
1 
 

The unfolded protein response in grapevine: abiotic and biotic stresses 1 

induce the expression of VvbZIP60, VvbZIP17, VvBIP3, and VvIRE1 2 

 3 

Tania Marzari1, Cécile Blanchard1, Emma Poilvert1, Karine Palavioux1, Agnès Klinguer1, Alix 4 

Martinet1, Aurélien Henry1, Benoit Poinssot1, Mathieu Gayral1* 5 

 6 
1 Université Bourgogne Europe, Institut Agro, INRAE, UMR Agroécologie, 21000 DIJON, FRANCE.  7 

 8 
*Corresponding Author: Mathieu Gayral (mathieu.gayral@inrae.fr) 9 

 10 

ORCID & email addresses: 11 

Tania Marzari:    tania.marzari@inrae.fr   https://orcid.org/0009-0006-0584-8475  12 

Cécile Blanchard:        cecile.blanchard@u-bourgogne.fr 13 

Emma Poilvert:            emma.poilvert@inrae.fr                    https://orcid.org/0009-0005-1502-9468 14 

Karine Palavioux:   karine.palavioux@inrae.fr  15 

Agnès Klinguer:   agnes.klinguer@inrae.fr 16 

Aurélien Henry:            aurelien.henry@inrae.fr 17 

Alix Martinet:               alix.martinet@inrae.fr 18 

Benoit Poinssot:    benoit.poinssot@inrae.fr   https://orcid.org/0000-0001-5890-4318 19 

Mathieu Gayral:   mathieu.gayral@inrae.fr  https://orcid.org/0000-0001-5760-1622  20 

 21 

Word count: 6855       Number of figures: 7  Number of Tables: 0  Sup. Data: 9 22 

 23 

 24 

 25 

  26 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 13, 2025. ; https://doi.org/10.1101/2025.08.11.669611doi: bioRxiv preprint 

https://doi.org/10.1101/2025.08.11.669611
http://creativecommons.org/licenses/by/4.0/


2 
 

Graphical abstract 27 

Abstract 28 

A wide range of stresses can lead to the accumulation of unfolded or misfolded proteins in the 29 

lumen of the endoplasmic reticulum (ER), a condition known as ER stress. To restore proteostasis, 30 

eukaryotic cells activate a signaling network called the unfolded protein response (UPR). In Vitis 31 

vinifera, two arms of the UPR have been identified: the IRE1/bZIP60 arm and the bZIP17 arm. 32 

Notably, no putative ortholog of bZIP28 has been found in V. vinifera, whereas this is the case for 33 

Brassicaceae species. We demonstrated that VvbZIP60 undergoes unconventional splicing upon 34 

treatment with dithiothreitol (DTT) and tunicamycin (TM), both classical ER stress inducers. 35 

Moreover, after testing several abiotic factors, we observed a strong transcriptional activation of 36 

UPR-related genes in response to heat and osmotic stresses, as well as copper exposure. 37 

Grapevine is also subject to a broad range of microbial challenges, including pathogens such as 38 

Plasmopara viticola and Botrytis cinerea. Both pathogens triggered UPR genes activation in 39 

grapevine leaves and berries. Interestingly, VvbZIP17 was also upregulated in green berries, a 40 

developmental stage associated with strong basal resistance to B. cinerea. Collectively, these 41 

findings suggest that the IRE1/bZIP60 and bZIP17 arms of the UPR are not only structurally 42 

conserved in grapevine but are also transcriptionally responsive to a variety of abiotic and biotic 43 

stresses. 44 
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1. Introduction 46 

Grapevine cultivation is one of the most significant agricultural activities worldwide, it covers 47 

approximately 7.2 million hectares of the total rural surface and holds immense economic weight 48 

on the international market generating over 36 billion euros in wine production, estimated to be 49 

around 240 million hectoliters (OIV, International Organisation of Vine and Wine, 2023). However, 50 

this sector faces increasing challenges due to extreme climatic conditions and fungal diseases, 51 

which have significantly affected yield and fruit quality. As a perennial crop, grapevine growth relies 52 

on stable climatic conditions, including optimal temperatures, adequate water supply and frost-free 53 

periods (Palliotti and Poni, 2015; Zapata et al., 2017). Unfortunately, maintaining these conditions 54 

is becoming increasingly difficult, thereby raising the challenges of grapevine cultivation.  55 

 56 

Plants have evolved a range of tolerance mechanisms to cope with both abiotic and biotic stress 57 

conditions and the unfolded protein response (UPR) is one of them. Acting as a sentinel for 58 

adverse conditions, the UPR pathway allows the maintaining of cellular homeostasis controlling 59 

protein folding and limiting accumulation of misfolded and/or unfolded proteins in the endoplasmic 60 

reticulum (ER) (Howell, 2013). The adaptation to changing conditions or pathogen attacks triggers 61 

extensive transcriptional reprogramming, which can overwhelm the ER's capacity to manage 62 

protein folding properly. Notably, environmental factors including heat, salt or drought (Liu et al., 63 

2007; Valente et al., 2009; Deng et al., 2011) and microorganism interactions  (Moreno et al., 64 

2012; Gayral et al., 2020; Qiang et al., 2021; Blanchard et al., 2025) can intensify the workload of 65 

the ER beyond its capacity. This leads to the accumulation of misfolded and unfolded proteins 66 

within the ER lumen, a condition referred as ER stress (Howell, 2013). In response to this 67 

accumulation, the ER activates the UPR pathway to balance its protein-folding and degradation 68 

capacities with the cell’s needs (Walter and Ron, 2011). When managed effectively, short-term ER 69 

stress can be alleviated, allowing the ER machinery to recover. However, if ER stress persists, it 70 

can lead to autophagy, programmed cell death (PCD) or even the death of the entire plant (Iwata 71 

and Koizumi, 2005; Yang et al., 2014).  72 

 73 

In plants, two arms of the UPR pathway have been describes in the model plant Arabidopsis 74 

thaliana, the ER-transmembrane inositol-requiring enzyme 1 (IRE1) / basic leucin zipper 60 75 

(bZIP60) arm and the membrane-associated transcription factors (TFs) bZIP17/bZIP28 arm (Liu et 76 

al., 2007; Nagashima et al., 2011; Hollien, 2013; Howell, 2013). Interestingly, in the A. thaliana 77 

genome, three isoforms of IRE have been described: AtIRE1A, AtIRE1B and AtIRE1C (Deng et al., 78 

2011; Koizumi et al., 2001). While AtIRE1C is primarily involved in development and 79 

gametogenesis (Mishiba et al., 2019; Pu et al., 2019), AtIRE1A and AtIRE1B are particularly active 80 

during ER stress to mediate the unconventional splicing of bZIP60 mRNA resulting in a 23-pb 81 
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elimination and a 3' frameshift, encoding an UPR-specific TF lacking its transmembrane domain 82 

and presenting an additional nuclear localization signal (NLS). The translated spliced form of 83 

AtbZIP60 (bZIP60s) is then translocated to the nucleus, where it activates downstream UPR 84 

responsive genes (Nagashima et al., 2011; Deng et al., 2011). In A. thaliana, the unconventional 85 

splicing of bZIP60 mRNA is incomplete, with the unspliced form (bZIP60us) consistently present in 86 

high amounts. Depending on stress conditions, the splicing reaches its peak between 0.5 and 2 87 

hours, after which the level of bZIP60 decreases (Parra-Rojas et al., 2015). The IRE1 activation 88 

occurs through conformational changes triggered by lateral oligomerization in the ER membrane. 89 

While several models explain IRE1 dimerization in yeast and mammals, the mechanisms in plants 90 

remain unclear. One model suggests that BIP (binding protein), a predominant ER-resident Hsp70 91 

chaperone normally associated with IRE1, is released under ER stress allowing IRE1 self-92 

dimerization thus initiating the bZIP60 splicing (Bertolotti et al., 2000; Kimata et al., 2003). Another 93 

model proposes that IRE1’s luminal domain directly interacts with unfolded proteins (Gardner and 94 

Walter, 2011). Nowadays, the components of the IRE1-bZIP60 pathway and the splicing process 95 

have been identified in the model plant Arabidopsis and few other crop species, notably after 96 

treatment with ER stress inducers such as tunicamycin (TM) and dithiothreitol (DTT) which inhibit 97 

glycosylation and disulfide bond formation, respectively (Deng et al., 2011; Nagashima et al., 2011; 98 

Hayashi et al., 2012). IRE1 has also another function, called Regulated IRE1-Dependent RNA 99 

Decay (RIDD), which degrades other mRNAs associated with ribosomes on the ER membrane (Li 100 

and Howell, 2021). 101 

 102 

The second arm of the UPR pathway is mediated by the ER membrane-associated TFs bZIP17 103 

and bZIP28 in A. thaliana.  Under non-stress conditions, the luminal domain of AtbZIP28 is 104 

associated with BIP chaperone proteins (Srivastava et al., 2013). Under stress conditions, 105 

AtbZIP28 dissociates from BIP, and along with AtbZIP17, is translocated to the Golgi apparatus, 106 

where it undergoes sequential cleavage by site-1 protease (S1P) and site-2 protease (S2P). 107 

Cleavage by S2P releases the N-terminal domain of bZIP17/bZIP28, allowing their relocation to the 108 

nucleus to activate stress-responsive gene expression (Liu et al., 2007). However, the exact 109 

mechanisms for the activation of this UPR arm remain under investigation. For example, studies 110 

suggest that AtS1P may not be essential for activating AtbZIP28 (Iwata and Koizumi, 2005) and 111 

there is no direct evidence at bZIP17/BIP association/dissociation during ER stress. Despite this, 112 

both bZIP17 and bZIP28 have been shown to be active under different stresses such as heat, 113 

drought and salt stress in various plant species (Takahashi et al., 2012; Yang et al., 2013; Silva et 114 

al., 2015; Ramakrishna et al., 2018). However, functional differences between these two TFs have 115 

been observed. For instance, in A. thaliana, bZIP28 is strongly induced by the ER-stressor DTT 116 

and TM (Tajima et al., 2008) whereas bZIP17 is more closely associated with salt stress responses 117 

(Liu et al., 2007). Interestingly, similar distinctions have been observed in rice: the orthologs of 118 

AtbZIP28 and AtbZIP17, respectively OsbZIP39 and OsbZIP60, respond in a same manner as 119 
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their Arabidopsis counterparts. Specifically, the transcript of OsbZIP39 is induced by DTT and TM, 120 

but not by NaCl, suggesting that it may be a functional ortholog of AtbZIP28 rather than AtbZIP17 121 

(Takahashi et al., 2012). Nevertheless, the precise functional differentiation between bZIP17 and 122 

bZIP28 remains not completely understood, reflecting both the conserved and lineage-specific 123 

regulatory complexity of UPR signaling across plant species. 124 

 125 

Although the UPR is not yet fully understood, extensive studies in various plant species have 126 

provided valuable insights into its regulatory mechanisms. These studies have revealed differences 127 

in UPR activation and composition across species under various stress conditions. However, most 128 

research has primarily focused on few abiotic stresses like heat and salt, and even less studies 129 

examined biotic factors. Among these, the first evidence linking the UPR to plant immunity was 130 

obtained in A. thaliana and tobacco plants challenged with bacterial pathogens (Moreno et al., 131 

2012; Arraño-Salinas et al., 2018) and viruses (Adhikari et al., 2025). More recently studies were 132 

expanded also to fungal or oomycetes infection (Qiang et al., 2021; Blanchard et al., 2025). In 133 

addition, A. thaliana is the most widely used model, limiting our understanding of UPR's role during 134 

pathogen attacks in different contexts.  135 

 136 

In this study, we aimed to characterize the UPR in grapevine (Vitis vinifera), a worldwide 137 

economically important crop. Through a phylogenetic analysis we identified putative members of 138 

the two main UPR arms and analyzed the transcriptomic profiles of VvIRE1, VvbZIP60, VvBIP3 139 

and VvbZIP17 in response to abiotic and biotic stresses. Our main results indicate that the well-140 

known grapevine pathogens Botrytis cinerea and Plasmopora viticola induce UPR and that among 141 

other common stresses, copper sulfate treatment, heat and osmotic stress also trigger the UPR in 142 

Vitis vinifera. 143 

2. Materials and methods 144 

2.1. Plant materials  145 

Vitis vinifera cv Marselan (Vitis vinifera cv. Cabernet Sauvignon x Vitis vinifera cv. Grenache noir) 146 

cell culture was obtained from callus initiated from petioles of grapevine leaves and cultivated in 147 

Nitsch-Nitsch medium (Nitsch and Nitsch, 1969) supplemented with 1 g/L casein hydrolysate, 400 148 

μg/L 1-naphthaleneacetic acid and 40 μg/L 6-benzylaminopurine. The resulting cell suspension 149 

cultures were maintained under continuous light conditions (cool-white fluorescent lamps, 3350 150 

lux) with constant agitation at 120 rpm and a temperature of 24°C. Sub-culturing was performed 151 

weekly by transferring 20 mL of the cell suspension into 100 mL of fresh medium. For experimental 152 

purposes, 7-day-old cultures were diluted to a 1:2 ratio with fresh medium one day prior to use.  153 

V. vinifera cv Marselan herbaceous cuttings were grown in a greenhouse in control condition. The 154 

cuttings were grown individually in pots (8 cm × 8 cm × 8 cm) containing a 7:3 (v/v) mixture of peat 155 

and perlite at 23°C/15°C (day/night) with a 16-hour photoperiod. Plants were irrigated with a 156 
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balanced nutrient solution (N:P:K, 10-10-10; Plantin, France) and were utilized for experiments 157 

once they had developed 5 to 7 fully expanded leaves.  158 

2.2. Phylogenetic analysis 159 

Protein sequences of bZIP17, bZIP28, bZIP60, BIP and IRE1 were retrieved using tblastx 160 

searches, in which Arabidopsis family members were used as query sequences against protein 161 

sequences from plant species as detailed in Table S1. In addition, orthologous gene families were 162 

identified with OrthoFinder (v2.5.4). The bZIPs sequences were confirmed in different databases 163 

such as EnsemblPlants (https://plants.ensembl.org/index.html), NCBI 164 

(https://www.ncbi.nlm.nih.gov/) and UNIProt (https://www.uniprot.org/). Multiple full-length protein 165 

sequences alignment (ClustalW method) and a maximum-likelihood phylogenetic tree with 1000 166 

bootstraps were used choosing the Maximum Likelihood method and JTT model (Jones et al., 167 

1992). Alignment and phylogenetic analysis were performed with MEGA X software (Tamura et al., 168 

2021). 169 

2.3. Cell suspension treatments  170 

Grapevine cell suspension was subjected to different abiotic stresses at the following final 171 

concentration: 2 mM dithiothreitol (DTT), 0.2 μg/mL tunicamycin (TM), 1% polyethylene glycol 172 

8000 (PEG), 50 mM sodium chloride (NaCl), 0.1 mM of copper(II) sulfate (CuSO4), 0.1 mM of 173 

magnesium sulfate (MgSO4), 0.1 mM of copper(II) carbonate basic (CuCO3 · Cu(OH)2), 10 nM of 174 

XcFlg22 and 0.2 mg/mL of hexamer of chitin (CO6, GLU436),  chitosan (CHITO, GLU426) and 175 

tetramer of chitin (CO4; GLU434). All treatments were diluted in water with the exception of the 176 

tunicamycin which was dissolved in dimethyl sulphoxide (DMSO). For heat and cold stress, 20 mL 177 

of grapevine cell suspension contained in a 50 mL flask were put in a water bath at 37˚C or put on 178 

a shaker plate in a cold room at 4˚C. 179 

2.4. Pathogen infection 180 

For Botrytis cinerea infection assays, leaf disks (1.9 cm diameter) from the upper third leaves of 181 

adult herbaceous cutting were transferred onto damp Whatmann paper in a plastic box and 182 

sprayed with a spore solution of 2.5*105 spores/mL of B. cinerea or with quarter-strength PDB. The 183 

inoculated leaf discs were placed in a plastic box maintained at 100% humidity under a 10/14h 184 

day/night photoperiod at 20/18°C.  185 

For Plasmopora viticola infection assays, the lower leaf surface of the first developed leaf was 186 

sprayed with a freshly prepared suspension of 104 sporangia/mL of P. viticola. Plants were 187 

maintained in 100% humidity overnight and later located in the greenhouse at 23°C/15°C 188 

(day/night) with a 16-hour photoperiod.  189 

2.5. VvbZIP60 splicing assay 190 

For gel-based bZIP60 splicing assay, 5 ng of ADNc were amplified by PCR with specific primers 191 

flanking the unconventional intron, VvbZIP60_F and VvbZIP60_R (Supplementary Table S2). PCR 192 

conditions for amplification were: initial denaturation: 3 min at 95°C; 45 s at 95°C, 30 s at 63°C and 193 
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30 s at 72°C during 35 cycles; final extension 5 min at 72°C. Subsequently, PCR products were 194 

resolved by gel electrophoresis on agarose (3% p/v) (Invitrogen) using TAE 0.5X as running buffer.  195 

2.6. Real-time quantitative reverse transcription polymerase chain reaction (qRT-196 

PCR)  197 

Grapevine cell suspensions were treated and harvested 1 and 3 h after elicitors and abiotic 198 

stresses. For copper and sulfur treatments, samples were harvest 1 – 3 – 6 – 12 and 24 h after 199 

treatment. For pathogens infection test, leaf samples were harvest 5- and 7-days post P. viticola 200 

infection and after 24 – 48 and 72 hours post B. cinerea infection. Total plant RNAs were extracted 201 

using the SV Total RNA Isolation System kit (Promega) with DNAse treatment according to the 202 

supplier instructions for grapevine cell suspension and with the Plant/Fungi Total RNA Purification 203 

Kit (NORGEN) with some modifications for leaf disks. Reverse transcription (RT) was performed 204 

on 1 μg of total RNA using the High-Capacity cDNA Reverse Transcription kit (Applied 205 

Biosystems) for grapevine cell suspension and the SuperScript IV Reverse Transcriptase kit 206 

(Thermofisher) for leaf disks. Real-time qPCR was performed with 10 ng of complementary DNA 207 

(cDNA) thus generated, diluted in a total volume of 5 μL of GoTaq® qPCR Master Mix (Promega) 208 

for cell suspension and ABsolute QPCR Mix SYBR Green low ROX (Thermofisher) for grapevine 209 

leaves. cDNA from green and mature berries were kindly provided by Kelloniemi et al. 210 

Amplification of cDNA was carried out in a ViiA™ 7 Real-Time PCR system (Applied Biosystems) 211 

thermocycler according to the following program: 15 min denaturation and activation of DNA 212 

polymerase at 95°C followed by 40 cycles of 3 stages with 15 sec at 95°C (denaturation), 30 sec at 213 

61°C (primer hybridization) and 30 sec at 72°C (amplification). A final step consisting of 15 sec at 214 

95°C, 1 min at 61°C then increasing by 0.05°C per second until 95°C was finally performed to 215 

obtain the melting curves and thus confirm that the primers were specific of the target genes. 216 

Expression data were analyzed from the average of threshold cycle (CT) values taking into 217 

consideration the efficiency (E) of each reaction calculated by the LinRegPCR quantitative PCR 218 

data analysis program (Ruijter et al., 2009). The mean of the data resulting from the technical 219 

duplicates for each gene of interest was normalized on two reference genes: VvVSP54 220 

(Vitvi10g01135), VvRPL18B (Vitvi05g00033) for grapevine cell suspension and VvVATP16 221 

(Vitvi03g04022) and VvRPL18B (Vitvi05g00033) for grapevine leaf (Terrier et al., 2005; Gamm et 222 

al., 2011). The sequences of primers used can be found in Supplementary Table S2.  223 

2.7. Cell viability 224 

Grapevine suspension cells were stained with Fluorescein Diacetate (FDA) probe diluted at 20 225 

μg/mL in 0.26% acetone then observed under an epifluorescence microscope (λexc: 450-490 nm, 226 

λem: 515 nm (LP), magnification x20) (Leitz, model DMRB). For each treatment condition, at least 227 

200 cells were counted twice.  228 
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2.8. Statistical analysis 229 

For qPCR analysis, relative expression value from one treated or infection time-point was 230 

compared to the data of the control condition at the same time point using one-way ANOVA 231 

followed by a Tukey HSD Test. If necessary, data were converted in normal values through the 232 

“orderNorm transformation” (package : bestNormalize). Data were represented on the figures as 233 

Log2 of the fold change to the control condition. 234 

3. Results 235 

3.1. Grapevine conserves key components of both UPR arms 236 

A previous study identified 55 members in the bZIP gene family in grapevine genome including 237 

VvbZIP24 (here renamed VvbZIP17) and VvbZIP41 (here renamed VvbZIP60) (Liu et al., 2014). 238 

To characterize potential bZIP transcription factors (TFs) and other actors involved in ER stress in 239 

Vitis vinifera, we conducted a phylogenetic analysis using reference sequences from A. thaliana 240 

and their relative orthologs in mammals and yeast. Concerning the bZIP TFs, we retrieved 28 241 

protein sequences for bZIP60 and 50 protein sequences for bZIP17/28 (Table S1) from 19 242 

tracheophyte species, including 12 dicotyledons (Brassica napus, Brassica oleracea, Brassica 243 

rapa, Beta vulgaris, Camelina sativa, Glycine max, Lotus japonicus, Medicago truncatula, 244 

Nicotiana tabacum, Pisum sativum, Solanum lycopersicum and Vitis vinifera), 7 monocotyledons 245 

(Ananas comosus, Asparagus officinalis, Hordeum vulgare subsp. vulgare, Musa acuminata, 246 

Oryza sativa, Triticum aestivum and Zea mays) and 3 bryophytes (Marchantia paleacea, 247 

Marchantia polymorpha and Physcomitrium patens). Protein alignments confirmed that all 248 

identified sequences corresponded to bZIP proteins, showing the highly conserved bZIP domain 249 

composed by the basic region and the leucin loop region (Table S1, Fig.S1A-B). The bZIP domain 250 

consists of two structural features located on a contiguous α-helix: a basic region of ∼16 amino 251 

acid residues containing a nuclear localization signal followed by an invariant N-x7-R/K motif that 252 

binds the DNA and a heptad repeat of leucines or other bulky hydrophobic amino acids 253 

(A/V/L/G/I/M/W/F/P) positioned exactly nine amino acids towards the C-terminus, creating an 254 

amphipathic helix (Jakoby et al., 2002; Zhang et al., 2016). 255 

Contrary to numerous plants studied, which possess at least three bZIP involved in UPR signaling, 256 

only two grapevine sequences have been identified. The first protein sequence clustered within the 257 

dicotyledons-specific clade of bZIP60 not far from the reference sequence of A. thaliana as shown 258 

in the phylogenetic tree (Fig.1A). Both A. thaliana and V. vinifera bZIP60 coding sequences share 259 

the same mRNA kissing stem-loop structures with the consensus sequences (CTGCTG) 260 

containing the putative splicing sites (Fig.1B). Based on the known splicing pattern described in A. 261 

thaliana, we predicted a 23-nucleotides splicing which provokes a frameshift in the coding region, 262 

resulting in the synthesis of a new truncated protein. Structural prediction of the protein before and 263 

after splicing (Fig.1C) showed that splicing leads to the removal of the transmembrane domain 264 

(TMD) and the generation of an alternative open reading frame (ORF2), producing a new C-265 
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terminal region that includes a nuclear localization signal (NLS). These changes are consistent 266 

with the activation of bZIP60 via splicing and its subsequent nuclear translocation, as described in 267 

A. thaliana (Nagashima et al., 2011). Additionally, the predicted 3D structure highlighted the 268 

conserved bZIP domain and transmembrane helix between A. thaliana and V. vinifera (Fig.1D), 269 

further supporting the identification of this sequence as VvbZIP60. 270 

The second bZIP grapevine sequence grouped more closely to the bZIP17 sequences rather than 271 

within the clade including bZIP28 sequences, the latter resulted exclusively to the Brassicaceae 272 

family (Fig.2A). This finding suggests that in grapevine, as in most dicotyledons except for the 273 

Brassicaceae family, the only identified sequence is more closely related to bZIP17 than to bZIP28. 274 

Interestingly, within the monocotyledons’ clade, two distinct subclades are observed, 275 

corresponding to the two putative rice bZIP17/28 sequences. Notably, OsbZIP39, here renamed 276 

OsbZIP17b, has been proposed to be the ortholog of Arabidopsis bZIP28 (Takahashi et al., 2012). 277 

In our analysis, OsbZIP17b does not cluster along with AtbZIP28, suggesting that monocotyledons 278 

may possess two or more homologs of bZIP17 rather than both bZIP17 and bZIP28. For instance, 279 

in maize, ZmbZIP34, here named ZmbZIP17b, was first considered as the ortholog of AtbZIP28 280 

(Zhu et al., 2019), while in latter study, the same sequence have been referred as homolog of 281 

bZIP17, therefore naming it ZmbZIP17b (Ko and Brandizzi, 2021). In grapevine, the in-silico 282 

analysis of VvbZIP17 protein structure, showed a canonical basic leucine zipper (bZIP) domain 283 

near the N-terminus and a single transmembrane domain (TMD) positioned toward the C-terminus, 284 

consistent with its classification as a membrane-tethered transcription factor. The bZIP17 285 

sequence alignment between A. thaliana and V. vinifera revealed also a conserved S1P motif 286 

cleavage (RRIL) in C-terminal and a S2P cleavage motif represented by a glycine within the 287 

hydrophobic TMD (Fig.2B, Table S1). Following proteolytic activation after ER stress, the N-288 

terminal region is predicted to be cleaved, resulting in a truncated form of the protein retaining the 289 

bZIP domain but lacking the TMD (Fig.2B). Structural 3D alphafold prediction of the full-length 290 

VvbZIP17 superposed on AtbZIP17 protein structure highlighted the well-defined alpha-helical 291 

structures of the bZIP domain and the TMD (Fig.2C). We can observe the 5-heptad 292 

leucine/cysteine repeats all along the bZIP domain and the S2P cleavage site, represented by a 293 

glycine (G) in the TMD (Fig.2B-C). These predictions support a conserved mechanism of activation 294 

through regulated intramembrane proteolysis under ER stress conditions in both plant species.  295 

To complete the characterization of the UPR actors in grapevine, we chose to conduct a 296 

phylogenetic analysis also for the chaperon proteins BIP and the ER-transmembrane protein IRE1. 297 

As for bZIP17, bZIP28 and bZIP60, we used the reference sequences of A. thaliana. The BIP 298 

coding genes are known to be upregulated by the UPR pathway.  In particular, BIP3 is the most 299 

highly upregulated by abiotic stresses or by ER stress agents (Tajima et al., 2008; Herath et al., 300 

2020) compared to BIP1 and BIP2. As for A. thaliana we identified three grapevine sequences for 301 

BIP, two of them clustered within the BIP1/2 clade and the other one within the BIP3 sequences 302 

(Fig.S2). We can also observe a third cluster separated from the BIP1/2 and BIP3 clades and 303 
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specifically for the monocotyledons. This group includes OsBIP4 and OsBIP5 which have been 304 

described to be involved in the ER stress response (Wakasa et al., 2012). Phylogenetic analysis of 305 

IRE1 sequences showed three distinct groups clustering each one with AtIRE1a, AtIRE1b and 306 

AtIRE1c respectively. The AtIRE1c clade did not root with the IRE1 sequences from human and 307 

yeast, in addition only Brassicaceae sequences were found, suggesting a specific and separate 308 

role in the Brassicaceae family for this protein. Two grapevine sequences were identified clustering 309 

each one with AtIRE1a and AtIRE1b respectively, suggesting two possible candidate orthologs for 310 

IRE1, here named VvIRE1a and VvIRE1b) (Fig.S3). In addition, IRE1 proteins alignment showed 311 

the identification of the ATP binding motif (VAVKR) and the Ser/Thr protein kinase motif (DLKPQN) 312 

highly conserved among the IRE1a/b groups (Table S1). These results allowed us to identify the 313 

main putative UPR actors in grapevine, VvbZIP60 and VvbZIP17 among with VvBIPs and VvIRE1s 314 

compared to other plant species.  315 

3.2. ER stress induces the splicing of VvbZIP60 in grapevine cell suspension 316 

The unconventional splicing of bZIP60 mRNA has been shown previously in A. thaliana and other 317 

plant species (Moreno et al., 2012; Wang et al., 2017; Kaur and Kaitheri Kandoth, 2021; Li et al., 318 

2022). To examine whether Vitis vinifera bZIP60 mRNA could undergo the unconventional splicing, 319 

the expression pattern of the spliced form was analyzed in grapevine cell suspension after 1 and 3 320 

h of DTT and TM treatments. To specifically detect the spliced form of VvbZIP60 mRNA, we 321 

designed a set of primers that amplify both the spliced and unspliced versions. One of the reverse 322 

primers spans the two splice junction sites of the spliced VvbZIP60 mRNA and can only anneal if 323 

the 23 bp have been removed during splicing, whereas the other anneals in the 23 bp of the 324 

unconventional intron (Fig.3A). RT-qPCR analysis revealed that the expression of VvbZIP60 325 

spliced form was strongly induced upon DTT and TM treatment both at 1 and 3 h post treatment 326 

(hpt) (F-S primers, Fig.3A-B) and not in water or DMSO control, respectively. A slight difference 327 

was highlighted at 1 hpt where the TM treatment was less intense compared to DTT at the same 328 

time point. DTT and TM treatments also had an effect on the expression of the VvbZIP60 unspliced 329 

form (Fig.S4). Notably, DTT treatment provoked a decrease in unspliced mRNA amount at 1 hpt, 330 

while at 3 hpt it starts to increase (Fig.S4). To further confirm this event in grapevine, we checked 331 

the splicing of VvbZIP60 in the same treated samples using the well-established PCR-based 332 

splicing assay, using a set of primers which could amplify the surrounding region of the splicing site 333 

(F-R primers, Fig. 3A). Using VvVPS54 transcript as a loading control, a single band of 248 pb 334 

corresponding to the unspliced form was observed in the control H2O- and DMSO-treated 335 

grapevine cell suspensions (Fig. 3C). Interestingly, a second band of 225 pb, corresponding to the 336 

spliced forms of VvbZIP60, was detected only in samples treated with DTT or TM (Fig.3C). A third 337 

band is also visible at around 250 pb, probably formed by the hybridization of bZIP60u and 338 

bZIP60s products during the PCR amplification. Such an hybrid band has been previously 339 

observed and documented in RT-PCR analysis of XBP-1 and bZIP60 in Human and Arabidopsis, 340 

respectively (Shang and Lehrman, 2004; Moreno et al., 2012). These two independent methods 341 
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confirm that VvbZIP60 is regulated in a similar manner to other plant bZIP60 and that the 342 

unconventional splicing happens at the predicted sites.  343 

3.3. Heat and osmotic stress trigger UPR pathways in grapevine cell suspension  344 

Previous results have confirmed the involvement of the UPR during different abiotic stresses such 345 

as heat, salt and drought (Liu et al., 2007; Valente et al., 2009; Deng et al., 2011). It is well known 346 

that grapevine faces adverse environmental conditions all along its development, coping for 347 

example with extreme temperatures. In order to identify which environmental stress could promote 348 

the activation of the UPR in grapevine, a series of abiotic stresses including salt stress (NaCl), 349 

osmotic stress (PEG), heat stress (37˚C) and cold stress (4˚C) were applied for 1 and 3 h to 350 

grapevine cell suspension. In addition, DTT, which is a reducing agent that inhibits the proper 351 

folding of disulfide bonds through the disturbance of the redox environment (Braakman et al., 352 

1992), was also used as internal positive control.  We chose to focus on the transcript response of 353 

five UPR genes: VvbZIP60 unspliced and spliced forms, VvbZIP17, VvBIP3, VvIRE1a and 354 

VvIRE1b. As expected, DTT treatment strongly induced the splicing of VvbZIP60 and the 355 

expression of VvBIP3 at both time points (Fig. 4). Surprisingly, the expression of VvbZIP17 and 356 

both VvIRE1s did not increase after the same treatment (Fig. 4). Salt stress (NaCl) among with 357 

cold temperature (4°C) did not upregulate the UPR genes at 1 and 3 hpt (Fig. 4). On the other 358 

hand, both high temperature (37°C) and PEG-induced osmotic stress strongly upregulated the 359 

expression of UPR genes at least at one time point, except for VvIRE1a and VvIRE1b only for PEG 360 

treatment (Fig. 4). In particular, heat stress (37°C) markedly induced the splicing of VvbZIP60, with 361 

the strongest response observed at 1 hpt and the expression of VvbZIP17, VvBIP3 being 362 

significantlyinduced at 1 and 3 hpt. Interestingly, only VvIRE1b was upregulated at 3 hpt. In 363 

contrast, PEG-induced osmotic stress triggered a differential effect on the two UPR arms, with a 364 

stronger induction of BIP3 and bZIP60 expression at both time points, while VvbZIP17 expression 365 

increased only at the later time point (Fig.4). These results suggest that the UPR is effectively 366 

activated during abiotic stresses, with differences in the timing of induction and the specific arm of 367 

the pathway involved. 368 

3.4. Copper sulfate induces UPR pathways in grapevine cell suspension  369 

In viticulture, copper (Cu) is widely used as the active ingredient in many fungicide mixtures, 370 

especially in organic farming. Copper-based fungicides like Bordeaux mixture have been used 371 

massively in viticulture notably against P. viticola. Unfortunately, their excessive use has led to the 372 

accumulation of copper in vineyard soils, raising environmental concerns. Excess copper can 373 

cause plant toxicity and pose risks to aquatic and soil organisms, making its long-term use 374 

controversial (Juang et al., 2012; Martins et al., 2015). While the increasing evidence of copper 375 

toxicity for soil and microorganisms, little is known about its effect on the ER stress and its 376 

effectiveness on protein folding in grapevine plants. A recent study, explored this hypothesis on A. 377 

thaliana seedling showing an increased stress in the ER after different heavy metal treatments 378 

(Demircan et al., 2024). To assess the effect of copper treatment on protein folding and UPR 379 
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activation, we decided to treat grapevine cell suspension with 0.1 mM copper sulfate (CuSO₄), 380 

magnesium sulfate (MgSO₄), and copper carbonate (CuCO3) and check the transcriptomic 381 

response of the main UPR genes. Copper, whether formulated with sulfur as in the Bordeaux 382 

mixture or with carbonate, induced the expression of the unspliced form of VvbZIP60, VvbZIP17 383 

and VvBIP3 within 3 hpt (Fig. 5). MgSO₄ showed no effect on all tested UPR genes at 1 and 3 hpt 384 

(Fig.5). Only VvIRE1b was specifically induced by CuSO4 at 1 hpt (Fig. 5) whereas the spliced 385 

form of VvbZIP60 was significantly upregulated by CuSO4 at 3 hpt (Fig. 5).  This trend was further 386 

confirmed in a longer kinetic analysis, where both copper treatments induced the expression of 387 

UPR genes also at later time points (Fig.S5). On the whole, these results confirm that copper, in 388 

addition to its toxic effects on soil, can also induce ER stress in plant and consequently activate the 389 

UPR. Furthermore, sulfate, commonly used alongside copper in fungicide formulations, did not 390 

induce UPR responsive genes, suggesting that it does not interfere with ER function when it is 391 

associated with magnesium at this concentration. 392 

3.5. VvbZIP17 and VvbZIP60 gene expression are upregulated by chitosan 393 

In previous work, bacterial microbe-associated molecular patterns (MAMPs) were shown to induce 394 

the expression of UPR genes (Arraño-Salinas et al., 2018; Chakraborty et al., 2020). Grapevine 395 

mainly faces several fungal pathogens and chitinaceous molecules derived from these interactions 396 

are known to trigger grapevine immunity (Brulé et al., 2019; Brulé et al. 2024). To assess whether 397 

UPR is triggered by MAMPs, we treated grapevine cell suspensions with three different chitin 398 

oligomers (COs) of different degree of polymerization (DP): DP4 (CO4), DP6 (CO6) and chitosan 399 

DP6 (CHITO) and the most active epitope of the bacterial flagellin (XcFlg22) (Trdá et al., 2014). 400 

We observed that none of these MAMP induced the UPR at 1 and 3 hpt except for chitosan, which 401 

significantly increased the expression of all UPR genes at 3 hpt, except VvBIP3 (Fig.6). 402 

Interestingly, chitosan was also the only MAMP to exhibit toxicity in cell suspensions: between 3 403 

and 24 hpt, the cell viability decreased by up to 50% compared to the control and other treatments 404 

(Fig.S6). These results suggest a possible link between UPR and chitosan-induced cell death. 405 

3.6. The grapevine pathogens B. cinerea and P. viticola trigger UPR pathways 406 

Increased accumulation of UPR gene transcripts such as bZIP60 and bZIP17 have been reported 407 

during several plant-pathogen interactions (Xu et al., 2019; Blanchard et al., 2025). To investigate 408 

if grapevine pathogens influence the activation of the UPR, we inoculated grapevine cuttings grown 409 

in greenhouse with P. viticola, the causal agent of downy mildew and B. cinerea which is 410 

responsible for the grey mold disease. P. viticola was applied directly to the leaves of whole 411 

grapevine cuttings (Fig. S7A), whereas B. cinerea was inoculated on leaf disks (Fig.S7C). Infection 412 

was confirmed by quantifying transcript levels of grapevine immune genes, such as acidic chitinase 413 

(CHIT4C) and stilbene synthase (STS), using RT-qPCR at various time points. Both pathogens 414 

strongly induced the defense-related genes at all time points (Fig.S7B, D). At 5 days post 415 

inoculation (dpi), P. viticola triggered the splicing of VvbZIP60 and increased the expression level 416 

of VvbZIP17, VvBIP3 and VvIRE1b (Fig.7A). At 7 dpi, only the VvbZIP60 spliced form and 417 
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VvIRE1b were significantly upregulated (Fig.7A). At 5 dpi, P. viticola did not reach full sporulation 418 

since mycelium was not visible, whereas at 7 dpi the abaxial side of the leaves was fully colonized 419 

by the oomycete (Fig.S7A). These results suggest that ER stress might be an early response 420 

during P. viticola infection. Similarly, B. cinerea also induced the activation of all UPR genes in 421 

grapevine leaves at 24, 48 or 72 hpi with a strong induction of the VvbZIP60 splicing was strongly 422 

induced at all time points (Fig. 7B). VvbZIP17 and VvIRE1b showed an increased expression only 423 

at 48 and 72 h post inoculation (hpi), while VvBIP3 was significantly induced only at 72 hpi 424 

(Fig.7B). B. cinerea is a necrotrophic pathogen that causes substantial damages mainly on 425 

grapevine berries. Green berries (GB), or berries that are close to the veraison stage, show basal 426 

resistance to this pathogen (Deytieux-Belleau et al., 2009; Kelloniemi et al., 2015).  On the other 427 

hand, mature berries (MB) are more susceptible and are often infected by B. cinerea, impacting the 428 

phenolic and organoleptic properties of wines (Kretschmer et al., 2007; Ky et al., 2012). We thus 429 

decided to analyze the expression of UPR genes in GB and MB infected by B. cinerea after 24 and 430 

48 hpi. On green berries, UPR genes did not seem to be induced with the exception of VvbZIP17 431 

which showed an increased expression at 24 hpi (Fig.7C), on mature berries B. cinerea infection 432 

induced the upregulation of VvbZIP60 spliced, VvbZIP17 and VvBiP3 (Fig.7D). Together, these 433 

results show a clear involvement of both UPR arms during the interaction between V. vinifera and 434 

both P. viticola and B. cinerea.  435 

4. Discussion 436 

An increasing number of studies have demonstrated a strong link between the plant's surrounding 437 

environment, including both abiotic factors and microorganisms’ interaction, and the activation of 438 

the UPR (Adhikari et al., 2025; Liu et al., 2025; Ko and Brandizzi, 2024).  In this study, we 439 

identified the grapevine ortholog of bZIP60, designated as VvbZIP60 and demonstrated that its 440 

transcript undergoes unconventional splicing in response to ER stress induced by DTT and TM 441 

(Fig. 3). Notably, VvbZIP60 harbors two conserved kissing stem-loop structures in its mRNA, 442 

essential for IRE1-mediated splicing. In other plant species, splicing at these sites leads to a 443 

frameshift, generating a new protein lacking the transmembrane domain (Moreno et al., 2012; Kaur 444 

and Kaitheri Kandoth, 2021). We also identified two putative grapevine orthologs of the ER-445 

transmembrane sensor IRE1, VvIRE1a and VvIRE1b. Interestingly, VvIRE1b consistently exhibited 446 

higher expression levels than VvIRE1a under most of the stress conditions analyzed. Notably, 447 

during infections with both P. viticola and B. cinerea, VvIRE1b showed a significantly stronger 448 

transcriptional induction compared to its counterpart VvIRE1a (Fig.7A-B), suggesting a potentially 449 

more prominent role in initiating the UPR during grapevine immunity. Interestingly, in A. thaliana, 450 

neither IRE1a nor IRE1b is transcriptionally induced upon B. cinerea infection (Blanchard et al., 451 

2025), although IRE1b plays a dominant role in bZIP60 splicing (Deng et al., 2011; Moreno et al., 452 

2012). In addition, IRE1b's RNase activity is required for ER stress-induced autophagy via RIDD, 453 

independently of bZIP60 (Bao et al., 2018). Given that autophagy contributes to plant defense 454 
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against necrotrophs like B. cinerea (Lai et al., 2011), VvIRE1b may integrate both bZIP60 splicing 455 

and RIDD-autophagy pathways in grapevine stress responses. Further studies are needed to 456 

clarify the functional roles of both IRE1 isoforms. The second major arm of the UPR in plants is 457 

defined by the bZIP17/28 signaling module. Interestingly, our phylogenetic analysis revealed the 458 

presence of a single grapevine bZIP sequence clustering with bZIP17, while no grapevine 459 

sequence grouped with the bZIP28 clade. In the dicotyledons, bZIP28 orthologs were found to be 460 

exclusive members of the Brassicaceae. This arm of the pathway may be therefore lineage-461 

specific and absent in non-Brassicaceae species such as Vitis vinifera. This finding highlights 462 

possible evolutionary divergence in UPR signalling components among dicotyledonous species 463 

and raises questions about how UPR is regulated in species lacking the bZIP28 arm.  464 

 465 

The UPR is known to be induced by different abiotic and biotic stresses. Here, we observed a 466 

significant induction of both UPR arms, under a variety of stress conditions. Among the abiotic 467 

factors tested in this study, heat and osmotic stress were the stronger ER-stressors with a high 468 

induction of VvbZIP60 splicing, VvBiP3 and VvbZIP17 transcript levels. Heat stress is a well-known 469 

ER-stress inducer which provokes the splicing of bZIP60 in different plant species such as A. 470 

thaliana, tomato and rice (Deng et al., 2011; Takahashi et al., 2012; Kaur and Kaitheri Kandoth, 471 

2021). On the other hand bZIP17 was only described to play important roles in maintaining fertility 472 

under heat stress conditions in Arabidopsis (Gao et al., 2022). A transcriptomic analysis revealed 473 

that VvbZIP17 was upregulated in responses to drought stress (Liu et al., 2014) but no previous 474 

studies focused on the PEG-induced osmotic stress. Interestingly,  in A. thaliana, bZIP17 was 475 

found to be more involved in the response to salt (Liu et al., 2007). In grapevine cell suspension, 476 

NaCl treatment did not induce the UPR. Grapevine is relatively tolerant to salt stress, likely due to 477 

its adaptation to drought-prone environments. In a recent study, a transcriptome analysis of all 478 

bZIP TFs was conducted in grapevine to analysis their response to salt stress. Several bZIPs were 479 

upregulated under salt stress however neither VvbZIP17 nor VvbZIP60 showed significant 480 

changes in expression (Guan et al., 2018; Çakır Aydemir et al., 2020). These results highlight the 481 

complexity of the UPR and suggest that its activation may vary between plant species. 482 

 483 

One interesting result obtained in this study is that copper treatment induces the UPR in grapevine 484 

cells. This finding is consistent with previous studies in Arabidopsis seedlings, where elevated 485 

copper levels impact seedling growth and also activated the UPR (Demircan et al., 2024). Notably, 486 

elevated copper levels are often found in vineyard soils and have been shown to affect root 487 

development (Juang et al., 2019). These observations suggest that copper stress, in addition to its 488 

known effects on oxidative damage and metal homeostasis, may impair protein folding in the ER, 489 

thereby triggering ER stress and impacting plant development. While the UPR is commonly 490 

associated with various abiotic stresses, copper-induced activation highlights a potentially 491 

underexplored aspect of copper toxicity. Further studies are therefore needed to determine 492 
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whether copper directly disrupts ER-resident proteins or causes secondary oxidative effects that 493 

lead to protein misfolding and ER stress. Notably, copper exposure provoke an accumulation of 494 

ROS and oxidative damage on A. thaliana roots and shoots (Wang et al., 2022). In addition, 495 

oxidative stress, in particular, increasing level of singlet oxygen (1O2), has also been demonstrated 496 

to trigger ER stress and induce the UPR response, confirming the interplay between ROS and 497 

UPR (Ozgur et al., 2018; Beaugelin et al., 2020) 498 

 499 

The primary recognition of microorganisms involves the perception of highly conserved molecular 500 

signatures, also known as MAMPs. MAMPs are found in many types of microorganisms, including 501 

bacteria, fungi, viruses and protozoa and tend to be highly conserved, meaning that they are 502 

structurally similar across different species of microbes (Newman et al., 2013). A study carried out 503 

in A. thaliana seedlings, showed that the UPR genes, notably IRE1a and IRE1b, were induced 504 

after  treatment with the flagellin-derived peptide flg22 and elongation factor Tu-derived peptide 505 

elf18, suggesting an impact of these MAMPs on the ER-homeostasis (Chakraborty et al., 2020). 506 

Here we decided to test several MAMPs, including flg22 and chitinous molecules such as chitin at 507 

different DPs and chitosan. Surprisingly, only chitosan could induce the UPR, particularly the 508 

transcription of VvbZIP17 (Fig.6). Chitosan is a deacetylated derivative of chitin and is known to be 509 

a potent elicitor of plant immunity. In grapevine it exhibits antimicrobial properties against B. 510 

cinerea, P. viticola and Esca disease agents (Mian et al., 2023; Martín et al., 2023; Brulé et al., 511 

2024). Chitosan-triggered immunity is associated to a set of cellular and molecular changes 512 

including cell wall lignification and callose deposition, ROS production, ion fluxes associated with 513 

the plasma membrane depolarization, MAPK activation, phytoalexin and defense-responsive 514 

proteins biosynthesis (El Hadrami et al., 2010; Narula et al., 2020; Brulé et al., 2024). Interestingly, 515 

it has been demonstrated that ROS production affects the ER stress response in plants, acting as 516 

secondary messengers (Ozgur et al., 2018) and that UPR is also involved in lignin deposition 517 

(Nakamura et al., 2022). In addition, chitosan has been shown to trigger cell death in grapevine 518 

suspension cells (this study) and in soybean cells, where it occurs via activation of a caspase-3-519 

like protease (Zuppini et al., 2004). This protease activity is well-known to be involved in ER stress-520 

induced plant cell death (Cai et al., 2014). These findings suggest that chitosan-induced cell death 521 

may be linked to UPR signaling through protease activity, although further studies are needed to 522 

confirm this connection. 523 

  524 

We showed in this study that P. viticola and B. cinerea upregulate all UPR genes with the 525 

exception of VvIRE1a in grapevine leaves. Interestingly, during B. cinerea infection, we observed a 526 

different time-dependent induction of the two arms of the UPR, suggesting that the necrotrophic 527 

pathogen B. cinerea primarily engages the bZIP60 arm of the UPR, while bZIP17 plays a more 528 

restricted role in the response. We also obtained similar results on grapevine mature berries 529 

infected by B. cinerea. Interestingly, the UPR activation coincided with a marked accumulation of 530 
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jasmonate-isoleucine (JA-Ile) in mature berries (Kelloniemi et al., 2015). Previous studies in 531 

Nicotiana attenuata have shown that exogenous methyl jasmonate (MeJA) application strongly 532 

induce BIP3 and splicing of bZIP60 (Xu et al., 2019). These findings suggest a potential link 533 

between JA signaling and UPR activation during necrotrophic fungal infection in grapevine. While 534 

VvbZIP17 is upregulated in grapevine mature berries, we also found a strong upregulation of this 535 

gene in green berries. Interestingly, in resistant green berries a strong H₂O₂ production is detected 536 

which is associated with the expression of VvRbohD and linked to a modification of the redox 537 

status while in mature berries the Gene Ontology term "cell death" is enriched and cell death is 538 

observable under the microscope (Kelloniemi et al., 2015). This redox stress could be responsible 539 

for the induction of bZIP17 expression in green berries, whereas in mature infected berries, bZIP17 540 

seems to be more associated with the induction of cell death. However, further studies are needed 541 

to understand if the UPR, and notably VvbZIP17, is induced up- or downstream of these different 542 

events. To better understand the specific role of each UPR component, more in-depth functional 543 

genomic studies will be required, including CRISPR/Cas9-mediated knockouts in grapevine 544 

(Villette et al., 2024) and complementation of Arabidopsis mutants with grapevine genes. Recent 545 

findings show that the simple mutant bzip17 is more resistant to B. cinerea infection, suggesting 546 

that bZIP17 may also act as a negative regulator of defense (Blanchard et al., 2025). Since 547 

VvbZIP17 is expressed in all grapevine organs (Liu et al., 2014), it is possible that it may act 548 

differently in berries and leaves and in different plant species.  549 

Conclusion 550 

All together, these findings suggest that the IRE1/bZIP60 and bZIP17 arms of the UPR are not only 551 

structurally conserved in grapevine but also transcriptionally regulated by a broad range of abiotic 552 

and biotic stresses. Notably, their expression patterns are modulated in an organ- and time-specific 553 

manner, highlighting a complex and finely tuned regulatory mechanism. These observations 554 

underscore the potential role of UPR signaling in grapevine stress adaptation and defense. To fully 555 

elucidate the functional relevance of these pathways, further studies integrating proteomic and 556 

Knock-out by genome editing technology will be essential, particularly to define their contribution to 557 

stress resilience and tolerance to pathogen infections, with an emphasis on the link between ROS 558 

production and UPR.   559 

Appendix A. Supplementary data 560 

Fig. S1. bZIP domain sequences alignment. (A) bZIP60 domain sequences and (B) bZIP17/28 561 

domain sequences alignment. The bZIP domain consists of two structural features: a basic region 562 

of ∼16 amino acid residues containing a nuclear localization signal followed by an invariant N-x7-R 563 

motif that binds the DNA and a heptad repeat of leucines or other bulky hydrophobic amino acids 564 

(A/V/L/G/I/M/W/F/P) positioned exactly nine amino acids towards the C-terminus. 565 
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Fig. S2. Phylogenetic analysis of BIP family. Phylogenetic tree of bryophyte in orange, basal 566 

angiosperms, monocotyledons (yellow) and dicotyledons (green) represented in different colors. 567 

The phylogenetic tree is rooted with human HsGRP78 and the yeast ScKAR2 sequences. Red 568 

asterisk indicated Vitis vinifera sequences. The phylogenetic tree was constructed using MEGA11 569 

software with the maximum-likelihood method and a bootstrap consensus of 1,000 bootstraps 570 

Fig. S3. Phylogenetic analysis of IRE family. Phylogenetic tree of bryophyte in orange, basal 571 

angiosperms, monocotyledons (yellow) and dicotyledons (green) represented in different colors. 572 

The phylogenetic tree is rooted with human HsIRE1a, HsIRE1b and yeast ScIRE sequences. Red 573 

asterisk indicated Vitis vinifera sequences. The phylogenetic tree was constructed using MEGA11 574 

software with the maximum-likelihood method and a bootstrap consensus of 1,000 bootstraps 575 

Fig. S4. Expression of VvbZIP60 unspliced after DTT and TM treatment. Log2-fold change 576 

values of VvbZIP60 unspliced form measured by qRT-PCR 1 and 3 hours after 2 mM dithiothreitol 577 

(DTT), 0.2 μg/ml tunicamycin (TM) treatments and their respective negative control water and 578 

dimethyl sulfoxide (DMSO). Barplots represent the distribution of four independent biological 579 

repeats (n=4). Means of technical duplicates (efficiency-weighted Cq(w) values) were normalized 580 

using mean Cq(w) data of two housekeeping genes (VvVSP54 and VvRPL18B) before being 581 

analyzed. Asterisks indicate statistically significant differences between negative controls and the 582 

relative treatments using a ANOVA test followed by a TukeyHSD post doc test, (P< 0.05).  583 

Fig. S5. Copper treatments triggers both UPR pathways. Log2-fold change values of VvbZIP60 584 

unspliced and spliced form, VvbZIP17, VvBIP3, VvIRE1a and VvIRE1b measured by qRT-PCR 1 - 585 

3 - 6 - 12 - 24 hours after 0,1 mM copper(II) sulfate (CuSO4), magnesium sulfate (MgSO4), and 586 

copper(II) carbonate (CuCO3). Data represent the Log2 of the Fold change of four independent 587 

biological repeats (n=4) normalized on the negative (dot line). Means of technical duplicates 588 

(efficiency-weighted Cq(w) values) were normalized using mean Cq(w) data of two housekeeping 589 

genes (VvVSP54 and VvRPL18B) before being analyzed. Data were converted in normal values 590 

through the “orderNorm transformation” (package : bestNormalize). Asterisks indicate statistically 591 

significant differences between negative control and the relative treatments using a ANOVA test 592 

followed by a TukeyHSD post doc test, (P< 0.05).  593 

Fig. S6. Chitosan induces dell death on grapevine suspension cell. Cell counting was 594 

performed 3 and 24 hours after 2 mM dithiothreitol (DTT), 0.2 μg/ml tunicamycin (TM), 0,2 mg/ml 595 

short-chitooligosaccharide DP4 (CO4), chitin DP6 (CO6), chitosan DP6 (CHITO) treatments and 596 

their respective negative control water and dimethyl sulfoxide (DMSO). Cells were stained with 597 

FDA probe then observed under an epifluorescence microscope (λexc: 450-490 nm, λem: 515 nm 598 

(LP), magnification x20) (Leitz, model DMRB). Values are mean ± SD of three independent 599 

replicates among which was counted at least 500 cells. Results are statistically equivalent to the 600 

corresponding negative control according to pairwise prop-tests with Holm correction to inflate the 601 

p-values. Each treatment has been studied individually. Statistical analysis was performed using 602 
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one-way ANOVA followed by Tukey’s post-hoc test to compare treatments within each time point. 603 

Different letters indicate statistically significant differences between groups (p < 0.05). 604 

Fig. S7. P. viticola and B. cinerea trigger defence-gene expression. (B-D) Log2-fold change 605 

values of defence-gene VvCHIT4C and VvSTS1.2 measured by qRT-PCR 5-7 days post infection 606 

with P. viticola and 24-48-72 hours post infection with B. cinerea and their respective negative 607 

control water set at 0. Barplots represent the distribution of six and four independent biological 608 

repeats (n=6/n=4) respectively. Means of technical duplicates (efficiency-weighted Cq(w) values) 609 

were normalized using mean Cq(w) data of two housekeeping genes (VvVATP16 and VvEF1a) 610 

before being analyzed. Data were converted in normal values through the “orderNorm 611 

transformation” (package : bestNormalize). Asterisks indicate statistically significant differences 612 

between negative controls and the relative treatments using a ANOVA test followed by a 613 

TukeyHSD post doc test, (P< 0.05). (A-C) Photos of infected leaves and leaf disks at different time 614 

points with P. viticola and B. cinerea respectively,  615 

Table S1. bZIPs sequence and alignment 616 

Table S2. Primers used in this study 617 
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Fig. 1. Phylogenetic analysis of bZIP60 family. (A) Phylogenetic tree of bryophyte in orange, 938 

basal angiosperms monocotyledons (yellow) and dicotyledons (green) represented in different 939 

colors. The phylogenetic tree is rooted with human and yeast bZIP60 sequences. Red asterisk 940 

indicated VvbZIP60 sequence. The phylogenetic tree was constructed using MEGA11 software 941 

with the maximum-likelihood method and a bootstrap consensus of 1,000 bootstraps. (B) Twin 942 

hairpin loop structure at splicing site in bZIP60 mRNA in Arabidopsis thaliana and Vitis vinifera. 943 

Each of the two loops contains three conserved bases (red rounds), also highlighted on the bZIP60 944 

mRNA sequences in black. Red arrows indicate predicted cleavage sites. (C) Schematic 945 

representations of bZIP60 unspliced and spliced form predicted in silico. In purple, the bZIP 946 

domain, in blue the transmembrane domain (TMD) predicted by “DAS - Transmembrane Prediction 947 

server” (Cserzö et all. 1997), in green the open reading frame generated by the frame shift (ORF2) 948 

predicted by “ORF Finder” (Stothard 2000) and in red the nuclear signal predicted by 949 

“LOCALIZER” (Sperschneider J et al. 2017). (D) Structure prediction by “alphafold” of VvbZIP60. 950 

The bZIP domain and the transmembrane domain of Vitis vinifera in purple and blue are aligned 951 

with the one of Arabidopsis thaliana in yellow, in red/orange the 5 heptad Leucine and cysteine 952 

repeats.  953 
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Fig. 2. Phylogenetic analysis of bZIP17/28 family. (A) Phylogenetic tree of bryophyte in orange, 958 

basal angiosperms, monocotyledons (yellow) and dicotyledons (green) represented in different 959 

colors. The phylogenetic tree is rooted with human ATF6 sequence. Red asterisk indicated 960 

VvbZIP17 sequence. Green border represent bZIP28 clade. The phylogenetic tree was 961 

constructed using MEGA11 software with the maximum-likelihood method and a bootstrap 962 

consensus of 1,000 bootstraps. (B) Schematic representations of bZIP17 before and after 963 

cleavage at S2P. In purple, the bZIP domain, in blue the transmembrane domain (TMD) predicted 964 

by “DAS - Transmembrane Prediction server” (Cserzö et all. 1997), in green the S2P and the S1P 965 

and in red the nuclear signal predicted by “LOCALIZER” (Sperschneider J et al. 2017). (C) 966 

Structure prediction by “alphafold” of VvbZIP17. The bZIP domain and the transmembrane domain 967 

of Vitis vinifera in purple and blue are aligned with the one of Arabidopsis thaliana in yellow, in 968 

red/orange the 5 heptad leucine and cysteine repeats. G in the transmembrane domain represent 969 

the clivage site S2P.  970 
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 979 

Fig. 3. Splicing assay of bZIP60 in grapevine suspension cell. (A) Schematic representation of 980 

the primers used to amplify the spliced region of VvbZIP60 for the qRT-PCR and the primers used 981 

for semi-quantitative RT-PCR. F-S primers set for the putative splicing regions (red arrow) are 982 

indicated to amplify bZIP60s form. F-R sets are used to amplify the entire region covering the 983 

splicing site. (B) Log2-fold change values of VvbZIP60 spliced form measured by qRT-PCR 1- and 984 

3-hours after 2 mM dithiothreitol (DTT), 0.2 μg/ml tunicamycin (TM) treatments and their respective 985 

negative control water and dimethyl sulfoxide (DMSO). Barplots represent the distribution of four 986 

independent biological repeats (n=4). Means of technical duplicates (efficiency-weighted Cq(w) 987 

values) were normalized using mean Cq(w) data of two housekeeping genes (VvVSP54 and 988 

VvRPL18B) before being analyzed. Asterisks indicate statistically significant differences between 989 

negative controls and the relative treatments using a ANOVA test followed by a TukeyHSD post 990 

doc test, (P< 0.05). (C) Semi-quantitative qRT-PCR analysis in agarose gel (3%) of VvbZIP60 991 

expression at 1 and 3 hpt in grapevine suspension cell treated as for (B). VvVPS54 was analyzed 992 

as a loading control. PCR product sizes are indicated at right. Asterisk indicates a hybrid band 993 

formed by the bZIP60u and bZIP60s PCR products. Such hybrid band has been also observed and 994 

documented in RT-PCR analysis of XBP-1 and bZIP60 in A. thaliana (Shang and Lehrman, 2004; 995 

Moreno et al., 2012). 996 
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 1000 

 1001 

Fig. 4. Abiotic stress treatments trigger the expression of both UPR arms. Log2-fold change 1002 

values of VvbZIP60 unspliced and spliced form, VvbZIP17, VvBIP3, VvIRE1a and VvIRE1b 1003 

measured by qRT-PCR 1 – 3-hours after 2 mM dithiothreitol (DTT), 1% polyethylene glycol 8000 1004 

(PEG), 50 mM sodium chloride (NaCl), heat stress (37˚C) and cold stress (4˚C). Data represents 1005 

the Log2-fold change of n > 4 independent biological repeats normalized on the negative control 1006 

set at 0 (dot line). Means of technical duplicates (efficiency-weighted Cq(w) values) were 1007 

normalized using mean Cq(w) data of two housekeeping genes (VvVSP54 and VvRPL18B) before 1008 

being analyzed. Data were converted in normal values through the “orderNorm transformation” 1009 

(package: bestNormalize). Asterisks indicate statistically significant differences between negative 1010 

control and the relative treatments using an ANOVA test followed by a TukeyHSD post doc test, 1011 

(P< 0.05).  1012 
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 1021 

 1022 

 1023 

Fig. 5. Copper treatments trigger the expression of both UPR arms. Log2-fold change values 1024 

of VvbZIP60 unspliced and spliced form, VvbZIP17, VvBIP3, VvIRE1a and VvIRE1b measured by 1025 

qRT-PCR 1- and 3-hours after 0,1 mM copper(II) sulfate (CuSO4), magnesium sulfate (MgSO4), 1026 

and copper(II) carbonate (CuCO3). Data represents the Log2-fold change of four independent 1027 

biological repeats (n=4) normalized on the negative control set at 0 (dot line). Means of technical 1028 

duplicates (efficiency-weighted Cq(w) values) were normalized using mean Cq(w) data of two 1029 

housekeeping genes (VvVSP54 and VvRPL18B) before being analyzed. Data were converted in 1030 

normal values through the “orderNorm transformation” (package: bestNormalize). Asterisks 1031 

indicate statistically significant differences between negative control and the relative treatments at 1032 

the same time point using an ANOVA test followed by a TukeyHSD post doc test, (P< 0.05). 1033 

 1034 

 1035 

 1036 

 1037 

 1038 

 1039 

 1040 

 1041 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 13, 2025. ; https://doi.org/10.1101/2025.08.11.669611doi: bioRxiv preprint 

https://doi.org/10.1101/2025.08.11.669611
http://creativecommons.org/licenses/by/4.0/


30 
 

 1042 

 1043 

 1044 

Fig. 6. Chitosan triggers the expression of both UPR arms. Log2-fold change values of 1045 

VvbZIP60 unspliced and spliced form, VvbZIP17 and VvBIP3 measured by qRT-PCR 1- and 3- 1046 

hours after 0,2 mg/ml short-chitooligosaccharide DP4 (CO4), chitin DP6 (CO6), chitosan DP6 1047 

(CHITO) and 10-8 M flg22. Data represents the Log2-fold change of four independent biological 1048 

repeats (n=4) normalized on the negative control set at 0 (dots line). Means of technical duplicates 1049 

(efficiency-weighted Cq(w) values) were normalized using mean Cq(w) data of two housekeeping 1050 

genes (VvVSP54 and VvRPL18B) before being analyzed. Data were converted in normal values 1051 

through the “orderNorm transformation” (package: bestNormalize). Asterisks indicate statistically 1052 

significant differences between negative control and the relative treatments using an ANOVA test 1053 

followed by a TukeyHSD post doc test, (P< 0.05). 1054 
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 1063 

 1064 

 1065 

Fig. 7. P. viticola and B. cinerea trigger the expression of both UPR arms. (A) Log2-fold 1066 

change values of VvbZIP60 unspliced and spliced form, VvbZIP17, VvBIP3, VvIRE1a and 1067 

VvIRE1b measured by qRT-PCR 5-7-days post infection with P. viticola on grapevine leaves (B) 1068 

Log2-fold change values of VvbZIP60 unspliced and spliced form, VvbZIP17, VvBIP3, VvIRE1a 1069 

and VvIRE1b measured by qRT-PCR 24-48-72-hours post infection with B. cinerea on grapevine 1070 

leaf disks. (C-D) Log2-fold change values of VvbZIP60 unspliced and spliced form, VvbZIP17 and 1071 

VvBIP3 measured by qRT-PCR 24- and 48-hours post infection with B. cinerea on (C) green 1072 

berries and (D) mature berries. Barplots represent the distribution of six, four and three 1073 

independent biological repeats (n=6/n=4/n=3) respectively. Means of technical duplicates 1074 

(efficiency-weighted Cq(w) values) were normalized using mean Cq(w) data of two housekeeping 1075 

genes (VvVATP16 and VvEF1a) before being analyzed. Asterisks indicate statistically significant 1076 

differences between negative controls and the relative treatments at the same time point using an 1077 

ANOVA test followed by a TukeyHSD post doc test, (P< 0.05). 1078 
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