67 cis-2-p-Menthen-1-ol 0.03 Monoterpenic alchool
13.73 Myrtenol 0.05 Monoterpenic alchool
13.97 Borneol 0.46 Monoterpenic alchool
14.07 4-Terpineol 2.36 Monoterpenic alchool
14.14 p-Cymen-8-ol 0.2 Monoterpenic alchool
14.2 α-Terpineol 1.02 Monoterpenic alchool
14.25 Carvone 0.1 Monoterpenes
14.33 α-phellandrene 0.05 Monoterpenes
14.56 3-methoxy-p-Cymene 1.63 Monoterpenes
14.99 3-p-Cymenol 0.92 Monoterpenic alchool
15.06 Thymol 27.19 Monoterpenic phenol
15.14 Carvacrol 19.15 Monoterpenic phenol
15.72 Ylangene 0.15 Sesquiterpenes
15.75 α-Copaene 0.32 Sesquiterpenes
16.1 ß-Caryophyllene 0.68 Sesquiterpenes
16.13 α-Bergamotene 0.11 Sesquiterpenes
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16.23 Aromadendrene 0.1 Sesquiterpenes
16.33 α-Humulene 0.24 Sesquiterpenes
16.45 γ-Muurolen 4.7 Sesquiterpenes
16.71 ß-Bisabolene 0.97 Sesquiterpenes
16.74 Δ-Cadinene 2.01 Sesquiterpenes
16.86 α-Muurolen 0.16 Sesquiterpenes
16.92 α-Calacorene 0.15 Sesquiterpenes
17.64 Cadinol 0.19 Sesquiterpenic alchool
17.94 Guaiazulene 0.23 Sesquiterpenes

Table 2. List of the metabolites, identified and quantified trough GC-MS, significantly 

affected in Arabidopsis seedlings exposed to O. vulgare ssp. Hirtum essential oils 

(110.9 µL/L). Data are expressed in nanograms/100mg of fresh plant material.

Metabolite Control Treated % P value Classes
GABA 18.98 35.27 85.82 ↑ 0.00014394
Glutamic acid 291.02 150.57 48.26 ↓ 0.0480
Glycine 58.29 26.10 55.22 ↓ 0.000127
L-Asparagine 163.64 133.76 18.26 ↓ 0.041173
L-Aspartic acid 161.10 88.09 45.32 ↓ 0.0035096
L-Glutamine 495.84 379.19 23.52 ↓ 0.044743
L-Lysine 9.44 8.23 12.82 ↓ 0.0035077
L-Norvaline 1.04 2.05 97.11 ↑ 0.014
L-Ornithine 55.49 92.21 66.17 ↑ 0.0337
L-Proline 55.15 50.61 8.23 ↓ 0.00060967
N-α-acetyl-L-lysine 7.11 14.63 105.76 ↑ 0.00099775
Putrescine 20.36 35.27 73.23 ↑ 0.0229
Serine 319.41 159.44 50.08 ↓ 0.00322

Amino acids

D-Gluconic acid 19.69 18.31 7.01 ↓ 0.00023667
D-Glucuronic acid 59.13 55.82 5.59 ↓ 0.00038964
Glyceric acid 5.18 3.85 25.72 ↓ 0.0234
Glycolic acid 6.78 2.90 57.22 ↓ 0.0066977
Lactic acid 80.75 32.87 59.29 ↓ 0.0013261
Malic acid 95.01 35.47 62.67 ↓ 0.0115
Phosphoric acid 752.29 98.43 86.91 ↓ 0.000137
Pyruvic acid 1.87 0.86 54.01 ↓ 0.0056863
Threonate 14.97 15.79 5.48 ↑ 0.0026412

Organic acids

Palmitic acid 64.41 33.41 48.13 ↓ 0.033578 Fatty acids
α-D-Mannopyranose 12.86 13.18 2.49 ↑ 0.0180
Glucose 72.73 167.77 130.67 ↑ 0.0186
Threose 51.55 12.83 75.11 ↓ 0.0204
Sucrose 692.13 365.17 47.24 ↓ 0.0011286
Threalose 155.26 82.33 46.97 ↓ 0.0056548
D-Mannose 419.93 398.38 5.13 ↓ 0.0003614
Maltose 13.64 42.02 208.06 ↑ 0.00375
Fructose 115.44 235.29 103.82 ↑ 0.00498

Sugars

Myoinositol 289.62 118.10 59.22 ↓ 0.0311 Sugar alcohol
Ethanolamine 4.60 2.16 53.04 ↓ 0.044184
Hydroxylamine 107.28 61.04 43.1 ↓ 0.011846

Amine
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Urea 15.52 6.65 57.15 ↓ 0.028829
N-Acetyl-D-glucosamine 69.68 34.02 51.18 ↓ 0.031572

Figure 1: Dose–response curves of aerial part biomass of Arabidopsis thaliana 

seedlings exposed to increasing doses of essential oils extracted from a Calabrian wild 

population of Origanum vulgare ssp. hirtum. FW: fresh weight. ED50: dose causing 

50% reduction of total plant biomass with respect to control seedlings. N=4.

Fig. 2: Values of (a) maximum quantum efficiency of photosystem II (PSII) in dark-

adapted conditions (Fv/Fm), (b) PSII operating efficiency (ǧII), quantum yield of 

regulated (ǧNPQ), and (c) nonregulated energy dissipation of PSII (ǧNO), (d) coefficient 

of non-photochemical quenching (qN) and (e) fraction of PSII centers that are ‘open’ 

based on the lake model of PSII (qL) in Arabidopsis seedlings exposed or not to 

Origanum vulgare ssp. hirtum essential oil (110.9 µL/L). Measurements were carried 

out every two days from the beginning of the treatment (day 0) to ten days after (day 

10). 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 Unit. N = 3.

Fig 3: Representative pseudo-colour images of photosystem II (PSII) maximum 

quantum efficiency of (Fv/Fm) [a (control) and b (treated)] and PSII operating efficiency 

(ǧII) [c (control) and d (treated)] in Arabidopsis seedlings exposed (or not) to Origanum 

vulgare ssp. hirtum essential oils for 10 days (110.9 µL/L). Images are depicted in false 

colors coding from 0.0 (black) to 1.0 (purple).
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Fig. 4: Fresh weight (FW; a), dry weight (DW; b), DW/FW (c), total protein content 

(d), level of malondialdheyede by-products (e), pigments content (f) and in-situ semi-

quantitative determination of H2O2 (g) evaluated on Arabidopsis seedlings exposed to 

Origanum vulgare ssp. hirtum essential oils (110.9 µL/L). 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.

Fig. 5: Effects of the essential oils of Origanum vulgare ssp. hirtum essential oils (10 

days; 110.9 µL/L) on stomatal density and size of developed seedlings of Arabidopsis. 

Micrographs of control a) and b) treated leaf. c) stomatal density, d) stomatal size. 

Asterisks indicate significant differences between mean values (n=4) of treated and 

control plants after t-test with P ≤ 0.05: * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 

Magnification 4X (a) and 10X (b), scale bar 20 µm. N=4.

Fig. 6: Cationic content evaluated through ionic chromatography on seedlings exposed 

to Origanum vulgare ssp. Hirtum essential oils (110.9 µL/L). Data are expressed as 

percentage variation as compared to control (assuming 100%). To increase the visibility 

of the differences among ions content the Y axes has been presented in a Log scale. 

Asterisks indicate significant differences between mean values (n=4) of treated and 

control plants after t-test with P ≤ 0.05: * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001). 

N=3.

Fig 7: PCA analysis carried on the metabolite identified and quantified in A. thaliana 

rosettes exposed to O. vulgare ssp. Hirtum essential oils (110.9 µL/L). A) Principal 

Component Analysis model scores-plot and B) loading plot of metabolite profile of 

control plants (Control-1 – Contr-4, replicates of control samples) and plants exposed 

to essential oils treatment (Treated-1 – Treated-4, replicates of the treated samples). 

Both score and loading plots were generated using the first two PCs, PC1 vs PC2, with 

the explained variances shown in brackets. N=4.

Fig. 8: Schematic representation of the qualitative changes in metabolite content, in 

seedlings exposed to Origanum vulgare ssp. hirtum essential oils (110.9 µL/L), onto the 
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metabolic network. Solid arrows indicate a single step reaction connecting two 

metabolites, whereas dashed arrows multiple steps. Metabolites labeled in yellow 

indicate no significant change, in green a significant increase and in red significant 

reduction of their content. Changes were statistically analyzed through t-test with P ≤ 

0.05. Metabolites labeled in grey color indicate unmeasured metabolites.

Fig. 9: Effects of the essential oils of Origanum vulgare ssp. hirtum (110.9 µL/L) on the 

photorespiratory metabolism of developed seedlings of Arabidopsis. 2-OG, 2-

oxoglutarate; Glu, glutamic acid; Gln, glutamine; OAA, oxaloacetate; RuBp, Ribulose 

1,5-bisphosphate. 

Fig. 10: Result from “Pathway Analysis” carried on the concentrations of metabolite 

identified in Arabidopsis seedlings exposed to Origanum vulgare ssp. hirtum essential 

oils (110.9 µL/L). A) Summary of pathway analysis carried out with MetPa; B) Results 

from ingenuity pathway analysis with MetPa. Total Cmpd: the total number of 

compounds in the pathway; Hits: is the actually matched number from the uploaded 

data; -Log(P) value: is the logarithm of the original p value calculated from the 

enrichment analysis; Impact: is the pathway impact value calculated from pathway 

topology analysis.
























