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Abstract
Understanding the physiological and biochemical basis of plant tolerance to freezing stress is very critical in in breeding 
plants tolerant to freezing stress. In this study, consisting of two independent experiments, kabuli type chickpea genotypes 
(701) were exposed to freezing stress (− 12 °C) at the seedling stage under controlled conditions. Thirty days after the stress, 
alive seedlings were transferred to the field, and at the end of the growing season, yield and yield-related variables were 
assessed. In general, 42% of the genotypes survived after the freezing stress, among which 38 had a survival rate above 75%. 
A significant and positive correlation was observed between survival percentage and maximum photochemical efficiency 
of photosystem II in the light  (Fv′/Fm′), water soluble carbohydrates and ascorbate peroxidase (APX) activity after freezing 
stress. However, the survival percentage negatively correlated with electrolyte leakage. Principal component analysis showed 
that in the PC3 survival percentage,  Fv′/Fm′ after freezing stress, water soluble carbohydrates after freezing stress, and APX 
activity after freezing stress had a high negative coefficient, while EL had a high positive coefficient. Stepwise regression 
analysis revealed that  Fv′/Fm′ after freezing stress and APX activity after freezing stress described the most changes in sur-
vival percentage. In the field experiment, seed weight had the highest correlation coefficient with biomass and harvest index. 
In the principal component analysis, the coefficients of the PC1 for seed weight, biomass, and harvest index were − 0.92, 
− 0.87, and − 0.74, respectively. In conclusion, the chickpea genotypes with high antioxidant potential and water soluble 
carbohydrates were able to sustain carbon fixation and growth, and yielded well under freezing stress. The same traits may 
be used in mass screening of chickpea genotypes for tolerance to freezing stress.
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Introduction

Chickpea (Cicer arietinum L.) is a highly nutritious grain 
legume crop and is an excellent source of protein, carbohy-
drates, essential fats, and dietary fiber (Grasso et al. 2022). 

Chickpea is used as a substitute for meat to provide protein 
to the growing population due to its high protein quality. 
This plant plays a vital role in biological nitrogen fixation, 
soil fertility, and animal fodder, which adds to the particu-
lar importance of its production (Jukanti et al. 2012). The 
domesticated chickpea has been divided into two major dis-
tinct chickpeas: desi and kabuli. The seeds of kabuli chick-
peas are usually large with a beige color seed coat, and aerial 
plant parts are green and lack anthocyanin pigmentation 
with white flowers (Upadhyaya et al. 2008).

The freezing stress suppresses plant growth response by 
altering physiological, biochemical, and morphological pro-
cesses (Rani et al. 2021). In extreme cases, freezing stress 
may also lead to complete plant mortality (Rastgoo et al. 
2022). Freezing stress causes significant reduction in the 
carbon influx and assimilation due to decrease in stoma-
tal conduatance in metabolic limitations (Goswami et al. 
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2022). In this regard, photosystem II is more sensitive to 
low temperature stress than the other components of the 
thylakoid membrane (Østrem et al. 2018). However, activa-
tion of antioxidant defense system may help cope with the 
freezing stress-induced oxidative damages. Thus, the evalu-
ation of freezing stress-induced injuries and the mechanisms 
involved in tolerance to freezing stress is crucial to predict-
ing the survival of plant species in winter and its recovery 
capacity (Hasanfard et al. 2021).

Autumn cultivation of plants often leads to proper ben-
efits from precipitations, no exposure to heat stress in late 
spring and early summer, and no interference of sensitive 
stages of plants with diseases and pests. Despite the advan-
tages of autumn cultivation, unfavorable environmental fac-
tors such as freezing stress decrease plants’ winter survival, 
yield, and yield components (Nabati et al. 2020, 2021a). 
In this regard, Nezami et al. (2023) reported that autumn 
planting of some chickpea genotypes in the cold region had 
lower seed yield compared to other region. These research-
ers reported the damage caused by cold stress in autumn is 
the main reason for low chickpea yield in cold regions. How-
ever, exposing plants to a gradual decrease in temperature 
may lead to the regulation of physiological and biochemical 
processes and protect them from damage during freezing 
stress (Arslan et al. 2018). In this regard, evaluating the rela-
tionship between grain yield and yield-related variables with 
physiological, biochemical, and morphological attributes to 
determine promising genotype(s) under freezing stress is one 
of the critical approaches for selecting freezing-tolerant gen-
otypes (Mir et al. 2021; Boinot et al. 2022).

During the last few decades, research has been carried 
out on the adaptation and tolerance of plants to freezing 
stress. Since the primary mechanisms for understanding 
freezing tolerance are complex, recognition of the physi-
ological and biochemical processes related to the tolerance 
to freezing stress and the yield of crops requires more com-
prehensive studies. This study was conducted to identify the 
key physiological, biochemical, and morphological param-
eters involved in freezing tolerance in kabuli type chickpea 
genotypes.

Materials and Methods

Controlled Trial

Trial Setup

A total of 701 kabuli type chickpea genotypes, of diverse 
origin and morphology, collected from the Mashhad Chick-
pea Collection at the Research Center for Plant Science, 
Mashhad, Iran, were used in this study. Seeds of chickpea 
genotypes were planted in 6 × 12 seedling trays (23 × 45 × 5 

 cm3; 6 genotypes per tray), at 3 cm depth, filled with a mix-
ture of sand, soil and peat moss (1:1:1, w/w). during first 
week of November 2021. The experiment was conducted in 
a Completely Randomized Design with three replications 
(12 plants per replication) in an open environment at the 
Research Center for Plant Science, Ferdowsi University of 
Mashhad, Iran (Lat 36° 15′ N, Long 59° 28 E; 985 m Alti-
tude). To obtain cold acclimation (CA), the seedling trays 
were kept outdoors under natural conditions (Fig. 1). No 
fertilizer was added to the seedlings.

Application of Freezing Stress

After CA duration, chickpea seedlings were exposed to 
freezing stress at the true four-leaf stage (80 days after sow-
ing). Freezing stress was applied using a thermo-gradient 
freezer with the ability to adjust the duration and intensity 
of freezing. The relative humidity inside the freezer was 
40–50% with complete darkness. Considering the long-
term weather data of the region, the freezer’s temperature 
decreased at a rate of 2 °C per hour and reached the mini-
mum temperature (− 12 °C) (Hasanfard et al. 2021). The 
plant samples were treated at − 12 °C for two hours (Fig. 2) 
and were immediately transferred to a cool chamber at ~ 5 °C 
for about 12 h to decrease the thawing rate. Afterward, the 
seedling trays were moved to the natural conditions for four 
weeks.

Measurement of Attributes (Controlled Trial)

Twenty-four hours after freezing stress, the damage to the 
cell membrane was measured by leaf electrolyte leakage (EL) 
using an electrical conductivity meter (Jenway Model 4510, 
UK), and the EL% was calculated using Eq. 1 (Liu et al. 2013). 
For this purpose, EL was determined with the two youngest 
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fully developed leaves removed from each sample and placed 
in the vials containing 50 ml of double-distilled water and 
kept at the laboratory temperature for 24 h. Then, the initial 
conductivity  (EC1) was measured using a conductivity meter. 
The samples were autoclaved at 110 °C at a pressure of 1.2 atm 
for 30 min to destroy the cell membrane. After 24 h, the con-
ductivity of the killed samples  (EC2) was determined.

The maximum photochemical efficiency of photosystem 
(PS) II in the light  (Fv′/Fm′) before and six days after freezing 
stress (AFS) was measured using a pulse-modulated fluorom-
eter (model OS1-FL, Opti-Sciences, Hudson, NH, USA) from 
10:00 to 12:00 (Murchie and Lawson 2013). The youngest 
fully expanded leaves were sampled before and after freez-
ing stress to assay metabolites. Content of photosynthetic pig-
ments (CPPs) (Dere et al. 1998), water soluble carbohydrates 
content (WSCs) (Dubois et al. 1951), free radical scavenging 
activity by DPPH (Brand-Williams et al. 1995), total phenol 
contents (Singleton and Rossi 1965), flavonoids (Chun et al. 
2003), and activity of ascorbate peroxidase (APX), peroxidase 
(POD), and catalase (CAT) (Lee and Lee 2000) were measured 
by spectrophotometer (Jenway UV-Visible Spectrophotometer 
Model 6305, UK). The leaf osmotic potential was measured 
using an osmometer (OM802-D; Vogel, Germany).

After four weeks, the seedlings’ survival percentage (SU%) 
was calculated using Eq. 2. Accordingly, 294 genotypes sur-
vived and were used for evaluation in the study (biochemical 
and physiological attributes).

(1)EL(%) =
EC1

EC2
× 100

(2)SU% =
N1

N0
× 100

 Where N1 and N0 are the number of alive seedlings 4 weeks 
AFS, and the number of alive seedlings before freezing 
stress (BFS), respectively.

Field Trial

Land Preparation and Planting

The field was prepared by plowing with a reversible plow 
and breaking and smoothing the soil with a power harrow. 
The experimental soil was silt loam soil having organic 
matter 0.64%, nitrogen 0.068%, phosphorus 16.83 mg 
 kg−1, and potassium 112 mg  kg−1. On 15 February 2022, 
seedlings (294 genotypes) at the six-leaf stage were trans-
ferred to the research field of Ferdowsi University of 
Mashhad (35.16°N, 59.38°E). The seedlings were planted 
on a cloudy day with a temperature above 0 °C (Fig. 2). 
Planting was done manually in 55 cm spaced rows with a 
density of 30 plants per  m2. Irrigation was applied three 
times, including immediately after planting, 14 days after 
the first irrigation, and during flowering through surface 
irrigation. Weed control was done manually using hoeing 
in the middle of May 2022.

Measurement of Attributes (Field Trial)

From the planted genotypes, 223 genotypes survived in the 
field and entered the reproductive phase and seed produc-
tion, and their characteristics were evaluated. In the middle 
of July 2022, plant height, 100 seed weight, seed yield (SY) 
and biological yield (BY) were recorded. The harvest index 
(HI) was calculated following Eq. 3. 

Data Analysis

The analysis of variance (ANOVA) was performed using the 
SAS 9.4 software (v. 9.4, SAS Institute Inc, Cary, NC, USA). 
Duncan Multiple Range Test (DMRT) was used to mean 
comparison (p ≤ 0.05). Cluster analysis (based on Euclidean 
distance) and principal component analysis (PCA), and dis-
tribution of genotypes were performed by Statistica software 
(v. 8.0, StatSoft Inc., Tulsa, USA). The effect of independent 
variables on the dependent variable (SU%) was determined 
through stepwise regression analysis (SRA) using the JMP 
software (v. 8.0, SAS Institute, USA). The graphs were 
drawn using GraphPad Prism software (v. 8.00; GraphPad, 
CA, USA).

(3)HI(%) =
SY

BY
× 100
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Results

Controlled Trial

Correlation Matrix and Principal Component Analysis (PCA)

The controlled experiment’s descriptive statistics and 
ANOVA results showed a significant difference between 
the studied traits (Table 1S). Pearson’s correlation results 
showed that the SU% had a significant and negative cor-
relation (− 0.50**) with the EL%, whereas the SU% was 

positively correlated with  Fv′/Fm′ AFS, WSCs AFS, and 
APX activity AFS (0.53**, 0.40**, and 0.37**, respec-
tively) (Fig. 3). The EL had a significant and negative 
correlation with  Fv′/Fm′ AFS, carotenoid content AFS, 
and WSCs AFS (− 0.66**, − 0.16**, − 0.26**, respec-
tively). Further, a significant and positive correlation was 
recorded between  Fv′/Fm′ AFS and WSCs AFS, and APX 
activity AFS (0.22** and 0.16**, respectively). A sig-
nificant and strong positive correlation was also observed 
between the content of total pigment (CTP) AFS and the 
content of chlorophyll a (Chl a), chlorophyll b (Chl b), 
carotenoids, and cha/chb AFS (0.98**, 0.79**, 0.86**, 
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Fig. 3  Pearson correlation coefficient matrix between different bio-
chemical and physiological attributes of chickpea genotypes. BFS: 
Before freezing stress; AFS: After freezing stress). 1-Survival, 
2-Electrolyte leakage, 3-Fv′/Fm′ (BFS), 4-Fv′/Fm′ (AFS), 5-Chloro-
phyll a (AFS), 6-Chlorophyll b (AFS), 7-Carotenoids (AFS), 8-cha/
chb (AFS), 9-Total pigment (AFS), 10-Chlorophyll a (BFS), 11-Chlo-
rophyll b (BFS), 12-Carotenoids (BFS), 13-cha/chb (BFS), 14-Total 
pigment (BFS), 15-DPPH (AFS), 16-DPPH (BFS), 17-Soluble 

carbohydrates (AFS), 18-Soluble carbohydrates (BFS), 19-Phenol 
(AFS), 20-Phenol (BFS), 21-Flavonoids (AFS), 22-Flavonoids (BFS), 
23-Ascorbate peroxidase (AFS), 24-Ascorbate peroxidase (BFS), 
25-Catalase (AFS), 26-Catalase (BFS), 27-Peroxidase (AFS), 28-Per-
oxidase (BFS), 29-Osmotic potential (AFS), 30-Osmotic potential 
(BFS). There were 701 chickpea genotypes; each with three replica-
tions and 12 plants per replication
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and 0.76**, respectively). The WSCs AFS had a signifi-
cant and positive correlation with the total phenol content 
AFS, the flavonoid content AFS, and the APX activity 
AFS (0.16**, 0.14*, and 0.21**, respectively). The results 
further showed the correlation of total phenol contents 
AFS with the flavonoid content AFS (0.33**) and APX 
activity AFS with POD activity AFS (0.13*) was signifi-
cant and positive.

Twelve PCs explained 78.2% of the total variability 
(Table 2S). The PC1, which explains about 14% of the total 
changes, had a high negative coefficient for CPPs AFS, and 
the PC2 that explains 12% of the total changes, had a high 
positive coefficient with the Chl a, Chl b, carotenoids, CTP 
BFS (Table 2S and Fig. 4a). The PC3, which explains 8.54% 
of the total changes, had a high negative coefficient for SU%, 
 Fv′/Fm′ AFS, WSCs AFS, and APX activity AFS. Interest-
ingly, EL% had a high coefficient of positive (Table 2S and 
Fig. 4b).

Cluster Analysis

Of the 294 genotypes surviving AFS (− 12 °C), 38 geno-
types with SU higher than 75% were selected for cluster 
analysis (Fig. 5). The cluster analysis divided chickpea 
germplasm into four distinct groups (Fig. 1S). The third 
group with 13 genotypes had the highest, and the fourth 
group with three genotypes had the lowest number of gen-
otypes. The deviation from the total mean for the attrib-
utes was calculated to evaluate the share of each group’s 

studied trait. The mean of groups was compared using 
DMRT at 5% (Table 1). Based on this, the genotypes of the 
second group with six traits, including EL%,  Fv′/Fm′ BFS 
and AFS, WSCs AFS, total phenol content BFS and fla-
vonoid content BFS were more appropriate than the other 
groups. ANOVA of the groups also showed a significant 
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difference in the values of some traits (Table 2). In this 
way, the value of variance between groups in the EL%, 
 Fv′/Fm′ BFS and AFS, WSCs AFS, the total phenol content 
BFS and the flavonoid contents BFS and CAT activity BFS 
and AFS were 5, 3, 34, 5, 13, 3, 22 and 34 times higher 
than the value of variance within groups, respectively.

Stepwise Regression Analysis (SRA)

In the SRA, SU% was considered a function variable (Y), 
and other attributes as independent variables. The results of 
SRA showed that the seven traits, including EL%,  Fv′/Fm′ 
AFS, WSCs AFS, APX activity BFS and AFS, CAT activity 

Table 1  Mean, deviation from 
mean of groups in cluster 
analysis and the results of 
discriminant function for 
clustering validity in chickpea 
genotypes

In each row, means sharing the same letter do not differ significantly based on the Duncan’s Multiple 
Range Test (p ≤ 0.05)
There were 701 chickpea genotypes; each with three replications and 12 plants per replication
BFS before freezing stress, AFS After freezing stress, SU  survival, EL electrolyte leakage, Chl a chloro-
phyll a, Chl b chlorophyll b, WSCs water soluble carbohydrates, APX ascorbate peroxidase, CAT  catalase, 
POD peroxidase, OP osmotic potential
Group mean and ‡Deviation from mean; ††Predicted Group Membership [Total: 32 (100%)]

Group
(MCC)

#1 (1766, 1353, 
1820, 1964, 1897, 
1615, 2090, 1893, 
2003, 1962, 2020)

#2 (1779, 2125, 
1548, 1302, 1085, 
1248, 1516, 1696, 
1752 1839, 1618)

#3 (2009, 2128, 
1622, 2137, 1617, 
1304, 1687, 2008, 
1965, 2142, 1755, 
1139, 1985)

#4 (1354, 
1801,2145)

Traits GM† DM‡ GM DM GM DM GM DM

SU% 93 0.741 95 2.848 91 − 0.919 83 − 9.000
EL% 19c − 9.919 25bc − 3.318 36ab 7.755 44a 15.425
Fv′/Fm′ (BFS) 693a 42.756 663ab 12.938 598b − 51.558 669ab 19.211
Fv′/Fm′ (AFS) 667a 149.842 647a 129.933 307b − 210.081 402b − 115.158
Chl a (AFS) 0.36 0.022 0.34 0.003 0.31 − 0.032 0.39 0.049
Chl b (AFS) 0.26 0.006 0.26 0.007 0.24 − 0.016 0.28 0.023
Carotenoids (AFS) 0.07 0.015 0.06 − 0.001 0.05 − 0.013 0.07 0.011
cha/chb (AFS) 1.37 0.050 1.29 − 0.034 1.29 − 0.035 1.42 0.098
Total pigment (AFS) 0.70 0.043 0.67 0.008 0.60 − 0.061 0.73 0.073
Chl a (BFS) 0.40 0.018 0.40 0.022 0.35 − 0.024 0.34 − 0.037
Chl b (BFS) 0.31 − 0.020 0.35 0.019 0.34 0.012 0.28 − 0.047
Carotenoids (BFS) 0.08 0.009 0.07 − 0.003 0.06 − 0.009 0.08 0.007
cha/chb (BFS) 1.26 0.092 1.17 − 0.003 1.09 − 0.079 1.18 0.010
Total pigment (BFS) 0.78 0.007 0.82 0.038 0.76 − 0.021 0.70 − 0.077
DPPH (AFS) 0.78 − 0.135 0.94 0.021 1.02 0.097 0.92 0.002
DPPH (BFS) 0.87 − 0.029 0.93 0.026 0.94 0.039 0.74 − 0.160
WSCs (AFS) 2.05a 0.446 1.66ab 0.061 1.38b − 0.226 0.72c − 0.883
WSCs (BFS) 0.61 0.213 0.26 − 0.137 0.36 − 0.038 0.29 − 0.107
Phenol (AFS) 210 − 36.655 295 48.827 237 − 9.352 242 − 4.498
Phenol (BFS) 191b − 177.006 532a 164.292 422a 53.910 181b − 186.897
Flavonoids (AFS) 47.8 − 7.214 66.5 11.492 47.6 − 7.477 72.0 16.973
Flavonoids (BFS) 37.4ab − 8.988 58.0a 11.564 48.1ab 1.702 30.0b − 16.424
APX (AFS) 59.5 5.751 53.5 − 0.202 51.1 − 2.686 45.0 − 8.747
APX (BFS) 16.0 2.311 11.0 − 2.676 12.3 − 1.310 21.0 7.342
CAT (AFS) 404b − 122.853 446b − 80.668 444b − 82.493 1630a 1103.453
CAT (BFS) 188b − 50.974 182b − 57.065 162b − 76.743 968a 729.026
POD (AFS) 6.12 − 0.186 7.24 0.940 6.02 − 0.281 4.75 − 1.552
POD (BFS) 1.32 − 0.237 1.56 0.008 1.83 0.276 1.20 − 0.356
OP (AFS) 2.46 − 0.314 3.34 0.569 2.62 − 0.155 2.51 − 0.264
OP (BFS) 3.27 − 0.300 4.38 0.815 3.19 − 0.383 3.34 − 0.229
PGM†† 11 11 13 3
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BFS and AFS explained the SU% of chickpea seedlings 
(Prob>|t|) (Tables 3 and 4). Meanwhile, the more estimated 
SRA coefficients (t ratio) belonged to  Fv′/Fm′ AFS (5.63) and 
APX activity AFS (4.48) (Table 4).

Field Trial

Correlation Matrix and Principal Component Analysis (PCA)

The field experiment’s descriptive statistics and ANOVA 
results showed a significant difference between the studied 
traits (Table 3S). A significant and positive correlation was 

observed between all studied traits in the field (Fig. 6). Seed 
weight had a very strong and positive correlation with bio-
mass (0.89**) and HI (0.68**). The PC1 (eigenvalue > 1) 
explains 56% of the data variance (Table 4S). The stud-
ied traits had high and negative coefficients in this com-
ponent (Table 4S, Fig. 7a). Meanwhile, seed weight, bio-
mass, and HI had coefficients of − 0.92, − 0.87, and − 0.74, 
respectively. Three genotypes, MCC2003, MCC2009, and 
MCC2090 (dashed line), had high yield, biomass, and HI 
potential based on the two-dimensional cartesian coordinate 
system and their distribution (Fig. 7b).

Cluster Analysis

Cluster analysis of field traits was done using genotypes with 
more than 75% SU (Fig. 5). Cluster analysis based on the 
studied attributes in the field grouped chickpea germplasm 
into four distinct groups (Tables 5 and 6, and Fig. 2S). The 
fourth group with 17 genotypes had the highest, and the 
third group with three genotypes had the lowest number of 
genotypes. The comparison between groups in the studied 
traits using DMRT showed that the mean genotypes in the 
groups were significant regarding seed weight, biomass, and 
HI (Table 5). In the current study, the mean of the genotypes 
of the third group (MCC2003, MCC2009, MCC2090) in 
all three mentioned traits was significantly higher than in 
other groups.

Discussion

Freezing stress affects the growth and yield of plants by 
disrupting the metabolism as well as altering the stability 
and integrity of cell membranes. The adaptation of plants 
to the environment and their capacity to overwinter depend 
on the biochemical and physiological responses caused by 
their cold acclimation duration (Nezami et al. 2022). This 
process, called adaptation, seeks to reprogram intracellular 
metabolism, leading to enhanced tolerance to freezing stress 

Table 2  Analysis of variance (Mean Square) of groups based on the 
studied characteristics of chickpea genotypes

EL electrolyte leakage, WSCs water soluble carbohydrates, CAT  cata-
lase
*Significant at p ≤ 0.05, **Significant at p ≤ 0.01
† Only significant traits

                         Traits† Between groups Within groups

EL% 885** 166
Fv′/Fm′ (BFS) 19,205* 5556
Fv′/Fm′ (AFS) 348,815** 10,262
WSCs (AFS) 1.737** 0.333
Phenol (BFS) 261,409** 20,812
Flavonoids (BFS) 1082* 313
CAT (BFS) 577,982** 17,136
CAT (AFS) 1,326,970** 61,074
df 3 34

Table 3  Analysis of variance of stepwise regression model

Source df Sum of squares Mean square F Probability

Model 29 89,337 3081 9.97 < 0.0001*
Error 264 81,600 309
Total 293

Table 4  Parameter estimates 
stepwise selection linear 
regression model

BFS before freezing stress, AFS after freezing stress, EL electrolyte leakage, WSCs water soluble carbohy-
drates, APX ascorbate peroxidase, CAT  catalase

Parameter Estimate Standard error t Ratio Prob>|t| Lower 95% Upper 95%

Intercept 78.660 33.606 2.341 0.020 12.491 144.830
EL% − 0.175 0.065 − 2.690 0.008* − 0.302 − 0.047
Fv′/Fm′ (AFS) 0.043 0.008 5.625 < 0.0001* 0.028 0.058
WSCs (AFS) 6.802 1.741 3.907 0.0001* 3.374 10.230
APX (BFS) − 0.350 0.157 − 2.237 0.026* − 0.659 − 0.042
APX (AFS) 0.354 0.079 4.478 < 0.0001* 0.198 0.509
CAT (BFS) − 0.028 0.010 − 2.903 0.004* − 0.048 − 0.009
CAT (AFS) 0.021 0.007 3.184 0.002* 0.008 0.034
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in plants (Oberschelp et al. 2020). The adaptation process 
in plant species is different under environmental conditions, 
which leads to different metabolism contents and, finally, 
tolerance to different freezing stress. Maintaining the integ-
rity of the cell membrane and the hardening of the leaf cells 
are crucial factors in the SU of plants under freezing stress. 
In the current study, a negative correlation was observed 
between the EL% and the SU% of chickpea germplasm. 
Hence, the decline in cell turgidity AFS and the increase 
in EL clearly indicate the function of the cell membrane in 
protecting chickpea seedlings against the damage of freezing 

stress. In similar studies, the direct relationship between 
SU% and EL% indicates that studying damage to plant cell 
membranes after freezing stress determined the extent of 
plant damage and freezing tolerance thresholds (Wąsek et al. 
2021). Interestingly, the EL% was negatively associated with 
 Fv′/Fm′ AFS, carotenoids AFS, and WSCs AFS. Thus, the 
destruction of the cell membrane AFS has disturbed the 
electron transport and photochemical efficiency of PS II. 
Recent studies have also reported that the electron transport 
chain from PS II to PS I is blocked a decrease in temperature 
due to the excessive reduction of the primary electron accep-
tor of PS II (Zeng et al. 2022; Nabati et al. 2018). This dam-
age to the photosynthetic apparatus has presumably caused 
ROS accumulation and disturbance in plant metabolism, 
including the accumulation of WSCs. Supplying adequate 
carbohydrates to regulate the osmotic pressure and protect 
the cell membrane effectively would mitigate the damage of 
freezing stress (Landry et al. 2017). In this study, the high 
capacity of accumulation of WSCs AFS has led to the reduc-
tion of cell shrinkage, preservation of plant cell membrane 
structure and function, and hence, their high SU.

The SU’s significant and positive correlation with  Fv′/
Fm′ AFS, WSCs AFS, and APX activity AFS reveals their 
similar change. In other words, the improvement of the 
mentioned characteristics AFS was directly influential in 
the SU% of the studied germplasm.

The results of the PC3 of the trial also confirmed the 
results of the correlation between traits (Table 2S). Sub-
sequently, the SU%, EL%,  Fv′/Fm′ AFS, WSCs AFS, and 
APX activity AFS explain the variability of this component 
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agreeably. These attributes with the highest weight and the 
most significant distance from the center were the most criti-
cal factors of this component (Fig. 4b). The different strong 
coefficient of SU% with EL% and its similar strong coef-
ficient with other mentioned traits prove the importance of 
applying these characteristics in chickpea germplasm breed-
ing and selection programs.

The significant intergroup variance of the EL%,  Fv′/Fm′ 
AFS, WSCs AFS, and CAT activity AFS revealed that the 
groups’ mean was not the same, which confirms the impor-
tance of cluster analysis to determine superior genotypes. 
The high value of variance between groups for the men-
tioned attributes compared to the variance within groups 
(error effects) showed the appropriate explanation of the 
effect of the mentioned traits in the study and the impact 
of less error. In the controlled trial, the genotypes of the 
second group of cluster analysis had the highest number 
of superior traits (Table 1). Interestingly, the EL%,  Fv′/
Fm′ AFS, and WSCs AFS were among the traits that were 

also effective based on Pearson’s correlation coefficient 
and PCA results.

Without considering interactions between SU% and other 
traits, simple correlation analysis may mislead plant breeders 
from achieving their primary purpose. Thus, it is necessary 
to use multivariate analysis, such as SRA. “Independent” 
and “dependent” variables are the two fundamental vari-
ables in statistical modeling and experimental designs. In 
SRA, all independent variables are included in the model, 
and independent variables that do not significantly affect 
the dependent variable are removed from the model. In this 
experiment, stepwise multiple regression was employed to 
determine the role of biochemical and physiological attrib-
utes in improving tolerance to freezing stress, increasing 
speed, and boosting efficiency in selecting a limited num-
ber of traits essential for achieving breeding objectives. The 
changes in the regression model for SU% were explained 
by traits that had a functional role in the study (based on 
correlation coefficient and PCA). The activity of APX and 
CAT among the components influencing the SU% (Table 4) 
revealed that the activity of the aforementioned antioxidant 
enzymes had an influential role in the successful overwin-
tering of chickpea seedlings. Through their role in plant 
defense mechanism, these enzymes scavenge ROS (CAT) 
or modulate their levels (APX) in the signaling pathway 
(Sofo et al. 2015). In plants, CAT is found predominantly 
in peroxisomes and converts hydrogen peroxide  (H2O2) 
into  H2O and  O2. APX decomposes  H2O2 by oxidizing co-
substrates such as phenolic compounds and/or antioxidants 
(Dąbrowska et al. 2007; Willekens et al. 1995). Therefore, 
the high activity of the enzymes, as mentioned earlier, was 

Table 5  Mean, deviation from 
mean of groups in cluster 
analysis and the results of 
discriminant function for 
clustering validity in chickpea 
genotypes

In each row, means sharing the same letter do not differ significantly based on the Duncan’s Multiple 
Range Test (p ≤ 0.05)
† Group mean and ‡Deviation from mean
†† Predicted group membership [Total: 32 (100%)]

Group
(MCC)

#1 (1085,1248,1622, 
1820, 1839, 1893, 
1897, 1962, 1964, 
2008, 2125, 2128)

#2 (1353, 1516, 
1548, 1696, 1755, 
2137)

#3 (2003, 2009, 
2090)

#4 (1139, 1302, 
1304, 1354, 
1615, 1617, 
1618, 1687, 
1752, 1766, 
1779, 1801, 
1965, 1985, 
2020, 2142, 
2145)

Traits GM† DM‡ GM DM GM DM GM DM

Plant height 45 5 38 − 2 47 7 36 − 4
100-grain weight 26.2 2.2 24.6 0.6 25.1 1.1 22.1 − 1.9
Seed weight 153.5b 53.1 108.8c 8.4 275a 174.6 29.2d − 71
Biomass 229b 78.8 155c 4.8 373a 223 54d − 96.2
Harvest index 67ab 10 70ab 13 74a 17 42b − 15
PGM †† 12 6 3 17

Table 6  Analysis of variance (Mean Square) of groups based on the 
studied characteristics of chickpea genotypes

*Significant at p ≤ 0.05, **Significant at p ≤ 0.01
† Only significant traits

                         Traits† Between groups Within groups

Seed weight 70,655** 1104
Biomass 127,000** 851
Harvest index 2303* 562
df 3 34
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recognized as one of the essential mechanisms in the SU of 
chickpea germplasm.

Changes in seed weight were consistent with other char-
acteristics evaluated in the field. Likewise, seed weight 
was strongly associated with biomass and HI. In PC1 
(eigenvalue = 2.78), all traits had similar factor loadings, 
which confirms the results of the correlation coefficients 
(Table 4S). Seed weight, biomass, and HI had the highest 
coefficients of the PC1 and explained the variability of this 
component more (Fig. 7a). The higher HI indicates the high 
capacity of genotypes in allocating photosynthetic materials 
to seeds (Sandana and Calderini 2019), which is considered 
one of the superiority factors of the studied germplasm. In 
other words, genotypes with a higher HI do not have sink 
limitations and can receive photosynthetic materials in the 
seed. The significant correlation of seed weight with plant 
height and 100 seed weight also confirmed that the men-
tioned traits highly influence crop yield. Accordingly, modi-
fying these traits will ultimately lead to more seed yield. As 
such, it is necessary to breed freezing-tolerant plants through 
the mentioned techniques (correlation between traits and 
PCA) and determine the traits affecting seed yield, espe-
cially in the germplasm of species with high genetic diver-
sity (Nabati et al. 2021b; Tiwari et al. 2022). Comparing 
the mean between groups for cluster analysis revealed that 
the genotypes of group three (MCC2003, MCC2009, and 
MCC2090) were at the highest level in all three significant 
traits, including seed weight, biomass, and HI, compared to 
other groups. According to the determination of the men-
tioned traits as influential factors in the field study, it can 
be concluded that these genotypes had a favorable response 
to the most crucial traits determined. In addition, based on 
the PC1, two-dimensional Cartesian coordinate system, and 
the distribution of genotypes, the three mentioned genotypes 
with the lowest negative factor loadings had high seed yield, 
biomass, and HI (Fig. 7).

High SU% is the most important factor in screening gen-
otypes tolerant to freezing stress. Thus, it is necessary to 
select genotypes with a high SU% and breed them based on 
traits that affect winter SU. In this experiment, genotypes 
with SU > 75% were selected to determine the characteristics 
affecting chickpea yield in the field. Overall, MCC2003 and 
MCC2090, with the appropriate metabolic response, high 
potential in tolerance to freezing stress, and high grain yield, 
biomass, and HI, were considered promising genotypes.

Conclusions

The tested chickpea genotypes varied for their responses 
to freezing stress. The chickpea genotypes with high anti-
oxidant potential and water soluble carbohydrates were able 
to survive, sustain growth, and produce fair grains under 

freezing stress. The same traits may be used in mass screen-
ing of chickpea genotypes for tolerance to freezing stress.
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