
HAL Id: hal-04845714
https://hal.inrae.fr/hal-04845714v1

Submitted on 18 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

New insights into uranium stress responses of
Arabidopsis roots through membrane- and cell

wall-associated proteome analysis
Jonathan Przybyla-Toscano, Cherif Chetouhi, Lorraine Pennera, Yann

Boursiac, Adrien Galeone, Fabienne Devime, Thierry Balliau, Véronique
Santoni, Jacques Bourguignon, Claude Alban, et al.

To cite this version:
Jonathan Przybyla-Toscano, Cherif Chetouhi, Lorraine Pennera, Yann Boursiac, Adrien Ga-
leone, et al.. New insights into uranium stress responses of Arabidopsis roots through
membrane- and cell wall-associated proteome analysis. Chemosphere, 2024, 370, pp.143873.
�10.1016/j.chemosphere.2024.143873�. �hal-04845714�

https://hal.inrae.fr/hal-04845714v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


1 

New insights into uranium stress responses of Arabidopsis roots through 1 

membrane- and cell wall-associated proteome analysis 2 

 3 

Jonathan Przybyla-Toscano
a
, Cherif Chetouhi

a
, Lorraine Pennera

a
, Yann Boursiac

b
, Adrien Galeone

a
, 4 

Fabienne Devime
a
, Thierry Balliau

c
, Véronique Santoni

b
, Jacques Bourguignon

a
, Claude Alban

a
, 5 

Stéphane Ravanel
a* 6 

 7 
a Univ. Grenoble Alpes, INRAE, CNRS, CEA, IRIG, LPCV, 38000 Grenoble, France. 8 
b Institute for Plant Sciences of Montpellier (IPSiM), Univ Montpellier, CNRS, INRAE, Institut Agro, 9 
Montpellier, France. 10 
c PAPPSO-GQE-Le Moulon, INRAE, Université Paris-Sud, CNRS, AgroParisTech, Université Paris-11 
Saclay, 91 190 Gif-sur-Yvette, France. 12 
 13 
* Corresponding author 14 
stephane.ravanel@cea.fr 15 
Univ. Grenoble Alpes, INRAE, CNRS, CEA, IRIG, LPCV, 38000 Grenoble, France 16 
 17 
 18 
Abstract 19 
 20 
Uranium (U) is a non-essential and toxic metal for plants. In Arabidopsis thaliana plants challenged with 21 
uranyl nitrate, we showed that U was mostly (64-71% of the total) associated with the root insoluble 22 
fraction containing membrane and cell wall proteins. Therefore, to uncover new molecular mechanisms 23 
related to U stress, we used label-free quantitative proteomics to analyze the responses of the root 24 
membrane- and cell wall-enriched proteome. Of the 2,802 proteins identified, 458 showed differential 25 
accumulation (≥1.5-fold change) in response to U. Biological processes affected by U include response 26 
to stress, amino acid metabolism, and previously unexplored functions associated with membranes and 27 
the cell wall. Indeed, our analysis supports a dynamic and complex reorganization of the cell wall under 28 
U stress, including lignin and suberin synthesis, pectin modification, polysaccharide hydrolysis, and 29 
Casparian strips formation. Also, the abundance of proteins involved in vesicular trafficking and water 30 
flux was significantly altered by U stress. Measurements of root hydraulic conductivity and leaf 31 
transpiration indicated that U significantly decreased the plant's water flux. This disruption in water 32 
balance is likely due to a decrease in PIP aquaporin levels, which may serve as a protective mechanism 33 
to reduce U toxicity. Finally, the abundance of transporters and metal-binding proteins was altered, 34 
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suggesting that they may be involved in regulating the fate and toxicity of U in Arabidopsis. Overall, this 35 
study highlights how U stress impacts the insoluble root proteome, shedding light on the mechanisms 36 
used by plants to mitigate U toxicity. 37 
 38 
Keywords: Uranium, Arabidopsis thaliana, root, proteome, cell wall, membranes, aquaporins 39 
 40 
Highlights 41 
 42 

• Uranium (U) accumulates mainly in the root insoluble fraction of Arabidopsis plants 43 

• 458 proteins in the root insoluble fraction show differential accumulation in response to U 44 

• U triggers a complex reorganization of the cell wall and Casparian strips 45 

• Water flux and vesicular trafficking are significantly perturbed by U stress 46 

• Several transporters and metal-binding proteins are regulated by U 47 

 48 
Graphical abstract 49 

 50 

Abbreviations: DAP, differentially accumulated proteins; PIP, plasma membrane intrinsic protein.  51 
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1 - Introduction 52 
 53 
Heavy metals are by nature present in the earth’s crust composition. In addition, industrial and 54 
agricultural activities have direct consequences in their redistribution in the environment. This situation 55 
can lead to the accumulation of non-essential trace metals in the soil. As a result, metals are a threat to 56 
the environment and food safety due to their non-biodegradability, bioavailability and toxicity to crops. 57 
This is for instance the case for uranium (U). This actinide element is naturally dispersed in rocks and 58 
soils at an average concentration of 1-4 ppm [1]. It has also been found at high concentrations in a 59 
number of locations across the globe (see [2] for an overview). As examples, up to 250 mg U.kg-1 

were 60 
detected in sampling sites from Cunha Baixa U mine area in Portugal [3] and up to 3500 mg U.kg-1 

were 61 
detected in soils surrounding the reclaimed U mine of Rophin in France [4]. A field experiment conducted 62 
on edible vegetables grown in the agricultural area of Cunha Baixa showed that the amount of U in the 63 
edible tissues of lettuce, potato, green bean, carrot, cabbage, apple and maize were strongly increased 64 
[3,5]. In agricultural soils, U is also widely dispersed due to the extensive and long-term use of mineral 65 
fertilizers and the significant U contamination of phosphate ores [6]. In the environment, U coexists as 66 
U (+VI) and U (+IV) valence states and the uranyl ions (UO2

2+) are the most abundant form of U in its 67 

oxidized state. In this form, uranyl cations react with inorganic anions or organic acids to form highly 68 
mobile and soluble complexes in the rhizosphere that are bioavailable and can be absorbed by plants 69 
[7]. 70 
Being sessile, plants have to cope with varying U concentrations in the environment, some of them 71 
being detrimental for growth. The chemical toxicity of U in plants has been analyzed in different species. 72 
In most species, U is mainly accumulated in roots and its translocation to aerial part is limited [2]. 73 
Analysis of the subcellular distribution of U from roots and protoplasts showed that this radionuclide is 74 
primarily sequestrated in the cell wall. In contrast, only small amounts of U was found in the cellular 75 
soluble fraction [8–10]. Uranium accumulation in plant tissues causes an inhibition of plant growth and 76 
root elongation, by interfering with carbon and nitrogen assimilation, photosynthesis, mineral nutrition 77 
(i.e. iron, calcium, phosphorus, magnesium), and hormone synthesis and distribution (i.e. auxin, 78 
jasmonic acid and salicylic acid) [10–18]. In addition, U exposure leads to an overproduction of reactive 79 
oxygen species (ROS) [17,19,20]. However, the molecular mechanisms behind these effects are still 80 
poorly understood. To date, the pathway for U entry in root cells is the best characterized. It was 81 
demonstrated that calcium-permeable channels are required for U uptake [21,22], while the main high 82 
affinity iron transporter IRT1 is dispensable in A. thaliana [23]. The calcium channel-dependent pathway 83 
for U uptake is conserved in yeast [24] and could represent a general uptake mechanism, at least in the 84 
eukaryotic lineage. In addition, the calcium concentration in the nutrient medium modulates U responses 85 
in shoots [25]. Beside transporter-mediated uptake, an additional pathway involving endocytic uptake 86 
might also be important for U transport into plant cells [26].  87 
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During the last decade, several comparative genomic approaches and/or quantitative analyses 88 
performed in A. thaliana, Vicia faba and Ipomoea batatas roots have provided insight into global gene 89 
expression and metabolic adjustments in response to U [8–10,13,20,27–29]. To shed light on the 90 
consequences of uranyl ions on the soluble proteome of Arabidopsis root and shoot cells, we previously 91 
developed an ionomic and top-down proteomic analysis coupled with biochemical and structural 92 
approaches [9,29]. In these studies, we identified 38 proteins able to bind U in vitro and we demonstrated 93 
that the Arabidopsis cation-binding protein PCaP1 is able to bind U(VI) in addition to other metals (i.e. 94 
Ca(II), Cu(II) and Fe(III) [29]. This newly identified U-binding protein, found in the plasma membrane or 95 
the cytosol, was originally known for its role in calcium signaling and its calcium-dependent regulation 96 
of the actin and the microtubule cytoskeleton [30,31]. While most of U is associated with insoluble 97 
cellular fractions, i.e. cell wall, membranes, and high-molecular-weight complexes [9], our knowledge of 98 
the effect of U on these cellular and extracellular structures is very limited. To date, the only documented 99 
example of a U-binding membrane protein in any organism is the bacterial UipA protein [32]. This single-100 
pass transmembrane protein contains a large domain with nanomolar affinity for uranyl and Fe(III), and 101 
is essential for bacterial tolerance to the radionuclide. 102 
In an effort to elucidate the molecular mechanisms underlying the chemotoxicity of U and the associated 103 
stress response in plants, the aim of this study was to identify membrane- and cell wall-associated 104 
proteins in Arabidopsis roots whose expression is regulated upon U stress. To this end, we have 105 
developed a label-free quantitative proteomic workflow based on nano-LC-MS/MS analysis followed by 106 
a detailed computational study. Using this approach, we analyzed the response of the Arabidopsis root 107 
membrane- and cell wall-enriched proteome under U stress and identified 458 differentially accumulated 108 
proteins. Our approach targeting the major site of U accumulation in root cells revealed unprecedented 109 
biological processes affected by the radionuclide, including cell wall organization, radial apoplastic 110 
transport, endomembrane trafficking, and water flux through aquaporins. Root hydraulic conductivity 111 
and leaf transpiration rate measurements confirmed that changes in water status in Arabidopsis under 112 
U stress could be an important mechanism to prevent U toxicity. Our analysis also highlighted potential 113 
transporters and metal-binding proteins involved in the fate of U in Arabidopsis. 114 
  115 
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2 – Material and methods 116 
 117 
2.1 - Plant cultivation and uranium treatment 118 
Arabidopsis thaliana Columbia-0 (Col-0) wild type (WT) seeds were initially sterilized and stratified in 119 
water for 3 d at 4°C. Plants were cultivated under hydroponic conditions at 20 °C and a relative humidity 120 
of 60% under a short-day photoperiod (8 h of light, 80 μmol photons m-2 s-1 photosynthetically active 121 
radiation) or a long-day photoperiod (16 h of light) in the case of transpiration and root hydraulic 122 
conductivity (Lpr) measurements. For proteomic analysis and transpiration measurements, the 123 
experimental device described in [23] was used. Briefly, seedlings were placed on floating supports in 124 
black polypropylene containers filled with 200 mL of "Gre medium" (0.8 mM K2SO4, 1 mM Ca(NO3)2, 1 125 

mM MgSO4, 0.25 mM KH2PO4, 10 µM H3BO3, 0.2 µM CuSO4, 2 µM MnSO4, 0.01 µM (NH4)6Mo7O24, 2 126 

µM ZnSO4, 10 µM NaCl, 0.02 µM CoCl2, 20 μM FeNaEDTA), pH 5.6, and cultivated for 30 d. Then, 127 

plants were transferred to distilled water supplemented or not with 5 µM or 50 μM uranyl nitrate 128 
(UO2(NO3)2) during 48 h. At the end of the culture, excess of U was systematically removed from the 129 

root surface by a washing step with a carbonate solution (10 mM Na2CO3), followed by two additional 130 

washes with distilled water. 131 
For root hydraulic conductivity measurements, 11 d-old seedlings grown in half-strength Murashige and 132 
Skoog agar medium were transferred on plastic plates floating over a basins filled with 8 L of hydroponic 133 
solution (1.25 mM KNO3, 0.75 mM MgSO4, 1.5 mM, Ca(NO3)2, 0.5 mM KH2PO4, 50 μM FeEDTA, 50 μM 134 
H3BO3, 12 μM MnSO4, 0.70 μM CuSO4, 1 μM ZnSO4, 0.24 μM MoO4Na2, 100 μM Na2SiO3. Three weeks 135 
after germination, plants were transferred to the same culture medium depleted with KH2PO4 and 136 
Na2SiO3 to avoid any interaction with (UO2(NO3)2). Uranyl nitrate treatment (50 µM) was applied for 24 137 

h. 138 
 139 
2.2 - Uranium quantification by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 140 
For U determination, digestion of roots was performed at 90 °C during 4 h in 400 µL of 65% (w/v) HNO3 141 

(Suprapur, Merck) [23]. Proteins from the soluble and SDS-solubilized fractions were mineralized in 10% 142 
(w/v) HNO3 for 2 h at 65 °C [29]. Mineralized samples were diluted in 0.65% (w/v) HNO3 and U 143 

quantification was performed using an iCAP RQ ICP-MS (Thermo Fisher Scientific GmbH, Germany) 144 
operating in standard mode. The concentration was determined using a standard curve and a standard 145 
internal solution containing rhodium and ytterbium. The Qtegra software was used for data acquisition 146 
and integration. 147 
 148 
2.3 - Protein extraction and quantification 149 
Proteins were extracted from 400 to 700 mg (fresh weight) of roots. Root tissues were ground with liquid 150 
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nitrogen in a mortar before homogenization with the extraction solution (20 mM Tris-HCl, pH 7.0, 1 mM 151 
EDTA, 1 mM DTT and a cocktail of protease inhibitors, Roche). The suspension was ultracentrifuged at 152 
105,000 g for 20 min. The supernatant containing the soluble proteins was collected, while the pellet 153 
was washed twice with the extraction solution and then resuspended in the extraction solution 154 
supplemented with 1% (w/v) SDS. The suspension was incubated at 4 °C for 30 min to allow protein 155 
solubilization by SDS and then centrifuged at 15,000 g for 20 min. The supernatant was collected to 156 
recover proteins solubilized by SDS. Protein quantification of the extracts was estimated using the 157 
Pierce BCA Protein Assay kit (Thermo Scientific) and bovine serum albumin as standard. 158 
 159 
2.4 - SDS PAGE immunoblot assay 160 
Soluble and SDS-solubilized proteins from root extracts were separated on 12% (w/v) reducing 161 
polyacrylamide gels (SDS-PAGE) and transferred onto nitrocellulose or PVDF membranes. After a 162 
blocking step with 4% (w/v) BSA in TBS-0.1% (v/v) Tween, the immunoblot reaction was performed 163 
overnight at 4 °C with polyclonal antibodies raised against the membrane tonoplast intrinsic protein 164 
(TIP1;1, TIP1;2) (Agrisera AS09493),the soluble fructose-bisphosphate aldolases (FBAs) [33], or the U-165 
binding proteins PCaP1 [29] and GRP7 [34]. Following three washes, membranes were incubated 166 
during 1 h at room temperature with secondary antibodies conjugated to horseradish peroxidase. Signal 167 
detection was performed using the ECL prime detection reagent (Amersham) and fluorescence was 168 
visualized using ImageQuant 800 (Amersham) imaging system. 169 
 170 
2.5 - Proteomic preparation and label-free nanoLC-MS/MS analysis 171 
About 15 µg of proteins were separated on SDS-PAGE gels (Bio-Rad 3450009) at a constant voltage 172 
of 200 V for 12 min. Gels were stained with the Bio-Safe™ Coomassie Stain solution (Bio-Rad 1610786) 173 
according to the manufacturer recommendations. Proteins were fixed with a 10% (v/v) acetic acid and 174 
40% (v/v) ethanol solution, and rinsed with distilled water. After acquisition of a gel image, the tracks 175 
were cut into three bands corresponding to the three protein subfractions. The bands were rinsed and 176 
digested with 200 ng trypsin in a final volume of 100 µL. After digestion, samples were dried using a 177 
SPD111 SpeedVac (Thermo Scientific) until complete evaporation. LC-MS/MS analyzes were performed 178 
using a NanoLC-Ultra system (nano2DUltra, Eksigent) connected to a Q-Exactive plus mass 179 
spectrometer (Thermo Electron, Waltham, MA, USA). For each sample, approximately 400 ng of the 180 
peptides were loaded onto a Biosphere C18 120 Angstrom precolumn (2 cm, 100 µm, 5 μm; 181 
nanoseparation) at 7,500 nL min-1 and desalted with 0.1% (v/v) formic acid and 2% (v/v) acetonitrile. 182 
After 5 min, the precolumn was connected to a Biosphere C18 120 Angstrom nanocolumn (30 cm, 75 183 
µm, 3 μm; nanoseparation). The gradient profile contained 5 steps corresponding to: step 0 (0 min in 184 
95% buffer A [0.1% (v/v) formic acid] and 5% buffer B [0.1% (v/v) formic acid in acetonitrile]), step 1 (75 185 
min in 70% buffer A and 30% buffer B), step 2 (80 min in 5% buffer A and 95% buffer B), step 3 (85 min 186 
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in 5% buffer A and 95% buffer B), step 4 (88 min in 95% buffer A and 5% buffer B) and step 5 (95 min 187 
in 95% buffer A and 5% buffer B). Nano-ESI was performed with a spray voltage of 1.6 kV and a heated 188 
capillary temperature of 250 °C. The acquisition was performed using XCalibur 4.0.29 (Thermo Electron) 189 
software in data-dependent mode with the following steps: (1) full MS scan was acquired at 75.000 of 190 
resolution with an AGC target to 3*106 in a maximum of 250 ms for mass range of 350 to 1400 m/z; (2) 191 
MS/MS scan was acquired at 17.500 of resolution with an AGC target of 1*105 in a maximum of 120 ms 192 
and an isolation window of 1.5 m/z. Step 2 was repeated for the 8 most intense ions in the full scan (1) 193 
if the intensity was greater than 8.3*103 and the charge was 2 or 3. The peptide match option was set 194 
to on and isotopes of the same ion were excluded. Dynamic exclusion was set to 50 s. 195 
 196 
2.6 - Data analyses and protein identification 197 
Data files were converted to open source mzXML format using msConvert software from the 198 
ProteoWizard 3.0.9576 package [35]. During conversion, the MS and MS/MS data were centered. 199 
Arabidopsis thaliana protein database (Araport11) was used as a reference for protein identification. A 200 
contaminant database containing the sequences of standard contaminants such as trypsin, keratin, and 201 
serum albumin was also queried. Search was performed using X!Tandem (version Piledriver 202 
2015.04.01.1) [36]. Trypsin was set in strict mode with 1 miscleavage in the first step. 203 
Carbamidomethylation of cysteine was set as a fixed modification. Oxidation of methionine, excision of 204 
N-terminal methionine, with or without acetylation, and pyroglutamate from glutamine or glutamic acid 205 
were set as potential modifications. In a second pass, the maximum allowed miscleavage was set to 5, 206 
deamidation on asparagine and glutamine and oxidation of tryptophan were added to the list of potential 207 
modifications.  208 
Proteins were filtered and sorted using X!TandemPipeline (version 0.4.17) [37]. Each identified protein 209 
was validated by the presence of at least two peptides with an E-value <0.01 and a protein E-value  210 
<10-5. According to these parameters, results were filtered to an estimated false discovery rate (FDR) 211 
of 0.15% at the peptide level and 0% at the protein level. The identified peptides were quantified by 212 
eXtracted Ion Current (XIC) and MassChroQ software (version 2.2.22) [38] using the following alignment 213 
parameters: ms2_1 alignment method tendency_halfwindow of 10, ms2_smoothing_halfwindow of 15, 214 
ms1_smoothing_halfwindow of 0. The quantification method XIC was based on max, min and max ppm 215 
range of 10, anti-spike half of 5, mean filter half_edge of 2, minmax_half_edge of 4 and 216 
maxmin_half_edge of 3. The thresholds for detection were 30,000 for min and 50,000 for max. The 217 
mass spectrometry proteomics data (Table S1) have been deposited to the ProteomeXchange 218 
consortium via the PRIDE partner repository (https://www.ebi.ac.uk/pride/) with the dataset identifier 219 
PXD048867. 220 
 221 
2.7 - Peptide and protein normalization and quantification 222 

https://www.ebi.ac.uk/pride/
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The intensity of each peptide in each sample was normalized using a median-based method taking into 223 
consideration the peptide intensities of reference samples. The reference samples correspond to the 224 
pool of peptide ions extracted from the 18 samples analyzed using the same pipeline. Proteins were 225 
then quantified after removing common and doubtful peptide ions, peptides with too many missing data 226 
(more than 10%), and peptides whose intensity profile deviated from the average profile of peptide-mz 227 
(correlation less than 0.5). Missing values at the peptide level were imputed using the Iterative Robust 228 
Model-based Imputation method (R package VIM) [39]. Proteins represented by at least two 229 
reproducible and consistent peptides were quantified. Relative protein abundance was calculated as 230 
the sum of XIC intensities of selected peptides and log10 transformed (Table S2). For proteins that were 231 
not detected in one of the samples, the intensity was imputed using the minimum intensity measured in 232 
the experiment. 233 
 234 
2.8 - Statistical, protein clustering and bioinformatics analyses of identified proteins 235 
The results were analyzed using the program MCQR (version 0.5.2). Proteins regulated by U treatment 236 
were identified using a one-way analysis of variance (ANOVA) with the following linear model: Yij = µ + 237 

Ui + Ɛij, where Yij refers to individual protein abundance, μ is the general mean, Uj is the effect of U, 238 

and εjk is the residual. For each protein, the p-value obtained from the ANOVA test was adjusted (Padj 239 

< 0.05). Proteins that showed Padj <0.05 in the ANOVA were subjected to a Tukey test to identify 240 
proteins that showed differential accumulation in at least one of the three comparisons (U5 versus U0, 241 
U50 versus U0, and U50 versus U5) with p-value < 0.05 (Table S3). A 1.5 fold-change threshold was 242 
then used to select proteins whose abundance was significantly affected by U stress. 243 
The Self-Organizing Tree Algorithm (SOTA) of the identified proteins was performed using the Z-score 244 
transformed values (R package SOTA) [40]. Eight clusters were selected to describe the more 245 
representative protein accumulation patterns in the three conditions (Table S4). In Table S5, the AGI 246 
code, UniProt ID, gene name(s), gene description(s) for each identified protein were retrieved from the 247 
Araport 11 (Arabidopsis information resource (https://www.arabidopsis.org/) or UniProtKB databases. 248 
Protein classes were compiled from PantherDB (http://www.pantherdb.org/; last update February 23, 249 
2022), whereas enzyme families were provided from Gene Ontology (GO) “molecular function” 250 
annotations available through QuickGO (www.ebi.ac.uk/QuickGO/) coupled with a manual curation 251 
(Table S6). The nature of (putative) metallic cofactors was obtained from the UniProtKB database 252 
(https://www.uniprot.org/). Predicted or experimentally proven subcellular localizations of proteins were 253 
compiled from the resource SUBAcon (SUBcellular Arabidopsis consensus v5; http://SUBA.live; last 254 
update June 30, 2022) [41].  255 
Hierarchical clustering was generated for the proteins that showed significant variation under U 256 
exposure using the Heatmapper web application [42]. The Cytoscape v3.9.1 plugin Biological networks 257 

https://www.arabidopsis.org/
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gene ontology (BiNGO) v3.0.3 [43] and the Metascape software (https://metascape.org) [44] were used 258 
to calculate GO term enrichment of regulated proteins. The analysis was conducted using the default 259 
BINGO settings with the Bonferroni family-wise error rate correction (with significant level set at <0.05) 260 
and the Arabidopsis thaliana annotation. Bubble plots were generated with SR plot 261 
(https://www.bioinformatics.com.cn/en). For relevant positioning in metabolic pathways, proteins were 262 
analyzed using the Arabidopsis metabolic network knowledge database ChloroKB [45]. 263 
 264 
2.9 –Root hydraulic conductivity and transpiration measurements 265 
Measurement of root hydraulic conductivity (Lpr, in mL g-1 h−1 MPa−1) was performed using a pressure 266 
chamber coupled to a flowmeter as described in [46]. Excised roots were pretreated at 350 kPa for 10 267 
min and pressure (P)-induced sap flow (Jv) was measured consecutively at 320, 160 and 240 kPa. Then, 268 
2 mM of sodium azide (NaN3) was applied for 30 min and Jv was recorded. Root dry weight (DWr) was 269 
measured after dehydration at 80 °C for 48 h and Lpr of an individual root system was calculated from 270 
the equation: Lpr = Jv/P/DWr. For transpiration measurements (water loss; g H2O cm-2 and g H2O h-1  271 
cm-2), plants were weighed every 3.5 h from the beginning to the end of the photoperiod throughout the 272 
treatment period. Foliar surface was determined using the ImageJ software. 273 
 274 
3 - Results 275 
 276 
3.1 - Uranium is preferentially bound to membrane-associated and other insoluble proteins in 277 
roots 278 
To gain insights into the responses of the root proteome under U stress, 30-day-old Arabidopsis thaliana 279 
(Col-0) plants were challenged with 5 and 50 µM uranyl nitrate for 48 h, thereafter referred to as U5 and 280 
U50 conditions, respectively. Uranyl nitrate was provided in distilled water in order to limit U interaction 281 
with other mineral components (e.g. phosphate) and maximize its absorption by roots [13,22,47]. Roots 282 
treated with 5 and 50 µM uranyl nitrate accumulated 135 ± 23 and 1609 ± 157 µg U per g fresh weight, 283 
respectively (mean ± SD, n=6 biological replicates) (Figure S1). In shoots, U concentration was much 284 
lower (0.4 ± 0.1 and 2.2 ± 1.4 µg.g-1 

FW in U5 and U50 plants, respectively), in agreement with the low 285 
translocation rate of U observed in Arabidopsis in these conditions [11,22,23,48]. Total proteins were 286 
extracted from root tissues and soluble proteins were separated from insoluble material by 287 
ultracentrifugation. Then, membrane-bound and other insoluble proteins were extracted in the presence 288 
of 1% (w/v) SDS and recovered from residual insoluble material by centrifugation. Immunoblot analysis 289 
with antibodies against the membrane integral tonoplast protein (TIPs) and the soluble fructose 1,6-290 
bisphosphate aldolase isoforms (FBAs) was performed to assess the quality of protein fractions. TIPs 291 
were detected only in the SDS-solubilized fraction, whereas aldolases were detected only in the soluble 292 
fraction (Figures 1A, S2 and S3). This result confirms the specific enrichment of the two fractions in 293 

https://metascape.org/
https://www.bioinformatics.com.cn/en
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either soluble or membrane-associated proteins with very low cross contamination. In the soluble 294 
fraction, the amount of U determined by ICP-MS was 0.20 ± 0.05 and 3.02 ± 1.16 µg. 295 
mg-1 

protein in the roots of U5 and U50 plants, respectively (Figure 1B). The amount of U in membrane-296 
associated and other insoluble proteins was about 10 to 15-time higher, with 3.1 ± 1.0 and 28.1 ± 3.6 297 
µg U per mg protein (Figure 1B). Considering the amount of proteins recovered in the soluble and SDS-298 
solubilized fractions (13 ± 2 % and 87 ± 2%, respectively), it can be calculated that two-thirds of the total 299 
U was associated with the SDS-solubilized fractions (64 ± 7 % and 71 ± 6 % for U5 and U50, 300 
respectively), with the remainder in the soluble fraction (Figure 1C). This result is in agreement with 301 
previous data obtained in Arabidopsis cell suspension cultures treated with uranyl nitrate, in which most 302 
of U in the protoplasts was associated with membranes [9]. It also suggests that the function and/or 303 
abundance of membrane-associated and other insoluble proteins may be particularly compromised 304 
under U stress. For these reasons, we focused our analysis on the responses of the root insoluble 305 
proteome to U stress. 306 
 307 
3.2 - The root membrane- and cell wall-enriched proteome is strongly affected by uranium 308 
SDS-solubilized protein fractions from roots of the control (U0), U5 and U50 conditions were analyzed 309 
by nano-LC-MS/MS using a Q-Exactive mass spectrometer (n=6 biological replicates per condition). 310 
The analysis allowed the identification of 29,371 peptides corresponding to 3,462 indistinguishable 311 
protein groups (validated by at least 2 peptides with E-value<0.01, and a protein E-value<10-5) (Table 312 
S1). Within this dataset, 2,802 proteins (corresponding to 17,730 peptides) were quantified in a 313 
reproducible manner using a XIC-based approach (Table S2). The subcellular localization of the 2,802 314 
proteins was analyzed using two complementary tools for gene ontology (GO) enrichment analysis, the 315 
BiNGO plugin of Cytoscape and the Metascape software for A. thaliana. With Metascape, enrichment 316 
clustering eliminates confounding data interpretation issues that can arise from redundancies in 317 
descriptors and ontologies, facilitating interpretation of results with relatively small clusters that cannot 318 
be identified with BiNGO. The BiNGO analysis indicated that the most enriched (from 4- to 10-fold) 319 
subcellular compartments in the insoluble proteome are the peroxisome, plasma membrane, cell wall, 320 
endosome, nucleolus, vacuole, endoplasmic reticulum (ER), and nuclear envelope (Figure S4A). In 321 
addition, the Metascape cellular component enrichment analysis indicated that several protein 322 
complexes and vesicular systems were significantly enriched in this fraction (Figure S4B). Together, 323 
these results showed that the SDS-solubilized protein fraction from roots is enriched in membrane 324 
proteins from different subcellular compartments, in cell wall-associated proteins (enrichment >3.5), and 325 
in protein complexes (enrichment >3). This fraction is now referred to as the root membrane- and cell 326 
wall-enriched proteome, or simply the root membrane proteome. 327 
Using a 1.5-fold change threshold for biological significance, we identified 458 differentially accumulated 328 
proteins (DAPs) in the root membrane proteome under U stress (ANOVA, p-value <0.05) (Table S3). As 329 
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shown in Volcano plots and Venn diagram (Figure S5), a total of 68 proteins changed significantly in 330 
the comparison between U0 and U5 treatments (49 up-accumulated, 19 down-accumulated), 343 331 
proteins changed between U0 and U50 (168 up-accumulated, 175 down-accumulated), and 299 332 
proteins changed between U5 and U50 (143 up-accumulated, 156 down-accumulated). Overall, this 333 
indicates that most of the 458 DAPs were deregulated by the high U concentration (U50), whereas lower 334 
U stress (U5) moderately interfered with the root membrane- and cell wall-enriched proteome. To refine 335 
this comparison, hierarchical clustering analysis of the 458 DAPs clearly confirmed the grouping of 336 
biological replicates (n=6) for each U treatment (Figure S6). For each of the three conditions, a specific 337 
pattern of protein accumulation was observed. The root membrane proteome from plants cultivated in 338 
U0 and U5 conditions segregated drastically from that of U50. Finally, a self-organizing tree algorithm 339 
(SOTA) analysis was used to define eight clusters of proteins based on their accumulation patterns in 340 
response to U concentrations in the medium (Figure 2; Table S4). Clusters 1 and 2 included proteins 341 
that preferentially accumulated as the U concentration increased. In contrast, clusters 4 and 5 contained 342 
proteins whose abundance decreased with increasing U concentrations. Clusters 3, 6, 7 and 8 grouped 343 
proteins with opposite abundance patterns at the two U concentrations. Approximately half of the 458 344 
DAPs were up-accumulated in response to U50 (clusters 1-3), whereas the abundance of the remaining 345 
50% proteins was decreased in this condition (clusters 4-6) (Figure 2). 346 
 347 
3.3 - Membrane- and cell wall-associated proteins regulated by uranium perform a wide range of 348 
molecular functions 349 
To further delineate whether some cell compartments are specifically impacted by U stress, the 350 
subcellular localization of the 458 DAPs was analyzed using the BiNGO and Metascape tools. The 351 
plasma membrane, ER, vacuole, and cell wall were the most enriched subcellular compartments in the 352 
BiNGO analysis (>3.5-fold enrichment) (Figure 3A). Additionally, the supramolecular complex, secretory 353 
vesicle, Golgi cisterna, and Casparian strip terms were overrepresented in the Metascape analysis (>3-354 
fold enrichment) (Figure 3B). Altogether, these results suggest that U influences the abundance of 355 
proteins distributed in most of the cell compartments, and support an enrichment of the cell wall and 356 
membrane fractions. A moderate enrichment (2.7-fold) of proteins detected in the cytosol may reflect 357 
the presence of protein complexes that interact, at least transiently, with the membranes. 358 
We investigated the predicted molecular functions of the 458 DAPs under U stress. Proteins were 359 
grouped into functional classes based on GO annotations related to the molecular function and data 360 
were manually curated. Our analysis showed that enzymes represented 46% of U-accumulated proteins 361 
(Figure 4A; Table S6). The other proteins belonged to the classes of transporters (13%), 362 
transcriptional/translational factors (9%), chaperones/co-chaperones (6%) or transmembrane receptors 363 
(4%), while 24 proteins (5%) had other functions and 89 proteins (19%) were referred to as “unknown” 364 
(Figure 4A; Table S5). Focusing on the enzyme class, hydrolases, oxidoreductases and transferases 365 
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were mainly identified, while lyases, ligases and isomerases accounted for a smaller proportion (Figure 366 
4A; Table S5). The hydrolase protein class included proteases, phosphatases, glycosidases, esterases, 367 
lipases, nucleases and helicases (Table S5). Oxidoreductases were primarily represented by 368 
peroxidases. Finally, kinases, transaminases and aldolases formed the transferase class. Concerning 369 
transporters, families involved in the transport of nucleotides, proteins, vesicles, water, sugars and 370 
metals were regulated by U (Table S5). Notably, more than 30% of the proteins identified in our 371 
proteomic analysis were annotated as metalloproteins (Figure 4B). The abundance of genuine or 372 
predicted iron-, calcium-, zinc-, and magnesium-containing proteins was noticeably affected by U 373 
(Figure 4B). 374 
 375 
3.4 - Multiple biological pathways involved in stress response, metabolism and cell organization 376 
are modified by uranium 377 
To gain insight into the biological processes regulated by U, we performed an enrichment analysis of 378 
the 458 DAPs using BiNGO and Metascape. For biological process enrichment analysis, the Metascape 379 
tool has the advantage of identifying GO constituted by a smaller set of proteins compared to BiNGO. 380 
Among the most enriched (>1.8-fold) biological processes, considering only higher levels in the GO term 381 
hierarchy, the terms response to stress (GO:0006950), response to metal ion (GO:0010038), amino acid 382 
metabolic process (GO:0006520), monocarboxylic acid metabolic process (GO:0032787), and transport 383 
(GO:0006810) were identified using BiNGO (Figure 5A). The analysis using Metascape revealed 384 
additional enriched (>2.2-fold) biological processes such as protein folding (GO:0006457), tRNA 385 
aminoacetylation (GO:0043039), phenylpropanoid metabolic process (GO:0009698), cell wall 386 
organization (GO:0071555), and cell-cell junction assembly (GO:0007043) (Figure 5B). This analysis 387 
indicates that multiple biological processes are affected in response to U. In the following paragraphs, 388 
we provide a detailed description of the molecular components associated with the GO terms and their 389 
sub-terms. To provide a clear overview of the effects of U on the root membrane proteome, we have 390 
grouped these terms/sub-terms into three main categories, namely (i) stress, (ii) metabolism and cell 391 
wall organization, and (iii) transport and compartmentalization. 392 
 393 
Stress -The stress category includes the GO terms response to stress (and its child term response to 394 
oxidative stress, GO:0006979), protein folding, and response to metal ions. Response to stress is one 395 
of the largest GO biological process with 75 DAPs mainly present in clusters CL1, CL3, CL4 and CL6 396 
(Figure 2). Among them, 23 proteins constitute the sub-group response to oxidative stress (Figure 6A). 397 
Only a few of these proteins were accumulated upon U stress (CL1 and CL3), including plastidial 398 
peroxiredoxin PRXIIB and PRXIIE, mitochondrial peroxiredoxin PRXIIF, glutathione peroxidase 6 399 
(GPX6), thioredoxin H type 5 (TRX5), and peptide methionine sulfoxide reductase 4 (PMSR4). All other 400 
proteins in this group were less abundant in the presence of U50, such as the cytosolic and plastidial 401 
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copper/zinc superoxide dismutase 1 and 2 (CSD1/2), gamma-glutamyl transpeptidase 1 (GGT1), and 402 
up to 13 class-III peroxidases (PRXs) (Figure 6A). The second GO sub-group, protein folding, 403 
comprised a dozen proteins that accumulate in response to U (CL1 and CL3), of which several 404 
chaperones/chaperonins and three peptidyl-prolyl cis-trans isomerases (ROC1/3/5). Finally, many of the 405 
DAPs involved in response to stress (at least 32 proteins) are metalloproteins and/or proteins regulated 406 
by metal ions. In addition to the numerous PRXs and CSDs already described above, this group contains 407 
a number of proteins involved in the response to biotic and abiotic stress and/or metal homeostasis. 408 
Among the up-accumulated proteins, the calcium-binding chaperone calreticulin-3 (CALR3) [49], the 409 
calcium-, zinc- and iron-binding early response to dehydration 10 and 14 proteins (ERD10/14) [50], the 410 
nickel-binding phosphorylated protein 34 (PHOS34) [51], as well as the cadmium- and zinc-responsive 411 
pre-mRNA regulatory protein glycine-rich protein 7 (GRP7) [52,53] were found. In contrast, the 412 
chloroplastic iron storage protein ferritin 1 (FER1) [54] and the plasma membrane-associated cation-413 
binding protein 1 (PCaP1) [31,55] were present at lower levels under U stress. To support these data, 414 
we analyzed the steady-state levels of the GRP7 and PCaP1 proteins in the roots of Arabidopsis plants 415 
challenged with U by immunoblot. Results shown in Figure 7 confirm that the abundance of these two 416 
U-binding proteins [29] is modified by U stress and that the accumulation profiles determined by 417 
immunolabeling fit well with XIC-based quantitative proteomic data. 418 
 419 
Metabolism and cell wall organization - Several terms related to plant metabolism and cellular 420 
organization are significantly enriched among the 458 DAPs. They include amino acid metabolic process 421 
(and its sub-term branched chain amino acid metabolic process, GO:0009081), monocarboxylic acid 422 
metabolic process, tRNA aminoacetylation, phenylpropanoid metabolic process, cell wall organization, 423 
and cell-cell junction assembly (Figure 5). These proteins are distributed in all eight clusters from the 424 
SOTA analysis, but are mainly present in CL1, CL3, CL4, and CL6. The GO term amino acid metabolic 425 
process includes enzymes involved in the synthesis of several amino acids (Figure S7). The synthesis 426 
of branched-chain amino acids (BCAA; Ile, Leu, Val) is particularly impacted by U stress with the 427 
accumulation of four enzymes catalyzing consecutive steps, namely acetohydroxy acid synthase (ALS), 428 
acetohydroxy acid isomeroreductase (ILV5), dihydroxyacid dehydrate (DHAD), and isopropylmalate 429 
synthase (MAML-4) (Figure S7). In contrast, the isopropylmalate isomerase 2 (IPMI2), 430 
methylthioalkylmalate synthase 3 (MAM3), superroot (SUR1) and cytochrome 5B-C proteins involved in 431 
the biosynthetic pathway of BCAA-derived aliphatic glucosinolates are less abundant [56]. The synthesis 432 
of aromatic amino acids (Phe, Tyr, Trp), aspartate-derived amino acids (Thr, Lys), amino acids 433 
contributing to one-carbon metabolism (Ser, Gly, Met), and Arg are also up-accumulated in response to 434 
U50 (Figure S7). The highest concentration of U also has a significant effect on tRNA aminoacetylation 435 
reactions as observed by the accumulation of eight aminoacyl tRNA-ligases (Figure S7), suggesting an 436 
effect of the radionuclide on de novo protein synthesis. In connection with aromatic amino acid 437 
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synthesis, the response to U stress is characterized by the differential accumulation of enzymes 438 
belonging to the phenylpropanoid metabolic process. Two enzymes involved in the activation of 439 
phenylpropanoid precursors, coumarate CoA ligase (4CLL7) and cinnamyl alcohol dehydrogenase 440 
(CAD5), accumulated during U stress (Figure 6B), suggesting an increased synthesis of flavonoids or 441 
monolignols [57]. Following their transport to the cell wall, monolignols are oxidized by members of the 442 
large family of class-III peroxidases and further polymerized to form lignin. As mentioned before, 13 443 
class-III peroxidases predicted to be extracellular were decreased in abundance in response to U 444 
exposure (Figure 6A), suggesting a significant effect of U on the homeostasis of this major cell wall 445 
polymer. In addition, important changes in cell wall composition are supported by several proteins whose 446 
abundance changes during U stress. First, the abundance of enzymes involved in the modification of 447 
pectin, namely pectin methylesterases (i.e. PME1/17/18) and pectin acetylesterase 11 (PAE11), is 448 
decreased in response to U stress (Figure 6B). Second, enzymes involved in either suberin synthesis 449 
(e.g. long chain acyl-CoA synthetase LACS2, cytochrome P450 86A1, feruloyl-CoA transferase HHT1) 450 
[58] or the degradation of cell wall polysaccharides (glycoside hydrolases acting on diverse substrates, 451 
i.e. alpha and beta-galactoside, beta-glucoside, xyloglucan, fructan) [59] are either more or less 452 
abundant in U5 and U50 than in control samples (Figure 6B). These important changes in cell wall-453 
organizing enzymes suggest a dynamic and complex reorganization of the cell wall in response to U 454 
stress. This assumption is strengthened by the observation that the abundance of four Casparian strip 455 
membrane proteins (i.e. CASP1-4) and uclacyanin 2 (UCC2), both involved in the Casparian strip 456 
formation and consequently in cell-cell junctions [60–62], was decreased in the presence of U50 (CL4 457 
in Figure 2, Figure 6B). 458 
 459 
Transport and compartmentalization - The transport group, formed by the enriched GO term transport 460 
and its child terms vesicle-mediated transport (GO:0016192) and water transport (GO:0006833), 461 
contains 47 DAPs associated with CL1, CL2 and CL6 (Figure 2). The child terms vesicle-mediated 462 
transport and water transport were enriched up to 4- and 22-fold, respectively, according to the BiNGO 463 
and Metascape analyses (Figure 5). An important regulation of the endomembrane trafficking pathways 464 
in response to U is suggested by the differential accumulation of the prenylated Rab acceptors PRA1 465 
(i.e. PRA1.B1/F3/F4), the β’1 subunit of the COP1 coat, the transport protein particle C5 (TRAPPC5) 466 
subunit of the TRAPP I complex, and the Sec1/Munc18 protein SLY1 (Figure 6C; Figure S8). All these 467 
proteins mediate the vesicle transport between the ER and the Golgi apparatus. Acting downstream, 468 
the TOM1-like protein 6 (TOL6) and some ESCRT-III-related components, including the sucrose non-469 
fermenting 7.1/7.2 (SNF7.1/7.2), vacuolar protein sorting 2.1/46 (VPS2.1/46), and alg-2 interacting 470 
protein-x (ALIX) were accumulated upon U stress. Only the abundance of TOL6 was reduced at U50. 471 
These sequential ESCRT complexes orchestrate the biogenesis of multivesicular body (MVB) and the 472 
sorting of ubiquitinated cargo proteins for vacuolar degradation [63]. The abundance of other proteins 473 



15 

involved in the post-Golgi trafficking were accumulated during U stress, including the vacuolar-sorting 474 
receptor 1 (VSR1), and the SNARE proteins YKT61 and SYP122 (Figure 6C; Figure S8). 475 
The accumulation of solute transporters is also modified by U stress (Figure 6D). Among transporters 476 
likely to transport metals, the zinc transporters MTPA2, PCR2 and HIPP25 were down-accumulated 477 
under U50 whereas the At5g52680 and At5g52710 proteins annotated as copper transporters were up-478 
accumulated under these conditions (Figure 6D). The ABCB1, ABCB11, ABCC2, and ABCF1 members 479 
of the ABC transporter family, related to metal homeostasis, were specifically accumulated under 480 
different U concentrations (Figure 6D). Concerning water transport, eight aquaporins, most of which 481 
belong to the plasma membrane intrinsic protein (PIP) subfamily, were down-accumulated in the 482 
presence of a high concentration of U (Figure 6D). 483 
 484 
3.5 – Uranium alters plant water status via an aquaporin-dependent process 485 
To gain functional insights into the decrease accumulation of several aquaporins, we investigated the 486 
water status of Arabidopsis plants challenged with U. Water transport in Arabidopsis roots is considered 487 
to be mainly contributed by aquaporins of the PIP subgroup [64]. To assess potential interference 488 
between U and aquaporin function, root water transport capacity was characterized by measuring the 489 
root hydraulic conductivity (Lpr) of WT plants treated with 50 µM uranyl nitrate. As shown in Figure 8A, 490 
24 h of U treatment caused a three-fold decrease in Lpr compared to the control. Then, excised root 491 
systems were treated with NaN3, an inhibitor of aquaporin activity [64,65]. As previously observed, the 492 
overall Lpr was greatly dependent on an aquaporin-related component under control conditions. Under 493 
U treatment, however, only a slight inhibition of Lpr upon NaN3 addition was observed, indicating that 494 
the aquaporin-related fraction was already strongly reduced (Figure 8A). These observations showed 495 
that aquaporin function in Arabidopsis roots is already severely impaired when exposed to U, leading to 496 
reduced efficiency of the aquaporin inhibitor under U stress. Beyond root hydraulics, we then analyzed 497 
whether U could affect the hydraulic status of the whole plant. For this purpose, leaf transpiration rate 498 
was measured in plants cultivated in the presence of 50 µM uranyl nitrate for 48 h. In line with the Lpr 499 
results, the transpiration rate in U-treated plants decreased by nearly 50% from 24 h of treatment when 500 
compared to untreated plants (Figure 8B). Altogether, these results demonstrate a reduced aquaporin-501 
dependent water flux in roots and shoots under U stress conditions, which correlates well with the down-502 
accumulation of several PIP proteins (Figure 6D). 503 
 504 
4 - Discussion 505 
 506 
4.1. Uranium interferes with the accumulation of numerous metal-binding proteins, including 507 
enzymes responsible for ROS scavenging 508 
Although proteomics has been widely used to characterize plant responses to heavy metal stress (for a 509 
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review see [66]), limitations of the methods have hindered the identification of low abundant proteins 510 
with potential roles in these processes. To address some of these limitations, current deep proteome 511 
profiling methods rely on fractionation and protein enrichment steps. In this study, XIC-based 512 
quantification of the membrane- and cell wall-enriched proteome of Arabidopsis roots identified 2,802 513 
proteins and showed that the abundance of 458 of them was significantly changed during U stress (fold 514 
change >1.5, p <0.05). The two high-affinity uranyl-binding proteins identified so far in Arabidopsis, 515 
PCaP1 and GRP7 [29,34], are present among the 458 DAPs and their behavior in response to U stress 516 
was confirmed by immunoblot analysis (Figure 7). This finding supports the idea that the insoluble 517 
fraction of the root proteome, as the primary site of U accumulation (Figure 1), is a key compartment 518 
for analyzing the consequences of U intoxication and uncovering new defense mechanisms. About 30% 519 
of the identified DAPs are genuine or putative metalloproteins (Figure 4). This figure per se does not 520 
reflect an enrichment in metal-containing proteins as it is commonly estimated that one-third of proteins 521 
require metals, of which magnesium is the most common [67]. Yet, our analysis indicates that the 522 
abundance of iron- and calcium- containing proteins is the most affected by U (Figure 4). This 523 
observation corroborates previous data showing a preferential interference between U and iron or 524 
calcium homeostasis in plants [13,22,23,25]. One of the explanation would be that uranyl ions compete 525 
and displace iron and calcium in some proteins, as observed in the eukaryotic transferrin and calmodulin 526 
proteins [68,69]. The release of free iron triggered by U could lead to oxidative stress. In line with this 527 
hypothesis, a set of antioxidant enzymes and chaperones related to oxidative stress was significantly 528 
modified upon U stress (Figure 6A). An increase of ROS species has already been observed in the 529 
roots from plants challenged with U [16,19,20,70,71].  530 
 531 
4.2. Amino acids and their derivatives could be key players in U scavenging and tolerance 532 
An important deregulation of amino acid metabolism in response to U stress was highlighted during this 533 
analysis (Figure 5; Figure S7). However, it is important to note that analyzing the root membrane- and 534 
cell wall-enriched proteome provides only a partial perspective on amino acid metabolism. This process 535 
is primarily soluble, but it also involves multienzyme complexes, such as metabolons, or membrane-536 
associated proteins [72]. An interaction between nitrogen metabolism and U has been previously 537 
described in plants, and a metabolomic analysis of Vicia faba roots showed that U significantly reduced 538 
the content of various free amino acids [8,10]. Our proteomic analysis revealed that several enzymes 539 
involved in the synthesis of various amino acids, in particular branched-chain amino acids (BCAA), were 540 
more abundant when U was applied (Figure S7). An increase in BCAA biosynthesis could be explained 541 
by their important role in plant responses to a wide range of abiotic stresses [73], including cadmium 542 
stress [74,75]. In this context, the accumulation of Leu, Ile and Val may serve to promote stress-induced 543 
protein synthesis [76]. The accumulation of several aminoacyl tRNA ligases in response to U stress 544 
supports this hypothesis (Figure S7). The accumulation of enzymes involved in BCAA biosynthesis may 545 
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also reflect a compensatory mechanism due to their rapid catabolism to cope with U stress. In fact, the 546 
breakdown products of BCAAs (e.g. acetyl-CoA, propionyl-CoA, acetoacetate) are potential energy 547 
sources for plants [77]. Besides, the biosynthetic pathway of aromatic amino acids was also increased 548 
in response to U stress (Figure S7). In this case, Trp could serve for the biosynthesis of phytohormones 549 
(i.e. auxin) whereas Phe could be required for the phenylpropanoid pathway to produce a wide range of 550 
plant secondary products, especially antioxidative metabolites (flavonoids, anthocyanins, lignins) and 551 
phenolic compounds in response to abiotic stress such as U. 552 
 553 
4.3. Identification of transport and endomembrane trafficking processes potentially involved in 554 
U distribution and sequestration 555 
Regarding U trafficking in plants, only the contribution of the calcium channels ANN1 and MCA1 to root 556 
U uptake has been experimentally demonstrated [22]. The identification of transporters involved in 557 
intracellular U trafficking remains to be elucidated, with only a few clues available from gene expression 558 
analysis of plants challenged with U [8,13,25]. Our proteomic approach points out the differential 559 
accumulation of several transporters belonging to the ABC transporter family (Figure 6D). This 560 
transporter family has been shown to fulfill highly divergent physiological functions, including heavy 561 
metal tolerance in plants [78]. The phytochelatin transporter ABCC2 may be relevant for U detoxification, 562 
as this protein confers tolerance to several heavy metals, including arsenic, cadmium, and mercury 563 
[79,80]. The ABCB1 and ABCB11 auxin transporters may also play a significant indirect role in U 564 
tolerance. ABCB11 may be of particular interest as it is highly active in roots and auxin transport is 565 
impaired in the corresponding Arabidopsis mutant [81,82]. The down accumulation of ABCB11 is 566 
consistent with the disrupted transport and gradient of auxin observed in the root apex under U stress 567 
[16]. Zinc, copper, cadmium or uncharacterized transport proteins are also deregulated by high U 568 
concentrations (Figure 6D). Together with ABC transporters, these proteins may represent relevant 569 
molecular actors in U tolerance, either by maintaining the homeostasis of essential metals or by 570 
modulating hormonal transport. 571 
This analysis also revealed the importance of endomembrane trafficking in the response of plants to U 572 
stress. More specifically, proteins involved in trafficking between the ER and Golgi apparatus, in pre-573 
vacuolar compartments/multi vesicular body formation (i.e. ESCRT complexes), and in the secretory 574 
pathway were significantly deregulated upon U stress (Figure 6C; Figure S8). The involvement of 575 
endocytosis in U uptake has been recently proposed in tobacco cells [26]. Here, a hypothetical scenario 576 
would be that uranyl ions, U target proteins or other proteins contributing to U toxicity are internalized 577 
into vesicles before being released towards the apoplast or stored/degraded in the vacuole.  578 
 579 
4.4. Uranium alters cell wall dynamics by regulating pectin modifications and Casparian strip 580 
formation 581 
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Previous studies have shown that a high proportion of uranyl ions in plant roots are associated with the 582 
cell wall, which is rich in negatively charged groups with a high affinity for metal cations [8–10]. Our 583 
analysis supports important changes in cell wall composition in response to U stress, including lignin 584 
and suberin synthesis, pectin modification, polysaccharide hydrolysis, and Casparian strips formation 585 
(Figure 6B). The abundance of three pectin methylesterases and one acetylesterase was decreased 586 
during U stress (Figure 6B). A negative relationship between the degree of methylesterification and 587 
acetylation of pectins, and their ability to bind some heavy metals (i.e. aluminum, lead, copper), has 588 
been reported in plants [83–85]. By maintaining a high degree of pectin esterification, plants could 589 
improve their tolerance to U by limiting heavy metal accumulation in their tissues, thus preventing 590 
transport to intracellular compartments. Another adaptive strategy in response to heavy metal 591 
intoxication could involve structural changes in roots. In fact, our analysis shows that the CASP protein 592 
family and the UCC2 protein, which are involved in the formation of lignin-based Casparian strips in the 593 
root endodermis [60–62], are down-accumulated during U stress (Figure 6B). Thus, a strong defect in 594 
root apoplastic permeability caused by a disruption of Casparian strips would facilitate the radial transfer 595 
of U in roots, and ultimately its translocation toward aboveground organs. This is obviously not the case, 596 
as we observed a very low accumulation of U in the shoots of treated plants (Figure S1). Instead, the 597 
limitation in U translocation from roots to shoots would rather induce a U-dependent ectopic callose 598 
deposition. This is accompanied by an enhanced suberization, caused by a reduction in the abundance 599 
of CASP and UCC2 proteins, similar to what is observed in the corresponding Arabidopsis loss-of-600 
function mutants [61,62]. Reinforcing this hypothesis, several enzymes involved in suberin synthesis 601 
are up-accumulated during U stress (Figure 6B). Also, the deposition of callose and lignin in lateral 602 
roots, together with structural damage to root epidermal cells, have already been observed in response 603 
to U in Arabidopsis and V. faba [8,16].  604 
 605 
4.5. Uranium affects plant water balance through an aquaporin-driven disruption 606 
We showed that eight aquaporins were down-accumulated in the roots of Arabidopsis plants stressed 607 
by U (Figure 6D), including PIP1;2 and PIP2;1, the two major contributors for water transport in 608 
Arabidopsis roots [86,87]. Corroborating these results, a significant reduction in aquaporin-related root 609 
hydraulic conductivity and leaf transpiration were measured in response to U stress (Figure 8). One 610 
hypothesis is that the decrease in aquaporin levels serves as a protective mechanism to limit U 611 
accumulation in roots, due to the permeability of aquaporins to U. Indeed, an aquaporin-mediated 612 
transport of metalloids has been reported in plants. This is particularly the case for nodulin 26-like 613 
intrinsic protein 1.1 (NIP1.1), which has been shown to transport antimony and arsenite in Arabidopsis 614 
[88,89]. However, we found no evidence that U affects the abundance of NIP proteins, and the transport 615 
of any metal by PIP aquaporins remains to be demonstrated. Alternatively, a decrease in aquaporin 616 
levels, and the resulting reduced whole plant water flow, could act as a mechanism to limit the solvent-617 
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drag of U. This reduction would decrease U uptake and relocation to shoots, thereby limiting its harmful 618 
effects. This hypothesis is attractive because water transport has been shown to be an important 619 
process regulating the partitioning and accumulation of U [70]. 620 
The mechanism by which U modifies the abundance of aquaporins in Arabidopsis roots remains to be 621 
determined. Several direct or indirect scenarios can be considered (Figure S9). First, U could regulate 622 
the steady-state level of aquaporins via transcriptional regulation. The differential expression of 623 
aquaporin encoding genes under different heavy metal stress conditions (e.g. cadmium, arsenic, zinc 624 
and boron) has been observed in various plant species (see [90] for a review; [91]). However, 625 
transcriptional regulation of PIP genes seems unlikely in Arabidopsis under U stress as PIP transcript 626 
levels are unchanged in roots and only slightly modified in leaves in these conditions [13,70]. Second, 627 
U might regulate PIP aquaporins at the post-translational level, in particular through modifications 628 
affecting their stability and turnover. Noteworthy, some PIPs are ubiquitinated in a process that is 629 
dependent on the E2 ubiquitin-conjugating enzyme UBC32, a component of the ER-associated 630 
degradation (ERAD) pathway, and the RING-type E3 ligase Rma1 [92,93]. Genes coding some 631 
components of the ERAD pathway, including several E3 ubiquitin-protein ligases, were found 632 
upregulated in the roots of Raphanus sativus plants challenged with U [10]. Also, we found that the 633 
abundance of two ubiquitin-conjugating enzymes (UBC7 and UEV1D) is increased in Arabidopsis root 634 
during U50 stress (Table S5). Together, these data support the hypothesis that a U-dependent 635 
ubiquitination of PIP aquaporins could promote their degradation, thereby enhancing stress tolerance, 636 
as show for drought stress [93,94]. Third, U might indirectly cause a decrease in aquaporin protein levels 637 
by compromising the integrity of root endodermal barriers. Indeed, several studies using Casparian strip 638 
and suberin deficient Arabidopsis mutants have shown that activation of the CIF1&2/SCHENGEN3 639 
(CIFs/SGN3) surveillance pathway triggers the ectopic deposition of suberin and lignin in roots. This 640 
process is associated with the deactivation of aquaporin activity through an unclear mechanism (see 641 
details in Figure S9 caption) [95–98]. Such a regulatory process is plausible as U stress leads to a 642 
decrease in aquaporins and CASP proteins abundance (Figure 6BD), an accumulation of some lignin 643 
and suberin synthesizing proteins (Figure 6B), and a reduction in root hydraulics and leaf transpiration 644 
(Figure 8). Also, extra-lignification was observed in Arabidopsis roots under U stress [16]. Further 645 
investigations are needed to confirm or refute these hypotheses. 646 
 647 
5 - Conclusion 648 
To conclude, our results show that Arabidopsis roots orchestrate an important rearrangement of the cell 649 
wall and membrane proteome in response to U stress. Our proteomic data provide insights into the 650 
biological processes disrupted by U in this fraction of the global proteome, thereby enhancing our 651 
understanding of the mechanisms by which plants cope with metal toxicity. To validate some of these 652 
mechanisms, functional analysis showed that a preventive mechanism to limit the harmful effects of U 653 
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is a reduction of water flow in roots through the repression of aquaporins and CASP proteins, together 654 
with modifications of the synthesis and deposition of cell wall polymers. This study also identifies 655 
transporters and metal-binding proteins that may be involved in the fate of U in Arabidopsis. Further 656 
functional studies are needed to clarify the contribution of these proteins to U tolerance. 657 
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Figure legends 985 
 986 
Figure 1. Quantification of U in soluble and membrane fractions from Arabidopsis roots. 987 
(A) Immunodetection of the tonoplast intrinsic protein (TIP1;1, TIP1;2) and plastid fructose-bisphosphate 988 
aldolases (FBAs) in soluble (S) and SDS-solubilized (membrane, M) fractions extracted from 989 
Arabidopsis roots. One replicate of the experiment is show (untreated plants, samples R-0-2s and R-0-990 
2m). SDS-PAGE and immunoblot analysis of all replicates are shown in Figures S2 and S3. (B) Uranium 991 
concentration in the soluble and membrane fractions. Proteins fractions were mineralized with nitric acid 992 
and U was quantified by ICP-MS. Bar plots represent mean ± SD with n=6 biological replicates. (C) 993 
Uranium distribution between the soluble and membrane fractions. Values calculated from the data in 994 
(B) and the distribution of proteins in the soluble fractions (13 ± 2%) and SDS-solubilized fractions (87 995 
± 2%). Data are mean ± SD of n=6 biological replicates. The non-parametric Tukey test showed a 996 
significant difference in U content between soluble and membrane fractions at both U5 and U50, with 𝑝𝑝 997 
<0.01. 998 
 999 
Figure 2. Clustering of proteins according to their accumulation patterns in response to U stress.  1000 
Clustering was calculated by the SOTA method using Z-score transformed values to identify 1001 
homogeneous patterns of protein abundance changes. Eight clusters (CL1 to CL8) have been defined 1002 
to illustrate the main protein accumulation patterns in response to U stress. Individual profiles are 1003 
depicted by gray lines (Z-score), the average profile is marked in red. The number of proteins in each 1004 
cluster is indicated. 1005 
 1006 
Figure 3. GO enrichment analysis of cellular components regulated by U stress.  1007 
GO enrichment analysis of cellular components was performed with the 458 DAPs using the (A) BiNGO 1008 
and (B) Metascape tools. Bubble plots show GO terms ordered by enrichment factors (threshold >2.3 1009 
for BiNGO, >3 for Metascape). BiNGO settings to assess overrepresented GO cellular components 1010 
were as follows: statistical hypergeometric test, Bonferroni Family-Wise Error rate multiple testing 1011 
correction, and significant p-value <0.05. Genes were annotated with plant GO slim terms. The 1012 
Metascape enrichment analysis has been done with the GO cellular components ontology source. 1013 
Terms with a p-value <0.01, a minimum count of 3, and an enrichment factor >1.5 have been grouped 1014 
into clusters based on their membership similarities. 1015 
 1016 
Figure 4. Protein classes and metal cofactors associated with differentially accumulated proteins 1017 
under U stress. 1018 
Circular diagrams representing (A) the proportion of the different protein classes and (B) the nature of 1019 
cofactors associated with the identified proteins. Fe: iron, Ca: calcium, Zn: zinc, Mg: magnesium, Cu: 1020 
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copper, Mn: manganese, Co: cobalt, Ni: nickel, ?: unknown metal. 1021 
 1022 
Figure 5. GO enrichment analysis of biological processes regulated by U stress. 1023 
GO enrichment analysis of biological processes was performed with the 458 DAPs using the (A) BiNGO 1024 
and (B) Metascape tools. Bubble plots show GO terms grouped by major functions (threshold >1.8 for 1025 
BiNGO, >2.2 for Metascape). BiNGO settings to assess overrepresented biological processes were 1026 
statistical hypergeometric test, Bonferroni Family-Wise Error rate multiple testing correction, and 1027 
significant p-value <0.05. The Metascape enrichment analysis has been done with the GO biological 1028 
processes ontology source. Terms with a p-value <0.01, a minimum count of 3, and an enrichment 1029 
factor >1.5 have been grouped into clusters based on their membership similarities. 1030 
 1031 
Figure 6. Heatmaps representing sets of proteins regulated by U stress. 1032 
Proteins whose abundance is significantly (p-value <0.05) increased or decreased in response to U 1033 
stress are shown in red and green, respectively. Protein changes not supported by p-value <0.05 are in 1034 
white. Expression levels values are in log2 scale. (A) stress, (B) cell wall organization, (C) vesicular 1035 
transport, (D) solute transport. 1036 
 1037 
Figure 7. Accumulation profiles of the U-binding proteins PCaP1 and GRP7 in response to U 1038 
stress. 1039 
(A) Immunodetection of PCap1 and GRP7. Proteins were resolved by SDS-PAGE, transferred to PVDF 1040 
membranes and immunodetected using antibodies to PCaP1 and GRP7 from Arabidopsis. Protein 1041 
loading onto the gel was assessed by Coomassie Brilliant Blue staining. (B) Abundance of PCaP1 and 1042 
GRP7 according to proteomic data. Boxplots show the Log(abundance) of the proteins from 6 biological 1043 
replicates. Letters indicate statistical differences according to a Tukey test (p-value <0.05). 1044 
 1045 
Figure 8: Root hydraulic conductivity and leaf transpiration rate measurements in Arabidopsis 1046 
under U stress 1047 
(A) Effect of U on root hydraulic conductivity. Lpr was measured in pressure chambers using excised 1048 
roots from Arabidopsis plants in control condition (U0) or challenged with 50 µM uranyl nitrate (U50) for 1049 
24 h. Sodium azide was used to discriminated the aquaporin-dependent (NaN3 sensitive) and –1050 
independent components of Lpr. Data represent one experiment from two independent replicates. Bar 1051 
plots represent mean ± SD with n=7-12. Letters indicate statistical differences according to a non-1052 
parametric Mann-Whitney test. Capital letters are for aquaporin-related Lpr (p-value <0.0001), 1053 
lowercase for residual Lpr (p-value >0.05). (B) Effect of U on leaf transpiration rate. Plants cultivated in 1054 
control condition (U0) or with 50 µM uranyl nitrate (U50) were weighted every 3.5 h during the light 1055 
phase over a 2-day period and leaf transpiration rates per hour were normalized to rosette leaf area. 1056 
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Data represent one experiment from two independent replicates. Each data point is presented as the 1057 
mean ± SD with n=4. 1058 
  1059 
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Supplementary material 1060 
 1061 
Figure S1. Uranium concentration in roots and shoots of Arabidopsis plants. 1062 
Figure S2. SDS-PAGE analysis of soluble and membrane proteins from Arabidopsis roots. 1063 
Figure S3. Quality assessment of membrane proteins from Arabidopsis roots by immunoblot analysis. 1064 
Figure S4. GO enrichment analysis of cellular components in the membrane and cell wall proteome of 1065 
Arabidopsis roots.  1066 
Figure S5. Differential accumulation of root membrane proteins in response to U stress. 1067 
Figure S6. Global accumulation profiles of A. thaliana root membrane proteins in response to U stress. 1068 
Figure S7. Effect of U on amino acid metabolism. 1069 
Figure S8. Endomembrane trafficking proteins differentially regulated by U. 1070 
Figure S9. Hypothetical mechanisms regulating the abundance and activity of aquaporins in U-treated 1071 
Arabidopsis roots. 1072 
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Table S1: Mass spectrometry proteomics data. 1074 
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Algorithm (SOTA). 1078 
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Figure 1. Quantification of U in soluble and membrane fractions from Arabidopsis
roots.
(A) Immunodetection of the tonoplast intrinsic protein (TIP1;1, TIP1;2) and plastid fructose-
bisphosphate aldolases (FBAs) in soluble (S) and SDS-solubilized (membrane, M) fractions
extracted from Arabidopsis roots. One replicate of the experiment is show (untreated plants,
samples R-0-2s and R-0-2m). SDS-PAGE and immunoblot analysis of all replicates are
shown in Figures S2 and S3. (B) Uranium concentration in the soluble and membrane
fractions. Proteins fractions were mineralized with nitric acid and U was quantified by ICP-
MS. Bar plots represent mean ± SD with n=6 biological replicates. (C) Uranium distribution
between the soluble and membrane fractions. Values calculated from the data in (B) and the
distribution of proteins in the soluble fractions (13 ± 2%) and SDS-solubilized fractions (87 ±
2%). Data are mean ± SD of n=6 biological replicates.

A TIPs FBAs
S M S M

25

75
100
150
250

15

37
50

20

kDa

B

C

U0 U5 U50
0

1

2

3

4

5

U
, µ

g.
m

g-1
 p

ro
te

in

S

U0 U5 U50
0

20

40

60

80

100

U
 d

is
tri

bu
tio

n,
 %

M
S

U0 U5 U50
0

10

20

30

40

U
, µ

g.
m

g-1
 p

ro
te

in

M



Figure 2. Clustering of proteins according to their accumulation patterns in response
to U stress.
Clustering was calculated by the SOTA method using Z-score transformed values to identify
homogeneous patterns of protein abundance changes. Eight clusters (CL1 to CL8) have
been defined to illustrate the main protein accumulation patterns in response to U stress.
Individual profiles are depicted by gray lines (Z-score), the average profile is marked in red.
The number of proteins in each cluster is indicated.
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Figure 3. GO enrichment analysis of cellular components regulated by U stress.
GO enrichment analysis of cellular components was performed with the 458 DAPs using the
(A) BiNGO and (B) Metascape tools. Bubble plots show GO terms ordered by enrichment
factors (threshold >2.3 for BiNGO, >3 for Metascape). BiNGO settings to assess
overrepresented GO cellular components were as follows: statistical hypergeometric test,
Bonferroni Family-Wise Error rate multiple testing correction, and significant p-value <0.05.
Genes were annotated with plant GO slim terms. The Metascape enrichment analysis has
been done with the GO cellular components ontology source. Terms with a p-value <0.01, a
minimum count of 3, and an enrichment factor >1.5 have been grouped into clusters based
on their membership similarities.
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Figure 4. Protein classes and metal cofactors associated with differentially
accumulated proteins under U stress.
Circular diagrams representing (A) the proportion of the different protein classes and (B) the
nature of cofactors associated with the identified proteins. Fe: iron, Ca: calcium, Zn: zinc, Mg:
magnesium, Cu: copper, Mn: manganese, Co: cobalt, Ni: nickel, ?: unknown metal.
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Figure 5. GO enrichment analysis of biological processes regulated by U stress.
GO enrichment analysis of biological processes was performed with the 458 DAPs using the
(A) BiNGO and (B) Metascape tools. Bubble plots show GO terms grouped by major
functions (threshold >1.8 for BiNGO, >2.2 for Metascape). BiNGO settings to assess
overrepresented biological processes were statistical hypergeometric test, Bonferroni
Family-Wise Error rate multiple testing correction, and significant p-value <0.05. The
Metascape enrichment analysis has been done with the GO biological processes ontology
source. Terms with a p-value <0.01, a minimum count of 3, and an enrichment factor >1.5
have been grouped into clusters based on their membership similarities.
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Figure 6. Heatmaps representing sets of proteins regulated by U stress.
Proteins whose abundance is significantly (p<0.05) increased or decreased in response to U
stress are shown in red and green, respectively. Protein changes not supported by p<0.05
are in white. Expression levels values are in log2 scale. (A) stress, (B) cell wall organization,
(C) vesicular transport, (D) solute transport.
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Figure 7. Accumulation profiles of the U-binding proteins PCaP1 and GRP7 in
response to U stress.
(A) Immunodetection of PCap1 and GRP7. Proteins were resolved by SDS-PAGE,
transferred to PVDF membranes and immunodetected using antibodies to PCaP1 and GRP7
from Arabidopsis. Protein loading on the gel was assessed by Coomassie Brilliant Blue
staining. (B) Abundance of PCaP1 and GRP7 according to proteomic data. Boxplots show
the Log(abundance) of the proteins from 6 biological replicates. Letters indicate statistical
differences according to a Tukey test (p<0.05).
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Figure 8. Root hydraulic conductivity and leaf transpiration rate measurements in
Arabidopsis under U stress
(A) Effect of U on root hydraulic conductivity. Lpr was measured in pressure chambers using
excised roots from Arabidopsis plants in control condition (U0) or challenged with 50 µM
uranyl nitrate (U50) for 24h. Sodium azide was used to discriminated the aquaporin-
dependent (NaN3 sensitive) and –independent components of Lpr. Data represent one
experiment from two independent replicates. Bar plots represent mean ± SD with n=7-12.
Letters indicate statistical differences according to a non-parametric Mann-Whitney test.
Capital letters are for aquaporin-related Lpr (p<0.0001), lowercase for residual Lpr (p>0.05).
(B) Effect of U on leaf transpiration rate. Plants cultivated in control condition (U0) or with 50
µM uranyl nitrate (U50) were weighted every 3.5 h during the light phase over a 2-day period
and leaf transpiration rates per hour were normalized to rosette leaf area. Data represent one
experiment from two independent replicates. Each data point is presented as the mean ± SD
with n=4.
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Figure S1. Uranium concentration in roots and shoots of Arabidopsis plants.
(A) Morphological characteristics of 30-day-old Arabidopsis plants exposed to uranyl nitrate
for 48 h. Two representative control (U0) and U-treated plants (U5 and U50 for 5 and 50 µM
uranyl nitrate, respectively) are shown. (B) Uranium concentration in roots (left panel) and
shoots (right panel). Uranium was measured by ICP-MS in mineralized samples. Data are
mean ± SD of n=6 biological replicates. The non-parametric Tukey test showed a significant
difference in U content between roots and shoots at both U5 and U50 treatments, with p<0.01.
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Figure S2. SDS-PAGE analysis of soluble and membrane proteins from Arabidopsis
roots.
SDS-PAGE analysis of (A) soluble and (B) membrane proteins from control and U-treated A.
thaliana roots. Proteins were stained with Coomassie Blue. Sample nomenclature: R, root; U
concentration (0, 5 ,50 µM uranyle nitrate): 1s to 6s, biological replicates of soluble protein
extracts; m1 to m6, biological replicates of membrane protein extracts; *, samples analyzed
by immunoblot (Figure S3).
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Figure S3. Quality assessment of membrane proteins from Arabidopsis roots by
Western blot analysis.
Immunodetection of (A) the fructose-bisphosphate aldolases (FBAs) and (B) the tonoplastic
intrinsic protein (TIP1;1, TIP1;2) in soluble (s) and membrane (m) protein extracts isolated
from roots of Arabidopsis plants treated with 0, 5 and 50 µM uranyl nitrate. SDS-PAGE
analysis of protein extracts (including sample nomenclature) is shown in Figure S2.
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Figure S4. GO enrichment analysis of cellular components in the membrane and cell
wall proteome of Arabidopsis roots.
GO enrichment analysis of cellular components was performed using the 2,802 proteins
identified by mass spectrometry using the BiNGO (A) and Metascape (B) tools. Bubble plots
show GO terms ordered by enrichment values (threshold >4 for BiNGO, >2.5 for Metascape).
BiNGO settings to assess overrepresented GO cellular components were as follows:
statistical hypergeometric test, Bonferroni Family-Wise Error rate multiple testing correction,
and significant p-value <0.05. The Metascape enrichment analysis has been done with the
GO cellular components ontology source. Terms with a p-value <0.01, a minimum count of 3,
and an enrichment factor >2.0 have been grouped into clusters based on their membership
similarities.
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Figure S5. Differential accumulation of root membrane proteins in response to U stress.
The relative abundance of root membrane proteins was compared in conditions U5 vs U0 (A),
U50 vs U0 (B), and U50 vs U5 (C). Differentially accumulated proteins were defined using a
fold change threshold >1.5 and a p-value <0.05 (Tukey test). In volcano plots, down-regulated
and up-regulated proteins are shown in green and red, respectively. Proteins considered not
regulated by U (fold change ≤1.5 and/or pvalue ≥0.05) are in grey. Proteins with p-value = 0
(Tukey test) were plotted with a –log10 (pval) of 5 for convenient graphical display. The Venn
diagram (D) summarizes the number of DAPs in the three comparisons. Data are
representative of six independent experiments.
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Figure S6. Global accumulation profiles of A. thaliana root membrane proteins in
response to U stress.
The heatmap represents the 458 proteins showing a significant change in abundance when
exposed to 5 or 50 µM uranyl nitrate. Clustering was performed using the Heatmapper
expression server with the average linkage clustering method and the Euclidean distance
measurement method. Z-score normalization of protein expression values was done prior to
clustering.
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Figure S7. Effect of U on amino acid metabolism.
(A) Proteins regulated by U are mapped to the KEGG pathway
‘biosynthesis of amino acids’ (ath01230). (B) Protein expression
profiles are shown on a heatmap. The numbers in brackets refer
to the enzyme positions in the pathway. (C) Heatmap of tRNA
ligases regulated during U stress (not indicated on the
pathway). Proteins whose abundance is significantly (p<0.05)
increased or decreased in response to U stress are shown in
red and green, respectively (log2 scale).
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Figure S8. Endomembrane trafficking proteins differentially regulated by U.
PRA1s play a role in the trafficking of cargo proteins destined to various endomembrane
compartments [97,98]. AtPRA1.B6 is localized to the ER and the Golgi [97], PRA1.F4 is
found in the Golgi [99] whereas the subcellular localization of AtPRA1.B1 has not been
demonstrated. SLY1, by acting in the ER and Golgi, could contribute to membrane fusion by
interacting with Qa-SNAREs or nascent trans-SNARE complexes [100]. The COPI coat
composed of seven subunits (α/β/β'/γ/δ/ε/ζ) interacts with Golgi membranes [101]. The
coatomer complex is not only involved in the biogenesis of COPI vesicles but it is also
required to select the cargo to be included in the vesicles. Coat protein I (COPI) is necessary
for intra-Golgi transport and retrograde transport from the Golgi back to the ER [102].
TRAPPC5 belongs to TRAPPI which functions in ER to Golgi transport [104]. YKT61 is a
unique R-SNARE lacking transmembrane domains[100]. Thus, it is present mainly in the
cytoplasm and is critical for the dynamic biogenesis of vacuoles, for the maintenance of Golgi
morphology, and for endocytosis, suggesting a broad role of YKT61-mediated vesicular
trafficking in plant development [105]. VSR1 is responsible for the sorting of proteins from the
trans-Golgi network (TGN) to prevacuolar compartments (PVCs) and finally to their
respective vacuoles [106]. The ESCRT machinery is responsible for the recruitment of the
ubiquitinated cargo and membrane budding for ILV formation. Ubiquitinated cargoes are
captured by ESCRT-0-like proteins, TOLs. The cargoes are subsequently translocated to the
ESCRT-I, ESCRT-II and ESCRT-III (SNF7, VPS, ALIX) multiprotein complexes that constrict
membranes to form intraluminal vesicles [62]. The Qa-SNARE syntaxin SYP122 resides at
the plasma membrane and mediates in the final stages of secretion [107].



Figure S9. Hypothetical mechanisms regulating the abundance and activity of
aquaporins in U-treated Arabidopsis roots.
Uranium could regulate PIP aquaporin abundance and activity by acting directly (1) at the
transcriptional level, (2) at the post-translational level, and/or (3) indirectly through the
CIFs/SGN3 surveillance pathway involved in sensing the integrity of the Casparian strip-
based apoplastic diffusion barrier at the endodermis. CIF peptides are normally retained in
the stele and do not diffuse through the apoplast where SGN complex is present. In plants
impaired in Casparian strips, CIF peptides leak out between the endodermal cells and can
interact with the LRR-RLK receptor SGN3, triggering a signal cascade activation leading to
ectopic deposition of lignin and suberin to seal the barriers. Additionally, the activity of
aquaporins is inhibited in Casparian strip and suberin deficient Arabidopsis mutants. Overall,
this integrated response aims to limit the uncontrolled uptake and backflow of solutes across
the root and vascular tissues to mitigate the loss of Casparian strip integrity and to ensure
relatively normal plant growth and development. This model is based on [93–96]. This
physiological response could be activated in presence of U as CASP proteins and several
PIP aquaporins are down-accumulated (shown in green) while lignin and suberin
synthesizing proteins are up-accumulated (in red) (see details in Figure 6). Ectopic lignin
deposition was observed in Arabidopsis root under U stress [16].
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