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ABSTRACT

Salinity is an important environmental factor that jeopardizes productive
agriculture in our world with the increasing human population,
significantly limiting the production of food products and negatively
affecting the growth and development of plants. In this study, eight
chickpea (Cicer arietinum L.) genotypes from Tiirkiye were germinated
under salt stress such as sodium chloride (NaCl) and sodium sulfate
(NazSOs) at electrical conductivity levels (4, 8, 12 and 16 dS m™) over a
period of 10 days in order to evaluate seed germination, seedling
morphological and mineral responses, and to determine tolerant
genotypes, Salinity stress is considered as one of the major constraints in

the tested genotypes. Germination rates decreased significantly with
increasing salinity levels. While germination rates of different chickpea
genotypes were above 85% under control conditions, these rates varied
between 21% and 91% at the highest salt treatment of 16 dS m™ of both
salts. Sodium, calcium and sulfur contents showed significant differences
among the genotypes. As the salt concentrations increased, the Na/K ratio
also increased. As aresult, Giirdal, Aras and Katran genotypes were found
to be more salt tolerant under NaCl and Na2SOs treatments. Analysis
using stress indices showed that it is an effective method to evaluate the
tolerance of chickpea genotypes to salt stress. These findings can be used
for future chickpea breeding programs and reclamation of saline areas.

chickpea production, but our study revealed a remarkable diversity among
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1. Introduction

Salinity is a measure of the amount of salt present in soil and water. Salinity is broadly classified as primary and secondary.
Primary salinity is the product of natural processes such as erosion, rainfall and strong winds that deposit salt on land and in
water over long periods of time (Munns & Tester 2008). Whereas secondary salinity is the effect of anthropogenic activities such
as deforestation, land clearing and over-irrigation (Pessarakli & Szabolcs 2016). Saline soil and water are pools of various salts
(Na*, Ca?*, Mg?*, CI,, SO42 and HCOg3 ). These salts are usually chlorides (NaCl, CaCl,, MgCly,), sulfates (NazSO4, MgSOs),
nitrates (Na,NOs, KNO3), carbonates and bicarbonates (Na,CO3z, NaHCO3) and borates. However, the most common salt form
is NaCl (Stavi et al. 2021; Pessoa et al. 2022). And sodium chloride (NaCl) constitutes 50-80% of total soluble salts (Rengasamy,
2010). Different chloride salt sources and doses had positive or negative effects on plant growth (Ozaktan et.al. 2018). Arid and
semi-arid regions face high salt accumulation in soil and water (Arif et al. 2020).

Worldwide, 6% of the total arable land area (about eight million hm? of land) is affected by salt. Thirty percent of arable land
is expected to be lost in the next 25 years and 50 percent by the mid-21st century (Ludwig et al. 2018). Increasing electrical
conductivity (EC) by more than 4 dSm affects plant growth and is certainly reflected in the quantity and quality of crops in
many parts of the world (Abdelaal et al. 2021). An EC of 4 dS m is equivalent to 40 mM NaCl with an osmotic pressure of
about 0.2 MPa, an exchangeable sodium percentage (ESP) lower than 15 and a pH higher than 8.5 (Abrol 1986; Sarita et al.
2023).

Salinity is one of the environmental factors that, together with the growing human population, jeopardizes productive
agriculture in our world, significantly limiting the production of food crops (Pessoa et al. 2022). Salinity causes significant
reductions in the productivity of almost all crop species. Therefore, tackling salinity is crucial to achieve sustainable agricultural
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practices and meet current and future food demand globally (Zorb et al. 2019). Salinity has caused a negative impact on
morphological and biochemical functions in plants. Salinity inhibits seed germination, plant growth, development and yield
(Zhang & Dai, 2019). Salinity inhibits photosynthesis mechanism, transpiration and gas exchange by reducing chlorophyll and
carotenoid content, disrupting chloroplast ultrastructure and PSII system, reducing stomatal conductance (Pan et al. 2021). Soil
salinity lowers soil water potential and leaf water potential, disrupts plant water relations and reduces plant turgor, which
ultimately causes osmotic stress (Navada et al. 2020). Plants take up salts from the soil through transporters that create ion
toxicity and disrupt mineral uptake and ion homeostasis. Salinity leads to excessive accumulation of ions (Na* and CI") and
inhibits K* and Ca®* uptake, causing ionic imbalance (Isayenkov & Maathuis 2019). Salinity increases the reactive oxygen
species (ROS) content in plant cells and induces oxidative stress. The toxic effects of ROS include lipid peroxidation, membrane
disruption, and DNA and protein damage (Ghazali & El Ghazali 2020).

The effects of salt stress on plants vary depending on the type of plant, the type and amount of salt applied and the duration
of exposure. In saline environments, plants respond very differently depending on genotypic differences (Naseer et al. 2022).
These different growth responses to salinity apply not only to two different plant species but also to different genotypes of the
same species (Kumar et al. 2021).

Soil salinity has become one of the most alarming environmental problems in recent decades. With an increasing population
to feed and insufficient arable land for cultivation, solving the problem of soil salinity is of great importance. So far, we have
mainly two ways to alleviate soil salinization, which are using chemical amendments to restore damaged soil or developing salt-
tolerant genotypes.

Legumes are among the most important food groups in the world due to their rich protein, carbohydrate (starch and dietary
fiber), vitamin and mineral content (Toklu et al. 2021). Chickpea is one of the first cultivated edible legume plants. Chickpea is
the third most widely cultivated edible legume crop in the world after beans and peas. It is a known fact that chickpea cultivation,
production and yield have decreased significantly in recent years. Although there are many reasons for this significant decrease
in chickpea yield and quality, it is an undeniable fact that the most important of these is due to abiotic factors (drought and
salinity) that it faces during growth and development (Sarita et al. 2023).

The objective of this study was to investigate and compare the effects on seed germination, seedling morphology and mineral
content of eight chickpea genotypes subjected to different levels of NaCl and Na;SO. salinity stresses using multi-statistical
techniques. The further aim was to elucidate the range of variation in salinity tolerance and stress indices among eight chickpea
genotypes.

2. Material and Methods
2.1. Material

Ten commercial genotypes of chickpea (‘Aras’, ‘Caner’, ‘Cift¢i’ ‘Goksu’, ‘Guirdal’, ‘Katran’, ‘Nihatbey’ and ‘Sezgin’) were
used as plant material in the experiment. Each genotype was characterised by a standard germination test (ISTA 2018) using
4 %100 seeds.

2.2. Salinity stress treatments and experimental design

The experiment was conducted at the Edible Legumes Laboratory of the Department of Field Crops in the Research Unit of
Erciyes University Faculty of Agriculture in 2021. Seeds were surface-sterilised for 15 min in a 20% commercial bleach
(approximately 5 wt% active chlorine), then rinsed three times with distilled water. Salinity stress treatments were created using
NaCl and Na,SO4 levels with the electrical conductivities of 4, 8, 12 and 16 dS m were prepared using the conductivity meter
WTW 3.15i before the beginning of the experiment. Distilled water was used as the non-saline control (0 dS m!). Germination
experiments were carried out between 3 pieces of blotting paper of 20x20 ¢m and incubator at 20 °C. The research was
established with 4 replicates and 25 seeds in each replicate. In each replicate, 10 ml of the appropriate test solution was added
for each germination paper and placed in sealed plastic bags to prevent evaporation. Seeds were counted at the same time each
day and seeds with a rootlet length of 2 mm were considered germinated. This experiment was terminated on the 10th day after
sowing when the number of germinated seeds was calculated. No germination was observed in any of the seeds of ‘Botan’ and
‘Onur 01 genotypes at any level of salt application except control. Therefore, no measurements were taken on these genotypes.

2.3. Measurements

Salinity tolerance was measured based on final germination (%), germination energy (%), seedling vigour index on day-10
expressed as the mean of ten randomly selected seeds per replicate (Ellis & Roberts 1980). On the 11" day, Root length (mm),
Shoot length (cm), Root fresh weight (mg plant?), Shoot fresh weight (mg plant?), Root dry weight (mg plant™) and Shoot dry
weight (mg plant™) of 10 randomly selected plants were determined with calipers (Ozaktan et al. 2018).
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2.4. Mineral content

Eight chickpea genotypes were used in the study, but ‘Caner’ and ‘Nihatbey’ genotypes in NaCl salt and ‘Caner’ and ‘Ciftgi’
genotypes in Na;SOs salt at doses of 12 and 16 dS m™* could not be obtained in sufficient quantities for ICP-OES readings, so
these genotypes were not included in the mineral matter readings. Weight measurements were made using a precision balance.
Dry weight measurements were obtained by weighing the samples on a precision balance after drying in an oven at 70 °C for 48
hours. The dry weights were crushed in mortars and the mineral matter contents were determined by Agilent 5800 VDV model
ICP-OES at 22+2 °C (Mertens 2005).

2.5 Stress index

A total of 16 distinct stress indices were employed to ascertain the tolerance of genotypes to NaCl and Na,SOs stress, with the
application of varying doses. The undermentioned stress indices were employed for the purpose of comparing the performance
of chickpea genotypes under conditions of salt stress, with a view to identifying those genotypes that exhibited the greatest
tolerance.

Ypi = The value of observed feature of each genotypes under normal conditions (control)

Ysi = The value of the feature of each genotypes under stressful conditions

Yp = The mean of the features of the genotypes examined under normal conditions (control)

Ys = The mean of the features of the genotypes examined under stressful conditions

Stress Tolerance Index (STI): = %

Ysi

Stress Susceptibility Index (SSI): = S—}I'”i SI=1-— i—; (Fischer & Maurer 1978)

Tolerance (TOL): = Ypi — Ysi (Rosielle & Hamblin 1981)

Yii—Mj 2
Superiority index (Pi): = Xy % i: genotypes, j: environments, M: the highest performancing genotypes in

the environment j, n: number of location (Clarke et al. 1992; Lin et al. 1986)

Ysi

Mean Relative Performance (MRP): = (YS

) + (‘;—I:) (Hossain et al. 1999)

Abiatic Tolerance Index (ATI): = (Ypi_YSi> X /Ypi X Ysi (Moosavi et al. 2008)

Yp
Ys

Geometric Mean Productivity (GMP): = ,/Ypi X Ysi (Fernandez 1992)

Harmonic Mean (HM): = 2 X (m) (Dadbakhsh et al. 2011)
Ypi+Ysi
Mean Productivity (MP): = (YSi;—Ypi) (Rosielle & Hamblin 1981)

Ypi-Ysi

Reduction (RED): = ( ) X 100 (Farshadfar & Javadinia 2011)

Ypi
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Ysi

- Relative Decrease in Trait (RDT): = 100 — ((ﬁ

) X Ysi) (Farshadfar &Elyasi 2012)

Ysi

- Stress Tolerance Efficiency (STE): = (Y—pi

) x 100 (Fischer & Wood 1981)

Ypi?
Yp?

- Modified Stress Tolerance Index 1 (MSTI 1): = ( ) X STI (Farshadfar & Sutka 2002)

Ysi?
Ys2

- Modified Stress Tolerance Index 2 (MSTI 2): = ( ) x STI (Farshadfar & Sutka 2002)

Ysi

- Relative Efficiency Index (REI): = (YS

) X (1;—’;:) (Hossain et al. 1999)

Stability Index (SI): = (;—;ll) (Bouslama & Schapaugh 1984)

The tolerance levels of chickpea genotypes in different stress indices were evaluated using the membership function value

. . . , X—Xmi
(MFV). MFV was calculated using the following equation: Xi = oA
Xmax—Xmin

Where; Xi, represents the membership function value of the i trait in a genotype, Xmean is the mean of the stress indices value
of the i trait in the genotypes, Xmax and Xmin are the maximum and minimum values of the stress indices of the i trait observed in
all genotypes, respectively. As a result, each trait is assigned an MFV, with values ranging from 0 to 1(Chen et al. 2012).

Based on a previously outlined approach, the stress tolerance levels of the genotypes were classified into five categories using
the mean value (Xmean) and standard deviation (SD) of the MFV (Wang et al 2016; Li et al. 2020):

(1) Xi> Xmean + 1.64 x SD, high tolerant (HT);

(2) Xmean + 164 SD > Xi 2 Xmean + 1 X SD, tolerant (T),

(3) Xmean + 1 X SD > X; > Xpmean - 1 X SD, moderate tolerant (MT);

(4) Xmean = l X SD > Xi 2 Xmean = 164 X SD, SenSitiVE (S);

(5) Xmean - 1.64 x SD > X, high sensitive (HS).

Only high tolerant and tolerant genotypes were evaluated in our study.

2.6 Statistical analysis

Statistical analyses of the data obtained at the end of the research were carried out according to the factorial trial design in random
plots with 4 replications and all statistical analyses (Biplot analysis, Scatter plot analysis and correlation analyses) by using JMP
Pro 17 package program. Tukey test was used for the difference groupings of the averages (Yuan 2011).

3. Results and Discussion

3.1 Seed germination parameters

Osmotic and ionic stress caused by salt stress disrupts the cellular and metabolic pathways of plants, thus affecting their growth
and development (Liang et al. 2018). Seed germination and seedling emergence are fundamental biological processes in the life
cycle of a plant and are considered sensitive stages (Munns & Tester 2008). Excellent seed germination and emergence are

therefore important for achieving high yields. Therefore, this study investigated the germination characteristics of eight chickpea
genotypes under different levels (4, 8, 12 and 16 dS m') of NaCl and Na;SO; salt stress.
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Eight genotypes showed variability in germination rate in the control treatment and all of the genotypes showed > 85%
germination rate (Aras: 99%, Caner: 89%, Ciftci: 97%, Goksu: 92%, Gurdal: 98%, Katran: 97%, Nihatbey: 92% and Sezgin:
100%) (Figure 1). All treatments caused a significant decrease in germination parameters compared to control conditions. The
highest salt treatment of NaCl and Na,SO, (16 dS m't) significantly decreased the germination rate of the genotypes (germination
rate: Aras: 55 and 91%, Caner: 21 and 24%, Cift¢i: 77 and 30%, Goksu: 51 and 90%, Giirdal: 77 and 77%, Katran: 73 and 77%,
Nihatbey: 79 and 30% and Sezgin: 62 and 86%, respectively) (Figure 1).
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Figure 1- Effect of salinity stress on germination traits of seeds of eight chickpea genotypes subjected to different electrical
conductivity levels of NaCl and Na2SOa salts

At the highest salt level of 16 dS m, Giirdal and Nihatbey had the highest germination with > 75 % in NaCl, while Aras,
Goksu, Giirdal and Sezgin were with > 77 in Na,SOs. Interestingly, Giirdal in NaCl and Aras, G6ksu and Sezgin in Na>SO4 were
the genotypes with the strongest germination, germination energy and seedling viability index (Figure 1). But, Caner was the
most sensitive genotype according to germination parameters in both salt treatments.

850



Ozaktan et al. - Journal of Agricultural Sciences (Tarim Bilimleri Dergisi), 2025, 31(3): 846-862

Table 1- Mean effect of salinity stress on germination traits of seeds of eight chickpea genotypes by genotype, salt type (NaCl
and Na.SOs) and level (4, 8, 12 and 16 dS m™)

Factors Germination Percentage (%) Germination Energy (%) Seedling Viability Index
Genotypes

Aras 90.8ab 82.8b 556.5cd
Caner 58.0d 47.8f 191.6e
Ciftei 76.7c 74.5cd 528.6d
Goksu 83.8b 73.1d 517.0d
Giirdal 91.4a 91.4a 827.4a
Katran 79.1c 74.1cd 841.0a
Nihatbey 78.6¢ 61.6e 597.2¢
Sezgin 88.2ab 80.6bc 708.5b
Salts

NaCl 78.3b 68.8b 610.7a
NazS04 83.8a 77.6a 581.2b
Doses

Control 95.9a 93.2a 1103.2a
4dSmt 90.6b 81.5b 763.2b
8dSm? 81.8c 73.8c 575.6¢c
12 dS m? 74.3d 64.0d 344.6d
16 dS m? 62.5e 53.5e 193.1e

Analysis of Variance

Genotypes *x *x *x
Salts ** ** *
DOSGS ** ** **

Means indicated with the same letters in the same column are not significantly different (P<0.05) *: P<0.05, **: P<0.01

Statistical analyses of the mean values of the examined factors were made and presented in Table 1 (P<0.05 or 0.01).
Germination parameters showed a negative relationship with the different levels of both salt treatments. All genotypes were
more sensitive to NaCl treatment than Na,SO, in terms of germination and germination energy, while seedling vigour index was
higher. Similarly, Toderich et al. (2020) reported that for Chenopodium quinoa, NaCl salinity significantly reduced the
germination rate, unlike Na,SO.. Also, Assareh et al (2010) reported that for Halostachys caspica C.A.Mey, germination
parameters were more sensitive to NaCl than to Na,SOs, but growth was more sensitive to Na;SO4 than to NaCl. The toxic effect
of Na,SO. on seedling vigour index and growth may be caused by preventing the uptake of nutrients necessary for plant
development, which causes nutrient imbalance and toxicity in cells (K Abass Al-Hamzawi,2007; Reich et al. 2018; Voisin et al.
2019). Among the genotypes, Giirdal was more tolerant in terms of germination (91.4%), germination energy (91.4%) and
seedling vigour rate (827.4%), whereas Caner was the most sensitive genotype (58.0%, 47.8% and 191.6%, respectively).

Increased salt concentrations in soil or water negatively affect the germination process (Anuradha & Seeta Ram Rao 2001,
Laghmouchi et al. 2017). In this study, germination percentage was delayed or restricted under salinity stress compared to control
growth conditions. The observed reduction in germination rate under salinity stress could be attributed to salt toxicity and changes
in cellular osmotic potential. During germination under salt stress, seeds require higher water uptake due to the accumulation of
soluble solutes around the seeds, resulting in an increase in osmotic pressure (Igbal et al. 2020). This results in excessive uptake
of ions causing ion toxicity in the plant, reducing the water potential gradient between external environments and inhibiting seed
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primary root emergence (Dehnavi et al. 2020; del Carmen Martinez-Ballesta et al. 2020). Declining trends in germination values
of chickpea genotypes were observed with increasing salinity level. This finding is in accordance with previous studies conducted
under saline conditions in chickpea (Joshi et al. 2024; Lavrenko et al. 2019), quinoa (Causin et al. 2020), finger millet (Mukami
et al. 2020), lettuce (Ahmed et al. 2019), alfalfa (Sandhu et al. 2017) and wheat (Tounsi et al. 2017). Under higher salt
concentration, the reduction in germination rate for the salinity tolerant genotype (Giirdal) was less compared to most of the salt
sensitive genotypes (Caner).

3.2 Morphological parameters

There was some variation in the morphological parameters of the eight genotypes of chickpea under salt stress. The eight
genotypes showed variability in root and shoot growth parameters in the control treatment, with Katran showing the tallest root
length with 109.4 mm (Figure 2) and Giirdal and Katran showing the tallest shoot length with 84.1 and 81.6 mm, respectively
(Figure 3). Further increases in salinity resulted in decreases in root and shoot growth parameters for all genotypes.

In high salinity treatments, in NaCl salt, Giirdal and Nihatbey had the highest root length (45.6 and 29.4 mm), root fresh
weight (1085.3 and 1018.3 mg plant?) and root dry weight (67.3 and 72.5 mg plant?), but in Na,SO4 salt, Katran had the longest
root length (29.5 mm) while Aras had the highest root fresh weight (1018.3 mg plant™) and root dry weight (69.5 mg plant™)
(Figure 2).
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Figure 2- Effect of salinity stress on root growth parameters of seeds of eight chickpea genotypes subjected to different
electrical conductivity levels of NaCl and Na>SOs salts
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Shoot length of all genotypes decreased with increasing salinity level (Figure 3). The longest shoots were recorded Giirdal
(26 cm) at the highest NaCl treatment and Katran (14.3 cm) at the highest Na,SO4 treatment. Surprisingly, in 16 dS m™ treatment,
Nihatbey showed the highest shoot fresh weight (1155.5 mg plant™) and shoot dry weight (101.3 mg plant®) for NaCl salt. In
contrast, Nihatbey was the most sensitive genotype in all shoot growht parameters in 16 dS m* treatment of Na,SOs, and Ciftci
showed a similar trend. In fact, their values were measured at almost zero (Figure 3). Generally, it can be attributed that solutions
containing SO42 anions have significantly greater toxicity than CI~ solutions at iso-osmotic concentrations (Voisin et al. 2019).
However, the mechanism of effect of salt types and concentrations on plant germination and development has not been fully
explained. Because plant species and genotypes vary in their sensitivity and resistance to salt types (Igbal 2003; Peterson &
Murphy 2015; Dadshani et al. 2019; Kurunc et al. 2020)
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Figure 3- Effect of salinity stress on shoot growth parameters of seeds of eight chickpea genotypes subjected to different
electrical conductivity levels of NaCl and Na2SOs salts

Statistical analysis on the mean data of the examined factors that differences among genotypes, salts and doses were
significant for the growth and development parameters root length, root fresh weight, root dry weight, shoot length, shoot fresh
weight, shoot dry weight (P<0.05 or 0.01; Table 2). Plant growth showed a negative relationship with the different level of salt
stress applied. A gradual decrease in plant growth and development parameters of eight genotypes in all treatments of NaCl and
Na SO, (4, 8, 12 and 16 dS m™) compared to control. Moreover, a high reduction in growth parameters of all genotypes was
recorded at 16 dS m™.
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Table 2- Mean effect of salinity stress on root and shoot growth parameters of eight chickpea genotypes by genotype, salt type
(NaCl and Na2SO4) and level (4, 8, 12 and 16 dS m™)

Factors Roc(>rtnlrenr;gth R?I;Jeti;ﬁfh Rcz%tgd;}l/av:ﬁ_ight I?ezg(t)ttw Sho(c:]t1 ;rSIS:n\;Yf)ight Sh?rgtg d F;’I)g \rllvtii?ht
(mg plant?) (cm)
Genotypes
Aras 34.7e 1462.2b 94.6b 23.8e 1359.9cd 84.6¢
Caner 34.7e 523.3d 39.8e 9.8f 608.6e 47.5d
Ciftei 16.9f 970.2¢c 60.9d 22.9e 1177.8d 83.9c
Goksu 38.4d 1293.6bc 79.9c 21.8e 1284.6¢d 96.4c
Giirdal 34.7e 1868.5a 98.1b 39.0b 2075.1a 117.1b
Katran 49.3b 1597.9ab 95.4b 43.3a 2075.7a 155.3a
Nihatbey 57.8a 1349.5b 91.9b 29.2d 1586.1b 121.7b
Sezgin 40.1c 1466.3b 115.8a 32.0c 1464.3bc 128.5b
Salts
NaCl 41.2a 1283.1b 79.4b 29.7a 1443.9b 106.6a
Na2SO04 37.9b 1349.8a 89.7a 25.8b 1464.1a 102.1b
Doses
Control 62.3a 2145.9a 146.8a 51.8a 2463.4a 178.5a
4dSm? 47.5b 1699.4b 96.8b 35.7b 1855.5b 122.1b
8dSm! 42.0c 1374.1c 83.9c 26.8c 1587.1c 110.4c
12dSmt 28.9d 884.1d 61.5d 15.7d 888.4d 71.5d
16 dS mt 16.9e 478.7e 33.7e 8.6e 475.7e 39.2e
Analysis of Variance
Genotypes ok ok *x *x *x *x
Salts ok * *x *x * *
Doses w* ** ** ** ** **

Means indicated with the same letters in the same column are not significantly different (P< 0.05) *:P< 0.05, **:P< 0.01

Under salt stress, the highest root length was found in Nihatbey with 57.8 mm and the lowest in Cif¢i with 16.9 mm. The
highest root fresh weight and dry weight were observed in Giirdal and Sezgin genotypes, respectively.

As salinity level increased, shoot length, shoot fresh weight and shoot dry weight of all genotypes decreased (Table 2). The
longest shoot was observed in Katran with 43.3 cm, followed by Giirdal genotype with 39.0 cm. These genotypes also had high
data in terms of shoot fresh weight and shoot dry weight. The lowest shoot growth parameters were recorded in Caner genotype.
In general, Giirdal, Katran, Nihatbey and Sezgin were found to be salt tolerant for the growth parameters examined compared to
other genotypes.

Among the salt genotypes, Na>SO. had higher inhibitory effect on root length, shoot length and shoot dry weight, while NaCl
had higher inhibitory effect on root fresh weight, root dry weight and shoot fresh weight.

Salinity negatively affects germination and early stages of growth in chickpea (Kundu et al. 2023). Several studies have been
conducted to understand the complexities of chickpea salinity tolerance from both physiological and genetic perspectives (Atieno
et al. 2017; Kotula et al. 2019; Pushpavalli et al. 2015). Some recent studies have identified some chickpea genotypes that can
withstand higher salinity up to EC 9 dSm - (Kaur et al. 2022; Mann, A. et al. 2019). In this study, similarly, some genotypes
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(Cift¢i, Guirdal, Katran, Nihatbey, Sezgin for NaCl and Aras, Giirdal, Katran for Na;SO4) were tolerant to salt treatments at 8
dSm 1 concentration.

3.3 Mineral content
The mean values and statistical effects of sodium chloride and sodium sulfate salts on germination mineral content of different
chickpea genotypes are given in Table 3. The effects of genotype, salt and dose among the sources of variation on the examined

mineral contents were found statistically significant at 1% level.

Table 3- Mean macronutrient (Na, K, Ca, Mg, S) concentrations (ppm) and Na/K rate by genotype, salt type (NaCl and
Naz2S04) and level (4, 8, 12 and 16 dS m™?)

Factors Na K Na/K Ca Mg S
Genotypes

Aras 4710.6a 19478.4b 0.241b 2374.7a 758.0b 4060.1a
Goksu 3682.0c 21765.8a 0.164d 1118.2d 735.2bc 3423.7b
Giirdal 3816.1¢ 19317.7b 0.194c 1489.1b 815.6a 2778.9d
Katran 4230.0b 16497.6¢ 0.252a 1330.5¢ 703.5d 2961.0c
Sezgin 3030.9d 18975.9b 0.152e 947 5e 723.4cd 2368.8¢e
Stress

NaCl 4015.1a 20822.2a 0.190b 1918.7a 819.7a 1693.6b
NazSO0s 3772.7b 17591.9b 0.211a 985.3b 674.6b 4543 4a
Doses

Control 828.0e 16131d 0.052e 1132.0b 775.2b 1523.5e
4dS mt 2278.24 18616.3¢ 0.126d 1212.5b 688.9¢ 2387 7d
8 ds mt 3345.2¢ 19857.5b 0.200¢ 1503.6ab 698.2¢ 3083.0¢
12 dS m! 5267 4b 21050.1a 0.260b 1536.8ab 700.6¢ 3731.2b
16 dS m-! 250,64 20380.4b 0.365a 1875.2a 872.8a 4867 1a
Analysis of Variance

Genotypes *k *x Hx H H .
Salts *k *x *x *ok *ok Hok
Doses — *k *k - - ok

Means indicated with the same letters in the same column are not significantly different (P< 0.05) *:P< 0.05, **:P< 0.01

It is important to determine Na, K and Na:K ratio to understand the salt tolerance mechanism (Zeeshan et al. 2020). When Table
3 is analyzed, sodium, Ca and S contents were the highest in Aras genotype with 4710.6, 2374.7 and 4060.1 ppm, respectively,
while Sezgin genotype had the lowest content with 3030.9, 947.5 and 2368.8 ppm, respectively.

When the average of the doses was analyzed, Na (828.0-7250.6 ppm), Na/K (0.052-0.365), Ca (1132-1875.2 ppm) and S (1523.5-
4867.1 ppm) contents increased as the doses increased (0, 4, 8, 12 and 16 dS m™). Irik & Bikmaz (2024) reported that Na:K ratio
increased as NaCl doses increased. While the lowest K content was 16131 ppm in the control group, the highest content was
obtained as 21050.1 ppm at 12 dS m™* dose and 20380.4 ppm at 16 dS m* dose. The highest Mg content was obtained at 16 dS
m* dose (872.8 ppm) and the lowest was obtained from the control (775.2 ppm) treatment average.

3.4 Biplot and scatter plot analysis

The output of the biplot analysis on the parameters examined in the study is given in Figures 4 and 5. The line of agreement
between the parameters examined and the correlation relationship between the scatter of the genotypes and each other are given
in Figure 6. In Figure 6, the red colored circles represent the positive relationship between the two parameters and the blue
colored circles represent the negative relationship, while the increase in the diameter of the circle indicates that the correlation
value is high (Okumus et al. 2023). In the biplot analysis including agro-morphological parameters, genotypes, salts and doses,
10 independent principal component axes were obtained. The eigenvalues of the first two principal components, which accounted
for 83.706% of the total variation, were recorded as 7.272 and 1.098, respectively. In the light of these data, it is stated that the
biplot analysis can be interpreted successfully (Ozaktan et al. 2022). In addition, the lengths, positions and angle values of the
axes formed as a result of biplot analysis reveal the negative or positive relationship between the principal component axes
(Ozaktan et al. 2023). When the angle between GP and GE, which have approximately the same axis length and are located in
the same region, is evaluated, it is determined that there is a highly positive relationship (r=0.872). SDW, SFW, SL, RDW, RFW
and SVI parameters located in the same region have a positive relationship with each other. Especially when the angle between
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the RL axis length and the resulting angle is taken into consideration, there is a high positive correlation between RL and SL
(r=0.932), SDW (r=0.910) and SVI (r=0.964) parameters. The fact that the MGT parameter alone is located in a different region
(high angle value) shows that it is negatively correlated with the other parameters. In particular, the correlation value between it

and GE was calculated as r=-557 (Figure 4 and 5.). The findings obtained are in parallel with the results reported by irik &
Bikmaz (2024).

5
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Figure 4- Biplot analysis on the studied agro-morphological parameters of chickpea genotypes. (RL, root length; SL, shoot

length; RFW, root fresh weight; SWF, shoot fresh weight; RDW, root dry weight; SDW, shoot dry weight; MGT, mean
germination time; GP, germination percentage; GE, Germination Energy; SVI, seedling viability index)
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Figure 5- Biplot analysis for the analyzed mineral matter contents (Na, K, Na/K, Ca, Mg, S) of chickpea genotypes

As a result of the biplot analysis in which the mineral matter contents of chickpea genotypes treated with sodium chloride

and sodium sulfate salts were evaluated together, 6 independent principal component axes were obtained. The eigenvalues of the
first two principal components, which accounted for 74.009% of the total variation, were recorded as 2.697 and 1.744,
respectively. These results show that the biplot analysis can be interpreted successfully (Ozaktan & Doymaz 2022). Based on
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the positions, lengths and angles of the axes, Ca element is positively correlated with Mg element (r=0.660), Na element has a
high positive correlation value with Na/K (r=0.949) and a positive correlation with S element (r=0.509) (Figures 4 and 5).

Calcium plays an important role in many physiological and cellular events such as cell walls and membrane structure
(Nayyar 2003; Knight & Knight 2001). In addition, it competes with Na content and an increase in Na content decreases
Ca binding (Zehra et. al. 2012).
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Figure 6- Scatter plot and matrix for overview of correlations and fit lines. RL, root length; SL, shoot length; RFW, root fresh
weight; SWF, shoot fresh weight; RDW, root dry weight; SDW, shoot dry weight; MGT, mean germination time; GP,
germination percentage; GE, Germination Energy; SVI, seedling viability index; Na, sodium; K, potassium; Na/K,
sodium/potassium; Ca, calcium; Mg, magnesium; S, sulfur

3.5 Stress indices

The germination performance of chickpea genotypes under different concentrations of NaCl and Na,SO, stress was evaluated
using 16 different stress indices (STI, SSI, TOL, Pi, MRP, ATI, GMP, HM, MP, Red, RDT, STE, MSTI1, MSTI2, REI, and SI).
These indices were calculated based on the average values of parameters critical during the germination process, such as root
length, shoot length, root dry weight, and shoot dry weight. The membership function value (MFV) was then calculated to
analyze these indices. As a result of this analysis, the tolerance levels of chickpea genotypes against NaCl and Na,SO, salt stress
were determined. Table 4 present the chickpea genotypes that were classified as tolerant and highly tolerant based on the
parameters examined under stress conditions.

Root length: Under NaCl stress, the Katran (as indicated by the STI, TOL, GMP, MP, MSTI 1, MSTI 2, and REI indices)
and the Giirdal genotype (as indicated by the SSI, Pi, MRP, HM, Red, RTE, STE, and SI indices) consistently exhibited high
tolerance across most stress indices, indicating robust resistance in terms of root length. Similarly, the Nihatbey the Cift¢i and
the Sezgin varieties showed tolerant and high tolerant responses in specific indices (STI, SSI, ATI, Red and SI), which indicates
a relatively lower performance reduction. (Table 4). Under Na,SO, stress, Katran again demonstrated high tolerant responses
across multiple indices, reflecting its strong ability to maintain root length under sulfate-induced stress. Additionally, Sezgin,
Nihatbey and Caner exhibited high tolerance in selected indices, whereas others like, Ciftci and Onur were categorized in the
tolerant range.

Shoot length: The Giirdal was identified as highly tolerant in several stress indices (SSI, TOL, Pi, MRP, ATI, GMP, HM,
MP, RDT, MSTI 1, MSTI 2 and REI), exhibiting significant resilience in shoot length under NaCl stress. Katran also showed
strong tolerance in the STI, TOL, Pi, MRP, GMP, HM, MP, Red, RDT, STE, MSTI 2 and Sl indices, indicating considerable
resistance in shoot length under similar conditions (Table 4). In the case of Na;SO4 stress, Katran remained highly tolerant
across multiple indices, suggesting its high tolerance to Na,SO. stress in shoot length. Caner and Nihatbey also showed strong
tolerance in some indices (Table 4).
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Root dry weight: The Katran was classified as high tolerant across multiple indices, including STI, TOL, Pi, MRP, GMP,
HM, MP, RDT, MSTI 1, MSTI 2 and REI demonstrating notable resilience in root dry weight under NaCl stress. In contrast,
Nihatbey also demonstrated high tolerant responses in selected indices, though less consistently than Katran. (Table 4). Under
Na SO, stress, Sezgin was identified as highly tolerant across many stress indices (STI, Pi, MRP, ATI, GMP, HM, MP),
indicating its high resistance in root dry weight. Katran and Aras also displayed high tolerance in several indices, including STE,
MSTI 1, MSTI 2, REI and SI (Table 4).

Table 4- The tolerant chickpea genotypes according to stress indexes for NaCl and Na2SOassalts during early growth stage

NaCl Na2SO4
Stress
Indices Root Shoot Root Dry Shoot Dry Root Shoot Root Dry Shoot Dry
Length Length Weigth Weight Length Length Weigth Weight
sT) | Katran® Katran? Katran? Katran? Katran? Katran? Sezgin? Goksu®
Ciftei® Ciftei® Ciftgi® Ciftgi® ArasP Onur®
Giirdal? Giirdal? Giirdal? Giirdal? Nihatbey? | Nihatbey? | Katran? Nihatbey®
SSlI Nihatbey® | Nihatbey® | Nihatbey® | Nihatbey® Katran® Caner® Botan® Botan®
Sezgin®
ToL Katran? Giirdal? Katran? Giirdal® Katran® Nihatbey? | Sezgin® GoksuP
Katran? Nihatbey® | Katran® Aras® Aras® Onur®
Giirdal® Giirdal® Katran® Katran® Katran® Katran® Sezgin® GoksuP
Pi Katran® Katran® Nihatbey® ArasP Onur®
Sezgin®
Giirdal? Giirdal® Katran® Katran® Katran® Katran? Sezgin® Goksu®
MRP | Katran? Katran? Nihatbey® | Nihatbey® Aras® Onur®
Sezgin®
Sezgin? Giirdal? Sezgin? Sezgin? Sezgin? Katran® Sezgin® Onur?
ATl | Katran® KatranP Giirdal® Goksu®
Nihatbey®
GMP Katran? Giirdal® Katran? Katran? Katran® Katran? Sezgin? Onur®
Katran® Aras® Goksu®
Giirdal® Giirdal® Katran® Katran® Katran? Katran? Sezgin® GoksuP
HM | Katran® Katran® Nihatbey® | Nihatbey® ArasP Onur®
Sezgin®
Katran® Giirdal® Katran® Katran® Katran® Katran? Sezgin? Goksu®
MP Katran® ArasP Onur®
Giirdal? Nihatbey? | Nihatbey? | Ciftci® Sezgin? Onur® Caner® ArasP
Red | Nihatbey® | Giirdal® Ciftci® Ciftci® Caner®
Katran® Sezgin® Ciftci®
Giirdal? Giirdal? Katran? Katran? Caner? Caner® Caner® Caner®
RDT | Katran® Katran® Nihatbey® Onurb CiftciP CiftciP
Katran®
Giirdal? Nihatbey? | Nihatbey? | Ciftgi® Katran? Caner? Katran? Botan®
STE Giirdal Botan® Sezgin®
Katran®
Katran? Giirdal? Katran? Katran? Katran® Katran? Sezgin? Onur?
MSTI 1 Sezgin® Gok
gin oksu
Katran? Giirdal? Katran? Katran? Katran? Katran? Aras? GoksuP
MSTI 2 | Giirdal® Katran? Nihatbey® Sezgin® Onur®
Sezgin®
Katran? Giirdal? Katran? Katran? Katran? Katran? Sezgin? GoksuP
REl | Giirdal® Katran? Nihatbey® | Nihatbey® Aras® Onur®
Sezgin®
Giirdal? Nihatbey? | Nihatbey? | Ciftci? Katran® Caner? Katran? Botan®
Sl Nihatbey® | Giirdal® Botan® Sezgin®
Katran®

2 high tolerant, °: tolerant. STI, stress tolerance index; SSI, stress susceptibility index; TOL, tolerance; Pi, superiority index; MRP, mean relative performance;
AT]I, abiotic tolerance index; GMP, geometric mean productivity; HM, harmonic mean; MP, mean productivity; Red, Reduction; RDT, relative decrease in
trait; STE, Stress tolerance efficiency; MSTI 1, modified stress tolerance index 1; MSTI 2, modified stress tolerance index 2; REI, relative efficiency index; Sl,
stability index

Shoot dry weight: Katran exhibited strong resilience in shoot dry weight under NaCl stress, being classified as highly tolerant
across multiple indices such as STI, GMP, HM, MP, MSTI 1, MSTI 2 and REI. Ciftci, on the other hand, was categorized as
tolerant according to the STI, Red, STE, and Sl indices, showing notable resistance, particularly in shoot dry weight under stress
conditions (Table 4). In response to Na;SOs stress, Goksu and Onur were highly tolerant across many indices (STI, TOL, Pi,

858



Ozaktan et al. - Journal of Agricultural Sciences (Tarim Bilimleri Dergisi), 2025, 31(3): 846-862

MRP, ATI, GMP, HM, MP, MSTI 1 and MSTI 2), indicating significant resistance in shoot dry weight. Sezgin also demonstrated
high tolerance to Na,SOj stress (Table 4).

As illustrated in Table 4, Katran exhibited remarkable performance under both NaCl and Na»SO. stress, demonstrating high
tolerance across root and shoot parameters in both conditions. Giirdal displayed robust resilience, particularly in terms of shoot
length and dry weight under conditions of NaCl stress. Similarly, Sezgin demonstrated notable tolerance to Na;SO4 stress,
particularly in terms of root dry weight. Furthermore, Goksu and Onur exhibited notable resilience in shoot dry weight under
Na,SO; stress. While Nihatbey and Cift¢i demonstrated high tolerance in specific parameters, namely Nihatbey in root-related
traits and Cift¢i in shoot dry weight, the overall tolerance of Nihatbey and Caner to Na,SO4 stress appeared more limited in
comparison to other genotypes.

The stress indices used in this study have proven to be reliable selection criteria in assessing tolerance to abiotic stress,
particularly salinity. These indices have been successfully applied in similar research on various crops, including chickpeas, to
evaluate their performance under stress conditions. Our results are consistent with previous studies, which have also highlighted
the effectiveness of these indices in identifying tolerant genotypes (Farshadfar and Javadinia 2011; Chen 2012; Meena et al.
2014; Bennani et al. 2017; Khan et al. 2018; Lamba et al. 2023). The alignment of our findings with earlier research further
validates the use of stress indices in screening crop genotypes for stress resilience. Therefore, these indices can be considered
valuable tools for future breeding programs aimed at improving stress tolerance in chickpea and other crops.

4. Conclusions

This study investigated the germination, growth, and mineral content of eight chickpea genotypes under varying levels of NaCl
and Na,SO; salt stress. The findings revealed that salt stress significantly impeded germination, growth, and mineral uptake in
all genotypes. However, the genotypes exhibited varying degrees of tolerance, with Giirdal, Aras, and Katran demonstrating
superior resilience to salt stress.

The study highlighted the importance of stress indices as reliable tools for assessing salt tolerance in chickpea. Indices such
as STI, SSI, TOL, Pi, MRP, ATI, GMP, HM, MP, Red, RDT, STE, MSTI1, MSTI2, REI, and Sl accurately identified tolerant
genotypes. The Katran genotype consistently displayed high tolerance across multiple indices, indicating its exceptional
resilience to salt stress. Other genotypes, such as Giirdal, Sezgin, Goksu, and Onur, also demonstrated notable tolerance to
specific parameters.

Furthermore, the study underscored the role of mineral content in salt tolerance. Potassium, sodium, sulfur, and the
sodium/potassium ratio were observed to increase with rising salt concentrations. The ability of tolerant genotypes to maintain
favorable mineral balances, particularly the Na/K ratio, contributed to their superior performance under salt stress.

In conclusion, this research provides valuable insights into the salt tolerance mechanisms of chickpea genotypes. The
identified tolerant genotypes offer promising potential for breeding programs aimed at developing salt-resistant chickpea
genotypes. Future studies could explore the underlying physiological and genetic mechanisms governing salt tolerance in these
genotypes, further enhancing our understanding of chickpea resilience to salinity stress.
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