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Highlight 2 

 Multiomics study reveals common and specific effects of chronic nitrate or sulfate limitations, and 3 

enlighten interconnections and strategies of plant adaptation through the modulation of 4 

fundamental cell functions and metabolism. 5 

 6 

Abstract 7 

Plants, which have fundamental dependence on nitrogen and sulfur, have to cope with chronic 8 

limitations when fertilizers are not provided. Our study aimed at characterizing the metabolomic, 9 

proteomic and transcriptomic changes occurring in Arabidopsis leaves under chronic nitrate (Low-10 

N) and chronic sulfate (Low-S) limitations in order to compare Low-S and Low-N effects and 11 

enlighten interconnections and strategies of plant adaptation.  12 

Metabolite profiling globally revealed an opposite effect of Low-S and Low-N on carbohydrate and 13 

amino acid accumulations. Proteomic data showed by contrast that both Low-N and Low-S 14 

resulted in the exacerbation of catabolic processes, stimulation of mitochondrial and cytosolic 15 

metabolisms and decrease of chloroplast metabolism. The lower abundances of ribosomal 16 

proteins and translation factors under Low-N and Low-S attested from growth limitation. At 17 

transcript level, the major and specific effect of Low-N was the enhancement of plant defence and 18 

immunity genes. The main effect of chronic Low-S was the decrease of transcripts involved in cell 19 

division, DNA replication and cytoskeleton and the increase of autophagy gene expressions. This 20 

was consistent with a role of the Target-of-Rapamycin kinase in the control of plant metabolism 21 

and cell growth and division under chronic Low-S. In addition, Low-S decreased the expression of 22 

several NLP transcription factors, which are master actors of nitrate sensing. Finally, both 23 

transcriptome and proteome revealed the effect of Low-S on the repression of glucosinolate 24 

synthesis, and the effect of Low-N on the exacerbation of glucosinolate degradation. This showed 25 

the importance of glucosinolate as buffering molecules for N and S management.  26 

 27 

 28 

Introduction 29 

Plants have a fundamental dependence on inorganic nitrogen. As soil availabilities in nitrogen are 30 

generally poor, hundred million metric tonnes of nitrogenous fertilizers are added in the fields worldwide 31 

annually (Robertson & Vitousek, 2009). The preferred form in which N is taken up by plants is usually 32 

nitrate (NO3
–). Some plants adapted to low pH and reducing soils like rice and plants from mature forests 33 

or arctic tundra tend to take up ammonium or amino acids. Nitrate uptake occurs at the root level and 34 

two nitrate transport systems from the NRT1 (LATS; low affinity transporters) and NRT2 (HATs; high 35 

affinity transporters) gene families coexist to act coordinately to take up nitrate from the soil, and 36 

distribute it within the whole plant and in the different cell compartments (Masclaux-Daubresse et al., 37 

2010; Tegeder & Masclaux-Daubresse, 2017). Nitrate reduction is catalysed by nitrate reductase (NR) 38 

in the cytoplasm of root and shoot cells, and the reduction of the nitrite produced is catalysed by nitrite 39 

reductase (NiR) in plastids and chloroplasts (Meyer et al., 2005). NR is a homodimer. Each NR monomer 40 



is associated to three prosthetic groups: flavin adenine dinucleotide (FAD), a heme, and a molybdenum 41 

cofactor (MoCo). The NiR protein is trimeric and contains siroheme and [4Fe-4S] prosthetic groups. The 42 

ammonium, originating from nitrate reduction is mainly assimilated in the plastid/chloroplast by the so-43 

called GS2/GOGAT cycle (Masclaux-Daubresse et al., 2010) and also, especially in the roots, by the 44 

cytosolic GS1 isoforms (Lothier et al., 2011). Glutamine synthetases (GS) fixe ammonium on a 45 

glutamate molecule to form glutamine. Glutamine reacts subsequently with 2-oxoglutarate to form two 46 

molecules of glutamate; this step being catalysed by the glutamine 2-oxoglutarate amino transferase 47 

(or glutamate synthase, GOGAT; (Suzuki & Knaff, 2005). Glutamate and glutamine are then 48 

interconverted to form all the other amino acids. When plants are starved or ageing, they undergo 49 

nutrient remobilization from their leaves to support the growth of sink organs and fulfil storage 50 

compartments. N recycling and mobilization involves autophagy, proteases and enzymes in charge of 51 

the interconversion of amino acids for phloem loading and transfer throughout the plant (Have et al., 52 

2017; Tegeder & Masclaux-Daubresse, 2017). 53 

Like nitrogen, sulfur (S) is an essential element for plant growth. It is an important constituent of S-54 

containing amino acid (methionine and cysteine) and then for protein synthesis. It is also necessary in 55 

several S-secondary metabolisms (glucosinolates, glutathione) important for plant defence and redox 56 

homeostasis (Chan et al., 2019). Sulphur deficiency in crops had become an agricultural concern since 57 

several decades due to the decrease of S deposition and of atmospheric sulphur dioxide emissions by 58 

industry. The S fertilization in crops is now considered in agriculture (McNeill et al., 2005; Courbet et al., 59 

2019). S limitation can severely impact seed yield and quality in many species (Gironde et al., 2014; Dai 60 

et al., 2015; Postles et al., 2016). Plants take up sulfur from the soil as sulfate (SO4
2–). Both low-affinity 61 

and high-affinity sulfate transporters (SULTR) control the uptake and the flux of sulfate in the plant and 62 

in the different subcellular compartments (Takahashi, 2019). In a plant cell, sulfate is reduced to sulfite 63 

by the successive contribution of the ATP sulfurylase and adenosine phosphosulfate reductase (APR). 64 

The sulfite reductase (SiR) located in the plastids is responsible for the reduction of SO2
− to S2− (sulfide) 65 

(Kopriva, 2006). The sulfide is then assimilated into cysteine by the O-acetylserine (thiol)lyase (OASTL). 66 

Nitrogen and sulfur nutritions and metabolisms are strongly coordinated as both are needed for protein 67 

synthesis and as the two major enzymes NiR and SiR share the same siroheme and [4Fe- 4S] prosthetic 68 

groups (Garai & Tripathy, 2018). Sulfur deficiency was shown to inhibit nitrate uptake and reduction, 69 

and nitrate deficiency inhibits sulfate uptake and reduction rate (Jobe et al., 2019).  Reduced N forms 70 

as ammonium and amino acids positively regulate APR, while cysteine stimulates NR (Kopriva & 71 

Rennenberg, 2004).   72 

Several studies have investigated metabolomic and transcriptomic changes in response to low nitrate 73 

nutrition (Scheible et al., 2004; Krapp et al., 2011; Engelsberger & Schulze, 2012; Ristova et al., 2016). 74 

These studies usually applied short term starvation treatments (hours), some resupplied nitrate, and 75 

they all were mainly interested in finding components involved in nitrate signalling. The global 76 

transcription profiling performed by Bi et al. (2007) was different and considered transcriptomic changes 77 

in Arabidopsis rosettes under mild or severe chronic N limitations. This allowed them to depict changes 78 

in N-uptake and N-assimilation, characterize the major metabolic changes and identify genes strongly 79 



modified by chronic N-limitation. By contrast with transcriptome and metabolome, studies dealing with 80 

proteomic changes under N starvation are scarce and there is no proteomic study on chronic N limitation 81 

in plant. 82 

Watanabe & Hoefgen (2019) recently published a survey of the transcriptomic, metabolomic and 83 

proteomic studies on the effect of S-starvation, performed in several plant species. Their review shows 84 

how transcriptomes revealed several transcription factors associated to changes in the availability of S, 85 

especially many involved in the control of glucosinolate metabolism. Proteomic studies on S-deprived 86 

plants were less numerous and mainly focused on seeds (Higashi et al., 2006; D’Hooghe et al., 2014; 87 

Bonnot et al., 2020). 88 

Our study aims at characterizing the metabolomic, proteomic and transcriptomic changes occurring in 89 

Arabidopsis leaves under chronic nitrate or sulfate starvations. Our results show how nitrate- and 90 

sulfate- limitations influence plant metabolism and cellular processes in different or similar ways, and 91 

provide comprehensive picture of interconnections between N and S metabolisms. 92 

 93 

Material and methods 94 

Plant material and growth conditions  95 

The seeds of Arabidopsis thaliana (L.) Columbia Col-0 accession were sown in pots containing fine 96 

sand, and cultivated for 60 days after sowing according to Havé et al. (2019), in short days (8 h light, 97 

160 µmol photon .m-2.s-1). Plants were grown under control (Ctrl; 10 mM NO3
- and 0.266 mM SO4

2-), low 98 

nitrate (Low-N; 2 mM NO3
-  and 0.266 mM SO4

2-) or low sulphur (Low-S; 10 mM NO3
- and 0.016 mM 99 

SO4
2-), see Table S1 for details. For the control and Low-S conditions, each pot contained one plant; 100 

under Low-N conditions there were six plants per pot. These adequate growth conditions for trial of 101 

nitrogen and sulfur limitation effects on Arabidopsis plants had been established by Loudet et al. (2003) 102 

and Lornac et al. (2020). Whole rosettes were harvested 60 days after sowing (DAS). Four independent 103 

plant replicates were obtained. For control and Low-S conditions, each biological replicate contained 4 104 

rosettes. For Low-N conditions, biological replicates contained 24 rosettes each. Harvests were 105 

performed between 10:00 and 11:00 AM, and samples were stored at -80°C for further experiments. 106 

Plant culture was repeated 3 times, providing samples from 3 independent experiments.  107 

Shotgun proteomic analysis 108 

Leaf total proteins extraction, trypsin digestion, LC-MS/MS analysis and protein identification were 109 

performed according to Havé et al. (2018) on three independent biological replicates (see 110 

supplementary information) at the PAPSSO platform (INRA, Le Moulon, Gif sur Yvette). Peptide 111 

quantification by peak area integration on eXtracted ion chromatogram (XICs) was performed using the 112 

MassChroQ software (pappso.inra.fr/bioinfo/masschroq/; Valot et al., 2011) according to Balliau et al. 113 

(2018). Normalization was performed taking into account peptide retention time as described in 114 

Lyutvinskiy et al. (2013). Proteins were then quantified based on peptide intensities by filtering for 115 

protein-specific peptides present in at least 90% of the samples and showing a correlation (r > 0.6) with 116 

the other peptides of the same protein. Relative protein abundances were then calculated and defined 117 



as the sum of XICs intensities of selected peptides. When the peptides of a protein were not present or 118 

not reproducibly observed in one or several conditions, spectral counting (SC) was used in place of 119 

XICs analysis. Only proteins that produced at least four protein-specific spectra in at least one sample 120 

were considered for spectral counting quantification. We considered that proteins which did not match 121 

this threshold were of too low abundance to be reliably quantified.  122 

RNA extraction and RNA-Seq.  123 

RNA were extracted from the same samples as proteins. Nine samples were produced with 3 124 

independent biological replicates. Note that RNA were extracted from the same samples as proteins 125 

and metabolites. Total RNA was extracted from rosettes using TRIzol protocol (Invitrogen®, Thermo 126 

Fisher Scientific, California, U.S.A.) and purification by using RNeasy MinElute Cleanup Kit (Qiagen, 127 

Hilden, Germany). For each biological repetition, RNA samples were obtained by pooling RNAs from 128 

more than 4 plants. Sequencing technology used was an Illumina NexSeq500 (IPS2 POPS platform). 129 

RNA-seq libraries were performed by TruSeq Stranded mRNA SamplePrep protocol (Illumina®, 130 

California, U.S.A.). The RNA-seq samples have been sequenced in single-end (SE), stranded with a 131 

sizing of 260bp and a read length of 75 bases, lane repartition and barcoding giving approximately 22 132 

millions of SE reads by sample. The RNAseq data have been submitted to the Sequence Read Archive 133 

(SRA) database under BioProject, the ID is PRJNA622692. 134 

Metabolome analyses and data mining 135 

Profiling of small metabolites (sugars, amino acids, ketonic acids) was performed using GC-MS 136 

according to Masclaux-Daubresse et al. (2014). Lipid analyses were performed using LC-MS and GC-137 

MS according to Havé et al. (2019). ATP, ADP, NAD(P)(H), glutathione and ornithine contents were 138 

measured using LC-TOF according to Guerard et al. (2011). All these experiments were performed on 139 

3-4 biological replicates. 140 

Sulfate and nitrate determinations 141 

Nitrate and sulfate were extracted from lyophilized material (50 mg DW in 1 mL H2O) by shaking for 4 142 

hours. After centrifugation (10 min, 12,000 g) supernatant was cleared by centrifugation after adding 143 

TCA 3M (10µL per mL). Nitrate was determined using the Cataldo et al. (1975) method. Sulfate was 144 

determined measuring turbidity with spectrometer at 600 nm in 96 wells microplate. For that 180 µL of 145 

cleared supernatant were added to 60 µL of HCl 0.5 N and mixed. Then, 60 µL of Barium buffer 146 

(BaCl2 40 µM; PEG 6000 150 mg/ mL; Na2SO4 0.1 mM) was added to develop turbidity. Standard 147 

curve was obtained by successive dilutions 0-50 mM of Na2SO4. Blank was water.  148 

Bioinformatics analysis 149 

For proteomic and metabolomic data, Student’s t-test was used to compare the changes between 150 

nutrition treatments (Low-N and Low-S) and control condition. For proteome, p-value of t-test lower than 151 

0.05 and FC above (or lower) than 1.2 (or -1.2) were applied as cut-off to select the differentially 152 

accumulated proteins (DAPs). For transcriptome analyses, each sample followed the same steps from 153 

trimming to count. RNA-Seq preprocessing includes trimming library adapters and performing quality 154 

controls. The raw data (fastq) were trimmed with Trimmomatic (Bolger et al., 2014) tool for Phred Quality 155 

Score Qscore >20, read length >30 bases, and ribosome sequences were removed with tool 156 



sortMeRNA (Kopylova et al., 2012). The quality of clean data was checked with FastQC software. Then 157 

clean reads were mapped onto Arabidopsis thaliana genome (TAIR10) using “align” software in Subread 158 

(version 2.0.0) (Liao et al., 2013). Counts for each gene were calculated using featureCounts software 159 

(Liao et al., 2014) with Arabidopsis thaliana annotation version Araport11. The differentially expressed 160 

genes (DEGs) were computed in R with DESeq2 package (Love et al., 2014). The fold change above 2 161 

(or lower than -2) and FDR lower than 0.05 were considered as cut-off to select the significant genes. 162 

Functional information and cellular location for each protein (or gene) were analysed using MapMan 163 

(https://mapman.gabipd.org/) software and SUBA4 (http://suba.live/). Gene Ontology, AraCyc, Gene 164 

Family and KEGG analyses were conducted using VirtualPlant 1.3 (http://virtualplant.bio.nyu.edu/cgi-165 

bin/vpweb/). The proteomic data have been submitted to http://moulon.inra.fr/protic/autoadapt_2015. 166 

The significances of intersections between DAPs and DEGs were determined by SuperExactTest 167 

package in R software (Wang et al., 2015). 168 

 169 

Results and Discussion 170 

 171 

Metabolite profiling reveals specific changes in the rosette of plants submitted to chronic N- or 172 

S-limitations  173 

 174 

Metabolite profiling using GC-MS identified 120 metabolites in the rosettes of Arabidopsis plants 175 

cultivated under control (Ctrl), low nitrate (Low-N) and low sulfate (Low-S) conditions for 60 days 176 

(Fig.S1). Among the detected metabolites, 54 showed significantly different concentrations in the 177 

rosettes of plants grown under N or S limitations by comparison to the Ctrl condition (Fig.1,2). The LC-178 

MS lipid, cofactor, glutathione and nucleotide analyses also revealed significant differences between 179 

nutritive conditions (Fig.1,2). Measurement of nitrate and sulfate by spectrometry indicated that nitrate 180 

concentration was not modified under Low-S but decreased 3 times under Low-N, and that sulfate 181 

concentration was slightly but significantly increased under Low-N (1.5 fold) and sharply decreased 182 

under Low-S (12 fold).  183 

Main changes in the rosettes of the N-limited plants (Fig.1) were a strong increase of carbohydrate 184 

concentrations as sugars (minor CHO and hexoses), lipids (MGDG, DGDG and GIPC) and of ketonic 185 

acids involved in the TCA cycle (malate, citrate, aconitate and 2-oxoglutarate). ADP concentrations were 186 

higher and ATP concentrations lower under Low-N conditions. As a result, the ATP/ADP ratio was lower 187 

under Low-N than in control condition. In the category of CHO metabolism, mannose, melibiose, 188 

galactose, raffinose, galactinol, gluconate and galactonate were increased; only erythritol was depleted 189 

under Low-N. Metabolites as dehydroascorbate and -tocopherol were increased while reduced 190 

glutathione (GSH) concentrations were decreased and oxidized glutathione (GSSG) increased 191 

suggesting higher oxidative stress under Low-N than in Ctrl. Individual amino acid concentrations did 192 

not change in a similar way. Glutamate and aspartate that are directly connected to the Krebs cycle 193 

were more abundant under Low-N, while the concentrations of the amino acids usually considered as 194 

https://mapman.gabipd.org/)
http://suba.live/
http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/)
http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/)
http://moulon.inra.fr/protic/autoadapt_2015


N-storage molecules like glutamine and proline were lower under Low-N. Ornithine that is connected to 195 

the proline pathway was accordingly less abundant in the Low-N rosettes, as well as the putrescine and 196 

spermidine polyamines. The amino acids belonging to the glycine/serine pathway were also less 197 

abundant under Low-N as well as threonine and alanine. Surprisingly methionine and tryptophan which 198 

are two precursors of glucosinolates were more abundant under Low-N (Aarabi et al., 2016).  199 

 Metabolite changes in the rosettes of plant grown under Low-S were less numerous, compared 200 

to Low-N (Fig.2). There was almost no change in minor CHO, except a decrease of mannose. 201 

Interestingly, while glucose and fructose were less abundant under Low-S, their phosphorylated forms 202 

glucose 6-P and fructose 6-P were more abundant. Similarly, the concentration of myo-inositol was 203 

lower under Low-S than in Ctrl condition, while concentration of myo-inositol-1-P was higher under Low-204 

S. It can be noticed that phosphate content was also higher under Low-S. Glycine, serine, alanine, 205 

threonine, leucine and aspartate concentrations were higher under Low-S than under Ctrl condition, 206 

which was globally an opposite trend as under Low-N condition, except in the case of aspartate and 207 

leucine. Among amino acids, only ornithine and cysteine were less abundant under Low-S. GSH and 208 

GSSG were less abundant under Low-S, which makes sense knowing that cysteine is needed for 209 

glutathione synthesis. Methionine was not modified by Low-S. Lipids whose synthesis depends on 210 

acetyl-CoA and then on sulfur metabolism, were less abundant under Low-S than under Ctrl, which was 211 

the opposite trend as compared to the Low-N effect. Although GSH and GSSG were less abundant 212 

under Low-S than in Ctrl condition, the slightly higher GSH/GSSG ratio and the higher -tocopherol and 213 

-tocopherol concentrations suggested higher oxidative stress in the Low-S rosette leaves. As 214 

tocopherols are mostly associated to chloroplast membranes and lipid bodies, this is consistent with the 215 

lower concentrations of MGDG and DGDG lipids observed under Low-S that suggest chloroplast 216 

defects. All the nucleotides detected were less abundant under Low-S. 217 

 218 

The leaf proteome is modified when nitrate or sulfate is limiting  219 

 220 

A total of 2334 proteins were identified and quantified by XIC from the proteome analyses of the rosettes 221 

of the Low-N, Low-S and Ctrl plants. Among them, proteins significantly differentially accumulated 222 

(DAPs; differentially accumulated proteins) under Low-N or Low-S relative to Ctrl were identified. There 223 

were 965 DAPs for Low-N and 676 DAPs for Low-S. (Table S2, Fig.3A). Under Low-N, 645 were more 224 

abundant and 320 less abundant than in Ctrl condition. Under Low-S, 350 DAPs were more abundant 225 

and 326 less abundant. The intersection between Low-N and Low-S changes includes 210 and 140 226 

proteins that were respectively more and less abundant compared to Ctrl condition in both Low-N and 227 

Low-S conditions. This intersection represented 27% of the DAPs (Fig.3A). The predicted cellular 228 

location of DAPs was mostly similar under Low-N and Low-S conditions (Fig.3B). For instance, DAPs 229 

with higher abundance under Low-N or Low-S were mainly predicted in mitochondria, extracellular and 230 

cytosolic spaces. The DAPs identified as less abundant under Low-N or Low-S were mainly predicted 231 

in plastid and cytosol (Fig.3B).  232 



 233 

Modification of leaf proteome under Low-N reflects senescence-like catabolic events  234 

 235 

GO term enrichment for “biological process” (BP) and “molecular function” (MF) were also 236 

examined using VirtualPlant 1.3, and P-value cut off was 0.01. The analyses were done separately on 237 

the lists of the more abundant (UP) and on the less abundant (DOWN) DAPs found in Low-N vs. Ctrl 238 

(Tab.S3). Enrichment in BP GO terms indicated that for both the UP and DOWN DAPs, the “metabolic 239 

processes” and “response to stimuli” categories were enriched. The MF GO term analysis of the UP 240 

DAPs grouped oxido-reduction activities, peptidase and hydrolase catalytic activities, antioxidant 241 

activities and ion binding activities. The DOWN DAPs were related to N metabolic processes, including 242 

cellular N compound metabolism, tetrapyrrole metabolism and amino acid metabolism. The DOWN 243 

DAPs under Low-N were enriched in catabolic activities related to lyases, especially those involved in 244 

the bindings of N to metals and C to C. Structural molecules were also more represented in the DOWN 245 

DAPs.  246 

Significant enrichments of DAPs list in terms from the Gene Family, AraCyc pathway and KEGG 247 

classifications were also analyzed using the VirtualPlant 1.3 BioMaps tool 248 

(http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) applying a P-value cut off of 0.05 (Tab.S3, Fig.3C). The 249 

AraCyc pathways, KEGG pathway and GENE Family terms confirmed that the UP DAPs with higher 250 

protein level under Low-N were involved in protein, amino acid, lipid and cell wall degradations, in the 251 

major and minor carbohydrate (major CHO and minor CHO) metabolisms, in redox and antioxidant 252 

activities, and in the energy metabolisms related to the mitochondria tricarboxylic acid cycle (TCA), 253 

mitochondria electron transport and to the cytosolic pentose phosphate pathway (Tab.S3). DAPs that 254 

were less abundant under Low-N were mostly involved in photosynthesis and photorespiration, in 255 

tetrapyrrole synthesis, plastid amino acid synthesis, cell wall synthesis, chloroplast fatty acid synthesis, 256 

protein translation and synthesis, and in water transport (aquaporins). The nature of the UP and DOWN 257 

DAPs under Low-N then reflected the exacerbation of catabolic pathways and the attenuation of 258 

chloroplast functions for energy production paralleled by an increase of the mitochondria and cytosolic 259 

energy pathways. The metabolic picture reflected by the term analyses of the Low-N DAPs was then in 260 

good accordance with the metabolite changes presented above and that showed higher minor CHO and 261 

sugar contents, higher TCA ketonic acid contents and depletion of many amino acids and especially N-262 

rich amino acids as glutamine and proline.   263 

The metabolic picture provided by the Low-N DAPs then reveals strong resemblance with 264 

metabolite changes that have been described for leaf senescence in the literature (Watanabe et al., 265 

2013; Clément et al., 2018; Avila-Ospina et al., 2017). This feature is consistent with the fact that nitrate 266 

starvation/limitation has been described as master leaf-senescence triggering factor (Diaz et al., 2008). 267 

Consistently, amongst the Low-N DAPs we observed the decrease of enzymes involved in the nitrate 268 

primary assimilation (GLU1 Fd-GOGAT; GLT1 NADH-GOGAT; NIA2 nitrate reductase) and the increase 269 

of enzymes involved in N-recycling and remobilization (GLN1;1 and GLN1;3 cytosolic glutamine 270 

synthetases; GDH1 glutamate dehydrogenase (Fig.4). Numerous enzymes involved in protein 271 

http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/)


degradation were also increases and amongst them several have been previously described as 272 

senescence-induced and N-remobilization actors like AALP (Arabidopsis aleurain-like protease), 273 

RD19A (responsive to dehydration 19) and RD21A (responsive to dehydration 19), (Desclos et al., 2009; 274 

Have et al., 2017; Pružinská et al., 2017; Havé et al., 2018; Fig.5A). Surprisingly, the papain-like cysteine 275 

protease SAG12 which is one of the most highly induced and accumulated during leaf senescence and 276 

nitrogen remobilization (Desclos et al., 2009; James et al., 2018) was not over-accumulated in our Low-277 

N condition, but was less abundant under Low-N than in Ctrl (Fig.5A). All the CLP chloroplast proteases 278 

were less abundant in Low-N except CLPD (also named ERD1 or SAG15), which is known to be induced 279 

by leaf senescence. Several chloroplast proteases involved in the degradation of thylakoid proteins as 280 

DEG1 (Degradation of Periplasmic Proteins 1), DEG8 and FTSH8 (Filamentation Temperature Sensitive 281 

H 8) were also more abundant under Low-N which may be consistent with the lower level of chloroplast 282 

proteins and especially the lower abundance of chlorophyll-binding proteins. Accumulation of several of 283 

proteasome proteins was also observed, which could indicate both higher proteasome activity under 284 

Low-N and lower proteaphagy (Marshall et al., 2015; Fig.5A).  285 

Potential protein substrates for N-remobilization as ribosomal proteins (Fig.5B) and chloroplast proteins 286 

(Fig.6) were consistently less abundant under Low-N than in Ctrl condition. The lower abundance of 287 

chloroplast proteins involved in photosynthesis or photorespiration under Low-N confirmed senescence-288 

like picture. However, the decrease in many chloroplastic ribosomal proteins was paralleled with 289 

decrease in several cytosolic ribosomal proteins, initiation factors, elongation factors and tRNA ligase, 290 

which showed that translation machinery was less active under Low-N than under Ctrl conditions. It is 291 

noticeable that although changes in protein and transcript levels were globally not well correlated 292 

(Tab.S2), the lower abundance of the DAPs related to chloroplast photosynthetic apparatus was 293 

accompanied by the decrease of their corresponding transcripts. This suggests that the lower levels of 294 

photosynthetic proteins under Low-N were not only due to extensive chloroplast degradation or turn 295 

over, but also to the down-regulations of these DAPs coding genes. It is known that during leaf 296 

senescence mitochondria stay active until late senescence and that energy metabolism is largely 297 

supported by cytosolic and mitochondria enzymes. Similarly, many enzymes related to 298 

neoglucogenesis, pentose phosphate pathway, glycolysis and TCA were more abundant under Low-N 299 

than in Ctrl condition (Fig.7).  300 

 301 

Leaf proteome reveals strong inhibition of S-metabolism and increase of catabolic enzymes 302 

when sulfur supply is limiting  303 

 304 

The enrichment in BP GO terms of the Low-S UP and DOWN DAPs indicates that the main 305 

changes were for “metabolic processes” and “response to stimuli”. The MF GO terms indicate that UP 306 

DAPs under Low-S are related to oxidoreduction activities and hydrolases/peptidase catalytic activities. 307 

For the DOWN DAPs the MF GO terms indicate that they are related to structural proteins, tetrapyrrole 308 

synthesis, lyase and ligase catalytic activities, and transporters. Several of these terms were shared by 309 

the Low-N DAPs.  310 



The AraCyc, KEGG and Gene Family terms give a better idea of the modifications in the Low-311 

S rosettes at the proteomic level (Tab.S4). DAPs with higher abundance under Low-S were related to 312 

fatty acid degradation. Accordingly, the amount of several lipids (MGDG monogalactosyldiacylglycérols, 313 

DGDG digalactosyldiacylglycérols, GIPC glycosyl-inositol-phospho-ceramides, PE 314 

phosphatidylethanolamine and PG phosphatidylglycerol) was lower in Low-S (Fig.2). The UP DAPs 315 

were also enriched in proteins involved in the degradation of amino acids, thymine and melibiose. 316 

However, this was not reflected by our metabolite profiling. Like under Low-N, several proteases were 317 

more abundant under Low-S, and higher accumulations of RD21A, RD19A and AALP were also 318 

observed (Fig.5A). Enrichment of the UP DAPs in proteins related jasmonate biosynthesis suggests an 319 

exacerbation of the response to stress under Low-S condition. The DAPs with lower abundance under 320 

Low-S presented enrichment in proteins involved in the translation machinery (ribosomal proteins and 321 

initiation factor; Fig.5BC), in photosynthesis and photorespiration (Fig.6), and in water transport 322 

(aquaporins, PIP, MIP, V-ATPases). This picture reflected many similarities in the pathways modified 323 

under Low-S and Low-N, even though the DAPs involved in these pathways were not always the same 324 

under Low-S and Low-N. Unsurprisingly, S metabolism including glucosinolate synthesis and 325 

glutathione S-transferase families were strongly impacted by Low-S condition (Tab.S4). The two ATP 326 

sulfiurylases ATPS1 (AT3G22890) and ATPS2 (AT1G19920) and the methionine synthase MS2 327 

(AT3G03780) were less abundant under Low-S than in Ctrl condition (Tab.S2; Fig.8). Like for Low-N, 328 

changes at protein levels were poorly correlated with changes at transcript levels (Tab.S2), except in 329 

the case of the glucosinolate-related DAPs. Indeed, the lower abundance of glucosinolate-related DAPs 330 

under Low-S was paralleled by the lower abundance of their related transcripts.  331 

 332 

Common proteome changes under low-N and low-S 333 

 334 

Gene ontologies on DAPs show that there are several similar effects of the Low-N and Low-S 335 

growth conditions on rosette proteome (Tab.S3 and Tab.S4). We then analysed the 350 DAPs identified 336 

in both Low-N and Low-S conditions. Although this list (210 more abundant, 140 less abundant) was 337 

not large, significant terms were identified (Tab.S5; Fig.3C). The GO terms showed enrichments in the 338 

oxidoreduction and peptidases/hydrolases catalytic activities in the 210 UP DAPs, and enrichment in 339 

structural molecules and constituents of ribosomes in the 140 DOWN DAPs. The common effect of both 340 

Low-S and Low-N growth was also the exacerbation of the carbohydrate/starch degradation pathways 341 

and of the TCA energy metabolism, and enrichment of UP DAPs in proteins involved in the jasmonate 342 

synthesis. The DOWN DAPS were enriched in proteins involved in translation and protein synthesis 343 

(ribosomes, eukaryotic initiation factors), chloroplast metabolisms (photosynthesis, photorespiration), 344 

aquaporins and membrane ATPases, and in many steps of the lipid synthesis. Interestingly one 345 

transcription factor, Whirly1 appeared significantly reduced under both Low-N and Low-S. This Whirly1 346 

transcription factor has been described as an important factor controlling chloroplast-cytosol signalling 347 

and leaf senescence onset in both Arabidopsis and barley (Lin et al., 2019; Ren et al., 2017; Swida-348 

Barteczka et al., 2018; Krupinska et al., 2019). In barley, it was shown that Wirly1 functions in the control 349 



of responses to N deficiency (Comadira et al., 2015). Our result then suggest that Wirly1 could also 350 

control responses to S limitation. 351 

 352 

Proteome changes highlight the cross-effects of nitrate and sulfate on the N and S metabolisms  353 

 354 

It is known for long that nitrate availability can influence S uptake and metabolism as well as 355 

sulfate availability can influence N metabolism (Barney & Bush, 1985; Lee & Kang, 2005; Kopriva & 356 

Rennenberg, 2004; Kopriva, 2006). Both N and S are constituents of amino acids. Shortage of N and S 357 

sources may reduce amino acid biosynthesis, and further affects the protein translation (Speiser et al., 358 

2018). As said previously, Low-S leads to reduced abundance of ATPS1 and ATPS2; interestingly N 359 

deficiency also decreased ATPS2 (Fig.8A). Furthermore, sulfite reductase (SIR; AT5G04590) was 360 

accumulated in response to N limitation. N deficiency also led to increase the amounts of the two 361 

cysteine synthases (OASC, AT3G59760 and CYSC1, AT3G61440) and to the decrease of the plastid 362 

OASB cysteine synthase (AT2G43750) although the concentration of cysteine remained unchanged. 363 

By contrast, the lower abundance of the cystathionine gamma synthase CGS1 (also called CYS1 and 364 

MTO1 for METHIONINE OVERACCUMULATION 1; AT3G01120) may explain that methionine was 365 

more abundant under Low-N than under control condition (Hacham et al., 2013); Fig.8A; Fig.2). In 366 

Fig.8B.C. we can see that Low-N and Low-S had different effects on the glutathione and glucosinolate 367 

pathways. Both glutathione and glucosinolates necessitate nitrogen and sulfur for their synthesis. 368 

Regarding the glutathione metabolism, enzymes involved in the pathway were mostly more abundant 369 

under Low-N than under Ctrl condition and at the reverse less abundant under Low-S relative to Ctrl. 370 

Main changes were observed for glutathione S-reductases and the UP DAPs under Low-N were mostly 371 

involved in the pathways mobilizing glutathione for the synthesis of glycine or glutamate. For instance, 372 

the GSH1, GPX1, DHAR3, as well as several enzymes that are involved in the conversion of GSH to R-373 

S-glutathione were less abundant under Low-S. This might be due to the lower concentrations of GSH 374 

and GSSG available under Low-S. For glucosinolates, it is interesting to note that many of the enzymes 375 

involved in glucosinolate synthesis were less abundant under Low-S, while Low-N mainly increased the 376 

abundance of the enzymes involved in glucosinolate degradation. Such effect of Low-N could be part of 377 

the exacerbation of the response stress DAPs as mentioned above. As both glutathione and 378 

glucosinolate are N sources, all these features regarding glucosinolate and glutathione pathways are 379 

consistent with the exacerbation of N-recycling processes. Proteomic data also revealed the strong 380 

influence of Low-S on amino acid metabolism as shown in Fig.4, however effects of Low-S on individual 381 

amino acid pathways was mostly different from Low-N changes.  382 

 383 

Integration of data reveals that changes at proteomic and transcriptomic levels poorly match 384 

 385 



Transcriptome was performed using RNAseq and significantly differentially expressed genes (DEGs) 386 

were identified by DESeq2 package (Love et al., 2014). There was 2447 DEGs under Low-N and 5136 387 

DEGs under Low-S (Fig.9; Fig.S2A; Tab.S6A,B,C). Then, proteome analysis revealed approximately 388 

twice more DAPs under Low-N than under Low-S, RNAseq analysis identified was twice more DEGs 389 

under Low-S than under Low-N. Such discrepancy reflects the poor correlation between protein 390 

accumulation/deletion and transcript accumulation/depletion already mentioned above, and illustrated 391 

in Fig.S2B-D. As such, only 102 and 53 gene accessions changed at both transcriptomic and proteomic 392 

levels under Low-N and Low-S respectively (Fig.S2B.C.). Only 20 of such accessions were found under 393 

both the Low-N and Low-S conditions (Fig.S2D).  394 

 395 

Low-N transcriptomic changes reveals enhancement of defense genes 396 

 397 

Under Low-N, many DEGs were unsurprisingly related to nitrogen metabolism. Several nitrate-398 

responding transcription factors (TF) were up-regulated in the Low-N rosettes compared to Ctrl, as the 399 

LBD39 (At4g37540) and LBD38 (AT3G49940) LOB DOMAIN CONTAINING PROTEINS and the NLP3 400 

(AT4G38340) and NLP9 (AT3G59580) NIN-like RWP-RK domain-containing protein. The HHO3 401 

(AT1G25550) and HHO2 (AT1G68670) nitrate-inducible HRS1 homologues that may play a role in a 402 

pathway at the intersection of N and P signaling were down-regulated (Medici et al., 2019; Vidal et al., 403 

2020). Accordingly, we found under Low-N higher expression of the AtNRT2.5 nitrate transporter 404 

(AT1G12940) which is a well-known marker of nitrate starvation (Lezhneva et al., 2014). At the reverse, 405 

the CLC-A and CLC-B chloride channels, that function as nitrate/proton exchangers at the tonoplast, 406 

were down regulated (De Angeli et al., 2006). The GLN1;1 (AT5G37600) and GLN1;4 (AT5G16570) 407 

cytosolic glutamine synthetase genes involved in N-remobilization were up-regulated as the expression 408 

of the genes coding the master enzymes in charge of the nitrate primary assimilation - i.e. the 409 

chloroplastic glutamine synthetase GS2 (AT5G35630), the GLU1 Fd-dependent glutamate synthase 410 

(AT5G04140), the NIR1 nitrite reductase (AT2G15620) and the NIA1 nitrate reductase (AT1G77760) – 411 

were down-regulated (Moison et al., 2018). None of the N-remobilization peptidases identified previously 412 

as DAPs from the proteome analyses were present in the Low-N DEGs list, except SAG12 (AT5G45890) 413 

whose transcripts were more abundant under Low-N at the opposite of its protein. Although autophagy 414 

is known to be enhanced under nitrate limitation, only the ATG8B (AT4G04620) gene was found over-415 

expressed under Low-N (Avila-Ospina et al., 2016). Interestingly, the CEPD2 (AT2G47880) gene 416 

enhanced by nitrate limitation and involved downstream CEPD1 was induced, thus suggesting active 417 

shoot/root systemic N-limitation signalling under our Low-N chronic conditions (Ota et al., 2020; Ruffel, 418 

2018). 419 

Beside these expected effects of Low-N on the N-metabolism genes, the Gene Ontology analyses 420 

showed that the major effect of Low-N on the modification of transcript pools was related to stress 421 

response and especially to plant defence and immunity (Tab.S7; Fig.9). The UP-regulated Low-N DEGs 422 

clustered many genes involved in signal transduction (receptors, activators) amongst which many 423 

WRKY DNA binding transcription factors (Tab.S7 and Tab.S6). Genes involved in secondary 424 



metabolism (flavonoid synthesis, terpene degradation, abscisic acid degradation) were also up-425 

regulated (Tab.S7).  426 

The list of the GO terms associated to the Low-N down-regulated DEGs was quite long (Tab.S7) and 427 

reflected modifications in the response to stimuli including a large variety of stresses, as well as 428 

modification in many carbohydrate pathways. It also reflected the down-regulation of chloroplast 429 

targeted structural proteins and enzymes, that correspond to lower expression of the photosynthesis 430 

and sucrose synthesis genes. All these transcriptional modifications are consistent with the metabolic 431 

picture reflected by the proteome, and with our current knowledge of the physiological effects of nitrogen 432 

limitation on the chloroplast functions and chlorophyll contents. Due to its high nitrogen content (70% of 433 

the proteins in mesophyll cells), chloroplast represent indeed a major nitrogen source in well-feed plants 434 

(Evans & Clarke, 2019). As such, chlorophyll-meters are commonly used to detect N deficiencies during 435 

plant growth and in the field. 436 

Nevertheless, the most surprising feature arising from the analysis of the Low-N DEGs remains the large 437 

occurrence of genes related to plant defense and immunity. It has already been reported that nitrogen 438 

shortage enhances leaf senescence, and that many leaf senescence-associated genes are related to 439 

plant response to pathogen. Here, our transcriptomic data clearly shows that growing plants under low 440 

nitrate enhances the expression of defense genes against pathogens. Whether such up-regulation of 441 

defense gene actually increased plant tolerance or resistance to pathogens, remains to be 442 

demonstrated. Several studies have suggested that plant immunity could be modulated by 443 

environmental factors as nitrogen availability (Fagard et al., 2014), and several publications show that 444 

enzymes involved in nitrogen recycling may be positive factors for the plant defense against pathogens 445 

(Seifi et al., 2013a; Seifi et al., 2013b).  446 

As plant density per pot was not similar under Ctrl and Low-N conditions we compared our data to the 447 

transcriptome analysis of plant competition performed by Masclaux et al. (2012) on Arabidopsis. 448 

Although authors found that GO terms associated to abiotic and biotic stresses were enriched in the list 449 

of the genes differentially expressed in the leaves of plant under competition, we only found 24 Up 450 

regulated genes and 66 down regulated genes in common between their study and ours. Like us 451 

Masclaux et al. (2012) also detected genes markers of N limitation, thus confirming response to Low-N 452 

when plants are in competition, which was the effect anticipated in our study. 453 

 454 

Low-S transcriptomic changes reveal enhancement of autophagy gene expressions and 455 

negative impact on cell division and NIN-like protein TF family 456 

 457 

Although the metabolome and proteome data suggested less changes under Low-S than under Low-N 458 

(Fig.3A), it was unexpected to find that the number of DEGs was considerably higher in Low-S compared 459 

to Low-N (Fig.8). Such discrepancy could be due to the fact that the proteins encoded by many of the 460 

Low-S differentially expressed genes could not be detected and quantified in our proteome.  461 



Under Low-S, many DEGs were related to S metabolism, and also to N metabolism. The high affinity 462 

SULTR1;1 and SULTR1.2 sulfate transporters, the low-affinity SULTR2;2 sulfate transporter and the 463 

SULTR4;1 and SULTR4;2 tonoplast efflux sulfate transporters were strongly up-regulated under Low-464 

S. The phloem localized SULTR1;3 and the root to shoot SULTR3;1, SULTR3;4 and SULTR3;5 465 

transporters were at the reverse down regulated (Takahashi, 2019). Enzymes involved in S assimilation, 466 

like the ATPS1, APTS2 and ATPS4 ATP sulfurylases, were down-regulated. Only the adenosine 5'-467 

phosphosulfate reductase APR3 was slightly enhanced. These responses to Low-S were consistent 468 

with our current knowledge from literature (Kumar et al., 2017; Nath & Tuteja, 2016). Genes involved in 469 

the cysteine and methionine metabolisms were poorly modified by contrast with those involved in 470 

glucosinolate synthesis. Indeed, genes involved in glucosinolate synthesis were down-regulated under 471 

Low-S in good accordance with the changes observed at protein levels, and those involved in 472 

glucosinolate degradation were up-regulated (Tab.S6B). The DEGs related to the glutathione redox 473 

pathways were up-regulated under Low-S, which is consistent with previous reports (Smith et al., 1997). 474 

Regulation of S-assimilation by transcription factors is poorly documented in plants. Our plants 475 

responded to sulfur-limitation inducing the “response to low sulfur” LSU1 (AT3G49580), LSU2 476 

(AT5G24660), LSU3 (AT3G49570) and LSU4 (AT5G24655) genes (Sirko et al., 2015; Wawrzynska & 477 

Sirko, 2014). We did not find any modification on the expression of any of the sulfur-responsive 478 

transcription factors reported so far as Prohibitin (PHB), Squamosa-Promoter Binding (SPB) and Sulfur 479 

Limitation 1 (SLIM1; Watanabe & Hoefgen, 2019), which was consistent with previous findings in the 480 

case of SLIM1 (Maruyama-Nakashita et al., 2006). Nevertheless, a strong induction of the SDI1 481 

(AT5G48850) and SDI2 (AT1G04770) transcriptional repressors that control glucosinolate synthesis 482 

was observed (Aarabi et al., 2016). The MYB28 (AT5G61420), MYB29 (AT5G07690) and MYB76 483 

(AT5G07700) involved in the regulation of the methionine-dependent glucosinolate synthesis were 484 

accordingly down-regulated, while the expression of the MYB34 (AT5G07700), MYB51 (AT1G18570) 485 

and MYB122 (AT1G74080) TFs controlling the tryptophane-dependent glucosinolate pathway remained 486 

unchanged (Aarabi et al., 2016).  487 

It was actually surprising to find all the members of the NIN-LIKE PROTEIN (NLP) TF family (except 488 

NLP1 and NLP7), which are involved in the response to nitrate, down-regulated under Low-S (Chardin 489 

et al., 2014; Krapp, 2015). The bZIP1 (AT5G49450) gene that regulates nutrient responses and whose 490 

protein binds to the NLP3 promoter was by contrast induced. The CEPR1 (AT5G49660) gene coding 491 

the shoot receptor of CEP1 root/shoot N-deficiency signal was down-regulated while the CEPD1 492 

(AT1G06830) gene responding to CEP1 was induced under Low-S (Ota et al., 2020). The significance 493 

of such features in the response of plants to sulfur availability and in the interconnection of S and N 494 

metabolisms, remains to be elucidated. Our data indicate that Low-S modifies N-metabolism. The two 495 

GLU1 and GLT1 (AT5G53460) glutamate synthase genes were down-regulated under Low-S, while the 496 

GDH2 (AT5G07440) and GDH3 (AT3G03910) glutamate dehydrogenases were enhanced and 497 

repressed respectively. Many peptidases (RD21A, RD19A, SAG12) and amino acid transporters (CAT5, 498 

CAT9, AAP2, LHT1 as examples; Tab.S6B) involved in N-remobilization and N-translocation, were 499 

identified in the Low-S transcriptome. The high affinity NRT2.1 and NRT2.6 and the low-affinity NRT1.8 500 

nitrate transporters are also enhanced under Low-S. Actually, the most surprising feature was about 501 



macro-autophagy-related genes. While only one (ATG8B) has been found up-regulated under Low-N, 502 

the ATG8B (AT4G04620), ATG8C (AT1G62040), ATG8D (AT2G05630), ATG8E (AT2G45170), ATG8F 503 

(AT4G16520) and ATG8G (AT3G60640), ATG12A (AT1G54210), ATG12B (AT3G13970), ATG10 504 

(AT3G07525) and NBR1(AT4G24690) were enhanced under Low-S. This suggested higher autophagic 505 

activity under Low-S. The prominent role of autophagy in the response of plants to S-limitation has 506 

indeed been shown in previous reports (Zientara-Rytter et al., 2011; Lornac et al., 2020). Such feature 507 

is consistent with the finding that S limitation resulted in the decreases of sulfide and glucose that 508 

inhibited the TOR (Target of Rapamycin) kinase activity and enhanced autophagic activity (Dong et al., 509 

2017). In another paper, Laureano-Marin et al (2016) showed that sulfide inhibits the activation of 510 

autophagic activity by low nitrate in Arabidopsis roots. Finally, it was shown that sulfide controls the 511 

cytosol to nucleus movement of the GAPDH enzymes that are involved in the regulation of autophagy 512 

(Aroca et al., 2017; Chang et al., 2015; Henry et al., 2015). Our transcriptomic results are then in line 513 

with all these reports.  514 

The analyses of the GO terms associated to the Low-S DEGs provided deeper insights about possible 515 

physiological/cellular adaptations to the lack of sulfur (Tab.S8; Fig.9). Significant enriched terms were 516 

quite numerous for both the Low-S up-regulated and Low-S down-regulated DEGs (Tab.S8). The “Cell 517 

Component” (CC) terms associated to the up-regulated Low-S DEGs show that up-regulated DEGs 518 

were coding for proteins predicted in the vacuole, cytosol, plasma membrane, peroxisome but not in 519 

chloroplast. The enrichment of the up-regulated DEGs in genes coding ribosomal proteins was 520 

surprising regarding the lower accumulation of ribosomal proteins under Low-S as revealed by the 521 

proteomic analyses (Fig.4; Tab.S2 and Tab.S4). However, as Table S2 shows, there was almost no 522 

match between the ribosomal protein DAPs and the ribosomal protein DEGs, thus suggesting a major 523 

reprograming of the protein translation machinery under Low-S. Especially, we can see that the 524 

ribosomal proteins DAPs with lower abundance under Low-S were mainly predicted in the chloroplast 525 

and the cytosol (Tab.S2), which is in good accordance with the few down-regulated Low-S ribosomal 526 

protein genes also predicted in the chloroplast. By contrast, the up-regulated ribosomal protein genes 527 

were mainly predicted in the cytosol and the mitochondria. Enrichments in “Molecular Function” (MF) 528 

terms reflected the strong effect of Low-S on the oxidoreduction and especially on glutathione S 529 

transferase activities. The “Biological Processes” (BP), AraCyc, KEGG and Gene Family terms 530 

confirmed enrichments in genes related to response to biotic/abiotic stresses, detoxification and 531 

secondary metabolisms (phenylpropanoids, fatty acids, jasmonic acid, glutathione), which was quite 532 

consistent with the picture reflected by the Low-S proteomic data and in good agreement with previous 533 

report (Nikiforova et al., 2003).  534 

More surprising were the GO-terms associated to the Low-S down-regulated DEGs (Tab.S8). While the 535 

BP, AraCyc and Gene Family terms confirmed the down-regulation of the glucosinolate synthesis 536 

pathway and the repression of the NLP transcription factors, the CC and Gene Family terms indicated 537 

strong enrichment in genes related to cytoskeleton, phragmoplast and membrane bound organelles. 538 

Accordingly, the BP, MF and KEGG terms indicated that down-regulated DEGs were enriched in genes 539 

related to microtubule motor activity, kinesin/myosin, DNA recombination/replication/repair, nucleotide 540 

binding, telomere maintenance and, cell and chromosome organizations. Therefore, many genes 541 



involved in the maintenance of the cell division were likely down-regulated under Low-S. Interestingly, 542 

our metabolomic data had revealed the decrease of glutathione under Low-S, and it is known that GSH 543 

movement from the cytosol to the nucleus is an important factor controlling cell cycle in mammals 544 

(Markovic et al., 2007). Nuclear glutathione is necessary for safeguarding DNA integrity and the increase 545 

of the nuclear GSH pool at the onset of cell proliferation provides an appropriate redox environment for 546 

the stimulation of chromatin decompaction. The existence of movements of glutathione between cytosol 547 

and nucleus in plant cells has suggested that common redox mechanisms exist for DNA regulation in 548 

G1 and mitosis in all eukaryotes (Luis Garcia-Gimenez et al., 2013; Pellny et al., 2009). Although it 549 

remains to investigate whether Low-S condition affects glutathione movements from cytosol to nucleus, 550 

our data reflects here the coincidence of the perturbations of glutathione metabolism and of cell cycle.  551 

 552 

Conclusion 553 

Our metabolome, proteome and transcriptome study allows us to provide a comprehensive picture of 554 

how Arabidopsis adapts its physiology to nitrogen and sulfur limitations (Table 1). It first has to be noticed 555 

that there was very poor overlap between transcriptomic and proteomic changes in our study. Such 556 

feature has already been observed in other studies (Havé et al., 2019; McLoughlin et al., 2018; Fernie 557 

and Stitt, 2012) and could be due to (i) a discrepancy in the dynamic of the protein and transcript turn 558 

overs, (ii) differences in the profundity of chemical and statistical analyses and (iii) differences in the 559 

changes related to transcription and translation/degradation processes. Nevertheless, the global picture 560 

provided by the three omics performed revealed reliable physiological changes regarding our current 561 

knowledge of how nitrogen and sulfur limitations impact metabolism (Table 1). Both Low-N and Low-S 562 

increased proteolysis, metabolite degradations, jasmonic acid signalling and secondary metabolic paths 563 

belonging to the polyphenol/flavonoid and glucosinolate pathways. Proteomic changes in glucosinolate 564 

pathway revealed different management strategies under Low-N and Low-S, with unexpected good 565 

correlation between transcript and protein changes. Low-S mostly inhibited glucosinolate synthesis 566 

while nitrogen limitation promoted glucosinolate degradation. Both strategies may save S and N sources 567 

for other metabolisms. More generally, proteomics gave a better picture of metabolic changes, while 568 

transcriptomics enlightened changes related to stress management and fundamental cellular 569 

processes.  570 

Globally, both Low-N and Low-S resulted in (i) higher catabolic and degradation processes, (ii) 571 

increased mitochondrial metabolism and decreased chloroplast metabolic processes, (iii) lower 572 

translation and (iv) decrease of water management proteins. The main transcriptomic changes related 573 

to Low-N revealed the enhancement of plant defence and plant immunity, in line with several studies on 574 

the role of N nutrition in plant defence (Sun et al., 2020; Seifi et al., 2013a; Seifi et al., 2013b). 575 

Transcriptomic changes under Low-S revealed the down regulation of cell division and the stimulation 576 

of autophagy. This was in good accordance with the roles of sulfide and glutathione as signals controlling 577 

cellular processes through gene regulation, or in a TOR-dependent pathway (Pellny et al., 2009; Dong 578 

et al., 2017; Laureano-Marin et al., 2016). More striking was the inhibition under Low-S of almost all the 579 

NLP TF that are master genes of nitrate sensing (Chardin et al., 2014).  580 



While we can find in literature several omics studies that dissect the response of Arabidopsis to nitrate 581 

or sulfate starvations, it is not always easy to compare results reported due to discrepancies in growth 582 

conditions, development stages, starvation methods and duration of treatments. While we could find 583 

several reports dealing with transcriptomic and metabolomic changes, proteomic reports were more 584 

limited. In addition, many of the transcriptomic and metabolomic studies published so far, only 585 

considered changes at the root level. From the few studies performed on the rosettes of Arabidopsis 586 

plants submitted to nitrate (Scheible et al., 2004; Bi et al., 2007; Krapp et al., 2011) or sulfate (Hirai et 587 

al., 2003; Hirai et al., 2004; Nikiforova et al., 2003) shortages, similar effects can be extorted. 588 

Comparison of our transcriptomic results with Scheible et al. (2004) and Krapp et al. (2011) confirms 589 

the negative effect of Low-N on amino acid and tocopherol contents and the enhancement of the 590 

phenylpropanoid, sugars, starch and minor CHO pathways. Similar changes at transcriptomic levels are 591 

related to the decrease of photosynthesis (tetrapyrroles, chlorophylle, light chain, Calvin cycle) while 592 

genes involved in secondary metabolisms, TCA, mitochondria electron transport and stresses are 593 

enhanced. Krapp et al. (2011) also reported the positive effect of 10 days nitrate starvation on sulfate 594 

assimilation, which is also reflected by our data. The study of Bi et al. (2007) provides a better 595 

comparison for us, as they performed both chronic and short term starvations on Arabidopsis adult 596 

plants under short days. The main results they found as (i) the decrease of NR and NiR transcripts and 597 

increase of GLN1;1 and GLN1;4 ones, (ii) the enhancement of genes related to biotic and abiotic 598 

stresses, (iii) the increase of secondary metabolism, anthocyanin and phenylpropanoid gene expression 599 

and (iv) the enhancement of bioprocesses related to N assimilation, nutrient transport, cell homeostasis 600 

and S assimilation, are globally consistent with our finding. It is also noticeable that the signature of 601 

Low-N effects on metabolome and transcriptome have many similarities with the signatures reported by 602 

Watanabe et al. (2013) and Guo et al. (2004) for leaf senescence. 603 

The recent review of Watanabe and Hoefgen (2019) facilitated our exploration of the correspondence 604 

between our results and former studies dealing with S starvation. Although Nikiforova et al. (2003) 605 

performed S starvation using seedlings grown in vitro in plates, many of their findings are reliable with 606 

our study. Like us they found exacerbation of sulfur assimilation and especially transporters and of 607 

flavonoid and jasmonic acid pathways. They reported effects on cell rescue and defence, cell death and 608 

ageing, energy metabolism, protein synthesis and transport facilitation. In addition, they observed like 609 

us the positive effect of S starvation on the degradation of S compounds and especially on glucosinolate 610 

catabolism. In their review, Hirai and Saito (2004) summarized the effects of short term and long term 611 

S deficiency found by Hirai et al. (2003, 2004), Nikiforova et al. (2003) and Maruyama-Nakashita et al. 612 

(2003) on the jasmonic acid, oxidative stress and flavonoid pathways. Interestingly, D’Hooghe et al. 613 

(2013) reported similar effects on the proteome on Brassica napus. The meta-analysis recently 614 

performed by Henriquez-Valencia et al. (2018) on root transcriptomes brings also some intelligible 615 

correspondences with our findings like effects of S starvation on carbohydrates metabolism, nitrogen 616 

transport and proteolysis.  617 

In addition of the several correspondences found between our study and literature, especially regarding 618 

the effects Low-S, our study describes for the first time the effect of Low-S on cell division, autophagy 619 

and NLP gene expressions.  620 
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Table 1: Summary of the major changes on metabolome, proteome and transcriptome 

observed in Arabidopsis rosettes under Low-N and Low-S. CHO, carbohydrates; TCA, 

Tricarboxylic acid cycle; GSH, reduced glutathione; Glu, glutamate; Asp, aspartate; Met, methionin; 

Trp, tryptophane; Gln, glutamine; Pro, proline; Orn, ornithine; Ser, serine; Gly, glycine; Thr, threonine; 

Ala, alanine, OPP, pentose phosphate pathway. 

Metabolome Proteome Transcriptome 

Low-N   

Carbohydrates (Lipids, CHO, TCA)  

ATP  ADP  

Dehydroascorbate -Tocopherol  

GSH   GSSG  

Glu, Asp, Met, Trp  

Gln, Pro, Orn  

Ser, Gly, Thr, Ala  

Spermidine, putrescine  

Cell wall degradation  

Lipid and starch degradation  

Amino acid degradation  

Protein degradation  

Antioxidants  

Jasmonate synthesis  

TCA, OPP  

Ribosomes  

Photosynthesis, photorespiration  

Fatty acid synthesis  

Aquaporins  

Whirly1  

 

Defence, immunity  

WRKY TF  

Flavonoid pathways  

ABA and Terpenoide degradations  

Chloroplast lipid metabolism  

Chloroplast fatty acid synthesis  

Amine metabolism  

Glucosinolate metabolism  

Sucrose synthesis  

Water channels  

Low-S   

Lipids   

Glu, Fru, Myo-inositol  

Glu-6P, Fru-6P, Myo-inositol1P  

GSH  GSSG  

Leu, Asp, Ser, Gly, Thr, Ala  

Orn  

Lipid and starch degradation  

Amino acid degradation  

Protein degradation  

Jasmonate synthesis  

TCA  

Ribosomes  

Photosynthesis, photorespiration  

Fatty acid synthesis  

Aquaporin  

Whirly1  

Glutathione S-transferase  

Glucosinolate synthesis  

Energy metabolism  

 

Flavonoid pathways  

Cytoplasmic ribosomes  

N remobilization, autophagy, proteolysis  

Jasmonate synthesis  

N assimilation  

S assimilation  

Glucosinolate synthesis  

Chloroplast metabolism  

Translation  

Cell division  

Cytoskeleton, DNA replication, repair  

NLP NIN-like TF  

 

 

 

 



Legend of Figures 

Figure 1: Metabolite changes under low nitrate (Low-N) condition relative to the control (Ctrl) 

growth condition. The relative metabolite concentrations were measured on the rosettes of plants 

grown under low nitrate or control conditions for 60 days. Note that when the calculated fold changes 

(FC) in the Low-N relative to Ctrl condition indicated a decrease (i.e. 0<FC<1), the values were changed 

to [-1/(calculated FC)] in the figure. Then the FC values ranged between -4 and 4 according to the colour 

code from blue to red. FC are only shown for metabolites significantly different between low N and Ctrl 

conditions (t-test p-value ≤ 0.05). Negative number means metabolite less abundant in said condition 

and positive number means metabolite more abundant in said condition. All the metabolites were 

quantified using GC-MS except those indicated by * that were quantified using LC-MS.  

 

Figure 2. Metabolite changes under low sulfate (Low-S) conditions relative to the control (Ctrl) 

growth condition. The relative metabolite concentrations were measured on the rosettes of plants 

grown under low sulfate or control conditions for 60 days. Note that when the calculated fold changes 

(FC) in the Low-S relative to Ctrl conditions indicated a decrease (i.e. 0<FC<1), the values were changed 

to [-1/(calculated FC)] in the figure. Then the FC values ranged between -4 and 4 according to the colour 

code from blue to red. Negative number means metabolite less abundant in said condition and positive 

number means metabolite more abundant in said condition. The same metabolites as in Figure 1 are 

presented. FC are only shown for metabolites significantly different between low S and Ctrl conditions 

(t-test p-value ≤ 0.05).  All the metabolites were quantified using GC-MS except those indicated by * 

that were quantified using LC-MS.  

 

Figure 3: Proteins significantly differentially accumulated (DAPs) under Low-N or Low-S relative 

to Ctrl. The numbers of up-accumulated (UP) and depleted (DOWN) DAPs under Low-N and Low-S 

are presented (A). Cellular predicted localisation of DAPs under Low-N or Low-S conditions according 

to SUBA 4 (B). Significant enrichments of Gene Ontology, Gene Family, AraCyc pathway and KEGG 

terms for the DAPs accumulated (Red) or less abundant (Blue) under Low-N or Low-S. Significant terms 

were identified using the VirtualPlant 1.3 BioMaps tool (http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) 

applying a P-value cut off of 0.05.  

 

Figure 4: Proteomic changes in amino acid pathway under low nitrate and low sulfate conditions. 

Significant differentially accumulated proteins (DAPs; big squares; t-test P-value ≤ 0.05 ) and 

differentially accumulated metabolites (grey-surrounded small squares) belonging to amino acid 

metabolism. Fold changes under Low-N (left) and Low-S (right) conditions are shown. Note that like for 

metabolites in Fig.1 and 2, when the calculated fold changes (FC) in the Low S or Low-N conditions 

relative to Ctrl conditions indicated a decrease (i.e. 0<FC<1), the values were changed to [-1/(calculated 

FC)] in the figure. The colour codes from blue to red  represent fold change values ranging between -4 

http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/)


and 4. Negative number means protein less abundant in said condition and positive number means 

protein more abundant in said condition. White squares indicate non significant changes. Series of four 

numbers in the figure indicate E.C. enzyme numbers. ASP: aspartate aminotransferase; GDH: 

glutamate dehydrogenase; GOGAT: glutamate synthase; GS: glutamine synthetase; P5CS1: delta1-

pyrroline-5-carboxylate synthetase; GSH: reduced glutathione form; GSSG: oxidized glutathione; SiR: 

sulfite reductase; ATPS: ATP sulfurylase; CGS1: cystathionine gamma-synthase; MS2: methionine 

synthase.  

 

Figure 5: Low nitrate and low sulfate conditions affect protein synthesis and protein degradation 

in opposite ways. Significant differentially accumulated proteins (DAPs; t-test P-value ≤ 0.05 ) involved 

in protein degradation (A) and protein synthesis (B) and translation (C) under Low-N (left) and Low-S 

(right) conditions. Note that when the calculated fold changes (FC) in the Low-N relative to Ctrl condition 

indicated a decrease (i.e. 0<FC<1), the values were changed to [-1/(calculated FC)] in the figure. Then 

the FC values ranged between -4 and 4 according to the colour code from blue to red. FC are only 

shown for proteins significantly different between Low-N or Low-S and Ctrl conditions. Negative number 

means protein less abundant in said condition and positive number means protein more abundant in 

said condition. White square indicate non significant changes. 

 

Figure 6: Changes in proteins involved in photosynthesis and photorespiration under low nitrate 

and low sulfate conditions. Significant differentially accumulated proteins (DAPs; t-test P-value ≤ 

0.05 ) involved in chloroplast carbon fixation and photorespiration under Low-N (left) and Low-S (right) 

conditions. Note that when the calculated fold changes (FC) in the Low-N relative to Ctrl condition 

indicated a decrease (i.e. 0<FC<1), the values were changed to [-1/(calculated FC)] in the figure. Then 

the FC values ranged between -4 and 4 according to the colour code from blue to red. FC are only 

shown for proteins significantly different between Low-N or Low-S and Ctrl conditions. Negative number 

means protein less abundant in said condition and positive number means protein more abundant in 

said condition. Series of four numbers in the figure indicate E.C. enzyme numbers. White squares 

indicate non significant changes.  

 

Figure 7: Abundance of proteins involved in glycolysis, TCA cycle and pentose phosphate 

pathway increased under Low-N and Low-S conditions.  Significant differentially accumulated 

proteins (DAPs; t-test P-value ≤ 0.05) under Low-N (left) and Low-S (right) conditions are shown. Note 

that when the calculated fold changes (FC) in the Low-N relative to Ctrl condition indicated a decrease 

(i.e. 0<FC<1), the values were changed to [-1/(calculated FC)] in the figure. Then the FC values ranged 

between -4 and 4 according to the colour code from blue to red. FC are only shown for proteins 

significantly different between Low-N or Low-S and Ctrl conditions. Negative number means protein less 

abundant in said condition and positive number means protein more abundant in said condition. Series 



of four numbers in the figure indicate E.C. enzyme numbers. White squares indicate non significant 

changes.  

 

Figure 8: Both low sulfate and low nitrate modify protein content of enzymes involved in sufate 

assimilation, glutathione and glucosinolate metabolisms. Significant differentially accumulated 

proteins (DAPs; t-test P-value ≤ 0.05 ) involved in sufate assimilation (A) glutathione (B) and 

glucosinolate (C) metabolisms under Low-N (left) and Low-S (right) conditions. Note that when the 

calculated fold changes (FC) in the Low-N relative to Ctrl condition indicated a decrease (i.e. 0<FC<1), 

the values were changed to [-1/(calculated FC)] in the figure. Then the FC values ranged between -4 

and 4 according to the colour code from blue to red. FC are only shown for proteins significantly different 

between Low-N or Low-S and Ctrl conditions. Negative number means protein less abundant in said 

condition and positive number means protein more abundant in said condition. Series of four numbers 

in the figure indicate E.C. enzyme numbers. White squares indicate non significant changes.  

 

Figure 9: Transcriptomic changes reveal specific effects of Low-N and Low-S conditions. Venn 

diagram (at the top) presents the number of differentially expressed genes (DEGs) under Low-N, Low-

S and in intersection both Low-N and Low-S conditions. The number of up-regulated genes under Low-

N or Low-S is indicated above and the number of down-regulated genes below. Significant enrichments 

in Gene Ontology, Gene Family, AraCyc pathway and KEGG terms for the up-regulated (Red) or dow-

regulated (Blue) DEGs under Low-N (left) or Low-S (right) are shown. Significant terms were identified 

using the VirtualPlant 1.3 BioMaps tool (http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) applying a P-

value cut off of at least 0.01 (see Tab.S7 and S8). 

 

Supplementary material: 

Figure S1: Phenotype of Col-0 plants grown under Control (Ctrl; bottom), Low-N (up left) and Low-S 

(top right) conditions for 60 days after sowing. 

Figure S2:  Venn analyses of the differentially expressed genes (DEGs) under Low-N and Low-S 

conditions. 

Table S1: Nutritive Stock solutions for plant growth on sand. 

Table S2A,B,C: lists of the significant differentially accumulated proteins (DAPs) under low N (A) and 

low S (B) conditions. C combines chances in Low-N and Low-S. 

Table S3: List of the AraCyc pathways, KEGG pathway and GENE Family terms significantly enriched 

in the list of the differentially accumulated proteins (DAPs). 

Table S4: List of the AraCyc pathways, KEGG pathway and GENE Family terms significantly enriched 

in the list of the differentially accumulated proteins (DAPs). 

http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/)


Table S5: lists of the common significant differentially accumulated proteins (DAPs) under both Low-N 

and Low-S conditions.  

Table S6A,B,C: Significant differentially expressed genes (DEGs) identified under low N (A) and low S 

(B) conditions, and common to low-N and low-S (C). 

Table S7: Analysis of GO, Aracyc, KEGG, Gene Family terms on the Low-N DEG lists.   

Table S8: Analysis of GO, Aracyc, KEGG, Gene Family terms on the Low-S DEG lists.   
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Figure 1: Metabolite changes under low nitrate (Low-N) condition relative to the control
(Ctrl) growth condition. The relative metabolite concentrations were measured on the rosettes of
plants grown under low nitrate or control conditions for 60 days. Note that when the calculated
fold changes (FC) in the Low-N relative to Ctrl condition indicated a decrease (i.e. 0<FC<1), the
values were changed to [-1/(calculated FC)] in the figure. Then the FC values ranged between -4
and 4 according to the color code from blue to red. FC are only shown for metabolites
significantly different between low N and Ctrl conditions (t-test p-value ≤ 0.05). Negative
number means metabolite less abundant in said condition and positive number means metabolite
more abundant in said condition. All the metabolites were quantified using GC-MS except those
indicated by * that were quantified using LC-MS.

Sugar metabolism
Sucrose

Glucose

Glucose 6-P

Fructose 6-P

Shikimate

Tryptophane

Phenylalanine

α- Tocopherol   g-Tocopherol

Dehydroascorbate

Myo-Inositol-1-P Myo-Inositol

Glycerophospholipids, 
pentoses and 
glucoronic acid  

Fructose

GlycerateSerineGlycine

Glycolate Ethanolamine

Serine/Glycine 
metabolism

LeucineCysteine

Threonine

Methionine

BCAA
metabolism

Pyruvate

Alanine

Stigmasterol β- sitosterol

Terpenoids

Citrate

2-Oxoglutarate

Succinate

Fumarate

Malate

Aspartate

Homoserine

Lysine
α- aminoadipate

β-Alanine

Glutamate Glutamine

Proline

TCA Cycle

Urea 
Cycle

SpermidinePutrescine

Arginine

Urea

Anions

PO4
3-

SO4
2-

NO3
-

CHO metabolism

Mannose

Melibiose

Galactose

Raffinose

Galactinol

Erythritol

Galactonate

Gluconate Ribitol

-4 40

Glutathione*
GSSG
GSH

Ornithine*

Aconitate

PE
PI
PG

GIPC

MGDG
DGDG

Low Nitrate

ATP *
ADP *
GTP *
GDP *
NADP * 
NAD *
UDP *
UDP-Glc *
UTP *
Nicotinic acid
Nicotianamide

Lipids

Glycerate 3-P

Glutathion_Ox

Glutathion_Ox
Glutathion_Red

Ornithine

Xylulose
ATP
ADP
GTP
GDP
NADP
NAD
UDP
UDP_glc
UTP
Nicotinic_Acid
Nicotinamide

Total	PA
Total	PGTotal	PI
Total	PA



Figure 2. Metabolite changes under low sulfate (Low-S) conditions relative to the control
(Ctrl) growth condition. The relative metabolite concentrations were measured on the rosettes of
plants grown under low sulfate or control conditions for 60 days. Note that when the calculated
fold changes (FC) in the Low-S relative to Ctrl conditions indicated a decrease (i.e. 0<FC<1), the
values were changed to [-1/(calculated FC)] in the figure. Then the FC values ranged between -4
and 4 according to the color code from blue to red. Negative number means metabolite less
abundant in said condition and positive number means metabolite more abundant in said
condition. The same metabolites as in Figure 1 are presented. FC are only shown for metabolites
significantly different between low S and Ctrl conditions (t-test p-value ≤ 0.05). All the
metabolites were quantified using GC-MS except those indicated by * that were quantified using
LC-MS.
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Figure 3: Proteins significantly differentially accumulated (DAPs) under Low-N or Low-S relative to
Ctrl. The numbers of up-accumulated (UP) and depleted (DOWN) DAPs under Low-N and Low-S are
presented (A). Cellular predicted localisation of DAPs under Low-N or Low-S conditions according to
SUBA 4 (B). Significant enrichments of Gene Ontology, Gene Family, AraCyc pathway and KEGG terms
for the DAPs accumulated (Red) or less abundant (Blue) under Low-N or Low-S. Significant terms were
identified using the VirtualPlant 1.3 BioMaps tool (http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) applying
a P-value cut off of 0.05.
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Figure 4: Proteomic changes in amino acid pathway under low nitrate and low sulfate conditions.
Significant differentially accumulated proteins (DAPs; big squares; t-test P-value ≤ 0.05 ) and differentially
accumulated metabolites (grey-surrounded small squares) belonging to amino acid metabolism. Fold
changes under Low-N (left) and Low-S (right) conditions are shown. Note that like for metabolites in Fig.1
and 2, when the calculated fold changes (FC) in the Low S or Low-N conditions relative to Ctrl conditions
indicated a decrease (i.e. 0<FC<1), the values were changed to [-1/(calculated FC)] in the figure. The color
codes from blue to red represent fold change values ranging between -4 and 4. Negative number means
protein less abundant in said condition and positive number means protein more abundant in said condition.
White square indicate non significant changes. Series of four numbers in the figure indicate E.C. enzyme
numbers. ASP: aspartate aminotransferase; GDH: glutamate dehydrogenase; GOGAT: glutamate synthase;
GS: glutamine synthetase; P5CS1: delta1-pyrroline-5-carboxylate synthetase; GSH: reduced glutathione
form; GSSG: oxidized glutathione; SiR: sulfite reductase; ATPS: ATP sulfurylase; CGS1: cystathionine
gamma-synthase; MS2: methionine synthase.

Fructose-6P

2.4.2.17 2.4.2.-

Histidine

Glycerate-3P
Serine

2.1.2.1

Glycine

Cysteine

2.5.1.47
Homocysteine

Methionine
2.1.1.14

Phosphoenolpyruvate

Pyruvate Alanine

2.6.1.44

Oxaloacetate

2.6.1.1

Aspartate

1.1.1.3

1.2.1.11

4.3.3.7

Lysine

4.2.1.9

1.1.1.86

2.2.1.6

2-OxoisovalerateValine
2.6.1.42 4.2.1.35

1.1.1.85

2.6.1.42

4.2.1.35 1.1.1.85
2-Oxobutanoate

2.2.1.6

1.1.1.86

4.2.1.9

2.6.1.42

Leucine

Isoleucine

4.2.1.31.1.1.41

1.1.1.42

2-Oxoglutarate Glutamate

Glutamine

1.4.1.3

1.4.7.1

1.4.1.13 6.3.1.2

Ornithine

Arginine

Urea

3.5.1.14

3.5.1.16

3.5.3.1

2.7.2.11

Proline
P5CS1

GABA

4.1.1.15

2.5.1.54

2.4.2.18 4.1.1.48 4.2.1.20

Tryptophan

GDH1

GS1.1
GS1.3

ASP1

ASP2

2.6.1.2
AAT1

AAT2

P-homoserine

Sulfide

2.5.1.48

Sulfite Sulfate

1.8.7.1

2.7.7.4

ATPS1
ATPS2

-4 40

-N -S

G
O
G
AT

GSSG
GSH

MS2

SiR

Cystathionine

P-serine
Acetyl serine

CGS1

Ornithine

Glutathion_Ox

Glutathion_Ox
Glutathion_Red



Figure 5: Low nitrate and low sulfate conditions affect protein synthesis and protein
degradation in opposite ways. Significant differentially accumulated proteins (DAPs; t-test P-
value ≤ 0.05 ) involved in protein degradation (A) and protein synthesis (B) and translation (C)
under Low-N (left) and Low-S (right) conditions. Note that when the calculated fold changes (FC)
in the Low-N relative to Ctrl condition indicated a decrease (i.e. 0<FC<1), the values were
changed to [-1/(calculated FC)] in the figure. Then the FC values ranged between -4 and 4
according to the color code from blue to red. FC are only shown for proteins significantly different
between Low-N or Low-S and Ctrl conditions. Negative number means protein less abundant in
said condition and positive number means protein more abundant in said condition. White square
indicate non significant changes.
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Figure 6: Changes in proteins involved in photosynthesis and photorespiration under low
nitrate and low sulfate conditions. Significant differentially accumulated proteins (DAPs; t-test
P-value ≤ 0.05 ) involved in chloroplast carbon fixation and photorespiration under Low-N (left)
and Low-S (right) conditions. Note that when the calculated fold changes (FC) in the Low-N
relative to Ctrl condition indicated a decrease (i.e. 0<FC<1), the values were changed to [-
1/(calculated FC)] in the figure. Then the FC values ranged between -4 and 4 according to the
color code from blue to red. FC are only shown for proteins significantly different between Low-
N or Low-S and Ctrl conditions. Negative number means protein less abundant in said condition
and positive number means protein more abundant in said condition. Series of four numbers in
the figure indicate E.C. enzyme numbers. White squares indicate non significant changes.
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Figure 7: Abundance of proteins involved in glycolysis, TCA cycle and pentose phosphate pathway increased under Low-N and Low-S
conditions. Significant differentially accumulated proteins (DAPs; t-test P-value ≤ 0.05 ) under Low-N (left) and Low-S (right) conditions are
shown. Note that when the calculated fold changes (FC) in the Low-N relative to Ctrl condition indicated a decrease (i.e. 0<FC<1), the values
were changed to [-1/(calculated FC)] in the figure. Then the FC values ranged between -4 and 4 according to the color code from blue to red.
FC are only shown for proteins significantly different between Low-N or Low-S and Ctrl conditions. Negative number means protein less
abundant in said condition and positive number means protein more abundant in said condition. Series of four numbers in the figure indicate
E.C. enzyme numbers. White squares indicate non significant changes.
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Figure 8: Both low sulfate and low nitrate modify protein content of enzymes involved in sufate assimilation,
glutathione and glucosinolate metabolisms. Significant differentially accumulated proteins (DAPs; t-test P-value ≤ 0.05 )
involved in sufate assimilation (A) glutathione (B) and glucosinolate (C) metabolisms under Low-N (left) and Low-S (right)
conditions. Note that when the calculated fold changes (FC) in the Low-N relative to Ctrl condition indicated a decrease (i.e.
0<FC<1), the values were changed to [-1/(calculated FC)] in the figure. Then the FC values ranged between -4 and 4
according to the color code from blue to red. FC are only shown for proteins significantly different between Low-N or Low-
S and Ctrl conditions. Negative number means protein less abundant in said condition and positive number means protein
more abundant in said condition. Series of four numbers in the figure indicate E.C. enzyme numbers. White squares indicate
non significant changes.
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Figure 9: Transcriptomic changes reveal specific effects of Low-N and Low-S conditions. Venn
diagram (at the top) presents the number of differentially expressed genes (DEGs) under Low-N, Low-S
and in intersection both Low-N and Low-S conditions. The number of up-regulated genes under Low-N
or Low-S is indicated above and the number of down-regulated genes below. Significant enrichments in
Gene Ontology, Gene Family, AraCyc pathway and KEGG terms for the up-regulated (Red) or dow-
regulated (Blue) DEGs under Low-N (left) or Low-S (right) are shown. Significant terms were identified
using the VirtualPlant 1.3 BioMaps tool (http://virtualplant.bio.nyu.edu/cgi-bin/vpweb/) applying a P-
value cut off of at least 0.01 (see Tab.S7 and S8).
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