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Abstract
Autumn cultivation of desi-type chickpea in cold regions requires the introduction of cultivars tolerant to freezing stress.
Hence, this study aimed to investigate the physiological response of desi-type chickpea germplasm during cold acclimation
and its relationship with freezing tolerance (–12°C) under controlled conditions. A genotype with a higher potential
for accumulation of anthocyanins, proline, and DPPH (free radical scavenging activity) in cold acclimation duration
was identified as a promising genotype with lower electrolyte leakage and 100% survival. In the germplasm, 81% of
the genotypes kept 100% survival. No significant correlation was observed between the content of metabolites in cold
acclimation duration and the survival percentage of genotypes after freezing stress. While the correlation between survival
percentage and electrolyte leakage was negative and significant, except for one genotype, the other genotypes with the
lowest EL had 100% survival. Principal component analysis indicated the first component screened genotypes with higher
content of photosynthetic pigments and the second component screened genotypes with more survival and cell membrane
stability after freezing stress. Morphological parameters explain the freezing tolerance better than metabolites. Based on the
results of this experiment, it is recommended to evaluate the content of photosynthetic pigments before freezing stress and
assess the stability of cell membranes after freezing stress to measure the tolerance to freezing stress in genetic engineering
and breeding programs.
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Introduction

Chickpea (Cicer arietinum L.) is one of the most important
crops in the human food basket worldwide. It is a valuable
source of protein, fat, fiber, and carbohydrate (Rachwa-
Rosiak et al. 2015). As the human population grows, the
demand for this protein source increases, and various ap-
proaches to its sustainable products are being developed
(Grasso et al. 2022). Among pulses, chickpea is ranked
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second in the area under cultivation (15.3% of the total)
and third in production (15.4%) (FAOSTAT 2018). In 2020,
world production of chickpea reached 15 MT, among where
Asian countries were ranked first with 86% of total world
production (FAOSTAT 2020). The production of 78% of
this crop by Low-Income Food-Deficit Countries (LIFDCs)
(FAOSTAT 2020) indicates the unique role of this product
as an alternative source of animal protein. Iran is also one
of the largest producers of this crop, producing about 2%
of the world’s chickpea (FAOSTAT 2020).

Compared to the Kabuli type chickpea, the desi-type
has tiny, angular, dark-colored seeds that grow mainly in
Asia and Africa (Rachwa-Rosiak et al. 2015). Desi-type is
mainly processed and consumed as a split pea. Despite the
extraordinary role of split pea in the diet of many countries,
including Iran, the challenge of water scarcity has led to in-
sufficient production of this plant, especially in arid and
semi-arid regions. On the other hand, autumn cultivation
of this crop to benefit from autumn and winter precipita-
tions is impossible due to the lack of introduction of cold-
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tolerant cultivars (Karimzadeh Soureshjani et al. 2022). In
addition, studies have found that autumn cultivation, due to
escaping from the heat and drought stresses in late spring
and early summer, increased the vegetative growth period.
Hence, the production of more photosynthetic products, the
yield and yield stability of this crop is greater than in spring
cultivation (Hu et al. 2006).

The capacity of plant species to tolerate freezing stress
under natural conditions varies. Thus, assessing the dam-
age caused by freezing stress is particularly necessary to
predict the survival of the plant species in winter and its
regrowth in the spring of the following year (Hasanfard
et al. 2021). This evaluation also effectively identifies cold-
tolerant species plus cultivars and develops management
strategies to improve plant yield under freezing stress. The
adverse effects of physiological, cellular, metabolic, and
molecular processes may be so severe that plant death oc-
curs at low temperatures (Nabati et al. 2021). There are
inherently physical, morphological, and molecular limita-
tions to chickpea’s ability to respond to freezing stress.
Studies indicated that sometimes freezing stress may not
kill chickpea seedlings, although it affects plant regrowth
during recovery and seed yield (Bhattacharya 2022). How-
ever, gradual rises in stress may regulate physiological and
biochemical processes and protect plants from damage in
the event of a sudden onset of freezing stress (Arslan et al.
2018); Thus, evaluating the mentioned parameters before
freezing stress (BFS) and examining their relationship with
plant survival after freezing stress (AFS) is one of the es-
sential strategies for selecting tolerant genotypes in plants
(Mir et al. 2021; Nabati et al. 2021). The present experiment
was conducted to investigate the relationship between the
response of germplasm metabolites of desi-type chickpeas
during cold acclimation (CA) and its tolerance to freezing
stress under controlled conditions.

Table 1 Chickpea genotypes used in this study and their origin

No. Seed bank ID Origin No Seed bank ID Origin No Seed bank ID Origin

1 MCC29a Iran 12 MCC310 217594 23 MCC755 Sel96TH11485

2 MCC32 Iran 13 MCC505 (Control) 24 MCC884 Australia

3 MCC40 Iran 14 MCC576 Iran 25 MCC885 Australia

4 MCC83 5003 15 MCC580 Iran 26 MCC901 Iran

5 MCC100 217909 16 MCC600 Iran 27 MCC911 Iran

6 MCC194 Iran 17 MCC603 Iran 28 MCC913 Iran

7 MCC199 218033 18 MCC605 Iran 29 MCC914 Iran

8 MCC207 89341 19 MCC607 Iran 30 MCC918 Iran

9 MCC212 218029 20 MCC613 Iran 31 MCC922 Iran

10 MCC259 Iran 21 MCC751 Sel96TH11403 32 Saralb (Control)

11 MCC291 217501 22 MCC754 Sel96TH11484 – – –
aMCC Mashhad Chickpea Collection
bReleased in 2013

1 30 59 88 117 146 175
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Fig. 1 Minimum and maximum daily air temperatures at the exper-
imental site. FT Freezing treatment, CAP Cold acclimation period,
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temperature ~20°C, Relative humidity: 40–50%, and under the natural
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Materials andMethods

Plant Material and Growing Conditions

An experiment based on a Completely Randomized Design
(CRD) with three replications was conducted in 2019 to
evaluate the effect of freezing temperatures on desi-type
chickpea genotypes. The experiment was performed in the
Research Center for Plant Science (RCPS) at the Ferdowsi
University of Mashhad, Iran (Lat 36° 150 N, Long 59° 28 E;
985m Altitude). Experimental factors included 31 selected
genotypes of desi-type, one cold-tolerant cultivar (cv. Saral)
(Table 1), and three temperature treatments, including 0,
–12, and –15°C. Seeds were provided fromMashhad chick-
pea collection RCPS. Plastic pots (13cm high, 14cm diam-
eter) were filled with sand, soil, and peat moss (1:1:1, v/v),
and seeds were planted at 4–5cm depth below the soil sur-
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face. To obtain CA, the pots were kept outdoors and grown
in natural conditions (Fig. 1). During the growing season,
all seedlings were irrigated daily with potable water.

Measurement of Traits After Cold Acclimation

After the CA duration and BFS, the youngest fully ex-
panded leaves were harvested for the biochemical assays.
Content of photosynthetic pigments (CPPs) (Dere et al.
1998), anthocyanins (Wagner 1979), water soluble carbo-
hydrates (WSCs) (Dubois et al. 1951), Proline (Bates et al.
1973), free radical scavenging activity by DPPH (Brand-
Williams et al. 1995), total phenol content (Singleton and
Rossi 1965) were measured by spectrophotometer (Jenway
UV-Visible Spectrophotometer Model 6305, UK). The leaf
relative water content (RWC) was also calculated using
Eq. 1 (Ritchie et al. 1990).

RWC .%/ = .ŒFW − DW�=ŒTW − DW�/ � 100 (1)

Where FW is the fresh weight, TW is the turgid weight
measured after 24h of saturation on deionized water at 4 °C
in the dark, and DW is the dry weight determined after 48h
in an oven at 70°C.

Freezing Treatment

Chickpea seedlings were exposed to freezing treatment af-
ter CA duration at the true six-leaf stage. Freezing treatment
was performed using a thermogradient freezer. The initial
temperature of the thermogradient freezer was +5°C; how-
ever, the freezer was cooled down in a stepwise trend at
a rate of 2°C per hour. The plant samples were kept at the
intended temperatures for one h (Fig. 2), and instantly af-
ter the freezing treatment, the samples were transferred to
the growth chamber at ~5°C for about 24h to decrease the
thawing rate.
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Fig. 2 Temperature reduction slope in the thermogradient freezer. The
pots were removed from the freezer at 0, –12, and –15°C

Measurement of Traits After Freezing Stress

After applying stress, freezing stress damage to the cell
membrane was measured by electrolyte leakage (EL) using
an electrical conductivity meter (Jenway Model 4510, UK).
The percentage of EL was calculated using Eq. 2 (Hasanfard
et al. 2021; Waalen et al. 2011).

EL .%/ = .EC1=EC2/ � 100 (2)

Where EC1 is the initial conductivity, EC2 is the con-
ductivity of the killed samples.

After four weeks of the freezing treatment, survival per-
centage (Eq. 3), plant height and dry weight (DW) were
evaluated. Since the plant samples survived completely at
0°C and were almost destroyed at –15°C due to the inten-
sity of the freezing stress, the results of these traits were
found at –12°C (the minimum average temperature at the
examination location) was reported.

SU .%/ = .n1=n2/ � 100 (3)

Where n1 and n2 are the number of alive plants four
weeks after freezing treatment, and the number of alive
plants before freezing treatment, respectively.

Statistical Analysis

Data were analyzed using the SAS 9.4 software (v. 9.4, SAS
Institute Inc, Cary, NC, USA) and their mean comparison
was performed by Duncan Multiple Range Test (DMRT)
at a 5% probability level. Cluster analysis (based on Eu-
clidean distance) and principal component analysis (PCA)
were also performed by Statistica software (v. 8.0, StatSoft
Inc., Tulsa, USA).

Results

Physiological Traits

Content of Photosynthetic Pigments (CPPs)

MCC32 and MCC913 had the most elevated CPPs (chloro-
phyll a, chlorophyll b, and carotenoids) (Fig. 3). However,
the Saral (control cultivar) had only more chlorophyll a
among the mentioned photosynthetic pigments. In 22% of
genotypes (seven genotypes), the chlorophyll a/b ratio was
higher than in other genotypes (Fig. 3). The highest to-
tal pigments were MCC32, MCC913, MCC914, and Saral
cultivar with 3.11 to 3.57mg gfw–1.
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Fig. 3 Content of photosyn-
thetic pigments in chickpea
genotypes after the cold accli-
mation period

0

1

2

3

4

5

6

7

8

9

10

Genotype (MCC)

Ph
ot

os
yn

th
et

ic
pi

gm
en

ts

cha (mg/gfw)chb (mg/gfw)Cartenoieds (mg/gfw)cha/chbTotal pigment(mg/gfw)

100 194 199 207 212 259 29 291 310 32 40 505 576 580 600 603 605 607 613 751 754 755 83 884 885 901 911 913 914 918 922 Saral

Anthocyanin

The anthocyanin content in the tested genotypes varied and
ranged from 0.16 to 0.65mmol gfw–1 (Table 2). MCC40
with 0.65mmol gfw–1 had higher anthocyanin content com-
pared to other genotypes. So the anthocyanin content in
this genotype was 2.1 times higher than the total average.
Also, the anthocyanins content in the Saral cultivar was
51% lower than the mentioned genotype.

Water Soluble Carbohydrates (WSCs)

MCC259 and MCC291 with 89 and 76mg gfw–1 had more
WSCs than other genotypes (Table 2). Therefore, the aver-
age content of WSCs in these two genotypes was 2.3 times
higher than the total average in the genotypes.

Proline

Maximum proline content was observed in MCC100 and
MCC40, with 8.1 and 6.9mg.gfw–1, respectively (Table 2).
The mean proline content of these two genotypes was
2.6 times higher than the total mean of the genotypes.
Proline content in the Saral cultivar was 68% lower than
the average of the mentioned genotypes.

Free Radical Scavenging Activity by DPPH

The DPPH of MCC755, MCC914, MCC212, MCC885, and
MCC40 varied from 2.65 to 3.34mg gfw–1 and was higher
than other genotypes (Table 2). The mean of DPPH in these
genotypes was 1.8 times higher than the average of the
genotypes. Free radical scavenging activity by DPPH was

at its lowest level in the Saral cultivar. Its DPPH was 81%
lower than the average in the mentioned genotypes.

Phenol

According to Table 2, six genotypes and the Saral culti-
var had higher phenol content than other genotypes. The
range of phenol in the mentioned germplasm varied from
360 to 423mg.gfw–1, and the mean of these genotypes was
1.2 times higher than the total mean.

Leaf RelativeWater Content (RWC)

The RWC in the studied germplasm varied from 63 to
84% (Table 2). MCC885, MCC751, MCC29, MCC613,
and the Saral cultivar with 82 to 84% had higher RWC
than other genotypes (Table 2). Hence, their average RWC
was 1.1 times higher than the total average.

Electrolyte Leakage (EL)

Exposure of chickpea seedlings to –12°C led to EL in 43
to 78% (Fig. 4). MCC600, MCC603, MCC40, MCC901,
MCC29, MCC884, and the Saral cultivars with a range of
43 to 51% had less EL than other genotypes. Simply put,
the average leaf cell membrane stability in these genotypes
was 20% higher than the total average.

Survival Percentage

Survival of 26 genotypes AFS (–12°C) was more than 95%
(Fig. 4). Among alive seedlings, MCC884 had a lower sur-
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Fig. 4 Survival and electrolyte
leakage of chickpea genotypes
after freezing stress (–12°C).
Dotted lines represent the mean
of each attribute
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vival percentage (33%) than others. Also, MCC199 was the
only genotype completely killed by exposure to –12°C.

Plant Height

In this experiment, 24 genotypes (75%) with a height of
10.3 to 15.3cm were placed in the same statistical group
and had the highest height (Table 2). Among alive seedlings,
MCC884 had the lowest height (4.33cm). The height of the
Saral cultivar was 44% lower than the total average.

Plant Dry Weight (DW)

The DW of 24 genotypes ranged from 143 to 250mg plant–1.
These genotypes were placed in the same statistical group
(Table 2). MCC884 with 43mg plant–1 had the lowest DW.
Also, the DW of the Saral cultivar was 49% lower than the
total average, and this cultivar was among the genotypes
with the lowest plant DW.

Correlation Matrix and Principal Component
Analysis (PCA)

Based on the results of the Pearson’s correlation coefficient,
a significant positive correlation was observed between the
content of chlorophyll a with chlorophyll b (r2= 0.74**)
and the total pigment with the content of chlorophyll a,
chlorophyll b, and carotenoids (r2= 0.95**, r2= 0.87**, and
r2= 0.73**) (Fig. 5a). Also, a significant positive correla-
tion between plant height with survival and dry weight

(r2= 0.71** and r2= 0.79**) showed that there is a high rela-
tionship between these parameters (Fig. 5a). The five main
components accounted for 78.01% of the data diversity
(Table 3). The first component, which explains 27.15% of
the total changes, had a high positive coefficient for photo-
synthetic pigments (Fig. 5b). The second component with
20.78% of the total changes had a high positive coefficient
for survival, plant height, and DW and a high negative coef-
ficient for EL. Consequently, the top 10 genotypes (dashed
line) with high tolerance capacity were identified based on
the two-dimensional cartesian coordinate system and how
they are distributed (Fig. 5c).

Cluster Analysis and Canonical Correlation Analysis
(CCA)

Cluster analysis based on the studied traits grouped chick-
pea germplasm into seven distinct groups (Fig. 6 and
Table 4). The second group with nine genotypes included
the highest, and the groups of three, five, six, and seven
with three genotypes had the lowest number of genotypes.
The deviation from the total mean for the traits was cal-
culated to evaluate the share of each group’s experimented
trait (Table 4). Hence, the average survival percentage of
groups four and seven were lower than the total mean. Ex-
cept for groups four and six, the other groups had a higher
group average in eight traits than the total average. Also,
according to Table 4, the Saral cultivar and six genotypes
were in group four. This group had a higher mean in only
four traits than the total mean. Analysis of variance of the

K



How Does the Freezing Stress in the Seedling Stage Affect the Chickpea’s Morpho-Physiological and Biochemical Attributes? 1113

A B C D E F G H I J K L M N

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

cha

chb

Car

a/b

TP

Ant

S C

Pro

DPPH

Phe

RWC

S u

H

DW

EL

cha chb Car a/b TP Ant SC Pro DPPH Phe RWC Su H DW

**
** **

** ** **
**

**

**

**
** **

**

*

*
*

*

*

*
* *

-0.2

0

0.2

0.4

0.6

0.8

 cha

 chb

 Cartenoieds

 cha/chb

 Total pigment Anthocyanin
 Soluble carbohydrates

 Proline
 DPPH

 Phenol

 RWC

 Survival

 Height

 Dry weight

 Electrolyte leakage

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Factor 1 : 27.15%

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

%
8

7.
0

2
:

2
r

otca
F

 cha

 chb

 Cartenoieds

 cha/chb

 Total pigment Anthocyanin
 Soluble carbohydrates

 Proline
 DPPH

 Phenol

 RWC

 Survival

 Height

 Dry weight

 Electrolyte leakage

MCC100

MCC194MCC29

MCC310

MCC32

MCC40

MCC580

MCC600

MCC83

MCC885
MCC901

MCC918

MCC603 MCC207

MCC605

MCC613

MCC212 MCC576MCC607
MCC751

MCC922

MCC755

Saral

MCC259

MCC291

MCC911

MCC505

MCC754

MCC914

MCC884

MCC913

MCC199

-4 -3 -2 -1 0 1 2 3 4 5 6

Factor 1: 32.05%

-8

-7

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

%
4

0.
5

2
:

2
r

otca
F

MCC100

MCC194MCC29

MCC310

MCC32

MCC40

MCC580

MCC600

MCC83

MCC885
MCC901

MCC918

MCC603 MCC207

MCC605

MCC613

MCC212 MCC576MCC607
MCC751

MCC922

MCC755

Saral

MCC259

MCC291

MCC911

MCC505

MCC754

MCC914

MCC884

MCC913

MCC199

a

b

c

Fig. 5 Pearson correlation coefficient matrix between biochemical,
physiological, and morphological characteristics of chickpea geno-
types (a), principal component analysis (PCA) related to observa-
tions (b), and distribution of chickpea genotypes based on the two first
components (c). Car Carotenoids, TP Total pigment, Ant Anthocyanin,
SC Soluble carbohydrates, Pro Proline, Phe Phenol, HHeight, DWDry
weight, EL Electrolyte leakage

groups also showed a significant difference between the
groups in terms of soluble carbohydrate and phenol in the
CA duration and survival, height, and DW after freezing
stress (Table 5). In other words, between group variation
in each of the mentioned traits is 3, 25, 7.4, 9.8, and
24 times higher than within group variation, respectively.
Multivariate Analysis of Variance (MANOVA) based on
an unbalanced completely randomized design to confirm
the differences between the groups showed that the Wilks’
lambda test in the first and second functions was significant,
with 0.001 and 0.009, respectively (p≤ 0.01).

In canonical discriminate analysis, it was found that the
first two canonical variables were significant and had canon-
ical correlations of 0.967 and 0.944, respectively (Table 6).
In the first canonical discriminate equation, the highest
standard canonical coefficients belonged to chlorophyll b,
chlorophyll a/b, and phenol. The highest coefficients in the
second canonical discriminate equation were chlorophyll a
and DW (Fig. 7). Also, in the study of grouping genotypes
based on Mahalanobis distances (the distance between two
points in multivariate space), the maximum distance be-
tween groups five to seven and the lowest between groups
one to two was observed (Fig. 8).

Discussion

The adaptation process in the germplasm of plant species is
different under environmental conditions, leading to differ-
ent plant metabolism and ultimately different tolerance to
freezing stresses. However, no significant correlation was
observed between photosynthetic pigments and survival
percentage in the present experiment, Meanwhile, 67% of
the genotypes with lower survival (66.7%≥ survival) had
the lowest total concentration of photosynthetic pigments.
The CPPs determine leaf photosynthetic capacity (Fürtauer
et al. 2019). Thus, genotypes with higher CPPs are expected
to have better conditions for receiving light, electron trans-
fer in photosystems, and ultimately overwintering.

Anthocyanins are colored water-soluble pigments be-
longing to the flavonoid group that plays a crucial role
in plant protection mechanisms. The plant response after
freezing stress is the generation of reactive oxygen species
(ROSs), which are utilized as signaling molecules to acti-
vate the stress tolerance mechanism. Higher ROS levels are
generated during severe stress, causing oxidative damage
to the plant (Naing and Kim 2021). Under such conditions,
the biosynthesis of anthocyanins increases, leading to the
plant’s stability with its antioxidant activity and elimination
of excess ROS. The MCC40 had more significant potential
for anthocyanin biosynthesis during the CA duration in this
experiment. Hence, one of the probable causes for its 100%
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Table 3 Factor analysis, eigenvalue, total variance, and cumulative variance percentage for the five factors resulted from principal component
analysis (PCA)

Traits PC1 PC2 PC3 PC4 PC5

cha 0.940 0.219 0.171 –0.049 –0.098

chb 0.800 0.451 0.029 0.112 0.122

Carotenoids 0.824 0.207 –0.084 –0.166 –0.112

cha/chb 0.536 –0.325 0.280 –0.199 –0.350

TP 0.945 0.291 0.105 –0.031 –0.051

Anthocyanin 0.215 0.372 –0.608 –0.233 0.228

SC –0.018 0.437 0.329 0.657 –0.009

Proline 0.178 0.272 –0.764 –0.075 0.103

DPPH –0.221 0.357 –0.460 0.024 –0.273

Phenol –0.060 0.573 0.225 0.455 –0.090

RWC –0.109 –0.292 –0.178 –0.036 –0.841

Survival –0.177 0.762 0.218 –0.325 –0.256

Height –0.467 0.613 0.194 –0.563 –0.065

DW –0.456 0.607 0.398 –0.308 0.117

EL 0.297 –0.603 0.374 –0.430 0.251

Eigenvalue 4.07 3.12 1.86 1.49 1.16

Total variance % 27.14 20.78 12.43 9.91 7.74

Cumulative % 27.15 47.93 60.36 70.28 78.01

PC1 the first principal component, PC2 the second principal component, PC3 the third principal component, PC4 the fourth principal component

survival after freezing stress is its defense mechanism via
antioxidant activities.

Accumulating WSCs in plants act as cellular protective
compounds that can prevent or restrict the formation of ice
crystals (Morin et al. 2007). In this experiment, MCC259
and MCC291 had the highest concentrations of WSCs,
which were placed in group five based on cluster analy-
sis results. The genotypes of this group included the high-
est and lowest deviations from the total mean in terms of
survival and EL, respectively, compared to other groups.

Fig. 6 Dendrogram of the clus-
ter analysis of the 32 chickpea
genotypes using Ward’s method
and the Euclidean distance
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Freezing stress causes the intercellular water potential to
be more negative than intracellular water potential. Wa-
ter always moves from its higher to its lower potential,
where intracellular water is transferred to the intercellular
space, and the plant’s leaves become plasmolyzed. Hence,
increasing the biosynthesis of carbohydrates, which effec-
tively regulate the osmotic pressure and protect cell mem-
branes, can reduce damage (Landry et al. 2017). In this
experiment, the high accumulation of WSCs during the CA
duration may have reduced cellular dehydration in these
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Table 5 Analysis of variance (ANOVA) of groups based on the studied
characteristics of chickpea genotypes

Traits Between groups Within groups

cha 0.025 0.228

chb 0.013 0.032

Carotenoids 0.010 0.013

cha/chb 0.204 0.290

TP 0.104 0.533

Anthocyanin 0.009 0.014

SC 651* 219

Proline 3.071 2.853

DPPH 0.103 0.723

Phenol 9183** 366

RWC 27.00 37.10

Survival 1875** 253

Height 52** 5.321

DW 14,484** 599.3

EL 70.2 38.8

df 6 25

*Significant at p≤ 0.05, **Significant at p≤ 0.01

two genotypes (MCC259 and MCC291) and maintained
the structure of the plant cell membrane function in the
face of freezing stress and hence their complete survival.
In addition to carbohydrates, CA in plants causes proline
biosynthesis. It protects the plants from various stresses and
helps plants recover from stress more rapidly. As a stress-
related messenger, this compound acts as an osmotic reg-
ulator and preserves intracellular structures when freezing
stress occurs (Mansour and Salama 2020). Likewise, high
levels of ROSs cause oxidative changes in macromolecules,
inhibition of protein function, and cell death, through which
proline plays an influential protective role. In this experi-
ment, genotypes with a high proline content probably sur-
vived with the mechanism of reducing osmotic potential
and eliminating excess ROS against freezing stress.

A significant positive correlation between DPPH and an-
thocyanin content suggests similar changes. Genotypes with
a high content of these compounds have a similarly higher
antioxidant capacity that can successfully inhibit free rad-
icals. Phenolic compounds also contain many secondary
metabolites that diminish the adverse effects of freezing
stress with their antioxidant properties. In the current study,
all genotypes with the most elevated content of DPPH and
phenol kept 100% survival after exposure to freezing stress.

Table 6 Eigenvalue, cumulative %, and canonical correlation of trait measured in chickpea genotypes

1 2 3 4 5 6

Eigenvalue 14.547 8.243 2.378 0.737 0.626 0.325

Cumulative % 54.2 84.9 93.7 96.5 98.8 100

Canonical Correlation 0.967** 0.944** 0.839 0.651 0.62 0.495

The results of the PCA also indicated that the mentioned
characteristics, albeit being lower in weight, were in the
dimension affecting the survival percentage. Although all
genotypes with the highest RWC had complete survival,
based on the first and second PCA and correlation between
traits, this index had a negligible effect on the results of this
experiment.

Evaluation of cell membrane damage after freezing stress
has been introduced as one of the most valid and efficient
methods of assessing freezing tolerance in plants (Thalham-
mer et al. 2014; Wei et al. 2022). In this investigation, the
EL in 60% of the genotypes was lower than the total aver-
age. In other words, the tested germplasm had excellent po-
tential to keep the stability of the cell membrane after expo-
sure to freezing stress. A negative and significant correlation
of EL with proline and DPPH also has indicated that less ac-
cumulation of these compounds was associated with more
damage to cell membranes. Conversely, increased biosyn-
thesis of these compounds has led to maintaining plant cell
membrane integrity and function. EL in the second PCA
was in the opposite dimension of survival percentage and
with a relatively large distance from the center (negative
weight). Hence, in this experiment, EL was recognized as
one of the crucial factors affecting the survival of chickpea
seedlings AFS.

The studied germplasm kept acceptable survival in the
face of freezing stress. Specifically, 25 chickpea genotypes
tolerated –12°C well, and their survival after recovery was
100%. After the recovery period, a positive and significant
correlation between survival and height as well as DW re-
vealed that seedlings, in addition to maintaining survival,
had also promising potential in improving morphological
characteristics such as dry matter accumulation. Further-
more, as the most critical attribute for the second principal
component, the survival further justified the variability of
this component. In a similar experiment, a significant posi-
tive correlation was reported between the survival of lentil
(Lens culinarisMedik) genotypes and plant height plus DW
(Nabati et al. 2020).

According to the first and second functions of MANOVA,
the genotypes within the groups were more similar to each
other than the genotypes of the other groups in terms of
the studied traits. In the present experiment, no significant
correlation was observed between biochemical factors in
the CA duration and the survival percentage of genotypes
after freezing stress. However, the correlation between
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Fig. 7 Canonical function co-
efficients of trait measured in
chickpea genotypes. *Most sig-
nificant absolute correlation
between each variable and any
discriminant function. Variables
failing tolerance test: Mini-
mum tolerance level is 0.001.
Tolerance level for total pig-
ment ≤0.001. Car Carotenoids,
Ant Anthocyanin,SC Soluble
carbohydrates, Pro Proline,
Phe Phenol, H Height, DW Dry
weight, EL Electrolyte leakage
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Fig. 8 Distribution of chickpea genotypes based on their grouping by
significant canonical variables

survival percentage and EL was negative and significant
(r2= –0.22*), indicating that cell membranes’ stability is
a suitable criterion for maintaining survival AFS. Except
for the MCC884, other genotypes with the most inferior
EL had 100% survival. Although ten genotypes had the
promising potential to withstand freezing stress according
to the two-dimensional cartesian coordinate system, due to
the importance of survival and EL, group five genotypes
(MCC259, MCC291, and MCC911) with 100% survival
and average leakage of fewer electrolytes than the total
average (compared to other groups) were found to be more
suitable for selection. Furthermore, the genotypes of this
group were statistically at the highest level in the mean

value of five traits, which were superior in this regard
compared to other groups.

The results of the PCA revealed that the screening of
genotypes based on the first component to sift genotypes
with more CPPs led to the screening of genotypes based on
the second component to sift genotypes with survival abil-
ity and other superior morphological characteristics AFS.
Thus, according to the results of this experiment, group five
genotypes and their selection based on the second compo-
nent would lead to their successful overwintering.

Traits with the highest canonical discriminate coeffi-
cients had the best effect on the diversity across the stud-
ied genotypes. In this experiment, the significant intergroup
variance of survival percentage, as the most critical factor
in screening AFS, revealed that the groups mean was not
the same, which confirms the importance of cluster analysis
to determine superior genotypes in terms of the mentioned
trait. The high value of variance between groups for sur-
vival percentage compared to the variance within groups
(as error effects) indicated a suitable explanation of the im-
pact of the trait in the experiment and the effect of a minor
error.

In the study of biochemical characteristics of chickpea
genotypes, it was observed that the MCC40 had a higher
potential in generating most of these compounds in CA du-
ration. Thus, considering its 100% survival and less EL,
regardless of the result of cluster analysis, it can be re-
garded as a promising genotype in the screening for toler-
ating freezing stress.

Conclusions

Due to the importance of survival AFS and its significant
negative correlation with EL, group five genotypes with
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100% survival and average EL less than the total average
compared to other groups are more suitable for freezing tol-
erance. Selection for freezing tolerance of desi-type chick-
pea genotypes based on the second component will screen
chickpea genotypes with high survival and other superior
morphological characteristics and far better membrane sta-
bility AFS. Accordingly, selecting group five genotypes of
cluster analysis based on the second component for freezing
stress tolerance is recommended. Although survival of all
three genotypes (group five) was 100%, what distinguished
MCC259 and MCC291 was their high concentration of
WSCs and phenols and their high cell membrane integrity
based on EL index. According to the results of this exper-
iment, selection for successful overwintering of desi-type
chickpea genotypes in cold regions is recommended based
on the mentioned characteristics in breeding programs. The
chickpea genotypes and morpho-physiological traits deter-
mined from this study may be helpful for genetic engineer-
ing and breeding programs that integrate chickpea freezing
tolerance.
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