N
N

N

HAL

open science

Multi-omics analyses of sid2 mutant reflect the need of
isochorismate synthase ICS1 to cope with sulfur
limitation in Arabidopsis thaliana

Jie Luo, Marien Havé, Fabienne Soulay, Thierry Balliau, Gilles Clément,
Frédérique Tellier, Michel Zivy, Jean-Christophe J.-C. Avice, Céline

Masclaux-daubresse

» To cite this version:

Jie Luo, Marien Havé, Fabienne Soulay, Thierry Balliau, Gilles Clément, et al.. Multi-omics analyses
of sid2 mutant reflect the need of isochorismate synthase ICS1 to cope with sulfur limitation in

Arabidopsis thaliana. The Plant Journal, 2024, 118, pp.1635 - 1651. 10.1111/tpj.16702 .

04674667

HAL Id: hal-04674667
https://hal.science/hal-04674667v1

Submitted on 21 Aug 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 dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04674667v1
https://hal.archives-ouvertes.fr

'l) Check for updates

the plant journal

The Plant Journal (2024) doi: 10.1111/tpj.16702

Multi-omics analyses of sid2 mutant reflect the need of
isochorismate synthase ICS1 to cope with sulfur limitation in
Arabidopsis thaliana

Jie Luo™* (%), Marien Havé" " (1°), Fabienne Soulay', Thierry Balliau? (%), Gilles Clément' (), Frédérique Tellier',

Michel Zivy? (%), Jean-Christophe Avice® () and Céline Masclaux-Daubresse’”

"Université Paris-Saclay, INRAE, AgroParisTech, Institut Jean-Pierre Bourgin (IJPB), 78000 Versailles, France,

2UMR GQE- le Moulon, INRA, Université Paris-Sud, CNRS, AgroParisTech, Université Paris-Saclay, 91190 Gif-sur-Yvette,
France,

3UMR 950 EVA (Ecophysiologie Végétale & Agronomie), INRAE, Normandie Université (UNICAEN), Federation of Research

Normandie Végétal (Fed4277 NORVEGE), 14032 Caen, France

Received 27 October 2023; revised 7 February 2024; accepted 20 February 2024.

*For correspondence (e-mail celine.masclaux-daubresse@inrae.fr).

"These two authors contributed equally to this work.

*Present address: College of Horticulture and Forestry Sciences, Hubei Engineering Technology Research Center for Forestry Information, Huazhong Agricultural
University, Wuhan 430070, China

SPresent address: Université Paris Est Créteil, CNRS, INRAE, IRD, Sorbonne Université, Université de Paris, Institut d’Ecologie et des Sciences de
L’Environnement de Paris, IEES-Paris, F-94010, Créteil, France

SUMMARY

The SID2 (SA INDUCTION-DEFICIENT2) gene that encodes ICS1 (isochorismate synthase), plays a central
role in salicylic acid biosynthesis in Arabidopsis. The sid2 and NahG (encoding a bacterial SA hydroxylase)
overexpressing mutants (NahG-OE) have currently been shown to outperform wild type, presenting delayed
leaf senescence, higher plant biomass and better seed yield. When grown under sulfate-limited conditions
(low-S), sid2 mutants exhibited early leaf yellowing compared to the NahG-OE, the npr1 mutant affected in
SA signaling pathway, and WT. This indicated that the hypersensitivity of sid2 to sulfate limitation was
independent of the canonical npr1 SA-signaling pathway. Transcriptomic and proteomic analyses revealed
that major changes occurred in sid2 when cultivated under low-S, changes that were in good accordance
with early senescence phenotype and showed the exacerbation of stress responses. The sid2 mutants dis-
played a lower sulfate uptake capacity when cultivated under low-S and lower S concentrations in their
rosettes. Higher glutathione concentrations in sid2 rosettes under low-S were in good accordance with the
higher abundance of proteins involved in glutathione and ascorbate redox metabolism. Amino acid and lipid
metabolisms were also strongly modified in sid2 under low-S. Depletion of total fatty acids in sid2 under
low-S was consistent with the fact that S-metabolism plays a central role in lipid synthesis. Altogether, our
results show that functional ICS1 is important for plants to cope with S limiting conditions.

Keywords: salicylic acid, leaf senescence, sulfate metabolism, stress response.

INTRODUCTION tolerance (Hao et al., 2011; Khokon et al., 2011; Nazar

Salicylic acid (SA) is a phenolic plant hormone with impor-
tant role in the systemic acquired resistance to pathogens
and in the hypersensitive-reaction localized cell death
(Dempsey & Klessig, 2017). SA plays also a role in plant
response to a wide range of abiotic stresses. During
plant development, SA is involved in the regulation of
many senescence-related genes (Morris et al., 2000). Natu-
ral or synthetized analogues of SA are used as fungicides
(Vergnes et al., 2014), for crop protection (Faize & Faize,
2018) or as biostimulants improve drought and salinity

© 2024 The Authors.

et al., 2011). Few reports show that SA treatments facilitate
mineral nutrient uptake and assimilation (Ghazijahani
et al., 2014; Nazar et al., 2011).

In plant, the isochorismate synthase ICS1 (encoded by
SID2, SA INDUCTION-DEFICIENT2) is required for SA syn-
thesis (Wildermuth et al., 2001). The sid2 mutants with no
ICS1 activity, produce only 5-10% of the SA level observed
in the wild type (WT). Another pathway involving the phe-
nylalanine ammonia lyase (PAL) also contributes to SA
synthesis but to a lower extent in Arabidopsis (Pokotylo
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et al., 2019; Wu et al., 2022). Mutating SID2 is not the only
way to decrease SA level in plant. The NahG transgenic
lines are also SA-deficient. These plants over-express the
NahG gene from Pseudomonas putida strain G7 encoding
bacterial salicylate hydroxylase that degrades SA (Mauch
et al., 2001; You et al., 1991). Abreu and Munné-Bosch
(2009) showed that the sid2 mutant and the NahG trans-
genic line are both SA-deficient and present better growth
rate, bigger rosettes, higher yield and that they maintain
PSII photosystem capacity longer than the WT, thus sug-
gesting that when grown under optimal growth conditions,
the SA-deficient plants are more robust than WT. However,
authors highlighted differences between sid2 mutant and
NahG transgenic line regarding the auxin IAA concentra-
tions that were significantly higher in sid2 seeds than in
WT and NahG-OE plants.

Several reports show that SA can improve mineral
use efficiency in plants by increasing sulfate and boron
uptake, and nitrogen and sulfur assimilation (Ghazijahani
et al., 2014; Nazar et al., 2011). Mineral use efficiency is
very important for plant growth especially when fertilizers
and/or nutrient availability in the soil are scarce. For many
years, research in plant nutrition have focused efforts on
nitrogen use efficiency, as large amounts of nitrate fertil-
izers are used worldwide and represent important costs for
farmers and important issues for climate change (Havé
et al., 2017). The decline of industrial sulfur dioxide (SO,)
emissions in the past decades is leading to the reduction
of sulfate content in the soils (McNeill et al., 2005). This
starts to have a negative impact on crop yield and seed
quality (Dubousset et al., 2009) as well as some negative
side-effects on nitrogen uptake (Dubousset et al., 2010;
Gironde et al., 2014; Sorin et al., 2015). This is why several
recent studies have paid more attention to the effect of sul-
fur limitation on plant physiology.

In this study, we examined the phenotypes of the sid2
mutant when plants are cultivated under full nutrient or
low sulfate (low-S) conditions. While we expected better
performance of sid2 mutant under low-S regarding the
sid2 phenotypes described in literature, we surprisingly
observed early leaf yellowing in sid2 in comparison to WT
appearing on plants grown under chronic low sulfate nutri-
tion. Transcriptomic, proteomic and metabolomic data
revealed major differences between sid2 mutant and WT
plants under low sulfate. Altogether, our results show that
functional ICS1 is important for plants to cope with S limit-
ing conditions.

RESULTS

Arabidopsis sid2 mutant displays early leaf yellowing
phenotype when sulfate is limited

The sid2 mutant and Col wild type (WT) were grown under
short days in plethoric nitrate and sulfate condition (Ctrl),

under nitrate limitation (low-N), and under sulfate limiting
condition (low-S). At 60 days after sowing (DAS), early leaf
yellowing phenotypes were observed on the sid2 plants
under low-S condition by comparison to the WT (Figure 1;
Figure S1). No difference between sid2 and WT leaf yellow-
ing was noticed under Ctrl conditions, and leaf yellowing
was slightly delayed for sid2 compared to WT under low-N
condition (Figure S1). We then decided to focus on the
low-S condition. Experiment was resumed using
the SALK_042603 insertion line mutated in SID2 (Sasek
et al.,, 2014). The SALK_ 042603 plants recapitulated the
early leaf yellowing phenotype observed on sid2, although
phenotype was slightly less severe (Figure 2a,b). Like sid2,
the SALK_042603 plants exhibited significantly lower chlo-
rophyll concentrations in older leaves compared to WT
(Figure 2c; Figure S2). Both sid2 and SALK_042603 plants
presented lower rosette biomass (mg dry weight (DW)) rel-
ative to WT under low-S (Figure 2d). The phenotypes of
NahG over-expressing (NahG-OE) line and of npr1 mutant
were also examined. No early yellowing phenotype could
be detected on either NahG-OE or npr1 rosette leaves (Fig-
ure 1). Only reddish phenotype was observed on NahG-OE
leaves, which was consistent with the higher anthocyanin
concentrations in this line (Figure S2).

sid2 transcriptome under low-S condition reflects
exacerbated stress responses

Transcriptome analyses were performed on rosettes of
sid2 and WT plants grown under low-S conditions for
60 days. Cutoff was made to keep genes showing fold
changes (FC) >2 and FDR <0.05 between sid2 versus WT
under low-S (Dataset S1). We found 139 genes significantly
differentially (DEGs) regulated in sid2 vs. WT under low-S
(99 up and 40 down regulated). The DEGs list was submit-
ted to VirtualPlant1.3 BioMaps analysis to determine over-
representation of terms using Fisher’s exact test (with FDR
correction), (Figure S3). Analysis revealed overrepresenta-
tion of oxidoreductase activity (GO:0016491) in the molecu-
lar functions, responses to biotic stimulus, stress,
hydrogen peroxide and reactive oxygen species
(G0:0050896; G0:0006950; GO:0070301; GO:0034614) in
the biological process, and WRKY transcription factors (TF)
in the Gene Family. WRKY75 that accelerates leaf senes-
cence in response to SA and oxidative stress was highly
over-expressed in sid2 (Guo et al., 2017), as well as
WRKY45, which respond to phosphate starvation like
WRKY75 (Velasco et al., 2016). The decrease of the expres-
sion of the gene encoding the NIMIN-1 protein that inter-
acts with NPR1 is a typical response to SA deficiency.
Several DEGs genes are related to hormone signaling
showing that in addition to SA, other hormonal responses
as ethylene, abscisic acid, and gibberellin were also
affected. It can be noticed that we did not find any strong
effect of sid2 on the transcript levels of JA-biosynthesis or
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Figure 1. Leaf yellowing phenotype of sid2 under low-S is different from NahG over-expressor, npr1, and WT. Plants were grown under control or low sulfate

(low-S) conditions for 60 days after sowing.

JA-responding genes, except the up-regulation JRG217 in
sid2 under low-S. (Thaler et al., 2012; Weigel et al., 2005).
The differential expression of cytochrome P450 genes
which are related to oxidative stress and camalexin biosyn-
thesis reflects the exacerbation of stress-signaling in sid2.
The GSEA representation (Figure S3) shows that the path-
ways involved in leaf senescence, plant organ senescence,
response to decreased oxygen levels, response to hypoxia,
and toxin metabolic process were activated in sid2 vs. WT
under low-S.

In order to determine whether sid2 suffered from S
limitation more than WT, we checked whether some low-S
responding genes identified previously by Luo et al. (2020),
were modified in the sid2 transcriptome. Among the 40
genes downregulated in sid2 relative to WT under low-S,
57% were assigned as low-S repressed genes in the study
of Luo et al. (2020), as shown in dataset S1. Among the 99
genes up-regulated in sid2 relative to WT under low-S,
78% were assigned as low-S downregulated genes by Luo
et al. (2020). Therefore, a large proportion of the genes dif-
ferentially expressed in sid2 under low-S are genes
responding to chronic S limitation. Comparing the tran-
scriptome of sid2 under low-S to the list of the SLIM1-
dependent and SLIM1-independent sulfur responding
genes published by Dietzen et al. (2020), we found that

© 2024 The Authors.

among the DEGs, only 8 were qualified as
SLIM1-independent sulfur responding genes and 1 as
SLIM1-dependent S responding genes (Dataset S1).

We can notice that the genes usually used as marker
for S starvation in literature like the SULTR sulfate trans-
porters or LSU (response to low sulfur genes) were not in
the DEGs list of low-S sid2 (Sirko et al., 2015). This might
be due to the fact that transcriptome was performed on
leaves and not on roots.

Sulfate transporter genes are differentially expressed in
the roots of sid2 under low-S

The expression of sulfate transporters in the roots is a
marker of S limitation. The expressions of SULTR1.1,
SULTR1.2, SULTR1.3, and SULTR2.1 were measured in the
roots of WT and sid2 plants grown under control or low-S
conditions. All the SULTR genes were induced under low-S
in both WT and sid2 (Figure 3). Induction of SULTR genes
by low-S was higher in sid2 than in WT, except for
SULTR1.2.

Proteome comparisons confirmed the hypersensitivity of
sid2 to low-S

Total proteins were extracted from the WT and sid2
rosettes harvested 60 DAS, and submitted to shotgun LC-
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Figure 2. Both sid2 and SALK 042603 SID2 mutants exhibit early leaf yellowing, lower chlorophyll concentration and lower biomass under low sulfur

conditions.

Plants were grown under control or low sulfate (Low-S) conditions for 60 days after sowing. Early leaf senescence phenotypes can be observed on rosettes (a)
and detached leaves (older and first emerged leaves on the left). Relative chlorophyll concentrations per cm? were determined on detached leaves using the
DUALEX SCIENTIFIC+TM chlorophyll meter (ForceA, Orsay, France); (c; n = 3). The DW of the whole rosette was measured (d; n = 9-10). Leaf numbers increase
from the oldest to the youngest. Mean and SD are shown. Statistical significance (T-test; P < 0.001) is indicated with ***,

MS-MS analyses according to Havé et al. (2018). Proteins
were quantified by XIC (eXtracted lon Chromatogram) and
two kind of comparisons were performed: (i) low-S/Ctrl
in sid2 or WT, and (ii) sid2WT under Ctrl or low-S
conditions.

The first proteomic analysis revealed that there were
244 and 481 proteins significantly differentially accumu-
lated under low-S (low-S DAPs) compared to control condi-
tion in WT and sid2, respectively (Dataset S2). These
proteins were classified in different groups depending on
their relative abundance in low-S versus Ctrl condition, in
sid2 or in WT (Figure 4a). Only 80 low-S DAPs were modi-
fied in both WT and sid2. They were modified in the same
way by low-S in the two genotypes (61 up and 19 down;

Table S1; Figure 4a). For the down low-S DAPs, Virtual-
Plant1.3 BioMaps analysis using Fisher Exact Test (with
FDR correction) revealed overrepresentation of sulfate ade-
nyltransferase activity (GO:0004779) in the molecular func-
tion assignments by TAIR, and of inorganic nutrient
metabolism by AraCyc Pathways. For the 61 up low-S
DAPs, overrepresentation of proteins related stress
response, oxylipin synthesis, jasmonic acid synthesis, fatty
acid metabolism, |IAA-amino acid conjugates, and plant
hormones was revealed (Table S1).

The second proteome analysis identified the proteins
significantly (FDR <0.05) differentially accumulated in sid2
compared to WT (sid2 DAPs) under Ctrl or low-S conditions
(Dataset S3). Among the 473 sid2 DAPs, 467 were exclusively
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Figure 3. Expression of SULTR genes under low-S in roots of sid2 and WT.

Roots were collected 15 days after sowing from WT (Col) and sid2 seedlings grown on vertical plates under control (Ctrl; black bars) or low sulfate (low-S; gray
bars) conditions. Expression levels of genes were normalized to the geometrical mean of the three reference genes (UBC21, Actin 2 and EF1x). Bars indicate
mean + SD (n = 3). Different letters above bars indicate statistically significant differences (P-value <0.05).

modified under low-S and 5 exclusively under Ctrl condition
(Dataset S3). This showed that under sufficient sulfate condi-
tion the proteomes of sid2 and WT are not different, while
substantial changes are induced under low-S. Among the
473 sid2 DAPs, 192 were less abundant in sid2 and 275 more
abundant in sid2 than in WT. The VirtualPlant 1.3 analysis
(with FDR correction) of the 192 DAPs depleted in sid2 under
low-S revealed significant overrepresentation of terms
related to ribosome and translation, water deprivation and
aquaporins, C1 compounds, tetrapyrrole, CO, fixation and
Calvin/Benson cycle. The examination of the 275 up-
accumulated sid2 DAPs revealed enrichment in GO terms
related to stresses, polymer degradation, glycoside hydro-
lases, energy and amino acid metabolisms (Table S2). The
Mapman metabolism overview presented in Figure 5a illus-
trates the higher contents of proteins related to the ascorba-
te/glutathione metabolisms, and the strong depletion of
proteins involved in the Calvin/Benson cycle and the light-
dependent reactions of the photosynthesis. Overview of the
proteins related to abiotic stress represented in Figure 5b
reflects the strong modifications related to the redox state
and the overaccumulation of glutathione-S-transferases, the
increases of proteins related to proteolysis, cell wall degrada-
tion and auxin metabolism. The overrepresentation of trans-
lation related proteins in the down sid2 DAPs (Figure S4)
was in good agreement with the decrease in the abundance
of cytosolic and plastid ribosomal proteins and plastid tRNA
ligases (Figure S3). The suggested depletion of ribosomes in
sid2 under low-S was consistent with the lower abundance
of rRNA measured in sid2 under low-S condition (Figure 6).

Predicted protein—protein interaction networks

To construct the protein—protein network, the known and
predicted protein—protein associations were analyzed using
the STRING database (https://string-db.org/). With the high
confidence scores 0.9, a total of 205 DAPs, identified in sid2
vs. WT under low-S condition, shared 699 potential

© 2024 The Authors.

interactions (Figure 7). The predicted protein-protein net-
work revealed the major biological changes in sid2 vs. WT
under low-S. Several DAPs involved in major CHO metabo-
lism and in protein folding and degradation were signifi-
cantly up-accumulated in sid2. DAPs participating in protein
synthesis, tetrapyrrole synthesis and vesicle transport were
less-accumulated sid2. Interaction network emphasized a
decrease in photosynthetic activity in sid2 under low-S and
the decrease of protein synthesis that was paralleled by
exacerbated protein degradation. The vesicle transport hub
was mainly related to proteins involved in clathrin coated
vesicles budding and trafficking.

Sulfur-related metabolism is modified in sid2 when sulfate
supply is limited

Comparison of the proteomes reveals no remarkable
changes for sulfur-related enzymes, transporters or regula-
tors (Figure 8; Table S3). Nevertheless, the total sulfur con-
centration in the rosettes of sid2 plants was sharply lower
than in WT when cultivated under Low-S (0.1% versus
0.16%; Figure 8 inset a) and under control condition (Fig-
ure 8 inset b). The lower S concentrations in the rosettes of
sid2 and the lower expression levels of SULTR1; 2 in sid2
roots (Figure 3) suggest that sulfate uptake was impaired
in sid2 plants. Few enzymes involved downstream of sul-
fate reduction as the STR2 thiosulfate:cyanide sulfurtrans-
ferase were more abundant in sid2 than in WT (Figure 8).
The higher abundance of several superoxide dismutases
(SOD) and of several dehydroascorbate reductases (DHAR)
reflected the hypersensitivity of sid2 to low-S. The stimula-
tion of the ascorbate/glutathione pathways and the higher
glutathione concentration in sid2 (Figure 8 inset c)
reflected that sulfur metabolism was dedicated to the con-
trol of redox homeostasis. The higher contents in the
SOT17 and SOT16 enzymes in sid2 under Low-S suggests
that glucosinolate metabolism was also stimulated.
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Figure 4. Upset plot for overlapping up- (in red) or down (in blue) DAPs in (a) low-S compared to control (Ctrl) condition in sid2 or WT, and in (b) sid2 relative

to WT under control (Ctrl) or low-S conditions.

The number of genes in each category is indicated on top of each bar. Statistically significant functional categories overrepresented in the set of DAPs Up or
Down accumulated in both conditions (a) or both genotypes (b) are indicated in the insets.

S uptake is lower when SID2 is mutated

In order to determine whether mutation in SID2 affects S-
uptake, the sid2 and SALK_042603 lines were cultivated
under low-S condition for 60 days, then labeled for 24 h
with **S nutritive solution. Measurement of **S abundance

in root and shoot 24 h post-labelling permitted to estimate
S-uptake at root and shoot levels. While there was no dif-
ference for 34S concentration in the shoot between WT and
mutants (Figure 9b), the lower biomass of mutant shoots
(Figure 9a) resulted in lower **S content in the shoots of

Figure 5. Overview of the major proteomic changes occurring in the metabolic pathways and abiotic stress response in sid2 by comparison to WT under low-S.
Schematic representations of changes occurring in sid2 under low sulfate condition were obtained from MapMan software (https://mapman.gabipd.org/). Over-
accumulations in sid2 are represented in red, and depletion in sid2 are represented in blue according to the scale bars that represent the log, of fold changes of

significant DAPs.
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Figure 6. Significant changes in the abundance of

rRNA in sid2 are consistent with depletion of ribo-
somal and translation machinery proteins.

Total RNAs were extracted from rosette leaves of
sid2 (gray bars) and WT (black bars) plants grown
under low-S, low-N and control conditions for 60
DAS as shown in Figure S1. The extract volumes
loaded in each lane were normalized on the basis
of equal fresh weight. RNAs were revealed using
ethydium bromide. Quantification of bands using
Imlage J are presented in histograms for each con-
dition (n = 3, t-test, * P < 0.05).

the two SID2 defective mutants (Figure 9c). Biomass of
sid2 root was significantly lower than that of mutant. The
root biomass of the SALK_042603 line also tended to be
lower than WT root biomass, but this was not significant.
Nevertheless, both %S concentrations and 3*S contents
were lower in the roots of sid2 and SALK 042603 com-
pared to WT, showing that 3*S root uptake was affected in
the SID2 deficient plants.

Changes in amino acid and lipid contents in sid2 are
specific of the low-S condition

Metabolite profiling was performed using GC-MS to ana-
lyze changes in metabolites and S-amino acids in sid2 rela-
tive to WT under low-S (Figure 10; Dataset S4). GC-MS
analysis confirmed that salicylate and glycosylsalicylate
were significantly less abundant in sid2 than in WT. Strik-
ingly, almost all the amino acids, including GABA and
methionine, ethanolamine, putrescine, several sugars
and TCA metabolites (aconitate, citrate, 2-oxoglutarate)
related to amino acid metabolism, were over-abundant in
sid2 specifically under low-S. Accumulations of ascorbate,
dehydroascorbate and tocopherols showed the higher
abundance of antioxidant molecules in sid2 under low-S.
Sulfur is essential for lipid metabolism in plant. As
proteome comparisons detected higher abundance in

2
WT sid2 WT sid2 WT sid2 28S
O % '4‘ | = AT T
S HE | 5
o o s 3
S o 2
WT sid2 WT sid2 WT sid2 18S
4 £ 3
:‘é
o]
>2
©
E
< 0
2 Total rRNA
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£ 8
_ o i - |
| | P E
4 4 1 H¥
3 'BEE
0
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several proteins involved in lipid metabolism, we moni-
tored total fatty acid concentrations using the FAMES
method. Consistent with the sulfur depletion of sid2 under
low-S, total fatty acid concentrations were lower in sid2
relative to WT, especially under low-S condition (Figure 11).
The sulfoquinovosyldiglyceride (SQDG) are plant specific
chloroplast galactolipids that contain sulfur. We were
unfortunately not able to measure SQDG, but we postu-
lated that a deficit in SQDG would be compensated by a
higher amount in the other MGDG/DGDG galactolipids
from chloroplast membranes. Interestingly, both MGDG
and DGDG were significantly more abundant in sid2 rela-
tive to WT, and this exclusively under low-S (Figure 11e,f).

DISCUSSION

The early leaf yellowing phenotype observed on sid2 com-
pared to WT under sulfate limitation prompted us to ana-
lyze the transcriptome, proteome and metabolome of the
sid2 and WT rosettes from plants grown under chronic sul-
fate limitation. Transcriptomic data revealed only few
DEGs in sid2 under Low-S. These DEGs reflected the
higher expression of several senescence-associated WRKY
transcription factors and of many stress related genes (Kim
et al., 2018). Only few genes related to sulfur metabolism
were differentially expressed in sid2 relative to WT under
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Figure 7. The predicted protein—protein association network of the DAPs identified in sid2 vs wild type under low-S condition.
The networks were constructed according to the results obtained from STRING database (http:/string-db.org/) with confidence scores above 0.9. The network
was visualized in Cytoscape software (version 3.8.2). Red and blue colors indicate DAPs with respectively higher and lower abundances in sid2 under control or

low-S condition compared to the wild type.

low-S. These genes are mostly related to the glutathione
metabolism. A large proportion of the 139 DEGs corre-
spond to genes previously identified by Luo et al. (2020) as
responding to low-S. One of them was qualified as a
SLIML1-regulated gene according to Dietzen et al. (2020)
and eight of them correspond to genes regulated indepen-
dently of SLIM1. SLIM1 was not found in the sid2 DEGs.
Thus, assumption of an interaction between SID2 and the
SLIM1 central regulator in the control of these sulfur
responsive gene is weak. Response to sulfur is certainly
dependent on other regulators in sid2.

While the proteomes of sid2 and WT did not differ
much from each other under control condition (less than
10 DAPs under Ctrl), the number of DAPs in sid2 greatly

© 2024 The Authors.

increased when plants were grown under low sulfate con-
dition. The lower abundance of proteins involved in trans-
lation, photosynthesis light chain reactions, tetrapyrrole
synthesis, CO, fixation and response to water deprivation,
and the higher abundance of proteins related to stress, car-
bohydrate degradation and lipid and amino acid metabo-
lisms, emphasized the higher susceptibility of sid2 plants
to low-S and suggested major changes in metabolite con-
tents. Metabolite profiling using GC-MS confirmed modifi-
cations in amino acid and sugars concentrations in sid2
specifically under low-S. Lipid quantification using LC-MS
revealed a depletion of fatty acids in sid2 under low-S.
Enzymatic and elemental measurements revealed respec-
tively the over-accumulation of glutathione and the
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Figure 8. The sid2 mutation affects sulfur and glutathione concentrations.

Proteins over-accumulated in sid2 vs. WT are presented in red boxes. Proteins depleted in sid2 vs. WT are presented in blue boxes. Total Sulfur concentrations
(9/100 g DW) in WT (black bar) and sid2 (gray bar) are presented in inset (a) for low-S and insert (b) for control condition (n = 6-8, t-test, * P < 0.05, and ***
P < 0.001). Glutathione concentrations (nmol/g fresh weight) in WT (black bar) and sid2 (gray bar) measured under low-S are presented in inset (c) (n = 3-4, t-
test, and * P < 0.05). ATPS, ATP sulfurylase; APR, adenosine 5-phosphosulfate reductase; SiR, sulfite reductase; OAS, O-acetylserine; OASTL, O-acetylserine
(thiol) lyase; STR2, thiosulfate:cyanide sulfurtransferase; GR, glutathione reductase; GSH, glutathione reduced; GSSG, glutathione oxidized; ASC, ascorbate;
DHA, dehydroascorbate; DHAR; DHA reductase; MDHA, monodehydroascorbate; MDHAR, MDHA reductase; APX, ascorbate peroxidase; SOD, superoxide dis-
mutase; CAT, catalase. The list of the AGI corresponding to the enzymes presented in this figure can be found in Table S3.

depletion of sulfur in sid2 under low-S. All these changes
and especially those in glutathione, lipid and S concentra-
tions, suggested that S fluxes from uptake to assimilation
were altered in the sid2 mutants under sulfate limitation,
and that allocation in the different metabolic pathways was
unbalanced. Modification in lipid composition and overac-
cumulation of MGDG and DGDG indeed suggested that the

chloroplast SQDG sulfolipids did not benefit from enough
sulfur to be synthetized (Dibble et al., 2022). The lower
total S concentration in sid2 and the over-accumulation of
glutathione, suggested that S was lacking for other meta-
bolic pathways and possibly for protein synthesis. The
lower abundance of many ribosomal proteins, t-RNA
ligases, and rRNAs reflected accordingly lower translation

© 2024 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), doi: 10.1111/tpj.16702

85US01 7 SUOWILLIOD 3AIER.D 3|deat|dde 3y} Aq paueA0b 8Je SS[o1He YO ‘SN JO S3INJ 0} ARIq1T 8UIIUO A1\ UO (SUO 3 IPUOD-PUe-SLUIIBY/W0D A8 | 1M AReJq 1 BU1|UO//SARY) SUORIPUD PUe SWie | 84} 83S *[7202/20/6T] U0 Areiqiaulluo A8 |1m ‘osdiq - Seiul Aq 2029T [ TTTT'0T/I0p/ w00 A3 |1mAtelq1jeul|uo//Sdny Wody papeojumoq ‘0 ‘XETEGIET



Hypersensitivity of sid2 to sulfate limitation 11

(a) 600 (b) 14 c) 6
() o
%k %k k -
500 %k %k %k 5 %k %k
0 Q = 1 -
o 400 a B4
g A 8 _g
€ 300 o RAE
o) o0 .
o) S 6 0:-,3
=)
%)
8 200 N v 2
< 4 Ny}
)
100 5 1
0 0 0
RN U i S @ R i
% % w
N N J
L L 4
\2 \2 \%
& & &
(d) 100 (e) 3 (f) 025
90
Lo 80 * = 25 * * 0.2 N
i
@ 70 e o * %
w b0 3
£ 60 .2 o 015
o [oY0) .
S 50 = V0]
5 % =
8 40 15 v 01
o )
30
20 1 0.05
10
0 0.5 0
& <) & U »
s & Nl N S S '»‘°&
& %Qb‘ R
N2 4 N2
¥ ¥ B

Figure 9. Sulfate uptake is lower in SID2 deficient mutants compared to WT.

343 labelling was performed over 24 h on plants cultivated under low-S for 60 days. At the end of the labelling period, 3*S enrichment was determined using
IRMS. Biomass of shoot (a) and root (b) were determined measuring fresh weights. S concentrations and 3*S contents in shoot (b, ¢) and root (e,f) were calcu-
lated from IRMS measurements. Box plot representation was performed from results obtained on n=8-9 plant repeats. Statistically significant differences
between WT and mutants are indicated with asterisks (t-test, * P < 0.05; ** P < 0.01; and *** P < 0.001).

activity in sid2 under low-S. Whether lower translation in
sid2 was a result of premature senescence or a response
to unbalanced sulfur allocation in metabolic pathways,
remains to be determined. As Speiser et al. (2018) showed
that a decrease of the metabolic flux from cysteine to glu-
tathione, promotes the reallocation of cysteine and methio-
nine towards protein translation by increasing ribosome
abundance, we may suspect that low sulfate uptake and
exacerbated glutathione synthesis had a negative effect on
translation activity.

The lower concentration of sulfur in sid2 rosettes and
the higher expression of several high-affinity sulfate

© 2024 The Authors.

transporters in sid2 roots (Abdallah et al., 2010; Gironde
et al., 2014; Rouached et al., 2008) was a sign of sulfate
limitation. The 3*S0,%~ labelling experiment confirmed that
sulfate uptake was lower in the sid2 and SALK_042603
mutants compared to WT under low-S condition. A defect
of sulfate uptake in sid2 plants can explain their hypersen-
sitivity to sulfate limitation.

The question of the role of SA in this story remains
open. Few publications report the positive effect of SA
application on sulfate uptake (Ghazijahani et al., 2014;
Nazar et al., 2011), and we can suspect that the defects of
sid2 mutant at sulfate absorption is linked to SA
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Figure 10. Hierarchic clustering of metabolite relative contents in sid2 and WT under control and low-S conditions.

Metabolite were extracted from rosettes of sid2 and Col-0 wild type plants grown under control and low sulfate conditions for 60 days. Quantification of metab-
olite concentrations was performed using GC-MS. Only significantly different metabolites, identified using ANOVA, are shown (n = 3). The hierarchic clustering
was performed using MEV4. Metabolites specifically modified in sid2 under low-S are grouped in the red shape. Salicylate and glycosylsalicylate relative con-
centrations are shown in histograms. Statistically significant differences are presented according to t-tests (** P < 0.01).
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Figure 11. Concentrations of total fatty acids and galactolipids are different in sid2 mutant under low-S.

Total fatty acids (a-d) and galactolipids (e, f) were measured in rosettes of Col-0 wild type (black bars) and sid2 (gray bars) plants grown under control (a, b, e)
and low sulfate (c,d,f) conditions for 60 days. Quantification of total fatty acids concentrations was performed using LC-MS. The mean and standard deviation
are presented. Statistically significant differences were determined using t-tests (n = 3, ** P < 0.01).

production and possibly SA root exudation (Figure 12).
However, the fact that the NahG-OE do not display any
senescence phenotype suggests that sid2 hypersensitivity
to low-S is SA-independent. The absence of phenotype for
the npr1 mutant under low-S suggests that the sid2 pheno-
type is independent of SA signaling. While SID2 (ICS1)
plays a prominent role in SA synthesis (Wildermuth
et al., 2001), sid2 mutation significantly alters other hor-
mone pathways. It was shown in Arabidopsis that sid2
mutation increases ABA and ethylene concentrations in
Arabidopsis (Abreu & Munné-Bosch, 2009). Our transcrip-
tomic and proteomic data show indeed several auxin
responsive genes/proteins differentially expressed/accumu-
lated in sid2 compared to WT under low-S. Could the
hypersensitivity of sid2to S limitation be due to hormones
other than SA? It is known that the degradation of SA by
the NahG bacterial salicylate hydroxylase releases cate-
chol, which are potent iron chelators (Peng et al., 2021).
Does catechol production in the NahG overexpressor

© 2024 The Authors.

(Shen et al., 2016) mitigate the effects of sulfur deficiency
by restoring the S/Fe balance and FeS protein contents?

In conclusion, our study provides several lines of evi-
dence that sulfate uptake and metabolism are impaired in
sid2 mutants (Figure 12). While sulfate uptake and assimi-
lation are probably a bottleneck in the development of sid2
plants under low-S, the high activity of antioxidant metab-
olism linked to glutathione synthesis can create major dis-
orders by unbalancing sulfur fluxes dedicated to different
metabolic pathways, and in particular to protein translation
activity.

MATERIALS AND METHODS
Plant material and growth conditions

The Arabidopsis thaliana (L.) sid2 mutant (Wildermuth et al.,
2001), that has a single nucleotide substitution C to T in exon 9
leading to the conversion Glu449STOP, the NahG over-expressing
line and the npr1 mutant were kindly provided by Dr K. Yoshimoto
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Figure 12. Schematic representation of the different responses of sid2
mutants and wild type plants to low sulfate availability.

The size of the characters indicates the relative abundance of elements,
metabolite and proteins involved in the processes of sulfate assimilation in
sid2 compared to wild type. Yellow arrows represent the sulfate uptake.

(Meiji University, Japan). These mutants have been widely studied
and used in combination to other mutants to mitigate SA effects.
The SALK_042603 line was kindly provided by Dr Eric Ruelland
(CNRS, Université Paris Créteil, France).

Plants were cultivated in growth chambers according to Havé
et al. (2018), under control conditions (Ctrl; 10 mm NO3z~ and
0.266 mm SO,%7), low nitrate (low-N; 2 mm NOs;~ and 0.266 mm
S0,%7) or low sulfate (low-S; 10 mm NO;~ and 0.016 mm SO,%7)
conditions using the watering solutions described in the Table S4.
For control and low-S conditions, each pot contained one plant;
under low-N conditions there was six plants per pot. Whole
rosettes were harvested 60 DAS. Four independent plant replicates
were obtained. For control and low-S conditions, each biological
replicate  contained 4 rosettes. For low-N conditions,
biological replicates contained 24 rosettes each. Harvests were
performed between 10:00 and 11:00 AM, and samples were stored
at —80°C for further experiments. Plant culture was repeated 3
times, providing samples from 3 independent experiments.

Vertical plates used to grow WT and sid2 plantlets for root
harvest contained different sulfate concentrations as indicated in
Table S5.

Plant phenotyping

The variation of phenotyping in response to low-S and N condi-
tions was monitored by the determination of chlorophyll, anthocy-
anin and flavonoid index using the DUALEX SCIENTIFIC+TM
(ForceA, Orsay, France) fluorimeter.

Shotgun proteomic analysis

Leaf total proteins extraction, trypsin digestion, LC-MS/MS analy-
sis and protein identification were performed according to Havé
et al., 2018 (see the Supplementary information) at the PAPSSO
platform (INRA, Le Moulon, Gif sur Yvette). For each sample,
40 pg of proteins were digested and the resulting peptides were
analyzed by LC-MS/MS. Peptide quantification by peak area

integration on eXtracted ion chromatogram (XICs) was performed
using the MassChroQ software (pappso.inra.fr/bioinfo/masschrogy/).
Normalization was performed considering peptide retention time.
Proteins were then quantified based on peptide intensities by fil-
tering for protein-specific peptides present in at least 90% of the
samples and showing a statistically significant correlation (r > 0.6)
with the other peptides of the same protein. Relative protein abun-
dances were then calculated and defined as the sum of XICs inten-
sities of selected peptides. When the peptides of a protein were
not present or not reproducibly observed in one or several condi-
tions, spectral counting (SC) was used in place of XICs analysis.
Only proteins that produced at least four protein-specific spectra
in at least one sample were considered for SC quantification. We
considered that proteins which did not match this threshold were
of too low abundance to be reliably quantified. The mass
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE (https:/www.ebi.ac.
uk/pride/pride) partner repository with the dataset identifier
PXD029638 and are provided as Dataset S5.

Transcriptome analyses and data mining

Total RNAs were extracted from rosettes leaves using Trisol®
according to manufacturer’s instructions. Biotinylated cRNA targets
were prepared from 200ng of total RNAs using the
“MessageAmp™ Premier RNA Amplification Kit” from Ambion,
according to the Instruction Manual (#4386269 Revision B, 18 sep-
tember 2007). Following fragmentation, 10 ng of cRNAs were
hybridized for 16 h at 45°C, 60 rpm on GeneChip® Arabidopsis
ATH1 Genome arrays (Affymetrix, at the Plateforme Biopuces et
Séquengage of IGBMC, Strasbourg, France) interrogating over
24000 genes. The chips were washed and stained in the GeneChip®
Fluidics Station 450 (Affymetrix) using the FS450_0004 script and
scanned with the GeneChip® Scanner 3000 7G (Affymetrix) at a res-
olution of 2.5 um. Raw data (CEL Intensity files) were extracted from
the scanned images using the Affymetrix GeneChip® Command
Console (AGCC) version 4.0. The transcriptomic data have been
deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002)
and are accessible through GEO Series accession number
GSE185514  (https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=
GSE185514) and are provided as Dataset S6.

Construction of the protein-protein interaction network

The DAPs identified under low-S condition compared to control
condition in sid2 mutant were submitted to STRING database
(http://string-db.org/) (Szklarczyk et al., 2021) to construct the
protein—protein interaction network with the confidence scores
above 0.9. The results of the network were visualized in Cytoscape
software (version 3.8.2) (Shannon et al., 2003).

Uptake measurement after 3*S labelling

At 60 days after sowing, plants grown on sand were labeled for
24 h using a labeled control solution containing **S isotopes
(2.5% enrichment). At the end of the 24 h labelling period rosettes
were cut from the root and harvested. Then roots were separated
from sand, briefly rinsed with distilled water, and collected. Both
shoot and root matter were dried. The DW of root and shoot was
measured. Then the 3‘S concentrations were determined using
IRMS as described in Lornac et al. (2020). Relative concentration
of sulfur was measured on dry matter using elemental analyzer
EA3000 (Eurovector, Mila, Italy) according to (Dubousset
et al., 2010).
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Metabolite and lipid extractions and analyses

Total fatty acids, originating from all the lipids present in the cell,
and galactolipids were measured according to Havé et al. (2019).

For metabolite profiling using GC-MS, extraction, derivatiza-
tion, analysis, and data processing were performed according to
Clément et al. (2018). Raw Agilent datafiles were converted in
NetCDF format and analyzed with AMDIS (http://chemdata.nist.
gov/mass-spc/amdis/). A home retention index mass spectra
library built from the NIST, Golm, and Fiehn databases and stan-
dard compounds was used for metabolite identification. Peak
areas were then determined using the quanlynx software (Waters)
after conversion of the NetCDF file to masslynx format. Metabo-
lites were annotated and their levels on a fresh weight basis were
normalized with respect to the ribitol internal standard. TMEV
(http://ww.tm4.org/mev.html) was used for all statistical analyses.
Univariate analysis by permutation (one way-ANOVA) was used to
select the significant metabolites. For glutathione measurements
that are not possible using GC-MS, enzymatic assays were per-
formed according to Noctor and Foyer (1998).

Quantitative RT-PCR for sulfate transporter mRNA
quantification

To analyze the transcriptional levels of sulfate transporters in
roots of Col and sid2, the seeds were sown on vertical plates con-
taining 2 mm SO, (control, Ctrl) and 8.5 um SO,%~ (low sulfur,
low-S), respectively, according to the compositions described in
the Table S5. After 15 days, the roots of Col and sid2 were har-
vested, and frozen immediately in liquid nitrogen. The harvested
roots were stored at —80°C for further study. The total RNA was
extracted from the roots using Trizol reagent (Ambion) according
to the user’s instruction. The trace genomic DNA was digested
using DNase | RNase-free kit (EN0521, ThermoFisher Scientific)
with RNase inhibitor (E00382, ThermoFisher Scientific). Then the
fist-strand ¢cDNA was synthesized with M-MulLV Reverse Tran-
scriptase kit (EP0352, ThermoFisher Scientific) according user’s
instruction. The gRT-PCR was performed on a CFX 96 thermocy-
cler (Biorad) with specific primers (Table S6) according to Di
Berardino et al. (2018). The qRT-PCR was conducted in triplicate
together with three biological replicates. Three genes (UBC21,
ACTIN 2 and EF1a) were used as internal reference genes. Expres-
sion levels of genes were normalized to the geometrical mean of
the three reference genes (UBC21, ACTIN 2 and EF1a), and relative
expression levels were calculated according to the expression
level compared to Col under Ctrl condition.

Bioinformatic analysis

All statistical analyses were performed using the R software
(https://www.R-project.org/). Proteomic (XIC values) data were
analyzed using Student’s t-test and comparing Col and sid2 geno-
types in each growth conditions. The P-value was adjusted in R
software by FDR correction (Benjamini & Hochberg, 1995). FDR
lower than 0.05 and FC above (or lower) than 1.2 (or — 1.2) were
applied as cutoff. For transcriptome analyses, raw data (the CEL
files) were normalized globally and expression levels were
calculated in R software (https://www.R-project.org/) with limma
package. The P-value was adjusted in R software by FDR correc-
tion (Benjamini & Hochberg, 1995). Log,(FC) above (or lower) than
1 (or —1) and adjusted P-value lower than 0.05 were used as cutoff
to select significant genes. The annotations of Affymetrix probe
sets were obtained from TAIR (https://www.arabidopsis.org/index.
jsp). Functional information and cellular location for each proteins
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(or genes) were analyzed using VirtualPlant 1.3 (http://virtualplant.
bio.nyu.edu/cgi-bin/vpweb/), MapMan (https://mapman.gabipd.
org/) software and SUBA4 (http://suba.live/). GO and KEGG ana-
lyses were conducted using VirtualPlant 1.3, the P-value was
adjusted by FDR correction (Benjamini & Hochberg, 1995). GO and
KEGG terms with P-value (with FDR correction) lower than 0.05
were considered as statistically significant terms. Gene set enrich-
ment analysis (GSEA) was conducted in R software with cluster-
Profiler package (Wu et al., 2021).

Statistical analyses

For chlorophyll related data, the data were checked for normality
before the statistical analyses. Two-way ANOVA was preformed
considering genotype and nutrition status as two factors. The dif-
ferences between means were considered statistically significant,
when P-values of ANOVA F-test were lower than 0.05. All the sta-
tistical analyses were conducted with Statgraphics (STN, St Louis,
MO, USA). For other parameters, Student’s t-test was conducted
by comparing Col and sid2 genotypes in each growth conditions.
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Figure S1. Phenotype of sid2 depending on N and S conditions.

Figure S2. Chlorophyll concentration of sid2 is lower than in WT
while NahG-OE presents higher anthocyanins under low-S.
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Figure S3. GO term enrichment analysis of the transcriptome
using GSEA enrichment plot and ORA uning VirtualPlant 1.3.
Figure S4. Significant changes in the abundance of the translation
related proteins in sid2 under low-S.

Dataset S1. Transcriptome of sid2 vs. WT under low sulfate
conditions.

Dataset S2. Significant protein changes under low-S compared to
control conditions, in sid2 and in WT.

Dataset S3. Significant protein changes in sid2 under low-S and
control conditions.

Dataset S4. Metabolome GC-MS analyses: raw data.

Table S1. GO terms associated to the proteins significantly differ-
entially accumulated in low sulfate (Low-S) compared to control
(Ctrl) condition in both wild type and sid2.

Table S2. GO terms associated to the proteins significantly differ-
entially accumulated in sid2 vs. WT under low sulfate (Low-S).

Table S3. Significant changes in the protein levels of sulfur-related
proteins in sid2 under low-S condition.

Table S4. Nutritive stock solutions for plant growth on sand.
Table S5. Composition of mediums used for vertical plates.

Table S6. Primers used in this study.
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