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Abstract 14 

Environmental contamination by hazardous heavy metals/metalloids (metal(loid)s) is 15 

growing worldwide. To restrict the migration of toxic contaminants, the establishment 16 

of a self-sustainable plant cover is required. Plant growth in multi-polluted soils is a 17 

challenging issue not only by metal(loid) toxicities, but also by the co-occurrence of 18 

other stressors. Dittrichia viscosa is a pioneer Mediterranean species able to thrive in 19 

metal(loid)-enriched tailings in semi-arid areas. The aim of the present work was to 20 

examine the metabolic adjustments involved in the acclimation responses of this plant 21 

to conditions prevailing in mine-tailings during Mediterranean spring and summer. For 22 

this purpose, fully-expanded leaves, and rhizosphere soil of both mining and non-23 

mining populations of D. viscosa grown spontaneously in south-eastern Spain were 24 

sampled in two consecutive years. Quantitative analysis of more than 50 biochemical, 25 

physiological and edaphic parameters were performed, including nutrient status, 26 

metal(loid) contents, leaf redox components, primary and secondary metabolites, 27 

salicylic acid levels, and soil physicochemical properties.  Results showed that mining 28 

plants exhibited high foliar Zn/Pb co-accumulation capacity, without substantially 29 

affecting their photosynthetic metabolism or nutritional status even in the driest summer 30 

period. The comparison of the antioxidative/oxidative profile between mining and non-31 

mining D. viscosa populations revealed no major seasonal changes in the content of 32 

primary antioxidants (ascorbate and GSH), or in the levels of ROS. Multivariate 33 

analysis showed that phenylalanine ammonia-lyase (PAL) and peroxidase (PRX) 34 

activities and soluble and cell wall-bound phenols were potential biomarkers for 35 

discriminating between both populations. During the dry season, a marked enhancement 36 

in the activity of both PAL and soluble PRX resulted in both a drop in the accumulation 37 

of soluble phenols and an increase of the strong metal chelator caffeic acid in the cell-38 
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wall fraction, supporting the view that the plasticity of phenylpropanoid metabolism 39 

provide an effective way to counteract the effects of stress combinations.  40 

 41 
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1. Introduction 45 

 46 

The contamination of the environment with hazardous heavy metals/metalloids 47 

(hereafter termed metal(loid)s) is still growing worldwide at an alarming rate, which 48 

poses a serious ecological and human health threat of global dimension 49 

(Nsanganwimana et al., 2014; Panagos et al., 2013). In the European Union (EU), 50 

contamination by metal(loid)s is considered as one of the major threats to EU soil 51 

quality (Panagos et al., 2013).  Worldwide there are estimated to be close to 22 million 52 

ha of land polluted by hazardous metal(loid)s, which has jeopardized people and 53 

environmental health as well as  food and feed production (Nsanganwimana et al., 2014; 54 

Teng et al., 2010). Metalliferous mine tailings represent an important source of 55 

hazardous metal(loid) pollutants, which may spread to the surrounding areas leading to 56 

the deterioration of nearby agricultural fields and forests (Panagos et al., 2013; Tordoff 57 

et al., 2000). Although the reclamation of metalliferous mine wastes is a technically 58 

complex procedure (Barceló and Poschenrieder, 2003), in the last decades 59 

phytomanagement, which implies the establishment of a self-sustainable plant cover, 60 

has emerged as a cost-effective method for reducing water and wind erosion and the 61 

migration of hazardous contaminants in metalliferous substrates (Parraga-Aguado et al., 62 

2013; Tordoff et al., 2000). Successful phytomanagement requires suitable plant species 63 

able to thrive under the harsh conditions prevailing in the metalliferous mine tailings 64 

and well adapted to the climatic conditions of the zone. 65 

Dittrichia viscosa (L.) W. Greuter (woody fleabane) is an evergreen herbaceous 66 

perennial Mediterranean plant species (Asteraceae) found in ruderal environments (Al 67 

Hassan et al., 2016; Parolin et al., 2013), including mine tailings highly polluted by a 68 

broad range of toxic metal(loid)s,  where it accumulates As, Cd, Pb, and Zn (Conesa et 69 
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al., 2011; Fernández et al., 2013; Pérez-Sirvent et al., 2012). Thus, taken into account its 70 

pioneer character and its ability to accumulate high metal concentrations in shoots, this 71 

species may improve edaphic properties of tailing soils, and thus, by ameliorating 72 

stressful conditions, may pave the way for the recruitment of other less tolerant plant 73 

species (Parraga-Aguado et al., 2013). 74 

A common hallmark of plant response to abiotic stresses, including metal(loid) 75 

exposure, is an over-production of reactive oxygen species (ROS) into cells (Gill and 76 

Tuteja, 2010; Schützendübel and Polle, 2002). ROS in conjunction with the antioxidant 77 

network determine the cellular redox environment, which results in redox signaling 78 

appropriate to environmental stimuli and developmental cues, leading to growth and 79 

acclimation responses (Noctor et al., 2014). Despite the fact that tolerance to 80 

metal(loid)s can vary significantly amongst plant species, there is ample evidence that 81 

the strengthening of the antioxidant network would be essential for restoring cellular 82 

redox-homeostasis and metabolism functions under stress (for review, see 83 

Schützendübel and Polle 2002; Sharma and Dietz 2009; Gill and Tuteja 2010; Hossain 84 

et al. 2012; Singh et al. 2015). However, most studies dealing with the effect of 85 

metal(loid)s exposure on antioxidative/oxidative stress-related markers in plants have 86 

been performed under laboratory-controlled conditions. Scarce information can be 87 

found about stress biomarkers in plants growing in their natural environment, where 88 

they are concurrently exposed to diverse environmental stress factors. Therefore, the 89 

acclimation responses of plants to combined stress might require conflicting or 90 

antagonistic responses (Shaar-Moshe et al., 2017; Suzuki et al., 2014). Recent studies 91 

have shown that plant acclimation to stress combination elicits specific physiological 92 

and molecular responses that cannot be inferred from individual stress treatments, and 93 

such responses are characterized by changes in ROS levels, lipid peroxidation, 94 
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alterations in the expression/activity of ROS-scavenging enzymes, and higher content of 95 

antioxidants such as ascorbate (AA), glutathione (GSH), carotenoids and phenolic 96 

compounds (Choudhury et al., 2016; Martinez et al., 2016). Phenolic compounds 97 

comprise a wide and diverse group of secondary metabolites, and have been shown to 98 

play significant roles in plant defense, structural support, modulation of plant cell 99 

growth and differentiation, and survival (Ferrer et al., 2008). Among phenolics, 100 

flavonoids are considered powerful antioxidants due to their ability to prevent ROS 101 

production, as well as to quench ROS and to chelate metal ions, thus acting as 102 

modulators of ROS-signaling processes (Agati et al., 2012; Brunetti et al., 2015). 103 

Recent evidence has shown that environmental stresses like drought and heat could 104 

regulate the levels of nuclear flavonoids (Mouradov and Spangenberg, 2014), which, in 105 

turn, could act as regulators of the activity of various protein kinases involved in the 106 

ROS-signal transduction pathways that control cell growth and differentiation (Brunetti 107 

et al., 2015). 108 

Since in Mediterranean areas high sunlight irradiance, high temperatures and severe 109 

drought are key factors limiting plant growth and development, and since, furthermore 110 

the cellular antioxidative/oxidative status plays a pivotal role in the capability of plants 111 

to cope with oxidative stress induced by environmental factors, the purpose of the 112 

current work was (i) to compare the antioxidative/oxidative profile along with key 113 

growth parameters of two populations of D. viscosa, one grown on a multi-metal(loid) 114 

polluted mine tailing (Agustin) and the other in a non-mining site (control), during late 115 

spring (May) and late summer (September) in two consecutive years (2012 and 2013); 116 

(ii) to identify any possible nutrient imbalance and to assess their bioaccumulation 117 

capacity of potentially harmful metal(loid)s under stress combination; (iii) to carry out 118 

an edaphic characterization of the rhizosphere soil (fertility parameters and total 119 
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concentrations of As, Cd, Cu, Mn, Ni, Pb, Zn and Sb) associated with D. viscosa roots 120 

on the selected sites, and (iv) to identify inter-correlations among the different 121 

biochemical parameters evaluated in both seasons as well as associations between plant 122 

markers and environmental factors using different multivariate statistical methods.  123 

This study forms part of a wider investigation that has been undertaken to examine the 124 

oxidative stress signatures and the metabolic adjustments in response to the adverse 125 

conditions of mine-tailings in semi-arid regions in different pioneer plant species 126 

(López-Orenes et al., 2017). In this current work, and considering the metal 127 

accumulator properties of D. viscosa plants, we hypothesized that (1) the low soil 128 

fertility conditions in the tailings together with their high content of hazardous 129 

metal(loid)s would provoke a metabolic reprogramming to meet the demand for 130 

antioxidants and metal-chelating compounds, and (2) during summer the combination of 131 

nutrient deficiencies, metal(loid)-toxicities, high temperature and drought would require 132 

an effective photoprotective strategy to maintain the photosynthetic metabolism needed 133 

to perform the energy-requiring processes associated with metal uptake, transport and 134 

sequestration. The results obtained could contribute to improve our understanding of the 135 

acclimative responses of metal(loid)-accumulator plants to stress combinations under 136 

natural (field) conditions. Taking into account the potential of this species for thriving 137 

under harsh environmental conditions, it seems to be plausible its use in land 138 

reclamation programs, especially under the foreseeable future climate change scenario 139 

of increasing temperatures and decreasing precipitation.  140 

 141 

2. Materials and Methods 142 

 143 

2.1. Plant and soil sampling and soil analysis 144 
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 145 

D. viscosa leaves were obtained from plants growing spontaneously in the Cartagena-La 146 

Union Mining District (SE of the Iberian Peninsula) in one tailings pile (Agustin; 147 

37°36’20” N, 0°50’15” W) and in a non-mining area (37°35’47” N, 0°49’26” W) 148 

located about 1.5 km away from this mining site (Supplemental Fig. S1). This mining 149 

area contains one of the largest Pb and Zn content in the SE of Europe (Pérez-Sirvent et 150 

al., 2012), and the two sampling zones are located in a natural park which includes 151 

Aleppo pine forests and endemic xerophytic thickets (Parraga-Aguado et al., 2013). 152 

During 2012 and 2013, the average annual rainfall of the zone was ~ 215 mm, the 153 

potential evapotranspiration was ~ 1285 mm yr-1 and ~18 °C the annual average air 154 

temperature (Supplemental Fig. S2). Taking into account the proximity of the two 155 

sampling areas, it was assumed that all plants from the two populations (Supplemental 156 

Fig. S1) were exposed to similar weather conditions. In these years the sampling date 157 

corresponding to September 2012 was that one in which the greatest rainfall occurred 158 

and May 2013 followed a rainy month of April (80 mm rainfall) and was wetter than 159 

May 2012 (Supplemental Fig. S2). 160 

The uppermost fully expanded leaves from D. viscosa plants belonging to the two 161 

populations were collected the 3rd week of May (late spring) and the 3rd week of 162 

September (late summer) in two consecutive years (2012 and 2013) (Supplemental Fig. 163 

S3). In all sampling periods, at least one hundred leaves of each population were 164 

washed thoroughly with tap and distilled water, gently blotted on filter paper, and 165 

randomly divided into five groups. One group (twenty leaves) was used to determine 166 

the relative water content, and each one of the remaining four biological replicates, were 167 

divided into two subsamples, one of them was immediately frozen in liquid nitrogen, 168 

and stored at –80°C until analyzed, and the second one was dried at 60ºC for 72 h for 169 
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elemental analysis. Rhizosphere soil, sampled from the top 20 cm, were also collected 170 

from four selected plants, and transferred under aseptic conditions to laboratory. Soil 171 

analyses were carried out as described in Parraga-Aguado et al. (2014). In short, soil 172 

pH, electrical conductivity (EC), dissolved organic carbon (DOC), and water extractable 173 

ions (Ca2+, K+, Mg2+, Na+, Cl-, SO4
2-) were determined in a 1:5 soil to water suspension 174 

after shaking for 2 h. Equivalent calcium carbonate (% CaCO3) was estimated using the 175 

Bernard calcimeter method. Particle size distribution was determined following the 176 

method of Bouyoucos densimeter (Gee and Bauder, 1986). Total nitrogen (TN) was 177 

determined using the Kjeldahl method (USDA, 1996). Total metal(loid) concentrations 178 

(As, Cd, Cu, Mn, Ni, Pb, Zn, and Sb) were measured by X-Ray Fluorescence (Buker S4 179 

Pioneer). 180 

 181 

2.2. Macronutrient and metal(loid) determinations in leaf tissues  182 

 183 

Leaf dried tissues (~0.5 g), finely ground, were incinerated at 550 ºC for 3 h prior to 184 

adding 1 mL of concentrated nitric acid. The resulting extracts were diluted to 25 mL 185 

with MilliQ water and filtered through CHM F2041-110 ashless filter papers. The 186 

concentration of Cl, P and S were analyzed using an ion chromatographer (Metrohm). 187 

The Ca, K, Mg, and Na contents were analyzed using a flame atomic absorption 188 

spectrometer (Unicam 969 AA). Nitrogen in leaf samples was determined using a PDZ 189 

Europa ANCA-GSL elemental analyzer (Sercon Ltd., Chshire, UK). Metal(loid) 190 

concentrations (As, Cd, Cu, Mn, Ni, Pb, and Zn) were determined by inductively 191 

coupled plasma-mass spectrometry (Agilent 7500A, detection limit 0.001 mg L−1). Plant 192 

analyses were referenced using a CTA-VTL-2 certified material (Virginia tobacco 193 

leaves), and the percentage of recoveries ranged between 89 and 110%. 194 
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 195 

2.3. Plant performance measurements  196 

 197 

The evaluation of the physiological status of the two D. viscosa populations was carried 198 

out by measuring leaf relative water content (RWC), photosynthetic pigment 199 

concentrations, total soluble protein levels, soluble sugars and starch contents as 200 

previously described (López-Orenes et al., 2017). Chlorophyll a (Chla), chlorophyll b 201 

(Chlb) and total carotenoids were extracted with 100% methanol (1 mL per 0.1 g tissue) 202 

using sonication (37 kHz) until the extracts were colorless (x2). The supernatants 203 

obtained after centrifugation (15,000xg for 15 min at 4ºC) were used to determine the 204 

levels of photosynthetic pigments using the equations reported by Lichtenthaler and 205 

Wellburn (1983). 206 

 207 

2.4. Total antioxidant activity and non-enzymatic antioxidants determinations 208 

 209 

The analysis of the full spectrum of non-enzymatic antioxidant compounds were 210 

estimated by the ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), DPPH 211 

(1,1-diphenyl-2-picrylhydrazyl) and FRAP (ferric reducing antioxidant potential) tests, 212 

using methanolic extracts, according to Pérez-Tortosa et al. (2012). Quantification of 213 

ascorbate (AA) and dehydroascorbate (DHA) were carried out using the bipyridyl 214 

method as described by Gillespie and Ainsworth (2007). Reduced glutathione (GSH) 215 

levels were determined fluorimetrically using o-phthalaldehyde after Senft et al. (2000).  216 

The amount of free proline (Pro) was assayed using the acid-ninhydrin method (Bates et 217 

al., 1973). The concentration of total soluble non-protein thiols (NPT) was analyzed 218 

using DTNB [5,5′ dithio-(2-nitrobenzoic acid)] as described in Metwally et al. (2003), 219 



 11 

and the concentration of phytochelatins was estimated from the difference between total 220 

soluble non-protein thiols and GSH (López-Orenes et al., 2014). 221 

 222 

2.5. Determination of hydrogen peroxide, superoxide radicals, lipid peroxidation and 223 

protein oxidation 224 

 225 

Hydrogen peroxide determination was carried out by the ferrous oxidation-xylenol 226 

orange method (Cheeseman, 2006). Superoxide anion radical concentrations were 227 

determined by the conversion of hydroxylamine into nitrite (Jiang and Zhang, 2001).  228 

The extent of lipid peroxidation was determined by measuring the concentration of 229 

thiobarbituric acid reacting substances (TBARS) as reported by Hodges et al. (1999), 230 

and the extent of protein oxidation was estimated by measuring the protein carbonyl 231 

content using the dinitrophenylhydrazine assay (Levine et al., 1994).  232 

 233 

 234 

2.6. Quantification of total soluble phenolic compounds, flavanols, total flavonoids, 235 

hydroxycinnamic acids, lignin, cell wall-associated proanthocyanidins and cell wall-236 

bound phenols 237 

 238 

Supernatants of methanolic extracts, obtained as explained in section 2.3, were used for 239 

the spectrophotometric determination of different types of phenolics basically as 240 

described in a previous report (López-Orenes et al., 2017). Briefly, the content of 241 

soluble total phenol compounds (TPC) was measured by the Folin-Ciocalteu method 242 

(Everette et al., 2010) and expressed as gallic acid equivalents (GAE). Flavanols were 243 

determined using p-dimethylaminocinnamaldehyde (DMACA) reagent and expressed as 244 
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(+)-catechin equivalents (López-Arnaldos et al., 2001). Total flavonoids were measured 245 

by the aluminum chloride assay using rutin as a standard (Kim et al., 2003), and total 246 

hydroxycinnamic acids (HCAs) were quantified using the Arnow’s reagent and caffeic 247 

acid as a reference compound. The pellets of the methanol extracts, after thoroughly 248 

washing with ethanol, were air-dried at 60 ºC and used for lignin determination by the 249 

lignin-thioglycolic acid method (Hatzilazarou et al., 2006). 250 

For the determination of the content of cell wall-associated proanthocyanidins (PAs), 251 

the absorbances at 545 nm of the supernatants obtained after the acid attack on washed 252 

cell wall pellets were determined, and the results were expressed as cyanidin 253 

equivalents by using an ε545 = 34.7 mM-1 cm-1  after Vermerris and Nicholson  (2006). 254 

The analysis of cell wall-bound phenols was carried out according to López-Arnaldos et 255 

al. (2001) with minor modifications. Briefly, the pellets of the methanol extracts were 256 

washed several times (x3) with pure methanol, and dried under nitrogen stream at 60ºC 257 

in a heating block (Techne Dri-Block, DB-3D). Then, dry cell wall materials were 258 

weighed and hydrolyzed with 2 M NaOH (1:100, w/v) for 16 h under nitrogen. The 259 

hydrolysates were acidified with concentrated HCl and extracted (x2) with diethyl ether. 260 

The pooled organic phases were dried under nitrogen stream, and the residue was 261 

dissolved in methanol and stored at −80°C until analyzed. Total phenolic contents in 262 

these fractions were assessed as indicated above for the total soluble phenolic 263 

compounds assay. 264 

All the spectrophotometric determinations were done in quadruplicate. Calibration 265 

curves were generated for each assay session using the corresponding standard 266 

solutions. A good linearity (r2 > 0.99) between standard concentration and absorbance 267 

was always observed for all the methods assayed. 268 

 269 
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2.7. HPLC analysis of soluble and cell wall-bound phenolic compounds 270 

 271 

RP-HPLC (Reversed phase-high pressure liquid chromatography) assays were 272 

performed with a liquid chromatographic system equipped with a Waters Alliance 2695 273 

separations module (Waters, Milford, MA, USA), a variable-wavelength diode array 274 

detector Waters 2996 and controlled by Empower Pro software. A Luna C18 column 275 

(250 mm × 4.6 mm, 5 μm particle size; Phenomenex) was employed for separations. 276 

Chromatographic analyses were carried out at 40 ºC as previously described (Xu et al., 277 

2017). The mobile phase consisted of 0.1% formic acid–water solution (solvent A), and 278 

methanol (solvent B). The gradient used was: 95% A, 0 min; 80% A, 15 min; 70% A, 279 

20 min; 63% A, 25 min; 60% A, 40 min; 50% A, 60 min; 95% A, 63 min. The flow rate 280 

was 0.8 mL min-1, and the injection volume was 10 μL. Identification of the major 281 

phenolic compounds was done by comparison of the retention times and UV spectra 282 

with those of reference compounds (caffeic acid, catechin, chlorogenic acid, coumaric 283 

acid, epicatechin, ferulic acid, gallic acid, p-hidroxybenzoic acid, protocatechuic acid, 284 

quercetin, and rutin). Calibration curves for quantification of analytes were generated by 285 

injection of standard mixtures (standard amounts ranged from 0.1 to 5 nmol) and 286 

showed a good linearity (r2 > 0.99) between standard amount and peak area in the 287 

chromatograms obtained at the wavelength corresponding to the maximum absorbance 288 

of the standard considered. Analysis of samples and standard solutions were done in 289 

triplicate. A mid-point calibration standard mixture was injected at the beginning and 290 

end of every sample batch (eight samples) in order to assess instrumentation drift in 291 

retention time and response factor. Possible analyte carry-over during batch analyses 292 

was checked by injecting pure methanol at the end of every sample batch. All solutions 293 



 14 

and HPLC mobile phases were prepared with freshly MilliQ water and filtered through 294 

0.45 μm nylon filters (Millipore, Bedford, MA, USA). 295 

 296 

2.8. Enzymatic assays 297 

 298 

The extraction and assay of PAL and soluble and ionically-bound cell wall PRXs in leaf 299 

extracts were carried out as previously described (López-Orenes et al., 2013a). PAL 300 

activity was determined by following the conversion of L-phenylalanine into trans-301 

cinnamic acid (t-CA) (ε290= 9.5 mM−1cm−1) at 290 nm using a microplate reader 302 

(Multiskan GO; Thermo Scientific) and 96-well UV plates (Corning). The activity of 303 

the enzyme was expressed in nmol of t-CA formation per hour per mg protein. PRX 304 

activity was estimated by following the oxidation of 3,3′,5,5′-tetramethylbenzidine 305 

(TMB) (ε652= 39 mM−1cm−1) in the presence of 2 mM H2O2, at 652 nm. PRX activity 306 

was expressed in nkatal (nkat) per mg protein, which corresponds to the amount of 307 

enzyme that oxidizes 1.0 nmol of TMB per second per mg protein. Protein 308 

determinations were made with the Bradford protein assay kit (Bio-Rad Laboratories), 309 

using bovine serum albumin as a standard. 310 

 311 

2.9. Quantification of free and conjugated salicylic acid  312 

 313 

Quantification of free salicylic acid (SA) and conjugated SA (SAG, 2-O-β-D-314 

glucosylsalicylic acid) were carried out using the SA biosensor strain Acinetobacter sp. 315 

ADPWlux developed by Huang et al. (2006 and 2005) with some modifications (López-316 

Orenes et al., 2017). 317 

 318 
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2.10. Statistical analysis 319 

 320 

For each univariate variable, an exploratory analysis was carried out using box-and-321 

whisker graphs to compare populations and to detect outliers. Rhizosphere soil data 322 

were subjected to the analysis of variance (ANOVA) with site (Agustin mine tailing and 323 

control) as factor, and when normality and homogeneity of variances  assumptions were 324 

not met, the Box–Cox family of transformations was used to normalize residuals. 325 

Tukey’s HSD test based on the range of the sample means was used as a post-hoc test. 326 

Biochemical and physiological parameters measured were mean-centered log-327 

transformed and both unsupervised, principal component analysis (PCA), and 328 

supervised, partial least squares-discriminant analysis (PLS-DA), multivariate analysis 329 

were performed. A versatile classification algorithm, random forest (RF), as well as a 330 

heatmap analysis, combined with an agglomerative hierarchical clustering, were also 331 

carried out. All statistical analyses were conducted using the free software R (R Core 332 

Team, 2016). 333 

 334 

3. Results 335 

3.1. Rhizosphere soil parameters 336 

Table 1 depicts the results of rhizosphere soil analysis of Agustin mine tailing and 337 

control site where Tukey’s HSD post-hoc test was used to detect significant differences 338 

between both populations. Soil fertility parameters in Agustin rhizosphere soil samples 339 

were very low, especially the dissolved organic carbon (DOC) concentration, which was 340 

up to 12-fold lower (~9 mg kg-1) than in non-mining samples (~109 mg kg-1). 341 

Contrarily, the EC values and the content of total As, Pb and Zn in tailing samples were 342 

more than 10-fold higher than in controls. Moreover, Agustin samples were also 343 
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characterized by high levels of water extractable divalent ions (SO4
2-, Ca2+, and Mg2+), 344 

whereas monovalent ions (Cl--, K+, and Na+) remained at low levels about one-half or 345 

less than those found in rhizosphere control soils. Water extractable SO4
2- and Ca2+ 346 

levels exhibited a strong correlation which can be related to secondary formation of 347 

gypsum in the tailings (Parraga-Aguado et al., 2014). Agustin samples had a sandy 348 

texture (>70%), which negatively correlated with soil fertility parameters (OC, DOC 349 

and TN) (r> -0.7, P<0.05, see Table S1). 350 

 351 

3.2. Plant macronutrient and metal(loid) concentrations in Dittrichia viscosa leaves 352 

 353 

In general, the macronutrient contents in Agustin leaves were closer to those observed 354 

in control leaves for Ca, N and P while K levels decreased in both seasons and Mg and 355 

S contents increased (up to 2-fold over controls) (Table 2). It is interesting to note that 356 

the foliar S concentration found in non-mining D. viscosa leaves was ~3-fold higher 357 

than the average normal S content found in plants, whereas the foliar content of P was 358 

about one-half lower than the average values previously reported for this macronutrient 359 

(Marschner, 1995). In fact, P is known to be one of the critical limiting elements for 360 

plant growth in terrestrial ecosystems (Güsewell, 2004).  361 

The analyses of metal(loid)s showed that Agustin plants accumulated significantly 362 

higher levels (>20-fold) of As, Cd and Pb in leaf tissues compared to non-mining plants 363 

(Table 2). Generally, summer leaves accumulated higher levels of these metal(loid)s 364 

than spring ones. The highest accumulated metal(loid)s were Zn (~680 mg kg-1 DW), 365 

Pb (~380 mg kg-1 DW), and As (~30 mg kg-1 DW). The amount of Zn and Pb 366 

accumulated exceeded the critical toxicity levels for plants, whose upper limits are 300 367 

and 28 µg g-1 DW, respectively (Krämer, 2010). Nevertheless, the mean 368 



 17 

bioaccumulation factors (BCF), defined as the ratio of total metal concentration in leaf 369 

biomass with respect to total metal concentration in the soil, for As, Pb and Zn were 370 

clearly lower than 1 (0.11, 0.06, and 0.10, respectively). 371 

 372 

3.3. Multivariate analysis of physiological and antioxidative/oxidative data in Dittrichia 373 

viscosa leaves 374 

 375 

Since metal(loid) toxicity is frequently driven by ROS generation, a wide range of 376 

antioxidants, oxidative stress markers, and some physiological parameters such as 377 

RWC, photosynthetic pigments, sugars and protein contents were analyzed. All these 378 

data were subjected to different multivariate statistical analyses in order to facilitate 379 

detection of statistically significant changes between the two D. viscosa populations 380 

studied. First, a principal component analysis (PCA), based on the correlation matrix as 381 

the similarity metric, was carried out for unsupervised dimension reduction. The first 382 

three principal components, which explained ~62% of variance, were plotted against 383 

each other (Figure 1). As can be seen, PC1 (~34% of the variance) separated the 384 

samples collected in spring 2013, i.e. the rainiest period, from the others. The first PCA 385 

axis was defined, on its positive side, by protein content, AA and soluble phenolic 386 

compounds (TPC, HCAs, flavonoids and flavanols), and by protein oxidation (carbonyl 387 

group content) and PAL and sPRX activities on the negative side of X-axis. PC2 (~15% 388 

of the variance) discriminated the samples from the different seasons and was defined 389 

by NPT, PAs and O2•
− on the positive side of Y-axis and cell wall-bound phenols on the 390 

negative side. PC3 (~14% of the variance) separated control from Agustin samples, and 391 

was defined by TBARS (on the positive side of Y-axis) and RWC (on the negative 392 

side). Next, the data were analyzed using a supervised PLS-DA method, and the score 393 
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and loading plots obtained were quite similar to those found in the PCA (data not 394 

shown). Since PLS-DA allows the identification of the most influential biomarkers 395 

based on the variable importance in the projection (VIP), we plotted the correlation 396 

coefficients for the first three components of PLS-DA and VIP score to clearly identify 397 

the potential biomarkers and interpret their physiological significance. As seen in Figure 398 

2, the biomarkers with a VIP score >1 and with absolute correlation value greater than 399 

0.5 with the first PLS-DA component, accounting for ~34% of the total variance, were 400 

soluble phenolic compounds (TPC, and flavonoids), protein and protein carbonyl 401 

contents, PAL and PRX activities, AA, and the stress-related phytohormone SA (Fig. 402 

2A). For the second PLS-DA component (~15% of the variance; Fig. 2B) the markers 403 

were cell wall-bound phenols, proanthocyanidins (PAs), DHA, O2•
− and NPT contents, 404 

and for the third component (~14% of the total variance; Fig. 2C) the variables found 405 

were RWC, TBARS, lignin and iPRX. 406 

Random forest machine learning algorithm (RF) has recently emerged as an effective 407 

method for classification and feature selection in “omics” studies (Touw et al., 2013). In 408 

RF, feature importance is measured by randomly permuting the feature in the out-of-bag 409 

(OOB) samples and calculating the decrease of classification accuracy (Touw et al., 410 

2013). Figure 3 reflects the ranking of the individual variables analyzed using the mean 411 

decrease in accuracy criterion. Thus, based on the change in the curve shape of the 412 

mean decrease in accuracy plot, it can be seen that 7 out of the top 11 descriptors are 413 

associated with phenolic metabolism, and cell wall-bound phenols was ranked as the 414 

most important biomarker. Given the RF ranking of variables (Fig. 3) and both the 415 

correlation coefficient and VIP scores for PLS-DA (Fig. 2), the parameters that could be 416 

considered as potential markers to differentiate between non-mining (control) and 417 

mining (Agustin) plants were cell wall-bound phenols, soluble phenols (TPC and 418 
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flavonoids), PAL and PRX activities, and the phenolic hormone salicylic acid (SA). 419 

To help visualization of the seasonal differences in the antioxidative/oxidative profile in 420 

the two D. viscosa populations studied, the ratio values (Agustin/control) were log2-421 

transformed and a two-way complete-linkage hierarchical clustering was performed by 422 

using a distance defined in terms of Pearson correlation and represented in a heatmap 423 

format (Fig. 4A). Additionally, the differences between sample groups were analyzed 424 

by a non-parametric Wilcoxon's test, and the mean ratios of fold changes and their 425 

associated P-values obtained are given in Supplemental Table 2. The values obtained 426 

for representative markers were also presented as box-and-whisker plots (Fig. 4B). As 427 

expected, the dendrogram showed a clear separation between spring and summer 428 

samples, with the samples taken during the greatest rainfall period (i.e., September 2012 429 

and May 2013) grouping together (Figure 4A). Interestingly, the values of all the 430 

parameters used to assess the physiological status of the leaf in Agustin D. viscosa 431 

plants (RWC and the content of photosynthetic pigments, proteins, starch and soluble 432 

sugars) were quite similar to those found in control plants in both seasons, although a 433 

statistically significant increase in the total carotenoid content was noticed in summer 434 

samples. The analysis of ROS revealed that Agustin leaves had lower H2O2 levels, 435 

especially in summer, whereas the O2•
− levels only significantly differed from controls 436 

in summer 2013 (mean ratio 1.5, Supplemental Table S2). Analyses of TBARS and 437 

carbonyl group contents, used as oxidative damage markers, were somewhat higher in 438 

Agustin leaves compared with controls although, the levels of the major redox buffers 439 

of the plant cells, reduced AA and GSH, were comparable between the two D. viscosa 440 

populations in both seasons (Fig. 4). The analyses of total NPT, which included GSH 441 

and phytochelatins, showed a very slight increase in Agustin leaves, whereas a 442 

significant reduction in the foliar concentrations of Pro (mean ratio ~0.5, Supplemental 443 
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Table S2) as well as a decline, which was generally more pronounced in summer, in the 444 

contents of TPC, flavonoids and HCAs were also noticed (Fig. 4). The drop in the levels 445 

of these soluble phenolic compounds (mean ratio ~0.8; Supplemental Table S2) was 446 

negatively correlated with sPRX activity (r> -0.4, P< 0.01; Supplemental Table S3) and 447 

with the content of carbonyl groups in proteins (r= -0.6, P< 0.01 with TPC, and r=-04, 448 

P< 0.01 with HCAs and flavonoids; Supplemental Table S3). Moreover, significant 449 

moderate correlations were noticed between soluble phenolic compounds and 450 

ABTS/DPPH radical-scavenging capacities (r> 0.4, P< 0.01; Supplemental Table S3). 451 

The most notorious change was the significant increase of PAL activity (Fig. 4), the 452 

first enzyme of the overall phenylpropanoid biosynthetic pathway, observed in both 453 

seasons in Agustin leaves, but especially in summer (mean ratio > 3.5, Supplemental 454 

Table S2). Furthermore, it is also worth stressing the opposite trend of change between 455 

total ionically-bound cell wall (iPRX) and soluble peroxidase (sPRX) activities in the 456 

two D. viscosa populations (Fig. 4). The substantial changes in the activity of PAL and 457 

PRX activities observed can be associated with the higher accumulation of cell wall-458 

bound phenols found in Agustin leaves. The moderate-to-high correlations found 459 

between the foliar content of accumulated metal(loid)s and some biochemical markers 460 

such as the levels of cell wall-bound phenols, soluble phenolic compounds (TPC, 461 

HCAs, flavonoids and flavanols), PAL and PRX activities are summarized in 462 

Supplemental Table S1.  463 

 464 

3.4. HPLC analysis of soluble and cell wall-bound phenolic compounds in Dittrichia 465 

viscosa leaves 466 

 467 

Since phenolic compounds were identified as the most influential biomarkers and 468 
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exhibited moderate correlations with the accumulation of metal(loid)s, HPLC analyses 469 

were performed in order to verify possible changes in the accumulation of both soluble 470 

and cell wall phenolics in D. viscosa leaves. HPLC chromatograms of soluble 471 

methanolic extracts of D. viscosa leaves were characterized by the presence of both 472 

hydroxycinnamic derivatives and flavonoids, according to their UV–visible spectra and 473 

bibliographic sources (Mahmoudi et al., 2016; Trimech et al., 2014) (see Supplemental 474 

Fig. S4). Among the HCAs, the two large peaks with retention time of 33.8 min (peak 475 

3) and 34.5 min (peak 4) were identified as dicaffeoyl quinic acid derivatives, and peak 476 

1 (tR=22.9 min) was identified as chlorogenic acid by comparison of its retention time 477 

and UV spectrum with those of authentic standard. Among the flavonoids, 478 

dihydroflavonols (taxifolin derivatives, peaks 2, 6, 8, 9, 10, and 11) were the most 479 

predominant compounds (Supplemental Fig. S4). However, no qualitative differences in 480 

the HPLC profiles were found either between the two populations or between seasons. 481 

In its turn, HPLC chromatograms of phenolics bound to the cell wall revealed the 482 

presence of a very large peak with a retention time of about 24 min (Peak 1), which 483 

represents >90% of the total peak area in the chromatogram, which was identified as 484 

caffeic acid (Figure 5). The HPLC profile was also characterized by the presence of one 485 

small peak (peak 2 at 29.7 min) corresponding to p-coumaric acid and other very small 486 

peaks, corresponding to trace amounts of protocatechuic acid, ferulic acid, and 487 

derivatives of the latter (Figure 5). The amount of these phenolic acids bound to the cell 488 

wall were higher in Agustin leaves, with the exception of summer 2012, and this trend 489 

was similar to that of the total phenolics content determined by the Folin-Ciocalteu 490 

method in the alcohol insoluble residues (AIR) of leaf cell wall material (Fig. 4). 491 

 492 

4. Discussion 493 
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 494 

4.1. Metallicolous D. viscosa plants exhibit multiple metal tolerance and high Zn and 495 

Pb co-accumulation capacity in photosynthetic active tissues 496 

 497 

This study clearly shows that Agustin D. viscosa plants exhibit multiple metal tolerance 498 

and high Zn and Pb co-accumulation capacity in photosynthetically active leaf tissues. 499 

Moreover, these metallicolous plants were able to accumulate the metalloid As up to 30 500 

mg kg-1 DW, which are in line with the values reported by Conesa et al. (2011) and 501 

Pérez-Sirvent et al. (2012) in mining ecotypes of the same plant species grown within 502 

this mining area and/or in its vicinity, and with those found by Pistelli et al. (2017) in a 503 

iron mining area on Elba Island (Italy). An index commonly used to evaluate the 504 

metal(loid) accumulation efficiency in plants is the bioaccumulation factor (BCF) 505 

(McGrath and Zhao, 2003). Plants that have BCF values greater than 1 are considered 506 

suitable for phytoextraction, whereas plants with BCF values lower than 1 are preferred 507 

for phytostabilization (McGrath and Zhao, 2003). Here, the BCFs obtained for As, Pb 508 

and Zn in Agustin D. viscosa plants were lower than 1.0, and thus this species could be 509 

classified sensu stricto as good candidate for preventing the spread of metal(loid) 510 

contaminats by erosion. Low BCF values for these elements in different mining D. 511 

viscosa populations, can be worked out from data previously reported by other authors 512 

when the total soil metal concentration and metal(loid) content in leaf tissues are 513 

considered (Buscaroli et al., 2016; Conesa et al., 2011; Martínez-Sánchez et al., 2012; 514 

Pistelli et al., 2017). 515 

Plant uptake of As has been reported to be greater in sandy soils due to their low levels 516 

of Fe and Al oxides (Gulz et al., 2005), thus the bioaccumulation of As found in 517 

Agustin leaves is not surprising considering the sandy texture of this mining pile.  In 518 
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addition, it is well known that arsenate, the most abundant environmental form of As in 519 

aerobic soils, is an antagonist of phosphate uptake, both competing for the same Pi 520 

transporters (Meharg and Hartley-Whitaker, 2002). This is also in line with our 521 

observation of a moderate negative correlation between leaf As content and foliar P 522 

concentration (r=-0.42, P< 0.05; Supplemental Table S3), which may explain, at least in 523 

part, the lower levels of P found in summer 2012 Agustin leaves. Moreover, although it 524 

had been reported that Cd accumulation is a constitutive trait in this species (Fernández 525 

et al., 2013), in our study the foliar accumulation of Cd did not surpass 4 mg kg-1 DW. 526 

These results can be explained by taking into account the low levels of Cd found in the 527 

rhizosphere tailing soils (21 ± 5 mg kg-1) in comparison to the several orders of 528 

magnitude higher concentration of Zn (4,791 ± 234 mg kg-1) and Pb (4,116 ± 430 mg 529 

kg-1) ions, with all three sharing similar chemical properties (Krämer, 2010).  530 

On the other hand, the nutritional status of Agustin leaves was not affected either by the 531 

uptake and translocation of As, Pb and Zn to the aerial part of the plants or by the very 532 

low nitrogen (0.28 ± 0.07 g kg-1) and dissolved organic carbon concentrations (8.75 ± 533 

0.99 g kg-1) found in the mining rhizosphere soils, since the content of the main 534 

macronutrients N, K, Ca, Mg, and P (the latter with the exception of the values noticed 535 

in summer 2012) in Agustin leaves were quite similar to those found in controls. One 536 

possible explanation for these results could be related to the fact that evergreen species, 537 

as D. viscosa, exhibit an efficient internal remobilization of carbon and nutrients from 538 

dying leaves to developing tissues (Cherbuy et al., 2001). In addition, the absence of 539 

competitors in mining soils (see Supplemental Figure S3D) can also contribute to 540 

maintain a scarce, but photosynthetic active leaf canopy under such hard stressful 541 

conditions.  542 

 543 
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4.2. Leaves of metallicolous D. viscosa plants exhibited no seasonal changes in either 544 

leaf water status or photosynthetic metabolism even in the dry season 545 

 546 

No significant seasonal influence on leaf RWC in Agustin plants, regardless of the 547 

difference in the rainfall patterns observed in the years analyzed was observed. Both, 548 

soluble sugars and free Pro are considered key osmolytes for osmotic adjustment in 549 

stressed plants (Suzuki et al., 2014). However, in our study Pro concentration in 550 

Agustin leaves dropped abruptly (mean ratio ~0.50, Supplemental Table S2), whereas 551 

the content of soluble sugars were closer to controls. These results contrasted with those 552 

observed on short-term (10 days) Cd-exposed D. viscosa plants grown under 553 

hydroponics in which the foliar Pro levels rose with increasing Cd concentration in the 554 

growth solution (Fernández et al., 2013). These authors found that the absolute content 555 

of free Pro in leaves of untreated plants was 1 µmol g-1 FW (Fernández et al., 2013), 556 

which is in agreement with the average Pro content that we found in non-mining 557 

controls (0.93 µmol g-1 FW). Nevertheless, the small accumulation of Pro found was too 558 

low to contribute to osmotic adjustment, which is in line with those reported by Al 559 

Hassan et al. (2016) in the same plant species exposed to salt and water stress. 560 

Extensive evidence now strongly supports that free Pro is a potent antioxidant, and 561 

several studies have demonstrated that Pro metabolism could have an important role in 562 

plant tolerance to environmental stress (Ben Rejeb et al., 2014). It had been observed 563 

high Pro levels in the phloem of stressed plants, pointing out the possible importance of 564 

Pro movement within photosynthetic and non-photosynthetic tissues to maintain plant 565 

metabolism during adverse environmental conditions (Verslues and Sharma, 2010, and 566 

refs. herein). Thus, it is plausible that the foliar reduction in free Pro levels in Agustin 567 

leaves could be related, at least in part, with its transport to other organs, although 568 
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further studies are needed to confirm and explain these observations. 569 

 570 

Despite the higher Zn/Pb accumulation found in Agustin D. viscosa leaves, no 571 

significant differences were found in the levels of chlorophylls, proteins, starch and 572 

soluble sugars, suggesting that the photosynthetic metabolism of these leaves was not 573 

impaired even in the driest summer period studied (i.e., September 2013). These results 574 

are in line with recent proteomic studies that emphasized the importance of maintaining 575 

net photosynthesis rate and energy production to perform the energy-demanding 576 

processes involved in metal uptake, transport and sequestration in both metal 577 

accumulator and hyperaccumulator plants (Bah et al., 2010; Farinati et al., 2009).   578 

The basal levels of carotenoids increased in summer leaves in both D. viscosa 579 

populations, although more markedly in Agustin plants. Several studies have 580 

highlighted the efficiency of carotenoids in the photoprotection mechanisms in different 581 

native Mediterranean plant species during summer (Fenollosa et al., 2017; Flexas et al., 582 

2014). It is well known that carotenoids play a dual role in photosynthesis, they can 583 

function as accessory light-harvesting pigments and as photoprotective molecules 584 

required not only to avoid the generation of single oxygen (1O2 ) from triplet excited 585 

chlorophylls but also to quench any 1O2  produced (Niyogi, 2000). The production of 586 

1O2 has been reported to increase under high irradiance as well as under other 587 

environmental stress conditions which lead to closing of stomata, such as salinity and 588 

drought (Gill and Tuteja, 2010). Thus, by increasing the accumulation of these 589 

photoprotective pigments, Agustin leaves seemed to be more capable of avoiding the 590 

production of 1O2 and, consequently, to maintain a high photosynthetic efficiency even 591 

in the dry season. This finding contrasts with the significant decline in Chl content 592 

found in Agustin Zygophyllum fabago populations under the same stressful conditions 593 
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(López-Orenes et al., 2017). Comparing with D. viscosa, this species exhibited lower 594 

foliar contents of Zn and Pb (~300 and ~7 mg kg-1 DW, respectively, which fell within 595 

the critical range) (Párraga-Aguado et al., 2016), indicating that both species presented a 596 

different adaptive strategy to withstand the adverse conditions of the mine tailing and 597 

the seasonal variations in this Mediterranean area.  598 

 599 

4.3. Cellular antioxidant capability and ROS levels remained nearly unaffected whereas 600 

phenylpropanoid metabolism is enhanced in leaves of metallicolous D. viscosa plants 601 

especially in the driest period 602 

 603 

The maintenance of the photosynthetic capacity under these drastic concurrent stressful 604 

conditions is only possible if ROS levels are kept at concentrations low enough for 605 

ensuring adequate metabolic functions in mesophyll cells. Our results revealed a tight 606 

control of O2•
− and H2O2 levels in Agustin leaves in both seasons, although it was 607 

observed a certain degree of oxidative modifications of proteins and lipids (Fig. 4) that 608 

seemed to have no significant deteriorating consequences on photosynthetic 609 

metabolism, as evidenced by no changes in starch and soluble sugar concentrations, the 610 

end products of photosynthesis. In plants, AA and GSH are the major cellular 611 

antioxidants and redox buffers involved in redox homeostasis and ROS detoxification 612 

(Foyer and Noctor, 2005). In this study, no significant seasonal influence on the levels 613 

of AA and GSH were found between Agustin and control D. viscosa populations. 614 

Moreover, aside from these two major antioxidants, plants contain a wide range of 615 

secondary metabolites, most of which are redox-active compounds that may also be 616 

important in controlling ROS accumulation (Potters et al., 2010). Even with some 617 

limitations, an integrated parameter to evaluate the full spectrum of antioxidant 618 
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compounds present in a tissue is the total antioxidant capacity (Ghiselli et al., 2000; 619 

López-Orenes et al., 2013b). Here, we found that Agustin leaves exhibited only a slight 620 

reduction (mean ratio ~0.83, Supplemental Table S2) in the total antioxidant activity, 621 

measured as DPPH/ABTS scavenging ability, which was highly correlated with the 622 

reduction in the levels of soluble phenolic compounds. Nevertheless, it is important to 623 

highlight that the total antioxidant capacity in Agustin D. viscosa leaves was ca. 25-fold 624 

higher than that found in Agustin Z. fabago plants growing in the same conditions 625 

(López-Orenes et al., 2017), and also that the levels of soluble TPC noticed in summer 626 

Agustin leaves were ca. 4-fold higher than the ones reported in leaves of Cd-exposed D. 627 

viscosa plants grown under hydroponics (Fernández et al., 2013). Foliar accumulation 628 

of phenolic compounds has also been reported in different plant species exposed to 629 

heavy metal (Kováčik and Klejdus, 2008; Llugany et al., 2013; Singh et al., 2015, and 630 

refs. herein), and also in plants grown in multi-polluted soils (López-Orenes et al., 2017; 631 

Martínez-Alcalá et al., 2013). 632 

A relevant aspect to consider is the metabolic cost associated with adaptation to chronic 633 

exposure to metal(loid)s, because these adaptive processes should be sustainable and 634 

effective, especially under nutrient-limited conditions (Maestri et al., 2010). One of the 635 

mechanisms which fulfills both requirements is the metal(loid) 636 

sequestration/immobilization in plant cell walls rather than the induction of low 637 

molecular weight ligands such as phytochelatins due to the energy costs associated with 638 

sulfate reduction and phytochelatins synthesis (Maestri et al., 2010, and refs. herein).  639 

Although GSH biosynthesis is regulated by sulfur assimilation and D. viscosa leaves 640 

showed a high foliar S content, the size of S-rich metal(loid)-binding peptides (i.e., the 641 

non-protein thiol pool and GSH content) in Agustin leaves remained nearly unaffected, 642 
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suggesting that metal(loid) detoxification via thiol-mediated complexation could have a 643 

minor role in these plants under the prevalent edaphoclimatic conditions.  644 

Furthermore, it is well known that nutrient deficiencies can cause elevated levels of 645 

carbon-rich metabolites, such as phenolics (Fritz et al., 2006). Here, we observed a 646 

significant enhancement of both PAL and sPRX activities in Agustin leaves as well as 647 

changes in the accumulation of both soluble and cell wall-bound phenolic compounds. 648 

Both hydroxycinnamic acid derivatives and flavonoids were the most abundant 649 

phenolics in the leaf soluble fraction, as has been previously reported (Mahmoudi et al., 650 

2016; Trimech et al., 2014). The predominant phenolic monomer esterified and 651 

incorporated in the cell wall matrix in Agustin leaves was caffeic acid. HCAs, 652 

especially caffeic acid, and flavonoids have been reported to show high metal-chelation 653 

properties as well as strong antioxidant characteristics and ROS-scavenging activities 654 

(Agati et al., 2012; Andejelkovic et al., 2006; Michalak, 2006; Rice-Evans et al., 1997).  655 

 In our study, high-to-moderate correlations between the foliar concentrations of 656 

metal(loid)s and the levels of both cell wall-bound phenols, soluble phenols, PAL and 657 

PRX activities were observed. What is more, all of these parameters were ranked among 658 

the top-10 significant biomarkers based on mean decrease in accuracy in RF, and had a 659 

VIP score > 1, suggesting that under natural (field) conditions phenylpropanoid 660 

metabolism could play an important role in the acclimation of mining D. viscosa plants 661 

not only to the high metal(loid) contents found in the mine tailing, but also to the 662 

adverse effects of other concurrent stressors (i.e., nutrient deficiencies, high EC, and 663 

drought). Changes in phenolics in cell walls have also been reported in plants exposed 664 

to metals (Kováčik and Klejdus, 2008), and drought (Hura et al., 2017). In fact, several 665 

lines of evidence indicate that although the production of phenylpropanoid metabolites 666 

incurs metabolic costs, their biosynthesis can be offset by the multiplicity of functions 667 
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that these compounds may play in plants exposed to a wide array of environmental 668 

constraints (Brunetti et al., 2015, and refs. herein). Thus, the antioxidant properties 669 

ascribed to these phenolic compounds (i.e., their ability to avoid ROS accumulation, to 670 

protect cells against ROS-induced damage, and to chelate metals) seem to be relevant in 671 

the acclimation response to the adverse conditions of the mine tailing, especially under 672 

the most stressful conditions  (i.e., summer 2013).  673 

 674 

4.4. The endogenous levels of the phytohormone SA in leaves of metallicolous D. 675 

viscosa plants dropped irrespective of the sampling date  676 

 677 

SA has long been recognized as a central signaling molecule in triggering defense 678 

responses against biotic and abiotic stress (Vlot et al., 2009). Activation of the SA-679 

mediated defense responses is associated with up-regulation of genes encoding defense-680 

related proteins, and the accumulation of certain secondary metabolites. Here, we found 681 

good positive correlation between SA and soluble phenol contents (r> 0.6, P< 0.01, 682 

Supplemental Table S3). The amounts of SA, quantified using the SA biosensor strain 683 

Acinetobacter sp. ADP1_lux, were 2.70 ± 0.11, and 3.87 ± 0.40 nmol g-1 FW in spring 684 

and summer Agustin leaves, respectively. Moreover, the analyses of the phenolic 685 

phytohormone SA showed a significant drop (P<0.005) in its endogenous level in 686 

Agustin leaves (mean ratio ~0.67) irrespective of the sampling date. In a previous work, 687 

we also found lower foliar content of free SA in leaves of two metallicolous populations 688 

of Zygophyllum fabago plants growing within this mining area relative to a non-mining 689 

population (López-Orenes et al., 2017). At first glance, these results could be 690 

considered surprising because most of the studies in the literature reported that SA 691 

pretreatment contributed to the alleviation of metal(loid) toxicity in many plant species 692 
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(for review, see Hayat et al., 2010, and refs. herein). In a recent study using Arabidopsis 693 

SA-altering mutants lines, it was found that high endogenous levels of SA intensified 694 

the phytotoxicity induced by Pb and Cd ions (Tao et al., 2013), what would support the 695 

observation that mining populations, which are chronically exposed to metal(loid)s, 696 

contained lower levels of SA than non-mining controls.  697 

 698 

5. Conclusions 699 

 700 

The current study aims to get insight into oxidative stress signatures of metal(loid) 701 

tolerant plants grown under natural conditions and their acclimation responses to stress 702 

combinations. Our results showed that the mining (Agustin) D. viscosa plants, grown 703 

under semi-arid climate conditions, exhibit high Zn and Pb co-accumulation capacity in 704 

leaf tissues, without substantially affecting their photosynthetic metabolism or their 705 

nutritional status or RWC. Based on powerful multivariate statistics, both PAL and 706 

PRX activities, as well as soluble and cell wall bound phenol compounds were 707 

identified as potential markers for discriminating mining from non-mining plants, 708 

indicating that phenylpropanoid metabolism could play a coordinated role in plant 709 

acclimation to stress combinations. Moreover, the resilience to the harsh conditions 710 

prevailing in the mine tailings, especially during the dry seasons, together with its metal 711 

accumulation characteristics, makes  D. viscosa plants potentially suitable candidates 712 

for being used in the phytoremediation, particularly in the phytostabilization, of 713 

contaminated soils under a climate change scenario. 714 

  715 
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Figure legends 1002 

 1003 

Figure 1. Score (left) and correlation (right) plots of the first three components of the 1004 

PCA applied to physiological and biochemical variables measured in leaves of D. 1005 

viscosa plants growing in non-mining [control (Co), black] and mining tailings pile 1006 

[Agustin (Ag), white] in late spring and summer in 2012 and 2013 (squares, May 2012; 1007 

circles, September 2012; triangles, May 2013; inverted triangles, September 2013). 1008 

Circles represent r2 = 50% and 100% variability explained by the components. 1009 

Abbreviations: AA, Ascorbate; ABTS, 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic 1010 

acid) radical cation scavenging activity; Car, total carotenoids; Chla, Chlorophyll a; 1011 

Chlb, chlorophyll b; CWP, cell wall-bound phenols; C=O, protein carbonyl groups; 1012 

DHA, dehydroascorbate; DPPH, 1,1-Diphenyl-2-picrylhydrazyl radical scavenging 1013 

activity; FA, total flavanols; FO, total flavonoids; FRAP, Ferric Reducing Antioxidant 1014 

Power; iPRX, ionically-bound cell wall class III plant peroxidase activity; H2O2, 1015 

hydrogen peroxide; HCAs, hydroxycinnamic acids; NPT, total soluble non-protein 1016 

thiols; O2
.-, superoxide radical; PAL, phenylalanine ammonia-lyase activity; PAs, cell 1017 

wall-associated proanthocyanidins; Pro, proline; RWC, relative leaf water content; SA, 1018 

salicylic acid; SAG, 2-O-β-D-glucosylsalicylic acid; sPrx, soluble class III plant 1019 

peroxidase activity; TBARS, thiobarbituric acid reacting substances; TPC, total phenol 1020 

content. 1021 

 1022 

Figure 2. Identification of the most influential physiological and biochemical 1023 

biomarkers based on the variable importance in the projection (VIP) and the correlation 1024 

coefficients for the first three components of PLS-DA. For abbreviations, see legend to 1025 

Figure 1. 1026 
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Figure 3. Identification of the most influential physiological and biochemical 1027 

biomarkers based on mean decrease in accuracy estimated by random forest machine 1028 

learning algorithm. For abbreviations, see legend to Figure 1. 1029 

 1030 

Figure 4. (A) Heatmap and complete-linkage hierarchical clustering (by using a 1031 

distance in  terms of based on Pearson’s correlation coefficient) showing the seasonal 1032 

fold change (mining vs. non-mining) of the physiological and biochemical parameters 1033 

measured in leaves of D. viscosa plants growing in non-mining and in Agustin mining 1034 

tailings pile in late spring and summer in 2012 and 2013. Log2 ratios of fold changes 1035 

relative to each respective control group are given by shades of red or blue colors 1036 

according to the scale bar. Asterisk denotes the rainiest sampling periods. For 1037 

abbreviations, see legend to Figure 1. (B) Foliar levels of selected parameters. Values 1038 

are expressed as box-and-whisker plots with the bottom and top of the box indicating 1039 

the 25% and 75% percentiles, bold line in box the median, individual points the outliers 1040 

and whiskers the lowest and highest values, excluding the outliers. 1041 

 1042 

Figure 5. Comparison of HPLC chromatograms of cell wall-bound phenolics from 1043 

alcohol insoluble residue (AIR) fraction of leaf material of non-mining (control) and 1044 

mining (Agustin) D. viscosa plants in late spring and summer in 2012 and 2013 (M12, 1045 

May 2012; S12, September 2012; M13, May 2013; S13, September 2013). The inset 1046 

shows the UV-spectra of caffeic acid (Peak 1) and p-coumaric acid (Peak 2). 1047 

  1048 
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Supporting information 1049 

 1050 

Table S1. Pearson’s r correlation coefficients among rhizosphere soil parameters, foliar 1051 

accumulated metal(loid)s and biochemical biomarkers measured in mining (Agustin) 1052 

and non-mining Dittrichia viscosa plants. Asterisks indicate statistical significance (*, P 1053 

< 0.05; **, P < 0.01). 1054 

 1055 

Table S2. Mean ratios of fold changes (mining vs. non-mining) and their associated P-1056 

values obtained by the non-parametric Wilcoxon’s test (P < 0.05) of the physiological 1057 

and biochemical parameters measured in D. viscosa leaves. The brighter the color, the 1058 

higher the statistical significance (P-value). The scale bar is shown below the table. 1059 

Mean ratios higher than 1 are highlighted with red background and mean ratios lower 1060 

than 1 are highlighted with blue background.  1061 

 1062 

Table S3. Mean and standard error values for all analyzed physiological and 1063 

biochemical parameters measured in mining (Agustin) and non-mining (control) D. 1064 

viscosa leaf samples in both late spring and summer in 2012 and 2013. 1065 

 1066 

Figure S1. Geographical location of the study sites in the Cartagena-La Unión Mining 1067 

District (Murcia, Spain). Agustin mine tailings pile and control site are indicated in the 1068 

map. 1069 

 1070 

Figure S2. Seasonal variations in weather conditions (monthly precipitation, monthly 1071 

average minimum and maximum temperatures, and monthly average reference 1072 

evapotranspiration [ETo]) from December 2011 to September 2013. Data were 1073 
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collected by an automatic weather station located near the experimental site. Each 1074 

sampling time are indicated by asterisks. 1075 

 1076 

Figure S3. Representative pictures of the two populations of D. viscosa plants growing 1077 

in a non-mining area (A, B and C) and in Agustin mine tailings pile (D, E and F) in late 1078 

summer. 1079 

 1080 

Figure S4. Representative HPLC chromatograms of soluble phenol compounds from 1081 

methanolic extracts from leaves of non-mining (control) and mining (Agustin) D. 1082 

viscosa plants. The samples corresponding to late spring in 2012. UV-VIS spectra (top 1083 

panel) of the corresponding peaks. Peak 1, chlorogenic acid; peak 2, taxifolin 1084 

derivatives; peak 3 and 4, dicaffeoyl quinic acid derivatives; peak 5; peak 7; peaks 6, 8, 1085 

9, 10, and 11, taxifolin derivatives.  1086 
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