	
Accession-specific responses to metal stress
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Abstract
The commonly used Arabidopsis thaliana natural accessions Columbia (Col-0) and Wassilewskija (Ws) are known to differ in their metal sensitivity, with Col-0 being more sensitive to copper (Cu) and cadmium (Cd) than Ws. As both Cu and Cd are known to affect Cu homeostasis, it was investigated whether this process is part of an accession-specific mechanism underlying their difference in metal sensitivity. As roots are the first contact point during metal exposure, responses were compared between roots of both accessions of hydroponically grown plants exposed to excess Cu or Cd for 24 and 72 h.
Root Cu levels increased in both accessions under Cu and Cd exposure. However, under Cu exposure, the downregulation of Cu transporter (COPT) genes in combination with a more pronounced upregulation of metallothionein gene MT2b indicated that Ws plants coped better with the elevated Cu concentrations. The Cd-induced disturbance in Cu homeostasis was more efficiently counteracted in roots of Ws plants than in Col-0 plants. This was indicated by a higher upregulation of the SPL7-mediated pathway, crucial in the regulation of the Cu homeostasis response. 
In conclusion, maintaining the Cu homeostasis response in roots is key to accession-specific differences in Cu and Cd sensitivity.
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1. 
Introduction
Arabidopsis thaliana is widely used as a molecular and genetic model plant (The Arabidopsis Genome Initiative, 2000). More than 7000 accessions have been collected from the wild and are available in seed stock centers. They are the result of different geografic and ecological conditions, creating unique selective pressures (Weigel, 2012; The 1001 Genomes Consortium, 2016). Since distinctive selective pressures probably result in different life strategies, accessions are perfect tools to evaluate plant responses to adverse environmental conditions of biotic (Kuśnierczyk et al., 2007) or abiotic origin such as metal exposure (Barah et al., 2013a, 2013b; Wang et al., 2013). 
Copper (Cu) is a redox-active essential micronutrient used as a cofactor in different enzymes crucial within the cellular metabolism. However, excess Cu can inhibit many enzymes and interfere with physiological processes (Lequeux et al., 2010; Yruela, 2005, 2009). Moreover, Cu catalyzes reactive oxygen species (ROS) formation through the Fenton and Haber-Weiss reactions and hence is able to directly induce oxidative stress (Drążkiewicz et al., 2004). As such, the tight regulation of Cu storage and distribution is essential to maintain Cu homeostasis and avoid impaired plant growth and development. In A. thaliana, the transcription factor SQUAMOSA promoter binding protein like7 (SPL7) is a central regulator of Cu homeostasis. Upon Cu deficiency, active SPL7 mediates the induction of several Cu transporters [e.g. Cu transporter 2 (COPT2) and ZRT/IRT-like protein2 (ZIP2)] to increase Cu uptake. In addition, cupro-microRNAs are increased to reallocate Cu to essential proteins such as plastocyanin (Yamasaki et al., 2009). 
Cadmium (Cd) is a highly phytotoxic non-essential element that, although not redox-active, interferes with cellular metabolism and antioxidative mechanisms, thereby indirectly inducing oxidative stress (Smeets et al., 2005, 2008). Even in low concentrations, exposure to Cd affects plant growth and cellular processes (Cuypers et al., 2010; Lux et al., 2011; Park et al., 2012; Smeets et al., 2008; Verbruggen et al., 2009). Interestingly, recent studies showed that Cd affects Cu homeostasis by inducing SPL7-dependent Cu deficiency-like responses in A. thaliana (accession Col-0) (Gayomba et al., 2013; Gielen et al., 2016, 2017). These responses were shown to be required for basal Cd tolerance, as seedlings without functional SPL7 are hypersensitive to Cd (Gayomba et al., 2013). Moreover, Cu deficiency responses were diminished in roots and even disappeared in leaves of Cd-exposed plants that received supplemental Cu (Gielen et al., 2016, 2017). 
[bookmark: Mendeley_Bookmark_BhafNmeikL][bookmark: Mendeley_Bookmark_ABkb4T5FO1][bookmark: Mendeley_Bookmark_6PXxYbaFVT]Although comparative studies are limited, some studies demonstrated A. thaliana accessions to respond differently to metal stress. Murphy and Taiz (1995a) reported Col-0 plants to be more sensitive to Cd than Ws plants. In addition, they revealed significant levels of inducible Cu tolerance in Ws and a low constitutive tolerance to Cu in Col-0 plants (Murphy and Taiz, 1995a). This accession-specific Cu sensitivity was later associated with a differential regulation of the Cu-chelating metallothionein 2 (MT2) gene (Murphy and Taiz, 1995b) and different levels of potassium leakage (Murphy and Taiz, 1997). Also Schiavon et al. (2007) described the Ws accession as less sensitive to Cu than Col-0, notwithstanding the higher accumulation of Cu in Ws roots and shoots. These authors hypothesized that the lower sensitivity to higher Cu concentrations in Ws plants was not related to better metal exclusion, but that it could reflect a lower level of Cu-induced nutrient deficiency (Schiavon et al., 2007). Furthermore, Park et al. (2012) showed Col-0 to be more sensitive to Cd than Ws, potentially related to differential expression and physiological function of the Heavy Metal ATPase (HMA) transporter genes, and therefore a different inter-organ transport of elements. The increased Cu and Cd sensitivity of Col-0 as compared to Ws was also confirmed by Amaral dos Reis et al. (2018). The authors demonstrated that leaves of both accessions use different strategies to cope with metal stress. Whereas leaves of Ws plants mainly invest in maintaining nutrient homeostasis, leaves of Col-0 plants invest primarily in metal detoxification (Amaral dos Reis et al., 2018). Nevertheless, responses in roots have so far not been studied in detail. 
However, as roots are the first plant organ in contact with elements, they are directly affected by excess metal concentrations in the growth medium. As such, this study focuses on comparing the responses of Col-0 and Ws roots to Cu and Cd stress after 24 and 72 h of exposure. As excess Cu and Cd both affect Cu homeostasis, the current study investigates whether Col-0 and Ws roots cope differently with these changes to gain further insight into the observed differences in metal sensitivity between both accessions. In particular, Cu- and Cd-induced effects on root growth, metal content and transport, cell wall-related parameters and their associated oxidative stress signatures are studied to reveal accession-specific alterations to Cu homeostasis with special attention to Cd-induced Cu deficiency-like responses.

2. Material and Methods
2.1. Plant material and metal sensitivity
Arabidopsis thaliana plants, accessions Col-0 and Ws, were hydroponically grown on a supporting matrix of sand as described by Keunen et al. (2011) under a 12 h/12 h day/night regime, at 22 °C/18 °C respectively, and 65% relative humidity. Light was provided by a combination of blue, red and far red Philips Green-Power LED-modules with a light intensity of 170 µmol m-2 s-1 at the rosette level.
[bookmark: _Hlk69131125]After 19 days of growth under control conditions, plants were exposed to 2 µM Cu (i.e. Cu excess) or 5 µM Cd via the roots by addition of a CuSO4 or CdSO4 stock solution to the growth medium, or further grown under control conditions (32 nM CuSO4). After 24 and 72 h of metal exposure, root and leaf samples were harvested. Samples for element determination were processed as described below, while samples for other analyses were snap-frozen in liquid nitrogen and stored at -70 °C. Root and leaf fresh weight (FW) were determined at harvest.
To determine the metal sensitivity of Col-0 and Ws roots, their stress tolerance index was calculated using the following formula: stress tolerance index = (weight stress / weight control) x 100 (Shah et al., 2020).

2.2. Determination of metal concentrations
Root samples harvested for Cu and Cd determination were washed for 15 min in 10 mM Pb(NO3)2 at 4 °C to remove surface-bound metals (Russo et al., 2008) and subsequently rinsed in distilled water. Leaf samples were only rinsed in distilled water. After drying at 60 °C for at least one week, samples were weighed to determine the dry weight (DW) and the dry matter content (DMC) per plant, with the latter calculated as the ratio between the dry and fresh weight. Afterwards, samples were first digested in HNO3 (65%) in a microwave oven (CEM MDS-2000 Microwave Digestor Oven, CEM Corporation). Subsequently, samples were 5-fold diluted in ultrapure water. The Cu and Cd concentrations in the acid-digested samples were determined by atomic absorption spectrophotometry (Unicam Solaar M, Thermo Fisher Scientific, Inc.). For Cd determination, a graphite furnace was used. The Cu and Cd content were calculated by multiplying Cu and Cd concentrations with the DW of one root or rosette.

2.3. Enzymatic activity determination
The activities of guaiacol peroxidase (GPOD), syringaldazine peroxidase (SPOD), superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), and glucose-6-phospate dehydrogenase (G6PDH) were spectrophotometrically determined (UV-1800 UV-VIS Spectrophotometer, Shimadzu Corporation) in purified protein extracts as previously described by Amaral dos Reis et al. (2018).

2.4. Determination of lignin concentrations
Root samples were first lyophilized to isolate the cell wall residue (CWR) before lignin solubilization via the acetyl bromide method (Van Acker et al., 2013). The lyophilized material was incubated in ultrapure water for 30 min at 98 °C, while shaking at 750 rpm. The supernatant was discarded after centrifugation at 16 000 x g for 3 min. To pellet the CWR, the root material was incubated four times for 30 min while shaking at 750 rpm, the first and second time in ethanol at 76 °C, thirdly in chloroform at 59 °C, and the fourth time in acetone at 54 °C. Each of the incubation steps was followed by centrifugation at 16 000 x g for 3 min and removal of the supernatant. The final CWR pellet was dried for 24 h before treatment with 25% (v/v) acetyl bromide/glacial acetic acid and 60% perchloric acid and incubated at 70 °C, 850 rpm for 30 min. After centrifugation for 15 min at 16 000 x g, the supernatant was transferred to a new tube to which 2 M NaOH and glacial acetic acid were added. The remaining pellet was again washed with glacial acetic acid and centrifuged for 3 min at 16 000 x g. Both supernatant fractions were then combined to constitute the lignin extract, which was additionally 1.5-fold diluted using glacial acetic acid. After vortexing, the lignin mixture was incubated for 20 min at room temperature and the absorbance was measured at 280 nm against a similarly processed blank sample (no CWR) (NanoDrop ND-1000 spectrophotometer, Thermo Fisher Scientific, Inc.). Lignin concentrations were calculated using the Lambert-Beer law, considering an extinction coefficient of 23.35 M-1 cm-1.

2.5. Gene expression analysis
Frozen root samples were shredded twice under ice-cold conditions for 1 min at a frequency of 30 Hz (Retsch Mixer Mill MM400, Verder Scientific GmbH & Co. KG). From the homogenized root samples, RNA was extracted using the Ambion™ RNAqueous® Kit (Life Technologies). The RNA concentration and quality were determined using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Inc.). Any residual genomic DNA was removed using the TURBO DNA-free™ Kit (Life Technologies). Subsequently, cDNA was synthesized from equal amounts (0.8 µg) of RNA using the PrimeScript™ RT Reagent Kit (Perfect Real Time; TAKARA BIO Inc.).
Real-time quantitative PCR (qPCR) analysis was performed using the Applied Biosystems™ Fast SYBR® Master Mix (Life Technologies) and 300 nM of specific forward and reverse primers (Supplemental Table 1). The amplification reaction was performed in the Applied Biosystems™ 7500 Fast Real Time PCR System (Life Technologies) and consisted of an initial denaturation at 95 °C for 20 sec, followed by 40 cycles of 3 sec denaturation at 95 °C and 30 sec annealing/elongation at 60 °C. To confirm product specificity, a dissociation curve was generated. Ten candidate reference genes (Remans et al., 2008) were analyzed. From these, AT2G28390, AT4G05320, AT4G34270 and AT5G55840 were selected using the GrayNorm algorithm (Remans et al., 2014) to normalize the expression levels of the genes of interest (Supplemental Table 1). Supplemental Table 2 shows the qPCR parameters according to the Minimum Information for publication of qPCR Experiments (MIQE) guidelines (Bustin et al., 2009).

2.6. Statistical analyses
Statistical analyses were performed using R 3.3.1 (R Core Team, 2016) running on RStudio 0.99.903 (RStudio Team, 2015). While normality of the data was verified using the Shapiro-Wilk test, homoscedasticity was confirmed via Bartlett’s and Levene’s tests. When assumptions were met, the data were analyzed via one- or two-way ANOVA, followed by post-hoc analysis via the Tukey’s HSD test. Datasets that were not normally distributed were analyzed via the Kruskal-Wallis test. For gene expression datasets, statistical analysis was performed on the fold change data (i.e. all values were expressed relative to the control value of the same accession), which were log-transformed before statistical analysis. Outliers were determined using the Extreme Studentized Deviate method (GraphPad Software, San Diego, CA, USA) at significance level 0.05 and removed from the analysis. 

3. Results
3.1. Growth and metal content
Arabidopsis natural accessions Col-0 and Ws are morphologically different plants (Passardi et al., 2007). Under control conditions, at each of the time points, roots of Ws plants were always significantly larger than Col-0 roots (Figure 1A). Although both Cu and Cd inhibited root growth of Col-0 and Ws, as indicated by a decreased fresh weight, the effects of Cd exposure were only significant after 72 h (Figure 1A). Similar responses were observed for the dry root weight (Figure 1B).
Short-term Cu exposure resulted in a higher DMC in roots, which was also observed after 72 h of exposure, although to a lesser extent (Figure 1C). As observed for the root weight, only prolonged Cd exposure (72 h) resulted in a significant DMC increase in plants of both accessions (Figure 1C).
To evaluate the effects on root growth over time, the changes in FW and DW (relative to the FW and DW at 0 h) were calculated and expressed as percentages (Table 1). Root growth was significantly affected by exposure to Cu and Cd, but the effects were most pronounced after Cu exposure. Whereas roots of Cd-exposed plants still displayed growth, the FW of Cu-exposed roots even decreased over time. Although root growth was affected by metal exposure within each accession, Col-0 root growth over time appeared to be more strongly affected than that of Ws plants (Table 1). To gain more insight into the metal sensitivities of both accessions, the stress tolerance index was calculated for Cu- and Cd-exposed plants after both exposure durations. The obtained results confirm that both accessions are more sensitive to 2 µM Cu than to 5 µM Cd. Furthermore, they emphasize the higher metal sensitivity of Col-0 as compared to Ws roots (Table 1).
The content of Cu and Cd was determined in roots and leaves of control, Cu- and Cd-exposed plants (Table 2). After Cu exposure, Cu content increased in roots and leaves of both accessions. Nevertheless, the increase in roots was much more pronounced as compared to that in leaves. After exposure to Cd, Cu content significantly increased in roots of both accessions, whereas leaf Cu content remained unchanged (Table 2). Under control conditions, roots and leaves of Ws plants were generally characterized by higher Cu contents than those of Col-0 plants, which is related to their larger size. The same was observed for the Cd content in roots and leaves of Cd-exposed plants (Table 2).

3.2. Cell wall-related parameters 
After 72 h of exposure to excess Cu, GPOD and SPOD activities were significantly increased in both Col-0 and Ws roots (Figure 2). Although Cd exposure increased GPOD activity in Col-0 and Ws roots after 72 h (Figure 2A), SPOD activity was only significantly higher in roots of Cd-exposed Ws plants at this time point (Figure 2B).
Prior to the assessment of lignin concentrations, starch was removed from the cell wall, resulting in lignocellulosic-rich CWR. The percentage of CWR in Col-0 and Ws roots was significantly enhanced after 72 h of exposure to excess Cu and Cd, with a smaller increase observed for Cd-exposed roots (Figure 3A). Furthermore, Cu significantly increased the lignin concentration of Col-0 roots after 24 h (Figure 3B). On the other hand, roots of Col-0 plants exposed to 5 µM Cd for 72 h showed a significantly lower lignin concentration as compared to control plants (Figure 3B).

3.3. Oxidative stress-related parameters
Whereas Cd exposure induced a significant increase in CAT activity after 24 h in Col-0 roots, a significant increase in its activity was observed only after 72 h of Cu exposure in Ws roots (Table 3). Glutathione reductase activity was particularly enhanced by excess Cu, which was significant in roots of Col-0 (24 and 72 h) and Ws (only 72 h) plants. After 72 h, Cd exposure led to a higher GR activity in Ws roots (Table 3). In addition, as compared to the non-exposed controls, G6PDH activities were obviously higher after 72 h of metal exposure, although this was only significant in roots of Ws plants (Table 3).

3.4. Gene expression analysis
Transcript levels of the oxidative stress hallmark genes described by Gadjev et al. (2006) were generally upregulated in Col-0 and Ws roots after exposure to excess Cu and Cd. Overall, the levels of these transcripts were higher in roots of plants exposed to Cu than in those exposed to Cd. The induction of these genes was the highest after 24 h of Cu exposure in both accessions and was lower after 72 h. In roots of Cd-exposed Col-0 plants, a similar expression profile was observed, whereas in Ws the induction became more pronounced after 72 h of Cd exposure (Table 4).
Concerning the genes encoding antioxidative enzymes, a clear metal-induced opposite regulation of the SODs was noticed. Whereas Cu exposure resulted in higher CSD transcript levels, a downregulation was seen after Cd exposure. An opposite regulation was observed for FSD1 gene expression. In addition, it should be noted that the degree of FSD1 upregulation was significantly higher in roots of Cd-exposed Ws than Col-0 plants (Table 4). Similar to FSD1 expression, transcript levels of COPT genes were predominantly downregulated in roots of Cu-exposed plants and upregulated in roots of plants exposed to Cd (Table 4).
Both Cu and Cd exposure led to higher MT1a and MT2a expression in Col-0 and Ws roots, whereas a significant downregulation was observed for MT1c gene expression. Concerning MT2b, a clear metal- and accession-dependent response was observed (Table 4). Excess Cu resulted in an upregulation of MT2b transcript levels in both accessions, although this was significantly higher in Ws than in Col-0 roots. On the other hand, Cd exposure resulted in MT2b downregulation in Col-0 after 72 h, while an upregulation was noticed in Ws roots (Table 4). 

4. Discussion INLEIDENDE ZIN TOEVOEGEN!
The main aim of this study was to determine differences in the sensitivity of Col-0 and Ws roots to Cd and excess Cu. First, their growth was monitored in response to metal exposure. To subsequently gain insight into the mechanisms underlying their different metal sensitivity, particular emphasis was placed on the strategies both ecotypes adopt to restore Cu homeostasis (Figure 4).

4.1. Metal-induced root growth inhibition is more pronounced in Col-0
[bookmark: Mendeley_Bookmark_4dFTjZvGBy]In this study, the most discernable morphological distinction between Col-0 and Ws accessions is related to root biomass. The root weight of Ws plants grown in control conditions was significantly higher than that of Col-0 plants (Figure 1A). Beemster et al. (2002) studied the root growth rates of 18 different Arabidopsis accessions, including Col-0 and Ws, and described Ws as the faster growing accession. This was associated to longer mature cortical cells and higher cell production rates (Beemster et al., 2002). These distinctive physiological characteristics probably explain the observed differences in root growth between the two accessions in the current study (Figure 1A). Previous research showed that rosette fresh weight of Ws plants was also significantly higher as compared to that of Col-0 plants under the same growth conditions used in this study (Amaral dos Reis et al., 2018).
[bookmark: _Hlk69133388][bookmark: Mendeley_Bookmark_uHeVlWrL9v][bookmark: Mendeley_Bookmark_AFGI9EfF2W]Exposure to excess Cu and Cd affected Col-0 and Ws root growth. As evidenced by the average root fresh (Figure 1A) and dry (Figure 1B) weights, a stress response was significant immediately after short-term exposure (24 h) to 2 µM Cu, while the response to 5 µM Cd only became significant after prolonged exposure (72 h). Whereas root FW strongly increased within the time course of the experiment for control plants, this was limited for Cd-exposed plants and it even decreased in the first 24 h for Cu-exposed plants (Table 1). Furthermore, the results indicate that Ws is less sensitive to metal stress as compared to Col-0, which is further supported by the higher stress tolerance index for Ws roots (Table 1; Figure 4). This parameter indicates the FW or DW of stressed plants in comparison to that of control plants of the same accession. The lower metal sensitivity of the Ws accession is in agreement with previous reports (Murphy and Taiz, 1995a; Park et al., 2012; Schiavon et al., 2007). Moreover, DMC and CWR levels of Cu-exposed roots complement and support this statement. While Cd-induced effects on DMC (Figure 1C) can be associated, in both accessions, to changes in the CWR (Figure 3A) arising from increased lignification (Figure 3B) and/or other cell wall components, our results suggest distinct Cu-induced responses occurring in Col-0 and Ws roots. Whereas Cu-induced higher DMC is related to increased CWR levels in Ws roots, this is not observed in Col-0 roots (Figures 1C and 3A). The increase in DMC observed after 24 h Cu exposure is not accompanied by similar changes in CWR levels, indicating that Col-0 roots were losing water, probably due to significant membrane damage. Indeed, intracellular free Cu ions interact with several molecules to increase the production of ROS, which in turn cause membrane lipid peroxidation, leading to further (secondary) damage to membrane proteins and, ultimately, cell death (Cuypers et al., 2011; Gielen et al., 2016; Moller et al., 2007; Yruela, 2005, 2009).
4.2. Root Cu levels increase upon Cd exposure
[bookmark: Mendeley_Bookmark_aFM5ReQNMq]Exposure of plants to excess Cu or Cd resulted in elevated metal accumulation in the roots (Table 2). After exposure to 5 µM Cd, plants of both accessions showed a higher Cu content in the roots, whereas no changes were observed in the leaf Cu content. These data indicate Cd-induced alterations in Cu homeostasis as described by Gayomba et al. (2013) for Col-0 plants. The increased root Cu content upon Cd exposure is likely linked to a significantly decreased root-to-shoot Cu translocation, as shown by Amaral dos Reis et al. (2018). Furthermore, it might be the result of increased Cu uptake due to the perception of Cu deficiency in Cd-exposed plants. This Cd-induced Cu deficiency response was previously reported by Gielen et al. (2017). The authors proposed that phytochelatins (i.e. Cd-chelating glutathione oligomers) produced upon Cd exposure might also chelate Cu, thereby reducing free Cu levels and creating the perception of Cu deficiency. This subsequently activates the SPL7 transcription factor, which induces the expression of several genes involved in Cu uptake and reallocation (Gielen et al., 2017). However, although excess Cu and Cd are known to affect Cu homeostasis, a potential link between differential regulation of Cu homeostasis and accession-specific sensitivities to Cu and Cd is yet to be established.
4.3. Restoration of Cu homeostasis upon metal stress occurs more efficiently in Ws roots
In accordance with previous studies (Gayomba et al., 2013; Gielen et al., 2016), transcript levels of two Cu/Zn-SOD isozyme genes (CSD1 and CSD2) were downregulated after 72 h exposure to 5 µM Cd, while FSD1 (iron isozyme) transcript levels were upregulated at both time points (Table 4), suggesting activation of an SPL7-mediated Cu deficiency-like response. However, the expression of FSD1 was significantly more upregulated after 24 h in roots of Cd-exposed Ws than in those of Col-0 plants, suggesting that Ws plants are rapidly able to effectively counteract Cd-induced Cu deficiency responses (Figure 4). Interestingly, Gayomba et al. (2013) observed that spl7 mutant plants were hypersensitive to Cd, suggesting these SPL7-mediated pathways to be required for basal Cd tolerance. Therefore, the decreased Cd sensitivity of Ws plants is amongst others likely linked to their ability to better counteract Cd-induced alterations to Cu homeostasis via SPL7-mediated pathways in the roots. In a previous study using the same experimental set-up, no significant effects on transcript levels of SOD-encoding genes were observed in leaves of Cd-exposed Col-0 and Ws plants (Amaral dos Reis et al., 2018), suggesting that Cd-induced SPL7-mediated responses are specifically targeted to the roots.
[bookmark: Mendeley_Bookmark_Riftd43dzW]Sancenón et al. (2003) described CRT-type copper transport protein 1 (COPT1) and COPT2 as regulated by Cu availability in Col-0 plants. As expected, transcript levels of these plasma membrane high-affinity Cu transporters were significantly downregulated in Ws roots exposed to 2 µM Cu, whereas this was only observed for COPT2 in roots of Col-0 plants (Table 4). This indicates that the Ws accession rapidly attempts to lower the amounts of Cu transported into the cells to avoid Cu toxicity. This also suggests that roots of Ws plants are able to cope better with excess Cu than Col-0 roots and are therefore less sensitive, as observed before (Murphy and Taiz, 1995a; Schiavon et al., 2007) (Figure 4). In view of Cd-induced Cu deficiency-like responses, the upregulation of COPT1 (Table 4) emerges as an attempt to enhance Cu uptake in the roots to counteract what is perceived as Cu deficiency. However, while this upregulation was observed at both 24 and 72 h in Col-0 plants, it only occurred after 24 h in Ws plants (Table 4). This further suggests that the latter accession rapidly counterbalances Cd-induced alterations to Cu homeostasis, thereby contributing to its reduced Cd sensitivity as compared to that of Col-0 plants (Figure 4). 
Transcript levels of the intracellular vacuolar Cu transporter COPT5 were not altered in roots of plants exposed to 2 µM Cu, but were significantly upregulated in roots of plants exposed to 5 µM Cd (Table 4). A similar response was previously reported in leaves (Amaral dos Reis et al., 2018). The COPT5 gene is mostly expressed in roots and is particularly associated with the endodermis and vascular tissues (Garcia-Molina et al., 2011). Earlier studies suggest that this vacuolar Cu exporter plays a role in plant responses to environmental Cu deficiency, probably by remobilizing Cu from prevacuolar vesicles into the cytosol (Garcia-Molina et al., 2011; Klaumann et al., 2011). This is in agreement with the observed Cd-induced Cu deficiency in both accessions. However, roots of Cd-exposed Ws plants showed a continued upregulation of COPT5 together with restored COPT1 expression levels at 72 h, whereas this was not observed in Col-0 roots (Table 4). This again suggests that Ws plants react more efficiently and better remobilize the intracellular Cu stores in response to the perceived Cd-induced Cu deficiency as compared to the Col-0 accession, resulting in Ws plants being less sensitive to Cd (Figure 4).
[bookmark: Mendeley_Bookmark_2oebZgz5uV]The overall upregulation of MT2a (Table 4) can be related to the observed increased Cu concentrations after both Cu and Cd exposure, as MTs serve a role in buffering intracellular Cu levels to avoid damage (Guo et al., 2008). Murphy and Taiz (1995b) reported MT1 expression to be constant in Arabidopsis after Cu exposure, while MT2 was Cu-inducible. In addition, Ws plants were more tolerant to Cu than Col-0 plants, which was suggested to be strongly positively correlated with MT2 expression levels (Murphy and Taiz, 1995b). Considering that a higher Cu tolerance is associated with higher MT2 levels (Murphy and Taiz, 1995b), the significantly higher up-regulation of MT2b in Ws than in Col-0 roots (Table 4) supports Ws plants to be less sensitive to excess Cu as compared to Col-0 plants (Figure 4). As reported by Amaral dos Reis et al. (2018), Cu-induced MT2b upregulation was also more pronounced in leaves of Ws as compared to Col-0 plants. This further underlines that the regulation of Cu homeostasis at least partly explains the accession-specific sensitivities to Cu.
Concerning Cd-induced Cu deficiency responses, a clear accession-specific difference in MT2b expression was observed. More specifically, MT2b was downregulated in roots of Col-0 plants and upregulated in those of Ws plants (Table 4). The MT2b protein could act as a storage mechanism to provide Cu as a cofactor for laccases catalyzing lignification of the cell wall (Guo et al., 2003). The expression differences between both accessions coincide with the lower amount of lignification in Cd-exposed Col-0 plants and no increased SPOD activity, while this is the opposite in Cd-exposed Ws plants (Figures 2B and 3B). This indicates that lignification can be maintained in Ws plants, suggesting that the binding properties of the cell wall and its role in Cd detoxification are important underlying mechanisms of the improved Cd tolerance in Ws as compared to Col-0 plants. As lignification depends on proper Cu homeostasis (Printz et al., 2016), this again underlines its influence on plant Cd sensitivity.
[bookmark: Mendeley_Bookmark_LJkNrfDeJo]In conclusion, our results indicate that Ws plants are less sensitive to excess Cu and Cd than Col-0 plants, which is in agreement with earlier studies (Amaral dos Reis et al., 2018; Murphy and Taiz, 1995a; Park et al., 2012; Schiavon et al., 2007). Major differences in the response of both accessions to excess Cu and Cd are related to how plants are able to cope with and recover from the alterations to Cu homeostasis induced by both metals. Ultimately, the regulation of Cu homeostasis is put forward as a crucial determinant of the Cu and Cd sensitivities of Col-0 and Ws plants. In this context, regulation of Cu uptake, reallocation, remobilization and chelation are of major importance to combat metal stress. Whereas Col-0 and Ws plants use similar mechanisms to restore Cu homeostasis upon exposure to Cd or excess Cu, responses are generally more efficient in the latter ecotype, ultimately contributing to its lower metal sensitivity (Figure 4).
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Tables
Table 1. Root growth and stress tolerance.
	 
	 
	Time
	Col-0
	Ws

	 
	 
	
	Control
	2 µM Cu
	5 µM Cd
	Control
	2 µM Cu
	5 µM Cd

	FW
	Growth
	24 h
	+ 43%
	- 57%
	+ 29%
	+ 54%
	- 31%
	+ 54%

	
	
	72 h
	+ 186%
	- 57%
	+ 29%
	+ 246%
	- 15%
	+ 123%

	
	STI
	24 h
	 -
	30
	90
	-
	45
	100

	
	
	72 h
	 -
	15
	45
	-
	24
	64

	DW
	Growth
	24 h
	+ 47%
	- 13%
	+ 30%
	+ 62%
	+ 14%
	+ 71%

	
	
	72 h
	+ 181%
	- 24%
	+ 52%
	+ 222%
	+ 7%
	+ 138%

	
	STI
	24 h
	-
	59
	88
	-
	70
	105

	
	
	72 h
	-
	27
	54
	-
	33
	74



	 
	 
	Time
	Col-0
	Ws

	 
	 
	
	Control
	2 µM Cu
	5 µM Cd
	Control
	2 µM Cu
	5 µM Cd

	FW
	Growth
	24 h
	+ 43%
	- 57%
	+ 29%
	+ 54%
	- 31%
	+ 54%

	
	
	72 h
	+ 186%
	- 57%
	+ 29%
	+ 246%
	- 15%
	+ 123%

	
	STI
	24 h
	 -
	30
	90
	-
	45
	100

	
	
	72 h
	 -
	15
	45
	-
	24
	64

	DW
	Growth
	24 h
	+ 47%
	- 13%
	+ 30%
	+ 62%
	+ 14%
	+ 71%

	
	
	72 h
	+ 181%
	- 24%
	+ 52%
	+ 222%
	+ 7%
	+ 138%

	
	STI
	24 h
	-
	59
	88
	-
	70
	105

	
	
	72 h
	-
	27
	54
	-
	33
	74


Percentage of root growth over time and root stress tolerance index (STI) of Columbia (Col-0) and Wassilewskija (Ws) Arabidopsis thaliana plants exposed to 2 µM Cu or 5 µM Cd for 24 and 72 h from day 19 after sowing. Both parameters were calculated based on the root fresh weight (FW) as well as the root dry weight (DW). The percentage of root growth is expressed as the increase (+) or decrease (-) in root weight compared to the root weight at the start of exposure (0 h). The stress tolerance index is calculated using the following formula: (weight stressed / weight control) x 100. Higher values indicate a higher stress tolerance. 
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Table 2. Copper and cadmium content. 
	
 
	 
	Time
	Col-0
	Ws

	 
	 
	
	Control
	2 µM Cu
	5 µM Cd
	Control
	2 µM Cu
	5 µM Cd

	Leaves
	Cu
	24 h
	27.15 ± 1.18 a, A
	44.32 ± 2.86 b
	28.79 ± 1.58 a
	38.20 ± 0.51 a, A
	39.25 ± 1.06 a
	36.91 ± 1.18 a

	
	
	72 h
	37.65 ± 1.78 a, A
	47.81 ± 5.83 a
	28.04 ± 3.44 a
	57.01 ± 5.05 a, B
	49.90 ± 2.94 a
	43.92 ± 0.54 a

	
	Cd
	24 h
	̶̶̶̶̶̶̶̶̶ ̶
	̶ ̶
	2666.53 ± 214.70 †
	̶ ̶
	̶ ̶
	3736.20 ± 125.56 ††

	
	
	72 h
	̶ ̶
	̶ ̶
	5645.30 ± 527.16 †
	̶ ̶
	̶ ̶
	9655.27 ± 111.29 ††

	Roots
	Cu
	24 h
	10.77 ± 1.26 a, A
	611.00 ± 45.70 c
	22.25 ± 1.70 b
	21.67 ± 2.25 a, B
	959.90 ± 86.29 c
	32.74 ± 1.00 b

	
	
	72 h
	16.27 ± 0.54 a, AB
	461.00 ± 94.17 c
	30.66 ± 1.21 b
	22.18 ± 1.83 a, B
	849.67 ± 126.11 c
	42.35 ± 2.12 b

	
	Cd
	24 h
	̶̶̶̶̶̶̶̶̶ ̶
	̶ ̶
	195.17 ± 29.19 †
	̶ ̶
	̶ ̶
	867.27 ± 116.52 ††

	
	
	72 h
	̶ ̶
	̶ ̶
	474.43 ± 45.72 †
	̶ ̶
	̶ ̶
	1409.63 ± 231.83 ††

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	̶̶̶̶̶̶̶̶̶
	̶̶̶̶̶̶̶̶̶
	
	̶̶̶̶̶̶̶
	̶̶̶̶̶̶̶̶
	

	
	
	
	̶̶̶̶̶
	̶̶̶̶̶̶̶̶̶
	
	̶̶̶̶̶̶̶
	̶̶̶̶̶̶̶
	



Root and leaf copper and cadmium content (ng plant-1) in Columbia (Col-0) and Wassilewskija (Ws) Arabidopsis thaliana plants exposed to 2 µM Cu or 5 µM Cd for 24 and 72 h from day 19 after sowing. Values represent the mean ± S.E. of three biological replicates. Statistically significant differences are indicated by different lower case letters (within accession and time point), different upper case letters (between controls) or dagger signs (†, within time point for Cd exposure) (P < 0.05).

Table 3. Antioxidative and redox-regulating enzymatic activity. 
	
	Time
	Col-0
	Ws

	
	
	Control
	2 µM Cu
	5 µM Cd
	Control
	2 µM Cu
	5 µM Cd

	SOD
	24 h
	109.79 ± 18.5
	116.81 ± 24.95
	68.96 ± 15
	70.31 ± 14.47
	80.88 ± 23.15
	67.19 ± 3.82

	
	72 h
	101.05 ± 26
	142.45 ± 20.66
	112 ± 16.42
	118.85 ± 38.54
	139.73 ± 18.9
	115.34 ± 20.21

	CAT
	24 h
	0.45 ± 0.39 a
	1.01 ± 0.29 a
	3.38 ± 0.94 b
	1.58 ± 0.33
	1.27 ± 0.81
	3.37 ± 2.14

	
	72 h
	1.16 ± 0.64
	2.43 ± 0.52
	1.03 ± 0.12
	1.28 ± 0.72 a
	5.27 ± 1.49 b
	1.75 ± 0.23 ab

	GR
	24 h
	42.86 ± 2.78 a
	178.89 ± 42.38 b
	88.78 ± 0.02 ab
	63.9 ± 16.69
	123.34 ± 37.4
	89.22 ± 20.75

	
	72 h
	105.89 ± 24.99 a
	289.85 ± 32.58 b
	169.91 ± 13.02 a
	64.67 ± 25.36 a
	266.04 ± 18.17 b
	243.93 ± 22.17 b

	G6PDH
	24 h
	5.04 ± 1.57
	5.96 ± 2.18
	21.59 ± 10.8
	16.53 ± 5.25
	5.42 ± 1.72
	9.98 ± 5.01

	
	72 h
	5.98 ± 1.9
	37.02 ± 11.45
	26.06 ± 1.65
	9.27 ± 5 a
	63.75 ± 9.36 b
	55.49 ± 9.97 b


[bookmark: _Ref471991419]
Antioxidative and redox-regulating enzymatic activity (mU mg-1 fresh weight) in roots of Columbia (Col-0) and Wassilewskija (Ws) Arabidopsis thaliana plants exposed to 2 µM or 5 µM Cd for 24 and 72 h from day 19 after sowing. Antioxidative enzymes: superoxide dismutase (SOD), catalase (CAT) and glutathione reductase (GR). NADPH-producing enzyme: glucose-6-phosphate dehydrogenase (G6PDH). Values represent the mean ± S.E. of four biological replicates. Statistically significant differences within each accession and time point are indicated by different lower case letters (P < 0.05).

Table 4. Gene expression. 
	
2 µM Cu
	
	5 µM Cd

	Col-0
	Ws
	
	Col-0
	Ws

	24 h
	72 h
	24 h
	72 h
	
	24 h
	72 h
	24 h
	72 h

	1.10 ± 0.31
	0.96 ± 0.10
	1.18 ± 0.09
	0.99 ± 0.06
	Resolution
	0.95 ± 0.05
	0.80 ± 0.04
	0.89 ± 0.08
	0.87 ± 0.02

	Genes encoding oxidative stress hallmark proteins

	5.17 ± 5.17
	2.94 ± 0.74
	17.39 ± 0.88
	5.42 ± 0.17
	AT1G05340
	1.18 ± 0.12
	1.18 ± 0.09
	1.35 ± 0.27
	3.82 ± 0.63

	22.26 ± 4.82
	9.66 ± 0.7
	24.19 ± 0.92
	6.81 ± 0.08
	AT1G19020
	7.41 ± 0.39
	3.87 ± 0.11
	5.11 ± 0.49
	8.10 ± 1.74

	65.58 ± 23.3
	23.69 ± 4.34
	51.20 ± 5.16
	16.10 ± 1.17
	AT1G57630
	8.70 ± 0.70 a
	7.46 ± 1.59 ab
	3.29 ± 0.25 b
	9.60 ± 2.60 a

	4.46 ± 1.00
	1.49 ± 0.38
	9.07 ± 0.24
	0.77 ± 0.05
	AT2G21640
	4.37 ± 0.67
	1.18 ± 0.09
	3.87 ± 0.16
	3.96 ± 0.74

	1841.64 ± 504.33
	1057.17 ± 464.11
	4759.23 ± 355.97
	736.95 ± 37.83
	AT2G43510
	28.70 ± 15.15
	69.01 ± 24.97
	12.95 ± 2.80
	122.50 ± 29.24

	Genes encoding antioxidative enzymes

	1.59 ± 0.24
	1.21 ± 0.04
	2.09 ± 0.07
	1.71 ± 0.08
	CSD1
	0.94 ± 0.07
	0.40 ± 0.02
	1.06 ± 0.05
	0.80 ± 0.01

	1.08 ± 0.02
	0.98 ± 0.04
	1.07 ± 0.02
	0.90 ± 0.02
	CSD2
	0.94 ± 0.03
	0.49 ± 0.03
	0.93 ± 0.04
	0.62 ± 0.04

	0.05 ± 0.01 a
	0.01 ± 0.00 b
	0.14 ± 0.04 a
	0.01 ± 0.01 b
	FSD1
	6.05 ± 0.10 a
	8.02 ± 0.75 b
	92.49 ± 1.32 c
	7.17 ± 0.32 ab

	Genes encoding copper transporter proteins

	0.52 ± 0.03
	0.87 ± 0.13
	0.34 ± 0.03
	0.42 ± 0.01
	COPT1
	2.23 ± 0.30
	1.46 ± 0.13
	1.45 ± 0.08
	1.28 ± 0.30

	0.01 ± 0.01
	0.01 ± 0.01
	0.01 ± 0.00
	0.01 ± 0.00
	COPT2
	0.9 ± 0.06
	1.27 ± 0.08
	1.18 ± 0.13
	1.55 ± 0.26

	1.02 ± 0.03
	0.79 ± 0.07
	1.28 ± 0.34
	0.83 ± 0.07
	COPT5
	2.09 ± 0.44
	1.32 ± 0.22
	2.63 ± 0.46
	2.07 ± 0.25

	Genes encoding metallothionein proteins

	8.43 ± 3.57
	4.15 ± 1.4
	4.64 ± 0.45
	3.23 ± 0.33
	MT1a
	1.77 ± 0.18
	2.09 ± 0.2
	1.61 ± 0.18
	2.21 ± 0.54

	0.13 ± 0.05 ab
	0.25 ± 0.09 ab
	0.09 ± 0.00 a
	0.19 ± 0.00 b
	MT1c
	0.58 ± 0.04
	0.62 ± 0.02
	0.64 ± 0.05
	0.65 ± 0.02

	11.11 ± 0.65
	2.68 ± 0.58
	10.21 ± 0.10
	2.7 ± 0.37
	MT2a
	6.13 ± 0.85
	3.81 ± 0.46
	4.30 ± 0.46
	3.87 ± 0.74

	1.61 ± 0.15 a
	1.62 ± 0.15 a
	2.61 ± 0.17 b
	2.56 ± 0.09 b
	MT2b
	0.40 ± 0.23
	0.67 ± 0.03
	1.17 ± 0.04
	1.73 ± 0.32



Relative transcript levels in roots of Columbia (Col-0) and Wassilewskija (Ws) Arabidopsis thaliana plants exposed to 2 µM Cu or 5 µM Cd for 24 and 72 h from day 19 after sowing. Values represent the mean normalized expression relative to the control at each time point (set at 1.00) ± S.E. of four biological replicates. The resolution represents the mean inverse normalization factor relative to the control at each time point and indicates the stability of the reference genes used for normalization. Colors represent statistically significant metal-induced changes in expression relative to the control at each time point (P < 0.05), whereas lower case letters indicate significant differences within the same metal exposure (P < 0.05). Genes regulated by SPL7 are underlined. Abbreviations: CSD: Cu/Zn superoxide dismutase; FSD: Fe superoxide dismutase; COPT: copper transporter; MT: metallothionein.

Figure legends
Fig. 1. Root growth parameters of Columbia (Col-0) and Wassilewskija (Ws) Arabidopsis thaliana plants exposed to 2 µM Cu or 5 µM Cd for 24 and 72 h from day 19 after sowing. (A) Fresh root weight per plant (mg). (B) Dry root weight per plant (mg). (C) Dry matter content (%). Values represent the  mean ± S.E. of four biological replicates.  = non-exposed control.  = exposed to 2 µM Cu.  = exposed to 5 µM Cd. Statistically significant differences are indicated by different lower case letters (within accession and time point) and different upper case letters (between controls) (P < 0.05).

Fig. 2. Peroxidase activity in roots of Columbia (Col-0) and Wassilewskija (Ws) Arabidopsis thaliana plants exposed to 2 µM Cu or 5 µM Cd for 24 and 72 h from day 19 after sowing. (A) Guaiacol peroxidase (GPOD) activity (U mg-1 FW). (B) Syringaldazine peroxidase (SPOD) activity (U mg-1 FW). Values represent the mean ± S.E. of four biological replicates.  = non-exposed control.  = exposed to 2 µM Cu.  = exposed to 5 µM Cd. Statistically significant differences within each accession and time point are indicated by different lower case letters (P < 0.05).

[bookmark: _Ref471991212]Fig. 3. Cell wall parameters in roots of Columbia (Col-0) and Wassilewskija (Ws) Arabidopsis thaliana plants exposed to 2 µM Cu or 5 µM Cd for 24 and 72 h from day 19 after sowing. (A) Cell wall residue (CWR) (%). (B) Lignin concentration (mg mg-1 CWR). Values represent the mean ± S.E. of five biological replicates.  = non-exposed control.  = exposed to 2 µM Cu.  = exposed to 5 µM Cd. Statistically significant differences within each accession and time point are indicated by different lower case letters (P < 0.05).

Fig. 4. Schematic overview of the mechanisms involved in restoring Cu homeostasis in roots of A. thaliana exposed to Cd or excess Cu. Exposure to Cd triggers the perception of Cu deficiency, possibly via Cu chelation upon Cd-induced phytochelatin (PC) production. This subsequently activates SQUAMOSA promoter binding protein like7 (SPL7), which increases Cu uptake by transcriptional upregulation of Cu transporters (COPT1 and COPT2) and reallocates Cu to essential proteins, for example by downregulation of Cu/Zn superoxide dismutases (CSD) and concomitant upregulation of Fe superoxide dismutase (FSD). In addition, perception of Cu deficiency in Cd-exposed roots induces Cu remobilization from the vacuole into the cytosol by increasing COPT5 transcript levels. In response to excess Cu, SPL7 is inhibited to counteract Cu uptake and reallocation. Expression levels of several metallothionein (MT)-encoding genes are increased in response to both metals to chelate excess Cu. Whereas similar mechanisms operate in Col-0 and Ws roots, restoration of Cu homeostasis upon metal stress is generally more efficient in the Ws ecotype, ultimately contributing to its higher metal tolerance in comparison to Col-0.
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