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18 Abstract

19 We report about the response of Arabidopsis thaliana to chronic and temporary Cd*" stress,
20 and the Cd*" induced activation of ER stress and unfolded protein response (UPR). Cd?*-
21 induced UPR proceeds mainly through the bZIP60 arm, which in turn activates relevant ER
22 stress marker genes such as BiP3, CNX, PDI5 and ERdj3B in a concentration- (chronic stress)
23 or time- (temporary stress) dependent manner. A more severe Cd-stress triggers programmed
24  cell death (PCD) through the activation of the NACO089 transcription factor. Toxic effects of
25 Cd** exposure are reduced in the Atbzip28/bzip60 double mutant in terms of primary root
26 length and fresh shoot weight, likely due to reduced UPR and PCD activation. We also
27  hypothesised that the enhanced Cd?* resistance of the Atbzip28/bzip60 double mutant is due to
28 anincrease in brassinosteroids signaling, since the amount of the brassinosteroid insensitivel
29  receptor (BRI1) protein decreases under Cd®* stress only in Wt plants. These data highlight
30 the complexity of the UPR pathway, since the ER stress response is strictly related to the type
31 of the treatment applied and the multifaceted connections of ER signaing. The reduced
32 sensing of Cd®" stress in plants with UPR defects can be used as a novel strategy for
33 phytoremediation.
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37

38 Introduction

39 Cadmium (Cd) is a non-essential metal and it is highly toxic. It is well known that Cd-
40 contaminated sites are a serious worldwide concern (Khan et al., 2021) due to the toxic impact
41 of Cd on human health (Suhani et al., 2021) and environmental ecosystems (Hayat et al.,
42 2019). As well as inducing tumours, Cd aso damages liver, kidneys, bones and heart
43 (Nordberg et a., 2018; Genchi et al., 2020).

44 In plants, Cd*" initialy induces chlorosis and reduce growth (Jali et a., 2016), due to
45 inhibition of photosynthetic activity, chlorophyll biosynthesis and interference with the
46 uptake of essential metals. As well as phenotypic aterations, Cd** also induces the production
47 of reactive oxygen species (ROS) with consequent lipid peroxidation of membranes and
48 inhibition of antioxidative enzymes (Haider et al., 2021). Transcriptomic (Herbette et al.,
49 2006; Baliardini et al., 2016), proteomic and metabolomic studies (Sarry et a. 2006; De
50 Benedictis et al., 2018) have highlighted the effects of Cd*" on primary and secondary
51 metabolism. However, strategies to improve plant tolerance to Cd** based on the
52 overexpression of genes involved in metal detoxification or metal transport have so far
53 achieved limited success (Thomine et al., 2000; Lee et al., 2003; Li et al., 2005; Cailliatte et
54 al., 2009; Haydon et al., 2012).

55 Little attention has been directed to the effects of Cd accumulation in plant tissues and
56 Endoplasmic Reticulum (ER) stress, glycoprotein folding Quality Control (ERQC) and ER
57 associated glycoprotein degradation (ERAD).

58 Glycoproteins folding relies on a finely tuned balance between ERQC and ERAD. ERQC
59 surveys and assists glycoprotein folding, whereas ERAD flags terminally misfolded
60 glycoproteins for degradation via their demannosylation, retrotranslocation and proteasome
61 associated degradation. Both pathways use N-glycans as markers to label the folding status of
62 glycoproteins. In the case of ERQC, the presence of a glucose moiety on a high-mannose
63 glycan (GlciMangGIcNAC,) promotes protein association with ER chaperones of the calnexin
64 cycle, i.e. the lectins calnexin (CNX) and calreticulin (CRT), lectin-associated chaperones
65 (e.g. BiP3) and protein disulfide isomerases (e.g. PDI5) — which in turn assist the folding of
66 the monoglucosylated glycoprotein (Kornfeld and Kornfeld, 1985; Vitae, 2001; Strasser,
67 2016). Monoglucosylated glycoproteins are generated either by ER a-Glucosidase Il (a-Glu
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68 Il) acting on a glycoprotein carrying a di-glucoslyated glycan (Glc,MangGIcNACc,, the
69 glucoses originating from the dolichol N-glycan precursor); or by UDP-Glucose Glycoprotein
70  Glucosyltransferase (UGGT), which transfers Glc from UDP-Glc to a MangGIcNAC;, glycan
71 on a misfolded glycoprotein. Once a glycoprotein has reached the correct folding, it can
72 proceed to the Golgi and from here move down the rest of the secretory pathway.
73 Glycoproteins that are not able to reach their correct fold are eventually degraded by the
74 ERAD pathway through the ER degradation associated mannosidases (EDEMs) (Brodsky and
75 McCracken, 1999).

76 Severa physiological conditionsin plants, such as seed/pollen maturation (Vitale and Boston,
77 2008), (a)biotic stresses (heat/salt stress, bacterial/virus infections) or the treatment with
78 chemical stressors (tunicamycin, the proline analog azetidine-2-carboxylase or dithiothreitol)
79 (Iwata and Koizumi, 2005a) are characterised by a high rate of glycoprotein biosynthesis. All
80 these conditions have the potential to increase the accumulation of misfolded glycoproteins in
81 the ER and alter the effectiveness of ERQC/ERAD in coping with ER stress. Under ER stress,
82 the Unfolded Protein Response (UPR) is activated to restore glycoprotein homeostasis.

83 The plant UPR pathway has been only recently elucidated. Similarly to UPR in animals (Li
84 and Howell, 2021), there are two UPR arms in plants. One arm involves the ER-localised
85 inositol requiring enzyme 1 (IRE1) (Deng et a., 2011; Nagashima et a., 2011), which is
86 involved in the splicing of the mRNA encoding bZIP60 (bZIP60u) transcription factor (TF) to
87 (generate an isoform lacking the transmembrane domain, bZIP60s (Li and Howell, 2021),
88 which is then translated and translocated into the nucleus. The other UPR arm in plants is
89 mediated by two ER-resident TFs, namely bZIP17 and bZIP28, which upon ER stress, are
90 translocated to the Golgi and cleaved by the Golgi resident subtilisin-like serine proteases S1P
91 and S2P, respectively, causing release and translocation to the nucleus of the b-ZIP cytosolic
92 doman (Liu et al., 2007a; Iwata et al., 2017). Once in the nucleus, bZIP60s and
93 bZIP17/bZIP28 converge in regulating the expression of stress response genes. As a result,
94 glycoprotein transcription is reduced and glycoprotein folding capacity increased (via the
95 induction of chaperones, e.g. CNX, BiP3), lowering the level of unfolded glycoproteins in the
96 ER (Deng et a., 2013; Liu and Howell, 2016). If ER glycoproteostasis is not restored, UPR
97 can activate programmed cell death (PCD) (Iwata and Koizumi, 2005b; Xu et al., 2013)
98 through the nuclear translocation of other transcription factors, e.g. NAC089 (Yang et al.,
99  2014).

100 The Arabidopsis thaliana (A. thaliana) bzip28/bzip60 double mutant is highly susceptible to

101 tunicamycin (Tm) and displays a significant reduction in primary root and shoot growth (Lai
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102 et al., 2018; Ruberti et al., 2018) as well as vulnerability to necrotrophic fungi, e.g.
103 Drechdera gigantean (Samperna et a., 2021). Conversely, stress tolerance increases in
104 transgenic plants overexpressing the active forms of the bZIP transcription factors (Fujita et
105 al., 2007; Tang et al., 2012; Zhang et al., 2015; Liu et al., 2008).

106 Intriguingly, the double mutant bzip28/bzip60 is more tolerant to intense light (Beaugelin et
107  al., 2020) and chronic Cd®* exposure (Xi et al., 2016), suggesting a complex regulation of
108 UPR pathways based on the type of stress applied. The present work aims at studying Cd-
109 induced ER stress at the physiological and molecular levels. To do this, we characterised the
110 effects of Cd*" on Wt and the bzip28/bzip60 double mutant by studying: i) chronic stress
111 induced by germinating and growing plants in the presence of two Cd?* concentrations (25
112 and 50 uM); ii) strong temporary stress (150 uM Cd*") imposed for different durations (24,
113 48or 72h).

114  Wereport for the first time about the impact of these two types of stresses on the transcription
115 of key genes of the UPR, ERQC/ERAD and PCD pathways, the overal N-glycosylation
116  process and glycoprotein folding capacity in A. thaliana.

117

118 Materialsand methods

119

120 Plant lines, growth conditions and stress assays

121 A thaliana Wild type (Wt) ecotype Columbia 0 (Col-0), the double mutant bzp28/bzip60
122 (Ruberti et al., 2018) and bril-9 mutant (Vert et al., 2005) were grown in one-half strength
123 Murashige and Skoog (MS) medium at 22°C with 60% relative humidity under 14 h of
124 daylight.

125 For chronic stress assays, seedlings were germinated and grown for 10 days in the presence of
126 different CdCl, concentrations (0, 25, 50, 75 uM); for temporary stress assays, 10 days old
127 plants were treated with 0 or 150 uM CdCl,for 24, 48, 72 h.

128 Phenotypic analysis of the relative root and shoot growth rates was carried out, as reported in
129 Menget al. (2017).

130

131  RNA extraction and gene expression analysis

132 Total RNA extraction from A. thaliana tissues was done using the RNeasy Plant Mini Kit
133 (Qiagen) according to the manufacturer’s instructions. Samples were then treated with
134 Deoxyribonuclease | and 1 pg of total RNA was used for cDNA synthesis using the
135  SuperScript 111 First-Strand synthesis system kit (Invitrogen).
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136 Expression analysis on a set of different genes involved in UPR/ERQC/ERAD/PCD (see
137 Supplementary Table S1) was performed with the SYBR Green Supermix (Bio-Rad) on
138  StepOnePlus Real-Time PCR System (Applied Biosystems) using as a template 2 uL of 10-
139 fold dilution of synthesized cDNA. The qRT-primers efficiency, listed in Supplementary
140 Table S2, was estimated from linear regressions of the standard curves and the reaction mix
141  was used asindicated: 95 °C for 2 min, followed by 40 cycles of 15 sat 95 °C and 1 min at 60
142  °C. The specificity of the PCR amplification was confirmed by dissociation curve analyses.
143 Vaues are averages from three biological replicates, performed in triplicate.

144

145  Protein extraction and immunaoblotting

146 Tota protein was extracted from 0.15 g of plant tissues ground to powder with liquid N, and
147 suspended in 100 ul 2X SDS-PAGE sample buffer under reducing conditions. Samples were
148 heated to 100 °C for 5 mins and centrifuged at 10,000 g for 10 mins at 4° C. Supernatants
149 were loaded and run on a 10% SDS PAGE polyacrylamide gel, then transferred onto a PVDF
150 membrane and blotted with anti-BRI1 (1:1000 dilution) primary antibody (Agrisera,
151 AS121859). Densitometric quantification of BRI1 bands was done using the stain-free
152  normalisation technique with Image Lab Software (Biorad).

153 For N-glycoproteins detection, the same total protein extracts were incubated with
154 Endoglycosidase H at 37 °C for 3 h (Sigma-Aldrich) according to the manufacturer's
155 instructions. Both Endo H-digested samples or not were resolved on a 10% SDS-PAGE gel
156 under reducing conditions. After transfer to a PVDF membrane, the glycoprotein bands were
157 probed with 1 ug/ml Concanavalin A (Con A) peroxidase conjugate (Sigma-Aldrich, L6397).
158  Signals were detected by electrochemiluminescence (Bio-Rad).

159

160 Elemental analysis

161 Wt and bzip28/bzip60 seedlings were grown for 14 days with 0, 25, and 50 uM CdCl, and
162 harvested according to Zhai et a., 2014 before analysis of metal content.

163  The concentration of Cd*" was measured in plant samples using Inductively Coupled Plasma
164 Atomic Emission Spectroscopy (ICP-AES, ThermoFisher Scientific, USA, Waltham,
165 Massachusetts). Each sample was weighted and mixed with 4 mL of H,O, and 6 mL of
166  suprapure HNOs 69 %, then treated at 180°C for 10 min, using a microwave digestion system
167 (Milestone START D). The samples were then cooled, diluted with ultrapure water to a final
168 volume of 20 mL, filtered through syringe filters (pore size 0.45 um), and then measured for
169 element content using an ICP-AES (Thermo Scientific, iCap 6000 Series) spectrometer. An
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170 ICP Multi-Element Standard Solution VIII (Merck, Darmstadt, Germany), consisting of 29
171 elementsin dilute nitric acid, was used to construct the calibration lines for the spectrometer.
172 For quantitative analysis, five standards were prepared for a calibration line covering a large
173 range of concentrations. The calibration line had a linear correlation coefficient (r) greater
174 than 0.99, the detection limit of the element corresponds to the lowest concentration of the
175 cdibration line. Results for each plant were expressed as the average of three different
176  measurements, with elemental concentrations expressed as ppm (mg/kg of dry weight). The
177 Certified Reference Material used for quality control and quality assurance was the CPAchem
178 (Stara Zagora, Bulgaria). Multi-Element Standard Solution. The total amount of elements
179 accumulated in the seedlings, was calculated by multiplying the element concentration by the
180 total tissues weight of each plant.

181

182 Satistical analysis

183 Statistical significance analysis used a Student’ s two-tailed t-test with equal variance.

184

185 Results

186

187 A. thaliana response to chronic or temporary Cd** stress

188 We first carried out a phenotypic analysis of Wt plants challenged with Cd®* chronic stress
189 (25 and 50 uM CdCl,, for 10 days). Results in Fig. 1 indicate that Cd** stress induced a
190 significant and concentration-dependent reduction in root length and plant biomass weight.
191 Next, we monitored the expression profiles of the transcription factors (TFs) bZIP28 and
192  bzIP60, the main components of the UPR pathway. In particular, bZIP60 was studied as
193 unspliced (bZI60u) and spliced (bZIP60s) transcripts, the latter deriving from the IRE1-
194 mediated unconventional splicing of the bZIP60 gene.

195  In agreement with a previous report (Xi et al., 2016), chronic Cd®" stress induced a significant
196 upregulation of both isoforms of bZIP60 already at 25 uM (Fig. 2A, 2B), whereas a 1.5 fold
197 upregulation of bZIP28 was recorded at 50 uM (Fig. 2C).

198 Temporary Cd** stress (150 uM) induced the upregulation of all the transcripts already from
199 24 h after stress onset (Fig. 2 D-F), with the bZIP60s transcripts showing the highest
200 activation at longer time points. In particular, bZIP60s was upregulated more than 20 times
201 after 72 h compared to unstressed plants (Fig. 2E) and it was activated more strongly under

202 severetemporary stress than chronic milder stress (Fig. 2B, 2E).
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203 Weaker upregulation was observed for bZIP28, with a maximum (about 2.5 times compared
204 to control plants) at 48 h after stress onset (Fig. 2F).

205

206 Response of A. thaliana bzip28/bzip60 double mutant to Cd** stress

207 3 days old bzip28/bzip60 double mutant plantlets were reported to display enhanced tolerance
208 to chronic Cd®* stress (up to 75 uM concentration for 2 weeks) (Xi et al.; 2016). We verified
209 the phenotypic response of the bzip28/bzip60 double mutant to chronic Cd-stress induced by
210 three Cd** concentrations (25, 50 and 75 uM of CdCl,, for 10 days). Images and histograms
211 in Fig. 3 confirm a higher tolerance of this mutant to Cd®* stress. In comparison with Wt
212 plants, a significant increase in primary root length was recorded at al the tested
213 concentrations in bzip28/bzip60. Plant biomass was also significantly higher in the double
214 mutant with respect to Wt at 50 and 75 uM Cd** (Fig. 3E, F). This enhanced Cd resistance of
215 the double mutant is not due to a lower Cd?* intake since the quantification of metal content
216 showed no difference between the two plant linesin all conditions tested (Fig. S1).

217 In addition, we monitored the expression levels of the main markers of ER stress and UPR
218 pathways in both Wt and bzip28/bzip60, when challenged with chronic or temporary Cd?*
219 stress. Under chronic treatment, the ER stress marker genes CNX, PDI5, BiP3 and the UPR
220 marker gene ERdj3B are al significantly upregulated in Wt plants already at 25 uM Cd** and
221 their expression levels increase with increasing Cd** concentration (Fig. 4A-D).

222 Differently from Wt plants, the bzip28/bzip60 mutant shows significantly lower transcription
223 levels of these genes, both with no Cd treatment and upon increasing Cd®* concentration (Fig.
224 4A-D). A similar trend is observed for the NAC089 TF, which is significantly upregulated in
225 Wt plants challenged with harsh Cd** stress (50 uM), but not in bzip28/bzip60 (Fig. 4F).

226 Thelevels of IREL transcripts show asimilar trend in Wt and bzip28/bzip60 with a significant
227 increase at 50 uM Cd?".

228 Differences in the response time of the Cd-induced upregulation of the tested genes are
229 observed when atemporary stronger Cd®* stress isimposed (Fig. 5). In Wt plants, CNX, PDI5
230 and ERdj3B genes all appear upregulated only with the most prolonged treatment (72 h),
231 wheress BiP3 is upregulated already with a 24 h treatment. As already shown under chronic
232 diress, in the bzip28/bzip60 mutant the expression levels of CNX, PDI5 and ERdj3B are
233 dignificantly lower than those recorded in Wt plants and the double mutant plants do not
234 respond to Cd®* stress by inducing transcription of these genes. Surprisingly, a slight but

235 dignificant increase in the transcript levels of BiP3 is recorded after 48 and 72 h in
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236 bzip28/bzip60. These results suggest that BiP3 transcription is not completely under the
237 control of bZIP28 or bZIP60. Similar results are recorded for NAC089, whose levels show a
238 dlight but significant increase in the bzip28/bzip60 background only after 72 h of treatment,
239 athough at lower levels compared to Wt stressed plants (Fig. 5F). No differences in the levels
240 of IREL are observed between Wt and bz p28/bzp60 plants (Fig. 5E).

241

242 Cd** stressimpact on BRI 1 protein levels

243  The brassinosteroid receptor BRI1 folds under the control of ERQC and is a key regulator of
244  plant growth (Nagashima et al., 2018). The bri1l-9 mutant cannot fold properly, it is retained
245 inthe ER and finally degraded, with the consequence that the plant carrying this mutation is
246 insensible to brassinosteroids and has atypical dwarf phenotype (Noguchi et al., 1999).

247 We checked the transcript/protein levels of this gene in the Wt and bzip28/bzip60 mutant
248 plantsto evaluate if Cd-induced ER stress impacts on BRI1 folding capacity and this could at
249 least in part explain the phenotypic response of A. thaliana showed in Fig. 1 and Fig. 3. The
250 transcript levels of BRI1 do not vary in Wt and bzip28/bzip60 upon chronic Cd?* stress (50
251 M for 10 days) (Fig. 6A). Western blot analysis, carried out using a specific antibody raised
252 against the BRI1 glycoprotein, shows similar protein levels in norma growth conditions in
253 Wt and bzip28/bzip60 plants (Fig. 6B, C). The amount of BRI1 decreases under Cd®* stress in
254 Wt plants, but not in the double mutant (Fig. 6B,C; Fig. S2). In accordance with these
255 biochemical results, Wt plants grown in the presence of 50 pM Cd** for 4 weeks show a
256 phenotype similar to the well known dwarf phenotype of the bril-9 mutant (Fig. 6D). In the
257  case of bzip28/bzip60 mutant, a less drastic phenotype is observed (Fig. 6 D).

258

259 Cd*" hasaminor impact on overall glycoprotein folding capacity

260 We explored the impact of Cd*" stress on the overall glycoproteins folding capacity of A.
261 thaliana. With this aim, we first quantified the transcription levels of genes encoding (ERQC)
262  key enzymes, such as ER a-Glu Il and UGGT, and the ERAD mannosidase 4 (MN$4), in Wt
263 and bzip28/bzp60 plants. It is of note that in bzip28/bzip60 mutant plants, al the three ERQC
264  genes are significantly downregulated in the control condition and under low Cd** stress (25
265 uM) in comparison with Wt plants (Fig. 7 A-C). However, stronger Cd** stress resulted in a
266 dsignificant increase in the level of UGGT and MN$4, but not of o-Glu Il (Fig. 7 A-C). These
267 results indicate the possibility that the transcription of these genes might be at least in part
268 directly or indirectly controlled by bzl P28/bZI P60.
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269 In order to verify if Cd®* stress impacts the overall glycoproteins pattern, plant glycoproteins,
270 digested or not with Endoglycosidase H (EndoH), from Wt and bzip28/bzip60 plants
271 unstressed or challenged with 50 pM Cd** were separated on SDS-PAGE and immunoblotted
272 with HRP-conjugated Concanavalin A (ConA). ConA is a lectin which selectively binds high
273 mannose N-glycans of glycoproteins and is commonly used to probe ER-retained
274  glycoproteins (Faye and Chrispeels, 1985). Cd®* treatment has a slight, if any, impact on ER-
275 retained glycoproteins (Fig. 7D; Fig. S3). Endo H digestion of the same glycoprotein extracts
276  before ConA immunablotting highlights the presence of some weaker glycoprotein signals in
277 the bzip28/bzip60 double mutant (Fig. 7D, indicated by an open circle), thus suggesting that
278 in this genetic background some glycoproteins fold more slowly or are retained in the ER for
279 longer.

280

281 Discussion

282 Several physiological or environmental events can impact ER glycoproteostasis and
283 glycoprotein trafficking along the secretory pathway. These conditions are known to induce
284 temporary or chronic ER stress, which in turn leads to the activation of UPR pathways, with
285 the aim of reducing the burden of ER stress, restoring glycoproteostasis or, if the ER stress
286 condition persists, eventually triggering cell death. The molecular mechanisms controlling the
287 fate of agiven cell under ER stress are still largely to be elucidated. However, it is clear that
288 the molecular cross-talk among different UPR arms and the signalling duration of each arm
289 might be key determinants tipping the balance between survival and death. UPR arms have
290 developed partidly overlapping signalling pathways, rapidly activated in response to ER
291 stress: studies on mutants of bzip28/slp and bzip60/irel clearly indicated a shared
292 contribution of the two main arms of UPR in the activation of ER chaperones, e.g. BiP3,
293 ERdj3B, CNX and PDI5 (Che et a., 2010; Ruberti et al., 2018). However, some of these
294  genes are mainly controlled by bZIP60, as in the case of BiP3, while others mostly depend on
295 bZIP28, e.g. ERdj3B (Ruberti et a., 2018). Furthermore, experiments using irel mutants
296 demonstrated a role for bZIP60 independent of its ribonuclease activity, implying that
297 unspliced bZIP60 also plays arole in the recovery from ER stress (Henriquez-Valencia et al.,
298 2015; Ruberti et a., 2018).

299
300 Most of the work done on UPR in plants has been carried out using drugs, such as

301 tunicamycin (Tm) and DTT, impacting directly on glycoproteins folding. Under these stress
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302 conditions, the bzip28/bzip60 double mutant showed reduced plant growth and reduced
303 expression of BiP3 and CNX genes (Sun et al., 2013). Biotic stresses were also reported to
304 induce ER stress and UPR, as in the case of the increased levels of NbbZIP60 and BiP3 in
305 Nicotiana benthamiana challenged by the pathogen Pseudomonas cichori (Tateda et al.,
306 2008).

307 In contrast to stress induced by Tm, DTT or biotic stresses (the responses to which need the
308 participation of both the bZIP28 and bZIP60 arms of UPR, with concomitant BiP3/CNX
309 upregulation), salt/osmotic stress seems to be mainly controlled by the membrane associated
310 bZzIP17 TF, which requires proteolytic activation mediated by the Golgi subtilisin-like serine
311 protease AtS1P (Liu et a., 2007a). The involvement of bZIP60 in salt stress response is more
312 controversial, since Henriquez-Vaencia and co-workers (2015), did not detect the presence of
313 bZIP60 spliced transcripts nor chaperones (CRT or PDIL-1) under salt stress, even though
314 bZIP60 over-expression was reported to lead to a salt-tolerant phenotype (Fuijita et al., 2007).
315  Although it is well known that Cd** treatment impacts negatively on the growth rate of A.
316 thaliana Wt plants, with Cd-induced stress causing a significant reduction of primary root
317 length and plant biomass (see also Fig. 1), a few reports have dealt so far with the effects of
318 this source of stress on ER glycoproteostasis and activation of UPR. Our results clearly
319 confirm that both chronic and temporary Cd®* stress alter ER glycoproteostasis, with a
320 concomitant upregulation of bZIP60 and bZIP28 TFs. Transient and harsher Cd** treatments
321 result in a stronger induction of bZIP60 transcripts when compared with chronic stress, with
322 the spliced form largely predominant over the unspliced transcript. bZIP28 transcription is
323 induced equivalently in chronic and temporary Cd®* stresses. Taken together, these results
324 indicate that Cd* treatment activates mainly the bZIP60 arm, and therefore differs from other
325 abiotic stresses.

326 Similarly to what is known about Tm- or DTT-induced ER stress, soon after Cd** stress is
327 sensed, UPR signals, mainly through the bZIP60 arm, activate ERQC/ERAD to restore ER
328 homeostasis and increase protein folding capacity. Indeed, BiP3, CNX, PDI5 and ERdj3B all
329 show an expression trend similar to what observed for bZIP60, with concentration- (in the
330 case of Cd** chronic stress) or time-dependent (temporary stress) effects (Lu and Christopher,
331 2008; Blanco-Herrera et a., 2015; Ruberti et al., 2018). A significant increase of both
332 AtbZIP60 and molecular chaperones transcripts is apparent even a the lowest Cd®*
333 concentration considered in this study (25 uM). These data confirm that UPR, under low

334 dtress conditions, is committed to reactivate ER glycoproteostasis and reduce the burden of
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335 ER accumulated unfolded glycoproteins. A more severe (50 uM Cd®* during chronic stress)
336 or longer transient stress (72 h) upregulates NAC089, activating PCD.

337

338 The bzip28/bzip60 double mutant is more tolerant than Wt plants to Cd** stress, displaying
339 gignificant recovery of primary root length and shoot fresh weight (Fig. 3). In this context our
340 data confirm previous work from Xi and co-workers (2016), who reported for the first time
341 that this mutant was less sensible to Cd** stress when compared with Wt plants challenged
342 with 50 or 75 uM Cd*". Transcription profiles of al the tested chaperones (BiP3, ERdj3B,
343 CNX, PDI5) showed similar levels to those recorded in unstressed plants. The only exception
344 was represented by the slight but significant increase of BiP3 under transient stress (48, 72 h).
345 All these genes appear to be, at least in part, under the control of bZIP28/bZIP60, as already
346 reported by others using knock-out mutant plants as the experimental model (Liu and Howell,
347 2016; Ruberti et al., 2018; Sun et al., 2021). In addition, an upregulation of them has been
348 reported in plants overexpressing the active form of bZIP28 compared to Wt, even when
349 grown in the control condition (Liu et a., 2007b).

350 Nevertheless, for the first time we can hypothesise that other TFs, i.e. bZIP17, may be
351 involved in the slight upregulation of BiP3 under transient stress (Fig. 5C) as already reported
352 for osmotic stresses (Liu et al., 2007a). Finaly, the equivalent expression levels of IRE1
353 observed in Wt and bzip28/bzip60 mutant plants under Cd®* stress clearly confirm previous
354 reports, suggesting that this nuclease controls and regulates bZIP60 activation (lwata and
355 Koizumi, 2012; Mishibaet al., 2013; Li and Howell, 2021).

356 Overall, these data suggest that the increased Cd** resistance of the bzip28/bzip60 mutant
357 plantsis due to alower perception of ER stress and not to alower amount of Cd®* in tissues
358 (Fig. 4; Fig. S1), highlighting a novel strategy to develop transgenic lines with improved
359 tolerance and resilience.

360

361 Our data on BRI1, the brassinosteroid receptor which folds under ERQC control, confirm that
362 BRIL is an important regulator of plant growth under Cd®* stress and the normal BRI1
363 glycoprotein levels observed in bzip28/bzip60 could at least in part explain the better fitness
364 of this mutant under Cd®* stress. This is in agreement with a recent paper showing that
365 brassinosteroid treatment increases Cd”" tolerance (Della Rovere et al., 2022).

366

367 In a previous work, Blanco-Herrera and co-workers (2015) reported that the activation of

368 UPR after Tm or DTT treatment induces the over-expression of BiP3, PDI11, and UGGT in

11
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369 A. thaliana plants. Our results indicate that Cd®* stress also triggers UGGT but not MNS4
370 overexpression. Of note is the downregulation of all these genes in the bzip28/bzip60 mutant
371 under normal growth conditions and under low Cd*" stress conditions (25 uM), confirming
372 that ERQC, ERAD and UPR are tightly inter-connected and inter-dependent mechanisms.

373

374 We did not observe significant differences in the overall glycoprotein folding capacity
375 between Wt and the bzip28/bzip60 mutant upon Cd”* treatment. However, we did observe
376 lower levels of EndoH sensitive glycoproteins in the Cd** stressed bzip28/bzip60 mutant.
377 Altogether these data point to a lower folding capacity for this mutant under Cd** stress
378 conditions.

379

380 Conclusions

381 The work sheds light on the A. thaliana response to Cd** stress. We show for the first time
382 that ER stress and activation of UPR, due to a chronic or temporary Cd®* treatment, proceeds
383 mainly through the bZIP60 arm, although bZIP28 is also upregulated and contributes to the
384 response. Our results also indicate that the high tolerance displayed by the bzip28/bzip60
385 mutant to Cd** stress is at least in part due to an attenuated UPR-mediated response, with
386 consequently reduced induction of ERQC chaperones under low Cd*" stress conditions and
387 PCD (via the activation of NACO089 TF) under harsher conditions. Higher BRI1 glycoprotein

388 levels can aso contribute to the better fitness observed in the double mutant.

389 Theidentification and characterisation of the finely tuned molecular mechanisms put in place
390 by the plant cell to cope with ER stress triggered by heavy metals, together with the work
391 carried out on metal transporters, will help to develop new varieties with potential
392  applications in phytoremediation.

393

394 Supplementary data

395 Thefollowing supplementary data are available at JXB online.

396 Fig. S1. Wt and bzip28/bzip60 double mutant shown the same amount of Cd in their tissues.
397 Fig. S2. Polyacrylamide gel of proteins extracted from Wt and bzip28/bzip60 double mutant
398 grown with or without CdCl,.

399 Fig. S3. Electrophoretic patterns of total proteins extracted from seedlings grown with or
400 without CdCl, and subjected to Endo H treatment.

401 Table S1. A. thaliana genes accession number
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402 Table S2. List of primers used in qRT-PCR.
403
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611 Figurelegends

612 Fig. 1. Cd-stress influences negatively the growth of A. thaliana Wt plants. Seedlings
613 were grown in presence of 0 (A), 25 (B), 50 (C) uM CdCl; for 10 days. Root length (D) and
614 fresh weight (E) were measured in al conditions tested. Error bars indicate standard deviation
615 among at least ten samples. Asterisks convey the statistical significance of the differences to
616 control (* p<0.05; ** p<0.01; *** p<0.001).

617 Fig. 2. Relative expression of the unspliced (bZIP60u) and spliced (bZIP60s) forms of
618 AtbZl P60 and AtbZI P28 transcription factorsunder Cd stressin Wt A. thaliana. (A-B-C)
619 Chronic stress was induced by growing plants for 10-days with different concentrations of
620 CdCl,. (D-E-F) Temporary stress was applied to 10-day-old seedlings with 150 uM CdCl; at
621 different time points. All values are normalised to Actin2 and Ubiquitin5 expression and are
622 reported relative to Wt control (0 uM Cd) set a 1. Error bars indicates SD and asterisks
623 indicate a statistically significant difference compared to control (* p <0.05; ** p < 0.01; ***
624 p<0.001).

625 Fig. 3. The A. thaliana bzip28/bzip60 double mutant shows increased tolerance to CdCl;
626 stress. Wt and bzip28/bzip60 plants treated with 0 (A), 25 (B), 50 (C), 75 (D) uM CdCl, for
627 10 days. (E) Relative root length and (F) shoot weight of Cd-treated seedlings in comparison
628 with the control condition. Error bars indicate standard deviation, and asterisks indicate the
629 dStatistical significance of the difference between the two plant lines for each condition. The
630 values represent the average of at least three biological replicates (* p < 0.05; ** p < 0.01; ***
631 p<0.001).

632 Fig. 4. Response to CdCl; induced ER stress and UPR is compromised in bzip28/bzip60
633 double mutant. (A-B-C) qRT-PCR analysis of principal ER stress marker genes, AtCNX,
634 AtPDI5, AtBIP3; (D-E) gRT-PCR analysis of genes involved in UPR pathway, AtERd]3B,
635 AtIREL; (F) gRT-PCR analysis of the expression level of the transcription factor involved in
636 PCD activation, AtNACO089. All values are normalised to Actin2 and Ubiquitin5 expressions
637 and are shown relative to Wt control (O uM Cd) set at 1. Error bars represent SD. Black
638 asterisks indicate a significant difference between control and CdCl; treated seedlings of the
639 same genotype. Red asterisks show a significant difference between the two genetic
640 backgrounds under the same treatment conditions (* p < 0.05; ** p <0.01; *** p < 0.001).

641 Fig. 5. ERAD and UPR pathways are compromised in bzp28/bzip60 double mutant both
642 in the control condition and in the presence of 150 pM CdCl, up to 72 hours of

643 treatment. (A-B-C) qRT-PCR analysis of principal ER stress marker genes, AtCNX, AtPDI5,
20
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644 AtBIP3; (D-E) gRT-PCR analysis of genesinvolved in UPR pathway, AtERd] 3B, AtIREL; (F)
645 (RT-PCR anaysis of the expression level of the transcription factor involved in PCD
646 activation, AtNAC089. All values are normalised to Actin2 and Ubiquitin5 expressions and
647 are shown relative to Wt control (0 uM Cd), which was set to 1. Error bars represent SD.
648 Black asterisks indicate a significant difference between control and CdCl; treated seedlings
649 of the same genotype. Red asterisks show a significant difference between the two genetic
650 backgroundsin the same condition of growth (* p <0.05; ** p <0.01; *** p <0.001).

651 Fig. 6. CdCl, treatment impacts the protein level of brassinosteroid receptor BRI 1.
652 Seedlings of A. thaliana Wt and bzip28/bzip60 were grown for 10 days with or without 50 pM
653 CdCl, and tissues were used to measure the levels of (A) transcripts by gRT-PCR and (B, C)
654 protein by Western blotting of BRI1. The BRI1 band intensity is normalised on total proteins
655 loaded. The reference gel lane against which all other lanes are compared is Wt control (O uM
656 CdCl,). (D) Phenotype of Wt and bzip28/bzip60 plants grown for 4 weeks with 50 uM CdCl,
657 and bril-9 mutant in the regular condition of growth. gRT value is normalised to Actin2 and
658 Ubiquitin5 expressions and is shown relative to Wt control (0 uM Cd), which was set to 1.
659 Data are shown as means + standard deviation. The asterisks indicate a statistically significant
660 difference compared to Wt O uM CdCl, (* p <0.05).

661 Fig. 7. CdClI; stress affects protein N-glycosylation only in bzip28/bzip60 double mutant
662 plants. (A-B) gRT-PCR analysis of transcripts of key enzymes involved in the modification
663 of N-glycan chain, Ata-Glull and AAUGGT; (C) gRT-PCR analysis of the transcription level
664 of AIMNS4, a mannosidase responsible for directing misfolded proteins to degradation. All
665 values are normalised to Actin2 and Ubiquitin5 expressions and are shown relative to Wt
666 control (O uM Cd), which was set to 1. Error bars represent SD. (D) Concanavalin A (ConA)
667 blot assay of Endo H digestion from Wt and bzip28/bzip60 total proteins extracted from
668 tissues grown with or without 50 uM CdCl, for 10 days. Open circles indicate differences in
669 glycoproteins accumulation.

670 Black asterisks indicate a significant difference between control and CdCl, treated seedlings
671 of the same genotype. Red asterisks show a significant difference between the two genetic
672 backgroundsin the same condition of growth (* p <0.05; ** p<0.01; *** p <0.001).

673
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3  Fig. 1. Cd-stress influences negatively the growth of A. thaliana Wt plants. Seedlings
4 were grown in presence of 0 (A), 25 (B), 50 (C) uM CdCl; for 10 days. Root length (D) and
5 fresh weight (E) were measured in al conditions tested. Error bars indicate standard deviation
6

among at least ten samples. Asterisks convey the statistical significance of the differences to
7 control (* p<0.05; ** p<0.01; *** p <0.001).
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9 Fig. 2. Relative expression of the unspliced (bZIP60u) and spliced (bZIP60s) forms of
10  AtbZI P60 and AtbZI P28 transcription factors under Cd stressin Wt A. thaliana. (A-B-C)
11 Chronic stress was induced by growing plants for 10-days with different concentrations of
12 CdCl,. (D-E-F) Temporary stress was applied to 10-day-old seedlings with 150 uM CdCl,, at
13 different time points. All values are normalised to Actin2 and Ubiquitin5 expression and are
14  reported relative to Wt control (O uM Cd) set at 1. Error bars indicates SD and asterisks
15 indicate a satistically significant difference compared to control (* p <0.05; ** p < 0.01; ***
16 p=<0.001).
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18  Fig. 3. The A. thaliana bzip28/bzip60 double mutant shows increased tolerance to CdCl,
19  stress. Wt and bzip28/bzip60 plants treated with O (A), 25 (B), 50 (C), 75 (D) uM CdCl, for
20 10 days. (E) Relative root length and (F) shoot weight of Cd-treated seedlings in comparison
21 with the control condition. Error bars indicate standard deviation, and asterisks indicate the
22 datistical significance of the difference between the two plant lines for each condition. The
23 valuesrepresent the average of at |least three biological replicates (* p < 0.05; ** p < 0.01; ***
24 p=<0.001).
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26  Fig. 4. Response to CdCl; induced ER stress and UPR is compromised in bzip28/bzip60
27  double mutant. (A-B-C) gqRT-PCR analysis of principal ER stress marker genes, AtCNX,
28  AtPDI5, AtBIP3; (D-E) gRT-PCR analysis of genes involved in UPR pathway, AtERd]3B,
29 AIREL (F) gRT-PCR analysis of the expression level of the transcription factor involved in
30 PCD activation, AINAC089. All values are normalised to Actin2 and Ubiquitin5 expressions
31 and are shown relative to Wt control (O uM Cd) set at 1. Error bars represent SD. Black
32  asterisks indicate a significant difference between control and CdCl; treated seedlings of the
33 same genotype. Red asterisks show a significant difference between the two genetic
34  backgrounds under the same treatment conditions (* p < 0.05; ** p <0.01; *** p < 0.001).
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35

36 Fig. 5. ERAD and UPR pathways are compromised in bzip28/bzip60 double mutant both
37 in the control condition and in the presence of 150 uM CdCl, up to 72 hours of
38 treatment. (A-B-C) qRT-PCR analysis of principal ER stress marker genes, AtCNX, AtPDI5,
39  AiBIP3; (D-E) gRT-PCR analysis of genesinvolved in UPR pathway, AtERd]3B, AtIREL, (F)
40 gRT-PCR anaysis of the expression level of the transcription factor involved in PCD
41  activation, AINAC089. All values are normalised to Actin2 and Ubiquitin5 expressions and
42  are shown relative to Wt control (0 uM Cd), which was set to 1. Error bars represent SD.
43  Black asterisks indicate a significant difference between control and CdCl, treated seedlings
44  of the same genotype. Red asterisks show a significant difference between the two genetic
45  backgrounds in the same condition of growth (* p < 0.05; ** p <0.01; *** p <0.001).
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46

47  Fig. 6. CdCl, treatment impacts the protein level of brassinosteroid receptor BRI1.
48  Seedlings of A. thaliana Wt and bz p28/bzip60 were grown for 10 days with or without 50 uM
49  CdCl, and tissues were used to measure the levels of (A) transcripts by gRT-PCR and (B, C)
50 protein by Western blotting of BRI1. The BRI1 band intensity is normalised on total proteins
51 loaded. The reference gel lane against which al other lanes are compared is Wt control (0 uM
52  CdCl,). (D) Phenotype of Wt and bzip28/bzip60 plants grown for 4 weeks with 50 uM CdCl,
53  and bril-9 mutant in the regular condition of growth. gRT value is normalised to Actin2 and
54  Ubiquitin5 expressions and is shown relative to Wt control (0 uM Cd), which was set to 1.
55  Dataare shown as means + standard deviation. The asterisks indicate a statistically significant
56  difference compared to Wt 0 uM CdCl, (* p < 0.05).
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58 Fig. 7. CdCl; stress affects protein N-glycosylation only in bzip28/bzip60 double mutant
59 plants. (A-B) qRT-PCR analysis of transcripts of key enzymes involved in the modification
60  of N-glycan chain, Ata-Glull and AtUGGT; (C) gRT-PCR analysis of the transcription level
61  of AtMN$4, a mannosidase responsible for directing misfolded proteins to degradation. All
62  values are normalised to Actin2 and Ubiquitin5 expressions and are shown relative to Wt
63  control (O uM Cd), which was set to 1. Error bars represent SD. (D) Concanavalin A (ConA)
64  blot assay of Endo H digestion from Wt and bzip28/bzip60 total proteins extracted from
65  tissues grown with or without 50 uM CdCl, for 10 days. Open circles indicate differences in
66  glycoproteins accumulation.

67  Black asterisks indicate a significant difference between control and CdCl, treated seedlings
68  of the same genotype. Red asterisks show a significant difference between the two genetic
69  backgroundsin the same condition of growth (* p <0.05; ** p<0.01; *** p <0.001).
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