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ABSTRACT: Salinity stress is a major challenge for global agriculture, particularly in arid and semi-arid regions,
limiting plant productivity due to water and soil salinity. These conditions particularly affect countries along the
southern Mediterranean rim, including Algeria, which primarily focuses on pastoral and forage practices. This study
investigates salinity tolerance and ecotypic variability in Vicia narbonensis L., a fodder legume species recognized
for its potential to reclaim marginal soils. Morphological, physiological, and biochemical responses were assessed in
three ecotypes (eco2, eco9, and ecol0) exposed to different salinity levels (low, moderate, and severe). The study was
conducted using a completely randomized block design with three blocks per ecotype per dose. The results from
the two-way analysis of variance demonstrate significant effects across nearly all attributes studied, revealing distinct
ecotypic responses. These findings underscore variations in growth parameters, osmotic regulation mechanisms, and
biochemical adjustments. The substantial diversity observed among these ecotypes in their response to salinity provides
valuable insights for breeders addressing both agronomic and ecological challenges. Multivariate analyses, including
Principal Component Analysis (PCA), revealed key variables distinguishing between ecotypes under salinity stress.
Moreover, Classification based on Salinity Tolerance Indices (STI) further differentiated ecotypic performance with
more precision, and this is because of the combination of the different parameters studied. These results open up new
prospects for the development of strategies to improve the salinity tolerance of forage legumes.

KEYWORDS: Salinity tolerance; Vicia narbonensis; morphological traits; physiological adaptations; biochemical
changes; salinity tolerance index (STI)

1 Introduction

Ongoing global climate change is exacerbating extreme temperatures, drought, and salinity, which pose
significant stressors in agriculture [1]. The increasing global salinity levels are anticipated to escalate into a
more severe issue for agricultural production in the forthcoming decades, especially in arid and semi-arid
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regions [2,3]. Drought, heat, and poor land-water management contribute to salinity problems and challenge

agricultural and forestry production in these regions [4-6].

Worldwide, 800 million hectares of land and 32 million hectares of agricultural land are salt-affected [7].
Additionally, Tayyab et al. [8] reported that approximately one-third of cultivated land globally is impacted
by salt, highlighting salinity as a significant constraint in food and feed production. Excess salts adversely
affect soil structure and fertility, plant growth, crop yield, and microorganisms. This phenomenon is caused
by natural processes, such as dry climates and low precipitations, high evaporation rate, poor waterlogging,
and human factors, such as inappropriate irrigation practices, poor drainage systems, and excessive use of
fertilizers [9,10]. The consequences of salinity are severe, as it can reduce agricultural production by up to
35%, leading to significant food shortages for both humans and animals [11,12]. Agriculture plays a pivotal
role in the economic development of many countries. However, salinity represents a significant obstacle that
hinders the expansion of agricultural areas and the increased production of many crops [13].

Salinity stress affects many plant species by leading to growth inhibition primarily due to osmotic effects
causing water deficits and inducing toxicity and mineral deficiencies [14]. Most plant species, which are
glycophytes, cannot survive in high-salinity soils. High salinity causes both osmotic stress and ion toxicity,
which in turn induces oxidative stress [15,16]. Osmotic stress depends on the fact that the osmotic potential
is more negative outside the roots than inside under a high salt concentration, which makes water uptake
more difficult [17].

Among fodder legumes, the annual species of the genus Vicia have been used in agriculture for centuries.
These species have been cultivated since Roman times, primarily for use as green manure and as fodder to
teed livestock, with Vicia narbonensis being one of the notable species [18]. Given their widespread cultivation
and significant production figures, vetches are considered one of the major agricultural crops worldwide,
playing a crucial role in sustainable farming systems. In 2022, vetch cultivation covered 322,715 hectares
worldwide, with an average yield of 2120.3 kg/ha, resulting in a total production of 684,263.78 tonnes [19].
However, reports on the salinity tolerance of Vicia L. species are limited, leaving a gap in understanding their

tull potential in saline environments.

Breeding salinity-tolerant genotypes is one of the best strategies to mitigate the adverse effects of
high salinity and increase productivity in saline soils [20,21]. Salinity tolerance in plants is not merely a
straightforward trait; rather, it emerges from a complex interplay of various physiological characteristics
that are intricately intertwined and challenging to pinpoint. Therefore, relying solely on the morphological
changes exhibited by a plant in response to salinity may not provide adequate insight into its overall resilience.
It is crucial, therefore, to take into account additional physiological and biochemical factors that contribute
to the plant’s ability to tolerate salinity [22].

Given the significance of this issue, this study aimed to accomplish several objectives: (1) assess the
impact of various salinity levels on the morphological, physiological, and biochemical responses of three
ecotypes of Vicia narbonensis L.; (2) identify the key variables that differentiate the Narbonne ecotypes, and
(3) classify the ecotypes based on Salinity Tolerance Indices.

This structured approach will provide comprehensive insights into how different ecotypes of Vicia

narbonensis L. respond to salinity stress, elucidating crucial factors that influence their adaptability and

resilience under adverse conditions.
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2 Material and Methods
2.1 Plant Material

The study concerns the morphological, physiological, and biochemical response of three ecotypes
belonging to the species Vicia narbonensis L. (eco2, eco9, and ecol0) subjected to different doses of salt
stress (Sodium chloride/Sigma Aldrich). The ecotypes were obtained from ICARDA (International Center
for Agricultural Research in the Dry Areas).

2.2 Experimental Protocol

The experiment was conducted following a completely randomized block experimental design in a
greenhouse at the experimental farm of Ferhat Abbas University 1 in Setif, Algeria (coordinates: 36°12'05.0”
N 5°21'58.5" E). The study was conducted over a period of 42 days, from January 10 to February 21, 2021, with
a design that included three blocks. Each experimental unit consisted of a plastic pot measuring 18 cm in
height and 11 cm in diameter, filled with 1kg of soil that had been sieved through a 3 mm mesh and sterilized
by dry heat at 180°C for 1 h (using a Memmert oven). The seeds of Vicia narbonensis L. were germinated in
vitro on Petri dishes before being transplanted into pots, with one seed per pot. Twelve seeds per ecotype were
replanted. These plants were then subjected to a salinity stress experiment using four NaCl concentrations
(0,4, 8,and 12 g/L). Since there were three ecotypes, this resulted in a total of 36 experimental combinations,
calculated as follows: three ecotypes x four salinity levels x three blocks (Fig. 1). A complete nutrient solution
of a mixture of macro elements (Hoagland formula) and microelements (Arnon formula) was applied twice
a week. The stress was induced after 26 days of growth when the plants reached their branching stage.

BLOCK 1 BLOCK 2 BLOCK 3

Figure 1: Diagram of the experimental plan of the three ecotypes of Vicia narbonensis L. exposed to different levels of
salinity (A: control, B: 4, C: 8, D: 12 g/L)

2.3 Studied Parameters
2.3.1 Growth Parameters

After 16 days of treatment, several measurements were taken from the three blocks at each stress level,
including aerial height (AH) (in centimeters) and growth speed (GS), expressed in milligrams per day, and
calculated by dividing the fresh mown weight in milligrams (BIO YIELD) by the vegetative growth phase
from sowing to mowing expressed in days (VGP). Leaf area was assessed using Image]J software, with the
average of six leaflets from the top of each plant recorded in square centimeters. The aerial dry weight was
also measured in grams.
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2.3.2 Physiological Parameters

Leaf relative water content (LRWC) was measured by submerging 100 mg of fresh leaves in 20 mL test
tubes of distilled water for 16-18 h in the dark at room temperature. After removing excess water, turgid
weight was recorded, and dry weight was determined after steaming the leaves at 70°C for 72 h. LRWC was
calculated using the following formula: LRWC = [(fresh weight-dry weight)/(turgid weight-dry weight)] x
100, according to Schonfeld et al. [23]. Meanwhile, electrolyte leakage (EL) was determined by immersing
15 mg of fresh plant material in 15 mL of demineralized water, incubating the samples at room temperature
for 2 h, then measuring the initial conductivity (L1). The samples were autoclaved at 100°C for 30 min
(Using a BIOBASE vertical autoclave), and the final conductivity (L2) was measured after cooling. EL was
calculated as EL (%) = (L1/ L2) x 100, as described by Lutts et al. [24]. Chlorophyll A and B were extracted
from 0.3 g of fresh leaves using 7 mL of 80% acetone (Merck), followed by centrifugation at 5000 rpm
for 5 min. Absorbance was measured at 663 nm for Chlorophyll A and 645 nm for Chlorophyll B (using
a Jenway/6405 UV/Vis spectrophotometer), and chlorophyll content was calculated using the formulas
provided by Arnon [25]: Chlorophyll A (mg/g fresh weight) = 12.7 * (A663)—-2.69 * (A645) * V/(1000 * W)
and Chlorophyll B (mg/g fresh weight) = 22.9 * (A645) — 4.69 * (A663) x V/(1000 * W), where A663 and
A645 are absorbance values, V is the final volume of the supernatant (mL), and W is the fresh weight of the

sample (g).

2.3.3 Biochemical Parameters

To determine proline content, 50 mg of plant material was heated in 2 mL of 40% methanol (Honeywell)
at 85°C for 30 min. Proline was quantified using a method involving Solution A (300 mL acetic acid
(Honeywell), 80 mL orthophosphoric acid (CLCMlabs), and 120 mL distilled water) and Solution B (3 g
ninhydrin dissolved in 100 mL ethanol), as described by Bates et al. [26]. For soluble sugar content, 100 mg
of plant material was incubated with 3 mL of 80% ethanol (Honeywell) at room temperature for 48 h, and
the total soluble sugars were quantified following the method described by Dubois et al. [27].

2.4 Statistical Analyses

The raw data were subjected to a two-way ANOVA with a significance level set at 5%. Subsequently, a
post hoc Least Significant Difference (LSD) test was applied to perform pairwise comparisons of the means.

All raw data were transformed into salinity tolerance indices according to the method of Zeng et al. [28]
and Rajhi et al. [29]. The tolerance indices were calculated according to the following formula:

STI = Value of the variable under saline conditions/the control average.

Principal Component Analysis (PCA) was conducted on these transformed data to identify key axes and
variables contributing significantly to segregation and to assess dissimilarities among individuals exposed
to varying salinity levels. Subsequently, the average tolerance indices of the variables contributing most
to segregation were subjected to a comparison of means test (LSD) to distinguish homogeneous groups.
XLSTAT version 03.5.2014 software was utilized for these analyses.

3 Results and Discussion

The analysis of variance at the 5% threshold, displayed a significant effect of the factors “ecotype”, and
“dose” and their combination for almost all of the variables studied (Table 1). Leaflet relative water content
(LRWC) exhibited a non-significant effect of the “dose” factor. Similarly, aerial dry weight (ADW) displayed
a non-significant effect of both “ecotype” and “ecotype*dose” factors. In addition, these variables presented
a very high coefficient of determination, which explained that the majority of variability (65%-98%) of the
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variables to be modeled was explained by the explanatory variables, which were in this case “ecotype”, “dose”
and their interaction. These results reflected the magnitude of the diversity of these ecotypes, which constitute
a breeding ground for breeders to face both agronomic and ecological challenges. These genetically diverse
ecotypes could be used as promising parents for hybridization [30] to develop superior hybrids with desirable
combinations of traits [31].

3.1 Morphological Characters

The morphological parameters studied included aerial height (AH), aerial dry weight (ADW), growth
speed (GS), and leaf area (LA). The general average taken by the aerial height (AH) of the plants was equal to
13.63 cm. The tallest stem was present in the ecotype “eco2” with 15.81 cm. On the other hand, the dwarfest
stem was noted in the ecotype “eco 10” with 11.19 cm (Table 1).

The average dose effect affected enormously the height of almost all of the Vetch plants studied with a
reduction that reached almost 50% for the high dose (12 g/L). These results could be explained by previous
studies [32,33] indicating that high salinity first reduces elongation and cell division due to the osmotic effect
created around the root subsequently causing Na+ toxicity and ionic imbalance, which damages the cells in
the transpiring leaves. Therefore, seedling growth decreases in high-salt environments. Bilgili et al. [34] found
that the greatest heights of Common Vetch seedlings were obtained in unsalted pots, and the lowest heights
were obtained in pots treated with the highest concentration of salt. Additionally, Osuagwu et al. [35] noted
significant reductions in the plant height of three varieties of African yambean (Sphenostylis stenocarpa)
when exposed to high salinity doses. This is in line with the results obtained during our study concerning
eco2 and eco9.

An average value of 0.20 g/plant was recorded for aerial dry weight (ADW). While the growth speed
(GS) variable had an average equal to 26.17 mg/day (Table 1). The dose-effect negatively and significantly
affected both the aerial biomass and growth speed variable at high doses of salinity, with reductions of 31.33%
and 60%, respectively. Reduction in plant growth and dry-matter accumulation under saline conditions has
been reported in several grain legumes [36]. Several authors have reported reduced growth and biomass yield
in legumes owing to NaCl [37,38]. The reduction in growth and biomass yield due to salinity was attributed to
the inhibition of cell division and elongation [39,40]. Simultaneously, a considerable increase (between 30%
and 33%) in aerial biomass (dry weight) was displayed under low and moderate salinity conditions. The same
trend was observed for eco 10 with respect to the speed of growth. Castroluna et al. [41] explained that this
response is a stress avoidance strategy. It involves elongating the aerial parts of the plant while maintaining
or altering root production to decrease surface area and reduce permeability.
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The general average taken by the leaf area (LA) measured on the ecotypes studied was equal to 5.15 cm?
(Table 1). Overall, our study revealed an exceptional model in which the average dose effect displayed
increases in the leaf surface area of most ecotypes subjected to NaCl concentrations (4 and 8 g/L) of NaCl. This
contradicts the majority of salt stress results found in the literature where several authors have mentioned
that the negative impact of NaCl on leaf surface development was evident at the lowest salt concentration
and increased linearly with increasing salt concentration [42,43]. The increase in leaf surface area during our
study could only be explained by the avoidance model adopted by certain species which consists of increasing
the surface area of the aerial parts after exposure to low and moderate concentrations of salinity, as cited by
Castroluna et al. [41]. In the present study, the highest concentration of NaCl caused the maximum inhibitory
effect on the leaf areas of eco9 and eco2. The reduction in total leaf area caused by salinity may be linked to
the decline in leaf turgor and suppression of cell division [44]. Alzahrani et al. [5] during their studies on two
genotypes of Vicia faba L. found that salt stress reduced the leaf area of the two cultivars, and a maximum
reduction of 62.39% and 51.63% was reported under the concentration of 150 mM NaCl compared to the
control. Our results showed maximum reductions of 12.55% and 25.33% for the two ecotypes eco9 and eco2,
respectively, exposed to a salinity concentration of 200 mM NaCl. In light of these results, we can say that
our ecotypes (eco2 and eco9) exhibited a much higher tolerance (three times more) than that revealed by
Alzahrani et al. [5] regarding leaf area. In addition, the ecotype (ecol0) showed to be the most tolerant to
salinity and went from 3.84 cm? in the absence of stress to 4.16 cm? for the low dose (4 g/L), 4.40 cm? for the
moderate dose (8 g/L) and 4.97 cm? for the high dose (12 g/L) (Table 1). This ecotype requires more attention
and should be exposed to further salt stress tests to confirm its behavior. However, it is important to note that
the main difference between our study and that of Alzahrani et al. [5] lies in the duration of stress exposure
before measurements were taken. Specifically, we exposed the subjects to stress for 16 days, whereas they did
so for 35 days.

3.2 Physiological Parameters

The physiological parameters investigated included leaflet relative water content (LRWC), electrolyte
leakage (EL), and chlorophyll A and B content (CHL A and B).

Analysis of variance for leaflet relative water content (LRWC) showed that the effect of the “dose”
factor was not significant (p value = 0.75, F = 0.4). However, the interaction between ecotype and dose was
significant (p value = 0.0039, F = 4.40), suggesting that ecotype behavior was influenced by how each ecotype
responds to different doses. Salt stress significantly suppressed the relative water content of leaflets [45].
Additionally, He et al. [46] noted that in their study on Beta vulgaris var. cicla under 0.3% salt stress, LRWC
decreased by 2.64% compared to that of the control. However, at 0.5% and 0.7% salt stress levels, LRWC
decreased significantly by 13.70% and 18.10%, respectively, compared with the control. Our results diverged
from those of these studies, where no trend was observed regarding this variable for the three ecotypes
exposed to different salinity levels. Decreased plant growth in saline soils is caused by soil osmotic and
water potential, specific toxicity, and nutritional deficits [41]. Often, plant cell membranes are subject to
modifications related to increased permeability and loss of integrity under environmental stress [47].

Our results showed that salinity significantly affected membrane permeability (EL) (p value =< 0.0001,
F =109,71), with considerable increases, especially for moderate and high doses. Abdel Motaleb et al. [48]
mentioned that salinity deleteriously affected the membrane permeability of beans with significant differ-
ences between levels. Cell membrane damage is considered to be among the main causes of decreased
yield and its components. Generally, salinity can lead to hyper-ionic and hyper-osmotic stresses and cellular
and metabolic dysfunction, including cell membrane damage [49]. This was noticed during our study,
particularly for eco2, which displayed a very high value (90.09%) under the high-dose saline treatment,
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reflecting its high sensitivity to high salinity levels. Similarly, it has been reported that cell membranes are
highly sensitive to stress [50]. Therefore, the accumulation of high Na+ and CI concentrations in chloroplasts
has been shown to damage thylakoid membranes [51].

The analysis of variance for chlorophyll A and B content showed a significant effect for all the factors
studied (ecotype, dose, and their interaction). Salinity significantly affected chlorophyll A and B content
(p value < 0.0001, F = 12.78 for chlorophyll A and p value < 0.0001, F = 17.92 for chlorophyll B) (Table 1).
It is formed into two homogeneous treatment groups for the eco2. The first group comprised control, low
dose (4 g/L), and moderate dose (8 g/L) treatments, where no significant differences were observed. On the
other hand, the second group included the high dose (12 g/L). The chlorophyll A and B content in eco2
exhibited a consistently positive response to the severe salinity dose, reaching approximately 2.32 and 3.18
mg/g, respectively. Chlorophyll is the main pigment found in most oxygenated photosynthetic organisms.
Some authors have suggested that variations in pigment content could provide valuable information on the
physiological performance of leaves and indicate their photosynthetic capacity as well as the presence of
stresses or diseases [51].

While ecol0 and eco9 were identified as the most sensitive, showing a generally decreasing response
as the salinity concentration increased. This could be explained by the fact that Aydi et al. [52] found that
the leaves of the sensitive line were more charged with sodium ion. The excessive accumulation of Na* in
the leaf tissues results in an alteration of the chlorophyll pigments, and/or a restriction of its biosynthesis,
which translates into leaf chlorosis. This has been observed in several Fabaceae such as Medicago ciliaris [53],
Medicago truncatula [54], and Hedysarum carnosum [55].

Insufficient chlorophyll content can lead to photosystem dysfunction, causing a drop in total CO,
fixation [56]. This has a direct and negative effect on plant growth and productivity [57].

3.3 Biochemical Parameters

The biochemical parameters measured in our study concerned the content of the two Osmo protectants,
proline and soluble sugars. The analysis of variance revealed significant effects of all factors for the two
variables, with mean values around 1.72 and 0.3 mg/g, and coeflicients of determination of 0.98 and
0.96, respectively.

Salinity induced a significant and consistent synthesis of proline (p value < 0.0001, F = 144.93) under
high NaCl doses (12 g/L), especially notable for eco2 (8.05 mg/g), which was multiplied by 4 compared
to the control (1.83 mg/g) (Table 1). Proline is the most common endogenous osmolyte that accumulates
under various abiotic stresses, including salinity [58]. It is a major source of energy and nitrogen for
plant growth under stressful conditions. Not only that, but proline acts as a plant growth regulator by
participating in the metabolism and activation of various signaling processes [59]. Proline is a compatible
solute compound and its accumulation is an indicator of excessive stress conditions. The accumulation of
proline helps plants improve their stress tolerance capabilities and strengthens their antioxidant activity to
detoxify elements harmful to the cell [60]. Moreover, Ahmad et al. [61] and Gharsallah et al. [62] reported that
salt-tolerant genotypes accumulated more proline than salt-sensitive genotypes. This is what was observed
in our case for ecotype “eco2”. Furthermore, it was observed in a previous study by Nasrallah et al. [63]
that Vicia faba L. treated with different salinity concentrations accumulated the osmoprotectant proline in
large quantities as a protective mechanism to acclimatize to abiotic stress. Moreover, it was documented that
proline accumulation protected plants against osmotic stressors by stabilizing several functional units, such
as membranes, complex II electron transport, and proteins including enzymes [64]. In harmony with these
results, an increase in proline accumulation was documented under salt stress in faba bean [65], wheat [66],
Pisum sativum [67], and pearl millet [68].
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Our results demonstrate that salinity significantly affected soluble sugar content (p value < 0.0001, F =
120.34). We observed a significant downward trend for both low and moderate salt concentrations, whereas
a high concentration produced a substantial upward trend. This aligns with the findings of Sharma et al. [69],
indicating an initial decrease followed by an overall increase in the soluble sugar content.

An essential adaptive strategy for salinity tolerance involves the accumulation of osmolytes or Osmo
protectants, primarily sugars [70]. These compounds play a critical role in maintaining the intracellular
osmotic balance and preserving leaf moisture under environmental stress conditions [71,72]. Rymbai
et al. [73] during their studies on mango hybrids mentioned that sugars had high direct and positive effects
on yield. This finding aligns with our results, as eco9 displayed the highest yield in dry matter, corresponding
to the highest accumulation of proline. According to Ashraf et al. [74], sugars could contribute more than
50% of the osmotic adjustment required by glycophytes exposed to salinity. This highlights the significant
role of sugars in enhancing plant resilience to saline environments by regulating the osmotic potential and
ensuring optimal cellular hydration levels, as mentioned by several authors [75-78].

3.4 Morphological, Physiological, and Biochemical Response of Ecotypes under Different NaCl Treatments

Salinity tolerance indices were used to perform principal component analysis (PCA) of ecotypes
exposed to a low salinity dose (4 g/L), with the first two PCA factors explaining 100% of the variability
(Factor 1:64.31%, Factor 2:35.69%). The leaf area (LA) was the most influential variable on the first axis,
contributing 15.5% (Table 2). Boussora et al. [79] found significant differences in leaf area under saline
conditions, with plants typically showing reduced leaf area, but our results differed, with ecotypes exhibiting
opposite trends. Additionally, the leaflet relative water content (LWRC) was strongly correlated with the
second factor, contributing to 24%. This was more closely related to genetic behavior than salinity, which
showed a non-significant effect, and our findings were consistent with the report by Boussora et al. [79].

Table 2: Percentage contribution of the variables to the construction of the principal component analysis (PCA) factors
for the three doses of salt stress

Variables/doses 4 ¢g/L 8 ¢g/L 12 g/L
F1 F2 F1 F2 F1 F2

EL 7.2119 15.0248 4.1116 18.9777 9.5019 11.4823
LRWC 2.2343 23.9959 12.3866 6.3613 10.0906 9.7302
ADW 6.5735 16.1755 16.0135 0.8316 11.9116 4.3111
AH 13.8082 3.1366 0.2024 24.9377 9.9820 10.0535

LA 15.4777 0.1277 13.2173 5.0949 12.7522 1.8092
VT/CR 7.0253 15.3612 1.3770 23.1469 71500 18.4817
CHLO A (663) 15.2836 0.4776 16.4171 0.2163 9.3531 11.9251
CHLO B (647) 9.5275 10.8515 71892 14.2854 10.9208 72595
SUC 13.6499 3.4219 16.5368 0.0338 8.5578 14.2921
PROL 9.2081 11.4273 12.5485 6.1145 9.7799 10.6551

Note: EL: Electrolyte Leakage; LRWC: Leaf Relative Water Content, AH: Aerial Height, ADW: Aerial Dry Weight; LA:
Leaf Area; GS: Growth Speed; CHL A: Chlorophyll A; CHL B: Chlorophyll B; SUC: Soluble Sugar Content; PROL:
Proline content; F1: First factor of PCA; F2: Second factor of PCA.
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The average of the tolerance indices of the most discriminating variables was subjected to a mean
comparison test (LSD) to classify the ecotypes according to their tolerance. Individuals with higher values
were the most tolerant, while those with lower values were the most sensitive to stress. The dispersion
of ecotypes among individual circles and the comparison of average tolerance indices allowed for the
differentiation of three groups based on the two most discriminating variables, LA and LWRC (Fig. 2).
The first group comprised ecotype 10, positioned at the end of the first factor and simultaneously in the
negative range of the second factor, exhibiting the highest tolerance index value (1.4065) (Fig. 3). This ecotype
appeared to be the most tolerant to the low NaCl treatment (4 g/L). Additionally, ecotype 2 exhibited a
tolerance index of 0.9235, indicating moderate tolerance. Finally, ecotype 9 constituted the last group, with
the lowest value (0.7592), which reflected its high sensitivity.

Low salinity dose of salinity
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Figure 2: Principal component analysis of all studied variables at the low salinity dose (4 g/L). EL: Electrolyte Leakage;
LRWC: Leaf Relative Water Content; AH: Aerial Height; ADW: Aerial Dry Weight; LA: Leaf Area; GS: Growth Speed;
CHL A: Chlorophyll A; CHL B: Chlorophyll B; SUC: Soluble Sugar Content; PROL: Proline content; F1: the first axis
of PCA; F2: the second axis of PCA
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Figure 3: A mean comparison test (LSD) performed on the average tolerance indices of the most discriminating
variables at the low salinity dose
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At a moderate salinity level (8 g/L), the first two PCA factors (F1 and F2) accounted for 60.39% and
39.61% of the total variability, respectively (Fig. 4). The soluble sugar content (SUC) was a key variable that
strongly correlated with the first axis, contributing 16.54% (Table 2). Under high salt stress, soluble sugar
levels significantly increased compared to the control, aiding osmotic adjustment [80]. This finding aligns
with our results, particularly for eco2 and eco9.

Moderate dose of salinity

2 PROL

il ecog_ C;ILO A

1 1
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Figure 4: Principal component analysis of all studied variables at the moderate dose of salinity (8 g/L). EL: Electrolyte
Leakage; LRWC: Leaf Relative Water Content; AH: Aerial Height; ADW: Aerial Dry Weight; LA: Leaf Area; GS: Growth
Speed; CHL A: Chlorophyll A; CHL B: Chlorophyll B; SUC: Soluble Sugar Content; PROL: Proline content; F1: the
first axis of PCA; F2: the second axis of PCA

The second PCA factor explained 24.94% of the variability, with plant height (AH) being a major
contributing variable. Bhattarai et al. [81] found that salt stress significantly reduced plant height in alfalfa,
highlighting the importance of identifying key genes for this trait to develop salt-tolerant cultivars. In our
study, the “ecol0” ecotype displayed atypical behavior, with the smallest height in the control and the tallest
height at a moderate salt concentration of 8 g/L.

A comparison of tolerance indices revealed two homogeneous groups (Fig. 5). The first group, ecotype
10, had the highest tolerance index score 0f 1.3024, and its position in the PCA circle indicated high efficiency.
The second group, ecotypes 9 and 2, had the lowest tolerance indices of 0.6181 and 0.5672, respectively, and
was the most sensitive to moderate salinity.

At a high salinity dose (12 g/L), the main factors in the PCA were related to aerial biomass, especially leaf
area (LA) and growth speed (SG) (Fig. 6), contributing 12.75% and 18.48%, respectively (Table 2). The LSD
test revealed two homogeneous groups based on tolerance indices. Ecotype 10 showed the highest tolerance
to high salinity with a tolerance index of 1.2289, excelling in leaf area and growth rate, whereas ecotypes 2
and 9 were more susceptible, with lower tolerance indices of 0.6058 and 0.5112, respectively (Fig. 7).

This study found that parameters such as leaf area, aerial height, and growth speed were effective
indicators of salt tolerance in vetches, supporting the findings of Ben Chikha et al. [82] for barley and
Roshdy et al. [83] for strawberries. Additionally, soluble sugars have been identified as key factors in
distinguishing ecotypes, and their accumulation under environmental stress serves as an adaptive trait linked
to stress tolerance.
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Figure 5: Mean comparison test (LSD) performed on the average tolerance indices of the most discriminating variables
at the moderate salinity dose
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Figure 6: Principal component analysis of all studied variables at the high dose of salinity (8 g/L). EL: Electrolyte
Leakage; LRWC: Leaf Relative Water Content; AH: Aerial Height; ADW: Aerial Dry Weight; LA: Leaf Area; GS: Growth
Speed; CHL A: Chlorophyll A; CHL B: Chlorophyll B; SUC: Soluble Sugar Content; PROL: Proline content; F1: the
first axis of PCA; F2: the second axis of PCA
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Figure 7: A mean comparison test (LSD) performed on the average tolerance indices of the most discriminating
varijables at the high salinity dose
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The classification of ecotypes through various statistical analyses (PCA, tolerance indices, and LSD
mean comparison test) reveals that ecotype 10 exhibits the highest stress tolerance across all three levels of
NaCl application: low, moderate, and severe. This ecotype consistently demonstrated significant tolerance
index values across all selected variables in the multivariate analysis (PCA), encompassing morphological,
physiological, and biochemical traits. The decision to incorporate it into salt tolerance breeding programs
depends on the combination of salt tolerance at different growth stages [30].

4 Conclusion

Our results showed that traits such as leaf area, growth rate, plant height, and soluble sugar content
exhibited significant variation, suggesting their potential as key indicators for identifying salt-tolerant
genotypes. Notably, Ecotype 10 demonstrated considerable promise for adaptation to salt stress, maintaining
growth under high NaCl concentrations. However, its integration into breeding programs should only be
pursued after further validation of its adaptation model through additional experimental trials and more
refined approaches. These findings provide valuable insights into the advancement of salt-tolerance breeding
in vetches.
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