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Abstract 
Due to current water scarcity, crop irrigation with treated water (e.g. wastewater) is considered one of the promising practices to be used for agriculture purposes. However, this implies the possibility of re-introducing recalcitrant contaminants, such as tramadol (TRD), which can be taken up by plant roots; this can affect the plant physiology status and/or affect the plant microbiome status. Therefore, we aimed to explore the possible accumulation of TRD in barley plants and the changes in enzymes and bacterial root microbiome triggered by that. Barley plants were grown in a hydroponic system supplemented with 100 μg L-1 TRD. This resulted in an increment of TRD concentration in root tissues between the two harvesting points (12 and 24 days). Exposure to TRD stimulates the activities of guaiacol peroxidase and catalase in addition to induction of glutathione S-transferase towards two different substrates. Treatment with TRD did not significantly affect the bacterial alpha-diversity indices, however, a shift in beta-diversity was recorded. Differences in relative abundances of Hydrogenophaga, U. Xanthobacteraceae and Pseudacidovorax were recorded between TRD-treated and controls plants, at both time points. Our study revealed that TRD causes changes in the antioxidative plant system and initiate alteration in the root-associated bacterial community of barley.
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1. Introduction
During the last decades, great attention has been paid to aquatic ecosystem contamination with pharmaceutical compounds. The unaware disposal of expired or unused pharmaceuticals, as well as the improper removal of compounds and/or their metabolites during conventional water treatment process may lead to excessive accumulation of unwanted chemicals in our aquatic environments (Bound and Voulvoulis, 2005; Carmona et al., 2014; Schröder et al., 2016; Balakrishna et al., 2017; Yang et al., 2017a; Bexfield et al., 2019). Due to their biological activity, these compounds might have an impact on the aquatic food web and human health, even at the lowest concentrations. In 2020, UNESCO reported that 40% of the world’s inhabitants will be subjected to future water scarcity problems (UNESCO, 2020). Hence, the reuse of treated wastewater for agricultural irrigation is a growing practice in a wide range of areas, especially in the Middle East (Tran et al., 2018; Carter et al., 2019; Mordechay et al., 2021). However, it is a big challenge to eliminate the contamination of various pollutants (including pharmaceuticals) in treated wastewater. Recent studies showed that after irrigation with treated wastewater, these compounds can be taken up by plants (Wu et al., 2015; Mordechay et al., 2021) and subsequently can be detected in human urine after consumption (Paltiel et al., 2016; Schapira et al., 2020). The opioid tramadol (TRD) is one of these micropollutants that has been detected (from ng/L to ug/L) in different aquatic systems, such as surface water, wastewater treatment plant (WWTP) influents and effluents (Kasprzyk-Hordern et al., 2008, 2009). Few studies addressed the plant uptake and accumulation capacity of TRD in the different plant organs (Kodešová et al., 2019; Mercl et al., 2020; Khalaf et al., 2022). However, to the best of our knowledge, there is no information available about the effect of TRD on plant performance as well as its influence on the root-associated bacterial community.  
In general, micropollutants after their uptake by plants undergo metabolization during which they are inactivated, detoxified and frequently sequestered (Schröder et al., 2007; Bartha et al., 2014). These processes follow the “Green Liver” concept which was described by Sandermann (1992) and comprises three consecutive phases. The key enzymes taking part in these processes are cytochrome P450 monooxygenases, glutathione S-transferases (GSTs), glycosyltransferases and peroxidases. During phase I, formation of reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), hydroxyl radical (OH−) or superoxide radical (O2−) are most likely. In response to that, plant antioxidative enzymes, e.g., superoxide dismutase (SOD), catalase (CAT), peroxidase (POX) or ascorbate-glutathione cycle enzymes, can be triggered to prevent harmful effects (Mittler et al., 2002; Dordio et al. 2011; Chen et al., 2018). In addition to this protective effect, the products of these enzymatic reactions may have an impact on altering the root-associated bacterial communities. Therefore, we hypnotized (H1) that TRD can affect the activities of the antioxidant enzyme system. So far, studying the root-associated bacteria attracted huge attention due to their crucial roles in the nutrition status of host plants, their immunity as well as their development (Reinhold-Hurek and Hurek, 2011; Berendsen et al., 2012; Backer et al., 2018). Moreover, it has been reported that irrigation with treated wastewater spiked with a mixture of different pharmaceuticals (at 10 or 100 μg L-1 levels) and personal care products (PPCPs) affect the microbial alpha-diversity indices besides modifying the root-associated bacteria community composition in lettuce (Bigott et al., 2022). McLain and coauthors (2022), demonstrated that acetaminophen (a moderate pain killer), at concentrations found in recycled wastewater, could change soil microbial community and functions. Considering these facts, we hypothesized (H2) that TRD might have an impact on the shape of root-associated bacterial community. Currently, several studies are trying to elaborate the link between microbiome diversity in vegetables and its effect on human gut microbiome and thus on human health (Berg et al., 2014; Wassermann et al., 2017; Gudda et al., 2020; Soto-Giron et al., 2021). Further studies attempted to explore the possible connection between plant microbiome communities and degradation/metabolization of these pharmaceuticals (Zhao et al., 2015; Li et al., 2016; Zhang et al., 2016; Nguyen et al., 2019; Sauvêtre et al., 2020; McLain et al., 2022). 
Therefore, this work aims to (1) explore the TRD effects on the antioxidative system of barley plants grown under hydroponic culture conditions; (2) evaluate the impact of TRD on root-associated bacteria community composition. The results will provide, for the first time, an understanding of the bacterial groups which might interfere in the process of TRD removal and degradation, as well as illustrate the defence mechanistic system of plants toward this opioid. 






2. Materials and methods
2.1. Chemicals
Tramadol HCl (TRD, 99%), cis-Tramadol-13C, D3 HCl solution (TRD-D3, 100 μg mL-1 in methanol), 1-chloro-2,4-dinitrobenzene (CDNB), p-nitrophenyl acetate (pNPA), bovine serum albumin (BSA) were purchased from Sigma–Aldrich (Germany), acetonitrile HPLC-grade and polyvinylpyrrolidone K90 (PVP K90) were obtained from Carl Roth (Karlsruhe, Germany) and formic acid HPLC-grade from Merck (Darmstadt, Germany). All other chemicals used were analytical grade. 

2.2. Plant acclimatization and growth conditions
Barley (Hordeum vulgare L., cv. ‘Salome’; provided by Nordsaat Saatzucht GmbH [Langenstein,Germany]) seeds, were surface sterilized, propagated on sterilized perlite for 3-5 days and then moved to a hydroponic growth system in a growth chamber. The system consisted of four plastic trays with a 10 L capacity, each harbouring 24 seedlings. The seedlings were kept in distilled (dist.) water for three days, transferred then to half-strength nutrient solution for seven days, and finally maintained at full-strength modified Hoagland’s solution (pH 5.8; Taiz & Zeiger, 2010) for one month; the nutrient solution was renewed twice a week. The plants were kept in controlled environmental conditions as mentioned by Khalaf et al. (2022). 

2.3. Experimental design and sampling procedures
After the acclimatization period, barley plants were transferred into a hydroponic system consisting of 3 L glass containers randomly divided into five groups depending on harvesting time (T0, T1 & T2) and treatment status (control & treated). Three independent replicates (with five plants, each) were used and containers were distributed randomly in the growth chamber under the conditions mentioned previously in Khalaf et al. (2022). In this experiment, controls represent plants growing only in the nutrient solution, while the treated ones were additionally supplemented with 100 µg L-1 TRD. T0 plants were harvested at the beginning of the experiment, while T1 plants were harvested after 12 days and T2 after 24 days (Fig. 1). At each time point, the harvested plants were divided into roots and shoots; roots were then washed with distilled water (4 times), and then weighed and frozen at -80 °C until further analysis. During the experimental period, water loss due to transpiration was compensated.
2.4. Uptake of TRD by barley roots
To prepare samples for TRD quantification, roots were ground and homogenized under liquid nitrogen. A modified QuEChERS methodology, as previously described by Khalaf et al. (2022), was used for TRD extraction.

2.5. Crude enzyme extraction
In order to measure the activity of GSTs and other antioxidant enzymes, crude enzyme extraction was carried out as described by Schröder et al. (2005). Briefly, three grams of ground sample were extracted at 4 °C using a stirring ice bath for 30 min in 10 fold (w/v) 100 mM Tris/HCl buffer pH 7.8 that contain 1% Nonidet P40, 1% PVP K90, 5 mM ethylene diaminetetraacetic acid (EDTA) and 5 mM dithioerythritol. Then, the extract mixture was centrifuged at 4 °C and 20,000 rpm for 30 mins. Proteins were precipitated from the supernatant by stepwise addition of ammonium sulphate (grounded to powder) to reach 40% (step 1) and 80% (step 2) saturation, respectively. By the end of each step, extracts were centrifuged at 4°C and 20,000 rpm for 30 and 45 mins, respectively. After the last centrifugation step, the collected pellets were resuspended in 2.5 ml of 25 mM Tris/HCl buffer pH 7.8 and subsequently desalted using PD 10 columns (GE Healthcare, UK). The desalted crude enzyme extracts were eluted using Tris/HCl buffer (25 mM, pH 7.8) then divided into several aliquots and stored at -80 °C until further analysis.

2.6. Spectrophotometric enzyme assays
All enzyme activities were determined using a 96-well spectrophotometer (Spectra MAX 190, Molecular devices, Germany). For GST, two model substrates were used to determine its activity; 1-chloro-2,4-dinitrobenzene (CDNB), and p-nitrophenyl acetate (pNPA) (Habig et al., 1974, Schröder et al., 2008). For the assay, desalted aliquots of crude enzyme extract were incubated with each substrate, reduced glutathione (GSH) and 100 mM buffer either Tris/HCl pH 6.4 or potassium phosphate pH 7.0 in case of CDNB and pNPA, respectively. The formation of the respective GS-conjugates was followed at 340 nm (ε = 9.6 mM-1 cm-1) for CDNB and at 400 nm (ε = 8.79 mM-1 cm-1) for pNPA, where ε refers to the extinction coefficient for each substrate. Guaiacol peroxidase (GPX) activity was measured at 420 nm by following the oxidation of guaiacol in presence of H2O2 to tetraguaiacol (ε = 26.6 mM-1 cm-1) (Bigott et al., 2021). The crude enzymes were added to a mixture of guaiacol and H2O2 in 50 mM Tris/HCl buffer (pH 6.0). CAT activity was determined by tracking the decomposition of H2O2 at 240 nm (ε = 0.036 mM-1 cm-1) (Verma and Dubey, 2003). The reaction was started by mixing the enzyme extracts with H2O2 in potassium phosphate buffer 100 mM (pH 7). Blank samples, using the elution buffer instead of enzyme extract in the reaction mixture, were included for each assay. For specific enzyme activity calculations, protein contents were measured in the same aliquots used for enzyme assay following the standard method of Bradford (1976) and using a bovine serum albumin calibration curve. Enzyme activity is expressed in unit of µkat mg-1 protein, where 1 kat (katal) is defined as the formation of 1 mol product per second in the specific enzyme assay. Statistical analyses for enzyme measurements were evaluated by unpaired t-tests using the GraphPad Prism website (www.graphpad.com/quickcalcs/ttest1.cfm).

2.7. Nucleic acid extraction
Total DNA was extracted from 0.3 g of previously ground root material using NucleoSpin® Soil Kit (Macherey-Nagel, Düren, Germany), following the manufacturer's instructions. SL1 buffer was used for cell lysis of root-associated bacteria. Negative extraction controls were included using extraction tubes either empty or supplemented with liquid nitrogen. The concentration of extracted DNA was quantified using Quant-iT™ Pico Green® dsDNA assay Kit (Thermo Fisher Scientific, Darmstadt, Germany) following the manufacturer's instructions. DNA extracts were stored at -80 °C for further steps.

2.8. Library Preparation and Sequencing
Polymerase chain reaction (PCR) was performed using the NEBNext High-Fidelity 2× PCR Master Mix (New England Biolabs, Frankfurt am Main, Germany) and the primer set 335F (CADACTCCTACGGGAGGC)/769R (ATCCTGTTTGMTMCCCVCRC), which targets the V3-V4 regions of the bacterial 16S rRNA gene while inhibiting chloroplast amplification (Dorn-In et al., 2015). The reaction mixture consisted of 12.5 μL of the PCR master mix, 0.5 μL from each primer (10 pmol/μL), 2.5 μL of 3% BSA, 8 μL of DEPC water and 1 μL of DNA template (5 ng/μL). PCR conditions were: initial denaturation step for 30 s at 98 °C; followed by 25 cycles starting at 98 °C for 10 s (denaturation), 30 s at 60 °C (annealing) and ended at 72 °C for 30 s (extension); then, a final extension step at 72 °C for 5 min. DEPC water was used as non-target control. The quality of PCR products was checked on 2% agarose gel. PCR products were purified using Agencourt AMPure XP beads (Beckman Coulter, United States). DNA quantity and quality were checked using the Fragment Analyzer device (Agilent Technologies, Santa Clara, CA, United States). Indexing PCR using Nextera XT Index Kit v2 (Illumina, San Diego, CA, United States) was performed in a total volume of 25 µL: 12.5 µL NEBNext High-Fidelity 2× PCR Master Mix, 2.5 µL of each index, 6.22 μL of DEPC water and 1.28 μL of DNA template (7.8 ng μL-1). PCR started with initial denaturation for 30 s at 98 °C; then 8 cycles of 10 s at 98 °C, 30 s at 55 °C and 30 s at 72 °C; and ended with a final elongation step at 72 °C for 5 min. Indexed PCR products were purified and then quantified as mentioned above and thereafter all samples were pooled in an equimolar ratio of 4 nM. Subsequently, pooled samples were sequenced with Illumina Miseq platform (Illumina, San Diego, CA, United States) using Reagent Kit v3 (600 cycles).

2.9. Data processing and analyses
The amplicon sequencing generated 323,7 MB of raw reads. Firstly, the reads were trimmed using Cutadapt (v4.1; Martin, 2011). In the R environment (v4.2.2; R Core Team, 2022), the Bioconductor package dada2 (v1.26; Callahan et al, 2016) was firstly used for quality filtering and denoising (full specification about the reads per each sample presented in Table S1), then to infer amplicon sequence variants (ASVs) and to map ASVs against SILVA rRNA database (v138.1, SSU Ref NR 99; release date: 27-08-20; Quast et al., 2013). The dada2 pipeline produced a total of 529143 reads among 387 ASVs. Rarefaction curves (Figure S1) shows that all samples were sequenced almost at saturation with the exception of a single sample which was subject to a higher sequencing intensity. A custom R Markdown script was used for analyses and made available, along with the dada2 script, in a public repository (https://github.com/rsiani/tramadol_barley_2021). After filtering out non-bacterial and chloroplast ASVs (1 ASV, 32 reads), count 529111 reads, with a median of 27549 per sample) and taxonomy tables (386 ASVs) were imported in a phyloseq-class object (v1.42; McMurdie and Holmes, 2013). Shannon entropy and Simpson diversity indices were estimated using the function "divnet" (DivNet v0.40; Amy and Martin, 2020) as metrics of alpha diversity. A principal component analysis (PCA) was performed on the centred-log ratio (CLR) transformed count data to visualize beta-diversity (Aitchison et al., 2000) and variance of the samples (vegan, v2.6.4). Differentially abundant ASVs across the classes were identified using the "ancombc" function (ANCOMBC, v2.0.1; Lin and Peddada, 2020).
3. Results and discussion
3.1 Uptake of TRD by barley roots
Barley is a resilient crop which is cultivated in productive agricultural systems as well as in marginal environments. It has significant economical importance as it is used in animal feed, alcohol production and as food in human diet (Newton et al., 2011). To explore the capability of barley roots to take up TRD, we determined concentrations of TRD in root tissues over time (Table 1). TRD concentration increased slightly throughout the exposure time, reaching the highest levels (34.60 μg g-1) in root tissues after 24 days of the experiment (T2; Table 1). This result revealed the easy uptake of TRD by barley roots, which may be due to physico-chemical properties such as MW (263.37), logKow (2.45) and number of H-bonds (acceptors = 3, donors = 1) (Limmer and Burken, 2014; Kumar and Gupta, 2016). Moreover, the cationic nature of TRD, as well as its small size may induce its attraction to plant roots by electrostatic force (Miller et al., 2016; Li et al., 2019), and allow for symplastic entry with the water flow (Chuang et al., 2019; Bigott et al., 2020).

3.2 Effect of TRD on GST activity
GST activity was determined spectrophotometrically, following the conjugation reactions of GSH with CDNB or pNPA using root and shoot crude enzyme extracts (Fig. 2). CDNB is a classical model substrate for GST activity due to its high reactivity with various GST isoforms (Habig et al., 1974). GST measurements showed more or less stable activities in the roots and shoots of control plants with both substrates (except for the decrement of GST-CDNB activity in the roots at T2). GST activities significantly increased (p≤0.05) in treated plant roots compared to the controls using both substrates at T2 (Fig. 2 A&C). This may be due to the accumulation of TRD in root tissues at T2 as shown in Table 1. In barley shoots, GST activities increased significantly (p≤0.05) in TRD-treated plants and controls at both time points (T1 and T2) with CDNB and pNPA substrates (Fig. 2 B&D). Moreover, GST activities towards both substrates in roots reached higher values compared to those in the shoots. GSTs are well-known enzymes in plants, which have a central function either in metabolism or in stress detoxification cycles. Also, they are inducible enzymes which can be impelled by different biotic and abiotic stresses such as drought, extreme temperatures, pathogen attack and xenobiotics (Mauch and Dudler, 1993; Anderson and Davis, 2004; Smith et al., 2004; Gallé et al., 2009). The above results revealed changes in GST activities for both substrates which may point to oxidative stress caused by TRD in treated plants. Previous studies reported that oxidative stress is a common inducer of GSTs and they may be involved in the detoxification processes through conjugating metabolites evolving from oxidative damage (Edwards et al., 2000; Schröder, 2001; Sappl et al., 2009; Lee et al., 2014). A similar pattern was observed by Bartha and coauthors (2014), who recorded higher activities of GST towards CDNB and pNPA in roots than those in the shoots in cattail plants exposed to 1 mg L-1 diclofenac. The differences in GST activities when assayed with the two model substrates might refer to the diverse role of GST isoforms during detoxification and stress tolerance process in plants, besides it could also be a result of different sensitivities to the concentrations of the trigger molecule.

3.3 Effect of TRD on GPX and CAT activities
Both GPX and CAT are crucial antioxidant enzymes controlling the breakdown of the toxic H2O2 (Mittler, 2002). The noticeable alterations found in GST activities referred to an oxidative stress in TRD-treated plants. Thus, we measured the activities of GPX and CAT as stress biomarker enzymes. GPX activities increased in both shoots and roots along the time in treated plants, while these activities were more stable in shoots of control plants (Fig. 3 A&B). In addition, GPX activities were ~2-fold (T1) and ~5-fold (T2) higher (p≤0.05) in treated plant roots when compared to control ones. Concerning CAT, it seems that activities in the roots and shoots of control plants and treated ones were similar after T1 (Fig. 4 A&B). However, in barley roots, CAT activity in treated plants increased to ~83% of control at T2, while in shoots, an increment of the activity in treated plants by ~43% of control ones was recorded at T2. 
The significant increase (p≤0.05) in the activities of both enzymes at T2 might indicate a stress effect on the plant due to TRD accumulation across time. GPX is a heme-containing enzyme with high specificity for phenolic substrates. It is located intra- (cytosol and vacuole), and extracellularly in the cell wall and it has a high affinity for H2O2 decomposition compared to CAT (Dordio et al., 2009; Das and Roychoudhury, 2014). Moreover, GPX revealed a relation between its activity and cell wall properties due to its linkage to cell wall lignification (Di Cori et al., 2013). Huber and coauthors (2016) showed the ability of plant peroxidases in diclofenac oxidation to activate it for further conjugation. In accordance with our results, previous studies recorded a significant increase of GPX activities either in leaves or in both roots and leaves of cattail plants treated with carbamazepine and clofibric acid, respectively, after 21 days of exposure (Dordio et al., 2009 & 2011). Bartha and coauthors (2014) also found a higher GPX activity in cattail roots exposed to diclofenac (up to 250%) compared to controls. In lettuce plants, the increase in GPX activities was pronounced in the roots and leaves of plants exposed to 1 and 5 mg L-1 carbamazepine at the latest time point of 15 days (Leitão et al., 2021b). Different to GPX, CAT is located in peroxisomes and mitochondria where it cleaves H2O2 into H2O and O2. Alteration in CAT activity is assumed to be explained by an adaptive mechanism to regulate H2O2 levels in the plant cells. Concerning CAT activities, similar results were recorded by Chen and coauthors (2017), who observed a strong enhancement in CAT activity of Cyperus roots after 3 days of exposure to 25 μM (5.7 mg L-1) oxybenzone, decreasing then after 5 days. Rydzyński and coauthors (2017), showed a strong increase of CAT activity in yellow lupin seedlings grown in contaminated soil with ciprofloxacin and tetracycline (90 mg kg-1) for 10 days by 1560% and 650%, respectively, over the control plants. The same authors also noticed a 3-fold increase of GPX activity in shoots of seedlings grown in soil supplemented with tetracycline (90 mg kg-1). Other studies recorded increments of CAT activities in leaves after exposing lettuce and cattail plants to acetaminophen (0.1, 1 and 2 mg L-1) and clofibric acid (0.5, 1 and 2 mg L-1), respectively (Dordio et al., 2009; Leitão et al., 2021a). The results from Alkamin and coauthors (2019) revealed that the highest increments of CAT activities depend on the concentration of the pharmaceutical compound (0.032 μg L-1 chlorpromazine, 25 μg L-1 acetaminophen, 100 μg L-1 diclofenac) applied to Lemna minor compared to the controls. Thus, the increment of GPX and CAT activities indicates that both enzymes function together in preserving the equilibrium of H2O2 content inside TRD-treated plants, which in turn suggests that both enzymes gave a positive antioxidant response to quench ROS in both root and shoot cells.

3.4 Impact of TRD treatment on bacterial diversity and community composition
The microbiome is considered one of the key players in determining overall plant health as well as adaptability to diverse environmental conditions. In the current study, we estimated Shannon and Simpson indices to assess differences in alpha-diversity of the root-associated bacterial community. For both metrics, we did not find statistically significant differences (Holm’s corrected Welch’s t-test, alpha = 0.05) between control and treated plants (Fig. 5). Albeit small, the differences in alpha diversity metrics suggest an effect of the treatment on the root-associated community structure, by promoting diversity and affecting the fitness of otherwise dominant taxa. This could be explained by a direct response to the TRD treatment and/or to changes in exudation patterns, metabolism and/or immunity system of the host plants. At T2, both communities converge to middle values which points to the transitory nature of the suggested effects. Effects of the treatment, in particular on the community structure, can be still appreciated at T2.
PCA was carried out to visualize the effects of time (between T1 and T2) and TRD effects on bacterial community structure (Fig. 6). The PCA separates those barley plants which were treated with TRD from the control ones over the 3rd component (accounting for 10% of the variance). The first component (24 % of the variance) separates the samples according to the sampling time point. PERMANOVA analysis showed that time had a stronger impact on the bacterial community than the TRD treatment (Table 2). Interestingly, we observed a higher variability among control communities' composition concerning treated ones (Fig. 5&6). Thus, we suggest that the treatment might pose environmental constraints to the communities, which causes them to cluster more closely, whilst control communities are able to follow independent and stochastic trajectories, mirroring the “Anna Karenina principle” (Zaneveld et al., 2017). 
We further analysed the active bacterial groups associated with barley roots growing in hydroponic culture either supplemented with or without TRD (Fig. S2). The relative abundances data revealed that root-associated bacterial communities of barley plants were dominated by 16 major families at all time points (for all the treatments). According to the relative abundance values, at the beginning of the experiment (T0), the family Rhizobiaceae (10.02%) followed by Comamonadaceae (6.76%) were the most prominent families while Methylophilaceae (0.94%), Weeksellaceae (0.94%) and Azospirillaceae (0.93%) families comprised the lowest abundant ones. However, along the time, a noticeable change in the relative abundance of Xanthomonadaceae was detected. It’s worthwhile to mention that this family was more pronounced (10.35%) in TRD treated group compared to control ones (7.17%) at T2 and comprised the dominating family at this time-period. Moreover, changes to the relative abundances of Rhizobiaceae (at T1 and T2) and Rhodocyclaceae (at T2) between barley plants exposed to TRD and control plants were observed. Also, relative abundance values revealed that Methylophilaceae was only represented in the treated group while Pseudomonadaceae and Enterobacteriaceae appeared only in control plants at T1. Besides that, the relative abundance of Comamonadaceae was higher in control plants at both time points T1 and T2 compared to treated ones. 
Dombrowski and coauthors (2017), after monitoring the microbiota profile of Arabis alpina for 7 months, noticed that all tested taxonomic ranks were dramatically altered, owing to the residence time of plants in soil instead of either plant stature or plant developmental stages. While, Xiong and coauthors (2021), demonstrated that microbial diversity and composition in plant compartments were strongly affected by plant developmental stages. Moreover, they suggested that the ecological role of bacterial and fungal microbiome significantly shifted along with maize growth stages. In the same direction, it was reported that spike formation is a key stage during wheat growth, influencing either root-associated or rhizospheric bacterial community compositions (Usyskin-Tonne et al., 2021). Also, Yang and coauthors (2017b), recorded noticeable changes in the composition of bacterial communities at different growth stages of barley plants (seedling and booting stages). The same authors showed that Salome barley cultivar had the biggest difference in the bacterial composition of the root-associated communities compared to four other cultivars. Cerqueira and coauthors (2020), concluded that exposure of lettuce plants to 20 or 100 μg L-1 mixtures of antibiotics (trimethoprim, ofloxacin, sulfamethoxazole) caused only a mild shift in the root microbiome. Also, Bigott and coauthors (2022), showed that irrigation practices with treated wastewater and two different concentrations from pharmaceutical cocktail (14 compounds) significantly affected partially the community structure of root-associated bacteria in lettuce plants. Rutere and coauthors (2020), in agreement to our results, reported the enrichment in relative abundance of Xanthomonadaceae in sediment microcosms supplemented with ibuprofen. 
Moreover, Wang and coauthors (2018) showed that Methylophilaceae and Rhizobiaceae, with few other families, were the predominant candidates in ketamine and methamphetamine biodegradation. Methylophilaceae was originally linked to methanol degradation (Kalyuhznaya et al., 2009). Since the metabolism of TRD goes firstly through O- and N-desmethylation (Gong et al., 2014), this may explain the relative enrichment of Methylophilaceae only in TRD treated group. Li and coauthors (2016a), suggested the possibility of Rhodocyclaceae and the genus Ignavibacterium in ibuprofen degradation after their obvious increase in the wetland bed planted with Typha angustifolia.
When the ANCOMBC method was used to isolate differentially abundant bacterial ASVs between treated and non-treated plants for both time points (Fig. 7), a marked enrichment of multiple ASVs at T1 and T2 were observed, with more differentially abundant ones at T2 compared to T1 in TRD-treated plants, which may be due to increasing of TRD concentration across with time inside root tissues (a heatmap visualizing the log transformed relative abundance of the most differentially abundant taxa in control and treated plants is available as supplementary figure, Fig. S3). ASVs belonging to Xanthobacteraceae, Pantoea, Spirosomaceae, Comamonadaceae, Hydrogenophaga, and Pseudacidovorax were significantly differentially abundant at T1 in TRD-treated plants compared to non-treated ones (ANCOMBC, Holm-adjusted p-values≤0.05). ASVs belonging to Pseudoxanthomonas, Sphingopyxis, Sphingomonas, Xanthobacteraceae, Pseudomonadaceae, Chitinophagaceae, Hyphomonadaceae, Comamonadaceae, Pseudacidovorax, Hydrogenophaga, and Bacillaceae were significantly differentially abundant at T2 in barley roots exposed to TRD (ANCOMBC, Holm-adjusted p-values≤ 0.05). It is noteworthy that the ASVs belonging to Hydrogenophaga, U. Xanthobacteraceae and Pseudacidovorax were significantly differentially abundant at both time points (T1 and T2) after exposing barley plants to TRD. Scarce studies are available which demonstrate the effect of TRD on bacterial community composition. Kostanjevecki and coauthors (2019), followed the aerobic degradation of TRD using one year-TRD-acclimatized sludge culture in the presence and absence of glucose as an auxillary carbon source. They noticed the proliferation of Xanthobacter, Methylobacillus, Sphingobacterium and Bacillus genera without glucose supplementation, while, with the addition of glucose, the relative abundance of Enterobacter and Bacillus genera were strongly enriched. Our results are in accordance with the latter observations, especially in the case of the genera enriched during the absence of glucose. Consequently, Kostanjevecki and coauthors (2019), hypothesized that a consortium from Bacillus, Methylobacillus, Enterobacter, Xanthobacter and Sphingobactreium might play a role in the TRD removal process. To the best of our knowledge, there is no information available that shows TRD effects on the rhizospheric or root-associated microbiome structure. However, nowadays there is an interest in monitoring the effect of pharmaceutical compounds on the microbial community composition associated with the plant root as well as its vicinity region. Syranidou and coauthors (2019), recorded that Sphingomonadaceae expresses the highly relatively abundant family along with Methylophilaceae, Burkholderiaceae and Xanthobacteraceae families in root endophytic communities of Juncus acutus plants exposed to high levels of heavy metals (Zn, Ni, Cd) and emerging pollutants (ciprofloxacin, sulfamethoxazole, bisphenol-A). Li and coauthors (2016b), by using pyrosequencing analysis for the rhizospheric bacteria from Typha angustifolia plants exposed to ibuprofen-loaded wastewater, suggested that Dechloromonas sp., Clostridium sp., species from the order Sphingobacteriales, and Cytophaga sp. from the order Cytophagales might be the responsible members for ibuprofen rhizodegradation. Aguilar-Romero and coauthors (2020), showed that ibuprofen and diclofenac affect the composition and differential abundance of bacterial community of biopurification systems microcosm. Also, they suggested that OTUs related to Sphingomonadales, Pseudomonadaceae and Verrucomicrobiaceae were involved in the degradation of ibuprofen, OTUs related to Acidobacteria Group-6 and Legionellaceae for degradation of diclofenac while OTUs related to Chitinophagaceae, Sphingobacteriaceae, Caulobacteraceae and Rhizobiaceae for the degradation of triclosan. The prevalence of Xanthomonadales increased in the roots of lettuce after exposure to a mixture of trimethoprim, ofloxacin and sulfamethoxazole (Cerqueira et al., 2020). Bigott and coauthors (2022), showed that the relative abundance of the genus Hydrogenophaga significantly increased in roots of lettuce plants, by 5-folds, irrigated with wastewater compared to controls that had been irrigated with water. Liu and coauthors (2022), reported an increase in the relative abundances of Bradyrhizobium, Hydrogenophaga and Arthrobacter in both bulk and rhizosphere soil after exposing Arabidopsis plants to poly(butylene adipate-co-terephthalate) microplastics. Moreover, they suggested that these microbes, besides those found in the plant root zone, could play a crucial role in xenobiotics degradation depending on the results from functional prediction analysis. 
4. Conclusion 
The current work demonstrates the effect of TRD on plant performance as well as its repercussion on the root-associated bacteria community, after 12 and 24 days of exposure. Results showed that TRD accumulated in barley roots over time revealing an easy uptake of this cationic compound. The accumulation of TRD in barley roots is concomitant with an oxidative burst accompanied by increasing activities of GPX and CAT. Furthermore, noticeable inductions in GSTs activities, in both root and shoot tissues, were recorded which might influence stress detoxification cycles as well as the TRD metabolization process. Previous findings comply with our hypothesis (H1) that suggested the effect of TRD on the plant antioxidant system. The exposure of barley plants to TRD leads to alterations in the root-associated bacterial community composition with a persistent representation of ASVs belonging to certain bacteria (Hydrogenophaga, U. Xanthobacteraceae and Pseudacidovorax) across time. The former conclusion is in accordance with our hypothesis (H2) that postulated an impact of TRD on the bacterial community structure of the plant root. Thus, irrigation of crop plants with TRD-bearing water for longer periods might cause a higher accumulation of this compound inside the plant root which in turn might drive drastic changes in both antioxidant system and the root-associated bacterial community. These studies using plants until harvesting stage also can be done to confirm the achieved effects on plant performance as well as crop production quality over a longer time scale. Further studies should be done to distinguish whether the microbiome changes are due to the direct (linked to TRD metabolization) or indirect (linked to plant physiological changes) effects of TRD and whether naturally occurring microbial communities (eg, in agricultural soil, where microbes are already accustomed to the presence of xenobiotic compounds) would prove more resistant to TRD-derived effects. 
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