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Abstract 

Plasma-activated water (PAW) seed treatment is an emerging green technology that enhances 

plant germination and growth; however, its role in drought stress tolerance remains unclear. In 

this study, pea (Pisum sativum L.) seeds were treated with PAW (10 mg L⁻¹ nitrite, 30 mg L⁻¹ 

nitrate, pH 3.9), Zinc (Zn)-enriched PAW (PAW+Zn; 6 mg L⁻¹ hydrogen peroxide (H₂O₂), 19 

mg L⁻¹ nitrite, 20 mg L⁻¹ nitrate, 14 mg L⁻¹ Zn, pH 4.7), distilled water (DW), or Zn-enriched 

DW. Subsequently, three-week-old plants were subjected to osmotic stress using polyethylene 

glycol 8000 (PEG8000) (20% w/v). PAW induced partial hilum opening and mild seed coat 

damage, while PA(W+Zn) increased nitric oxide (NO) accumulation. Both treatments enhanced 

nutrient levels and shootward translocation, particularly of Zn and iron (Fe). Under stress, PAW 

promoted the formation of larger but thinner leaves, indicating adaptive morphological 

responses. However, stomatal conductance, relative water content, photosynthesis, and starch 

accumulation remained unaffected. Unchanged proline levels and reduced soluble sugars 

suggest that classical osmotic acclimation was not induced by PAW treatments. Instead, both 

PAW and PA(W+Zn) increased abscisic acid (ABA) levels and PsDHN2 expression, indicating 

activation of ABA-dependent stress signalling, likely mediated by nitrate-, nitrite-, and H2O2-

derived signals. Tissue-specific cytokinin (CK) responses and enhanced antioxidant enzyme 

activities (superoxide dismutase [SOD], catalase [CAT]) further suggest the establishment of a 

primed state. Overall, PAW-based seed treatments induce complex physiological and molecular 

responses involving ABA signalling, selected ion translocation, and antioxidant enzymes 

without significantly improved water status, stomatal regulation, or photosynthetic 

performance. 

Keywords: abscisic acid, cytokinin, nitric oxide, osmotic stress, pea, plasma-activated water, 

seed treatment 
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Introduction 

 

Drought affects plant growth by inducing numerous morphological and physiological changes 

(Liao et al., 2025; Song et al., 2026). Drought has been reported to affect cell expansion, 

division and differentiation thereby influencing both plant growth (root, shoot and leaf growth, 

structure) and productivity in a direct manner. Furthermore, limited water supply disrupts key 

physiological processes in plants by impairing photosynthesis, reducing chlorophyll content, 

altering stomatal conductance and water relations. Drought disrupts both uptake and 

translocation of essential nutrients (e.g., zinc [Zn], iron [Fe], manganese [Mn]) in plants. 

Concurrently, it induces oxidative stress through excessive reactive oxygen species (ROS) 

accumulation, while plant tolerance depends on the efficiency of antioxidant defenses. In plants, 

drought-triggered ROS can be scavenged by antioxidant enzymes (e.g. superoxide dismutase 

[SOD], catalase [CAT], peroxidases [POD] etc.) and non-enzymatic antioxidants (e.g. 

ascorbate, glutathione, flavonoids). Another element of the internal defense processes of plants 

is the accumulation of compatible osmolytes (e.g., proline, soluble sugars) which maintain 

osmotic balance by lowering the osmotic potential, thereby facilitating water retention and 

preserving turgor pressure (Liao et al., 2025; Song et al., 2026). Drought stress responses are 

complemented by hormonal regulation, as phytohormones play a crucial role in initiating and 

modulating plant responses through a complex signalling network. Among these, abscisic acid 

(ABA) is a central regulator in drought-stressed plants. Elevated ABA levels induce stomatal 

closure, thereby reducing transpirational water loss, while also promoting the synthesis of 

compatible osmolytes and the expression of drought-responsive genes (e.g. Late 

Embryogenesis Abundant proteins, LEA) (Yoshida et al., 2014; Muhammad Aslam et al., 2022). 

Recently, the role of cytokinins (CKs) has also been recognized. CKs act antagonistically to 

ABA in the regulation of stomatal behaviour (Tanaka et al., 2006). Under drought conditions, 

CK levels typically decline in roots exposed to stress, which may promote root growth and 

contribute to a shift in the root-to-shoot ratio in favour of the root system (Ha et al., 2012). 

In recent years, climate change has increased the frequency and severity of drought events, 

posing a major challenge to agriculture, driven by reduced precipitation and greater climatic 

variability (Verma et al., 2024; Biswas et al., 2025). To mitigate the adverse impacts of drought 

on crop production, the development and application of climate-smart technologies such as seed 

treatment/priming are essential (Saha et al., 2022). Pre-sowing seed treatment improves plant 

tolerance to both abiotic and biotic stresses by activating internal mechanisms, including 

enzyme activity, molecular signalling pathways, and antioxidant defense systems. Seed 
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treatment initiates early metabolic processes without inducing germination through controlled 

hydration enhancing germination rate, uniformity, and seedling vigour. As the treatment is 

applied exclusively to seeds, it also minimizes the release of chemicals into the environment 
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(Thakur et al., 2022; Gohari et al., 2026). Sustainability is further improved by the seed-targeted 

application of reactive oxygen and nitrogen species (RONS)-containing plasma-activated water 

(PAW), which is produced without chemical additives. During plasma activation, a range of 

both short- and long-lived reactive species are generated in the liquid phase, including hydroxyl 

radicals (·OH), peroxynitrite (ONOO⁻), nitrate (NO₃⁻), nitrite (NO₂⁻), hydrogen peroxide 

(H₂O₂), and ozone (O₃). During the creation of nitrate and nitrite from the gas phase nitric oxide 
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(NO) and NO2, or HNO2 and HNO3 (depending on the discharge and plasma-liquid system) 

(Lukes et al., 2014, Janda et al., 2025) dissolved into the water, the acidification of the water 

occurs, reaching pH values as low as 3 (Lukes et al., 2014). The acidic pH favours the 

recombination of nitrite through its reaction with H2O2 through the NO2
- + H2O2 + H+ → 

O=NOOH + H2O process, leading to formation of short-lived peroxynitrite. Under acidic 

conditions the peroxynitrite’s decomposition can occur through more routes, which can lead 

either to free OH· and NO2· radicals, or to nitric acid immediately followed by dissociation into 

NO3
− and H+ (Lukes et al., 2014). As shown in our previous work (Kutasi et al., 2023) the pH 

of the PAW can be increased with the addition of metals, such as Zn, to the water to be treated, 

and thus mitigate the effect of the mentioned process during plasma treatment and storage. 

During the plasma treatment of water containing Zn solid surfaces, due to the oxidation-

reduction reactions while the H+ ions are reduced, the dissolution of Zn2+ ions occurs. In 

biological systems, Zn is central in determining protein structure and catalytic function in 

proteins like Zn-finger transcription factors, RNA polymerase, alcohol dehydrogenase, 

carbonic anhydrase, and Cu/Zn SOD (Stanton et al., 2022) thus influencing diverse 

developmental and stress response processes. Therefore, Zn supply in the liquid may also serve 

as beneficial micronutrient for the plants; however, the effects of Zn-supplemented PAW on 

plants remain largely unexplored. Furthermore, our knowledge is limited about the 

physiological, biochemical, and molecular pathways of plant osmotic stress responses 

modulated by seed-targeted PAW application. 

Soil drought results in osmotic stress in plants, which is commonly and effectively mimicked 

in laboratory experiments by polyethylene glycol (PEG)-induced osmotic stress in nutrient 

solution systems (Michel & Kaufmann, 1973; Verslues et al., 2006). This study aimed to 

develop and characterize PAW with enhanced capacity to mitigate PEG-triggered osmotic stress 

98 



124 in pea plants via seed pre-treatment, and to elucidate for the first time the underlying regulatory 

mechanisms through which Zn-supplemented PAW may confer improved osmotic stress 

tolerance. 
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Materials and methods 

 

 

1.1 Plasma-activated water 

 

For the present study two types of PAWs were prepared: (i) PAW, obtained by plasma treatment 

of deionized water and (ii) PAWZn obtained by plasma treatment of deionized water containing 

Zn solid surface. The deionized water is produced with the ELGA Purelab Option-R 7 purifier 

and is characterized by Total Organic Carbon (TOC) < 20 ppb, Bacteria < 1 CFU/mL, resistivity 

> 15 MΩcm. The Zn has been used in powder form in order to enhance the solid surface and 

consequently the surface reactions. Zn powder, containing grains of irregular shape with sizes 

between 10 to 200 µm, was added to 32 ml water with a spoon of 0.0125 ml volume, 

corresponding to 17 mg (Kutasi et al. 2023). The powder was removed by filtration during its 

use in the seed treatment procedures. 

The RONS were deposited into the water by using a surface-wave microwave discharge 

generated in a quartz tube of outer diameter 6 mm and inner diameter 4 mm, using as a main 

gas argon with 1% (v/v) addition of nitrogen and oxygen, respectively. The discharge has been 

ignited with an input power of 26 W using a CoberMuegge microwave generator (2450 MHz 

±10 MHz, 300 W) based on magnetron (TO300-M23 Panasonic). The length of the discharge 

tube outside of surfatron body was 14 mm, and the gas flow rate was chosen to be 2 slm 

(standard liter per minute). These conditions have ensured the gas discharge plasma column to 

exceed the quartz tube (as shown in Figure S1), and the plasma plume outside the tube to be 

long enough (approx. 20 mm) to allow different contact points with the liquid surface, and as a 

consequence, the tuning of RONS concentration in the liquid phase (Kutasi et al., 2019). The 

1% addition of N2 and O2 to Ar has been chosen to enhance the NO production in the discharge, 

while keeping the input power low (the molecular gases increase the power absorption, i.e. 



154 The main plasma species, which play role in the creation of RONS in the liquid phase are the 

electrons (contributing to the dissociation of H2O and creation of H2O2), and the NO and NO2 

molecules, which initiate the formation of liquid phase nitrite and nitrate (Lukes et al., 2014). 

In the plasma plume, the electron density decreases, while the NO and NO2 densities increase 

downstream (Kutasi et al., 2026). As a consequence, with increasing the distance between the 

discharge tube and the liquid surface the concentration of H2O2 is decreased, while that of the 
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nitrate and nitrite is increased in the treated liquid (Kutasi et al., 2019, Bodor et al., 2026). In 

the present case the discharge tube-liquid distance has been chosen to be 15 mm, which resulted 

in nitrate/nitrite dominated PAWs. 

The water was treated with the microwave discharge plasma for 10 min in a Berzelius beaker 

of 32 mL volume (as illustrated in Figure S1) placed on a magnetic stirrer (IKA lab disc, with 

the stirring speed set to 60-100 rpm). The water treatment was limited for 10 min in order to 

ensure that the final temperature of the water did not exceed 40-45 °C and the evaporation 

during treatment was negligible. The PAWs were transferred to Polypropylene (PP) containers 

and were handled and used for priming at room temperature. 

The PAWs were characterized as described in (Kutasi et al., 2023). The compositions of PAWs 

are given in Table 1. As indicated by the table, the PAW contains only nitrate and nitrite, while 

the less acidic PAWZn contains additionally H2O2. In order to reactivate the reaction of NO2
-

with H2O2 under acidic conditions leading to peroxynitrite formation (the reaction kinetics is 

illustrated in Table 2 with the change of species concentrations during the 24 h priming), for 

seed priming the mixture of the one-day old PAW and PAWZn (50%-50% v/v), noting as 

PA(W+Zn), has been created and used immediately (noted as time = 0 h in Table 2). We note 

that the conductivity of the PAWs strongly depends on the pH (the evolution of the 

conductivities of different ion content PAWs have been analysed in detail in Kutasi et al. 2023). 

Table 1. Characteristics of the prepared plasma-activated waters 

Sample Ageing [H2O2] 

[mg L-1] 

[NO2
-] 

[mg L-1] 

[NO3
-] 

[mg L-1] 

[Zn2+] 

[mg L-1] 

pH Conduc. 

[S cm-1] 

PAW 1 day 0 102 303 - 3.90.2 23210 

PAWZn 1 day 102 293 143 27.90.8 5.70.2 955 

 



180 Table 2. Evolution of plasma-activated waters during the 24 h period of priming at room 

temperature. 
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1.2 Plant material, growth conditions, and experimental setup 

 

The pea seeds (Pisum sativum L. cv Petit provencal, Rédei Kertimag Zrt.) were obtained from 

commercial markets. Seeds were sterilized with 5% (v/v) sodium hypochlorite for 20 minutes, 

followed by a 2-hour washing period in distilled water (DW), including two complete water 

replacements. After sterilization seeds were put into falcon tubes and the treating solutions were 

added onto them for 24h (1 mL/seed). The treatment solutions were the following: distilled 

water [DW], plasma-activated water [PAW], plasma-activated water with zinc [PA(W+Zn)], 

and zinc in distilled water [Zn]. After the 24h long pre-treatment seeds were put into petri dishes 

for 3 days in darkness. For each Petri dish, a sheet of filter paper was first placed at the bottom 

and moistened with 5 mL of DW. Eight seeds were then evenly distributed on the filter paper, 

Sample time 

[h] 

[H2O2] 

[mg L-1] 

[NO2
-] 

[mg L-1] 

[NO3
-] 

[mg L-1] 

[Zn2+] 

[mg L-1] 

pH Conduc. 

[S cm-1] 

PAW 0 0 102 303 - 3.90.2 955 

24 0 72 323 - 3.90.2 955 

PAW 

+seeds 

0.1 0 102 303 - 4.90.2 n.a. 

1 0 102 303 - 5.10.2 26410 

24 0 42 323 - 5.40.1 n.a. 

PA(W+Zn) 0 61 192 203 140.8 4.70.1 1385 

2 31 152 233 n.a. 4.70.1 1405 

24 0 92 253 n.a. 4.60.1 1455 

PA(W+Zn) 

+seeds 

0.1 61 192 203 140.8 5.10.1 n.a. 

1 51 182 223 n.a. 5.30.1 33010 

24 0 82 202 n.a. 5.50.1 n.a. 

 



198 and cultivated for 1 week, with the solution being replaced once halfway through the growth 

period. Finally, we established two experimental groups: one maintained in a standard control 

solution, and another subjected to osmotic stress by a 20 % (w/v) PEG 8000 solution (prepared 
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225 quantified by using 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM 

DA), according to Kolbert et al., 2012, with slight modification. The segments were incubated 

in 10 µM DAF-FM DA solution for 60 minutes at room temperature in darkness. After the 

incubation period cross-sections were washed two times in Tris–HCl buffer (10 mM, pH 7.4). 
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with nutrient solution). Cultivation parameters in the greenhouse were the followings: 

photosynthetic photon flux density (PPFD) of 200 μmol m⁻² s⁻¹ supplied by white light-emitting 

diode (LED) lamps (5700 K), 12h light / 12h dark cycle, relative humidity between 55–60 %, 

and air temperature regulated at 24 ± 2 °C. 

1.3 Seed surface structure analysis by scanning electron microscopy (SEM) 

After the treatment, the seed coat was carefully removed, the region containing the hilum was 

excised, and this portion was subsequently dried for SEM analysis. The samples were mounted 

on SEM stubs, coated with 15 nm gold using a Quorum Q150T ES (Quorum Technologies, 

Lewes, UK) sputter and imaged in a JEOL JSM 7100F/LV (JEOL SAS, Croissy-sur-Seine, 

France) scanning electron microscope at 2 kV accelerating voltage. Hilum pore diameter was 

measured on the digital images using ImageJ Fiji (v.1.54g with Java 1.8.0_345). Spatial 

calibration was performed for each individual micrograph based on the pixel-to-micrometer 

ratio of the internal scale bar. To characterize morphological variability and account for 

irregularities in width along the hilar fissure, five local width measurements were obtained at 

representative locations distributed along the longitudinal axis of each hilum. The arithmetic 

mean of these measurements was then computed to derive the mean hilar diameter for each 

seed. 

 

1.4 Microscopic analysis of NO and Zn ions in the seed coat 

 

Segments from fresh pea seed coat were cut then fixed in 4 % (w/v) paraformaldehyde (PFA) 

solution according to the protocol of (Barroso et al., 2006). The tissues were embedded in a 5 % 

(w/v) agar matrix. Cross sections (100 μm thick) of embedded leaves were prepared with a 

vibratome (Zeiss-Microm, HM650V; Carl Zeiss, Jena, Germany), ensuring uniform and 

reproducible analysis among samples. NO levels in the seed coat cross-sections were semi- 



231 samples were incubated in 25 μM Zinquin solution (in 1x phosphate-buffered saline [PBS], pH 

7.4) for 60 min at room temperature in darkness, followed by a single wash with PBS buffer 

prior to microscopic examination. 
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256 Parameters reflecting biomass production were assessed on harvest. Shoot and root length were 

measured using a graduated ruler. Leaf area was quantified using ImageJ software (v.1.54g with 

Java 1.8.0_345; National Institutes of Health, Bethesda, MD, USA) based on digital images. 

Fresh, dry and turgid weights were quantified using an analytical balance with a measurement 

accuracy of 0.001 g. Leaf relative water content (RWC) was calculated based on the following 

equation: 

51 

52 257 
53 

54 258 
55 

56 259 
57 

260 58 

59 
261 

60 

61 

62 

63 

64 

65 

9 

 

 

10 

12 

18 

23 

25 

31 

33 

42 

44 

5 

6 234 
7 

8 235 
9 

236 

11 
237 

13 238 
14 
15 239 
16 
17 

240 

19 
20 241 
21 

22 
242 

24 
243 

26 244 
27 
28 245 
29 
30 

246 

32 
247 

34 248 
35 
36 249 
37 

38 250 
39 

40 251 
41 

252 

43 
253 

45 254 
46 
47 

48 255 

The fluorescently labelled seed coat cross-sections (in Tris–HCl buffer or 1x PBS, pH 7.4) were 

examined using Zeiss Axiovert 200M inverted microscope (Carl Zeiss, Jena, Germany), 

equipped with filter set 10 (exc.: 450–490 nm, em.: 515–565 nm) for DAF-FM DA and DAPI 

filter set (exc.: 365, em.: 455/50 nm) for Zinquin. Pixel intensities were quantified within 

circular regions (radius 48 μm) using the Zeiss Zen software (version 3.13; Carl Zeiss, Jena, 

Germany). 

 

 

1.5 Analysis of nutrient distribution in seeds using X-ray fluorescence 

 

The elemental distribution within the seeds was analyzed using X-ray Fluorescence (XRF) 

imaging after the samples were dried at 60 °C to an air-dry stage. XRF imaging was performed 

using a Horiba XGT7200V desktop XRF system equipped with a rhodium X-ray tube and a 

silicon drift detector. Energy calibration was achieved using a standard copper plate. The system 

operated under vacuum, applying an X-ray guide tube with a 100 μm diameter with voltage set 

to 50 kV and current of 1 mA. Mapping areas of 11.3 mm x 11.3 mm for seeds and 4.1 mm x 

4.1 mm for coats were measured with a survey time of 1500 s per frame, collecting the data 3 

times per pixel. The distribution of Zn was analyzed by detecting the characteristic Kα 1 

photons, which have a peak energy at approximately 8.616 keV. Data analysis and 

representation were performed using the multi-dimensional data analysis package Hyperspy 

(1.7.5) (de la Peña et al., 2022) in Python 3.11. Distribution profiles were calculated by 

averaging the normalized pixel values within defined Regions of Interest (ROIs) using the 

ImageJ Fiji software (v.2.16.0/1.54p with Java 1.8.0_322). 

1.6 Biomass measurements in vegetative-stage pea plants 



50 
288 purity de-ionized water obtained from a MilliPore Elix 10 device equipped with a Synergy 

polishing unit (Merck GmbH, Rahway, Germany). Calibration standards were prepared from 

the Inorganic Ventures IV-ICPMS-71A multielement stock solution. Elements used as internal 

standards were added to all solutions using Inorganic Ventures IV-ICPMS-71D six-element 

ICP-MS  internal  standard  stock  solution  (Inorganic  Ventures,  Christiansburg,  USA). 
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𝑅𝑊𝐶 % = ∗ 100 

turgid weight − dry weight 
 

1.7 Microscopic analysis of the leaf tissue structure 

 

Leaf segments were prepared as described in 1.4. The leaf cross-sections (in 1x PBS, pH 7.4) 

were examined using bright-field microscopy (Zeiss Axiovert 200M, Carl Zeiss, Jena, 

Germany). Anatomical parameters (whole leaf blade thickness, mesophyll layer, palisade layer, 

spongy layer, ratio of palisade/spongy layers) were measured by using Zeiss Zen (version 3.13) 

software (Carl Zeiss, Jena, Germany). 

1.8  Analysis of microelement concentrations using ICP-MS in root and shoot system 

of pea 

All inductively coupled plasma mass spectrometry (ICP-MS) analyses were carried out on an 

Agilent 7700x ICP-MS system (Agilent, Santa Clara, USA) fitted with an Agilent I AS 

autosampler. The plasma torch was run with an argon gas flow of 15 L min-1 and an R.F. forward 

power of 1550 W. The sample uptake rate, nebulizer gas flow, and sampling depth were adjusted 
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42 

44 
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29 276 

to 750 mL min-1, 1.05 L min-1, and 10 mm, respectively. All experiments were performed using 

Agilent MassHunter software for instrument control and data acquisition (Agilent, Santa Clara, 
30 

277 CA, USA). Data acquisition was carried out in analogue mode with a uniform integration time 

32 
278 of one second, applied to all monitored isotopes (11B, 23Na, 24Mg, 39K, 44Ca, 45Sc, 55Mn, 56Fe, 

34 279 58Ni, 59Co, 63Cu, 66Zn, 78Se) and for both tuning conditions (No Gas, He). Signals for all isotopes 
35 
36 280 

38 281 

were recorded in No Gas tune mode, except for 44Ca, 56Fe and 78Se, where Agilent ORS3 

collision cell (He mode) was used to reduce the effect of spectral interferences. The dried leaf 
39 

40 282 and root material were digested in a solution consisting of 6 mL concentrated nitric acid (HNO3) 
41 

283 and 2 mL concentrated H2O2, after which the volume was brought up to 20 mL with DW. The 

43 284 digested samples were subjected to an 83.3-fold dilution and subsequently fortified with 

45 285 
46 

scandium at a concentration of 10 ppb, serving as the internal standard. The ICP-MS instrument 

47 286 was run with high-purity argon (99.996%) and helium (99.999%) gases, both supplied by 
48 

49 287 Messer Hungarogáz kft. (Budapest, Hungary). All samples were prepared using trace-analytical 

 



293 Translocation factors were calculated according to the following equation (Eid and Shaltout, 

2016): 
1 

294 2 

51 

52 318 acid:distilled water) and then incubated at 100 °C for 1 hour. After the incubation the reaction 

was terminated on ice. Five milliliters of toluene (≥99.5 %) were added to each test tube, after 

which the mixture was vigorously shaken. Following complete phase separation, the 

absorbance of the upper (organic) phase was measured at 520 nm using JASCO V-730 UV- 

Visible Spectrophotometer (JASCO UK). 
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1.9 Determination of stomatal conductance and stomatal density 

 

Stomatal conductance (gₛ) was measured on the surface of fully developed, undamaged leaves 

using a steady-state diffusion porometer (PMR-2 Steady state porometer, PP Systems, 

Amesbury MA, USA). Measurements were conducted between 10:00 and 12:00 h to encompass 

the interval of peak stomatal opening. Data were expressed in mmol m⁻² s⁻¹. Plant leaves were 

immersed in MES/KCl buffer (10/50 mM, pH 6.15), and the epidermal layers were gently 

peeled off with forceps. In all cases, the epidermal strips were taken from the same region of 

the leaf blade, avoiding the veins. The epidermal layers were then mounted on slides in the 

same buffer. Images were captured with a Zeiss Axiovert 200 M microscope and processed 

using Zeiss Zen (version 3.11) software. Stomatal density (pieces/mm2) was determined by 

counting all stomata within a circle of 200 µm in radius. For stomatal aperture measurements, 

the widths of the stomatal pores were recorded (data not shown). 

 

 

1.10 Measurement of ABA and proline concentrations 

 

For the quantification of ABA content of pea leaves, a colorimetric ABA ELISA kit (Antibodies-

online GmbH, ABIN6973585) was used according to the manufacturer’s instructions (Luo et 

al., 2016; Cheng et al., 2018). For the proline assay, a modified protocol based on (Bates et al., 

1973) and (Magné and Larher, 1992) was used. Samples were ground in liquid nitrogen, 

followed by the addition of 3% (w/v) sulfosalicylic acid, after which they were centrifuged at 

3824 x g for 15 minutes, and the resulting pellet was subsequently discarded. A 0.5 mL sample 

was combined with 2 mL of 1% (v/v) ninhydrin solution (prepared in 60:40 v/v glacial acetic 



323 1.11 Determination of leaf pigments and chlorophyll fluorescence 

Leaf discs (25 mg) were collected from independent plants, and three biological replicates were 

taken from each treatment. They were homogenized in 1 mL of pure acetone and then incubated 

in a refrigerator for 24 hours. Following incubation, the samples were centrifuged at 22540 x g 

for 15 minutes at 4 °C. The supernatant was collected, after which 1 mL of 80% (v/v) ethanol 

(prepared in 10 mM TRIS, pH 7.8) was added to the pellet and incubated for 24 h. Following 
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used as the blank, while for starch, the blank consisted of 1.1% (v/v) hydrochloric acid (Hansen 

and Møller, 1975). 
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1.13 Measurement of SOD, CAT and POD activities in pea leaves 
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an additional centrifugation step, the resulting supernatants were combined, and their 

absorbance was recorded at 663, 650, 647, 537, 529, and 470 nm using JASCO V-730 UV-

Visible Spectrophotometer (JASCO UK), respectively. Data analysis conducted in accordance 

with the methodology described by (Sims and Gamon, 2002). 

The maximum quantum efficiency of Photosystem II (PSII) (Fv/Fm) was determined by using a 

chlorophyll fluorometer FluorPen FP 110 (Photon Systems Instruments, Brno, Czech 

Republic). 

 

 

1.12 Quantification of glucose, sucrose and starch contents in pea leaves 

 

A total of 200 mg of leaf tissue was ground in liquid nitrogen, after which 100 mg of the 

homogenate was combined with 1 mL of 80 % (v/v) ethanol and heated at 80 °C for 30 min. 

The solution was centrifuged at 2550 x g for 10 minutes. A second extraction step was then 

performed, and the resulting supernatants were collected and later used for soluble sugar 

quantification. To the pellet obtained previously, we added 1 mL of ultrapure water and 

centrifuged again at 2550 x g for 10 minutes. After this step, the supernatant was removed, and 

1.1% (v/v) hydrochloric acid was added to the pellet, followed by incubation at 100 °C for 30 

minutes. Finally, the samples were centrifuged at 2550 x g for 10 minutes. The resulting 
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44 346 supernatant was collected and used for starch content determination. All samples were diluted 
45 

46 347 and made into three technical replicates. To each test tube, 2.5 mL of ice-cold 72 % (v/v) sulfuric 
47 

348 acid containing 10 mM anthrone (97%) was added. The mixtures were vortexed thoroughly and 

49 
349 then incubated at 95 °C for 8 minutes. The absorbance of the samples was measured at 630 nm 

51 350 in spectrophotometer (KONTRON, Milano, Italy). For soluble sugars, 80% (v/v) ethanol was 

 



355 
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356 To determine the activities of SOD, CAT, and POD, 200 mg of fully developed leaves were 

harvested and ground in a phosphate buffer (100 mM, pH 7.0) containing 1% w/v 

polyvinylpolypyrrolidone and 1 mM phenylmethylsulfonyl fluoride to block protease activity 

(Tari et al., 2015). The resulting extract was transferred to a microcentrifuge tube and 

centrifuged at 12,000 × g for 20 minutes at 4°C. SOD (EC 1.15.1.1) activity was quantified 
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384 Waltham, MA, USA), 10 ng cDNA, and primers at a final concentration of 400–400 nM The 

RT-qPCR protocol started with an initial denaturation step at 95°C for 7 minutes, followed by 

40 amplification cycles consisting of denaturation at 95°C for 15 seconds and a combined 

annealing/extension phase at 60°C for 1 minute. After the amplification reactions were 
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spectrophotometrically using the change in NBT coloration as the indicator. In this assay, one 

unit of SOD is defined as the enzyme quantity that inhibits NBT reduction by 50% (Dhindsa et 

al., 1981). CAT (EC 1.11.1.6) activity was determined based on its ability to decompose H2O2 

into water and oxygen, monitored as a decrease in absorbance at 240 nm. One unit of CAT is 

defined as the amount of enzyme that decomposes 1 μmol of H2O2 per minute (Upadhyaya et 

al., 1985). POD (EC 1.11.1.7) activity was assessed by monitoring the rise in absorbance caused 

by guaiacol oxidation. One unit of guaiacol is defined as the quantity of enzyme that generates 

1 μmol min⁻¹ of oxidized guaiacol (Horváth et al., 2015). In every instance, a JASCO V-730 

UV-Visible Spectrophotometer (JASCO UK) was employed. 

 

1.14 RT-qPCR analysis of osmotic stress- and CK-related genes 

 

For gene expression analysis, tissue from three individual plants was ground in liquid nitrogen, 

and total RNA was subsequently isolated using a Quick-RNA™ Miniprep Kit (Zymo Research, 

Irvine, CA, USA). The quality of the isolated RNA was assessed with a Titertek-Berthold 

(Berthold Detection Systems GmbH, Germany) Colibri Microvolume Spectrometer. Samples 

with sufficient quality were reverse transcribed into cDNA with random hexameric (Esco Micro 

Pte. Ltd AERIS-BG096, Singapore) using MMLV reverse transcriptase (Thermo Scientific, 

Waltham, MA, USA). Relative gene expression levels were then evaluated by real-time 

quantitative Polymerase Chain Reaction (RT-qPCR) using a qTOWER 2.0 system (Analytik 

Jena, Jena, Germany). The target and reference genes were sourced from the National Center 

for Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.gov/). Each individual RT-

qPCR reaction consisted of 5 μL Maxima SYBR Green qPCR Master Mix (2×) (Thermo 

Scientific, Waltham, MA, USA), 3 μL molecular biology grade water (Thermo Scientific, 

https://www.ncbi.nlm.nih.gov/


388 completed, the generated data were evaluated with the RT-qPCR instrument’s dedicated 

software (qTOWER Software 2.2; Analytik Jena, Jena, Germany) (Kukri et al., 2024) and 

relative gene expression levels were determined by the 2(-ΔΔCt) method (Livak and 

Schmittgen, 2001). The genes examined were the following: PsERD1, PsARR5, PsARR9, 

PsARR17, PsAHK3, PsAHK4, PsRD20, PsP5CS, PsDHN2, PsDREB2A. For reference we used 

PsPP2A. Primers are listed in Table S1. 
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414 according to Tukey's post-hoc test. To account for possible variability across independent 

experimental runs, "experimental generation" was initially incorporated as a blocking factor in 

the ANOVA model. Because this blocking effect was not statistically significant (P > 0.05), data 

from the separate generations were pooled for the final factorial analysis to enhance statistical 

power. The data are presented as the mean ± standard error (SE). 
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1.15 Statistical analysis 

 

All experiments were conducted at least twice using independent biological generations. To 

ensure statistical rigor and avoid pseudoreplication, each treatment group per generation 

consisted of three independent vessels, with each vessel containing four plants. For 

morphological and growth parameters (e.g., root and shoot length, biomass), measurements 

from all plants within a single vessel were averaged, and this vessel mean was treated as the 

primary experimental unit for the analysis. For biochemical assays (e.g., SOD activity, proline, 

and soluble sugar content), three technical replicates were measured per sample to ensure 

analytical precision and subsequently averaged into a single value for each biological unit. 

Statistical analyses were performed using OriginPro 2021 software (OriginLab Corporation, 

Northampton, MA, USA). One-way ANOVA was applied for seed coat stainings, XRF, and leaf 

thickness. In the specific case of leaf thickness, one-way analysis was chosen because these 

measurements focused on comparing the effects of different seed treatments specifically under 

PEG-induced stress conditions, relative to the absolute DW control. For parameters involving 

both seed treatment and osmotic stress, a two-way ANOVA was performed to evaluate the main 

effects of 'Seed Treatment' (DW, PAW, PA(W+Zn), and Zn) and 'Osmotic Stress' (0 and 20 

w/v% PEG8000), as well as their interaction. All ANOVA tests were followed by Tukey’s post-

hoc test for multiple comparisons with a significance threshold of P < 0.05. Different letters 

indicate statistically significant differences among all treatment combinations at p < 0.05 



420 2.  Results and discussion 
1 

2 421 Seed-stage effects of PAW pre-treatments: hilum and seed coat structure, nutrient 

homeostasis 
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446 nitrite content is enhanced, while ONOO- formation can also take place. Nitrite acts as a direct 

NO source, as its reduction in the presence of ascorbate at acidic pH can spontaneously generate 

NO (Wang and Hargrove, 2013). In addition, the conversion of nitrite to NO may occur via 

nitrate reductase (NR), either through direct (Rockel et al., 2002; Mohn et al., 2019) or indirect 
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451 present in PA(W+Zn) may also be responsible for NO formation via mitogen activated protein 

kinase 6-mediated phosphorylation of NR enzyme (Wang et al., 2010). Interestingly, Zn- 
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In pea seeds, the hilum region has a role in water absorption and germination initiation, 

functioning as a hygroscopic valve (Upretee et al., 2024). Compared to the normal hilum 

structure of the DW-soaked seed, Zn and PA(W+Zn) treatments caused slightly more opened 

fissure. The trachea within the fissure exhibited a slight loosening in DW, PA(W+Zn) or Zn 

treated seeds. Compared to DW seed, PAW led to a statistically significant opening of the 

fissure, which was accompanied by a pronounced loosening of the trachea (Fig. 1, Fig. S2). 

Moreover, the surface of DW-soaked seeds and Zn-treated seeds near the hilum appeared 

smooth possibly due to its intact cuticle layer, while PAW treatment resulted in rougher seed 

surface (suggested by the qualitative observation of surface damage in Fig. 1 BC, indicated by 

arrows) possibly due to the loss of the hydrophobic wax layer. Consistent with these findings, 
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40 

25 433 previous studies have shown that PAW can oxidize and remove surface lipids, thereby 
26 

27 434 facilitating water uptake (Billah et al., 2020; Rathore et al., 2021; Than et al., 2021; Gone and 
28 

435 Singh, 2025). These indicate that the observed effects on the hilum size and the seed surface 

30 
436 adjacent to the hilum are mainly PAW (~pH 4)-specific and may be attributed to acidification- 

32 437 
33 

induced changes (e.g. protonation of pectins, weakening of calcium-mediated cross-links) in 

34 438 seed coat cell wall properties. However, primarily hilum opening is a consequence of 
35 

36 439 imbibition-induced swelling, low pH may possibly modify cell wall structure to intensify 
37 

38 440 loosening. An enlarged hilum aperture may enhance water uptake, thereby facilitating 
39 

441 germination processes. 

41 
42 442 To assess the immediate impact of seed treatments on the seed coat, levels of NO and Zn ion 
43 

44 443 were semi-quantified using microscopy. In seed coat sections, PA(W+Zn) treatment resulted in 
45 

46 444 significantly elevated (377%) NO levels relative to the control (Fig. 2A and C). Seed treatment 
47 

445 with Zn did not affect NO levels of the seed coat. PA(W+Zn) solution contains H2O2 and its 

 



453 associated fluorescent signals were unchanged by PAW, PA(W+Zn) and even by Zn treatment 

compared to the control (DW) (Fig. 2B and D). Zinquin is a fluorescent probe that detects 

labile, loosely bound Zn²⁺ pools rather than total cellular Zn in plant tissues; accordingly, the 

lack of increased fluorescence following Zn seed treatment suggests that the applied Zn did not 

enhance the labile Zn²⁺ pool in the seed coat, but was likely sequestered by cell wall components 

such as pectins, proteins, phenolics, or phytate (Khotimchenko et al., 2008; Kalinowska et al., 
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2020; Marolt et al., 2020). 

 

To evaluate the possible effect of the treatments on the seed nutrient profile, macro- and 

microelement distributions were detected in the treated seeds by XRF spectroscopy (Fig. 3AB). 
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and showed a further increase under Zn treatment (Fig. 3AB). Consequently, the in-seed levels 

of key macro- and microelements is enhanced potentially improving germination performance 

and stress resilience by facilitating early metabolic activation. 

 

 

PAW seed treatments influence leaf growth in osmotic stressed pea 

 

Following the seed-stage, the effect of seed treatments on unstressed and osmotic stress-affected 

vegetative-stage pea plants were evaluated (Fig. 4). None of the seed treatments affected the 

root and shoot growth parameters of the plants under control conditions. Osmotic stress did not 

change the number of lateral roots (Fig. 4C) and shoot length (Fig. 4D) based on pairwise 

comparisons, but according to two-way ANOVA, PEG stress had a significant effect on shoot 

17 462 Zn levels were elevated by all treatments relative to DW, with the PA(W+Zn) and Zn treatments 
18 

19 463 exhibiting the highest and statistically most significant increases (199% and 218% compared to 
20 

464 DW, respectively) due to direct Zn supply. The acidic nature of PAW (pH ~4) may enhance Zn 

22 
465 accumulation in seeds by releasing Zn from binding sites into a more labile, bioavailable pool. 

24 466 
25 

In case of Fe and Ca, only the PAW treatment caused significantly elevated content probably 

26 467 due to low pH-induced increase in mobilization and solubilization. The changes in Mn, Cl, and 
27 

28 468 S levels showed comparable patterns, with the Zn treatment resulting in significant increase 
29 

30 469 compared to DW. The observed increase in Mn, Cl, and S levels in seeds following Zn treatment 
31 

470 may reflect Zn-induced modulation of metal and anion transport, ion homeostasis, and 

33 471 metabolic demand, resulting in enhanced accumulation of these elements in the seed tissue. Ni 

35 472 
36 

exhibited elevated concentrations following treatment with PAW or Zn, while Na content was 

37 473 increased only by the PA(W+Zn) treatment. K content increased in response to PAW treatment 

 



485 reduced the length of primary and lateral roots (Fig. 4AB) and leaf area (Fig. 4EF) in DW plants 

compared to plants under normal osmotic conditions. These indicate that root cell elongation 

and leaf cell expansion are the most osmotic stress-sensitive cellular processes (González-

Bernáldez et al., 1968; Lecoeur et al., 1995). Of the parameters examined, only leaf area showed 

notable increase as the effect of PAW and PA(W+Zn) seed treatments compared to DW under 

osmotic stress. PAW and PA(W+Zn) resulted in 34% and 33% increases compared to DW under 
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PAW seed treatments modify concentrations and interorgan translocation of 

micronutrients in osmotic stress-exposed pea 
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osmotic stress, which resulted in leaf area similar to that of the healthy plants (Fig. 4EF). This 

effect was supported by the significant interaction between seed treatment and osmotic stress 

on leaf area (p=0.0284) accoriding to two-way ANOVA. The ability of PAW and PA(W+Zn) 

seed treatments to fully restore leaf area under osmotic stress, without affecting growth under 

control conditions, indicates an effective long-term priming mechanism that selectively 

enhances shoot resilience. Similarly, significant induction of leaf growth was observed in pea 

plants developed from PAW-soaked seeds (Dahal et al., 2024). Additionally, notable increase in 

foliar area was detected in non-stressed lettuce and tomato irrigated with PAW, and the inducing 

effect was linked to the nitrate content of PAW (Stoleru et al., 2020; Than et al., 2021; Priatama 

et al., 2025). The growth habit of control and seed treated pea plants is shown in Fig. S3. 

To further investigate PAW effects in leaves, anatomical traits such as total leaf blade thickness, 

mesophyll thickness, palisade layer thickness, spongy layer thickness were determined using 

optical microscopy (Fig. 5). PEG8000-associated osmotic stress significantly reduced all 

anatomical parameters in the leaf of DW treated plants, indicating inhibited cell expansion 

and/or cell number. Interestingly, under osmotic stress, seed treatments with PAW and Zn led 

to additional reductions in the thickness of the leaf blade, mesophyll, and spongy layers, with 

the most pronounced effect observed for Zn (Fig. 5AB). The ratio of spongy and palisade layers 

was not influenced by the treatments (data not shown). In case of Zn seed treatment, both leaf 

area and leaf thickness are reduced by osmotic stress indicating an overall negative effect on 

leaf size. In contrast, PAW seed treatment resulted in larger but thinner leaves, suggesting a 

possible adjustment in leaf morphology that could influence light interception and construction 

cost per unit leaf area, although further experiments are required to substantiate this 

interpretation. 



517 The possible changes in nutrient distribution underlying growth responses were studied by 

measuring in planta concentrations of microelements and calculating translocation factors 

(Table 3AB). Translocation factors were additionally calculated based on total elemental 

content (shoot/root), providing a biomass-weighted estimate of elemental partitioning between 

organs (Table S3). In the leaves of unstressed plants, the PAW, PA(W+Zn) and Zn seed 

treatments increased Zn concentration (Table 3, Table S3). For the Zn-containing treatment 
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solutions, the observed increase in leaf Zn concentrations indicates that seed-applied Zn 

remains bioavailable and is efficiently translocated to the aerial tissues during subsequent 

developmental stages. In the case of Fe, both the PAW and Zn seed treatments caused an 

increase, while B, Cu and Ni concentrations did not change significantly compared to DW under 

normal water supply. Mn, similarly to Zn, showed an increase in the leaves of the healthy plants 

due to PAW, PA(W+Zn) and Zn seed treatments. Overall, these results demonstrate that seed 

treatments with PAW and Zn have long-term effects on plant nutrient status, as reflected by 

increased Zn and Mn concentrations in leaves under non-stress conditions. Furthermore, the 

ability of PAW to enhance Zn, Mn, and Fe accumulation suggests that PAW-induced 

modifications during germination may improve nutrient mobilization and uptake capacity, 

likely through modulation of metal transport and homeostasis pathways. In the leaves of DW 

plants, the osmotic stress significantly reduced the concentrations of all measured 

micronutrients except Zn which can partly be responsible for growth reductions (see Fig. 4 

A,B,E,F). The reduction in leaf micronutrient concentrations under osmotic stress can be 

explained by decreased water uptake and transpiration-driven mass flow, coupled with impaired 

root uptake capacity and reduced translocation to the shoots (da Silva et al., 2011; Naik et al., 

2022). Zn-containing treatments [PA(W+Zn) and Zn] under osmotic stress led to leaf Zn 

concentrations exceeding those of unstressed plants, indicating enhanced Zn uptake and 

translocation and highlighting a strong priming effect on Zn homeostasis. In Fe concentrations, 

which were reduced by osmotic stress, both PAW and Zn seed treatments resulted in a 

significant increase compared to DW. The leaf Fe concentration created by the PAW seed 

treatment was similar to that of the healthy plant. Additionally, B concentrations were increased 

by PAW and PA(W+Zn) compared to DW under osmotic stress, but the resulted B levels were 

much lower compared to non-stressed DW plants. Interestingly, Mn and Cu concentrations, 

which were reduced by osmotic stress, were not improved by the seed treatments. In Ni 



551 that PAW primarily enhances the mobilization and translocation of selected elements such as 

Fe, B, and Ni, likely through acidification- and redox-driven processes, whereas tightly 

regulated elements such as Mn and Cu remain unaffected. This highlights the element-specific 

nature of stress mitigation and nutrient homeostasis in treated plants. 
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To further explore the targets of PAW-related effects in pea, additional leaf-specific osmotic 

stress responses were studied. The stomatal conductance values of PAW, PA(W+Zn) or Zn 
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root system of DW plants, osmotic stress caused relevant decrease in the concentrations of all 

measured microelements. All seed treatments further reduced Zn and Fe concentrations in the 
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in the translocation factor value compared to DW. In the case of B, the increased translocation 

towards the shoot triggered by osmotic stress was reduced by the PAW and PA(W+Zn) seed 

treatments. The translocation of Ni, Cu and Mn was not significantly affected by seed 

treatments in plants exposed to osmotic stress and DW seed treatment (Table 3A, Table S3). 

The similar effect of seed treatments suggests that no PAW-specific modulatory effect can be 

identified regarding nutrient homeostasis and distribution. 

 

 

PAW seed treatments induce ABA but has limited effect on proline accumulation in 

17 560 root, but did not affect Mn, Cu and Ni contents. The B content of the root, which was 
18 

19 561 significantly suppressed by osmotic stress, was increased by the PAW and PA(W+Zn) 
20 

562 treatments (Table 3B, Table S3). The reduction of Zn and Fe concentrations in roots of seed- 

22 
563 treated plants under osmotic stress, coupled with their increased accumulation in leaves, 

24 564 
25 

indicates enhanced root-to-shoot translocation driven by seed treatments. The extent of element 

26 565 translocation from the root to the shoot was determined by calculating the translocation factors 
27 

28 566 (Table 3A, Table S3). Under normal osmotic conditions, there was no significant difference in 
29 

30 567 the root-shoot translocation of elements due to seed treatments. Osmotic stress significantly 
31 

568 increased the transport of B and Ni into the shoot, and to a lesser extent increased the transport 

33 569 of Zn, Mn and Cu, but did not affect the distribution of Fe. In plants exposed to osmotic stress, 

35 570 
36 

PAW seed treatment significantly increased the transport of Zn and Fe into the shoot. 

37 571 Additionally, in the case of Zn, both PA(W+Zn) and Zn seed treatments resulted in an increase 

 



583 seed-treated plants did not differ from those measured in DW plants under normal osmotic 

conditions. Osmotic stress notably reduced stomatal conductance, which was not statistically 

significantly modified by seed treatments compared to DW (Fig. 6A). Similary, no significant 

differences in the sizes of stomatal apertures were determined by microscopic observation of 

epidermal peels of PAW, PA(W+Zn) or Zn seed-treated plants compared to DW plants under 

osmotic stress (data not shown). These reflect that seed treatments did not further decrease 
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614 osmotic stress increased its amount in DW leaves suggesting the activation of osmoprotective 

mechanisms in pea (Fig. 6F). Two-way ANOVA revealed significant effects of treatment (F = 

4.86, p = 0.0044), PEG stress (F = 107.47, p < 0.001), and their interaction (F = 7.05, p < 0.001) 
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stomatal conductance under osmotic stress. Adaxial stomatal density was significantly 

increased by PA(W+Zn) under stress-free conditions (without affecting leaf area, Fig. 2EF) 

suggesting a direct effect on stomatal development rather than a size-related artefact. Osmotic 

stress increased stomatal density on the adaxial side, which was significantly reduced by PAW 

and PA(W+Zn) treatments (Fig. 6C). Two-way ANOVA revealed a significant interaction 

between seed treatment and osmotic stress on adaxial stomatal density (p = 6.4 × 10⁻¹²). These 

effects may be attributable to changes in leaf area (see Fig. 4 EF). On the abaxial side, stomatal 

density did not change with the treatments or stress according to the post-hoc Tukey’s test (Fig. 

6D); however two-way ANOVA revealed a significant interaction between seed treatment and 

osmotic stress (p = 0.03581) suggesting that the treatments induced a coordinated, but subtle, 

modification of the abaxial leaf surface architecture in response to PEG stress. RWC of the 

leaves decreased in osmotic stress-exposed DW plants. The PAW and PA(W+Zn) treatments 

slightly (non-significantly) increased the RWC, while Zn seed treatment caused a significant 

elevation compared to DW (Fig. 6B). ABA content was slightly (non-significantly) increased 

by osmotic stress treatment in the DW leaves, while PAW and PA(W+Zn) seed treatments 

caused a further, statistically significant increase in ABA content (Fig. 6E). Additionally, ABA 

content remained low in the leaves of Zn seed-treated, osmotic stressed plants indicating PAW-

specific induction of the ABA content in osmotic-stressed exposed pea. Two-way ANOVA 

confirmed a highly significant interaction between seed treatment and osmotic stress for ABA 

accumulation (F = 13.47, p = 0.00171). At the same time, PAW- and PA(W+Zn)-induced ABA 

accumulation was not accompanied by a further decrease in stomatal conductance (Fig. 6A). 

This apparent discrepancy may be explained by the fact that osmotic stress itself already 

strongly reduced stomatal aperture, thereby limiting the extent of further closure. Moreover, 

stomatal behaviour is regulated not only by ABA levels but also by hydraulic signals, ROS/NO 

signaling, guard cell sensitivity, and temporal dynamics of the stress response. As for proline, 



617 on proline content. Under non-stress conditions, only minor differences were observed among 

treatments, whereas under PEG stress, Zn treatment induced the highest proline accumulation 

according to Tukey’s post hoc test (p < 0.05). The significant interaction between treatment and 

stress (p < 0.001) confirms that seed priming did not merely increase proline levels overall, but 

specifically  modulated  the  plant's  metabolic  adjustment  to  osmotic  challenges.  This 

demonstrates that PAW and Zn-supplemented PAW treatments act as effective priming agents, 

1 
618 2 

3 
619 

4 

5 620 
6 

7 621 
8 

9 622 
10 

54 

55 
646 (p=0.0546). However, post hoc comparisons revealed only modest differences among 

individual treatment groups under osmotic stress. Although PAW seed treatment resulted in a 

slight, non-significant improvement, PA(W+Zn) and Zn treatments did not markedly alter Fv/Fm 
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preparing the proline biosynthetic pathway for a more robust response upon encountering stress. 

Similar to our results, foliar application of PAW doesn’t trigger proline accumulation in barley 

(Hordeum vulgare, Bussmann et al., 2023). However, it was recently reported that PAW 

increased proline content in drought-stressed Poa pratensis; notably, this effect was observed 

under a combined treatment regime involving both seed priming and PAW irrigation (Zaboli et 

al., 2025). 

 

 

 

Limited effects of PAW seed treatments on osmotic stress-induced changes in leaf 

pigments and PSII efficiency 

As an additional leaf-specific process, we examined the light phase of photosynthesis and the 

related pigment composition of the leaves. Osmotic stress significantly affected carotenoid (p 

= 4.25 × 10⁻⁴) and anthocyanin (p=0.0046) (Fig. 7B and C, respectively) contents according to 

two-way ANOVA; however, post hoc comparisons revealed only modest differences among 

individual groups. Chlorophyll content was primarily affected by PEG-induced osmotic stress 

(p=6.36 × 10⁻¹⁰, Fig. 7A), while treatment effects and the interaction (p=0.05295) remained 

statistically non-significant. The slightly changed carotenoid and anthocyanin levels, together 

with increased chlorophyll content, suggest that the applied osmotic stress treatment did not 

induce a strong photoprotective pigment response but may have altered chlorophyll 

accumulation or turnover. The changes caused by osmotic stress in the DW were not influenced 

by the PAW, PA(W+Zn) or Zn seed treatments (Fig. 7ABC). Osmotic stress significantly 

decreased Fv/Fm, suggesting damage to PSII photochemistry in DW plants. Two-way ANOVA 

confirmed significant effects of both seed treatment (p=0.0165) and PEG-induced osmotic 

stress (p=3.12×10−14) on Fv/Fm, while the interaction effect showed borderline significance 



649 values (Fig. 7D), suggesting that these treatments did not primarily target PSII stability or repair 

mechanisms. Through foliar application, PAW doesn’t improve chlorophyll levels and quantum 

yield of PSII in barley (Bussmann et al., 2023). Contrast with this and our findings, some 

experimental systems have reported that PAW seed treatments can enhance pigment content 

and/or photosynthesis under drought stress; however, these studies involved either combined 

PAW seed and irrigation treatments (Zaboli et al., 2025) or direct cold plasma treatment of seeds 
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To explore the possible long-term antioxidant effects of PAW seed treatments, the activities of 

SOD, POD and CAT as representative enzymatic antioxidants were determined in the leaves of 

pea (Fig. 9). In plants grown under non-stressed conditions, all seed treatments increased the 
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(Li et al., 2025). 

 

PAW seed treatments decrease osmotic stress-induced sugar accumulation in pea leaves 

 

The glucose and sucrose content increased under osmotic stress in the leaves of DW plants (Fig. 

8AB). The increased glucose and sucrose contents under osmotic stress suggest that –besides 

proline accumulation (Fig. 6F) - DW plants also mobilize soluble sugars to maintain osmotic 

balance and to support cellular protection mechanisms (Mohammadi Alagoz et al., 2023). PAW 

and Zn seed treatments markedly decreased the accumulation of glucose and sucrose under 

osmotic stress, likely reflecting enhanced sugar allocation toward the biosynthesis of protective 

compounds. Although the effect of PA(W+Zn) was weaker and not statistically significant in 

pairwise comparisons (Fig. 8AB), two-way ANOVA revealed significant treatment × stress 

interactions for both glucose (p=0.00127) and sucrose (p=0.00193), indicating that the effects 

of seed treatments on soluble sugar accumulation were strongly dependent on osmotic 

conditions. While Zaboli et al., (2025) combined PAW seed priming with irrigation in Poa 

pratensis, and observed enhanced soluble sugar accumulation under drought, our study applied 

PAW only as a seed treatment in pea, likely insufficient to elicit the same response. Additionally, 

starch content of the leaves was not significantly affected by either osmotic stress or seed 

treatments (Fig. 8C). The stability of leaf starch levels suggests that osmotic stress and the 

applied seed treatments primarily influenced soluble sugar metabolism rather than starch 

mobilization. 

 

 

PAW seed treatments induce SOD- and CAT-related antioxidant defense in osmotic stress-

exposed pea 



680 activity of SOD (Fig. 9A). The trends in changes of POD and CAT activities were similar to 

those of SOD, but without statistically significant differences in pairwise comparisons (Fig. 

9BC). These indicate a priming effect, likely mediated by mild ROS signalling or Zn cofactor 

activation, which may enhance the plant’s antioxidant capacity to cope with subsequent 

environmental stresses. Under osmotic stress, SOD activity was significantly enhanced whereas 

CAT activity showed a non-significant decrease according to Tukey test, suggesting a stress- 
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711 dependent ROS signalling in guard cells, thereby uncoupling increased ABA accumulation 

from further stomatal closure (see Fig. 6A,E). 
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induced adjustment of antioxidant enzyme responses in DW plants. The activity of SOD was 

significantly further increased by PAW and was not modified by PA(W+Zn) or Zn treatments 

in osmotic stressed pea (Fig. 9A) indicating a strong PAW-specific SOD enzyme response. 

Moreover, CAT was significantly activated by PAW and PA(W+Zn), but not by Zn seed 

treatment in osmotically-stressed plant (Fig. 9C). POD activity was slightly (non-significantly 

according to Tukey test) increased by PAW and PA(W+Zn) seed treatments compared to the 

osmotic stress-exposed DW plants (Fig. 9B). According to two-way ANOVA, SOD activity 

showed significant treatment × PEG interaction (p = 1.53 × 10⁻⁶, Fig. 9A) and POD activity 

was significantly influenced by both treatment (p=0.01124) and PEG stress (p=0.02501), 

although post hoc comparisons revealed only moderate differences among individual treatment 

groups (Fig. 9B). Similarly, CAT activity exhibited a significant treatment × PEG interaction 

(p=0.03447), indicating that the effects of seed treatments depended on osmotic stress 

conditions. Under PEG stress, PAW and PA(W+Zn) treatments were associated with elevated 

CAT activity compared to PEG-treated DW plants (Fig. 9C). These findings are consistent with 

previous reports showing that various PAW application methods, including seed treatment 

combined with irrigation or irrigation alone, can induce antioxidant enzyme activity or gene 

expression, total antioxidant capacity, ascorbate and glutathione contents in different plant 

species (Adhikari et al., 2019; Bussmann et al., 2023; Ongrak et al., 2025; Zaboli et al., 2025, 

Ali and Dong, 2026). Under drought or PEG-triggered osmotic stress, the activated ABA 

signalling acts as a central regulator of antioxidant defense activation, coordinating the 

induction of key ROS-scavenging enzymes (e.g., Jiang and Zhang, 2001, 2002, 2004; Sheuli et 

al., 2025). This regulatory relationship may also operate in our system, as suggested by the 

further enhancement of osmotic stress-induced ABA signalling and the activation of antioxidant 

enzymes following PAW treatment. A possible additional ABA–ROS regulatory layer may 

involve PAW-induced enhancement of antioxidant capacity, which could modulate ABA- 



713 PAW seed treatments upregulate ABA- and CK-associated genes in the leaf of osmotic 

stressed pea 
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The molecular mechanisms of PAW formulations-triggered responses to osmotic stress were 

examined by evaluating the expressions of ABA-dependent (DEHIDRIN2, PsDHN2) and – 

independent (EARLY RESPONSIVE TO DEHYDRATION 1, PsERD1) marker genes (Fig. 10). 

PsDHN2, encoding a group II LEA protein, was strongly induced by osmotic stress in both 
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under osmotic stress (Fig. 10). In leaves, osmotic stress induced a slight upregulation of 
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roots and leaves (Sahu et al., 2018), with a particularly high (~500-fold) response in leaves. The 

PA(W+Zn) seed treatment further amplified this induction (~700-fold), suggesting that the 

treatment primes the plant for enhanced LEA-mediated protective mechanisms, potentially 

contributing to improved cellular stabilization and osmotic stress tolerance (Fig. 10 AC). The 

Zn seed treatment resulted in decreased expression of PsDHN2 compared to the DW seed 

treatment in the leaf of osmotic stress-exposed plants. Also, PAW seed treatment resulted in 

lower expression rate compared to DW (Fig. 10AC), which may reflect PAW-induced partial 

stress mitigation or a shift toward alternative protective mechanisms (e.g. antioxidant defence) 

in pea leaves. In the root of DW seed treated plants, the osmotic stress-triggered PsDHN2 

induction was more moderate (~40-fold, Fig. 10 BD), compared to the leaf. Seed treatments 

with either PAW, PA(W+Zn) or Zn further increased the expression of PsDHN2 with PAW 

causing the highest induction (~430-fold, Fig. 10 BD). The more moderate stress-induced 

PsDHN2 expression in roots compared to leaves suggests tissue-specific stress sensitivity, while 

the strong induction by PAW indicates that the treatment effectively primes root tissues for 

enhanced LEA-mediated protection. 

In the leaf of DW plants, osmotic stress induced the expression of the PsERD1 gene encoding 

a chloroplast-localized protease regulatory subunit, that responds to dehydration and high 

salinity before the accumulation of ABA (Nakashima et al., 1997). PA(W+Zn) and Zn further 

increased the expression (Fig. 10A) suggesting that these treatments potentiate protective 

mechanisms associated with chloroplast protein quality control under osmotic stress conditions. 

In the root, the PAW seed treatment slightly increased, while PA(W+Zn) and Zn decreased the 

expression of PsERD1 (Fig. 10B) highlighting organ-specific stress responses. This reduction 

may indicate an alleviation of stress perception or the activation of alternative protective 

pathways in root tissues. 



746 PsP5CS, which was further enhanced by the PAW and Zn seed treatments, indicating 

stimulation of proline biosynthesis pathways. Consistent with this, proline content was 

significantly increased by the Zn treatment, while both PAW and PAW+Zn caused only non- 
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treatments (Fig. 10A). In the root, PsHK3, PsHK4 and also PsRR5, PsRR9, PsRR17 were 

mainly downregulated by the seed treatments under normal osmotic conditions. Additionally, 

osmotic stress downregulated these genes, while PAW, PA(W+Zn) and Zn seed treatments 
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significant increases (Fig. 6F), indicating that Zn enhances proline accumulation more 

efficiently. In roots, however, PsP5CS expression was downregulated by osmotic stress, with 

PAW and PA(W+Zn) treatments mitigating this suppression, while Zn further enhancing it, 

highlighting a contrasting regulatory pattern compared to leaves. 

In recent years, CKs have emerged as key regulators of plant adaptation to osmotic stress. 

Elevated CK levels under such conditions can antagonize ABA signaling and its associated 

 

 

 
21 

 

23 

 

 

 

 

 

 

 

32 

34 

 

 

38 

39 767 
40 

768 
42 

769 
44 770 
45 
46 771 
47 

48 772 
49 

50 773 
51 

774 

RESPONSE REGULATOR, PsRR5 and PsRR17 were downregulated by PAW, while PA(W+Zn) 

and Zn seed treatments led to increased expression of these genes in non-stressed plants. The 

expression of both genes were induced by osmotic stress in DW plant, while PA(W+Zn) seed 

treatment resulted in further induction (Fig. 10A). The enhanced expression of response 

regulators under osmotic stress, particularly in case of PA(W+Zn) seed treatment, suggests an 

active feedback regulation of CK signaling pathways. These differential responses likely 

contribute to the observed reduction in leaf thickness (Fig. 5). In contrast, PsRR9 expression 

was increased by the PAW and PA(W+Zn) seed treatments, and lowered by osmotic stress. The 

17 755 responses, delay leaf senescence, mitigate ROS-induced damage and lipid peroxidation, and 
18 

19 756 ultimately promote plant growth and enhance tolerance to osmotic stress (Gujjar and 
20 

757 Supaibulwatana, 2019). Furthermore, the PAW-associated decrease in leaf thickness in 

22 
758 osmotically stressed pea may be due to limitations of cell divisions. Therefore, CK-related 

24 759 
25 

genes as molecular targets of PAW-effect were examined in the leaf, and also in the root system 

26 760 of pea. PAW and Zn seed treatments induced complex, tissue-specific changes in the expression 
27 

28 761 of CK-related genes under both normal and osmotic stress conditions. The expression of 
29 

30 762 ARABIDOPSIS HISTIDINE KINASE (AHK)-type CK receptor pea genes (PsHK3, PsHK4) 
31 

763 were slightly downregulated by the PAW seed treatment under normal osmotic conditions. 

33 764 Osmotic stress upregulated PsHK4, and the PAW or Zn-associated treatments did not influence 

35 765 
36 

this pattern, while PsHK3 expression did not show notable changes induced either by osmotic 

37 766 stress or seed treatments (Fig. 10A). The expressions of the pea homologs of TYPE-A 

 



779 resulted in slight modifications in gene expressions (Fig. 10B). The relative transcript levels of 

PsERD1, PsP5CS, PsHK3, PsHK4, PsRR5, PsRR9, PsRR17 in the leaf and root are shown in 

Fig. S4 and S5, respectively. 
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3.  Conclusion 

 

This study examined the effects of nitrate-dominant PAW and Zn-supplemented PAW, 

containing H2O2, and similar amounts of nitrate and nitrite, as seed priming agents on osmotic 

stress responses in pea. 

Taken together, our results demonstrate that PAW and PA(W+Zn) seed treatments promote 

hilum opening, seed coat NO accumulation and improve seed nutrient composition. 

Importantly, PAW-induced priming activates ABA-SOD/CAT pathway, and is independent of 

proline osmotic regulation. To our knowledge, this is the first study to link PAW-induced 

osmotic stress tolerance to ABA signalling, and to identify PsDHN2 as a robust marker of 

PAW-dependent osmotic stress responses. Moreover, leaf morphology, selected ion 

translocation and cytokinin signaling emerge as further targets underlying effects of PAW seed 

treatments under osmotic stress in pea. While PAW contains reactive species (e.g., H2O2, NO₃⁻ 

and NO₂⁻) and has an acidic pH, the present study was designed to evaluate the integrated 

biological effect of PAW-based seed priming rather than to resolve the contribution of 

individual chemical components. Therefore, the specific roles of these constituents remain to 

be elucidated in future studies using targeted chemical controls. 
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808 Figure legends 
1 
2 809 Figure 1. Representative scanning electron microscopic (SEM) images showing the hilum 

region of pea seeds treated with distilled water (DW), PAW, PA(W+Zn) and Zn for 24 hours. 
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old pea plants developed from seeds treated with distilled water (DW), PAW, PA(W+Zn) and 

Zn for 24 hours. Plants were grown hydroponically without or with PEG8000 (20 w/v%, 3 

days). Different letters indicate statistically significant differences as determined by Tukey's 

test (p < 0.05). Mean ± SE from independent experiments. For gₛ and RWC, n = 9 biological 

units (3 vessels/treatment across 3 runs); for stomatal density, n = 6 biological units (3 

vessels/treatment across 2 runs, 3 images/plant); while ABA and proline reflect n = 6 biological 

replicates (2 runs, 3 technical replicates/sample). 
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(A) 40x magnification showing the whole hilum region. (B) 150× magnification of the hilum, 

micropyle-oriented side. (C) 150× magnification of hilum, opposite to micropyle-oriented side. 

Possible surface damages are indicated by white arrows. 

Figure 2. (A) Values of NO levels (based on pixel intensity of DAF-FM probe) in seed coat 

sections from pea seeds treated with distilled water (DW), PAW, PA(W+Zn) and Zn for 24 

hours. (B) Values of Zn levels (based on pixel intensity of Zinquin probe). Different letters 

indicate statistically significant differences as determined by Tukey's test (p < 0.05). 

Representative microscopic images of DAF-FM DA- (C) or Zinquin (D)-labelled seed coat 

sections. Scales= 200 µm (C) or 500 µm (D). Mean ± SE from 2 independent experiments (n 

= 10 seeds total; 3 sections per seed with 2 regions of interest measured per section). 

Figure 3. (A) Representative XRF elemental maps of macro- and microelements in seeds 

treated with distilled water (DW), PAW, PA(W+Zn) and Zn for 24 hours. (B) Normalized values 

of elemental levels measured in seeds. Different letters indicate statistically significant 

differences as determined by Tukey's test (p < 0.05). 

Figure 4. Primary root length (A, cm), lateral root length (B, cm), lateral root number (C, pcs), 

shoot length (D, cm) and leaf area (E, cm2) of hydroponically-grown 3-weeks-old pea plants 

developed from seeds treated with distilled water (DW), PAW, PA(W+Zn) and Zn for 24 hours. 

Plants were grown hydroponically without or with PEG8000 (20 w/v%, 3days). Different letters 

indicate statistically significant differences as determined by Tukey's test (p < 0.05). (F) 

Representative photographs showing the effects of seed treatments on the size of pea leaves. 

Scale = 2 cm. Mean ± SE from 3 independent experiments (n = 9 biological units; 3 vessels per 

treatment per run). Primary root, shoot length and lateral root number reflect the mean of 36 

plants; lateral root length reflects 10 roots/plant and leaf area represents 2 leaves/plant from the 

same insertion level. 

Figure 5. (A) Thickness (µm) of tissue layers in the leaf of 3-weeks-old pea plants developed 

from seeds treated with distilled water (DW), PAW, PA(W+Zn) and Zn for 24 hours. Plants 

were grown hydroponically without or with PEG8000 (20 w/v%, 3days). Different letters 

indicate statistically significant differences as determined by Tukey's test (p < 0.05). (B) 

Representative microscopic images showing leaf tissue structure of pea in the presence or 

absence of PEG8000. Scale=200 µm. Mean ± SE from 2 independent experiments (n = 9 

biological units; 3 vessels per treatment per run). Anatomical parameters reflect the mean of 36 

plants (2 leaves/plant from the same insertion level). 

Figure 6. Stomatal conductance (mmol m-2 s-1, A), leaf relative water content (%, B), adaxial 

stomatal density (pcs/mm2, C), abaxial stomatal density (pcs/mm2, D), abscisic acid content in 

the leaf (µg/g fresh weight, E), proline content in the leaf (µmol/g fresh weight, F) of 3-weeks- 
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Figure 7. Content of chlorophyll (mg/g fresh weight, A), carotenoid (mg/g fresh weight, B), 

anthocyanin (mg/g fresh weight, C), and values of Fv/Fm in leaves of pea plants grown from 

seeds treated with distilled water (DW), PAW, PA(W+Zn) and Zn for 24 hours. Plants were 

grown hydroponically without or with PEG8000 (20 w/v%, 3 days). Different letters indicate 

statistically significant differences as determined by Tukey's test (p < 0.05). Mean ± SE from 3 
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Supplementary material: 

Figure S1. Image of the surfatron generated surface-wave microwave discharge, with the 

plasma plume being in contact with the water to be treated. 
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Figure S2. Hilum pore diameter on the surface of pea seeds treated with distilled water (DW), 

PAW, PA(W+Zn) and Zn for 24 hours. Different letters indicate statistically significant 

differences as determined by Tukey's test (p < 0.05). Mean ± SE (n = 6 individual seeds per 
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was measured in 3 technical replicates. 

Figure 9. Activity of superoxide dismutase (unit/mg protein, A), peroxidase (unit/mg protein, 

B), catalase activity (unit/mg protein, C) in the leaf of 3-weeks-old pea developed from seeds 

treated with distilled water (DW), PAW, PA(W+Zn) and Zn for 24 hours. Plants were grown 

hydroponically without or with PEG8000 (20 w/v%, 3 days). Different letters indicate 

statistically significant differences as determined by Tukey's test (p < 0.05). Mean ± SE from 2 

independent experiments (n = 6 biological units; 3 vessels per treatment per run). Each sample 

was measured in 3 technical replicates. 

Figure 10. Heat maps representing the expression levels of the examined genes in the leaf (A) 

and root (B) of pea plants developed from seeds treated with distilled water (DW), PAW, 

PA(W+Zn) and Zn for 24 hours. Plants were grown hydroponically without or with PEG8000 

(20 w/v%, 3 days). Relative transcript level of PsDHN2 in leaf (C) and root (D). Data were 

normalized using the P. sativum PP2A gene as internal control. The relative transcript level in 

control samples was arbitrarily considered to be 1 for each gene. 

Table 1. Characteristics of the prepared plasma-activated waters 

Table 2. Evolution of plasma-activated waters during the 24 h period of priming at room 

temperature. 

Table 3. Concentrations (ppm) of Zn, Fe, B, Mn, Cu, Ni is the leaf (A) and root (B) of 3-weeks-

old pea plants developed from seeds treated with distilled water (DW), PA(W+Zn) and Zn for 

24 hours. Plants were grown hydroponically without or with PEG8000 (20 w/v%, 3days). ppm 

= parts per million, RSD% = Relative Standard Deviation percentage, TF = Translocation 

factor. 

6 858 independent experiments (n = 9 biological units; 3 vessels per treatment per run). 
7 859 Photosynthetic pigments (A–C) were measured from each biological unit; Fv/Fm values reflect 
8 860 the mean of 36 plants total 

10 861 Figure 8. Glucose content (mg/g fresh weight, A), sucrose content (mg/g fresh weight, B), 
11 

862 starch content (mg/g fresh weight, C) in the leaf of pea plants developed from seeds treated 
12 

863 
14 864 

with distilled water (DW), PAW, PA(W+Zn) or Zn for 24 hours. Plants were grown 

hydroponically without or with PEG8000 (20 w/v%, 3 days). Different letters indicate 
15 865 statistically significant differences as determined by Tukey's test (p < 0.05). Mean ± SE from 2 
16 866 independent experiments (n = 6 biological units; 3 vessels per treatment per run). Each sample 
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treatment). On each seed, five distinct locations along the hilum fissure were measured to 

determine the mean value for that individual. 

3 
900 Figure S3. Representative photographs taken from 3-weeks-old pea plants grown from seeds 

treated with distilled water (DW), PAW, PA(W+Zn) and Zn for 24 hours. Plants were grown 
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hydroponically without or with PEG8000 (20 w/v%, 3 days). Scale=10 cm. 
 

Figure S4. Relative transcript level of osmotic stress- and CK-related genes in leaf of pea plants 

developed from seeds treated with distilled water (DW), PAW, PA(W+Zn) and Zn for 24 hours. 

Plants were grown hydroponically without or with PEG8000 (20 w/v%, 3 days). Data were 

normalized using the P. sativum PP2A gene as internal control. The relative transcript level in 

control samples was arbitrarily considered to be 1 for each gene. 

 

Figure S5. Relative transcript level of osmotic stress- and CK-related genes in root of pea plants 

developed from seeds treated with distilled water (DW), PAW, PA(W+Zn) and Zn for 24 hours. 

Plants were grown hydroponically without or with PEG8000 (20 w/v%, 3 days). Data were 

normalized using the P. sativum PP2A gene as internal control. The relative transcript level in 

control samples was arbitrarily considered to be 1 for each gene. 

 

Table S1. Primers used for this study. 

Table S2. F and p values from two-way ANOVA evaluating the effects of seed treatment and 

PEG-induced osmotic stress on the quantified physiological and biochemical parameters. 

 

Table S3. Element content values and translocation factor values based on dry weight of 

whole shoot or root. Data are shown as mean ± SE. 
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Table 1. Concentration of species in the different plasma-activated waters 

 

Sample Ageing 
[H2O2] 

[mg L-1] 

[NO2
-] 

[mg L-1] 

[NO3
-] 

[mg L-1] 

[Zn2+] 

[mg L-1] 
pH 

PAW 1 day 0 102 303 - 3.90.2 

PAWZn 1 day 102 293 143 27.90.8 5.70.2 

 

 

PA(W+Zn) 

0 min 61 192 203 140.8 4.70.1 

2 h 31 132 252 140.8 4.70.1 

4 h 31 132 252 140.8 4.70.1 

24 h 0 52 302 140.8 5.10.1 

https://doi.org/10.1111/J.1365-
https://doi.org/10.1105/tpc.109.072959
https://doi.org/10.1371/journal.pone.0082611
https://doi.org/10.1016/j.pbi.2014.07.009
https://doi.org/10.1186/s12870-


 

 

Table 2. Concentrations (ppm) of Zn, Fe, B, Mn, Cu, Ni is the leaf (A) and root (B) of 3-weeks-

old pea plants developed from seeds treated with distilled water (DW), PA(W+Zn) and Zn for 

24 hours. Plants were grown hydroponically without or with PEG8000 (20 w/v%, 3days). ppm 

= parts per million, RSD% = Relative Standard Deviation percentage, TF = Translocation 

factor. 
 

A Leaf 
Zn Fe B 

ppm RSD% TF ppm RSD% TF ppm RSD% TF 

W
it

h
o
u

t 
P

E
G

 DW 54.01 4.25 1.04 266.33 2.39 1.28 15.94 8.18 1.90 

PAW 61.37 2.42 1.03 300.41 2.82 0.95 16.29 1.85 1.96 

PA(W+Zn) 80.47 1.86 1.28 259.00 2.88 0.79 13.70 5.72 2.21 

Zn 70.67 1.76 1.18 305.48 1.89 0.92 13.10 8.44 2.12 

W
it

h
 P

E
G

 

DW 61.05 2.55 1.72 169.87 2.01 1.24 2.60 6.74 11.05 

PAW 61.37 2.81 3.07 239.17 2.64 2.22 3.44 6.81 7.44 

PA(W+Zn) 81.24 3.91 2.93 159.52 2.42 1.21 3.23 15.31 7.37 

Zn 76.19 4.36 3.65 219.49 1.60 1.73 2.30 6.09 11.48 

Leaf 
Mn Cu Ni 

ppm RSD% TF ppm RSD% TF ppm RSD% TF 

W
it

h
o
u

t 
P

E
G

 DW 78.78 0.92 0.67 11.80 2.15 1.21 0.33 7.29 1.69 

PAW 163.85 1.63 0.42 12.58 1.32 1.15 0.42 25.14 1.41 

PA(W+Zn) 123.29 1.26 0.45 12.86 1.32 1.12 0.51 20.44 1.04 

Zn 157.71 2.15 0.46 13.98 1.03 1.02 0.58 27.34 0.96 

W
it

h
 P

E
G

 

DW 28.17 1.86 1.93 7.02 2.81 2.09 0.01 3.06 51.55 

PAW 27.30 1.99 2.23 6.45 3.52 2.31 0.12 21.27 53.50 

PA(W+Zn) 22.46 2.06 2.00 6.98 2.20 1.97 0.01 1.73 52.53 

Zn 22.58 1.41 2.78 6.47 2.48 2.14 0.01 46.76 52.00 

B Root 
Zn Fe B 

ppm RSD% ppm RSD% ppm RSD% 

 

W
it

h
o
u

t 
P

E
G

 DW 51.92 1.52 208.46 4.41 15.94 8.18 

PAW 59.39 1.43 316.29 1.66 16.29 1.85 

PA(W+Zn) 62.64 1.91 326.79 0.85 13.70 5.72 

Zn 59.80 0.94 333.08 1.51 13.10 8.44 

W
it

h
 

P
E

G
 DW 35.43 1.78 136.54 1.15 2.60 6.74 

PAW 20.02 2.46 107.65 1.33 3.44 6.81 



 

 

 

 PA(W+Zn) 27.72 1.54 131.72 1.32 3.23 15.31 

Zn 20.89 2.08 126.51 1.13 2.30 6.09 

Root 
Mn Cu Ni 

ppm RSD% ppm RSD% ppm RSD% 

 

W
it

h
o
u

t 
P

E
G

 DW 78.78 0.92 11.80 2.15 0.33 7.29 

PAW 163.85 1.63 12.58 1.32 0.42 25.14 

PA(W+Zn) 123.29 1.26 12.86 1.32 0.51 20.44 

Zn 157.71 2.15 13.98 1.03 0.58 27.34 

 

W
it

h
 P

E
G

 

DW 28.17 1.86 7.02 2.81 0.01 3.06 

PAW 27.30 1.99 6.45 3.52 0.01 21.27 

PA(W+Zn) 22.46 2.06 6.98 2.20 0.01 1.73 

Zn 22.58 1.41 6.47 2.48 0.01 46.76 

 

 

 



 

 

 



 

 

  

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 

 



 

 

 



 

 

 

 

 

  

  

 

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

  

 

 


