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Introduction

Plant secondary metabolites like terpenes and phenolic compounds are known to have multiple ecological roles, notably to protect plants against herbivores, pathogens and abiotic stresses, but also to modulate plants-plants or plants-animals interactions [1][START_REF] Amiot | Differential resistance to freezing and spatial distribution in a chemically polymorphic plant Thymus vulgaris[END_REF][START_REF] Iason | The Ecology of Plant Secondary Metabolites: From Genes To Global Processes[END_REF][START_REF] Farré-Armengol | Relationships among floral VOC emissions, floral rewards and visits of pollinators in five plant species of a Mediterranean shrubland[END_REF][START_REF] Thompson | Plant evolution in the Mediterranean -Insights for conservation[END_REF]. Their production depends on the physical and chemical properties of the ecosys-tem, like precipitation, temperature, edaphic conditions but also the elevation [START_REF] Amiot | Differential resistance to freezing and spatial distribution in a chemically polymorphic plant Thymus vulgaris[END_REF][START_REF] Iason | The Ecology of Plant Secondary Metabolites: From Genes To Global Processes[END_REF][START_REF] Farré-Armengol | Relationships among floral VOC emissions, floral rewards and visits of pollinators in five plant species of a Mediterranean shrubland[END_REF][START_REF] Thompson | Plant evolution in the Mediterranean -Insights for conservation[END_REF].

Therefore, wild aromatic plants present high chemical polymorphisms in response to the contrasted environmental and geographical conditions of their different populations leading to an important intra-and interpopulation chemical variability [START_REF] Perrino | Ecological and Plant Community Implication on Essential Oils Composition in Useful Wild Officinal Species: A Pilot Case Study in Apulia (Italy)[END_REF][START_REF] Popovíc | Gentiana asclepiadea L. from Two High Mountainous Habitats: Inter-and Intrapopulation Variability Based on Species[END_REF]. In the same way, the variability of essential oils (EOs) composition of natural populations is related also to various environmental, geographical and genetic factors, which influence, in combination or independently, the EOs quantitative and qualitative composition and properties [START_REF] Amiot | Differential resistance to freezing and spatial distribution in a chemically polymorphic plant Thymus vulgaris[END_REF][START_REF] Thompson | Plant evolution in the Mediterranean -Insights for conservation[END_REF][START_REF] Hay | Volatile Oil Crops: Their Biology[END_REF][START_REF] Thompson | Population structure and the spatial dynamics of genetic polymorphism in thyme[END_REF][START_REF] Ložiene | Influence of environmental and genetic factors on the stability of essential oil composition of Thymus pulegioides[END_REF][START_REF] Pluhár | Evaluation of environmental factors influencing essential oil quality of Thymus pannonicus All. and Thymus praecox Opiz[END_REF][START_REF] Llorens | Geographical and environment-related variations of essential oils in isolated populations of Thymus richardii Pers. in the Mediterranean basin[END_REF][START_REF] Farré-Armengol | Changes in floral bouquets from compound-specific responses to increasing temperatures[END_REF][START_REF] Pirbaloutia | Chemical composition of essential oils from the aerial parts and underground parts of Iranian valerian collected from different natural habitats[END_REF][START_REF] Melito | Genetic and metabolite diversity of Sardinian populations of Helichrysum italicum[END_REF][START_REF] Melito | Altitude and climate influence Helichrysum italicum subsp. microphyllum essential oils composition[END_REF][START_REF] Bakha | Intraspecific chemical variability of the essential oils of Moroccan endemic Origanum elongatum L. (Lamiaceae) from it whole natural habitats[END_REF][START_REF] Guedri Mkaddem | Variation of the Chemical Composition of Essential Oils and Total Phenols Content in Natural Populations of Marrubium vulgare L[END_REF]. Of the 153 genera (from 49 families) of vascular plants that accumulate EOs, 90 occur in Mediterranean type ecosystems [START_REF] Thompson | Plant evolution in the Mediterranean -Insights for conservation[END_REF], characterized by a climate regime with mild wet winters and warm and dry summers, and 90 % or more of the annual precipitation typically occurring in the 6 months around winter [START_REF] Rundel | Mediterranean-Climate Ecosystems[END_REF]. The Mediterranean basin, one of the five Mediterranean areas of the world, has a high geographical and ecological heterogeneity which caused and still causes original patterns of vascular plant evolution at the population, community and landscape levels [START_REF] Thompson | Plant evolution in the Mediterranean -Insights for conservation[END_REF]. For this reason, it has been recently defined as a complex, multi-hierarchical system of islands-within-islands [START_REF] Lopez-Alvarado | Ecology and evolution of plants in the Mediterranean basin: perspectives and challenges[END_REF]. In this context, the combinations of several evolutionary factors, such as richness in microhabitats and geographical isolation over long periods, have promoted further diversification among and within species, giving rise to a huge contingent of Mediterranean exclusive (endemic) species particularly abundant in harsh environments [START_REF] Lavergne | The biology and ecology of narrow endemic and widespread plants: a comparative study of trait variation in 20 congeneric pairs[END_REF], where secondary compounds evolved mainly as a defence against herbivores [START_REF] Thompson | Plant evolution in the Mediterranean -Insights for conservation[END_REF]. Even if there are some well documented studies showing evidence of differentiation of morphologic, genetic and phytochemical aspects among and within populations of endemic aromatic plants growing in Mediterranean harsh environments [START_REF] Melito | Genetic and metabolite diversity of Sardinian populations of Helichrysum italicum[END_REF][START_REF] Pintore | Chemical composition and antimicrobial activity of Rosmarinus officinalis L. oils from Sardinia and Corsica[END_REF][START_REF] Thompson | Ongoing adaptation to Mediterranean climate extremes in a chemically polymorphic plant[END_REF], however the ecological factors influencing these patterns still need to be revealed.

In this research, therefore, we consider as a model species Teucrium marum L. (cat thyme, Lamiaceae), a western Mediterranean endemic dwarf shrub, very well-known under the phytochemical point of view, but scarcely investigated regarding the ecological factors that influence phytochemical diversity within and among populations. In fact, although the phytochemical composition of its essential oil (EO) was previously investigated in both Sardinia and Corsica, it is worth to be noted that several researches from Sardinia were done on only one or few populations [24-28], whereas the main investigation realized on Corsica, even if carried on 25 populations, was mainly focused on analytical procedures and cannot be used for ecological conclusions [START_REF] Djabou | Analysis of the volatile fraction of Teucrium marum L[END_REF].

Therefore, the general purpose of our paper is to give valuable information on the effects that ecological factors have on the intra-and inter-population phytochemical diversity of this species. Specific aims were to: 1) define the chemical composition variability of EOs; 2) determine the inter-and intrapopulation chemical variability; and 3) evaluate if the elevation gradient and/or soil substrate determine the phytochemical variability of T. marum from different coastal and mountain wild populations in Sardinia island (Italy).

Results

Phytochemical analysis

Overall, 90 compounds were identified (Table 1) in the EOs of T. marum from six different wild Sardinian populations.

The phytochemical analyses ( The SIMilarity PERcentage (SIMPER) analysis (see supplementary materials Table S1) showed that the volatile compounds listed above with four other compounds were also important in population chemical differences namely the unidentified compound 1508 (4.7 % contribution to the average population dissimilarity), Limonene (7. Retention Indices on apolar RI (ap.) * and on polar RI (p.) ** columns determined relative to the retention times of a series of n-alkanes (C7 -C28) with linear interpolation. An example of the chromatograms analysed can be found in the Supplementary Materials (see Figure S2).

Inter-and intrapopulation chemical variability

The EOs obtained from aerial parts of T. marum collected in six different Sardinian locations presented different chemical compositions (Figure 1). 

Discussion

The high chemical variability of T. marum EOs found in the studied Sardinian populations was also found in other samples which had been analysed by other authors in previous studies [24, [START_REF] Ricci | Chemical composition antimicrobial and antioxidant activity of the essential oil of Teucrium marum (Lamiaceae)[END_REF][START_REF] Gagliano Candela | A Review of the Phytochemistry Traditional Uses and Biological Activities of the Essential Oils of Genus Teucrium[END_REF][START_REF] Maccioni | Characterization of Essential Oils from Different Taxa Belonging to the Genus Teucrium in Sardinia Island. Italy[END_REF][START_REF] Djabou | Analysis of the volatile fraction of Teucrium marum L[END_REF][START_REF] Sanz | Volatile components variation in the Teucrium marum complex (Lamiaceae) from the Balearic Islands[END_REF][START_REF] Djabou | Phytochemical composition of Corsican Teucrium essential oils and antibacterial activity against foodborne or toxi-infectious pathogens[END_REF]. To avoid that the singularity of the volatile compounds we found, with respect to other reports, was influenced by the sampling period and different extraction methods, we realized our field sampling over a short period of time during the flowering stage, and a standard extraction method for EO was used [START_REF] Djabou | Analysis of the volatile fraction of Teucrium marum L[END_REF][START_REF] Sanz | Volatile components variation in the Teucrium marum complex (Lamiaceae) from the Balearic Islands[END_REF][START_REF] Djabou | Phytochemical composition of Corsican Teucrium essential oils and antibacterial activity against foodborne or toxi-infectious pathogens[END_REF]. An interesting fact that has emerged in our EOs samples is the presence of Dolichodial: this compound has also been found in samples from Balearic islands [24,[START_REF] Sanz | Volatile components variation in the Teucrium marum complex (Lamiaceae) from the Balearic Islands[END_REF] and in some samples from Sardinia island [24,[START_REF] Ricci | Chemical composition antimicrobial and antioxidant activity of the essential oil of Teucrium marum (Lamiaceae)[END_REF], together with other typical main compounds such as Caryophyllene oxide, α-Bergamotene, β-Bisabolene, (E)-β-Caryophyllene, β-Sesquiphellandrene, Estragole, Geranyl acetate, Epidolichodial, α-Humulene [START_REF] Gagliano Candela | A Review of the Phytochemistry Traditional Uses and Biological Activities of the Essential Oils of Genus Teucrium[END_REF].

Anyway, in other Sardinian [START_REF] Maccioni | Characterization of Essential Oils from Different Taxa Belonging to the Genus Teucrium in Sardinia Island. Italy[END_REF] and Corsican [START_REF] Djabou | Analysis of the volatile fraction of Teucrium marum L[END_REF][START_REF] Djabou | Phytochemical composition of Corsican Teucrium essential oils and antibacterial activity against foodborne or toxi-infectious pathogens[END_REF] samples, the above-mentioned compound Dolichodial, has not been found. However, although this compound is a typical production of the plant, as reported by several studies, it's not always detected in the extraction of essential oils [START_REF] Ricci | Chemical composition antimicrobial and antioxidant activity of the essential oil of Teucrium marum (Lamiaceae)[END_REF][START_REF] Sanz | Volatile components variation in the Teucrium marum complex (Lamiaceae) from the Balearic Islands[END_REF]. Several factors could influence the chemical composition of the EOs, however, as regards the presence / absence of Dolichodial in the essential oil of T. marum, an explanation is reported by [START_REF] Djabou | Analysis of the volatile fraction of Teucrium marum L[END_REF]. Indeed, the Corsican samples compound was found as the main volatile component with the HS-SPME solid phase extraction process while it was never detected in essential oils obtained by hydrodistillation (HD). The researchers hypothesize that Dolichodial was probably lost by chemical transformation under thermal conditions and acid pH in hydrodistillation. During the hydrodistillation step, the aldehyde group from the hydrate and the dihydrate forms of the Dolichodial, were partially transferred to the hydrolated aqueous phase due to its greater affinity with water. As Dolichodial was found in much higher quantities in Sardinia than in Corsican samples, this result may reflect regional differences of its abundance as probably only a (small) fraction is "lost" in this way. The percentage of Dolichodial in our samples was higher from coastal samples of Cagliari and Alghero, the Variation in secondary compounds composition among individuals and populations of the same species is a quite common feature of aromatic Mediterranean vascular plants, and can result from a genetic polymorphism in the production of EOs [START_REF] Thompson | Plant evolution in the Mediterranean -Insights for conservation[END_REF]. Geographic variation in the composition of EO is well documented not only in typical aromatic dwarf shrubs like Salvia rosmarinus Spenn. [START_REF] Pintore | Chemical composition and antimicrobial activity of Rosmarinus officinalis L. oils from Sardinia and Corsica[END_REF][START_REF] Napoli | Screening of the essential oil composition of wild Sicilian rosemary[END_REF] and Lavandula latifolia Medik. [START_REF] Herraiz-Peñalver | Chemical characterization of Lavandula latifolia Medik. essential oil from Spanish wild populations[END_REF], but also in evergreen sclerophyllous trees like Quercus ilex L. [START_REF] Staudt | Intraspecific variability of monoterpene composition emitted by Quercus ilex leaves[END_REF] and Pinus pinaster Aiton [START_REF] Arrabal | Differentiation among five Spanish Pinus pinaster provenances based on its oleoresin terpenic composition[END_REF]. In the endemic dwarf Helichrysum italicum (Roth) G. Don subsp. tyrrhenicum (Bacch., Brullo & Giusso) Herrando, J.M. Blanco, L. Sáez & Galbany from Sardinia, a geographic variation in EO composition was related to population genetic structure but also to elevation [START_REF] Melito | Genetic and metabolite diversity of Sardinian populations of Helichrysum italicum[END_REF][START_REF] Melito | Altitude and climate influence Helichrysum italicum subsp. microphyllum essential oils composition[END_REF]. Local environmental factors (like morphology which influences winter minimum temperatures) explained the phytochemical diversity among Thymus vulgaris L. populations at short spatial scales [START_REF] Thompson | Qualitative and quantitative variation in monoterpene co-occurrence and composition in the essential oil of Thymus vulgaris chemotypes[END_REF].

lowest
The phytochemical diversity among the studied populations of T. marum (see supplementary materials Fig. S1), seems to be biogeographically structured [START_REF] Fenu | Using endemic-plant distribution, geology and geomorphology in biogeography: the case of Sardinia (Mediterranean Basin)[END_REF]. Each Sardinian population appeared to have a significant different EO composition resulting partly from unique combinations of elevation and soil substrate. Here the elevation is used as a proxy of climatic variables as they are highly correlated (as shown by PCA). These environmental factors are not probably the only explaining the EO composition differences among populations but they were significant. Further studies on characterizing the genetic divergence of T. marum populations as performed on Thymus spp. [START_REF] Thompson | Population structure and the spatial dynamics of genetic polymorphism in thyme[END_REF][START_REF] Ložiene | Influence of environmental and genetic factors on the stability of essential oil composition of Thymus pulegioides[END_REF] or Helichrysum italicum [START_REF] Melito | Genetic and metabolite diversity of Sardinian populations of Helichrysum italicum[END_REF] would be of great interest. The southernmost population from Ca-gliari is clearly isolated from the others (as it is also confirmed being the only with Limonene and the unidentified compound 1508), since it grows on a fossil island surrounded by alluvial plains mostly unsuitable for the species. Then, the populations from the western side of the island (Alghero and Osilo) are more similar than the eastern populations (Costa Paradiso, Limbara and Urzulei), even if some individuals do not fit within the population of provenance. However, the role played by climatic factors in shaping the observed pattern of phytochemical heterogeneity, as highlighted by the PCA (Fig. 1), is more evident when considering the compounds mainly characterizing the EOs of the studied populations: in particular, Dolichodial and (E)-β-Caryophyllene, follow opposite patterns determined by elevation (and, consequently, by bioclimate). The first compound is much more abundant in coastal populations (Alghero, Cagliari and Costa Paradiso) than in mountainous ones (Osilo, Limbara and Urzulei), whereas the second follows the opposite pattern. Although Dolichodial's role in the chemical defence of T. marum is well documented [START_REF] Eisner | Chemical defense of the mint plant, Teucrium marum (Labiatae)[END_REF] and its biosynthesis is well known since a long time [START_REF] Bellesia | The biosynthesis of dolichodial in Teucrium marum[END_REF][START_REF] Bellesia | a new iridolactol from Teucrium marum, and its biosynthetic relationship with dolichodial[END_REF], our findings strongly support a significant difference in Dolichodial production between coastal and mountainous populations of the cat thyme. Considering the key role of this compound in the anti-insect defence of T. marum [START_REF] Eisner | Chemical defense of the mint plant, Teucrium marum (Labiatae)[END_REF], it is possible that coastal populations produce higher amounts of Dolichodial to limit insect damages in the hottest and driest period of the year (summer). On the other hand, mountainous populations growing at higher elevations may suffer lower risks from insect damages in summer, because of the lower temperatures and consequent lower drought stress. Differences in EOs composition related to aridity gradients are well documented also in another Mediterranean dwarf Lamiaceae, as the Tunisian Thymbra capitata (L.) Cav. [START_REF] Jaouadi | Variation of phenolic constituents of Tunisian Thymus capitatus (L.) Hoff. et Link. populations[END_REF]. (E)-β-Caryophyllene is a natural sesquiterpene hydrocarbon present in hundreds of plant species [START_REF] Maffei | Plant natural sources of the endocannabinoid (E)-β-caryophyllene: A systematic quantitative analysis of published literature[END_REF], and is documented to (directly) inhibit bacterial growth in the model species Arabidopsis thaliana (L.) Heynh. [START_REF] Huang | The major volatile organic compound emitted from Arabidopsis thaliana flowers, the sesquiterpene (E)-β-caryophyllene, is a defense against a bacterial pathogen[END_REF]. It is therefore possible that higher amounts of this compound are more useful for populations of T. marum growing at higher elevations than for populations living in coastal environments, because moister climates generally promote bacterial and fungal development.

Materials and Methods

Study area

Sardinia, the second largest island of the Mediterranean Basin with an area of 24089 km 2 represents one of the 10 -11 Mediterranean biodiversity hotspots [START_REF] Médail | Biodiversity hotspots in the Mediterranean Basin: Setting global conservation priorities[END_REF][START_REF] Myers | Biodiversity hotspots for conservation priorities[END_REF][START_REF] Mittermeier | Global Biodiversity Conservation: The Critical Role of Hotspots[END_REF][START_REF] Médail | Glacial refugia influence plant diversity patterns in the Mediterranean Basin[END_REF][START_REF] Véla | Évaluation d'un nouveau point chaud de biodiversité végétale dans le Bassin méditerranéen (Afrique du Nord)[END_REF][START_REF] Bacchetta | A new method to set conservation priorities in biodiversity hotspots[END_REF]. Its climate is characterised by Mediterranean pluvi-seasonal oceanic macrobioclimate and forty-three detailed iso-bioclimates [START_REF] Canu | Bioclimate map of Sardinia (Italy)[END_REF][START_REF] Bazzato | High spatial resolution bioclimatic variables to support ecological modelling in a Mediterranean biodiversity hotspot[END_REF]. Its flora is composed of ca. 2300 native vascular plant taxa of which ca. 15 % are endemic of the Sardinian-Corsican biogeographic province and surrounding Tyrrhenian areas, therefore highlighting the originality of the islands' genetic and geological history [START_REF] Bacchetta | A new method to set conservation priorities in biodiversity hotspots[END_REF][START_REF] Camarda | Carta degli habitat della Regione Sardegna per il sistema informativo di Carta della Natura alla scala 1:50.000[END_REF][START_REF] Marignani | Is time on our side? Strengthening the link between field efforts and conservation needs[END_REF][START_REF] Farris | The indigenous vascular flora of the forest domain of Anela (Sardinia. Italy)[END_REF][START_REF] Fois | The Endemic Vascular Flora of Sardinia: A Dynamic Checklist with an Overview of Biogeography and Conservation Status[END_REF].

In this context, T. marum is one of the most characteristic species of the dwarf shrub vegetation (garrigues) often derived by human induced degradation of pristine evergreen forests through fire, grazing and/or clearing. This endemic chamaephyte has been chosen as a guide species to name the phytosociologic alliance Teucrion mari Gamisans & Muracciole 1984 [START_REF] Biondi | Manuale Italiano di interpretazione degli habitat della Direttiva 92/43/CEE[END_REF] including several Sardinian-Corsican communities dominated by dwarf perennial plants.

Teucrium marum fresh aerial parts were collected during their flowering period (May and June 2022) in six different localities in Sardinia: three coastal and three mountainous (Table 2, Figure 2). For each station, ten individual plants were randomly sampled at a minimum distance of 20 m between each other, in order to avoid sampling siblings. The studied species, Teucrium marum L., is a perennial aromatic suffruticose chamaephyte, characteristic of arid and stony environments (e.g. garrigues), from 0 to 1200 (rarely up to 1700) m a.s.l., endemic to the islands of Sardinia, Capraia, Montecristo and Gorgona in Italy, Corsica, Hyères, Murter in France and the Balearic archipelago in Spain.

Cat thyme is an aromatic and medical plant, used in traditional medicine as diuretic, nervine, stimulant, stomachic, tonic, antibacterial, anti-inflammatory, antipyretic, cicatrizing properties, astringent and also to control haemorrhages [START_REF] Ricci | Chemical composition antimicrobial and antioxidant activity of the essential oil of Teucrium marum (Lamiaceae)[END_REF][START_REF] Gagliano Candela | A Review of the Phytochemistry Traditional Uses and Biological Activities of the Essential Oils of Genus Teucrium[END_REF][START_REF] Maccioni | Characterization of Essential Oils from Different Taxa Belonging to the Genus Teucrium in Sardinia Island. Italy[END_REF][START_REF] Sanna | Le piante medicinali utilizzate contro le patologie epidermiche in Ogliastra (Sardegna centroorientale)[END_REF]. The biological properties of single EO of cat thyme is determined, generally, by its main components [START_REF] Gagliano Candela | A Review of the Phytochemistry Traditional Uses and Biological Activities of the Essential Oils of Genus Teucrium[END_REF][START_REF] Ait-Ouazzou | Chemical composition and antimicrobial activity of essential oils of Thymus algeriensis, Eucalyptus globulus and Rosmarinus officinalis from Morocco[END_REF].

Plant Material and Essential Oil

For each of harvested individual the first twenty cm of canopy (leaves and inflorescence parts) were collected. Samples were dried in a heating oven 100 % ventilated set to 40° C for 48 h in order to avoid any degradation and loss of EO.

Dried leaves of each sampled plant (average 47.1 g. max 71.7 -min 23.1 g) were introduced into a 2 L wide-neck flask reaction (QFR2LF. Quickfit ® . Fisher Scientific. Pittsburgh. Pennsylvania. USA). One litre of distilled water was added and heated for two hours using a heating mantle (EM2000/CE. Electrothermal ® . Vernon Hills. IL. USA). The essential oil was collected from each sampled plant using a classical Clevenger apparatus. The Clevenger apparatus was cooled at 6°C using a refrigerated fluid (mix of glycol-water) cooled and moved by a Minichiller ® (C20. Huber ® . Freiburg. Germany). Then the EOs were diluted in 0.5 ml of pentane in the Clevenger due to low EO volume produced by some samples, transferred to a Gas Chromatography (GC) vial and 5 ml of pentane was added before its sealing. The GC vials were sealed and stored at 4° C before further analyses.

GC and GC-MS analysis

Gas Chromatography analyses were performed on a Perkin Elmer Clarus 500 gas The GC retention indices (RIs) of each compound were determined on both polar and apolar columns relative to the retention times of a series of n-alkanes (C7-C28) with linear interpolation ('Target Compounds' software of PerkinElmer). The compounds were first identified by comparison of their two RIs with those of authentic compounds and literature data. These identifications were also confirmed by mass spectral comparison using a reverse match factor > 900 with commercial reference libraries (FFNSC2, Nist11W9, Perkin_ff2013, Wiley8). For each compound, the mean relative amount (%) per population, obtained from ten sampled specimens, is reported.

Data analysis

Statistical analyses were performed with Past 4.11 statistical software [START_REF] Hammer | Paleontological Statistics Software Package for Education and Data Analysis[END_REF]. Raw data with compound percentages were clr-transformed (Center logratio) prior analysis to normalize the weight of all the compounds. Individual phytochemical compositions were visualized in a PCA with triplot for environmental factor, the compounds differentiating populations were determined with a SIMPER analysis, and finally the statistical population phytochemical differences were tested with an ANOSIM and the effect of environmental factors (elevation and soil substrate) by a PERMANOVA (with 9,999 replicates for each).

On the PCA analysis, environmental factors (extracted from [START_REF] Canu | Bioclimate map of Sardinia (Italy)[END_REF][START_REF] Bazzato | High spatial resolution bioclimatic variables to support ecological modelling in a Mediterranean biodiversity hotspot[END_REF]) and substrate (extracted from [62?]) were plotted as supplementary variables to visualize any correla-tion between phytochemical composition and environmental data as elevation, mean annual temperature, maximum temperature of the warmest month, minimum temperature of the coldest month, mean annual precipitation, precipitation of the wettest month, precipitation of the driest month.

SIMPER was applied for assessing which compounds were primarily responsible for observed differences between populations [START_REF] Clarke | Non-parametric multivariate analysis of changes in community structure[END_REF]. The Euclidean similarity measure was used for the SIMPER analysis. The overall significance of the difference was assessed by one-way ANOSIM and among population differences with a post-hoc test of multiple pairwise-population comparisons using Bonferroni-corrected p values. The factor effect (elevation, soil substrate (Table 1) and their interaction) was tested with a two one-way PERMANOVA. Differences with p ≤ 0.05 between groups were considered significant.

Conclusions

The composition of Sardinian T. marum EOs was original from other Mediterranean known compositions, particularly for the high level of Dolichodial found in the coastal populations under study.

Within Sardinian populations we have found a significant effect of environmental/climatic factors on the EOs composition, with mountainous populations having an EO different from coastal ones.

Beyond the ecological factors determining intra-and inter-population phytochemical diversity, the data shown here give a scientific background to address the sustainable use of wild populations of aromatic plants. The Mediterranean basin is indeed a hotspot of medicinal and aromatic plants which have always been used by humans. But recently, their exploitation has dramatically increased and new scenarios are proposed for local development and sustainability in order to preserve this natural capital [START_REF] Grigoriadou | Sustainable use of mediterranean medicinal-aromatic plants[END_REF]. There is in fact growing awareness of the potential socio-economic benefits but also the environmental risks determined by the exploitation of wild populations of medicinal and aromatic plants, especially in Mediterranean islands [START_REF] Bourgou | Medicinal-cosmetic potential of the local endemic plants of Crete (Greece), Northern Morocco and Tunisia: Priorities for conservation and sustainable exploitation of neglected and underutilized phytogenetic resources[END_REF][START_REF] Łuczaj | Insular pharmacopoeias: Ethnobotanical characteristics of medicinal plants used on the Adriatic islands[END_REF]. Detailed data on the phytochemical characterization of wild populations of Mediterranean medicinal and aromatic plants, as presented here, is the first step to develop a correct approach for the possible use of natural products for human needs, as already done with other plants like S. rosmarinus used to control invasive alien plants expansion [START_REF] Maccioni | Inhibitory effect of rosemary essential oil, loaded in liposomes, on seed germination of Acacia saligna, an invasive species in Mediterranean ecosystems[END_REF][START_REF] Maccioni | Phytotoxic effects of Salvia rosmarinus essential oil on Acacia saligna seedling growth[END_REF].

Supplementary Materials:

The following supporting information can be downloaded at: www.mdpi.com/xxx/s1, Figure S1: Dendrogram; Table S1: SIMPER table analysis. Funding: This research was funded by Fondazione di Sardegna bando 2017 per progetti di ricerca con revisione tra pari, grant name "Plant-plant interactions under and around the canopy of Mediterranean aromatic dwarf shrubs in Corsica and Sardinia".

Figure 1 .

 1 Figure 1. Principal Component Analysis (PCA -axis 1: 16 %; axis 2: 11,8 % of the variance explained) of clr-transformed (Center logratio) chemical compositions of Teucrium marum L. from six different natural Sardinian populations showing the environmental factors as supplementary variables -CAG (Capo S. Elia -Cagliari, CA), ALG (Lazzaretto -Alghero, SS), CP (Costa Paradiso -Trinità d'Agultu e Vignola, SS), LIMB (Limbara -Tempio Pausania, SS), OSL (Osilo, SS) and URZ (Genna Silana -Urzulei, NU).

Figure 2 .

 2 Figure 2. Sampled distribution around Sardinia in six different localities of Teucrium marum L. Costal localities: CAG (Capo S. Elia -Cagliari, CA), ALG (Lazzaretto -Alghero, SS) and CP (Costa

  chromatograph (FID. Perkin Elmer. Courtaboeuf. France) equipped with 2 fused silica gel capillary columns (50 m. 0.22 mm id. film thickness 0.25 μm): BP-1 (polydimethylsiloxane) and BP-20 (polyethylene glycol). The oven temperature was programmed from 60 to 220 °C at 2 °C/min and then held isothermally at 220 °C for 20 min. The injector temperature of 250 °C, detector temperature of 250 °C, carrier gas hydrogen (1.0 mL/min) and split of 1/60.The EOs were also analysed with a PerkinElmer gas chromatography coupled with mass spectrometry (GC/MS).; TurboMass detector (quadrupole. PerkinElmer. Courtaboeuf. France) directly coupled with a PerkinElmer Auto system XL equipped with a fused silica gel capillary column (50 m. 0.22 mm id. film thickness 0.25 µm) (BP -1 polydimethylsiloxane). The analyses were performed with the following parameters. Helium was the carrier gas at 0.8 mL/min. The injection volume was 0.5 µL with a split of 1/75 at ; an injector temperature of 250 °C. The oven temperature was programmed from 60 to 220 °C with a 2 °C/min increase and finally held iso-thermally (20 min). The ion source temperature was 250 °C with an ionization energy of 70 eV. The electron ionization mass spectra were acquired over the mass range of 40-400 Da.
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Table 1 )

 1 showed that the main components detected in the EOs of T. marum obtained from the Cagliari population were β-Bisabolene (18.26 %),

	Dolichodial (15.65 %) and (E)-β-Caryophyllene (8.69 %); from the Alghero population
	Dolichodial	(34.38	%),	2-Methylbutyl-2-methylbutyrate	(5.65	%)	and
	2-Methylbutyl-butyrate	(5.76	%);	from	the	Costa	Paradiso	population
	(E)-β-Caryophyllene (12.54 %), Dolichodial (11.25 %) and β-Bisabolene (8.23 %); from the
	Limbara population (E)-β-Caryophyllene (19.99 %), β-Bisabolene (12.03 %) and
	β-Sesquiphellandrene (9.53 %); from the Osilo population (E)-β-Caryophyllene (12.84 %),
	2-Methylbutyl-butyrate (9.54 %) and 2-Methylbutyl-2-methylbutyrate (7.58 %); and fi-
	nally the principal compounds from the Urzulei population were β-Bisabolene (13.24 %),
	(E)-β-Caryophyllene (13.22 %) and β-Sesquiphellandrene (11.58 %).

Table 1 .

 1 List of the components identified in essential oils obtained from six different wild Sardinian populations of Teucrium marum L. For each compound, the mean relative amount (%) per population from ten specimens is reported. CAG (Capo S. Elia -Cagliari, CA), ALG (Lazzaretto -

	β-Bisabolene was found in higher percentages in Cagliari (18.3 %), Urzulei (13.2 %) and
	Limbara (12 %) populations, in modest quantities in Costa Paradiso (8.2 %) and Osilo (6.3
	%) populations and in lower quantity in Alghero (2.7 %). High quantities of unidentified
	compound 1508 was found only in Cagliari (13 %) and only traces in Alghero (0.05 %) ad
	Osilo (0.15 %) populations. Instead Limonene was found only in Cagliari population
	(6.16 %).

3 %), 2-Undecanyl acetate (4.6 %) and (E)-α-Bergamotene (3.8 %) of the average population dissimilarity and thus to the inter-population chemical differences. In total these ten volatile compounds explained 90 % of the phytochemical diversity observed in the six studied Sardinian populations. High percentage of Dolichodial was found in Alghero (34.4 %), Cagliari (15.6 %) and Costa Paradiso (11.3 %) populations, while a very lower quantity in the population of Limbara (0.5 %) and modest quantities in the populations of Urzulei (5.7 %) and Osilo (5.3 %). Contrarily to Dolichodial, (E)-β-Caryophyllene was found in higher percentages in Limbara (20 %), Urzulei (13.2 %), and Osilo (12.8 %) populations than Costa Paradiso (12.5 %), Cagliari (8.7 %) and Alghero (4.4 %) ones.

  in Limbara and intermediate in Osilo and Urzulei. This could be related to altitude

	and covarying climatic factors which would explain how environmental factors strongly
	influence the EO phytochemical fingerprint, as reported by previous studies
	[2,5,8-14,16-18].	Another	important	aspect	was	that	in	our	samples

2-Methylbutyl-2-methylbutyrate and 2-Methylbutyl butyrate compounds were the main components in some samples, while in other Mediterranean samples these compounds were not detected. Furthermore, our study of T. marum EOs evidenced a similar chemical composition of the main compounds such as (E)-β-Caryophyllene, β-Bisabolene and β-Sesquiphellandrene, commonly found in other samples analysed from Sardinia and other Mediterranean islands such as Corsica and Balearic islands [24,

[START_REF] Ricci | Chemical composition antimicrobial and antioxidant activity of the essential oil of Teucrium marum (Lamiaceae)[END_REF][START_REF] Gagliano Candela | A Review of the Phytochemistry Traditional Uses and Biological Activities of the Essential Oils of Genus Teucrium[END_REF][START_REF] Maccioni | Characterization of Essential Oils from Different Taxa Belonging to the Genus Teucrium in Sardinia Island. Italy[END_REF][START_REF] Djabou | Analysis of the volatile fraction of Teucrium marum L[END_REF][START_REF] Sanz | Volatile components variation in the Teucrium marum complex (Lamiaceae) from the Balearic Islands[END_REF][START_REF] Djabou | Phytochemical composition of Corsican Teucrium essential oils and antibacterial activity against foodborne or toxi-infectious pathogens[END_REF]

.

Table 2 .

 2 Wild Sardinian populations of Teucrium marum L. data.

	Pop-ula-tion code	Site name and Municipality (Province)	WGS84 coordinates	Eleva-tion (m a.s.l.)	Soil sub-strate	Bioclimate*
	CAG	Capo S. Elia -Cagliari (CA)	39.1855475 N 9.1475736 E	41	Carbonate	2 -Lower thermo-Mediterranean, lower dry, strong euoceanic
	ALG	Lazzaretto -Alghero (SS)	40.5839220 N 8.2482990 E	44	Dolostone	8 -Upper thermo-Mediterranean, upper dry, semi-hyperoceanic
	CP	Costa Paradiso -Trinità d'Agultu e Vignola (SS)	41.0529210 N 8.9609560 E	174	Granites	9 -Upper thermo-Mediterranean, upper dry, strong euoceanic
	LIMB Mt. Limbara -Tempio Pausania (SS)	40.8485980 N 9.1646290 E	1263	Granites	40 -Lower supratemperate, lower humid, weak semi-continental
	OSL	Mt. Tuffudesu -Osilo (SS)	40.7348590 N 8.6807020 E	704	Andesitic	28 -Upper meso-Mediterranean, upper subhumid, weak euoceanic
	URZ	Genna Silana -Urzulei (NU)	40.1591710 N 9.5064150 E	1012	Carbonate	35 -Lower supra-Mediterranean, lower humid, weak semi-continental

*Numbers and bioclimate diagnosis refer to

[START_REF] Canu | Bioclimate map of Sardinia (Italy)[END_REF]

.
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