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Abstract: Understanding the mechanisms of plant tolerance to osmotic and chemical stress is 
fundamental to maintaining high crop productivity. Soil drought often occurs in combination with 
physiological drought, which causes chemical stress due to high concentrations of ions. Hence, it is 
often assumed that the acclimatization of plants to salinity and drought follows the same 
mechanisms. Grass pea (Lathyrus sativus L.) is a legume plant with extraordinary tolerance to severe 
drought and moderate salinity. The aim of the presented study was to compare acclimatization 
strategies of grass pea seedlings to osmotic (PEG) and chemical (NaCl) stress on a physiological 
level. Concentrations of NaCl and PEG were adjusted to create an osmotic potential of a medium at 
the level of 0.0, −0.45 and −0.65 MPa. The seedlings on the media with PEG were much smaller than 
those growing in the presence of NaCl, but had a significantly higher content percentage of dry 
weight. Moreover, the stressors triggered different accumulation patterns of phenolic compounds, 
soluble and insoluble sugars, proline and β-N-oxalyl-L-α,β-diamino propionic acid, as well as 
peroxidase and catalase activity. Our results showed that drought stress induced a resistance 
mechanism consisting of growth rate limitation in favor of osmotic adjustment, while salinity stress 
induced primarily the mechanisms of efficient compartmentation of harmful ions in the roots and 
shoots. Furthermore, our results indicated that grass pea plants differed in their response to 
drought and salinity from the very beginning of stress occurrence. 
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1. Introduction 

Adverse climatic and soil conditions force us to look for crop plants with innate resistance to 
abiotic stresses, in order to attain and maintain food security. The second most important food 
source, after cereals, is legume plants [1,2]. Legumes are appreciated not only for their nutritional 
(mainly high protein content) and health (bioactive compounds) values, but also economical (cheap 
meat replacement, especially in poorer regions) and ecological (nitrogen soil enrichment) ones [2]. 
This paper focuses on grass pea (Lathyrus sativus L.) [3], one of the oldest domesticated plants in 
Europe (i.e., since approximately 6000 BC) [4]. However, it is currently neglected by breeders and 
unused by farmers [3]. The nutritional composition of grass pea seeds surpasses those of chickpea, 
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pea, broad bean or lupine. The average protein content in its seeds ranges from 25 to 30% of dry 
matter, and its amino acid pool is abundant in lysine but, as with other grain-legumes, it is deficient 
in methionine, cysteine and tryptophan [5,6]. Due to its very strong and deep-reaching root system, 
grass pea is tolerant to different soil pHs, and is capable of growing and developing on different soil 
types, which makes it unique among legumes [7]. Moreover, grass pea is extremely tolerant to 
adverse environmental factors, such as periodic flooding, low temperature, soil salinity and above 
all, prolonged drought. It grows in areas where the sum of precipitation is only 250 mm per year. It 
is basically the last crop to survive and fruit during periods of drought [8,9]. Its high degree of 
atmospheric nitrogen fixing, being conducive to soil fertility, and low grass pea production costs, 
make it an important component of sustainable agriculture [3,7,10]. 

It is widely believed that amongst abiotic stresses, drought and salinity limit plant productivity 
the most [11–14]. Drought generates water stress in plants due to limited or no water availability 
[15]. Soil salinity, in turn, generates both water stress resulting from physiological drought and 
chemical stress resulting from the accumulation of harmful ions (Na+ and Cl−) in toxic concentrations 
[16]. In both cases, the common denominator is the reduced ability of plants to absorb water; 
therefore, both stresses trigger the same initial response in plants [16,17]. This response is a loss of 
water from the cells and their shrinkage, which subsides after a few hours and the cells regain their 
original volume, but their ability to continue elongation growth is reduced, leading to the inhibition 
of root, stem and especially leaf growth [17]. Changing the soil–water relationship limits plant 
transpiration by reducing stomatal conductance, which, in turn, directly affects photosynthesis 
[18–20]. Disturbances in photosynthesis negatively affect primarily the production of assimilates 
(reduced plant growth), but also contribute to the formation of reactive oxygen species (ROS) which 
evoke secondary oxidative stress in cells, leading, among others, to lipid peroxidation, protein and 
DNA damage [19–21]. Disruptions in soil–water relationships also decrease nutrient availability to 
plants and disturb ion homeostasis [19]. In plants subjected to salinity stress, the symptoms of 
chemical stress become visible after a few days. The accumulation of toxic concentrations of Na+ and 
Cl−, mainly in the cytoplasm, but also in the vacuole, disturbs the water structure (kosmo and 
chaotropic effects), and thus, interferes with the biochemical activity of proteins and nucleic acids 
whose polar groups bind water. In addition, high concentrations of Na+ can inhibit enzyme activity 
(by replacing K+) and disrupt Na+/K+ balance, causing not only problems with the intake of K+ ions, 
but also their efflux [22]. 

Being sessile organisms, plants have developed two general mechanisms that allow them to 
survive environmental stresses: stress avoidance and stress tolerance [19]. The ability of plants to 
survive water and salt stress is manifested at different levels of plant organization: from cells 
(molecular, biochemical and physiological responses) to the entire organism (physiological, 
morphological and phenological responses) [12,19]. The mechanisms of tolerance to water (osmotic) 
stress are based on an increase in the root to shoot ratio (increase of absorbent root surface), 
reduction of water loss (stomata closure), accumulation of osmolytes (reduction of the cell water 
potential enabling water uptake from the soil solution) and removal of oxidative stress effects 
(activation of enzymatic and nonenzymatic antioxidants) [12,19]. The basic mechanisms of tolerance 
to salt stress include salt exclusion, consisting of limited the transport of harmful ions to the leaves. 
This is most often executed by selective ion uptake by the roots and retaining them in the lower part 
of the plant body, or their compartmentation in vacuoles if they reach the leaves [16,17,23]. 

Although plant growth is limited mainly by the effects of water stress, in the case of chemical 
stress, plants belonging to the 'salt-sensitive' category also experience an additional reduction in the 
production of assimilates, and further growth inhibition [17]. To be able to properly use the potential 
of plant resistance in breeding, it is necessary to understand which mechanisms underlie the 
response to a particular type of stress [16]. 

The aim of the present study was to evaluate the response of grass pea to PEG stress (drought 
imitating) and NaCl stress (salinity imitating), generating the same osmotic potential of the media. 
We hypothesized that grass pea acclimatization to drought and salinity stress would result from 
different physiological mechanisms. To our knowledge, this is the first research where a direct 
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comparison of grass pea response to these two stressors was examined. To eliminate the influence of 
other adverse factors (extreme temperatures, pathogens, changing light intensities, etc.), 
experiments were conducted in vitro. 

Our findings demonstrated that drought stress induced a whole-plant level response in the 
form of growth rate limitation and increased production of a secondary metabolite used in osmotic 
adjustment. In contrast, salinity stress induced acclimatization mechanisms involving mainly the 
compartmentation of harmful ions. 

2. Materials and Methods  

2.1. Plant Material, Growth Conditions and Stress Treatments 

Plant material consisted of seeds of Polish grass pea (Lathyrus sativus L.) cultivar ‘Krab’. The 
seeds were multiplied from those obtained from a collection of legume plants of the Institute of Plant 
Genetics, Polish Academy of Sciences in Poznań in 2007. The seeds were surface disinfected 
according to Piwowarczyk et al. [24] and seeded on a medium solidified with 5 g l−1 Phytagel (Merck 
KGaA, Darmstadt, Germany). Basal medium comprised macro- and microelements of MS medium 
[25] and 20 g l−1 sucrose. Drought stress and salinity stress were induced by adding polyethylene 
glycol (PEG) and sodium chloride (NaCl) to the basal medium. PEG and NaCl were added at 
concentrations generating the same osmotic potential of the medium (Table 1), as calculated 
according to Kawasaki et al. [26]. For each treatment, ten disinfected seeds were placed in each of 
five vessels, and the experiments were repeated twice. The vessels with the seeds were kept at 24 ± 1 
°C, 16 h day/8 h night photoperiod and fluorescent light of 50 (μmol (quantum) m−2 s−1) intensity. 

Table 1. Osmotic potential of the media and corresponding PEG and NaCl concentrations. 

Osmotic 
potential (MPa) 

Concentration (mM) 
PEG NaCl 

0.0 0.0 0.0 
−0.45 17.5 100.0 
−0.65 22.0 150.0 

PEG: polyethylene glycol 

2.2. Evaluation of Seedling Response to Stress Factors 

2.2.1. Determination of Germination, Seedling Emergence Rates and Biometric Parameters 

Seven days after sowing the seeds, the rates of seed germination and seedling emergence were 
assessed and presented as percentages of all sowed seeds. Seeds with a visible root were treated as 
germinating seeds. Seeds with visible roots and shoots were counted as emerging seedlings. After 14 
days of culture, the shoot and root lengths of the seedlings were measured, and their fresh and dry 
weight were weighed. Separated shoots and roots were weighed, and then dried at 120 °C for 48 h 
and weighed again. Additionally, the percentage of organ dry weight content was calculated 
according to the formula: 𝑥 = 𝑎 × 100% ÷ 𝑏, where x is the percentage dry matter content, a is dry 
weight (mg) and b is fresh weight (mg). 

2.2.2. Determination of Na+ and K+ Content 

Sodium and potassium content were determined using atomic absorption spectrometry (AAS). 
Freeze-dried root and shoot tissue samples (approx. 50 mg) treated with NaCl were placed in 
digestion vessels and predigested at room temperature in 5 ml of 65% HNO3. After one hour, 2 ml of 
30% H2O2 was added to the suspension and digested for another 20 minutes. After preliminary 
digestion, the samples were mineralized for 40 minutes using a microwave digester (speedwave 
ENTRY, Berghof, Eningen unter Achalm, Germany), cooled to room temperature, transferred to 
flasks and adjusted to 25 ml with Milli-Q® water. The solutions were analyzed using atomic 
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absorption spectrometer (Thermo iCE3000, Waltham, MA, US). The cation concentrations were 
measured against the calibration curves (Na+ and K+ standards of trace metal basis purity). 

2.2.3. Determination of Malonyldialdehyde Content 

Malonyldialdehyde (MDA) content was determined according to the spectrophotometric 
method of Dhindsa et al. [27], with modifications. Freeze-dried shoot and root tissues were 
homogenized in 0.1% trichloroacetic acid (TCA) solution (1 ml) and centrifuged (15,000 rpm, 10 
minutes, 4 °C). The extract (0.2 ml) was mixed with 20% TCA containing 0.5% thiobarbituric acid 
(TBA) (0.8 ml). The mixture was incubated for 30 min at 95 °C and centrifuged (15,000 rpm, 10 
minutes, 4 °C). The absorbance of the samples was measured at 532 nm and 600 nm (correction 
value). The content of MDA (nM g−1 dw) was calculated using the absorbance coefficient for MDA (ε 
= 155mM cm−1). 

2.2.4. Determination of Photosynthetic Pigment Content 

The content of photosynthetic pigments was determined using the spectrophotometric method 
described by Lichtenchtaler [28]. Freeze-dried shoot tissues were extracted twice in 1.0 and 0.5 ml of 
80% acetone, and the extract was centrifuged (15,000 rpm, 15 minutes, 4 °C). The absorbance of the 
diluted extract was measured using a spectrophotometer (U-2900 Hitachi High Technologies 
Corporation, Tokyo, Japan) at 649 nm, 665 nm and 480 nm. The contents of chlorophyll a (Chl a), 
chlorophyll b (Chl b) and carotenoids (Car) were calculated according to Wellburn’s [29] equations. 
In addition, total chlorophyll and the ratio of chlorophyll a to chlorophyll b (Chl a/b) were calculated. 

2.2.5. Determination of Soluble and Insoluble Sugars  

The sugar content was determined by a spectrophotometric method with anthrone reagent [30], 
with modifications. Freeze-dried tissues (shoots and roots, separately) were extracted overnight in 1 
ml of Milli-Q-ultrapure water (Millipore Direct system Q3). After centrifugation (15,000 rpm, 10 
minutes), the supernatant was collected, and the pellet was resuspended in 0.5 ml of 0.1 M H2SO4 
and incubated for 60 minutes at 80 °C. Aqueous or acid extracts (0.2 ml) were mixed with 1 ml of 
anthrone reagent (1 g anthrone in 500 ml 72% H2SO4) and incubated for 15 minutes at 95 °C. The 
reaction was stopped on ice and the samples were left to cool to room temperature. The absorbance 
of the samples was measured at 630 nm. The content of sugars (mg g−1 dw) was calculated from the 
calibration curve of glucose. 

2.2.6. Determination of β-N-oxalyl-L-α,β-diamino propionic acid (ODAP) Content 

ODAP content estimation was done according to the spectrophotometric method of Addis and 
Narayan [31]. Freeze-dried tissues (shoots and roots, separately) were extracted on a shaker 
overnight in 1 ml of 60% methanol. The extracts were treated with activated charcoal to remove 
pigments, mixed and centrifuged (15,000 rpm, 10 minutes). The supernatant was divided, and one 
part was hydrolyzed with 3N KOH for 30 minutes in 95 °C. Unhydrolyzed and hydrolyzed extracts 
were mixed with O-phtalaldehyde reagent (OPT) or borate buffer. The OPT reagent (pH 9.9) 
consisted of 50 mg OPT (Merck KGaA, Darmstadt, Germany), 100 μM β-mercaptoethanol, 0.5 ml of 
95% ethanol and 49.5 ml of borate buffer. All the samples were incubated at 38 °C for 2 h. The 
absorbance of the samples was measured at 425 nm. The absorbance of the hydrolyzed sample with 
OPT reagent was reduced by the absorbance of the hydrolyzed sample with borate buffer, and by 
one third of the difference between the absorbance of the unhydrolyzed sample with OPT and the 
unhydrolyzed sample with the buffer. The content of ODAP (mg g−1 dw) was calculated from the 
calibration curve made for DL-2,3-diaminopropionic acid (DAP) (Merck KGaA, Darmstadt, 
Germany). 

2.2.7. Determination of Proline Content 
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The proline content was determined by the spectrophotometric method of Bates et al. [32]. 
Freeze-dried shoots and roots were homogenized in 1 ml of 3% C7H6O6S×2H2O and centrifuged 
(15,000 rpm, 10 minutes, at 4 °C). The reaction mixture consisting of the extract (0.5 ml), 
acid-ninhydrin (0.5 ml) and glacial acetic acid (0.5 ml) was incubated for 1 hour at 100 °C. The 
reaction was terminated on ice. Then, the mixture was extracted with 1 ml of toluene, and the 
absorbance of the samples was measured at 520 nm. Proline concentration (mg g−1 dw) was 
determined from a calibration curve made for L-proline (Sigma-Aldrich Chemie, GmBH, Steinheim, 
Germany). 

2.2.8. Determination of Antioxidant Enzymes Activity 

Freeze-dried tissues (shoots and roots, separately) were homogenized in 1 ml of phosphate 
buffer (pH 6.2) and centrifuged (15,000 rpm, 10 minutes, at 4 °C). The reaction mixture, consisting of 
the diluted extract (1 ml), phosphate buffer (1 ml), p-phenyldiamine (0.1 ml) and 0.1 ml of H2O2 
solution, was kept at 30 °C for 10 minutes. Absorbance was measured at 485 nm after 1 and 2 
minutes [33]. An increase in absorbance of 0.1 equals one unit of peroxidase (POD) activity. 

Freeze-dried tissues (shoots and roots, separately) were homogenized in 1 ml of phosphate 
buffer (pH 7.0) and centrifuged (15,000 rpm, 10 minutes, at 4 °C). The absorbance (240 nm) of the 
reaction mixture consisting of 0.2 ml of the extract, 1.8 ml of phosphate buffer and 1 ml of 0.3% H2O2 
solution in phosphate buffer was measured for 4 min at 1-min intervals [34]. One unit of catalase 
(CAT) activity is the amount of enzyme that decomposed 1 μmol H2O2 in 1 min. 

2.2.9. Determination of Phenolic Compounds Content 

The content of phenolic compounds was determined according to the Folin-Ciocalteu reagent 
method [35]. Freeze-dried shoot and root tissues were separately homogenized in 1 ml of 80% 
methanol. The extract was centrifuged (15,000 rpm, 10 minutes, 4 °C). The diluted supernatant (1 ml) 
was mixed with 0.2 ml of Folin-Ciocalteu reagent and 1.6 ml of 5% sodium carbonate (Na2CO3). The 
samples were incubated for 20 minutes at 40 °C. The absorbance of the mixture was measured at 740 
nm. The content of phenolic compounds (mg g−1 dw) was calculated based on the standard curve 
made for chlorogenic acid. 

2.2.10. Determination of Antioxidant Capacity 

Total antioxidant capacity was determined using the FRAP (ferric reducing antioxidant power) 
assay [36]. The method is based on the reduction of ferric–tripyridyl-s-triazine (Fe3+-TPTZ) complex 
to its ferrous derivative (Fe2+). Freeze-dried shoot and root tissues were separately homogenized in 
0.5 ml of 80% methanol. The extract was centrifuged (13,000 rpm, 3 minutes, room temperature), and 
then 0.1 ml of the extract was mixed with 3 ml of FRAP solution and 0.3 ml of H2O. The FRAP 
solution (300 mM acetate buffer (pH 3.6), 20 mM FeCl3 and 10 mM TPTZ in ethanol (10:1:1, v:v:v) was 
prepared fresh and warmed to 37 °C before preparing the mixtures. After 30 minutes, the 
absorbance of the samples was measured at 595 nm (UV/Vis Spectrophotometer JASCO V-530). The 
antioxidant capacity was presented as Trolox equivalents calculated from standard curves using 
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) at 0.1 to 1.0 mM. 

2.3. Statistical Analysis 

All determinations were made in five replications. Statistical analyses were done using 
STATISTICA 12.0 (StatSoft Inc., Tulsa, OK, USA). The results, within the cultivar, organ and 
parameter, were subjected to a one-way analysis of variance (ANOVA), and the significance of 
differences between the arithmetical means was determined by Duncan post hoc test at p ≤ 0.05. The 
data were subjected to principal component analysis (PCA) performed for all analyzed traits in the 
shoots and roots in R v 3.6.1 [37] with the prcomp() function. The results were visualized for the first 
and second principal component with the autoplot() function from the ggfortify package v 0.4.9 [38]. 
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3. Results 

3.1. Germination Rate and Seedling Performance under Salinity and Drought Stress 

Generally, seedling emergence rate was more negatively affected by the applied stresses than 
seed germination rate. Seed germination was reduced by both stress treatments at their higher 
concentration (150 mM NaCl and 22 mM PEG) (Table 2), while the seedling emergence rate was 
reduced by both stress factors, regardless of the treatment type and concentration (Table 2). Both 
parameters showed no differences in intensity for the corresponding concentrations of PEG and 
NaCl, generating the same osmotic potential of the medium (Table 2). Seedling growth was also 
negatively influenced by the applied stresses. Shoot growth was more severely inhibited by 
drought-imitating conditions than by salinity (Figure 1a–c). Shoot length was reduced on the media 
with both PEG concentrations, and on the media with higher NaCl concentration (150 mM) (Figure 
1a). However, the fresh weight of the shoots was reduced also on the medium with a lower NaCl 
concentration (Figure 1b). The root length and fresh weight decreased both on the media with NaCl 
and PEG; however, no differences were observed between the corresponding NaCl and PEG 
concentrations (Figure 1a,b). Both stressors reduced the average dry weight of shoots and roots 
(Figure 1d). However, an evaluation of dry matter content with reference to fresh weight of organs 
revealed the opposite direction of changes (Figure 1e); the salinity generated by NaCl did not change 
the percentage of dry weight content in the shoots (Figure 1e), but it increased the percentage of root 
dry matter (Figure 1e). In contrast, stress generated by PEG increased dry weight content [%] in both 
the shoots and roots (Figure 1e). In addition, a significantly higher content of dry weight was found 
in both the shoots and roots of the seedlings subjected to PEG-induced stress compared to 
NaCl-induced stress (Figure 1e). 

Table 2. Percentage of grass pea seed germination and seedling emergence under NaCl and 
PEG-induced stress after 7 days of culture.  

Treatment Concentration 
(mM) 

Seed germination 
(%) 

Seedling 
emergence 

(%) 
Control 0.0 100.0 a ± 0.0 96.7 a ± 5.8 

NaCl 
100.0 97.5 a ± 5.0 75.0 b ± 17.3 
150.0 73.3 b ± 5.8 63.3 bc ± 5.8 

PEG 17.5 90.0 ab ± 17.3 68.0 b ± 11.0 
22.0 80.0 b ± 8.2 47.5 c ± 12.6 

Different letters in italic denote significant differences at p ≤ 0.05 within one parameter. 
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Figure 1. Biometric parameters of 14-day old grass pea seedlings under NaCl and PEG-induced 
stress; (a) length of shoots and roots, (b) fresh weight of single shoot and root, (c) morphology of 
seedlings, (d) dry weight of single shoot and root, (e) percentage of shoot and root dry weight 
content. Different letters in italic denote significant differences at p ≤ 0.05 within one organ. 
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3.2. Na+ and K+ Content in NaCl Treated Seedlings 

In 14-day old grass pea seedlings treated with NaCl, the content of K+ ions did not change in the 
shoots, but decreased significantly in the roots (Figure 2a). In turn, sodium ion accumulation 
increased gradually with increasing NaCl concentration in the medium, both in the shoots and roots 
(Figure 2b). The Na+/K+ ratio changed in the same way (Figure 2c). 

 
Figure 2. Content of K+ (a) and Na+ (b) ions and Na+/ K+ ratio (c) in the shoots and roots of 14-day old 
grass pea seedlings under NaCl and PEG-induced stress. Different letters in italic denote significant 
differences at p ≤ 0.05 within one organ. 

3.3. Content of MDA and Leaf Pigments under Drought and Salinity Stress 

In 14-day old grass pea seedlings, MDA accumulation increased in the shoots at lower PEG 
content, and decreased in the roots at lower NaCl content in comparison with the control and the 
corresponding concentration of the other stressor (Figure 3). 

 

Figure 3. Malonyldialdehyde (MDA) content in the shoots and roots of 14-day old grass pea 
seedlings under NaCl and PEG-induced stress. Different letters in italic denote significant differences 
at p ≤ 0.05 within one organ. 

Stress generated by both NaCl and PEG reduced photosynthetic pigment (Chl a, Chl b and Car) 
content in grass pea shoots, with the exception of shoots at lower NaCl concentration (Table 3). The 
decrease in pigment content was more pronounced in the seedlings cultivated under PEG-induced 
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stress than NaCl-induced stress. There were no significant differences in the pigment content ratio 
(Chl a/b) between the control and the corresponding stress factors (Table 3). 

Table 3. Chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoid (Car) content (mg g−1 dw) and 
pigment ratio of 14 day-old grass pea shoots under NaCl and PEG-induced stress.  

Pigment content 
(mg∙g−1dw) 

Pigment ratio 

Treatment/concentration (mM) 
Control NaCl PEG 

0.0 100.0 150.0 17.5 22.0 
Chl a 4.05 a ± 0.16 3.93 a ± 0.07 2.11 b ± 0.17 1.76 c ± 0.13 1.38 d ± 0.25 
Chl b 1.12 a ± 0.04 1.08 a ± 0.01 0.71 b ± 0.16 0.52 c ± 0.07 0.40 c ± 0.06 

Chl a+b 5.17 a ± 0.20 5.02 a ± 0.07 2.82 b ± 0.33 2.28 c ± 0.19 1.77 d ± 0.30 
Car 0.93 a ± 0.04 0.91 a ± 0.03 0.49 b ± 0.01 0.40 c ± 0.02 0.34 c ± 0.06 

Chl a/b 3.61 a ± 0.03 3.63 a ± 0.05 3.03 a ± 0.47 3.41 a ± 0.18 3.48 a ± 0.28 
Different letters in italic denote significant differences at p ≤ 0.05 within one cultivar and parameter. 

3.4. Osmolyte Accumulation under Salinity and Drought Stress 

The soluble sugar content increased in the shoots grown on the media with PEG and with 
higher NaCl concentration, compared with the control. In the shoots at a lower level of NaCl, it did 
not change in comparison to the control, and was lower than in the shoots from the corresponding 
PEG treatment (Figure 4a). In the roots, the accumulation of soluble sugars increased only at a higher 
PEG concentration and decreased at lower NaCl concentration (Figure 4a). In turn, the accumulation 
of insoluble sugar in the shoots intensified under both stresses, and was greater in PEG-stressed than 
NaCl-stressed shoots (Figure 4b). Increased accumulation of insoluble sugars in the roots occurred 
only for higher NaCl concentration (Figure 4b). The ratio of soluble to insoluble sugars decreased in 
the shoots under both stress conditions (Table 4), while in the roots, it increased at higher PEG 
concentration and decreased at lower NaCl concentration. Furthermore, the ratio was higher under 
drought-imitating conditions than in the presence of NaCl (Table 4). 

 

Figure 4. Soluble (a) and insoluble (b) sugar content in the shoots and roots of 14-day old grass pea 
seedlings under NaCl and PEG-induced stress. Different letters denote significant differences at p ≤ 
0.05 within one cultivar and organ. 
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Table 4. Ratio of soluble to insoluble sugar content in 14-day old grass pea shoots and roots under 
NaCl and PEG-induced stress. 

Organ 
Treatment/Concentration (mM) 

Control NaCl  PEG  
0.0 100.0 150.0 17.5 22.0 

shoot 3.7 a ± 0.3 3.0 b ± 0.7 2.7 bc ± 0.4 2.7 bc ± 0.3 2.4 c ± 0.3 
root 5.0 b ± 0.2 4.1 c ± 0.2 4.5 bc ± 0.3 5.0 b ± 0.8 5.8 a ± 0.5 

Different letters in italic denote significant differences at p ≤ 0.05 within one cultivar and organ. 

3.5. Neurotoxin Accumulation under Salinity and Drought Stress 

ODAP accumulation increased both in the shoots and roots under PEG stress (Figure 5a). 
Moreover, its significantly higher content was noted in the shoots grown in the media with PEG than 
that with NaCl. In the roots, accumulation of ODAP was also noted with a higher concentration of 
NaCl, and it was greater than for the corresponding PEG concentration (Figure 5a). 

 

Figure 5. β-N-oxalyl-L-α,β-diamino propionic acid (ODAP) (a) and proline (b) content in the shoots 
and roots of 14-day old grass pea seedlings under NaCl and PEG-induced stress. Different letters in 
italic denote significant differences at p ≤ 0.05 within one organ. 

3.6. Proline Content under Salinity and Drought Stress 

Generally, both stress treatments increased proline accumulation in the shoots and roots of 
‘Krab’ grass pea seedlings (Figure 5b). However, the increase was significantly higher in the shoots 
exposed to PEG-induced stress than to salinity (Figure 5b). Similarly, proline accumulation in the 
roots was higher in the seedlings treated with PEG than with corresponding NaCl concentrations 
(Figure 5b). 

3.7. Antioxidant System under Salinity and Drought Stress 

POD activity was higher, compared with the control, in the shoots subjected to both PEG and 
higher NaCl concentration, and in the roots growing on the media containing NaCl (Figure 6a). 
Moreover, higher POD activity was noted in the roots cultivated on NaCl media than in those 
cultivated on PEG media (Figure 6a). CAT activity, as compared with the control, increased in the 
shoots of the seedlings cultivated at a higher PEG concentration, and decreased at lower salinity and 
drought stress (Figure 6b). In the roots, CAT activity increased following exposure to higher PEG 
and NaCl concentrations, and did not change at the lower ones (Figure 6b). The accumulation of 
phenolic compounds, in relation to the control seedlings, enhanced in the shoots cultivated on the 



Agronomy 2020, 10, 833 11 of 24 

 

media with PEG and lower NaCl concentration (Figure 6c). No differences between the stressors and 
concentrations were noted. In the roots, phenol content increased in the seedlings cultivated on the 
media with NaCl and higher PEG concentration (Figure 6c). Greater accumulation of phenols was 
observed in the roots of the seedlings growing on the media with lower NaCl concentration vs. roots 
from the media with PEG generating the same osmotic potential (Figure 6c). The total antioxidant 
capacity dropped in the shoots of seedlings growing at higher concentration of NaCl and PEG 
(Figure 6d). No significant differences were noted between the corresponding treatments. In contrast 
to this, the antioxidant capacity was significantly higher in the roots under NaCl-induced stress than 
under the corresponding PEG-induced stress (Figure 6d). 

 

Figure 6. Peroxidase (POD) (a) and catalase (CAT) (b) activity, phenolic compound content (c) and 
total antioxidant capacity (as Trolox equivalent) (d) in the shoots and roots of 14-day old grass pea 
seedlings under NaCl and PEG-induced stress. Different letters in italic denote significant differences 
at p ≤ 0.05 within one organ. 

3.8. Principal Component Biplot Analysis 

PCA biplots were generated for shoots and roots separately. They indicated that both principal 
components explained almost 84% of the total variance in the shoots, with the first principal 
component (PC1) explaining 71.4%, and the second (PC2) only 12.22% (Figure 7a). The analysis 
revealed clear differences in grass pea shoot responses depending on the medium used, as 
distinguished by PC1. Under drought stress induced by PEG, shoot response was rather similar, 
regardless of the stressor concentration. Under salt stress, a lower NaCl concentration resulted in a 
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similar plant response as the control, while a higher sodium chloride concentration triggered a 
different reaction, as distinguished by PC1 and PC2 (Figure 7a). The PCA biplots explained also 
almost 75% (PC1: 43.65%, PC2: 31.03%) of the total variance in the roots (Figure 7b). Plant roots 
reacted similarly, regardless of the stressor concentration, with a clear difference in reaction between 
PEG and NaCl, as explained by the second principal component (PC2) (Figure 7b). Furthermore, the 
analysis revealed that the mechanism of response to drought stress in shoot cells was associated 
with an increase in the content of proline, ODAP, soluble and insoluble sugars and POD activity. 
Additionally, these parameters correlated negatively with the content of photosynthetic pigments 
and fresh weight (Figure 7a). The response to the higher NaCl level involved CAT activity. The 
analysis also revealed positive correlations between ODAP, proline and sugars, and negative 
correlations between CAT activity and total antioxidant capacity (Figure 7a). In the roots, the 
response to salinity stress manifested in increased POD activity, phenol accumulation and total 
antioxidant capacity, which were also positively correlated (Figure 7b). In turn, root response to 
drought stress manifested in increased soluble sugar accumulation and MDA content (Figure 7b). 
Furthermore, in the case of more intense stress (both drought and salinity), the roots responded 
similarly by increasing accumulation of proline, ODAP, insoluble sugar, dry weight and activity of 
CAT (Figure 7b). 
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Figure 7. Principal component analysis biplots showing relationships between the medium and 
biochemical parameters in the shoots (a) and roots (b) of 14-day old grass pea seedlings. Chl a: 
chlorophyll a, Chl b: chlorophyll b, Chl a+b: total chlorophylls, Car: carotenoids, MDA: malonyldialdehyde, SS: 
soluble sugar, IS: insoluble sugar, ODAP: β-N-oxalyl-L-α,β-diamino propionic acid, CAT: catalase, POD: 
peroxidase, Ph: phenolic compounds., Pro: proline, FW: fresh weight, DW: percentage of dry weight content., 
FRAP: total antioxidant capacity. 

4. Discussion 

Germination is considered the most critical stage in a plant life cycle; the process is highly 
sensitive to stresses, mainly abiotic ones. It starts with the uptake of water (imbibition), and 
completes with the appearance of a radicle [39]. Germination is a very complex process during 
which seeds need to quickly switch from dormancy to accelerated metabolic activity to enable the 
appearance of the radicle, followed by a plumule [40]. Imbibition consists of rapid water uptake 
until the complete hydration of all cell components and the reactivation of metabolism have 
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occurred, allowing for further stages of germination. Thus, environmental conditions limiting water 
availability, such as drought, salinity or freezing, negatively affect this key process [41]. Many 
authors, who compared germination efficiency under stress induced by NaCl and PEG, observed a 
stronger reduction of germination rates in the presence of PEG, compared to NaCl [42–46]. In our 
study, no significant differences were observed in grass pea seed germination on media with the 
same osmotic potential generated by various stressors (NaCl and PEG). Our results do not confirm 
the observation of Zhang et al. [43], i.e., that sodium ions can act as an osmotic regulator that 
increases water uptake by germinating seeds. Moreover, Na+ ions may have a toxic effect on seed 
germination. Desiccation of seeds upon entering dormancy, and subsequent changes related to seed 
rehydration during imbibition, generate free radicals and damage cellular components. After the 
seed rehydration phase, the seed cells synthesize enzymes associated with the repair and reduction 
of cellular damage that can be adversely affected by sodium ions [40]. The different outcomes of 
previous studies may also have resulted from different experimental techniques. The use of in vitro 
cultures requires seed sterilization by soaking in aqueous solutions for several to a few dozen 
minutes. Grass pea seeds have to be sterilized for over 30 minutes [47–50]; in this way, preliminary 
imbibition already occurs during sterilization. Under stressful conditions, this may facilitate the 
transition to further germination stages, but may also delay them. The delay would be due to the 
increased water potential of the seeds impeding the further uptake of water from an environment 
with lower water potential. This was observed in our study at higher concentrations of NaCl and 
PEG. Moreover, the mobilization of storage material from the cells and the reactivation of cell energy 
metabolism control the seed transition to the next (final) stage of germination. This germination 
stage is often inhibited by harsh environmental factors. The final stage of germination (sensu stricto) 
is the elongation of a radicle and its breaking through the seed coat; this depends on the growth of 
the embryo cells (radicle and surrounding tissues), which is executed by water absorption [40,51]. 
That is why seed germination decline is so often observed in the conditions preventing water uptake 
from the environment [24]. 

Some authors report that the germination capacity of seeds under stress may better reflect 
seedling growth, followed by better plant yield [44]. In our research, however, the percentage of 
seedling emergence was lower (between 10 to 50%), relative to the percentage of germinating seeds. 
Other authors also noted that both salinity and drought had a more negative impact on the growth 
of a hypocotyl than of a radicle [45,46,52]. The postgermination stage of shoot growth commences 
with intensive cell divisions that are very sensitive to water deficit [40]. Interestingly, also for this 
parameter, no significant differences were spotted between NaCl and PEG-induced stress, which 
may suggest that the observed plant response is a reaction to osmotic, rather than chemical, stress. 
Still, dividing cells should be more sensitive to adverse ion ratios, due to a lack of a well-developed 
vacuole into which harmful ions could be discharged [51]. 

The physiological process most sensitive to water deficit is cell growth. Water stress is a highly 
limiting factor in the initial phase of growth, because low turgor pressure inhibits cell growth and 
development [53]. The stressors applied in our study significantly affected shoot and root length and 
weight after two weeks of culture. In this case, our observations were consistent with those of other 
authors, who reported a stronger inhibition of organ growth under stress imitating drought than 
salinity [42,44,46,54,55]. According to Munns [17], the harmful effects of salinity stress involve 
primarily water (osmotic) stress, and chemical stress only after a few days, resulting from the 
accumulation of harmful ions. One of the most important adaptations of plants to water shortage is 
osmotic adjustment [56–59]. Osmotic adjustment, consisting of the accumulation of organic and 
inorganic water-soluble compounds, has two main roles to fulfil: osmoregulation and 
osmoprotection [56,58]. Osmoregulation involves the accumulation of osmotically active 
compounds to reduce the osmotic potential and to maintain the cell turgor necessary for the proper 
course of many physiological processes [58]. In addition, under salinity stress, this process may be 
associated with either complete exclusion of toxic sodium and chlorine ions, or their accumulation, 
but only to a level that is nontoxic to cells [59]. Our results indicate that salinity stress is less harmful 
to grass pea seedling growth than drought stress. One possible explanation is the reduction of root 
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osmotic potential, due to the accumulation of Na+ ions, which allows plants to absorb water more 
efficiently and continue uninhibited growth [51]. High content of Na+ ions, both in the roots and 
shoots of the examined grass pea seedlings, indicated that this parameter controlled the effective 
seedling growth under salinity. Such an effect was not observed in the case of PEG 6000, because its 
high molecular weight does not allow its transport via cell wall pores and into the protoplast [41]. As 
a result, water is withdrawn not only from the protoplast, but also from the cell wall causing 
cytorrhysis, not plasmolysis, which is observed in the case of drought in natural conditions [41]. On 
the other hand, the accumulation of Na+ ions, and to a lesser extent, also Cl-, has a disastrous effect 
on cell growth and function over time [16,23,59]. Consequently, an effective mechanism of ion 
exclusion and the compartmentation of harmful ions in the vacuole, increasing with growing cells, 
and/or preclusion of ion transport to seedling shoots, has to occur [16,17]. A high content of Na+ ions 
in the shoots of cv. ‘Krab’ grass pea seedlings, together with milder growth inhibition effects, 
suggest the occurrence of an effective mechanism of ion compartmentation. Our results also 
revealed no limitations in ion transport to the shoots, despite reduced transpiration in the tissue 
cultures [41]. 

Crops respond to salinity or drought stress by changes in dry matter content [24,46,50,60,61], 
which is considered one of the key indicators in assessments of plant tolerance to abiotic stress [60]. 
Dry matter production in plants is a result of a complex physiological process whose main substrates 
are carbohydrates. Their synthesis occurs primarily during photosynthesis, but also in alternative 
cycles such as gluconeogenesis [62,63]. Disorders affecting photosynthesis and resulting from water 
(osmotic) and chemical stress significantly impair the production of assimilates and their 
distribution in the plant. Often, the main organs using sugars from primary and secondary 
production are the roots, in which osmotically active compounds are produced to change the water 
potential of cells in order to maintain water uptake from the environment [61,63]. Thus, an increase 
in dry matter content is often treated as a feature typical of plants tolerant to water and chemical 
stress [24,50]. Disturbances in carbohydrate metabolism under stress conditions may lead to a 
negative carbon balance, unless at the same time there is a reduction of growth [63]. In the presented 
research, dry matter content increase was observed in the shoots and roots of grass pea in conditions 
imitating drought (PEG-induced stress), as compared with control conditions. Moreover, the dry 
matter content in these seedlings was significantly higher than in the seedlings growing at 
corresponding NaCl concentrations. Such a significant increase in dry matter content, in both the 
above- and underground parts of the seedlings growing in drought-imitating conditions, most likely 
resulted from the production of osmoregulatory compounds (e.g. sugars, proline, glycine betaine), 
as well as osmoprotective and antioxidant compounds (e.g. phenolic compounds) [64]. At the same 
time, as mentioned earlier, these seedlings showed a stronger inhibition of shoot and root growth in 
relation to the control, and shoot growth in relation to the corresponding NaCl concentrations. To 
synthesize 1 mole of an osmolyte, a plant requires much more ATP molecules than to accumulate 1 
mole of NaCl, and ATP synthesis this takes place at the expense of plant growth [16,59]. Moreover, a 
lower increase of dry matter content in the seedlings growing under salinity additionally confirmed 
the role of Na+ ions as osmoregulators. 

To determine plant sensitivity to stress conditions, cell membrane integrity is often assessed by 
evaluating lipid peroxidation [65,66]. The unsaturated membrane lipids of plant cells are attacked by 
ROS overproduced during stress and leading to lipid oxidation (peroxidation) [67]. Peroxidation 
breaks down the unsaturated lipids resulting in, among others, the formation of malonyldialdehyde 
(MDA) [65,67]. The increased accumulation of MDA indicates intense lipid peroxidation, and is 
often interpreted as a symptom of impaired antioxidant system activity [65,68,69]. In the presented 
research, the content of MDA remained fairly stable in both organs (shoots and roots) and under 
both stresses (salinity and drought). This indicates either effective scavenging of free radicals by the 
antioxidant system, or the prevention of free radical production. However, it seems that the 
mechanisms that protect membranes from excessive lipid peroxidation are different, depending on 
the type of stress and organ, and can be associated with increased phenol accumulation or 
peroxidase activity. 
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The sensitivity of plants to stress conditions is very often evaluated by photosynthetic pigment 
content analysis, which allows for an initial assessment of the photosynthetic apparatus condition 
[16,70]. A decrease in the photosynthetic pigment content under conditions of water scarcity, both 
due to drought and salinity, results primarily from disorders in their synthesis [71–73]. A number of 
enzymes are involved in the synthesis of plant pigments [74]. Studies indicate that both drought and 
salinity reduce the content of 5-aminolevulinic acid (ALA), a precursor of porphyrins and, 
consequently, chlorophylls, by interfering with ALA dehydrogenase [71–73]. Dalal and Tripathy [72] 
reported that under stress, plants reduce the expression of genes associated with porphyrin 
biosynthesis, preventing the production of intermediates that could generate free radicals. Pigment 
synthesis disturbances may also result from impaired enzyme activity as a result of disturbances in 
the ionic homeostasis of cells, affecting the availability of enzyme cofactors [75,76]. In the shoots of 
grass pea, the content of photosynthetic pigments decreased under both NaCl- and PEG-induced 
stress. A significantly greater decrease was observed under drought-imitating conditions than under 
salinity. Under NaCl-induced stress, cells are most likely capable of uptaking water for longer 
periods, due to the better osmotic adjustment resulting from (Na+) ion accumulation [59]. This way, 
they can protect the enzymes involved in pigment biosynthesis from dehydration and/or ensure ion 
homeostasis. The drop in pigment content as a result of chlorophyll synthesis disorders, not 
degradation, was also confirmed by no changes in Chl a/b ratio. During the process of chlorophyll 
degradation, Chl b is transformed into Chl a, and this changes the ratio of these pigments [71]. 

One of the most important functions of the photosynthetic apparatus is the production of 
carbohydrates that are indispensable for plant primary and secondary metabolism [77]. Under stress 
conditions, carbohydrates are accumulated and used, e.g., for the osmotic adjustment [56,57]. In 
addition to the aforementioned osmoregulation, osmotic adjustment also plays a protective 
(osmoprotective) role by accumulating compounds that stabilize proteins, especially enzymes, or 
participating in scavenging of newly formed free radicals, thus protecting the plasma membrane 
integrity [78,79]. In the present study, a significant increase in soluble sugar content was observed in 
the shoots of grass pea growing under conditions of PEG-induced stress. In the case of lower 
salinity, other compounds or ions participated in the osmotic adjustment of shoot cells, as evidenced 
by the shoot growth rate and lower content of soluble sugars. Generally, the production of 
osmotically active compounds depends on the efficiency of photosynthesis and/or gluconeogenesis 
activity under stress conditions, and their accumulation in the roots from the partitioning of 
assimilates [80]. The increase in soluble sugar content in the roots was slightly higher on the medium 
with PEG than NaCl. No changes in the content of insoluble sugars, with one exception, were noted. 
A significant increase in insoluble sugar content and no change in the ratio of soluble to insoluble 
sugars was observed in the roots on the medium with higher NaCl concentration, which may 
suggest effective osmotic adjustment mediated by Na+. In addition, the increment in insoluble sugar 
content indicated an increase of other polysaccharides content, e.g., the ones building the cell wall, 
which may act as free radical scavengers [81] or regulate cell growth [82]. In addition to their 
osmoregulatory function, carbohydrates can also serve as osmoprotectants [58]. Simple sugars, 
together with plant hormones, create a signal network in plants participating not only in the cell 
cycle and cell division, but also enabling plant response to emerging stress. Moreover, sugars are 
believed to play an important role in scavenging hydroxyl radicals (OH•) through the Fenton 
reaction in the presence of Fe2+ ions [83]. Regardless of the strategy chosen, effective protection 
against the negative effects of both ionic and osmotic stress was observed in the roots. 

The neurotoxin ODAP is a characteristic compound for grass pea [84]. Grass pea breeding has 
sought to produce cultivars and lines with the lowest content of ODAP [7,10,85]. Meanwhile, some 
research studies have suggested changes in the content of this compound under the influence of 
environmental stresses, indicating that it can play a significant role in plant response to abiotic stress 
[86–93]. Drought stress, most often induced by PEG, increased the ODAP content in various organs 
and tissues [86,88–91]. Under salinity stress, greater variability was observed in ODAP accumulation 
patterns. The content of ODAP decreased at lower concentrations of NaCl (below 0.4%), but it 
increased at higher ones (above 0.4%) [86]. In our study, a higher accumulation of ODAP was also 
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observed in both the shoots and roots of grass pea seedlings under PEG-induced stress. 
Furthermore, salinity stress did not reduce ODAP content either in shoots or roots, and did not 
change or increased it in the roots under higher NaCl concentration. It is believed that ODAP, as a 
soluble nonprotein amino acid, can act as an osmoregulator [88,81], or even as free hydroxyl radical 
(OH•) scavenger [94]. 

Under abiotic stress, plant cells struggle to maintain a balance between energy production and 
consumption. Imbalances, occurring mainly in chloroplasts and mitochondria, result in excessive 
production of ROS and free radicals [95,96]. Plant cells cope with the excess by activating and 
synthesizing de novo antioxidants, both enzymatic and nonenzymatic [97]. 

Under stress conditions, the efficiency of the dark reactions (Calvin cycle) of photosynthesis is 
reduced, leading to the photo-oxidative generation of huge amounts of ROS. To protect cells against 
the uncontrolled generation of oxygen free radicals, plants increase the rate of photorespiration, 
preventing limitation on the PSII acceptor side. However, as a result of intensive photorespiration in 
peroxisomes, H2O2 is intensively produced. CAT is an enzyme that very effectively and efficiently 
scavenges hydrogen peroxide molecules, and its high activity was observed in the leaves of many 
plant species as a response to osmotic stress [96,98]. At the same time, catalase activity may also be 
associated with lignification [99,100]. Grass pea shoots showed intense catalase activity only at 
higher PEG concentrations, indicating massive production of H2O2 during drought stress, which was 
not observed in the case of severe salinity stress. At the same time, higher concentrations of NaCl 
and PEG induced high CAT activity in the roots. In the case of seedlings growing under 
NaCl-induced stress, increased CAT activity, together with increased accumulation of phenolic 
compounds and POD activity, may indicate a progressive process of root lignification. 

Peroxidases (ascorbate, glutathione, guaiacol) belong to the most common enzymatic 
antioxidants [101]. The method used in this study to determine the enzyme activity using 
p-phenylenediamine as a substrate is useful in the determination of guaiacol peroxidase (POD) 
activity [24,102]. Guaiacol peroxidase, also called phenolic peroxidase, is involved in H2O2 
scavenging, as well as in lignin biosynthesis, and therefore, in cell growth and development [101]. 
Different POD isoforms occur in the cytosol, vacuoles, and primarily in the cell wall. It is believed 
that the latter take part in plant defence responses to various stresses [102]. In our research, POD 
activity increased in both shoots and roots under stress conditions. The increase was greater in 
shoots exposed to PEG-induced stress, and in the roots under NaCl-induced stress. Enhanced POD 
activity in the shoots most likely results from stronger stress, as evidenced by stronger growth 
reduction. Increased POD activity in the roots may result from the intensification of lignin 
biosynthesis in the cell walls that can permanently bind Na+ ions [81]. This was also confirmed by the 
observation of increased accumulation of phenolic compounds in these roots. 

Nonenzymatic components of the antioxidant system comprise glutathione, ascorbate, 
tocopherol, carotenoids, and phenolic compounds [103]. Phenolic compounds belong to a very wide 
family of secondary metabolites synthesized in the shikimic acid pathway [104]. It is estimated that 
about 20% of carbon assimilated in photosynthesis is directed to the phenylpropanoid pathway 
[103]. Studies indicate the importance of phenolic compounds in alleviating the negative effects of 
abiotic stresses [105–107]. An increase in drought and salinity tolerance was observed, along with an 
increase in phenolic compound content in both wild and crop plants [108–110]. The antioxidant 
properties of phenolic compounds result from their structure, which makes them excellent reducing 
agents, as well as from the possibility of chelating metal ions, which prevents uncontrolled redox 
reactions [106]. Phenolic compounds can also react with free radicals, becoming phenoxyl radicals, 
which, thanks to their stable structure, stop radical propagation and terminate the radical chain 
reaction [106]. Phenolic compounds also participate in the synthesis of components building the 
secondary cell wall, increasing its thickness and, at the same time, resistance to stress [105]. The 
increase in the content of phenolic compounds that we witnessed in plant roots exposed to NaCl, 
especially at lower concentration, and in comparison with PEG-induced stress, indicated that these 
compounds play important roles in the mechanism of root resistance to salinity stress. Most likely, 
they participated in the chelation of Na+ ions mainly in the cell wall. A similar increase in phenols in 
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plants treated with both stressors, as compared with the control, indicated that shoot phenolic 
compounds acted as osmoprotectants during salinity and drought stress. 

Apart from phenols, other low molecular compounds may also play an important role in 
scavenging free radicals or repairing their harmful effects. Therefore, a FRAP assay was used to 
estimate the total antioxidant capacity. This method allows for quick assessments of the total 
antioxidant activity of low molecular weight antioxidants including phenols, but also ascorbic acid 
and simple sugars [111,112]. Generally, our results indicated that the activity of low molecular 
weight antioxidants was of greater importance in the roots than in the shoots of stressed seedlings. 
Furthermore, the observed alterations point to a greater contribution of low molecular weight 
antioxidants to the acclimatization of grass pea roots to salinity than to drought stress. However, 
strong correlation between FRAP and phenol accumulation, as revealed by PCA analyses, indicated 
a crucial antioxidant role of phenols. 

Different stresses imply disturbances of anabolic process efficiency, leading to a reduction in 
carbon skeleton synthesis during photosynthesis. Moreover, stress imposes the allocation of these 
carbon skeletons from primary metabolism to secondary metabolite production, and leads to the 
synthesis of secondary metabolites involved in plant resistance and/or tolerance mechanisms [113]; 
one such secondary metabolite is proline [114]. The role of proline and the mechanism of its action 
are not clear. Over the years, proline has been treated as an osmotically active substance, responsible 
for the rapid and effective reduction of the cell water potential [114]. Many studies pointed to its 
marginal role in the cell osmotic adjustment [115–117]. It seems that under stress conditions, the 
mechanism of proline action is associated with the protection of enzymes and cellular membranes. 
Due to its kosmotropic properties, proline protects key enzymes against conformational changes 
induced by dehydration under osmotic and/or salt stress. Additionally, it indirectly reduces the 
effects of oxidative stress by protecting antioxidant enzymes against denaturation [118]. The higher 
accumulation of proline in the shoots and roots of grass pea seedlings under PEG-induced stress 
indicated its greater importance in the acclimatization of grass pea to osmotic than to chemical 
stress. Proline, in addition to its role in stabilizing tertiary and quaternary structures of enzymatic 
and structural proteins, is also an important element of osmotin and late embryogenesis abundant 
(LEA) proteins. These proteins are part of a large protein system involved in plant response to 
abiotic stresses, including drought and salinity [119,120]. Under stress conditions, the action of these 
proteins consists of the regulation of the osmotic adjustment by intracellular compartmentation and 
the redistribution of osmolytes, changes in the metabolic rate, as well as increasing cell wall elasticity 
and membrane permeability [121]. Moreover, under salinity stress, these proteins are responsible for 
the redistribution and complementation of Na+ in vacuoles and/or in the cytosol, as well as the 
distribution of sodium ions to the apoplast and its sequestration in the cell wall [122–124]. Increasing 
knowledge of the importance of these proteins in the mechanisms of plant acclimatization to abiotic 
stress underlines the importance of analyses of osmotin and LEA proteins in the future research of 
the response mechanisms of grass pea to stresses. 

5. Conclusions 

Our experiment on NaCl and PEG stressors at concentrations generating the same osmotic 
potential of the medium revealed differences in the mechanisms of grass pea response to salinity and 
drought stress. Grass pea cv. ‘Krab’ was characterized by greater tolerance to salinity (NaCl 
induced) than to drought. The mechanism of grass pea response to salinity stress seems to be 
primarily associated with an effective distribution of Na+ ions, which can be used as osmotically 
active compounds, ensuring adequate hydration of cells, and reducing the need for excessive 
production of osmoprotectants (lower proline accumulation), thus not limiting the growth and 
development of the seedlings. Moreover, increasing phenol and insoluble sugar accumulation, as 
well as the lack of severe stress symptoms (low MDA accumulation), may indicate the sequestration 
of excessive Na+ ions in cell walls. In contrast, grass pea acclimatization to drought depends mainly 
on the mechanism of osmotic adjustment, using soluble sugars as osmoregulators, and proline as 
well as probably ODAP as osmoprotectants, at the expense of plant growth and development. It is 
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believed that in the initial stages, salinity stress is also water (osmotic) stress, and that plant 
responses follow the same mechanisms in both cases. However, our findings indicate that grass pea 
exhibits a clearly differentiated response to salinity and drought stress from the very beginning of its 
vegetation. 
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