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Abstract 1 

Micropollutants and emerging organic contaminants (EOCs) have been widely studied in terms of 2 

persistance, removal, human risk assessment, toxicology, etc. Mass spectrometry imaging (MSI) offers 3 

the possibility of following the fate of a single pesticide in a plant leaf or a drug in the whole body of 4 

an animal, organ by organ. However, the admissibility of chronic low doses of complex mixtures for 5 

the ecosystem has not been assessed. How do micropollutants diffuse in the environment? How do 6 

living organisms cope with chronic exposure to a low dose of diverse miropollutants? Is there a 7 

cocktail effect or a chance for hormesis? Combining mass spectrometry imaging (MSI) and targeted 8 

and nontargeted liquid chromatography coupled to mass spectrometry (LC-MS), we attempt to answer 9 

these questions. We investigate the diversity of micropollutants at the exit of a water treatment facility, 10 

their diffusion in sludge and black poplar (Populus nigra), and their impact on a living organism. We 11 

reveal a specific tissue localization of micropollutants in peripheral leaf tissues, and an associated 12 

stress response from the plant, with stress hormones and tissue degradation markers induced in the 13 

plant growing near the water efflux. 14 

 15 
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Populus nigra; waste water; sludge; constructed wetland; micropollutants; mass spectrometry imaging 17 

(MSI). 18 

 19 

1. Introduction 20 

Micropollutants and emerging contaminants are an increasing focus of national and international laws 21 

(for example, Clean Water Act, Water Framework Directive), as their impact on human health is 22 

important. These compounds are released by human activities (agriculture, cosmetics, drugs, industry, 23 

etc.) and reach the environment in part through urban wastewater, making it essential to improve its 24 

depollution, and to understand the impact on the receiving ecosystem after treatment. Some pollutants 25 

have been deeply studied to investigate their mode of action, to facilitate their better use and to reduce 26 

the amounts spread in fields. However, micropollutants have been shown to be present in the 27 

environment not only as their original form but also as metabolites, which have been less studied in 28 

terms of effects on living organisms and toxicity. For example, some studies have shown the vast 29 

diversity of metabolites that a plant can produce from a single molecule such as ibuprofen (Marsik et 30 

al., 2017). As plants are the first step in the food web, there is a risk that these micropollutants and 31 

their metabolites will diffuse and reach humans, either through the grass grazed on by herbivores 32 

raised to feed humans or by direct consumption of edible plants amended with manure. This 33 

phenomenon was well documented in the case of crop species (Adeel et al., 2017; Prosser and Sibley, 34 

2015; Wang et al., 2018). In contrast, few studies have focused on the effect of micropollutants 35 

accumulation in spontaneous species and more generally on living organisms established near the exit 36 

of water treatment facilities. We investigated the presence of micropollutants in major compartments 37 

of the environment: water, sludge and plant, providing a large overview of the health of the 38 

environment at the release point of the treated water. We chose black poplar (Populus nigra) as a 39 

model species to investigate the potential accumulation of micropollutants in plant tissues and the 40 

effects that could be linked. Black poplar is a spontaneous species growing in the European climate, 41 

which grows on river banks. P. nigra is known to display rapid growth and a high evapotranspiration 42 

rate (Guidi et al., 2008), and thus, we considered it to nicely reflect the potential micropollutants 43 

accumulation as high amounts of water, possibly polluted, would be used for growth by this plant. 44 

Moreover, this species is well known for its capacities in phytoremediation (K. Y. Lee et al., 2012) 45 

and heavy metals removal (Jakovljević et al., 2014). However, to our knowledge, no inventory of 46 

micropollutants occurring in poplar leaves in field conditions has been published. Additionally, the 47 

tissue localization of such micropollutant accumulation in plant leaves has never been investigated in a 48 

nontargeted way, allowing the identification of plant metabolites in response to this accumulation 49 

without any a priori knowledge. Thus, we used mass spectrometry imaging (MSI), also called matrix 50 

assisted laser desorption ionisation (MALDI) imaging. This technique is widely used to study plant 51 

biology (Bhandari et al., 2015; Bjarnholt et al., 2014; Kulkarni et al., 2018; Y. J. Lee et al., 2012), but 52 
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it has also been discussed as an efficient tool for the toxicological evaluation of environmental 53 

pollutants (Anderson et al., 2010; Fernandes et al., 2018; Lagarrigue et al., 2016; Rivas et al., 2017). It 54 

allows the in situ localization of metabolites and, therefore, is a valuable tool for understanding 55 

biological processes in whole organs or organisms. In this study, we used high resolution MSI to 56 

investigate the metabolic profile of a black poplar growing on the bank of a ditch wetland, situated at 57 

the exit of a two-stage vertical flow constructed wetland. This poplar is confronted by chronic 58 

exposure to micropollutants. Moreover, we were able to implement a control in a field experiment, 59 

which is often lacking due to experimental constraints. This control poplar only benefits from water 60 

supplied by the rain, as a drainage is set up in the wetland. Thus, we demonstrate the role of plants in 61 

micropollutants sequestration, as well as their biological response to pollutants accumulation in an 62 

active manner, using P. nigra as a model species. 63 

 64 

2. Materials and Methods 65 

2.1. Experimental design 66 

The study was conducted in the wetland situated in Falkwiller, Alsace, France. Two poplar trees were 67 

planted two years before the beginning of the samplings to obtain a “polluted” poplar growing near the 68 

water exit, and a control poplar receiving only rain water. Eight biological replicates of each condition 69 

(control vs polluted) were prepared for liquid chromatography and pigments analysis, and 5 biological 70 

replicates were prepared for MSI analysis, using different leaves from a single tree for each condition 71 

(control vs polluted). The samples were collected in September 2017, after a full season of plant 72 

growth, and before senescence. The objectives of this research were to investigate the types of 73 

molecules found in three compartments of the environment: water, soil and plants, with a focus on the 74 

tissue localization in plant leaves and the plant response. To achieve this goal, we used LC coupled to 75 

high resolution mass spectrometry (HRMS) to draw a large-scale metabolic profile of the different 76 

compartments studied. Public databases were used to annotate the metabolic features found, and 77 

manual curation revealed 11 major classes of compounds in the matrices. The tissue localization of 78 

micropollutants and plant metabolites in poplar leaves was investigated by MSI, using the advantage 79 

of a control plant to search the discriminative metabolites that are mostly found in polluted poplar 80 

leaves, either micropollutants or plant metabolites. The hormonal profile of the trees was also 81 

investigated to search for a plant response to chronic exposure to low doses of micropollutants. 82 

 83 

2.2.  Biological material 84 

All biological materials were obtained from the waste water treatment plant situated in Falkwiller 85 

(Alsace, France) which is composed of a two-stage vertical flow constructed wetland (VFCW) planted 86 

with reeds (Phragmites australis) and a tertiary treatment wetland (ditch) colonized by spontaneous 87 
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plant species. It is the oldest VFCW associated with a tertiary wetland in Alsace (2009). Two black 88 

poplars (Populus nigra) were planted for the experiment: one on the bank at the entrance of the ditch 89 

(denoted polluted), and one on the top of a bund situated 16 meters away from the ditch (denoted 90 

control). Water, sludge and polluted poplar were obtained from the same square meter at the ditch 91 

entrance. Surface water (0-15 cm) and superficial sludge samples (10 cm depth) were collected in 92 

glass bottles (2 L), sampled at 4°C and stored at 4°C before sample preparation. Plant material was 93 

sampled at 4°C and stored at -20°C before sample preparation. The area of the leaves was measured 94 

using the area measurement tool of ImageJ software (Schneider et al., 2012) on five leaf replicates for 95 

each condition. 96 

 97 

2.3.  Chemicals 98 

Sildenafil-d3, sulfamethoxazole-d4, N-desmethyl sildenafil-d8, bezafibrate–d4, diclofenac-d4, and 99 

gemfibrozil-d6 standards were purchased from Toronto Research Chemical (Ontario, Canada), and 100 

acetaminophen-d4 standard was purchased from Sigma Aldrich to determine the limits of detection 101 

(LOD) and quantification (LOQ) in the different matrices. Solvents (acetonitrile, methanol and 102 

isopropanol) were purchased from Fisher Chemicals (New Hampshire, USA). Acetone, formic acid 103 

and acetic acid were obtained from Sigma Aldrich (Missouri, USA), ammonium formate from Fluka 104 

Analytical (Missouri, USA) and NaOH from Agilent Technologies (California, USA). Deionised 105 

water was obtained from a Direct-Q UV (Millipore, Massachusetts, USA) station. The internal 106 

standard for plant samples was deuterated abscisic acid (2H6 ABA) from OlChemIm (Olomouc, Czec 107 

republic). Tentative identifications were confirmed using piperidine (Sigma), ethylene thiourea (TCI 108 

chemicals, Paris, France), 3-ethoxypropylamine (Sigma), adenine (Sigma), D-salicin (Sigma), 109 

lysoPC(16:0) (Avanti Polar Lipids, Alabama, USA) and pheophorbide a (Santa Cruz Biotechnology, 110 

Texas, USA) as standards. 111 

 112 

2.4.  Water and sludge extraction process 113 

Water was filtered with a paper filter as a pretreatment to eliminate coarse particles. Then, 50 mL of 114 

the sample was used for micropollutant analysis as described in (Cotton et al., 2016). Internal 115 

standards as described in Boleda et al., (2013) were added to the samples to calculate the limits of 116 

detection (LOD) and quantification (LOQ). Water samples were freeze-dried using a speedvac 117 

concentrator (Savant SPD121P, Thermo Fisher) and resuspended in 1mL of methanol:water (90:10). 118 

Solvents used for extraction were chosen according to Nuel et al., (2018). Sludge samples were 119 

filtered with a paper filter to eliminate the aqueous phase. A double extraction was applied to 10 g of 120 

the sludge samples. The first overnight extraction was carried out under shaking at 4°C using 40 mL of 121 

acetonitrile:water (90:10) with 1% acetic acid. Samples were centrifuged for 15 minutes at 5500 rpm. 122 
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The supernatant was recovered and freeze-dried. The second extraction was performed under shaking 123 

at 4°C for 15 minutes using 20 mL of isopropanol:acetonitrile (90:10). The samples were centrifuged 124 

again, and the supernatant was recovered and pooled with the first extraction to be freeze-dried. 125 

Finally, the samples were solubilized in 1 mL of acetonitrile:isopropanol:water (50:45:5). All samples 126 

were extracted in triplicate. The samples were concentrated (10-fold) and diluted (2; 10; 20; 100; 200 127 

and 1000-fold) to obtain a global vision of the micropollutants present.  128 

 129 

2.5.  Method assessment 130 

The repeatability of the extraction process was determined using the same labeled standards and 131 

searching for the area of the peaks on three technical replicates for each matrix. Limits of detection 132 

(LOD) and quantification (LOQ) were defined using labeled internal standards spiked in water and 133 

sludge matrices from 1 ng.mL-1 to 10 µg.mL-1. The signal/noise ratio (S/N) value was used as a 134 

threshold, and the limit of detection was reached at S/N=3 and limit of quantification at S/N=5.  135 

 136 

2.6.  Poplar leaf extraction process 137 

Frozen poplar leaves were weighed to 300 mg fresh weight and ground in liquid nitrogen. Then, 1.5 138 

mL cold MeOH (4°C) containing 2H6 abscisic acid as an internal standard (1 µg.mL-1 final in the 139 

samples) was added to the leaf powder, vortexed, incubated overnight (16 h) at -20°C and centrifuged 140 

for 15 minutes at 13 000 rpm, 4°C. The supernatant was recovered in a glass vial and evaporated using 141 

a speedvac concentrator at room temperature (Savant SPD121P, Thermo Fisher). The extraction 142 

process was then repeated once with pure MeOH (4°C). The supernatant recovered at each step was 143 

pooled in the same glass vial for each sample. Finally, the dried material was recovered in 300 µL of 144 

MeOH. Eight biological replicates were assessed for each condition (control and polluted), using 145 

different leaves from a single tree for each condition. 146 

 147 

2.7.  Pigment extraction and quantification 148 

Poplar leaves (20 mg fresh weight) were ground in fresh 80% acetone with metal beads for 2 minutes 149 

at 30 Hz (Tissue Lyser, Qiagen, Hilden, Germany). The samples (eight replicates for each condition) 150 

were then incubated in the dark at 4°C for 24 h. The optical density of the samples was measured at 151 

470 nm, 646 nm, 663 nm with FLUOstar Omega spectrometer (BMG Labtech, Ortenberg, Germany) 152 

in a 96-well microplate (96-well ELISA microplates, PS, U-bottom, MICROLON®, Greiner Bio-one, 153 

Kremsmünster, Germany) containing 200 µL of the diluted samples (10 times) and 80% acetone as a 154 

blank. The concentration of chlorophyll a (a), chlorophyll b (b) and carotenoids (xantophylls and 155 

carotenes, c+x) was determined using the equations described by Lichtenthaler and Buschmann, 2001: 156 
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ca (µg/mL) = 12.25 A663.2 – 2.79 A646.8 157 

cb (µg/mL) = 21.50 A646.8 – 5.10 A663.2 158 

c(x+c) (µg/mL) = (1000 A470 – 1.82 ca – 85.02 cb)/198 159 

 160 

2.8.  Hormone analysis 161 

Plant hormones were analyzed in leaf extracts as described in Villette et al., (2018). Briefly, 15 mg of 162 

dried leaf material was ground with metal beads and extracted three times with 1.5 mL of MeOH. The 163 

supernatant was recovered and dried, and the three extractions were pooled in the same glass vial. The 164 

pellets were recovered in 100 µL of methanol to be analyzed by liquid chromatography on a C18 HSS 165 

T3 column coupled to mass spectrometry in positive and negative ion modes by multiple reaction 166 

monitoring (MRM). 2H6 ABA was used as an internal standard, which was spiked during the first 167 

extraction. 168 

 169 

2.9.  Transmission electron microscopy (TEM) sample preparation 170 

Fresh leaves were collected, fixed with 3% glutaraldehyde and stored overnight at 4°C before sample 171 

preparation. The leaves were then treated with 0.1% osmium tetroxide and stained with 2% uranyl 172 

acetate. The samples were dehydrated via ethanol series and infiltrated with EPON812 medium grade 173 

resin (Polysciences, Germany). Polymerization was performed over 48 h at 60°C. Ultrathin sections 174 

were cut using an ultracut E microtome (Reichert, Germany) and collected on grids coated with 175 

formvar (EMS, Washington). Observations were carried out with a Hitachi H7500 electron 176 

microscope at 80kV. Images were captured with a CCD Advantage HR Hamamatsu camera and AMT 177 

software (AMT, Danvers). 178 

 179 

2.10. LC-Q-TOF-HRMS analysis 180 

Water, sludge and plant extracts were analyzed using liquid chromatography (LC) coupled to high 181 

resolution mass spectrometry (HRMS) on a DioneX Utlimate 3000 (Thermo) coupled to a Q-TOF 182 

Impact II (Bruker) using the TargetScreener method developed by Burker (Bremen, Germany). This 183 

method was already used by Bergé et al., (2018), it allows the targeted identification of drugs and 184 

pesticides, but the data can also be investigated for untargeted analysis. Solvent A was composed of 185 

H2O:MeOH (90:10), 0.01% formic acid and 314 mg.L-1 ammonium formate. Solvent B was composed 186 

of MeOH, 0.01% formic acid, and 314 mg.L-1 ammonium formate. Samples were separated on a C18 187 

column (Acclaim TM RSLC 120 C18, 2.2 µm 120 A 2.1x100 mm, Dionex bonded silica products) 188 

operated at 30°C for a total run time of 20 minutes. The gradient was started with 1% B for 3 minutes 189 
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at 0.2 mL.min-1, followed by 39% B. At 14 minutes: the flow was set to 0.4 mL.min-1 to reach 99.9% 190 

B, followed by 0.48 mL.min-1 after 16 minutes. At 16.1 minutes, solvent B was reduced to 1% and the 191 

flow to 0.2 ml.min-1 at 19.1 minutes to end the run. The spectrometer was used in positive ion mode, 192 

with a spectra rate of 2 Hz and a mass range from 30 to 1000 Da. The capillary voltage was set at 2500 193 

V, the nebulizer at 2 Bars and the dry gas at 8 L.min-1, with a dry temperature of 200°C. Fragments 194 

were obtained via broad-band collision-induced dissociation (bbCID) with a MS/MS collision energy 195 

set at 30eV. Poplar leaf extracts were also analyzed using an in-house method for plant extracts as 196 

described in Villette et al., (2018), to confirm the MALDI identifications by comparison of retention 197 

times and MS/MS profiles between samples and commercially available standards. 198 

 199 

2.11.  LC-Q-TOF-HRMS data processing 200 

Raw formula annotations and tentative identifications in water, sludge and plant extracts were 201 

performed using Metaboscape 3.0 (Bruker) and TASQ 1.4 (Bruker) software, already used by Olmo-202 

García et al., (2018) and Bergé et al., (2018) respectively. In TASQ, a database of 2204 drugs and 203 

pesticides was used to annotate ions in a targeted way based on the retention time, m/z value, mSigma 204 

and qualifier ions. In Metaboscape, all adduct forms were grouped to form a “bucket”, representing 205 

one single metabolite feature used for annotations. An intensity threshold of 10 000 was applied for 206 

the extraction of metabolite features, which corresponds to a cutoff above 10 times the noise level in 207 

our experimental conditions, as already described in the literature (Gago-Ferrero et al., 2018). The 208 

untargeted annotations were performed with a criterion of mass deviation (∆m/z) under 3ppm and 209 

mSigma value under 30 to assess the good fit of the isotope pattern. The smart Formula tool was 210 

applied to perform raw formula annotations using C, H, N, O, P, S, Cl, I, Br and F elements because 211 

they are often found in industry chemicals. Tentative identifications were performed using analyte lists 212 

created from the toxic exposome database (http://www.t3db.ca/), FooDB (http://foodb.ca/), EU 213 

Reference Laboratories for Residues of Pesticides (http://www.eurl-pesticides.eu), Phenol Explorer 214 

(http://phenol-explorer.eu/), Scientific Working Group for the Analysis of Seized Drugs 215 

(http://www.swgdrug.org/), TargetScreener (Bruker), LIPID MAPS (http://www.lipidmaps.org/), 216 

Norman Network (https://www.norman-network.net/), PlantCyc (https://www.plantcyc.org/), 217 

KNapSAcK (http://kanaya.naist.jp/KNApSAcK/) and SwissLipids (http://www.swisslipids.org/).The 218 

Schymanski classification (Schymanski et al., 2014) was used to assess the level of identification 219 

obtained, and is a reference cited in the literature (for example, Bergé et al., (2018)). Metabolite 220 

features annotated with only a raw formula were considered annotated (level 4 of the Schymanski 221 

classification: unequivocal molecular formula based on MS isotopes/adducts). Metabolite features 222 

annotated with a raw formula and a name were considered tentatively identified (level 3 of the 223 

Schymanski classification) and manually sorted into 11 categories: personal care products, animal 224 

metabolism, drugs, industry toxics, lipid metabolism, other toxics, pesticides, phthalates, primary 225 
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metabolism, plant metabolism, uncategorized. The metabolites of 67 common drugs were predicted 226 

using Metabolite Predict 2.0 (Bruker), and used as an analyte list to search for drug metabolites in the 227 

samples. Commercial standards of 3-ethoxypropylamine, adenine, lyso PC 16:0, pheophorbide A, D-228 

salicin and piperidine were successfully used to confirm the tentative identifications obtained from 229 

MSI experiments by comparison of the retention time and MS/MS profiles (when available) of the 230 

commercial standards and the ions found in the plant extract (Level 1 of the Schymanski 231 

classification). 232 

 233 

2.12. MSI sample preparation 234 

Frozen leaves were embedded in M-1 matrix (Thermo Scientific) for cryosectioning at -20°C. Leaves 235 

were cut at a thickness of 30 µm on a transverse plane and sections were deposited on ITO-coated 236 

slides (Bruker). Sections were coated with α-cyano-4-hydroxyconnamic acid (HCCA, Sigma Aldrich) 237 

imaging matrix at 7 g.L-1 in 50:50 MeOH:H2O, 0.2% TFA (Sigma Aldrich) using the ImagePrep 238 

spotter (Bruker). The whole process is depicted in Fig. S1. Five replicates of each sample type were 239 

prepared and analyzed. 240 

 241 

2.13. MSI analysis 242 

MALDI imaging acquisition was performed on a SolariX XR 7T spectrometer (Bruker) in MS positive 243 

ion mode using a mass range of 50-1000Da, with a transient size of 2M. On-line calibration was 244 

performed using the matrix peaks as reference masses. The laser power was set to 18% with a small 245 

focus, 50 shots and a frequency of 1000Hz. The raster width was set to 50 µm. Teaching of the points 246 

and definition of the regions of interest were performed using flexImaging 5.0 (Bruker). Data 247 

acquisition was performed using ftmsControl 2.2.0 (Bruker).  248 

 249 

2.14. MSI data processing 250 

Data obtained from MALDI imaging analysis were treated using SCiLS Lab2016b software as already 251 

shown in Halade et al., (2018). Total ion count normalization was applied before each statistical 252 

analysis. The segmentation pipeline was used to check for differences between control and polluted 253 

leaves, and then discriminative values were searched for using the software tool. The m/z intervals 254 

obtained were annotated using the Metaspace online platform (http://metaspace2020.eu)with the 255 

HMDB, CHEBI and SwissLipids databases. Metaboscape software (Bruker) was used to complete 256 

these annotations using the same analyte lists as described above, with a criterion of mass deviation 257 

(∆m/z) under 3 ppm. As described for LC-Q-TOF HRMS data processing,metabolite features 258 

annotated with only a raw formula were considered annotated, while metabolite features annotated 259 
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with a raw formula and a name were considered tentatively identified. Drug metabolites were also 260 

searched for, using the analyte list described above from Metabolite Predict 2.0 (Bruker). 261 

 262 

2.15. Statistical analysis 263 

Statistical analysis of the MALDI imaging data was performed with SCiLS Lab 2016b software using 264 

the statistical tools provided to perform a spatial segmentation, a principal component analysis (PCA) 265 

and to search for discriminative values. The spatial segmentation analysis is a pipeline that performs 266 

successive steps: find peaks, peak alignment to maxima, spatial denoising, bisecting k-means. The 267 

bisecting k-means step is a clustering method that allows the iterative division of a set of spectra into 268 

two maximally different sets of spectra, permitting the segmentation of imaging datasets to visually 269 

identify differential regions according to their spectral patterns. This tool is explained in SCiLS Lab 270 

application note #6 available on the SCiLS Lab website (https://scils.de/mediacenter/), and for further 271 

review, also see Alexandrov et al., (2010); Alexandrov and Kobarg, (2011). PCA applied to MALDI 272 

imaging provides a scores plot where each score represents a spectrum and each loading represents a 273 

peak (for further review, see Klerk et al., (2007). The plot shown in Fig. 2C provides an overview of 274 

the spectra found in each type of sample, control and polluted leaves. Use of the receiver operation 275 

characteristic (ROC) curve allows the identification of discriminative values by attributing an area 276 

under the curve (AUC): values with an AUC near 0 or 1 were considered to be representative of one or 277 

the other group of samples, respectively. Metabolite features with an (AUC)>0.75 were considered 278 

specific to the polluted poplar leaves, while metabolite features with an AUC<0.39 were considered 279 

specific to the control poplar leaves. These threshold values were calculated by the software to be 280 

relevant in the case of this dataset. For further details on the interpretation of AUC values, see SCiLS 281 

Lab application note #5 available on the SCiLS Lab website (https://scils.de/mediacenter/). 282 

Statistical analysis of pigments, hormones and stress-related molecule contents in plant extracts were 283 

performed using R version 3.3.2 (2016-10-31) Sincere Pumpkin Patch. A Wilcoxon rank-sum test was 284 

used with p-value thresholds of 0.05 (ingle asterisk) and 0.01 (double asterisk).  285 

 286 

3. Results and discussion 287 

3.1. General overview of water, sludge and plant contents 288 

Three compartments of the environment were investigated using a nontargeted approach to gain an 289 

overview of the diversity of micropollutants that can be found at the exit of a water treatment facility. 290 

Water, sludge and black poplar leaves were sampled and extracted to analyze their contents using LC 291 

coupled to high HRMS. The results (Fig. 1) revealed that part of the compounds detected in the 292 

different samples were common to the three compartments of the environment. Conversely, some 293 

compounds were exclusively specific to only one compartment or two compartments (Fig. 1, A). 294 
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Tentative identifications (Level 3 of the Schymanski classification (Schymanski et al., 2014)) were 295 

obtained by comparison with the public databases listed in section 2.11.Upon closer examination of 296 

the tentative identifications, 11 types of manually curated compounds could be found in all three 297 

compartments, in different proportions depending on the compartment analyzed (Fig. 1, B, C, D). 298 

Predictably, compounds categorized as animal metabolism, lipid metabolism, primary metabolism and 299 

plant metabolism could be found in all compartments of the environment. Interestingly, 300 

micropollutants categorized in personal care products, drugs, industry toxics, other toxics, pesticides 301 

and phthalates could also be found in all the compartments, showing that these molecules were 302 

capable of spreading in the environment, as previously demonstrated (Carvalho et al., 2014). The 303 

novelty of the present analysis is the demonstration of this phenomenon using a nontargeted approach 304 

in a spontaneous species, black poplar (P. nigra), which was previously mostly studied in a targeted 305 

way in crops or edible plants (Prosser and Sibley, 2015; Wang et al., 2018). Moreover, we were able 306 

to show a specific tissue localization of these micropollutants in poplar leaves using mass 307 

spectrometry imaging (MSI) (Fig. 2). 308 

 309 

 310 

Fig. 1. Profiling of polluted poplar leaves, water and sludge content using LC-HRMS. Polluted 311 

poplar leaves, water and sludge show specific but also common metabolite features (A). Tentatively 312 

annotated compounds (Level 3 of the Schymanski classification) were manually sorted in 11 major 313 

classes, revealing the metabolic profile of each compartment of the environment (B, C, D). A, Specific 314 
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and common metabolite features between the tree compartments; B, water profiling; C, polluted 315 

poplar leaves profiling; D, sludge profiling. 316 

 317 

3.2. Mass spectrometry imaging of Populus nigra leaves 318 

MSI was used to investigate the metabolic profile of the leaves from a poplar that was chronically 319 

exposed to low doses of micropollutants. The implementation of a control plant growing at the same 320 

study site but only with access to rain water allowed a differential analysis to identify the molecules 321 

that were present mostly in one or the other condition, namely, control or polluted black poplar leaves 322 

(Fig. 2). A segmentation analysis revealed specific metabolic profiles in the control and polluted 323 

leaves, as shown by the dark and light blue colors, respectively, in Fig. 2, B. The yellow segments 324 

found in control and polluted leaves could not be correlated with specific tissues and were not 325 

investigated because they were common to control and polluted leaves. The differential metabolic 326 

profile observed between control and polluted leaves was confirmed by principal component analysis 327 

(PCA, Fig. 2 and Fig. S2), which resulted in the two first components separating the control 328 

(component 1) and polluted (component 2) leaves (Fig. 2, C). The PCA scores plot shows the spectra 329 

found in both samples (red, control; green, polluted). The causative metabolite features were further 330 

investigated and could be either annotated with a raw formula, tentatively identified (Table S1) or 331 

identified. The tentatively identified level consisted of a name associated with the raw formula, while 332 

the identified level was confirmed using a commercial standard (Fig. S5) as described in Schymanski 333 

et al., (2014). The tentative identifications could be manually sorted into distinct categories: 334 

micropollutants or plant metabolites. Among the tentatively identified metabolite features, 6 were 335 

confirmed by comparing the retention time and MS/MS profiles when available, in the samples and 336 

commercial standards (Fig. S5). In this way, 3-ethoxypropylamine, adenine, lyso PC 16:0, 337 

pheophorbide a, salicin and piperidine were confirmed. For D-salicin and piperidine, only the retention 338 

times were available, as no MS/MS spectra could be acquired in the leaf extract analysis. As metabolic 339 

processes occur in plants, drug metabolites were also searched for and could be tentatively identified 340 

in poplar leaves (Table S1). 341 

 342 
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 343 

Fig. 2. Overview of the main differences between control and polluted poplar leaves. Control and 344 

polluted leaves could be distinguished by a statistical analysis, which shows two specific metabolic 345 

patterns. Component 1 is closely related to the control leaves, while component 2 is related to the 346 

polluted leaves. A, Optical image; B, egmentation result; C, scores plot of the principal component 347 

analysis, with each point representing a spectrum; red, component 1 (related to control); green, 348 

component 2 (related to polluted). 349 

 350 

Micropollutants were found to be mostly localized in the peripheral regions of the leaf, showing a 351 

specific pattern (Fig. 3), while plant metabolites could be found in all regions of the leaves (Fig. 4). 352 

Such tissue specific localization has been observed previously in other plants: flavonoids have been 353 

shown to be stored in the leaf epidermis in Ginkgo biloba (Li et al., 2018), or a spatial metabolites 354 

compartmentalization has been revealed in soybean root nodules in response to rhizobacteria 355 

(Veličković et al., 2018) using the MSI technique. Micropollutants could also be detected in 356 

Phragmites australis (Petrie et al., 2018) and ibuprofen has been shown to be stored and metabolized 357 

in vacuoles or cell walls (He et al., 2017). These findings suggest that the plant guides micropollutants 358 

towards the peripheral tissues of the leaf for storage, which could be the most efficient manner for the 359 

plant to confine potentially toxic molecules. The aggregation of compounds on the leaf surface of 360 

Populus trichocarpa has been previously observed by MSI, revealing active processes that occur in 361 

peripheral tissues (Kulkarni et al., 2018). The physico-chemical properties of these molecules could 362 

not be correlated with a specific chemistry or logical explanation for such a specific tissue localization 363 

(Table S2). According to a previous study (Zhang et al., 2014), molecules with logP values between 364 

0.5 and 3 appear to be efficiently taken up by plants, which was also observed for the molecules 365 

highlighted in this study.  366 
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 367 

 368 

Fig. 3. Micropollutants annotated in poplar leaves. Some differential metabolite features were 369 

annotated as micropollutants used as pesticides (A), personal care product derivatives (B) or drugs 370 

(C). The images (left) show a preferential localization in the peripheral tissues of the polluted leaves. 371 

Boxplots confirm that these metabolite features are differential between control and polluted leaves. 372 

A, Ethylene thiourea; B, 3-ethoxypropylamine; C, ziprasidone. Intensity is presented as an arbitrary 373 

unit and represented by a color gradient. The chemical properties of ethylene thiourea, 3-374 

ethoxypropylamine and ziprasidone are shown in Table S2. Replicates are shown in Fig. S3. 375 

 376 

One could expect a specific phenotype associated with this storage, and therefore we performed 377 

transmission electron microscopy observations of the control and polluted poplar leaves (Fig. S6). We 378 

could not identify any characteristic features of the tissue organization or organ shape: chloroplasts, 379 

mitochondria, nuclei and cell phenotypes were the same in control and polluted leaves. Thus, the plant 380 

was able to cope with the micropollutant accumulation. However, the tentative identification of 381 

differential metabolite features highlighted a higher amount of stress-related plant metabolites in the 382 

polluted leaves, with no physico-chemical properties explaining their tissue localization. Lyso PC 16:0 383 

is a phosphatidylcholine; this class of molecules has been shown to be induced during the plant 384 

response to salt stress (Sarabia et al., 2018), suggesting a stress response from the polluted poplar. 385 

Pheophorbide a is a chlorophyll a catabolite, thus revealing a pigment degradation in the polluted 386 

leaves. Parween et al., 2013 have also observed that the chlorophyll content is affected in mung beans 387 

(Vigna radiata) exposed to a pesticide.  388 

 389 
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 390 

Fig. 4. Plant metabolites annotated in poplar leaves. Plant metabolites were annotated in poplar 391 

leaves and appear to be more generally distributed. Neurine (B) and salicin (D) are mostly found in 392 

peripheral tissues, pheophorbide a (F) is localised in inner tissues, and other metabolites are found in 393 

the whole leaves. Boxplots (G) confirm that these metabolite features are differential between control 394 

and polluted leaves. Intensity is presented as an arbitrary unit and represented by a color gradient. The 395 

chemical properties of piperidine, neurine, adenine, salicin, lyso PC 16:0 and pheophorbide a are 396 

presented in Table S2. Replicates are shown in Fig. S4. 397 

 398 

3.3. Targeted plant metabolite analysis in Populus nigra leaves 399 

As the plant metabolites induced in polluted leaves are related to plant stress and pigment degradation 400 

(Eckardt, 2009; Fernandes et al., 2018), a targeted analysis of pigments, hormones and azelaic acid 401 

was performed (Fig. 5). A degradation product of chlorophyll a was more abundant in polluted leaves, 402 

and thus we can expect that the plant produced more chlorophyll to counter this loss, with more rapid 403 

turnover of chlorophyll a production and degradation. This hypothesis is supported by the finding that 404 

chlorophyll a content is higher in polluted leaves (Fig. 5), with no significant differences observed for 405 

chlorophyll b and carotenoids. Additionally, no metabolites of these pigments were tentatively 406 

annotated. Hormones are the first signals to be emitted by plants in response to a diversity of biotic 407 

and abiotic stresses. In polluted leaves, benzoic acid (BA), salicylic acid (SA), azelaic acid (AzA), 408 

indole-butyric acid (IBA) and gibberellin A7 (GA7) were induced compared with the control plant, 409 

while cis-OPDA (a jasmonic acid precursor) and abscisic acid (ABA) contents were reduced. The 410 

detection of high amounts of IBA in the polluted poplar is not surprising if we consider that this plant 411 
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has a generally higher metabolic turnover. Indeed, IBA is involved in the abiotic stress response 412 

(Tognetti et al., 2010) -which could be mediated by micropollutant accumulation- but also in plant 413 

growth (Strader and Bartel, 2011), which is favored by the continuous presence of water in the 414 

growing area (Nuel et al., 2018). Thus, the plant would attempt to produce more biomass to counter 415 

the possible loss due to micropollutant accumulation in peripheral tissues. Indeed, the leaves of the 416 

polluted poplar were larger than those of the control (Fig. S7), with an average area of 2.5±0.40 cm2 417 

for the control leaves and 5.56±0.60 cm2 for the polluted leaves. This hypothesis is strengthened by the 418 

detection of higher levels of gibberellin A7 (GA7), a hormone involved in the promotion of growth and 419 

cell elongation (Katsumi and Kawamura, 1980). Azelaic acid (AzA), a stress-related molecule (Jung et 420 

al., 2009), was also measured and found to be more abundant in polluted leaves. Azelaic acid (AzA) is 421 

known to be involved in systemic acquired resistance (SAR), inducing the production of salicylic acid, 422 

which is consistent with the higher levels of this hormone found in the polluted leaves. In the SAR 423 

context, jasmonic acid (JA) and SA are antagonistic: JA acts as a signaling molecule, while SA 424 

accumulation allows the establishment of systemic immunity (Jung et al., 2009; Thaler et al., 2012). 425 

After exposure to micropollutants, a SAR-like reaction could occur and explain the reduced levels of 426 

JA precursor cis-OPDA in polluted leaves, and the fact that no difference in JA content was observed 427 

between control and polluted leaves. Indeed, SA has been described as a regulatory signal in response 428 

to a variety of abiotic stresses: drought, high salinity, chilling, heavy metal exposure and heat (Gómez-429 

Cadenas et al., 2014). In the case of a SAR response, long term accumulation of SA is not necessary 430 

(Jung et al., 2009). Thus, if the reaction to micropollutants accumulation is similar to a SAR response, 431 

we could hypothesize that the polluted poplar is responding to a chronic exposure and needs to 432 

maintain high levels of stress-associated metabolites to support consistent defense mechanisms. This 433 

response resembles the induced resistance used in agricultural practices to control crop diseases: the 434 

application of natural extracts or synthetic chemicals (biotic and abiotic elicitors) triggers a biological 435 

response from the plant, leading to induced resistance (Walters et al., 2013). In Avena fatua, herbicides 436 

have been described to prime redox and phosphoproteome changes similar to those occurring during 437 

SAR response (Burns et al., 2018). We can hypothesize that micropollutants from the water might 438 

have a role as activators of the poplar stress response highlighted in this study. 439 
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 440 

Fig. 5. Pigments, hormones and azelaic acid profiling in control and polluted poplar leaves. 441 

Pigment analysis revealed more chlorophyll a in the polluted leaves (p-value 0.03792). Control leaves 442 

contain more ABA and cis-OPDA (p-values 0.02067 and 0.006993, respectively). Polluted leaves 443 

show higher amounts of BA, SA, GA7, Aza and IBA (p-values 0.0141, 0.001348, 0.00015554, 444 

0.002953 and 0.000931, respectively). A, Average pigment content in mg.g-1 fresh weight; B, 445 

Hormones and stress-related compound content expressed as peak areas. JA, jasmonic acid; BA, 446 

benzoic acid; cis-OPDA, cis-(+)-12-oxo-phytodienoic acid; SA, salicylic acid; GA1, 7, gibberellins 1 447 

and 7; Aza, azelaic acid; IBA, indole butyric acid; ABA, abscisic acid. Error bars represent the 448 

standard deviation. Statistical analysis was performed using a Wilcoxon rank-sum test. 449 

 450 

The toxicity of pharmaceuticals to plants has been discussed by Carvalho et al., (2014) and recently 451 

reviewed by Christou et al., (2018) because of their wide and continuous spreading in all areas of the 452 

environment. Conversely, a constant low dose of micropollutants could also induce hormesis and 453 

increase biomass production (Agathokleous et al., 2018; Migliore et al., 2000), but this hypothesis is 454 

not consistent with the increased accumulation of degradation products in polluted leaves. 455 

Interestingly, piperidine has been found in higher amounts in polluted poplar. This metabolite is a 456 

toxic alkaloid that is produced by plants to avoid consumption by herbivores (Castells et al., 2005). 457 

Butler and Trumble, (2008) reviewed the literature on plant-insect interactions in the context of 458 

polluted plants and described polluted plants as better hosts for herbivore insects. This finding was 459 

demonstrated in the case of air pollution, but we can expect that water pollutants would have the same 460 

effects. Thus, polluted poplar is more attractive to insect herbivores and produces more piperidine as a 461 

defense mechanism. Piperidine is also an industry derivative that is used, for example, for the 462 

synthesis of drugs or pesticides (Shaw et al., 2015), and might be accumulated by plants from the 463 

environment. Personal care products, pesticides, drugs, phthalates, industry toxics and other toxics 464 

could be found in different proportions in water, sludge and plants. However, the prominent categories 465 

were always the same among the different matrices and were found with a rather equivalent 466 

distribution. Thus, micropollutants are spreading in all areas of the environment. When sorting the 467 

tentative identifications, difficulty was encountered because plant metabolites are found in food and 468 

used in drugs and personal care products. Thus, for plant metabolites generated by human activities, 469 

whether they were accumulated by poplar leaves from the water or sludge or naturally produced in 470 
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higher amounts in the plant remained unclear. A similar situation was observed for salicin, which 471 

occurs naturally in poplar but is also used as an anti-inflammatory drug (Mahdi, 2010). Salicin from 472 

the drug is metabolized into salicylic acid in the human digestive tract, and it is described to be easily 473 

degraded in the environment (Hijosa-Valsero et al., 2016). Therefore, it wass also difficult to 474 

determine if the increase in salicylic acid in polluted leaves is due to production by the plant or uptake 475 

from the water. The same holds true for benzoic acid (BA), a commonly used compound in cosmetics, 476 

which was found to be more abundant in polluted leaves. Additionally, IBA is used as a plant growth 477 

regulator in agriculture and might have been detected in higher amounts because of its use in nearby 478 

fields.  479 

An important aspect when comparing water, sludge and plants is the concentration effect that can 480 

occur in the different matrices. Indeed, all samples were collected on the same day, but sludge and 481 

poplar leaves could have accumulated molecules over a long period, while the water was fresh from 482 

the day. An important concentration effect occurs in the leaves, while the molecules are more diluted 483 

in sludge and even more in water that are present in larger amounts in the environment, with the 484 

constant renewal of the water. This phenomenon is especially true in the case of Falkwiller village 485 

where rain water is collected along with urban wastewater. Despite a concentration step during the 486 

extraction process, it is impossible to consider the different samples as equivalent. Therefore, it is 487 

difficult to follow the exact same micropollutants from one sample type to the other. Moreover, some 488 

compounds are not stable in plants and can be degraded to avoid toxicity or for reuse by plant 489 

metabolism (Marsik et al., 2017). In this study, metabolites of aceclidine, telmisartan and haloperidol 490 

could be annotated in poplar leaves (Table S1), but the identification could not be confirmed because 491 

of the lack of standards for these molecules.  492 

 493 

3.4. Methodological assessment 494 

Commercial labelled standards of drugs were used as a mixture pooled to water and sludge matrices to 495 

assess the repeatability of the extraction process and to define the limits of detection (LOD) and 496 

quantification (LOQ), as described in Boleda et al., (2013). Repeatability was studied by analysis of 497 

the standard deviation measured for the peak areas of the internal standards in the two matrices (sludge 498 

and water). The coefficients of variation (CV) observed were included in a range from 1 to 31% of the 499 

standard deviations (Table S3). These values were in accordance with Boleda et al., (2013), except for 500 

one among seven standards that showed higher CV values for unexplained reasons. The limits of 501 

detection reached approximately 1 µg.mL-1 (Table S4 and Fig. S8). Therefore, in the original matrices 502 

(in the environment, before sample concentration), the detected molecules can be considered to be 503 

present at least at 0.1 µg.g-1 (fresh weight) in the sludge matrix (10 g used for the analysis) and 0.02 504 

µg.mL-1 in the water matrix (50 mL used for the analysis). We cannot exclude the possibility that other 505 
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molecules were present in the different matrices at a lower dose and therefore could not be detected. 506 

As observed for sildenafil, it is also possible that some molecules were not detected irrespective of 507 

their concentration,  potentially because, for example, they were not easily ionized.  508 

 509 

4. Conclusions 510 

In this study, we demonstrated that micropollutants are still detectable and are spreading in the 511 

different areas of the environment after water treatment. We analyzed the metabolic profile of black 512 

poplar (P. nigra) leaves using high-resolution MSI, which showed the accumulation of 513 

micropollutants and a stress response from the plant. We could correlate metabolite classes with a 514 

specific tissue localization. In general, compounds that might originate from industry chemistry 515 

(drugs, pesticides, personal care products, toxics, etc.) appeared to be sequestered in the peripheral 516 

tissues close to the epidermis, while plant metabolites were more generally distributed. We could show 517 

a specific tissue localization of a pesticide metabolite (ethylene thiourea), an intermediate of personal 518 

care product production (3-ethoxypropylamine) and potentially drug derivatives. Along with this 519 

specific localization of micropollutants, we demonstrated a response of the plant that was chronically 520 

exposed to micropollutants, with higher amounts of degradation products (neurine, pheophorbide a) 521 

and a plant response designed to increase biomass production as a survival mechanism. As plants 522 

accumulate micropollutants throughout their life span, a low dose at a time point can become a high 523 

dose at the scale of a living organism. If this is true for a plant, it should also be true for any living 524 

organism, including other plant species, crops, wild and farmed animals, as well as humans. Water is 525 

an essential resource for human life, but it is also a carrier of micropollutants, which we have shown 526 

cannot always be treated and completely eliminated. Thus, these contaminants spread in the 527 

environment and in living organisms, and cause tissue damages and stress. This study provides an 528 

overview of environmental contamination by treated water and raises questions regarding water 529 

quality for a sustainable environment for living organisms. 530 

In future analyses, we plan to investigate the whole plant to decipher the distribution of 531 

micropollutants in the different organs. As highlighted by Jansson and Douglas, 2007, poplars are well 532 

known to interact with fungus and bacteria as endophytes, which provide the plant with nutrients. We 533 

are also interested in the roles of microorganisms, which could participate in micropollutants 534 

degradation or act as helpers for their uptake from the environment. 535 

 536 
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