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Abstract 

The scarcity of freshwater is an increasing concern in flood-irrigated rice, whilst excessive use 

of nitrogen fertilizers is both costly and contributes to environmental pollution. To co-ordinate 

growth adaptation under prolonged exposure to limited water or excess nitrogen supply, plants 

have processes for signalling and regulation of metabolic processes. There is limited 

information on the involvement of one of the most important post-translational modifications 

(PTMs), protein phosphorylation, on plant adaptation to long-term changes in resource supply. 

Oryza sativa cv. Nipponbare was grown under two regimes of nitrogen from the time of 

germination to final harvest. Twenty-five days after germination, water was withheld from half 

the pots in each nitrogen treatment and low water supply continued for an additional 26 days, 

while the remaining pots were well watered. Leaves from all four groups of plants were 

harvested after 51 days in order to test whether phosphorylation of leaf proteins responded to 

prior abiotic events. The dominant impact of these resources is exerted in leaves, where PTMs 

have been predicted to occur. Proteins were extracted and phosphopeptides were analysed by 

nanoLC-MS/MS analysis, coupled with label-free quantitation. Water and nitrogen regimes 

triggered extensive changes in phosphorylation of proteins involved in membrane transport, 

such as the aquaporin OsPIP2-6, a water channel protein. Our study reveals phosphorylation 

of several peptides belonging to proteins involved in RNA-processing and carbohydrate 

metabolism, suggesting that phosphorylation events regulate the signalling cascades that are 

required to optimize plant response to resource supply.  

 

Keywords: Rice, water deficit, nitrogen, post-translational modifications (PTMs), 

phosphoproteomics. 

 

1. Introduction 

 

Rice is a major crop cultivated globally, especially in developing countries in tropical and sub-

tropical Asia. In spite of its importance as a prominent component of food security, productivity 

is vulnerable to erratic water supply in many systems of cultivation [1] and soil nitrogen status 

[2]. Stabilising production systems by optimizing plant response to variable resource supply 

will lead to more efficient use of resources, especially in low-input rainfed production systems. 
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Water and nitrogen are critical resources for economic yields in all crops. Nitrogen is a core 

driver of plant productivity because it is a major component of amino acids, nucleotides, and 

some hormones and defence compounds [3]. However, acquisition of nitrogen is not 

independent of water supply, with rice having particularly high transpiration rates and, in 

cultivated systems, high nitrogen demand. In addition, under drought stress, rice plants treated 

with ammonium were shown to have higher water absorption than nitrate treated plants [4], 

and this response was correlated with the higher expression of aquaporin genes [5,6]. It has 

also been long known that transpiration directly affects nitrogen acquisition, with drought 

reducing the mass flow of soil nitrogen and delivery to leaves through the xylem, thereby 

compromising nitrogen assimilation and, ultimately, photosynthesis [7,8]. Knowing that these 

interactions exist, it is unsurprising that plants have evolved mechanisms to optimize the 

efficient use of resources in leaves, leading to the evolution of internal signalling pathways for 

both water [9] and nitrogen [10] economies, as well as the likelihood of crosstalk between these 

pathways [11]. The scale and sensitivity of gene expression responses to plant water and 

nitrogen status are indicative of the complex gene regulatory networks required to optimize 

resource use in plants [11]. 

Until quite recently, cell responses to environmental stresses have primarily been viewed as 

via regulation of metabolic cascades through remodelling the transcriptome and proteome. 

However, as well as the effects of stress on the abundance of proteins, post-translational 

modifications (PTMs) including phosphorylation are now widely acknowledged as important 

regulators of the catalytic activity, stability, and localization of proteins [12]. Specifically, 

plants respond to environmental cues through the regulation of signalling mechanisms 

mediated partially by protein PTMs [13]. Phosphorylation is one of the most important PTMs 

and is essential to a deeper understanding of drought stress signalling in plants [12]. 

Phosphoproteomic studies to date have focussed mostly on changes in response to short-term 

stressors such as dehydration, although long-term exposure to water stress has been 

investigated recently [14,15]. For example, comparative phosphoproteomic studies on short-

term and long-term exposure of plants to osmotic stress showed some common 

phosphorylation events that are conserved over varying time scales [14,15]. Therefore, it was 

of interest to investigate alterations in the phosphoproteome in response to the supply of water 

and nitrogen. In that water and nitrogen deficits are strongly expressed in leaves, these 

experiments involved sampling vegetative tissue after plants had reached a steady-state over 

many weeks of treatment.  
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The low abundance of PTMs calls for efficient, sensitive methods to enrich them, partly 

accounting for the dearth of detail on PTMs in plants under stress [16]. Along with 

improvements in mass spectrometry instrumentation and developments in PTM enrichment 

methods, more research is required in the area of protein PTMs. Using titanium dioxide (TiO2) 

chromatography enrichment and subsequent nanoLC-MS/MS analysis, coupled with label-free 

quantification, we performed a detailed quantitative phosphoproteomic analysis of O. 

sativa (cv. Nipponbare) leaves grown in 40% and 100% field capacity (FC) at optimum (250 

mg N / kg) and elevated (750 mg N / kg) nitrogen levels. These treatments were designed to 

reflect a range of resource regimes as commonly seen in the field, without inducing severe 

drought or nitrogen deficiencies and tissue senescence. This revealed novel insights into the 

impact of water and nitrogen regimes (and their interaction) on the phosphoproteome of 

japonica rice in late vegetative development. 

2. Materials and methods 

 

 Plant growth and sampling 

Rice (Oryza sativa cv. Nipponbare) plants (n = 4) were grown in 40-cm cylindrical pots (16 

cm diameter) containing 8.6 kg of soil consisting of 50% (v/v) University of California mix 

[50% (v/v) Waikerie river sand: 50% (v/v) peatmoss], 35% (v/v) peat mix and 15% (v/v) clay 

loam. Soil samples were dried at 80°C for 5 days with periodic weighing until there was no 

more loss in weight and gravimetric water content was calculated in g water per g soil. 

Ammonium nitrate was added in two doses to obtain a final concentration of 250 (N250) and 

750 (N750) mg N per kg of soil in the respective treatments. One plant was grown per pot in a 

randomized complete block design with four replicates. The experiment was conducted in an 

automated gravimetric watering system (DroughtSpotter, Phenospex, Heerlen, The 

Netherlands) in a controlled environment room at the Plant Accelerator, Australian Plant 

Phenomics Facility, at the University of Adelaide, South Australia. Plants were grown in 12 

h/12 h (light/dark) under a light intensity of 700 μmol m−2 s−1 at 30/22°C (day/night). The 

amount of water applied and the weight of pots was recorded automatically either hourly or 

half-hourly during the experiment using the DroughtSpotter [17]. From 25 - 51 days after 

planting (DAP), well-watered (WW) plants were watered to saturation, while water deficit 

(WD) plants were watered to 40% field capacity (FC). Flag leaves were harvested from all 

plants at 51 DAP between 12:00 and 13:00, weighed, and immediately frozen in liquid 
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nitrogen, followed by lyophilization and grinding into a fine powder for protein extraction. 

Shoot and root biomass was measured after oven-drying at 70 °C to a constant weight.  

 

 Gas exchange measurements 

Transpiration rate (Tr) and assimilation rate (Ar), were measured at 51 DAP. Gas exchange was 

measured between 10:00 to 12:00 using a portable LI-COR photosynthesis system (LI-6800; 

LI-COR, Inc., Lincoln, NE, USA) with a pulse-amplitude modulated (PAM) leaf chamber 

head. Data were collected from the youngest fully expanded leaves with the following 

parameters: light intensity at 1800 µmol m-2 s-1, CO2 concentration of 400 µmol mol-1, leaf 

chamber temperature of ~ 28°C, and relative humidity of ~50%. 

 

 Protein extraction, protein assay, and in-solution digestion 

Protein extraction and in-solution digestion were performed as described previously [18]. In 

brief, 40 mg lyophilized leaf powder from all biological replicates was suspended in 1.5 ml of 

10% (v/v) trichloroacetic acid in acetone, 2% (v/v) β-mercaptoethanol, followed by 30 min 

vortex at 4 °C and incubation at -20 °C for 45 min. As the leaf samples were simultaneously 

snap frozen using liquid nitrogen, which arrests the cellular activity, phosphatase and protease 

inhibitors were not used in the lysis buffer [19]. The pellet was collected after 16,000 

× g centrifugation for 30 min and washed three times with ice-cold acetone. The resulting 

protein pellet was lyophilized in a vacuum centrifuge and resuspended in 3% (w/v) SDS in 50 

mM Tris-HCl (pH 8.8), and then precipitated using methanol-chloroform. The resulting protein 

pellet was suspended in 8 M urea in 100 mM Tris-HCl, pH 8.8. Protein concentration was 

measured using bicinchoninic acid (BCA) assay kit (Thermo Scientific, San Jose, CA, USA). 

Protein samples were diluted five-fold using 100 mM Tris-HCl, (pH 8.8), reduced with 10 mM 

dithiothreitol at room temperature for 1 h, and alkylated with 20 mM iodoacetamide in the dark 

for 45 min at room temperature. Samples were digested at 37°C overnight using trypsin at an 

enzyme to protein ratio of 1:50. To stop the digestion, the pH was reduced to 3 or less with the 

addition of trifluoroacetic acid (TFA) to 1 % of the total volume.  

 

 TiO2 phosphopeptide purification 

Phosphopeptides were enriched using TiO2  chromatography according to Thingholm et al, 

with minor modifications [20]. Briefly, digested peptides were resuspended in loading buffer 

containing 80% acetonitrile (ACN), 5% TFA, and 1 M glycolic acid, followed by incubation 

with the corresponding amount of TiO2 (0.6 mg TiO2 beads per 100 μg peptides) for 15 min at 
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room temperature with continuous mixing. The peptides and TiO2 beads mixture were 

centrifuged for 15 s. In order to increase the enrichment, the supernatant containing previously 

unbound peptide was incubated with 0.3 mg TiO2 beads per 100 μg peptides for 10 min with 

continuous mixing. The TiO2 beads were pooled and transferred to fresh low-binding 

microcentrifuge tubes. The beads were washed two times, first with 80% ACN, 1% TFA, and 

then with 10% ACN, 0.2% TFA. After drying the beads using a vacuum centrifuge for 10 min, 

the phosphopeptides were eluted from the beads by adding 1.5% ammonium hydroxide (pH 

11.3) for 15 min. The samples were centrifuged at 13,000 rpm for 1 min at room temperature, 

followed by passing the eluate through a C8 stage tip eluted with 30% ACN. The peptides were 

lyophilized, and redissolved in 20 mM triethylammonium bicarbonate (TEAB) buffer (pH 7.5). 

For deglycosylation, Peptide /N-Glycosidase F (PNGaseF) was added at an enzyme: protein 

ratio of 1:150 and incubated at 37°C overnight. pH was reduced to less than 3 by adding TFA 

and, samples were desalted using Poros Oligo R3 stage tip [21]. Phosphopeptides were washed 

with 0.1% (v/v) formic acid and eluted by adding 70% (v/v) ACN, 0.1% (v/v) formic acid. The 

eluent was dried using a vacuum centrifuge and resolubilized in 0.1% (v/v) formic acid. 

 

 Nanoflow liquid chromatography-tandem mass spectrometry 

Phosphopeptide samples were analysed by nanoflow liquid chromatography-tandem mass 

spectrometry (nLC–MS/MS) using a Q Exactive Orbitrap mass spectrometer coupled to an 

EASY nLC1000 nanoflow HPLC system (Thermo Scientific, San Jose, CA, USA). 

Phosphopeptides were loaded on reversed phase columns of 75 µm internal diameter that were 

packed in-house to 10 cm with Halo C18 packing material (2.7 µm beads, 160 Å pore size, 

Advanced Materials Technology) [22]. The applied gradient for eluting the phosphopeptides 

consisted of mobile phase A (0.1% formic acid) and mobile phase B (99.9% (v/v) ACN, 0.1% 

(v/v) formic acid). A 100-min linear solvent gradient was used, starting with 2% mobile phase 

B for 1 min, 2 - 30% for 89 min, 30 - 85% for 5 min; and 85% B for another 5 min. Full MS 

scan range of 350 to 1850 m/z was acquired in the Orbitrap at resolution of 70,000 at m/z and 

automatic gain control (AGC) target value of 1 × 105. Data-dependent MS/MS analysis of the 

ten most intense ions was conducted at 27% normalized collision energy and dynamic 

exclusion of ions for 20 s.  

 

 Protein identification 

Raw MS data files were processed with MaxQuant 1.6.12.0 loaded with Andromeda search 

engine [23] and searched against the rice (Oryza sativa) proteome fasta database downloaded 
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from UniProt in April 2020 (48,904 protein sequences). Protein N-terminal acetylation, 

methionine oxidation, and phosphorylation on serine, threonine, and tyrosine (STY) were 

selected as variable modifications and cysteine carbamidomethylation was selected as a fixed 

modification. Trypsin was specified as the digesting enzyme, and up to two missed cleavages 

were allowed. The false discovery rate was set at 1% for proteins and peptides and matching 

between runs was performed within a time window of 1 min. The mass tolerance for full scans 

was set to 20 ppm for precursor and 0.5 Da for fragment ions. Label-free quantitation was 

performed using normalized label-free quantification (LFQ intensity) using the MaxLFQ 

algorithms as described [24]. 

 

 MS data processing and analysis 

Intensities from “phospho(STY)sites.txt” file were used for further analysis. The intensity 

value of two technical replicates for each of three biological replicates was averaged when a 

phosphosite was quantified in both technical replicates. Data processing and statistical analysis 

of MaxQuant was performed in Perseus 1.6.0.2 [25]. Intensities were log2 transformed and 

high-confidence identification filtering was applied by maintaining phosphorylation events 

with a localization probability above 0.75 (referring to 75% confidence in localization of 

phosphorylation). The dataset was filtered based on phosphosites that were quantified in at 

least two out of three biological replicates of each group of nitrogen and water treatments. 

Missing values of quantification were imputed using normal distribution. A pairwise 

comparison of phosphosite quantification values between well-watered (WW) and water deficit 

(WD) plants grown in either N250 or N750 was performed using two-tailed t-tests. 

Differentially expressed phosphosites were identified based on p-value < 0.05.  

  

 Physiological data statistical analysis 

Data from physiological analysis of four biological replicates including shoot dry weight, daily 

water consumption, root to shoot ratio (R:S), and gas exchange measurements were processed 

using R (version 3.6.1) [26], with a two-way ANOVA. Differences between means were tested 

with a Tukey HSD post hoc test and p-value < 0.05 was considered significant. 

 

 Functional protein annotation and motif analysis 

Gene ontology (GO) annotations were obtained from the UniProt database and matched to the 

list of significantly changed phosphoproteins. Phosphoproteins were classified into functional 

categories of interest using PloGO [27]. The information related to sub-cellular localization 
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was gained from an online prediction tool, Plant-mSubP [28]. Sequence motif analysis was 

performed using IceLogo [29] using the sequence windows for individual phosphosites 

acquired from MaxQuant, and the rice proteome as the background dataset. Results were 

presented using percent difference as a scoring system and a p-value cut-off of 0.05.  

 

3. Results 

 

3.1 Whole-plant effects of water and nitrogen regimes 

The combination of adequate watering and an optimal nitrogen regime for 51-d-old plants 

(WW/N250) resulted in heavier leaf canopies and higher root-to-shoot ratios than observed in 

the other three treatments (Figure 1a). Shoot growth was slowed by withholding water (WD) 

but unaffected by nitrogen supply, with leaves in neither treatment exhibiting any symptoms 

of chlorosis or tissue death. This reflected the choice of nitrogen treatments, which were 

designed to fall within the optimal range for healthy growth. Reduced nitrogen supply 

increased the root-to-shoot ratio (R:S) in WW plants, as is typical for nitrogen-deficient plants 

[30], while N750 plants invested less than 20% of their biomass in roots (Figure 1a).  

Daily water consumption of whole plants rose steeply in the latter phase of the experiment and 

was consistently about 50% lower in the WD treatment (Fig. 1b), reflecting the impact of 

limited water supply. Curiously, water consumption was significantly higher in N250 plants 

compared with N750 plants, regardless of watering regime, as a result of the more rapid canopy 

expansion in the earliest stages of development in N250 plants (Fig. 1b). This is illustrated by 

transpiration rates per unit of leaf area, as measured by gas exchange techniques, where rates 

in N750 plants were equivalent or higher than those of N250 (Fig. 1c). Notably, transpiration 

rates (Tr) were lower in WD plants compared with WW plants, whether they were grown at 

N250 or N750 (Figure 1c). Assimilation rates (Ar) generally followed the same patterns as Tr 

but only the combination of higher levels of water and nitrogen supply resulted in significantly 

higher Ar than in the other three treatments (Figure 1c). 
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Figure 1. Growth, water consumption and leaf gas exchange in various water and nitrogen treatments. (a) shoot 

dry weight and root-to-shoot ratios. Asterisks show values that are statistically significantly different, according 

to ANOVA plus Tukey HSD post hoc test and t- student test. (b) water consumption in each of four replicates in 

WW, WD in N750 and N250 nitrogen from 25 to 51 DAP. (c) leaf gas exchange including transpiration rate (left), 

and assimilation rate (right). Asterisks indicate statistically differences between different treatments acquired from 

ANOVA plus Tukey HSD post hoc test. 
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3.2 Phosphopeptides identified in leaves of plants grown in two nitrogen treatments 

under water deficit 

In order to investigate the effects of soil nitrogen concentration during limited water deficit on 

global protein phosphorylation status, the changes in protein phosphorylation in leaf samples 

were analysed by comparing WD with WW plants grown in N250 and N750. Phosphoproteome 

analysis was performed using selective enrichment of phospho-peptides using TiO2 chemistry 

followed by nanoLC-MS/MS analysis in two technical replicates and three biological 

replicates. A total of 2232 phosphosites on 401 phosphoproteins were identified 

(Supplementary Table 1), of which 1200 phosphosites were localized with a probability of 

above 75%. A total of 309 phosphosites related to 250 phosphoproteins were identified in at 

least two replicates in one or more of the four treatments.  

The majority of identified phosphosites were singly phosphorylated peptides (93%) and the 

remaining 7% were doubly phosphorylated (Figure 2a). Of the identified phosphosites, 80% 

were phosphorylated on serine, 19% on threonine, and only 1% on tyrosine (Figure 2b). The 

effects of water deficit are reported at the same level of nitrogen (WD/N750 vs. WW/N750; 

WD/N250 vs. WW/N250) as well as effects of the interaction between water and nitrogen 

supply (WD/N250 vs. WW/N750, and WD/N750 vs. WW/N250). Of all the phosphosites that 

were statistically significantly altered (p-value< 0.05) in relative abundance, phosphorylation 

of Thr881 on plasma membrane H+-ATPase (Q7XPY2) and Ser1077 were found to be 

decreased in drought stress in all four comparisons (Figure 3d).  
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Figure 2. Characterisation and analysis of identified phosphosites. (a) Distribution of phosphorylation sites by 

number of phosphorylated sites. (b) Phosphorylated amino acid residue composition (c) UpSet visualisation [31] 

of the number of identified phosphosites (d), and significantly changed phosphosites in phosphorylation along 

with the number of intersecting phosphosites. Filled circles and vertical lines represent the corresponding 

phosphosites being compared. left bar graph for the UpSet plot d shows the number of significantly increased 

(light gray) and decreased (dark gray) phosphorylation changes in each of four comparisons upon water deficit 

and nitrogen supply.  

 

3.3 Functional Analysis and Subcellular Localization of phosphosites upon water and 

nitrogen regimes 

Subcellular localization and biological processes enriched in significantly altered 

phosphoproteins of different comparisons were analysed (Figure 3). The identified 

phosphoproteins were predominantly localized in either cell membrane or nucleus (Figure 3a). 

Only two proteins were significantly changed in phosphorylation in all four comparisons; 

myosin-17 and plasma membrane H+-ATPase. The most abundant functional categories of the 

differentially phosphorylated proteins were gene expression and carbohydrate metabolic 

processes. Of those within the gene expression functional group, RNA processing and mRNA 

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

The copyright holder for this preprintthis version posted March 18, 2021. ; https://doi.org/10.1101/2021.03.15.435047doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.15.435047
http://creativecommons.org/licenses/by-nc/4.0/


12 
 

metabolic processing (i.e., mRNA splicing) were the major categories (Figure 3b). Further 

information on the main functional categories of phosphoproteins for each of four comparisons 

is presented below.  

 

3.3.1 Plant response to water deficit in N750  

Out of 282 identified phosphosites in this comparison group, 27 phosphosites, belonging to the 

same number of phosphoproteins, were significantly changed in phosphorylation in response 

to water stress. Eight of these (30%) were membrane proteins, including probable aquaporin 

PIP2-6 (Q7XLR1). The phosphosite MS(p)KEVSEEPEHVRPKDY from that protein was 

phosphorylated at ser2 in all replicates of well-watered plants grown in N750, but only detected 

at low level in one replicate of the water-deficit plants. A significant change in phosphorylation 

of this peptide in PIP2-6 was observed in both this comparison and WD/N250 vs. WW/N750.  

Gene expression-related phosphoproteins, especially those involved in RNA processing, were 

found to be one of the most abundant functional categories in this group. These proteins 

included La protein 1, Hepatocellular carcinoma-associated antigen 59 family protein, and 

Nuclear cap-binding protein subunit 2. Interestingly, this comparison was the only one in which 

stress-responsive phosphoproteins were found to be significantly changed in phosphorylation 

(Figure 3b). These included Nodulin-related protein 1 (NRP1) and EMSY-LIKE 3 protein that 

displayed changes in phosphorylation of Ser9, and Ser477, respectively, following the 

imposition of drought stress in N750.  

 

3.3.2 Plant response to water deficit in N250  

A total of 290 phosphosites were detected to be altered upon treatment of rice plants with 

drought stress and low nitrogen exposure, of which 24 phosphosites corresponding to 23 

phosphoproteins were significantly changed in abundance of phosphosites. This included nine 

nucleus localised phosphoproteins and eight membrane localised proteins that were 

significantly changed in phosphorylation. Two of the significantly changed nucleus localised 

phosphoproteins, Q0E0T0 and Q69XK9, were annotated as uncharacterised proteins. Four of 

the significantly changed phosphoproteins were involved in glycolysis and sucrose 

biosynthetic processes. Those involved in sucrose biosynthesis include probable sucrose-

phosphate synthase 1 (SPS1) and probable sucrose-phosphate synthase 4 (SPS4). 

Phosphorylation of Ser179 and Ser170 residues were decreased significantly in SPS1 and 

SPS4, respectively, in response to water deficit for the plants treated with N250. Ser289 of 
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Ser205 of glyceraldehyde-3-

phosphate dehydrogenase isoform 2 were also decreased in phosphorylation.  

 

3.3.3 Plant response to water deficit from N750 to N250 (WD/N250 vs. WW/N750) 

From 290 identified phosphosites in this comparison group, 29 phosphosites corresponding to 

28 phosphoproteins were significantly changed in phosphorylation. Although a significant 

number of phosphoproteins were localized in the chloroplast in all four comparisons, 

phosphoproteins in the photosynthesis functional category were enriched mostly in this 

comparison group (Figure 3a). However, Photosystem II reaction center protein H (PSII-H) 

was significantly changed in phosphorylation not only in this comparison group but also in 

those grown in N750. 

Chlorophyll a-b binding protein 1 (LHCB1), Chlorophyll a-b binding protein 2 (LHCB2), and 

PGR5-like protein 1A were identified to have significantly altered phosphorylation only in this 

comparison group. Though LHCB1 and LHCB2 are members of LHCB family, the alteration 

in phosphorylation patterns in these proteins differed. Phosphorylation of Thr35 was 

significantly decreased in LHCB1 while phosphorylation of Ser32 was significantly increased 

in LHCB2 in response to water stress (Figure 3c).  

 

3.3.4 Plant response to water deficit from N250 to N750 (WD/N750 vs. WW/N250) 

Out of 197 identified phosphosites in this comparison group, 18 phosphosites from 18 

phosphoproteins were significantly changed in phosphorylation. These phosphoproteins were 

categorized mainly in three GO categories: gene expression, carbohydrate metabolic processes, 

and transport (Figure 3b). Interestingly, of those phosphoproteins involved in carbohydrate 

metabolic processes, pyruvate dehydrogenase E1 component subunit alpha-1 was found to be 

increased in phosphorylation in response to water deficit only in this group. SPS1 and GAPDH 

were also decreased in phosphorylation, in agreement with the findings in plant response to 

water stress in N250 (Figure 3c). 

Along with myosin-17 and plasma membrane H+-ATPase, that were identified in all four 

groups, putative mannitol transporter was significantly decreased in phosphorylation at ser250 

in response to water deficit. Greatly increased phosphorylation of putative mannitol transporter 

in well-watered plants in N250 resulted in a significant change in phosphorylation of this 

protein when compared to water-deficit plants in N250, and also in N750.  
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Figure 3. Functional classification and subcellular localization of differentially phosphorylated phosphoproteins 

under water stress and nitrogen treatment. (a) Subcellular localization of significantly changed phosphoproteins 

in different water and nitrogen treatments. (b) Functional classification of differentially phosphorylated 

phosphoproteins under drought and different nitrogen treatments. (c) Volcano plots of all significantly changed 

phosphoproteins in each of four comparisons. Each point illustrates a phosphoprotein with an average log 2-fold 

change along the x-axis and –log10 p-value along the y-axis. Red, purple, and black points indicate the increased, 

decreased, and unchanged phosphorylation, respectively. The dashed blue line shows the p-value of 0.05 cut-off. 
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3.4 Motif analysis of significantly changed phosphosites  

Linear motif analysis was performed for significantly changed phosphosites in four 

comparisons. In general, there was a strong representation of proline and arginine in proximity 

to the phosphorylated serine and threonine residues. Arginine residue (R) at the -3 position 

(Rxx(S/T)) was enriched for all comparisons. However, proline-directed motif ((S/T)/P) was 

also enriched, but to a lesser extent, in all comparisons apart from WD/N750 vs. WW/N250. 

Along with the basic Rxx(S/T) motif, glutamic acid was significantly over‐represented at 

position +2 ((S/T)xxE) following drought response in N750. The enriched sequence motifs in 

each of the treatments are shown in figure 4.  

 

 

Figure 4. Motif analysis of changing phosphorylated phosphosites. The characters above the horizontal axis show 

the significantly enriched amino acids. (p < 0.05). The phosphorylated amino acid residues (S/T) are located at 

position 0.  

4. Discussion  

 

4.1 Physiological response of plants to water and external nitrogen  

Sustained water deficits are a key inhibitor of rice growth [32] and inhibit assimilation rates, 

ultimately impairing yields [33]. Sustained nitrogen supply and water availability are essential 

resources for optimal plant growth and photosynthesis [3]. Previous studies on upland and 

lowland rice have indicated a positive correlation between optimum nitrogen application with 

aboveground biomass alterations [34,35]. In the current experiment, water supply was shown 
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to limit plant performance independently of nitrogen supply, with WD plants unable to respond 

to the higher level of nitrogen (N750). Providing water was supplied at high levels (WW) by 

continuously monitored applications in the Plant Accelerator, the lower nitrogen treatment 

(N250) was sufficient to achieve healthy leaf canopies after only 51 d, even though assimilation 

rates were not significantly affected by nitrogen application (N250 vs N750) at the time of the 

final harvest. It has been shown that adequate nitrogen supply reduces water loss and enhances 

assimilation rate, indicating improved instantaneous transpiration efficiency [3]. High 

assimilation rates in WW plants at N750 compared with WD plants at N250 underline the 

significance of water and nitrogen as primary drivers of plant performance.     

 

4.2 Effects of water and external nitrogen on phosphorylation alterations of transporter 

proteins 

Based on the localisation of the majority of phosphoproteins in the cell and plastid membrane, 

phosphorylation appears to play a functional role in regulation of membrane proteins, 

especially transporters, in plants exposed to long-term water deficit and external nitrogen 

supply. Dephosphorylation of channel proteins was detected in the WD rice plants, which is 

mostly in correlation with inhibition of their activity for those well-characterized 

phosphoproteins such as plasma membrane H+-ATPase and aquaporin PIP2-6 [36–38]. The 

regulation of closure of aquaporin through phosphorylation has been previously linked to 

modulation of water loss in the leaf [39]. 

Those common phosphoproteins with differential phosphorylation levels in response to water 

stress in both nitrogen treatments such as plasma membrane H+-ATPase (Q7XPY2) and 

myosin-17 (A0A0P0W1J8), as well as a putative mannitol transporter, may reflect the 

dominant effect of water on the activity of such proteins. In contrast, the proteins found to be 

differentially phosphorylated in response to water supply at N750, such as aquaporin PIP2-6, 

may explain the impact of nitrogen on phosphorylation regulation of such channel proteins and 

the further regulation of water fluxes in plant cells.  

Plasma membrane H+-ATPase proteins generate a proton gradient using the chemical energy 

of ATP, involving many physiological processes e.g. nutrient uptake, cell expansion, and 

stomatal opening [36]. PTMs modulate the activity of plasma membrane H+-ATPase, and 

phosphorylation at Thr-881 has been shown to activate this protein [36]. Based on 

phosphorylation alteration at Thr-881 of plasma membrane H+-ATPase, the activity of the 

protein declined in response to water stress in rice plants.  
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A significant difference was observed in phosphorylation of putative mannitol transporter in 

WW/N250 in comparison with WD plants in both N250 and N750. This membrane transport 

protein may play a role in photosynthetic carbon partitioning to mannitol which is an 

osmoregulator in plant cells [40]. Phosphorylation of myosin-17 and putative mannitol 

transporter may need to be investigated in further studies to address whether phosphorylation 

induces or inhibits the activity of these proteins. Previous studies have shown the accumulation 

of mannitol transporters in response to salt and osmotic stress in olive [40] and myosin-17 upon 

the pathogenic fungal stress in Arabidopsis [41].   

PIPs (Plasma membrane Intrinsic Proteins) are a group of aquaporin channel proteins that act 

as gateways regulating the passage of water [38,42]. PTMs affect the activity of aquaporins 

through water flow modulation across the plasma membrane [3].  The phosphorylation of PIP 

channels is considered as the key mechanism for cell water flow regulation in response to 

environmental clues [43]. The phosphorylation of two serine residues on AtPIP2.1 was recently 

demonstrated to regulate the activity of this channel to shift between passage of water and ions 

[44]. Higher water absorption of rice grown in ammonium is connected with up-regulation of 

aquaporin genes [4,6]. The activation of aquaporins is regulated by signal transduction and 

PTM changes with respect to nitrogen amounts in shoot and root [3]. Our results confirmed the 

phosphorylation of probable aquaporin PIP2-6 in well-watered rice plants grown in N750, but 

not N250. This finding may explain the effect of external nitrogen and PTM on PIP2-6 activity, 

regarding the evidence related to the role of aquaporins in response to changes in nitrogen 

supply [3].  

 

4.3 How do nitrogen and water deficit change the phosphorylation of RNA processing 

proteins? 

Another group of phosphoproteins involved in RNA processing and mRNA metabolic 

processing was altered in response to water deficit. This finding is consistent with the fact that 

proteins involved in mRNA metabolism have been previously shown to contribute to 

environmental stress signalling that can be regulated by phosphorylation changes [45]. 

Importantly, the phosphoproteins in this group mainly play a role in the regulation of signalling 

activity of the plant hormone Abscisic acid (ABA). Serine/arginine-rich splicing factor (SR45 

isoform X1), which decreased in phosphorylation level in WD/N250 plants in comparison with 

WW plants either in N250 or N750, plays a role in the regulation of pre-mRNA splicing. 

Dephosphorylation of SR proteins is required for their activity, such as interaction with RNA 

and splicing factors [46]. Thus, our results are predictive of an increased activity of SR45 under 
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conditions of water stress and optimum nitrogen supply (N250). In contrast, 20 kDa nuclear 

cap-binding protein (CBP20) was increased in phosphorylation in water-deficit plants in both 

N250 and N750. CBP20 is one of the core proteins of the cap-binding protein complex, which 

is a contributor to different cellular mechanisms including pre-mRNA alternative splicing and 

those involved in growth, development, and response to environmental factors such as drought 

stress [47,48]. The activity of CBP20 may be increased by phosphorylation [49], so our results 

predict that CBP20 activity was induced under water deficit in a nitrogen-independent manner.   

 

4.4 Carbohydrate signalling in response to changing nitrogen and water deficit 

Plants respond to drought stress through carbohydrate signalling pathways and sugar sensing 

mechanisms. Soluble sugars are able to behave as signals regulating plant growth and 

development [50]. In the comparison of well-watered and droughted plants grown in N250, 

two isomers from SPS proteins, and two from GAPDH, were found to be differentially 

phosphorylated. GAPDH not only acts as a crucial enzyme in glycolysis but also plays 

important roles in various biological processes including plant response to environmental 

stresses. It has been demonstrated from a loss of function study that GAPDH mediates water 

loss [51]. In a recent study, the nuclear moonlighting of GAPDH has been suggested to be 

involved in conferring better tolerance of Arabidopsis to heat stress [52]. Phosphorylation 

changes were proposed as the main initial factor for stress-dependent translocation of this 

enzyme to the nucleus [53]. Carbohydrate metabolism may regulate plant response to drought 

through dephosphorylation of proteins involved in carbohydrate metabolic pathways [54]. In 

vivo phosphorylation of GAPDH at Ser205 results in a significant decrease in the activity of 

this enzyme during the seed development of wheat [55]. In agreement with previous studies, 

we observed that phosphorylation of GAPDH2 (Q7FAH2) at Ser205 significantly declined in 

droughted plants in comparison with well-watered plants grown in a lower amount of external 

nitrogen.  

SPS plays a key role in sucrose synthesis and contributes to regulation of carbon assimilation 

and partitioning [56]. SPS was reported to be inhibited by phosphorylation in spinach leaves 

under osmotic stress [57]. It was also demonstrated that the phosphorylation level of SPS 

decreased significantly in wheat flag leaves under high nitrogen fertilizer [58]. We can 

postulate a relationship between dephosphorylation of GAPDH, along with SPS isoforms 1F 

and 4F, and changes in their activity that may contribute to the plant response to drought stress, 

especially in plants grown in N250.   
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4.5 Thylakoid membrane proteins are differentially phosphorylated in response to 

water and nitrogen regimes 

Changes in phosphorylation of thylakoid membrane proteins play an important role in plant 

response to environmental stresses [59,60]. The change in phosphorylation events in thylakoid 

membrane proteins was mainly observed in WD/N250 vs. WW/N750. Although there is high 

sequence similarity between LHCB1 and LHCB2, these two members of the LHCB family 

have contrasting patterns of phosphorylation in response to stress. This is in agreement with a 

previous report showing different phosphorylation levels in LHCB1 and LHCB2 in response 

to changing light [61]. Photosystem II reaction center protein H (psbH) was also significantly 

changed in phosphorylation in water-deficit plants, either in N250 or N750. The significant 

increase in psbH concurs with a recent study that has shown the contribution of PbsH 

phosphorylation to PSII repair after photo-inhibition [62]. Abiotic stress causes PSII to become 

more vulnerable to photoinhibition [63], so repair of PSII seems to be required for plant 

viability.  

 

4.6 Significantly over-represented sequence motifs in response to water and nitrogen  

Proline-directed phosphorylation is one of the most common phosphorylation motifs in plants, 

and such proteins play a role in hormone signalling pathways such as ABA metabolism [64]. 

(S/T)/P motifs can be recognized by mitogen-activated protein kinases (MAPKs) [65]. MAPKs 

are involved in signalling pathways in response to multiple environmental stressors and 

developmental mechanisms [66,67]. MAPK signalling cascade is composed of three main 

kinases, MAP kinase kinase kinase (MAPKKK), that phosphorylates MAP kinase kinase 

(MAPKK), which finally phosphorylates MAPK [66]. The RxxS motif is also a potential 

substrate of  MAPKK and subclass III  SNF1-related protein kinase 2 (SnRK2), which is a 

major regulator in water-deficit conditions [68,69]. SxxE motif enrichment was also seen in 

the phosphosites targeted by casein kinase II (CKII). CKII is also engaged in signalling 

pathways activated by stresses [70]. All of the kinase motifs seen in our results, including 

(S/T)/P, RxxS/T, and SxxE, are known to be involved in cellular signalling cascades in plants 

in response to environmental stressors [65]. 
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5. Conclusions 

 

In this study, physiological response and PTM changes at the phosphorylation level of rice 

were studied in response to water deficit in the presence of varying nitrogen supplementation. 

In summary, the physiology data showed that there are essentially no statistically significant 

differences in measured parameters when nitrogen is varied but water status is kept constant, 

while, in contrast, there are statistically significant differences in the measured parameters 

when nitrogen is kept constant but plants are subjected to different watering regimes. Hence, 

we focused on the investigation of phosphorylation changes occurring in response to prolonged 

water deficit. Differential phosphorylation of membrane proteins, especially transporters, 

occurred in either a nitrogen-dependent or independent manner. This suggests that the PTM 

changes of transporter proteins may regulate water maintenance in leaf cells. RNA processing 

proteins were targeted by phosphorylation, indicating the importance of phosphorylation in the 

regulation of these proteins in response to drought. Our findings warrant further investigation 

regarding whether phosphorylation or dephosphorylation, is essential for the activation of these 

transporters and RNA processing proteins.  

The phosphoproteins identified in this study, along with the quantitative information provided 

concerning changing levels of phosphorylation between different conditions, offer a resource 

for researchers and new insights into regulatory networks in plants in response to changing 

water and nutrient regimes.  

 

Abbreviations 

 

ABA Abscisic acid 

ACN Acetonitrile 

Ar Assimilation rate 

DAP Days after planting 

FC 

GO 

LFQ 

Field capacity 

Gene ontology 

Label-free quantitation 

N Nitrogen 

nLC–MS/MS Nanoflow liquid chromatography-tandem mass spectrometry 

PIP Plasma membrane Intrinsic Protein 
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PTM Post- translational modification 

R:S root-to-shoot ratio 

Tr Transpiration rate 

TFA Trifluoroacetic acid 

WD  Water deficit 

WW  Well- watered 
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