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ABSTRACT
In Arabidopsis, members of subclasses I and III of sucrose non-fermenting 1-related subfamily protein kinases 2 (SnRK2) are 
considered to be mainly osmotic- and ABA-responsive, respectively. In this work, we report on the role of SnRK2.4, a member of 
subclass I, in shaping plant root architecture (e.g., lateral root growth and root primordia emergence) in response to exogenous 
ABA. We show that SnRK2.4 is active in standard conditions and upon ABA treatment, with a higher ABA sensitivity than 
SnRK2.2 and SnRK2.3 from class III. To identify the molecular substrates of SnRK2.4, we compared the transcriptome, pro-
teome, and phosphoproteome of wild-type and snrk2.4 plants, in standard conditions and after a 1 μM ABA treatment. The phos-
phoproteomic analysis, which relies on 3858 unique phosphopeptides corresponding to 1820 phosphoproteins, revealed that 186 
and 277 proteins were under-phosphorylated in snrk2.4 mutants, in control conditions and upon ABA treatment, respectively. 
A regulation by SnRK2.4 of membrane transporters and cell-to-cell communication was highlighted in both conditions. By 
contrast, in response to ABA, SnRK2.4 specifically induced a decreased abundance of RNA helicases, suggesting that SnRK2.4 
can interfere with mRNA splicing. SnRK2.4 also modulated the phosphorylation of proteins putatively involved in attenuation of 
ABA signaling, in lipid signaling, and in cellulose biosynthesis, via a complex PK cascade involving mainly calcium-dependent 
PKs. This work shows that SnRK2.4 is an ABA-responsive SnRK2, with high hormone sensitivity and putative roles in funda-
mental aspects of cell physiology.

1   |   Introduction

The phytohormone abscisic acid (ABA) coordinates plant growth 
and development as well as responses to stressful environments, 
in particular drought stress. ABA mediates rapid cellular re-
sponses such as transcriptional and metabolic reprogramming, 
along with long-term developmental adjustments of the entire 
plant (Cutler et al. 2010). The core of ABA perception comprises 
receptor proteins of the PYRABACTIN RESISTANCE1 (PYR1)/
PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA 

RECEPTORS (RCAR) class, clade A protein phosphatases 2C 
(PP2C) working as co-receptors, and sucrose non-fermenting 
1-related subfamily protein kinases 2 (SnRK2). SnRK2s form a 
family with 10 members (SnRK2.1-2.10) in Arabidopsis thaliana 
(Kamiyama, Katagiri, and Umezawa 2021) classified into three 
classes (I–III). Among SnRK2s, members of class III (SnRK2.2, 
2.3, 2.6) are considered the main positive regulators of ABA 
signaling. In the absence of the hormone, these SnRK2s are 
kept in an inactive, dephosphorylated state by the interaction 
with PP2Cs. When ABA levels rise, the hormone forms ternary 
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complexes with PYR1/PYL/RCAR and PP2C, releasing SnRK2s 
from inhibition (Chen et  al.  2020; Cutler et  al.  2010), thereby 
allowing SnRK2-mediated phosphorylation and regulation of 
downstream targets (Chen et al. 2020; Soon et al. 2012).

SnRK2s have long been identified as central players in plant 
hormonal and environmental stress signaling (Fujii et al. 2011; 
Kulik et  al.  2011). Although responsive to both ABA and os-
motic stress, SnRK2s from class III were proposed to act as the 
main regulators of ABA signaling, whereas class I would be 
exclusively responsive to osmotic stress (Boudsocq et al. 2004; 
Soma et  al.  2021). Strikingly, knock-out mutations of all class 
III SnRK2s induce dramatic phenotypes showing little or no re-
sponses to high ABA concentrations during seed germination, 
root growth, and stomatal movement (Fujii and Zhu 2009). The 
regulation of class III SnRK2s was described to occur through 
transphosphorylation by Raf-like protein kinases (RAFs) 
(Kamiyama, Katagiri, and Umezawa  2021; Lin et  al.  2021; 
Takahashi et al. 2020). Class III SnRK2s, in turn, activate down-
stream targets including several transcription factors, such 
as ABRE-BINDING PROTEINS (AREBs)/ABRE-BINDING 
FACTORS (ABFs), which in turn induce the expression of ABA-
responsive genes (Chen et al. 2020; Cutler et al. 2010).

On the other hand, class I SnRK2s (SnRK2.1, 2.4, 2.5, 2.9, 
2.10) have been generally considered as ABA-unresponsive 
(Boudsocq et al. 2004; Fujii et al. 2011) and rather respond to 
salinity and osmotic stress (McLoughlin et al. 2012). Subclass I 
SnRK2s regulate proteins involved in mRNA decay, in particular 
VARICOSE, to adjust transcriptional stability and mediate plant 
growth under drought and salinity stress in an ABA-independent 
pathway (Fàbregas et  al.  2020; Kawa et  al.  2020; McLoughlin 
et al. 2012; Soma et al. 2017). Yet, heterologous expression stud-
ies in yeast aiming to test the functionality of a variety of core 
ABA signaling components indicated that SnRK2.4 may be in-
volved in ABA-dependent signaling (Ruschhaupt et al. 2019). In 
support of this, a recent study revealed the role of SnRK2.4 in 
ABA-dependent downregulation of root aquaporin activity and 
consequent reduction of water transport to aerial parts (Shahzad 
et al. 2024). SnRK2.4 and SnRK2.10, which belong to the same 
SnRK2 class, have been previously found to be activated by 
salt and hyperosmotic stress in Arabidopsis roots (McLoughlin 
et al. 2012) or when transiently expressed in cell culture proto-
plasts (Boudsocq et al. 2004). SnRK2.4 and SnRK2.10 were also 
shown to regulate root growth and architecture in saline condi-
tions (McLoughlin et al. 2012). In addition, salt stress induced 
a rapid re-localization of SnRK2.4 from the cytosol to punctate 
structures in root cells, putatively through the binding of phos-
phatidic acid (PA) (McLoughlin et al. 2012). A specific binding 
of both SnRK2.10 and SnRK2.4 to PA-containing liposomes 
was demonstrated (McLoughlin et al. 2012), and SnRK2.10 was 
identified in a proteomics screen for its binding capacity to PA 
(Testerink et al. 2004).

Phosphoproteomics has been used as a powerful approach to 
investigate functions targeted by protein kinases (PK). For in-
stance, phosphoproteomics analyses of double snrk2.2x2.3 and 
triple snrk2 mutants lacking all subclass III SnRK2s have been 
performed to investigate SnRK2-mediated phosphorylation 
signaling (Umezawa et  al.  2013; Wang et  al.  2013). Mitogen-
activated PK (MPK) 1, MPK2, SnRK2 substrate 1 (SNS1), and 

bZIP transcription factors, including AREB1/ABF2, AREB3, 
and ENHANCED EM LEVEL (EEL), were identified as can-
didate substrates of subclass III SnRK2s. Phosphoproteomics 
also pointed to the role of SnRK2.2 and SnRK2.3 in flowering 
time regulation, nucleic acid binding, miRNA and epigenetic 
regulation, signal transduction, as well as chloroplastic func-
tions (Umezawa et al. 2013, Wang et al. 2013). Recently, a novel 
phosphoproteomic approach (KALIP2.0 method) was reported 
to integrate in vivo and in vitro information and thereby iden-
tify the direct targets of PKs (Wang et  al.  2020). The results 
showed that ABA-stimulated SnRK2.6 and osmotically acti-
vated SnRK2.4 differed in their targets, confirming the strength 
of such an approach in detecting PK specificity. However, these 
physiological characterizations of SnRK2 mutants have re-
mained incomplete. Consequently, the individual or combined 
contributions of SnRK2s to the variety of ABA responses in 
planta are still unclear.

The present study addresses the responses of SnRK2.4 to ABA 
with regard to root development and membrane cellular func-
tions. For this, we developed an integrated transcriptomic, 
proteomic, and phosphoproteomic study of snrk2.4 knock-out 
mutants. SnRK2.4 appears as a true ABA-responsive SnRK2, 
putatively coordinating membrane transporters, interfering 
with cell-to-cell communication, RNA translation, cellulose 
biosynthesis, and lipid signaling.

2   |   Materials and Methods

2.1   |   Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was used as the 
control wild-type (WT) plant. The snrk2.4-1 (Salk_080588) and 
snrk2.4-2 (Salk_146522) single T-DNA insertion mutant alleles 
were obtained from Christa Testerink's laboratory (Wageningen 
University, The Netherlands). For proteomic and transcriptomic 
analyses, Col-0, snrk2.4-1, and snrk2.4-2 seeds were surface 
sterilized and sown on solid 0.5 × Murashige and Skoog (MS) 
pH 5.8, 1% Agar. Seedlings were grown for 7 days under long 
day conditions (16/8 h light/dark) at a constant temperature of 
21.5°C in a Fitoclima D1200 chamber (Aralab). After this time, 
seedlings were gently transferred to a Hoagland-based hydro-
ponic solution (1.25 mM KNO3, 1.50 mM Ca(NO3)2, 0.75 mM 
MgSO4, 0.50 mM KH2PO4, 50 μM H3BO3, 12 μM MnSO4, 
0.70 μM CuSO4, 1 μM ZnSO4, 0.24 μM Na2MoO4, 50 μM Fe-
EDTA, 100 μM Na2SiO3) and let grow for two additional weeks 
under the same photoperiod. The solution of the hydroponic cul-
tures was replaced weekly. For ABA treatment, a stock solution 
of 100 mM was prepared in ethanol and diluted to a final con-
centration of 1 μM. Standard condition corresponds to a mock 
treatment with ethanol. Roots were collected and microsomal 
proteins were extracted freshly.

2.2   |   Microsome Extraction

Root microsomal proteins were extracted according to (Di Pietro 
et al. 2013) with slight modifications. Microsomal pellets were 
suspended in a conservation buffer composed of 10 mM Tris-
HCl pH 6.8, 250 mM sorbitol, 20% glycerol, 4.2 μM leupeptin, 
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1 mM pefabloc, 5 mM DTT, 5 mM beta-glycerol phosphate, 1 mM 
Na-vanadate, and 1:100 (v/v) Phosphatase Inhibitor Cocktail 2 
(Sigma-Aldrich P5726), and 1:100 (v/v) Phosphatase Inhibitor 
Cocktail 3 (Sigma-Aldrich P0044).

2.3   |   Root Architecture Analyses

Seeds were stratified for 2 days at 4°C and grown vertically on ½ 
MS pH 5.8, 1% Agar for 5 days under long day conditions (16/8 h 
light/dark) at a constant temperature of 21.5°C in a Fitoclima 
D1200 chamber (Aralab). After this time, seedlings were gently 
transferred onto plates containing the same medium supple-
mented with 1 or 5 μM ABA, or mock (ethanol), and were al-
lowed to grow for 10 additional days. Plate images were taken 
with a 16 M pixel linear camera, a telecentric objective, and a 
collimated LED backlight (Vegeled Floodlight, Colasse Seraing, 
Belgium). Root length and LR numbers were both measured 
in the root zone formed after plant transfer using the ImageJ 
software (Schneider et  al. 2012). To measure primordia den-
sity, roots were cut and stored in 70% ethanol. Primordia were 
counted with an Olympus BX61 microscope until the emergence 
of the first lateral root, and their number was reported as the 
distance between the root tip and the first lateral root.

2.4   |   Gene Expression

Total RNAs were isolated using an SV RNA isolation kit (Promega) 
and treated with RQ1 DNAse (1 U μg−1 RNA) at 37°C for 1 h. 
Each sample was a pool of 5–6 plants. RNAs were quantified 
with a NanoDrop ND-1000 spectrophotometer (Thermo Fischer 
Scientific), and data quality was checked using a non-denaturing 
gel electrophoresis. For quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) analyses, 2 μg of total RNA 
were used for cDNA synthesis, and qRT-PCR was performed as 
described (Shahzad et  al.  2024). The transcript abundance was 
expressed relative to the expression of UBC21 (At5g025760) tran-
scripts in a Col-0 sample used as calibrator and, in all samples, 
relative to the average expression of UBC21 (At5g025760) and 
YSL8 (At5g08290) transcripts used as reference genes. The primer 
sequences used are described in Table  S1 and in (Czechowski 
et al. 2005). Three biological replicates and two technical repeats 
per replicate were used. ANOVA analysis followed by post hoc 
Tukey test was used to assess statistical differences. For microar-
ray analysis, 100 ng of total RNA of each sample were amplified 
using the GeneChip WT PLUS Reagent Kit (Affymetrix) following 
the manufacturer's instructions. Labeling and hybridization were 
carried out as described in (Shahzad et al. 2016). For microarray 
analyses, the transcript abundance between samples was eval-
uated as significantly different by a Student t-test using 3 inde-
pendent biological replicates/genotype. p < 0.05 was considered 
statistically significant. The transcriptomics data were deposited 
at EBI with identifier E-MTAB-15518.

2.5   |   Protein Digestion

For proteome and phospho-proteome analyses, 3 independent 
biological replicates for all 6 conditions (WT plant, snrk2.4-1 and 
snrk2.4-2 mutants, in control conditions, and upon 1 μM ABA) 

were obtained, and a fourth replicate was built with an equal 
mixture of the 3 biological repeats. One hundred micrograms-
microsomes were fractionated using precast 10% SDS-PAGE gel 
electrophoresis (Biorad). Gels were stained with Blue-G colloi-
dal. Each lane was cut into 3 bands. Gel slices were treated ac-
cording to (Chen, Rofidal, et  al.  2019). Proteins were digested 
with trypsin (Sequencing Grade Modified Trypsin, Promega) at 
a 1:50 (trypsin: protein) ratio at 37°C overnight. Peptides were 
obtained and treated according to (Chen, Rofidal, et al. 2019). 
5% of the sample was used for total proteome analysis, and the 
remaining sample was used for phosphoproteome analysis. The 
samples were dried in a concentrator centrifuge under vacuum 
and resuspended in 10 μL of 2% fluoric acid (FA) for proteome 
analysis and in 30 μL loading buffer A [5% trifluoroacetic acid 
(TFA) in 80% acetonitrile (ACN)] for phosphoproteome analysis.

2.6   |   Phospho-Peptide Enrichment

Titane sphere TiO2 (5 μm, Interchim, Montluçon) resuspended 
in isopropanol at a concentration of 48 μg μl−1, was packed at the 
bottom of a tip. Two titanium columns made of 300 and 600 μg of 
TiO2 beads each were centrifuged at 100 g for 3 min and at 400 g 
for 10 min to get rid of isopropanol and were stacked. Beads were 
washed with 20 μL of buffer B (1% TFA in 80% ACN) and equili-
brated twice with 20 μL buffer A. The peptide sample was loaded 
by centrifugation at 90 g for 3 min and then at 360 g for 20 min 
on the 2 columns. After loading, each column was washed with 
20 μL buffer A and then with 20 μL of buffer B twice. Peptides 
were eluted successively with 10 μL of 0.5% NH4OH, 10 μL of 
5% NH4OH, and finally with 10 μL of 5% NH4OH in 20% ACN. 
Titanium eluates were combined and acidified with 30 μL of 
100% FA before being dried in a concentrator centrifuge under 
vacuum and resuspended in 8 μL of 2% FA. The flow through of 
both titanium columns was collected, pooled, and evaporated 
before being resuspended in 10 μL of 2% FA.

2.7   |   LC–MS/MS Analysis

The LC–MS/MS experiment was performed with an Ultimate 
3000 RSLC nano system (Thermo Fisher Scientific Inc.) interfaced 
online with a nano easy ion source and an Exploris 240 Orbitrap 
mass spectrometer (Thermo Fisher Scientific Inc.). The samples 
were analyzed in a Data Dependent Acquisition (DDA) mode. 
Peptides were first loaded onto a pre-column (Thermo Scientific 
PepMap 100 C18, 5 μm particle size, 100 Å pore size, 300 μm i.d. 
× 5 mm length) from the Ultimate 3000 autosampler with 0.05% 
TFA in water at a 10 μL min−1 flow rate. The peptides were sepa-
rated by reverse-phase column (Thermo Scientific PepMap C18, 
2 μm particle size, 100 Å pore size, 75 μm i.d. 50 cm length) at a 
300 nL min−1 flow rate. After a 3 min loading period, the column 
valve was switched to allow elution of the peptides from the pre-
column onto the analytical column. The loading buffer (solvent 
A) was 0.1% FA in water, and the elution buffer (solvent B) was 
0.1% FA in 80% ACN. The linear gradient was 2%–25% of solvent 
B in 103 min, then 25%–40% of solvent B from 103 to 123 min, 
and finally 40%–90% of solvent B from 123 to 125 min. The total 
run time was 150 min, including a high organic wash step and 
a re-equilibration step. Peptides were transferred to the gaseous 
phase with positive ion electrospray ionization at 1.9 kV. In DDA, 
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the top 15 precursors were acquired between 270 and 1200 m/z 
with a 2th (Thomson) selection window, dynamic exclusion of 
40 s, normalized collision energy (NCE) of 30, and resolutions of 
120,000 for MS and 15,000 for MS2. Spectra were recorded with 
the Xcalibur software (4.7.69.37) (Thermo Fisher Scientific). The 
mass spectrometry data were deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository with the dataset 
identifier PXD061019.

2.8   |   Identification and Quantification 
of the Whole Proteome and Phosphoproteome

The resulting mass spectrometry data were processed using 
MaxQuant with an integrated Andromeda search engine (ver-
sion 2.2.0.0). Tandem mass spectra were searched against the 
Araport11 database (48,359 entries). The minimal peptide length 
was set to 5. The criterion “Trypsin/P” was chosen as the diges-
tion enzyme. The carbamidomethylation of cysteine was selected 
as a fixed modification, and methionine oxidation and N-terminal 
acetylation were systematically selected as variable modifications. 
Up to 2 missed cleavages were allowed. The function “Match be-
tween run” was used. For total proteome analysis, proteins were 
identified from at least two tryptic peptides, including a unique 
peptide. The rate of false peptide sequence assignment and false 
protein identification was fixed to be lower than 1%. Peptide ion 
intensity values derived from MaxQuant were subjected to label-
free quantitation (LFQ). To investigate differentially expressed 
proteins, a Student's t-test was performed using protein LFQ inten-
sity values. For phosphoproteome analysis, the variable modifica-
tion “phosphorylation at S, T, and Y” was additionally considered, 
and a phosphopeptide was qualified provided a minimal score of 
40 in at least one biological repeat. To normalize samples, the in-
tensity of each peptide from the “evidence” table was reported to 
the sum of all peptides' intensity in each sample (Figure S1). The 
phosphopeptide abundance between samples was evaluated as 
significantly different by a Student t-test. p < 0.05 was considered 
statistically significant.

2.9   |   Bioinformatic Analyses

Gene Ontology (GO) was used to test gene lists for biological pro-
cess, molecular function, and cellular component enrichment 
using Panther 19.0 (http://​www.​panth​erdb.​org/​) (Mi et al. 2013). 
The p-logo software (https://​plogo.​uconn.​edu/​) was used to an-
alyze the models of the sequences with amino acids in specific 
positions of phosphorylated-21-mers (10 amino acids upstream 
and downstream of the phosphorylated site) in all of the protein 
sequences. The Arabidopsis proteome was used as the background 
database, and the other parameters were set to default values.

3   |   Results

3.1   |   SnRK2.4 Regulates Lateral Root Density

The effects of ABA on root development are diverse, acting pri-
marily on primary root growth and lateral root density (LRd). 
To evaluate the roles of SnRK2.4 in root growth responses to 
ABA, we compared these two traits in WT plants (Col-0), in 

two independent snrk2.4 insertional mutants, and in a sn-
rk2.2xsnrk2.3 double mutant, under standard conditions and 
upon ABA treatment. The snrk2.2xsnrk2.3 genotype was in-
cluded as a reference because of its well-established ABA insen-
sitivity (Fujii and Zhu 2009).

Five-day-old seedlings were transferred to ½ MS medium 
(Murashige and Skoog 1962), either standard or supplemented 
with 1 or 5 μM ABA. Plants were then allowed to vertically grow 
for 10 days, and the incremental growth of the primary root as 
well as the newly formed LRs was computed (Figure S3). The 
calculation of LRs number (Table S2.2) and the normalization of 
LRs number to the primary root length (Table S2.3) gave similar 
ABA inhibition, suggesting that the effect of ABA on primary 
root length is negligible compared to its effect on primordia de-
velopment. We further considered primary root length as well 
as LRs and primordia densities (Figures 1 and 2). In standard 
conditions, we observed that all mutants exhibited, with respect 
to WT, a reduced primary root length and LRd (Figure  1A), 
suggesting that SnRK2.2, 2.3, and 2.4 can promote root growth 
and branching. However, ABA treatment revealed contrasted 
behaviors among mutants: in the presence of 5 μM ABA, a pri-
mary root growth inhibition of around 25% was observed in the 
WT and snrk2.4 genotypes, while the root growth of the dou-
ble mutant snrk2.2xsnrk2.3 was unaltered (Figure  1A). Thus, 
SnRK2.2 and/or SnRK2.3 are the main positive regulators of 
ABA-mediated repression of primary root growth in response to 
high ABA dose (i.e., 5 μM).

As reported in earlier studies, Arabidopsis primary and lateral 
roots exhibit different sensitivities to ABA-mediated growth in-
hibition, the lateral roots being noticeably more sensitive than 
the primary root (De Smet et al. 2003). Accordingly, while the 
primary root growth was not affected, we observed a net reduc-
tion of LRd by 18% in WT plants when grown in the presence 
of 1 μM ABA (Figure  1B). Strikingly, a similar level of inhibi-
tion (21%) was observed in the snrk2.2xsnrk2.3 double mutant, 
but not in the snrk2.4 single mutants, the LRd of which was es-
sentially insensitive to 1 μM ABA (Figure 1B). Upon exposure 
to 5 μM ABA, LRd inhibition was the strongest in WT plants 
(60%), somewhat lower in snrk2.4 mutants (44%), and even 
more reduced in the snrk2.2xsnrk2.3 mutant (31%) (Figure 1B). 
Interestingly, when compared to 1 μM ABA, the percentage of 
LRd inhibition at 5 μM ABA was almost identical in WT plants 
(51%) and snrk2.4 mutants (43%), while not significantly differ-
ent in the snrk2.2xsnrk2.3 mutant (Figure  1B). These results 
indicate that SnRK2.4 is involved in shaping root architecture 
in response to low ABA concentrations (i.e., 1 μM) through in-
hibition of LRd. At higher ABA doses (i.e., 5 μM), SnRK2.2 and 
SnRK2.3 play a more prominent role, surpassing the action of 
SnRK2.4.

Because SnRK2.4 was rather sensitive to low exogenous ABA, 
we wondered whether such sensitivity was already noticeable at 
earlier developmental stages. For that, we used the same exper-
imental set-up as described above and compared the density of 
lateral root primordia, all developmental stages being combined 
(Casimiro et  al.  2003) between WT and snrk2.4 genotypes, in 
the absence or presence of 1 or 5 μM ABA. We observed that 
1 μM ABA induced a 58% inhibition of primordia density in the 
WT, while both snrk2.4 genotypes were insensitive to 1 μM ABA 
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5 of 18Physiologia Plantarum, 2025

(Figure 2). Noticeably, 5 μM ABA inhibited primordia formation 
in all genotypes (Figure 2).

The overall data indicate that SnRK2.4, on the one hand, and 
combined SnRK2.2 and SnRK2.3, on the other hand, respond 
to distinct concentration thresholds of ABA in planta, with 
SnRK2.4 showing a higher ABA sensitivity than SnRK2.2 and/
or SnRK2.3.

3.2   |   One μM ABA Alters Gene Expression 
and Protein and Phospho-Protein Abundance 
in WT Plants

The response of the Arabidopsis proteome to exogenous ABA has 
classically been studied using high ABA concentrations rang-
ing from 50 to 100 μM ABA (El-Khatib et al. 2007; Kamiyama, 
Hirotani, et  al.  2021; Kline et  al.  2010; Umezawa et  al.  2013; 

Wang et  al.  2013; Zhu et  al.  2017). However, mounting physi-
ological evidence indicates that Arabidopsis roots can respond 
to much lower ABA concentrations (Dietrich et al. 2017; Miao 
et al. 2021). Moreover, we recently reported a clear reduction of 
hydraulic conductivity (Lpr) of Arabidopsis roots treated with 
1 μM ABA (Shahzad et al. 2024). Whereas a 1 h-ABA treatment 
did not alter Lpr of WT plants, a 30% and 37% Lpr reduction 
was observed upon a 3 h- and 5 h-ABA treatment, respectively 
(Shahzad et  al.  2024). By contrast, the Lpr of snrk2.4 was un-
changed after 3 and 5 h of ABA treatment. We therefore decided 
to focus our study on root responses to 1 μM exogenous ABA, 
at the earliest distinctive time point (3 h), and investigated the 
hormonal effects at both transcriptomic and proteomic levels.

Transcriptome analysis of WT roots through a micro-array pro-
cedure (Table S3, Figure 3) revealed 862 differentially expressed 
genes upon exposure to 1 μM exogenous ABA, of which 450 and 
412 showed increased and decreased expression, respectively 

FIGURE 1    |    Primary root length (A) and lateral root density (B) of WT plants (Col), snrk2.4–1, snrk2.4–2, and snrk2.2xsnrk2.3 mutants grown in 
standard conditions or in the presence of 1 or 5 μM ABA. Plants were grown for 5 days in ½ MS medium and then transferred to ½ MS medium with 
the indicated ABA concentration. Root length and LR numbers were both measured in the root zone formed after plant transfer. Letters indicate a 
p-value below 0.05 from ANOVA pairwise comparisons using the Tukey HSD test. Numbers of plants are 81 (Col Ctr), 78 (Col 1 μM ABA), 70 (Col 
5 μM ABA), 87 (snrk2.4–1 Ctr), 84 (snrk2.4–1 1 μM ABA), 76 (snrk2.4–1 5 μM ABA), 71 (snrk2.4–2 Ctr), 77 (snrk2.4–2 1 μM ABA), 73 (snrk2.4–2 5 μM 
ABA), 41 (snrk2.2x2.3 Ctr), 40 (snrk2.2x2.3 1 μM ABA), 35 (snrk2.2x2.3 5 μM ABA).
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6 of 18 Physiologia Plantarum, 2025

(Tables S3.2 and S3.3, Figure 3). Analysis of enriched GO terms 
revealed a striking overrepresentation of categories related to 
ABA response, protein dephosphorylation, and stimuli percep-
tion (Figure  3). Among the differentially expressed genes, all 
nine members of clade A PP2C phosphatases (Schweighofer 
et al. 2004) are induced by the ABA treatment (Table S3.2). Such 
an increase in PP2C expression, which was confirmed by quan-
titative RT-PCR (Figure 4), reflects a previously observed nega-
tive feedback loop mechanism to desensitize the ABA signaling 
pathway, thereby preventing plant cells from signal saturation 
(Fuchs et al. 2013).

To identify proteins and phosphoproteins that respond to ABA 
and to maximize the chances of identifying phosphorylation 
events associated with signal perception and responses, we 
decided to analyze a root microsomal fraction (Figure  S2). 
While being highly enriched in membrane proteins, this 
fraction also contains significant amounts of soluble proteins 
(Berger et al. 2022). To increase the depth of analyses, micro-
somal proteins were fractionated into 3 bands by SDS-PAGE 
electrophoresis, and phosphopeptides were enriched using 
TiO2 columns.

Using this pipeline, 7843 proteins (Table S4) were identified and 
quantified through at least two different tryptic peptides, with 
at least one being proteotypic to the protein under consideration. 
Compared to the standard condition, ABA treatment of WT 
plants induced the differential accumulation of 316 proteins, of 
which 115 and 201 were more or less accumulated, respectively 
(Figure 5, Tables S5.1, S5.2). By crossing our mass spectrometry 
data with corresponding transcriptome analysis, we observed 

that variations in protein abundance were generally not associ-
ated with changes in gene expression. Many over-accumulated 
proteins showed GO terms related to “response to ABA” as well 
as “response to water deprivation” (Figure 5B, Table S5.1), cor-
roborating the idea that plants had properly perceived ABA in 
our experimental conditions. In addition, the less accumulated 
proteins showed an enrichment in GO terms associated with 
protein translation due to the reduced amount of several struc-
tural ribosomal proteins (Figure 5C, Table S5.2). This result sup-
ports previous observations indicating an inhibitory role of ABA 
on ribosome biogenesis (Guo et al. 2011).

By filtering the sequences of identified phosphopeptides with 
precise localization of phosphorylation sites and a MaxQuant 
score above 40, we could sort out 3858 phosphopeptides corre-
sponding to 1820 proteins (Table S6, Figure S2). Their vast ma-
jority (91%) were found in a mono-phosphorylated state, with 
only 5%, 3.6%, and 0.4% as double, triple, and tetra phosphor-
ylated, respectively (Table S6). Overall, the target phosphoryla-
tion residues were composed of 85% Ser, 12% Thr, and 3% Tyr 
residues (Figure S2).

To interpret phosphorylation changes, it is crucial to distin-
guish between a net variation in phosphorylation stoichiome-
try and mere changes in protein amount (Wu et al. 2011). For 
97% of the retrieved phosphorylation events, we could not de-
tect any variation in the corresponding protein amount, point-
ing to genuine up or down changes in protein phosphorylation. 
Upon ABA treatment, only 25 proteins showed decreased phos-
phorylation, whereas 151 proteins displayed increased phos-
phorylation (Table S5.3). A GO analysis showed that the latter 
proteins were mainly associated with root development, mem-
brane transport, and PKs (Figure  6; Table  S5.3). Among PKs, 
the calcium-dependent protein kinase (CDPK) family was over-
represented with 4 isoforms (CPK1, CPK6, CPK13, and CDPK-
related kinase CRK2), confirming the close link between ABA 
and calcium signaling (Brandt et al. 2015; Diaz et al. 2016; Edel 
and Kudla 2016; You et al. 2023). The overall results show that 
the treatment of WT plants with 1 μM ABA for 3 h can induce 
changes in transcriptomic and proteomic profiles genuinely re-
lated to ABA signaling.

3.3   |   SnRK2.4 Mutation Reshapes 
the Phosphoproteome in Standard Conditions

Since SnRK2.4 gene disruption induces a decrease in primary 
root growth, LRd (Figure  1) and root hydraulic conductivity 
(Shahzad et  al.  2024) in plants grown in standard conditions, 
we wondered how SnRK2.4 can act on the transcriptome, pro-
teome, and phosphoproteome in these conditions. Mutation of 
SnRK2.4 in snrk2.4-1 and snrk2.4-2 plants induced consistent 
variations in the expression of 62 genes (Table S3.4) and in the 
abundance of 48 proteins, among which 18 proteins were down-
accumulated and 30 were over-accumulated (Table S5.4). These 
results show that SnRK2.4 has a low impact on the transcrip-
tome and proteome in standard conditions.

By contrast, the phosphorylation of 202 peptides corresponding 
to 185 proteins was significantly down-regulated in both snrk2.4 
mutants with respect to WT plants (Table S5.5). Among the 185 

FIGURE 2    |    Primordia density of WT plants (Col), snrk2.4–1, 
snrk2.4–2, and snrk2.2xsnrk2.3 mutants grown in standard conditions 
or in the presence of 1 or 5 μM ABA. Plants were grown for 5 days in ½ 
MS medium and then transferred to ½ MS medium with the indicated 
ABA concentration. The number of primordia was measured in the root 
zone formed after plant transfer until the emergence of the first lateral 
root. Letters indicate a p-value below 0.05 from ANOVA pairwise com-
parisons using Tukey HSD test.
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7 of 18Physiologia Plantarum, 2025

proteins, 160 showed no variation in their abundance in both 
snrk2.4 mutants. Thus, a large majority of phosphopeptide differ-
ences resulted from genuine differential phosphorylation events. 
This suggests that SnRK2.4 has a basal PK activity in the absence 
of any external stimulus, affecting directly or indirectly protein 
phosphorylation. The GO terms corresponding to the proteins 
with lower phosphorylation in snrk2.4 plants were associated 

with transmembrane transport of nutrients (e.g., sucrose, nitrate, 
and potassium), ions (i.e., boron and calcium), and protons, plas-
modesmata proteins, and PKs (Figure 7, Table S5.5). Hence, we 
could detect lower phosphorylation levels in 26 PKs, belonging to 
distinct PK families: receptor-like protein kinase (RLK), including 
leucine-rich (LRR) RLK (AT1G51800; AT1G51790; AT1G51890; 
AT3G02880.1; AT3G28450; AT4G20940; AT5G49770; LRK10L1), 

FIGURE 3    |    Response of WT plant transcriptome to 1 μM ABA treatment for 3 h. (A) Volcano plot representing significant up- and down regulated 
gene expression in WT plants upon 1 μM ABA treatment. (B, C) Enriched biological process terms of up (B) and down (C) regulated gene expression. 
Significant corrected p-value and fold enrichment were below 10−3 and above 3, respectively. Genes characterizing each GO term are described in 
Table S3. proc., process.
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8 of 18 Physiologia Plantarum, 2025

MAPKs (M3KE1, MKK2, MPK16), cyclin-dependent ki-
nase (CDGK2), and calcium-dependent PK (CDPK) (CPK7) 
(Table S5.5). Analysis of the phosphopeptides showing quantita-
tive variations in snrk2.4 mutants allowed us to identify 3 major 
motifs (Figure 8) that fit with the recognition sites of the PK fami-
lies mentioned above. Thus, SnRK2.4 appears to be part of an ex-
tensive PKs cascade that, in standard conditions, acts on plasma 
membrane transport and cell-to-cell communication.

3.4   |   SnRK2.4 Mutation Reshapes the Proteome 
Upon 1 μM ABA Treatment

Comparative transcriptomic analysis of WT and snrk2.4 gen-
otypes exposed to 1 μM ABA revealed very similar GO terms 
(Tables S3.2, S3.5). In addition, the clade A PP2C genes showed a 
similar increase in expression in snrk2.4 mutants compared to WT 
(Figure 4). Overall, the expression of only one gene (Table S3.7) 
was distinct between WT and snrk2.4 genotypes exposed to ABA. 
Thus, as observed in standard conditions, SnRK2.4 has a negligi-
ble impact on gene expression upon ABA treatment.

At the proteome level, the abundance of 41 and 56 proteins was 
significantly decreased and increased, respectively, in snrk2.4 
plants treated with ABA when compared to WT plants under 

the same conditions (Tables S5.6 and S5.7). Thus, as compared 
to standard conditions, SnRK2.4 has a more pronounced effect 
on the proteome upon ABA treatment. The over-accumulated 
proteome in snrk2.4 plants treated with ABA was enriched in 
RNA helicases (Table  S5.7) (RH52, RH32, RCF1, RH7), the 
function of which is required for pre-mRNA maturation. Since 
the abundance of the corresponding transcripts was not altered 
in snrk2.4 genotypes, we propose that the degradation of these 
helicases upon ABA treatment is post-translationally controlled 
by SnRK2.4.

3.5   |   SnRK2.4 Mutation Reshapes 
the Phosphoproteome Upon 1 μM ABA Treatment

When analyzed under ABA conditions, snrk2.4 plants showed 
a massive decrease in phosphorylated proteins. Only 2 pro-
teins (QUA2, AT1G78240, and SRF6 AT1G53730) showed a 
significant increase in phosphorylation (Table  S6), whereas 
332 phosphopeptides corresponding to 277 proteins showed 
a significant decrease in abundance in the snrk2.4 compared 
to WT plants (Table S5.8). Most of the corresponding proteins 
(80%) did not show any variation in abundance (Table  S4). 
Thus, the differences in phosphopeptide abundance observed 
between WT and snrk2.4 were caused by a genuine difference 

FIGURE 4    |    Quantification of PP2C expression by Q-RT PCR. Q-RT PCR was performed as described in (Shahzad et al. 2024). The transcript 
abundance was expressed relatively to the expression of UBC21 (At5g025760) transcripts in a Col-0 sample used as calibrator and, in all samples, 
relatively to the average expression of UBC21 (At5g25760) and YSL8 (At5g08290) transcripts used as reference genes. Three biological replicates 
and two technical repeats per replicate were used. Letters indicate a p-value below 0.05 from ANOVA pairwise comparisons using Tukey HSD test.
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9 of 18Physiologia Plantarum, 2025

in phosphorylation stoichiometry. Analysis of GO terms enrich-
ment (Figure  9) showed that, upon ABA treatment, SnRK2.4 
induced the phosphorylation of proteins involved in major 
membrane physiological processes: transmembrane transports 
(including nitrate, phosphate, sulfate, chloride, calcium, iron, 
potassium, magnesium, sodium, malate, and proton); cell wall 
biogenesis with 4 cellulose synthases; vesicle-mediated transport 
with a syntaxin (SYP122), 2 vesicle-associated proteins (PVA11, 
PVA12), a SNARE-interacting protein KEULE, and an exocyst 

component (SEC8); protein degradation to the vacuole with 
TOM1-LIKE proteins (TOL1, TOL2, TOL6); cell-to-cell commu-
nication with 44 proteins described at plasmodesmata. In addi-
tion, SnRK2.4 enhanced the ABA-dependent phosphorylation 
of 41 PKs belonging to the following PK families (Table S5.9): 7 
CDPKs (CRK2, CPK6, CRK6, CPK9, CPK13, CPK29), 3 MAPKs 
(MAP4K4, MPK8, Raf15, ILK4 Raf-like protein), 18 receptor 
kinases, including leucine-rich RLK (LRR-RLK), and 3 AGC 
kinases (PDK1, IREH1, AT5G09890). These data indicate that 

FIGURE 5    |    Response of WT plant proteome to 1 μM ABA treatment for 3 h. (A) Volcano plot representing significant up- and down accumulated 
proteins in WT plants upon 1 μM ABA treatment. (B, C) Enriched biological process terms of up- (B) and down (C)-accumulated proteins. Significant 
corrected p-value and fold enrichment were below 10−3 and above 3, respectively. Proteins characterizing GO terms are described in Tables S5.1, S5.2.
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10 of 18 Physiologia Plantarum, 2025

SnRK2.4 stimulation by ABA induces activation of a wider set of 
PKs than in standard conditions.

4   |   Discussion

SnRK2.4 was originally described as an ABA-insensitive, os-
motic, and salt stress-activated SnRK2 (Boudsocq et al. 2004; 
McLoughlin et  al.  2012). Here, we show that SnRK2.4 has 
a residual activity under standard conditions and is further 
activated in response to ABA. Our findings are based on the 
detailed analysis of two allelic snrk2.4 mutants, which provide 
two independent lines of evidence: a role for SnRK2.4 in lat-
eral root growth and development, as revealed by root phe-
notyping, and the identification of several dozen downstream 
effector proteins of SnRK2.4 using a comparative phosphopro-
teomic approach.

4.1   |   ABA-Dependent and Independent Effects 
of SnRK2.4 on Lateral Root Development

Two recent studies suggested a role for SnRK2.4 in ABA signal-
ing (Ruschhaupt et  al.  2019; Shahzad et  al.  2024). Ruschhaupt 
et al. (2019) first showed that SnRK2.4 forms functionally active 
core ABA signaling complexes in combination with PYR/PYL 

receptors and PP2Cs co-receptors in yeast. Shahzad et  al.  2024 
investigated the role of SnRK2.4 in root hydraulics. Here, we 
investigated effects on root system architecture of low ABA 
concentrations (1–5 μM), taking as a reference a double mutant 
for well-established ABA-responsive SnRK2s, SnRK2.2 and 
SnRK2.3. A predominant role for at least one of these PKs in inhi-
bition of primary root growth at 5 μM was observed (Figure 1A). 
We found that the reduction of lateral root and primordia densities 
at 1 μM ABA was mediated by SnRK2.4, whereas SnRK2.2 and/or 
SnRK2.3 contributed to an additional density reduction at a higher 
ABA concentration (5 μM) (Figure 1B). Thus, SnRK2s from differ-
ent subclasses can mediate responses to exogenously applied ABA, 
but with distinct in planta hormone sensitivity. Here, SnRK2.4 
showed a higher ABA sensitivity for lateral root development than 
the two canonical ABA-responsive SnRK2s. The high ABA sen-
sitivity of SnRK2.4 seen here and after functional expression in 
yeast suggests that the contribution of SnRK2.4 to other ABA re-
sponses may have been missed using exogenous ABA treatments, 
as it was possibly masked by effects of endogenous ABA. In WT 
plants, we observed that 1 μM ABA decreased LR density and pri-
mordia density by 18% and 58%, respectively (Figures 1B and 2), 
without affecting primary root length (Figure  1A). By contrast, 
snrk2.4 mutants showed in the same conditions 25% inhibition 
of primordia initiation and no inhibition of LR density. This indi-
cates that SnRK2.4 mediates at least in part the effects of ABA on 
both primordia initiation and emergence.

FIGURE 6    |    Response of WT plant phospho-proteome to 1 μM ABA treatment for 3 h. (A) Volcano plot representing significant accumulated 
phospho-peptides in WT plant upon 1 μM ABA treatment. (B) Enriched biological process terms of accumulated phospho-proteins. Significant cor-
rected p-value and fold enrichment were below 10−3 and above 3, respectively. Proteins characterizing GO terms are described in Table S5.3.
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11 of 18Physiologia Plantarum, 2025

The snrk2.4 mutants also showed alterations in lateral root 
and primordia densities in standard conditions (i.e., in the ab-
sence of exogenous ABA). These densities were lower in the 
mutants compared to WT (Figures  1 and 2), suggesting that 
SnRK2.4 positively contributes to lateral root formation in these 
conditions, highlighting a putative paradox in the function of 
SnRK2.4 with opposite effects between standard and ABA 
treatment conditions. We observed that 45% of proteins (82 pro-
teins) with decreased phosphorylation in snrk2.4 mutants in 
standard conditions were also under-phosphorylated in snrk2.4 
mutants under ABA (Tables S5.5, S5.8). Thus, in standard con-
ditions, SnRK2.4 may be activated by either constitutive ABA-
independent signal(s) or by low endogenous ABA levels.

A similar duality in functions has been previously reported for 
ABA-responsive class III SnRK2s (i.e., SnRK2.2 and SnRK2.3), 

which promote or repress root growth in standard and ABA 
conditions, respectively. This can be explained by the kinases' 
ability to sequester and inactivate the energy sensor SnRK1 
in the absence of ABA (Belda-Palazón et al. 2020; Kamiyama, 
Katagiri, and Umezawa  2021). Noticeably, an interaction be-
tween SnRK2.4 and SnRK1 has been demonstrated in planta 
(Soma et al. 2020), suggesting that a similar sequestration and 
inactivation of SnRK1 by SnRK2.4 may occur.

4.2   |   SnRK2.4 Contributes to PK-Mediated 
Phosphorylation Cascades

Besides root developmental phenotypes, marked changes in 
the proteome and phosphoproteome were induced by snrk2.4 
mutations, providing direct evidence for the molecular 

FIGURE 7    |    Functional enrichment analysis of proteins, in standard conditions, and with decreased phosphorylation in snrk2.4 mutants with re-
spect to WT. (A) Biological process, (B) molecular function, (C) cellular component. Considered FDR and fold enrichment were below 10−3 and above 
3, respectively. Numbers indicate the number of genes in each GO term. Proteins characterizing GO terms are described in Table S5.5. act, activity; 
mb, membrane; mol, molecular; tmb, transmembrane.
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12 of 18 Physiologia Plantarum, 2025

activity of SnRK2.4 in planta. In contrast, SnRK2.4 knock-
out had a minor impact on the plant transcriptome. Such 
major decorrelation between gene expression and protein 
abundance suggests that SnRK2.4 mostly acts at the post-
transcriptional level. Moreover, phosphoproteome analysis, 
substantiated by corresponding protein quantifications, in-
dicated a net variation of phosphorylation for most identified 
proteins. Therefore, SnRK2.4-dependent responses, whether 
in standard conditions or under ABA treatment, are mostly 
exerted at the post-translational level.

One main reason is that SnRK2.4 seems to be involved in phos-
phorylation cascades involving multiple PKs. Thus, phosphory-
lation of 26 and 41 PKs, belonging to different PK families, was 
decreased in snrk2.4 mutants in standard and ABA conditions, 
respectively (Table S5.9). Only 13 of them were altered in both 
conditions, showing a specific PK response according to each 
condition (i.e., standard and ABA). In both cases, we observed 
preferential targeting of a   SP   phosphorylation motif, which 
has been highlighted during ABA-mediated drought responses 
(Wong et  al.  2019). This observation strengthens the link be-
tween SnRK2.4 function and ABA signaling. In addition, 
the   SP   motif is also recognized by other SnRK2s from sub-
class III (Umezawa et al. 2013), suggesting that this motif is char-
acteristic of the whole SnRK2 family independently of the type 
of environmental stress. This motif is also a minimal MAPK 
target motif, suggesting an involvement of MAPK cascades 
in ABA signaling, as demonstrated in (Umezawa et  al.  2013; 
Wang et  al.  2013). More specifically, we observed that, under 
ABA treatment conditions, phosphorylation of several compo-
nents of the MAPK family was dependent on SnRK2.4: MPK8, 
MAP4K4, and Raf-like protein kinase (Raf) 15 (Table S5.9). Raf 
are MAPKKKs classified into four B and seven C subgroups 
(Ichimura et al. 2002). Several studies have reported that group 
B Rafs regulate SnRK2s in Arabidopsis (Kamiyama, Katagiri, 
and Umezawa 2021; Lin et al. 2021; Soma et al. 2020; Takahashi 
et al. 2020). By contrast, group C Rafs, such as Raf36 and Raf22, 

were described as substrates of SnRK2s (Kamiyama, Hirotani, 
et al. 2021). In addition, Raf36 and Raf22 phosphorylation was 
shown to induce their degradation, thereby alleviating their abil-
ity to inhibit ABA signaling (Kamiyama, Hirotani, et al. 2021). 
According to these data, our results suggest that Raf15, unlike 
other group B Rafs, is a SnRK2.4 substrate and, similar to group 
C Rafs, may function as a negative regulator of ABA signaling.

In addition, 5 CPKs and two CRKs were underphosphory-
lated in their N-terminal (CPK6, CPK9, CRK2, CPK13) and 
C-terminal (CPK29, CRK6, and CPK13) regions in snrk2.4 
mutants upon ABA treatment (Table  S4.9). The CRK family 
belongs to the Ser/Thr-type CDPK-sucrose non-fermenting-1-
related PK superfamily (Hrabak et al. 2003). CDPKs act as sig-
naling hubs in plant stress signaling and development (Schulz 
et al. 2013). CPKs and CRKs have sites that can be phosphory-
lated by themselves (auto-phosphorylation) or by upstream ki-
nases, in a constitutive manner or after environmental stress 
stimulation (Schulz et  al.  2013). Therefore, we suspect that 
some of these PKs are SnRK2.4 substrates in response to ABA.

4.3   |   Molecular Targets of SnRK2.4

A recent phosphoproteomics study based on in  vitro phos-
phorylation reactions using in  vivo phosphorylated peptides 
as substrate pools to identify putative substrates of SnRK2.4 
identified 67 proteins that are phosphorylated by SnRK2.4 in 
response to an osmotic treatment (Wang et  al.  2020). These 
SnRK2.4 targets are different from the proteins identified in 
our work, suggesting a specificity of SnRK2.4 function, whether 
activated by an osmotic or an ABA stimulus. In addition, the 
discrepancy between the two studies can result from the dif-
ferent experimental setups, with the use of 10-day-old seed-
lings in (Wang et al. 2020) whereas our study deals with roots 
of 3-week-old plants. By contrast, a SnRK2.4 interactome, ob-
tained from 3-week-old plants treated with mannitol, identified 

FIGURE 8    |    Motif analysis of phosphorylated serine residues. Down-accumulated phospho-peptides in snrk2.4 mutants in standard conditions 
(A) and in ABA conditions (B) were considered to determine motifs. The main P-logo motif, the statistically significant neighboring positions and the 
resulting motifs are shown. Putative protein kinases recognizing motifs are indicated. AGC, AGC kinase; CDK, ccyclin-dependent kinase; CDPK, 
ccalcium-dependent protein kinase; LRR-RLK, Lleucine-rich receptor-like kinase; MAPK, mmitogen-activated protein kinase; RLCK, rreceptor-like 
cytoplasmic kinase.
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1308 proteins that co-immunoprecipitate with SnRK2.4 (Soma 
et al. 2020). We noticed that 38 and 34 proteins were both iden-
tified in the SnRK2.4 interactome and under-phosphorylated in 
snrk2.4 mutants, in ABA conditions and in standard conditions, 
respectively (Table S7). Thus, this analysis suggests that several 
under-phosphorylated proteins in snrk2.4 mutants interact with 
SnRK2.4 and could be true SnRK2.4 substrates.

The first example of SnRK2.4 target uncovered in the present 
study is somewhat atypical as it indicates how the effects of 
SnRK2.4 on protein abundance may lead to altered gene expres-
sion. Hence, our work shows that SnRK2.4 induces the degra-
dation of 4 DEAD box RNA helicases upon ABA (Table S4.7). 
The Arabidopsis genome contains 58 genes encoding such RNA 
helicases (Mingam et  al.  2004), contributing to all aspects of 
RNA metabolism (Baek et  al.  2018 for review), in particular 
during ABA and abiotic stress responses (Baek et al. 2018; Guan 
et al. 2013; Khan et al. 2014; Tuteja et al. 2013). Our results show 
that SnRK2.4 could downregulate RCF1 (AT1G20920, also 
called RH42) cellular abundance, an RNA helicase that main-
tains a correct splicing of pre-mRNAs of nuclear-encoded genes 

(Guan et al. 2013). SnRK2.1, a member of class I as SnRK2.4, 
was shown to interact with VARICOSE, an mRNA decapping 
activator, to decrease mRNA accumulation under osmotic stress 
conditions (Soma et al.  2017). Thus, class I SnRK2s appear as 
potential regulators of gene expression acting on mRNA splicing 
and stability.

We also found that phosphorylation of membrane transporters 
and components of membrane trafficking and cell-to-cell com-
munication was altered by SnRK2.4 mutation (Figures 7 and 9), 
with 25 and 44 proteins matching the GO term «plasmodesmata» 
in standard and ABA conditions, respectively (Tables S5.5, S5.8). 
Plasmodesmata are cytoplasmic channels that cross cell walls to 
allow cell-to-cell communication and can be modulated by cal-
lose deposition (Amsbury et al. 2018; Kitagawa et al. 2019). In this 
work, we observed that phosphorylation of a PM-located LRR-
RLK, QSK1 (Qian Shou kinase, AT3G02880) at positions S621 and 
S626 was dependent on SnRK2.4 (Table S6). QSK1 phosphoryla-
tion at these sites was shown to regulate callose deposition at plas-
modesmata and sites of lateral root formation during osmotic stress 
(Grison et  al.  2019). Regulators of plasmodesmata function also 

FIGURE 9    |    Functional enrichment analysis of proteins, upon 1 μM ABA treatment, and with decreased phosphorylation in snrk2.4 mutants with 
respect to the WT. (A) Biological process, (B) molecular function, (C) cellular component. Considered FDR and fold enrichment were below 10−3 and 
above 3, respectively. Numbers indicate the number of genes in each GO term. Proteins characterizing GO terms are described in Table S5.8. act., 
activity; Cam, calmodulin; CW, cell wall; mol, molecular; tmb, transmembrane.
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include members of the SnRK2 family: in Physcomitrium patens, 
an AtSnRK2.6 orthologue, PpSNRK2, was shown to be essential 
for ABA-induced closure of plasmodesmata (Tomoi et al. 2020). A 
recent work also revealed a role for SnRK2.2 in regulating plas-
modesmata aperture during xerobranching (Mehra et  al.  2022). 
Thus, we propose that SnRK2.4 and QSK1 could contribute to 
reducing cell-to-cell communication by enhancing callose depo-
sition at plasmodesmata.

Within this work, we also identified three cellulose synthases 
(CESA1, CESA3, and CESA4) and one cellulose synthase-like D 
(CSLD3), the phosphorylation of which was dependent on SnRK2.4 
(Table  S5.8). The phosphorylation of CESAs influences the dy-
namics of the CESA complex (Li et al. 2025, Speicher et al. 2018 
for review). Notably, phosphorylation of CESA3 at S211 (observed 
in our work) and at T212 has opposing effects on CESA3 activity 
(Chen et al. 2016). Constitutive phosphorylation of CESA1 at S688 
(observed in our work) results in reduced cellulose induction and 
primary root length (Khan et al. 2024). A few PKs phosphorylating 
CESAs have been identified (Li et al. 2025), such as MAPKs (Boex-
Fontvieille et al. 2014; Li et al. 2025; Wang et al. 2020), the brassi-
nosteroid insensitive 2 (BIN2) (Sánchez-Rodríguez et al. 2017) and 

CPK32 (Xin et al. 2023). Here we propose that, upon ABA treat-
ment, phosphorylation of CESA1, 3, and 4 depends on SnRK2.4, 
or on CDPKs and MAPKs activated by SnRK2.4. Such a cascade 
of PKs would alter CESA activity, leading to changes in LRd and 
primordium density by as yet unknown mechanisms.

Phosphorylation of three major enzymes that control the cellular 
amount of PtdIns(4,5)P2 was decreased in snrk2.4 mutants upon 
ABA treatment: the phosphatidylinositol 4-phosphate 5-kinase 
PIP5K7 that induces PtdIns(4,5)P2 production, and the phospho-
lipases C 2 (PLC2) and NPC3 that are involved in the consump-
tion of PtdIns(4,5)P2 (Table S6). PIP5K7 works as a key enzyme 
in PI signaling (Kuroda et al. 2021; Zhang et al. 2020) and PLC2 
is the primary phospholipase in phosphoinositide metabolism 
(Kanehara et al. 2015). PLC2 functions in auxin-modulated root 
development in Arabidopsis (Chen, Li, et al. 2019) and an inter-
action between PLC-mediated signaling and ABA signaling was 
recently evidenced (Zhang et  al.  2018). Moreover, the anionic 
phospholipid PA that rapidly accumulates in response to several 
stress conditions and represents an important signaling lipid in 
eukaryotes affects the localization and function of a diverse set 
of target proteins (Testerink and Munnik 2011), among which 

FIGURE 10    |    Major pathways and targets regulated by SnRK2.4 under both standard and ABA treatment conditions. In standard conditions, 
SnRK2.4 targets membrane transport proteins and proteins involved in cell-to-cell communication, either by direct phosphorylation or indirectly 
via PK cascades. Under ABA treatment, an accumulation of PA is induced, which in turn triggers a re-localization of SnRK2.4 from the cytosol to 
the membrane (McLoughlin et al. 2012; Testerink et al. 2004). This mechanism would allow SnRK2.4 to target additional proteins controlling PI 
signaling and cellulose biosynthesis. The activation of KAPP and TOL by SnRK2.4-mediated phosphorylation could be involved in the attenuation 
of ABA signaling.
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are several plant PKs, including SnRK2.4 (McLoughlin et  al. 
2012). Thus, we propose that PA, the accumulation of which is 
induced by ABA, binds to SnRK2.4 and induces its subcellular 
re-localization to membranes, thereby affecting SnRK2.4 inter-
action with direct phosphorylation targets. Overall, our data 
indicate that SnRK2.4 may interfere with lipid signaling in re-
sponse to ABA, particularly during lateral root formation.

4.4   |   Putative Attenuation of ABA Signaling by 
SnRK2.4

The attenuation of ABA signaling allows the plant to finely 
adapt to prolonged stressful conditions (Chen et al. 2020). The 
upregulation of clade A PP2Cs genes provides a negative feed-
back loop to desensitize ABA (Nakashima et al. 2009). While it 
has been shown to depend on subclass III SnRK2 (Nakashima 
et al. 2009), we show that it is independent of SnRK2.4 (Figure 4). 
By contrast, we observed upon ABA treatment a dephosphory-
lation of KAPP (AT5G19280) at S171 in snrk2.4 mutants, while 
its phosphorylation increased by more than 2-fold in the WT 
plant (Table  S6). By interacting with SnRK2.2, SnRK2.3, and 
SnRK2.6, KAPP was shown to negatively regulate ABA signal-
ing (Lu et al. 2020). Its phosphorylation at S171 was reported in 
two studies (Nakagami et al. 2010; Umezawa et al. 2013) but its 
functional significance has remained elusive. Here, we propose 
that activation of KAPP by SnRK2.4-mediated phosphorylation 
could be involved in the attenuation of ABA signaling.

Another mechanism to attenuate ABA signaling is to de-
grade ABA receptors in the vacuole via the Endosomal 
Sorting Complex Required for Transport (ESCRT) machin-
ery (Belda-Palazon et al. 2016; García-León et al. 2019). TOLs 
are ubiquitin receptors that target ubiquitinated cargoes for 
degradation to the ESCRT machinery. TOLS were recently 
shown to attenuate ABA signaling through degradation of 
ubiquitinated ABA receptors and transporters (Moulinier-
Anzola et al. 2024). We observed that the phosphorylation of 
TOL1 at S33 or S35, TOL3 at S284 or S294, and TOL6 at S357 or 
S358 was decreased in snrk2.4 mutants upon ABA (Table S6). 
Although the functional role of TOL phosphorylation is still 
elusive, we propose that SnRK2.4 could contribute to atten-
uate ABA signaling by phosphorylating and activating TOLs.

In conclusion, we show that SnRK2.4 is an ABA-responsive PK 
that contributes to the modulation of cell-to-cell communica-
tion, mRNA splicing, cellulose biosynthesis, and lipid signaling 
(Figure  10) via a complex PKs cascade. How these processes 
link SnRK2.4-mediated developmental responses, such as root 
meristem emergence and LR density, remains to be elucidated. 
Nevertheless, this work provides new avenues to explore the 
multiple roles of SnRK2.4 under resting conditions or after ABA 
stimulation.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Effect of data normaliza-
tion (A, B) and principal component analysis (C, D) of proteomic (A, C) 
and phospho-proteomic (B, D) data. For total proteome quantification, 
peptide ion intensity values derived from MaxQuant were subjected 
for label-free quantitation. To normalize phosphoproteomics samples, 
the intensity of each peptide from the “evidence” table was reported 
to the sum of all peptides intensity in each sample. Figure S2: sche-
matic representation of the OMIC's experimental workflow to identify 
downstream targets of SnRK2.4. The transcriptome, proteome and 
phosphoproteome of WT plants and of two independent snrk2.4 mu-
tants treated or not with 1 μM ABA, were analyzed. Transcriptome 
was obtained with the GeneChipWT PLUS Reagent kit (Affymetrix). 
Phosphopeptides were enriched using titanium columns. Database 
searches were carried out using MaxQuant. Relative quantification was 
carried out using MaxQuant followed by statistical analysis of quan-
titative data to highlight proteins and phosphopeptides whose abun-
dance was significantly modulated. The proportion of phosphorylated 
S, T, and Y residues is shown. Figure S3: typical pictures of MS plates 
with 15 days-old seedlings of Col, snrk2.4–1, snrk4.2–2 and snrk2.2x2.3 
plants, cultivated in standard conditions and after transferring on 1 and 
5 μM ABA. Table S1: primers used in the study. Table S2: number of 
lateral roots and primordia, in Col and in both snrk2.4 mutants, mea-
sured within the same experiment. Table S3: gene expression in WT 
plant and snrk2.4 mutants, in standard condition and after treatment 
with 1 μM ABA for 3 h. Table S4: identification and quantification of 
proteins in WT plant and snrk2.4 mutants, in standard condition and 
after treatment with 1 μM ABA for 3 h. Table  S5: Functional enrich-
ment analyses of proteins and phosphoproteins exhibiting significant 
changes in abundance and in phosphorylation level, in WT plants and in 
snrk2.4 mutants, in standard conditions and after treatment with 1 μM 
ABA for 3 h. Table  S6: identification and quantification of phospho-
peptides in the WT plant and in snrk2.4 mutants, in standard condition 
and after treatment with 1 μM ABA for 3 h. Table S7: SnRK2.4 interac-
tors identified in (Soma et al. 2020) and identified in the present study 
as under-phosphorylated in snrk2.4 mutants. 

 13993054, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.70574 by Inrae - D

ipso-Paris, W
iley O

nline L
ibrary on [13/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	AtSnRK2.4 Functions as an ABA-Responsive Protein Kinase in Arabidopsis
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Plant Materials and Growth Conditions
	2.2   |   Microsome Extraction
	2.3   |   Root Architecture Analyses
	2.4   |   Gene Expression
	2.5   |   Protein Digestion
	2.6   |   Phospho-Peptide Enrichment
	2.7   |   LC–MS/MS Analysis
	2.8   |   Identification and Quantification of the Whole Proteome and Phosphoproteome
	2.9   |   Bioinformatic Analyses

	3   |   Results
	3.1   |   SnRK2.4 Regulates Lateral Root Density
	3.2   |   One μM ABA Alters Gene Expression and Protein and Phospho-Protein Abundance in WT Plants
	3.3   |   SnRK2.4 Mutation Reshapes the Phosphoproteome in Standard Conditions
	3.4   |   SnRK2.4 Mutation Reshapes the Proteome Upon 1 μM ABA Treatment
	3.5   |   SnRK2.4 Mutation Reshapes the Phosphoproteome Upon 1 μM ABA Treatment

	4   |   Discussion
	4.1   |   ABA-Dependent and Independent Effects of SnRK2.4 on Lateral Root Development
	4.2   |   SnRK2.4 Contributes to PK-Mediated Phosphorylation Cascades
	4.3   |   Molecular Targets of SnRK2.4
	4.4   |   Putative Attenuation of ABA Signaling by SnRK2.4

	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


