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Abstract

Fall cultivation of field crops such as chickpea is prone to the risk of freezing stress. It is required to identify the mechanisms
through which plants can tolerate low temperatures and provide conditions for fall cultivation of chickpea in the cold regions.
To this, an experiment was carried out to evaluate the physiological, biochemical, and molecular alterations of chickpea
genotypes (MCC797; cold-tolerant and MCCS505; cold-sensitive) under freezing temperatures (—3, —6, —9, and — 12 °C).
Leaf malondialdehyde (MDA), hydrogen peroxide (H,0,), and electrolyte leakage (EL) were increased due to freezing stress
in both genotypes, with a greater increase in the cold-sensitive genotype. The plant survival was decreased 20% at — 12 °C
in the cold-sensitive genotype, while it remained constant (100%) in the cold-tolerant genotype. The cold-tolerant maximum
efficiency of PSII and the PSII operating efficiency recovered faster (24 h after freezing stress; AFS) compare to the cold-
sensitive genotype (48 h AFS) during the recovery period. Proline and enzymatic antioxidants activity, including ascorbate
peroxidase, catalase (cat), peroxidase (pod), and superoxide dismutase, were increased more rapidly in the cold-tolerant
genotype. The relative gene expression of cat, pod, and proline were more stimulated in the cold-tolerant genotype. The cat,
pod, and proline were over-expressed on average by 4, 3, and 6 folds, and 16, 13, and 16 folds, in the cold-sensitive and cold-
tolerant genotype, respectively, exposed to freezing temperatures. The greater gene expression and the higher antioxidant
content of leaves led to lower lipid peroxidation (MDA and H,O, content) in the cold-tolerant genotype.
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Abbreviations POD Peroxidase

APX Ascorbate peroxidase SOD Superoxide dismutase
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F,YF,' Maximum efficiency of PSII proline  Proline gene

F,/F,' PSIl operating efficiency (®PSII)
H,0,  Hydrogen peroxide
MDA  Malondialdehyde Introduction

Legumes are the main protein source for humans and domes-
Handling Editor: Rhonda Peavy. tic animals and important agricultural ecosystem members
(Calzadilla et al. 2016). Chickpea (Cicer arietinum L.) is
the third important legume, after beans (Phaseolus vulgaris
L.) and peas (Pisum sativum) in the world (Merga and Haji
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Of the major problems of chickpea cultivation, late-sea-
son drought stress in spring cultivation is a severe yield-lim-
iting factor (Gunes et al. 2008). A possible way to increase
the chickpea yield is fall cultivation. In the fall cultivation,
the plant can better use environmental conditions such as
rainfall (Magbool et al. 2017). Increasing the growing sea-
son duration in fall cultivation will also have a positive effect
on increasing grain yield. Fall cultivation of chickpea in the
Mediterranean region increased grain yield by ~70% com-
pared with spring cultivation (Singh et al. 1997). Never-
theless, fall cultivation in areas such as highlands and cold
regions is associated with freezing limitations.

Freezing stress is one of the most critical environmen-
tal stresses that adversely affect plant growth and survival,
especially during the seedling stage (Zhu 2016). Plants
respond to freezing stress through various mechanisms (Hu
et al. 2017). They adapt to environmental conditions and
have different freezing tolerance levels (Eremina et al. 2016).
This difference between plants results from broad responses
at the level of cell walls and membranes, organelles, and
macromolecules, leading to different expression of related
genes (De Filippi et al. 2007). Depending on the severity and
duration, freezing stress leads to molecular, biochemical,
physiological, and morphological responses in the stressed
plants (Muzi et al. 2016). Loss of cellular proteins, meta-
bolic disorders, changes in membrane stability and perme-
ability, oxidative stress, and growth retardation are among
the adverse effects of freezing stress on plants (Eremina
et al. 2016).

Studies have evaluated the impact of chilling or freez-
ing stresses on chickpea plants in the field (Srinivasan et al.
1998, 1999; Heidarvand et al. 2011; Habibpour et al. 2012).
However, field screening is associated with such problems
as unpredictable severity and irregularity of low-temperature
frequency (Magbool et al. 2010). Therefore, studying under
a controlled condition provides more precious information
on the freezing stress effects on plants.

One of the important biochemical changes under freez-
ing stress conditions is the production of reactive oxygen
species (ROS), e.g., superoxide, hydrogen peroxide (H,0,),
and hydroxyl radical. Plant cells cope with these destructive
compounds by setting up mechanisms to scavenge ROSs
(Erdal et al. 2015). ROS’s scavenging system in plants
includes enzymatic antioxidants, such as SOD, CAT, POD,
and APX, and non-enzymatic antioxidants like ascorbate
and proline (Zouari et al. 2016). Enhancement of enzymatic
antioxidant activities has been correlated with an increased
cold tolerance in chickpea (Cicer arietinum L.) (Kaur et al.
2009), cucumber (Cucumis sativus) (Han and Lee 2005),
rice (Oryza sativa) (Morsy et al. 2007), and maize (Zea
mays) (Hodges et al. 1997). Despite playing a role as a non-
enzymatic antioxidant, proline increases the cell’s osmotic
potential, membrane stability, and intracellular structures.
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Proline also adjusts the cell’s redox balance and induces its
protection against oxidative stress (Liu et al. 2016).

One of the ROS-induced injuries on the plants is the
membrane lipid peroxidation, leading to the destruction of
the cell membrane and cell contents leakage (Kaur et al.
2008). Hence, electrolyte leakage (EL) measurement is an
appropriate index to identify the cold-tolerant genotypes.
The chlorophyll fluorescence measurement is one of the
other indices to distinguish between cold-tolerant and cold-
sensitive genotypes. Zhou et al. (2018) evaluated 127 faba
bean genotypes under cold stress. They observed that the
maximum quantum efficiency of photosystem II (PSII)
decreased under cold stress conditions, but the decrease was
higher in cold-sensitive genotypes.

Freezing stress induces over- or down-expression of spe-
cific genes. Identifying the involved genes in freezing toler-
ance through evaluating their expression changes at low tem-
peratures could provide a way to identify the mechanisms
involved in freezing tolerance induced in the sensitive plants.
Previous studies have evaluated the quantitative changes in
some genes’ expression in chickpea under freezing stress
conditions. For instance, Karami-Moalem et al. (2018)
reported that succinate dehydrogenase (CaSDH), alterna-
tive oxidase (CaAOX), and cytochrome ¢ oxidase (CaCOX)
were over-expressed in the cold-tolerant compared with the
cold-sensitive chickpea genotypes. A high transcription level
of CaCAT and CaSOD genes was also observed in chickpea
under cold stress conditions (Kazemi-Shahandashti et al.
2014). However, studies that examined the expression of
genes encoding enzymatic or non-enzymatic antioxidants in
chickpea under freezing stress conditions are scarce.

Freezing and chilling stresses threaten chickpea fall culti-
vation. In cold and highland regions, freezing stress reduces
plant survival. Therefore, it is necessary to identify freezing-
tolerant mechanisms to achieve freezing-tolerant genotypes
and provide conditions for fall cultivation of chickpea in
such regions. This study was performed aiming to (i) Study
the mechanisms involved in freezing stress tolerance of
chickpea plants, (ii) compare cold-sensitive and cold-toler-
ant genotypes in terms of such mechanisms, and (iii) identify
the indices related to freezing tolerance in chickpea plants.

Materials and Methods
Plant Material and Experimental Design

The experiment was performed in the Research center for
plant science at the Ferdowsi University of Mashhad, Iran.
A factorial experiment (4 X 2) based on a completely rand-
omized design (CRD) with three replications was conducted
to evaluate the effect of freezing temperatures (—3, —6, —9,
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and — 12 °C) on Kabuli chickpea genotypes (MCC'505;
cold-sensitive and MCC797; cold-tolerant).

Growth Condition

Seeds were first disinfected with 75% ethanol for one min-
ute and then soaked in wet cotton wool in sterile plastic
containers for 72 h to germinate. Ten germinated seeds of
each genotype were then sown in a depth of 3—4 cm in each
plastic pot (25 cm diameter), filled by a combination of field
soil (2 mm sieved), leaf mold, and sand (one-third, v:v) in a
glasshouse. The plants were grown under natural light at a
temperature of 22/16 (+2) °C (day/night), a photoperiod of
16 h, and relative humidity of 50 +5. The plants were kept
in the glasshouse conditions up to the two-leaf stage (two
weeks), and then cold-acclimated under a natural condition
in a cold frame (to preserve the plants from sudden sub-
zero temperatures) for four weeks. The outdoor temperature
during this period is shown in Fig. 1. The cold frame door
was kept open during the day to prevent high temperatures.
When the temperature was approached zero °C, the cold
frame door was being shut to prevent sub-zero temperatures.
Plats were irrigated when needed. The last irrigation was

! Mashhad Chickpea Collection.

Day after sowing

done 24 h before the application of freezing treatments. The
pots were then transferred to a thermogradient freezer.

The freezer temperature was 5 °C at the beginning of the
experiment and decreased by 2 °C per h, where provides
a condition for water redistribution to plant tissues and to
prevent intracellular ice formation, which rarely happens
naturally (Murray et al. 1988). To prevent ice nuclei for-
mation in the seedlings, the plants were sprayed with an
ice-nucleating active bacteria (INAB) suspension at —2.5
to —3 °C (Nezami et al. 2012). The pots were kept in each
temperature treatment for one hour and then immediately
transferred to a room with a temperature of 4+ 1 °C and
stored for 24 h to reduce the melting rate (Nezami et al.
2012). After which, the pots were moved to the glasshouse
conditions (as mentioned above) for three weeks to recover.

Traits Measurement

Physiological Traits

Electrolyte Leakage (EL)

24 h after each freezing temperature, sampling for EL. meas-
urement was performed from the youngest fully developed

leaves. 50 mg of leaf tissue was placed in vials containing
100 ml of double-distilled water and kept at the laboratory
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Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Journal of Plant Growth Regulation

temperature for 24 h. Then, the electrical conductivity of
the samples was measured with an electrical conductivity
meter (Jenway Model 4510) and recorded as EC1. To meas-
ure the total amount of EL due to cell death, the samples
were placed in an autoclave (120 °C and 1.5 bar) for 20 min
and then placed in the laboratory temperature for 24 h; the
electrical conductivity was recorded as EC2. The EL per-
centage was measured using Eq. 1 (Ghoulam et al. 2002).
EC1

BL(%) = 5o X 100. N

Survival Percentage

The number of plants after establishment (n) and after the
recovery period (m) were counted and survival percentage
(S) was calculated using Eq. 2.

ﬂ%:%xw& @)

Plant Dry Weight (DW)

Plant dry weight was measured (72 h at 75 °C) after the
recovery period (3 weeks) and divided by the number of
plants per pot.

Chlorophyll Fluorescence

Chlorophyll fluorescence parameters, including the light-
adapted maximum efficiency of PSII photochemistry (F,”
F,,") and quantum efficiency of PSII electron transport (F,/
F, "), were measured on the adaxial surface of the youngest
fully developed attached leaves by a portable OSIp Chloro-
phyll Fluorometer (OptiScience, Inc.) at 0, 12, 24, 48 and
72 h after freezing temperatures under actinic light.

Biochemical Traits

24 h after each freezing temperature, the youngest fully
developed leaves were sampled for the biochemical and
molecular assays. Proline, malondialdehyde (MDA), and
H,0, content were assayed by the methods described by
Bates et al. (1973), Heath and Packer (1968), and Sergiev
et al. (1997), respectively. The enzymatic antioxidant con-
tent, including APX, POD, CAT, and SOD were measured
by the methods of Yamaguchi et al. (1995), Srinivas et al.
(1999), Velikova et al. (2000), and Yu and Rengel (1999),
respectively.

@ Springer

Table 1 The cDNA synthesis

Cycle Tem- Duration (s)
protocol perature
O]
1 95 240
35 94 30
57 30
72 30
1 72 300

Table 2 The real-time qRT-PCR protocol

Program name Cycle Temperature Duration (s)
°C)
Preincubation 1 94 300
Amplification 35 94 60
60 60
72 60
Melting 1 95 10
65 60

Gene Expression

The relative gene expression of cat, pod, proline, and
actinl I (reference gene) was measured in this study. Total
RNA was extracted by the Parstous kit (Parstous Biotechnol-
ogy, Mashhad Iran) using 50 mg fresh weight of leaf tissues.
The gel electrophoresis and nanodrop (Thermo Scientific,
Nano Drop 2000 c) were used to determine the quality and
quantity of extracted RNA. The first standard cDNA synthe-
sis was performed using 5 pl of total RNA, 10 pl of buffer-
mix, 2 pl of enzyme-mix, and 3 pl of DEPC-treated water.
The cDNA synthesis was performed based on the protocol
shown in Table 1 in the BIO-RAD instrument (T100, Ther-
mal Cycler, USA). The real-time PCR was performed in
Roche instrument (Lightcycler 96, Germany) using 10 pl of
SYBR® GREEN master mix (Bio fact, Korea), 1 pl of the
forward primer, 1 pl of reverse primer, 2 pl of cDNA, and
6 pl of DEPC-treated water. The protocol that was used for
real-time PCR is shown in Table 2. Relative gene expression
was computed using 2724€T (Livak and Schmittgen 2001).
Primers (Table 3) were designed using NCBI (https://www.
ncbi.nlm.nih.gov/) to obtain 18-22 bp length, 59-61 °C
melting temperature, and lowest CG content avoiding hair-
pins and complementarities between primers.

Statistical Analysis
For data analysis, ANOVA (analysis of variance) was per-

formed using Proc GLM in SAS statistical package (v. 9.4).
The least significant difference (LSD) was also used to mean
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Table 3 Primer sequences used in qRT-PCR amplification of known chickpea genes undergoing cold treatments

Accession number Gene Protein Sequence (5'->3")

Forward primer Reverse primer
X60169 cat Catalase CCACCGTCTATCGCTTCCAT CCTTTGCACTTGCTCCCCTA
AB087838 pod Peroxidase GCTAAACAAGGCCTCACCCC GGTTTGTTCCACTTCCACCCT
767873 proline Proline TTCTTCCGCCACAACTACCC GTGTGTGAGGTGCAGTGGTA
XM_004492091 actin-11 Actin-11 TTCCATTTGGTCTCTTTAGGGAGTG TTCGGAAAGGGAAATGCCGA

comparison (p value <0.05). Correlation analysis was per-
formed in the R environment (v. 4.0.2) using the corrplot
package.

Results
Physiological Traits
Leaf EL

The effect of temperature, genotype, and their interaction
was significant on the leaf EL (p <0.001). Leaf EL showed
an increasing trend with decreasing temperature. Generally,
leaf EL was greater in the cold-sensitive genotype at all
temperatures. Although EL increased with a gentle slope
to —9 °C, it increased sharply to — 12 °C (Fig. 2a). The
cold-sensitive genotype (MCC505) EL increased 10, 12,
and, 124% at —6,—9, and — 12 °C, respectively, compare
with —3 °C, while in cold-tolerant (MCC797) genotype,
EL increased by 17, 29 and, 138% at —6,—9 and — 12 °C,
respectively.

Plant Survival (S)

The plant survival percentage was significantly affected
by temperature, genotype, and temperature X genotype
(p<0.001). The survival percentage changes in response to
the temperature decline were different among the genotypes.
The cold-tolerant genotype plant survival was constant at
all temperatures (Fig. 2b). In contrast, while the plant sur-
vival of the cold-sensitive genotype remained constant up to
—6 °C, decreasing temperature to — 9 °C slightly decreased
the plant survival (6% compared with —3 °C). However,
with decreasing temperature to — 12 °C, the cold-sensitive
genotype survival sharply reduced (80% compared with
—-3°0).

Plant Dry Weight (DW)
Freezing temperature, genotype, and their interaction had

a significant effect on DW (p <0.001). In both genotypes,
DW showed a decreasing trend with the temperature decline;

however, the cold-tolerant DW did not significantly decrease
(Fig. 2¢). Plant dry weight tended to decrease by 3, 4, and
8% when the temperature decline from —3 °C to —6, —9
and, — 12 °C, respectively, in the cold-tolerant genotype.
While the cold-sensitive DW was reduced by 14, 27, and
54% at — 6, —9, and — 12 °C, respectively, compared with
-3°C.

Leaf Chlorophyll Fluorescence

The results showed that F/F,' of the genotypes was not
similarly affected by different measurement times after
freezing stress (Fig. 3a, b). F,/F,, was significantly lower
in —9 and — 12 °C compare with —3 and — 6 °C at all meas-
urement times except for 72 h. (Fig. 3a, b). Furthermore,
at all measurement times, F,/F, ' was higher in the cold-
tolerant genotype. F,/F,,' was sharply reduced at — 12 °C
in the cold-tolerant genotype; nevertheless, it recovered to
the values close to —3 °C 72 h AFS. Although F,/F,,' was
slightly decreased at —6 and —9 °C compare to —3 °C, it
fully recovered to — 3 °C values 24 h AFS. The cold-sensi-
tive F,/F,," was dramatically reduced at —9 and — 12 °C;
however, it recovered to the values of —3 and —6 °C 72 h
AFS.

F,/F,' (also known as ®PSII) trend of changes was
almost the same as for F,/F,,". Generally, F,/F,," of the cold-
sensitive was lower at all measurement times compared with
the cold-tolerant genotype (Fig. 3c, d). The cold-tolerant
genotype F,/F,' was severely reduced only at — 12 °C;
however, F,/F,,"increased with a sharp slope of 24 h AFS
and recovered almost equal to —9 and —6 °C values 72 h
AFS. Whereas, the cold-sensitive genotype F,/F,,' was sig-
nificantly diminished at —9 and — 12 °C; however, F' q’/Fm’
recovered to the values of —3 and — 6 °C 72 AFS.

Biochemical Traits

Leaf Malondialdehyde Content (MIDA)

Temperature, genotype, and temperature X genotype sig-
nificantly affected the leaf MDA content (p <0.001). The

genotypes leaf MDA did not significantly differ at — 3
and — 6 °C; however, MDA was increased at —9 °C in the

@ Springer
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cold-tolerant genotypes (Fig. 4a). A temperature decline
from —3 to —9 °C significantly increased the leaf MDA
content of the cold-tolerant genotype. The cold-tolerant
MDA was increased by 10, 50, and 27% at — 6, —9, and
—12 °C, respectively, compared with —3 °C. In contrast, the
leaf MDA increased by 8% and 1.25 times at —9 and — 12 °C
temperatures, respectively, in the cold-sensitive genotype.

Leaf Hydrogen Peroxide Content (H,0,)

Hydrogen peroxide was significantly affected by tem-
perature, genotype, and their interaction (p <0.001). The
genotypes H,0, were increased with temperature decline
to —9 °C (Fig. 4b). Decreasing temperature from —9 to
— 12 °C significantly reduced the cold-tolerant genotype
H,0,, while the cold-sensitive H,O, was significantly
enhanced at such temperature. The cold-sensitive geno-
type H,O, increased 2, 2.1, and 2.4 times at — 6, — 9, and

— 12 °C, respectively, compared to — 3 °C; however, it was
increased 1.8, 2.3, and 1.3 times at — 6, —9, and — 12 °C,
respectively, in the cold-tolerant genotype.

Leaf Proline Content

Freezing temperature, genotype, and temperature X gen-
otype significantly affected the leaf proline content
(p £0.001). Leaf proline content showed an increasing
trend by the temperature decline in both genotypes, with
a higher increase in the cold-tolerant genotype. Leaf pro-
line content of the cold-tolerant genotype was increased
by 89% at — 6 °C, and 1.7 and 2.4 folds at —9 and — 12 °C,
respectively, compared with — 3 °C. The leaf proline con-
tent of the cold-sensitive genotype increased by 20, 32,
and 109% at —6, — 9, and — 12 °C, respectively. (Fig. 4c).

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Journal of Plant Growth Regulation

Fig.4 MDA (a) H,0, (b) and T J T T T
Proline (¢) of MCC505 and 7 a —a— MCC505 |
MCC797 chickpea geno-
types under different freezing — & MCC797 ]
temperatures. [means with the 3
same letters are not signifi- 23 6 - _
cantly different using LSD (p -
value <0.05)] on
g5
\=)
Sa- :
=
19
3 ,
(@)
-12 -9 -6 -3
10 - ! —a— MCC505
—e - MCC797
Z 5 _
e
S 6 _
= 6
3
o 4
™~ ] f
T |
2 ,
(b) g
-12 -9 -6 -3
‘ : : :
a
7 - K —a— MCC505
1 L e MCC797 -
= 6 - bl |
ST ]
e
on
B
° i
.8
©
= -
(a9
-12 -9 -6 -3
Temperature (°C)
@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Journal of Plant Growth Regulation

100 : : :
(a) MCC505
° MCC797
80
a
=
E 60l &
oo ‘
é .% d
> 40 7] C = -c 7]
(=W
< .[‘ ®
20 - g |
0 T T
-12 -9 -6 -3
1.0 . ! N |
.“ () MCC505
MCC797
0.8
=
=06
‘o b
a 'Y
0.4
8 " d
=W . :
0.2 de e N
of
0.0 ; ;
-12 -9 -6 -3

Temperature (°C)

5000 , |
. (b) = MCC505
o MCC797
4000 .b
=
=3000
o0 'Y
2 c
~ 2000 - .
< .
Q L e .
d . ol
1000 - L .
g ! ]
h
0 T T
-12 -9 -6 -3
5 ‘ ‘ |
L2 (d) = MCC505
e MCC797
4
=
=3 l b
0 js .
3 ’ bC ' d
N2 ¢ ®
O |
%) " d
1 (S
O T T
-12 -9 -6 -3

Temperature (°C)

Fig.5 APX (a), CAT (b), POD (c) and SOD (d) of MCC505 and MCC797 chickpea genotypes under different freezing temperatures. [means
with the same letters are not significantly different using LSD (p value <0.05)]

Leaf Enzymatic Antioxidant Content

The results of ANOVA indicated that genotype (p <0.05),
temperature, and their interaction (p <0.001) had signifi-
cant effects on APX. Besides, temperature, genotype, and
their interaction significantly affected CAT, POD, and SOD
(» <£0.001). The temperature decline increased leaf APX
content; however, the genotypes showed a different behav-
ior (Fig. 5a). The cold-sensitive APX was higher than the
cold-tolerant genotype at —3 and — 6 °C; while, leaf APX
was the same in both genotypes at —9 °C. However, the
cold-tolerant APX was higher than the cold-sensitive geno-
type at — 12 °C. The cold-sensitive genotype APX increased
by 11, 18, and 53% at —6, — 9, and — 12 °C, respectively,
compared with — 3 °C. However, the cold-tolerant genotype
APX increased by 17 and 61%, and 1.9 folds at — 6, — 9, and
—12 °C, respectively.

The temperature declines also enhanced leaf CAT con-
tent, with a higher increase in the cold-tolerant genotype

(Fig. 5b). The cold-sensitive genotype CAT increased by
59%, 1.5, and 3 folds, at —6, — 9, and — 12 °C, respec-
tively, while leaf CAT increased by 13%, 2.2, and 1.9 folds
at — 6, —9, and — 12 °C, respectively, in the cold-tolerant
genotype compare with —3 °C. Although leaf POD content
was higher in the cold-sensitive genotype at — 3 °C, at the
other freezing temperatures, POD was higher in the cold-
tolerant genotype (Fig. 5¢). Compared with —3 °C, leaf
POD content increased in the cold-sensitive genotype by
18, 25, 84%, respectively, at —6, —9, and — 12 °C. How-
ever, the cold-tolerant genotype POD increased by 1.1,
2.5, and 5.7 folds at — 6, — 9, and — 12 °C, respectively.
Declining temperature from — 9 to — 12 °C increased leaf
SOD content in the cold-tolerant genotype but decreased
the SOD content in the cold-sensitive genotype (Fig. 5d).
Leaf SOD content of the cold-tolerant genotype increased
25 and 39%, and 1.18 folds at — 6, —9, and — 12 °C,
respectively; however, the cold-sensitive genotype SOD
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increased 35 and 45% at — 6 and — 9 °C, respectively, and
decreased by 22% at — 12 °C compared with — 3 °C.

Gene Expression

The expression of cat, pod, and proline genes was sig-
nificantly affected by the temperature, genotype, and their
interaction (p <0.001). The results showed that cat was
over-expressed in the cold-tolerant genotype while the
temperature declined (Fig. 6). Compared with —3 °C, cat
expression was enhanced by 2.5, 13.7, and 31.5 folds at — 6,
—9, and — 12 °C, respectively. However, the cold-sensitive
genotype cat expression was decreased by 10% at —6 °C
and increased by 4.3 and 7.9 folds at —9 and — 12 °C,
respectively. The pod expression was not similarly affected
in the two genotypes by declining temperature; the cold-
sensitive genotype pod expression was decreased by 8% at
—6 °C; however, it was increased by 2.6 and 7.4 folds at
—9 and — 12 °C, respectively, compared with —3 °C. The
pod expression showed an increasing trend with decreasing
temperature in the cold-tolerant genotype; the temperature
decline increased the pod expression by 3, 14, and 21.3 folds
at —6, —9, and — 12 °C, respectively (Fig. 6). The proline
was also over-expressed in both genotypes by the temper-
ature decline, with a lower increase in the cold-sensitive
genotype (Fig. 6). The proline expression was stimulated by
50% and 4.7 folds, respectively, at —6 °C in the cold-sen-
sitive and -tolerant genotypes. The proline expression was
also enhanced by 7.9 and 15.4 folds, respectively, at —9 °C
in the cold-sensitive and -tolerant genotype. The proline
expression enhancement was 9.5 and 27.7 folds in the cold-
sensitive and -tolerant genotype, respectively, at — 12 °C.

Discussion

Freezing stress imposes various molecular, biochemical,
physiological, and morphological alterations in plants.
Depending on their tolerance level, plants may respond
differently to freezing temperatures. Different physiologi-
cal and biochemical strategies, including remodeling of the
plastidic and extraplastidic membrane lipid compositions,
are used by plants under freezing conditions to prevent freez-
ing-induced cell damage (Welti et al. 2002; Moellering et al.
2010; Chen and Thelen 2013). The results of the present
study indicated that an increase in leaf EL due to a decline
in temperature was accompanied by a decrease in plant DW
in both genotypes; however, the cold-sensitive genotype
showed higher sensitivity. On the other hand, the plant sur-
vival percentage decreased by the temperature decline only
in the cold-sensitive genotype. Previous studies have also
reported the adverse effect of cold stress on cell membrane
integrity (Bertin et al. 1996; Kaur et al. 2008). Working on
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Trifolium hirtum also showed that leaf EL increased with
declining temperature from — 6 to — 14 °C (Nunes and Smith
2003). In our study, a negative correlation was observed
between leaf EL, plant survival, and DW (Fig. 7). These
results revealed that an increased leaf EL resulting from the
membrane deterioration induced by freezing temperatures
led to a decrease in plant survival and DW.

At sub-zero temperatures, ice crystals form in the extra-
cellular space, causing dehydration and plant cell damage
(Thomashow 1999; Yamaguchi-Shinozaki and Shinozaki
2006). The plasma membrane has often been proposed
as the primary site of freezing damage in plant cells (Ste-
ponkus 1984). Membrane fluidity is decreased by freezing
stress, which may induce membrane damage and simultane-
ously, cell water loss and oxidation. As a result of the fluid-
ity losses, the electron transport chain (ETC) is adversely
affected, leading to an increased ROS production due to the
uncoupling of the ETCs (Taibi et al. 2018). In response to
freezing temperatures, lower levels of lipids phosphatidic
acid (PA) and diacylglycerol (DAG) and higher triacylglyc-
erol (TAG) led to the plant tolerance enhancement to freez-
ing stress by increasing the membrane integrity (Tan et al.
2018).

Our results showed that leaf MDA was positively corre-
lated with leaf H,O, content (Fig. 7). It is well-known that
freezing temperatures primarily damage the thylakoid mem-
branes and subsequently diminish the chlorophylls. Arslan
et al. (2018) also observed a positive correlation between
leaf chlorophyll content with PSII photochemical efficiency
and a negative correlation with MDA under freezing tem-
peratures. In the present study, leaf MDA and H,O, content
as indicators of lipid peroxidation were increased in both
genotypes from —3 to —9 °C. However, the cold-sensitive
genotype indicated a sharper increasing slope at tempera-
tures below —9 °C. Chen et al., (2000) also observed that
MDA and H,O, content were increased in maize (Zea mays
L.) leaves due to chilling stress. Accumulation of ROS by
low temperatures resulted in lipid peroxidation of the cell
membrane, leading to the plant’s physiological dysfunction
(Prasad et al. 1994). On the other hand, leaf MDA and H,0,
content were negatively correlated with plant survival and
DW (Fig. 7). These findings may approve that a lower leaf
MDA and H,0, content leading to lower cell membrane
damage, leaf EL, and ultimately, higher plant survival per-
centage and DW of the cold-tolerant genotype.

Chlorophyll fluorescence measurement is an appropri-
ate and reproducible tool for evaluating plant performance
under low-temperatures (Rizza et al. 2001; Ehlert and Hin-
cha 2008). This method reveals the susceptibility levels of
PSII and the damage to the photosynthetic ETC (Maxwell
and Johnson 2000) and is a non-destructive diagnostic tool
for evaluating the effect of freezing stress on plants and
more effective and faster than destructive indices such as
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Fig.6 Catalase, pod and proline
relative gene expression of
MCC505 and MCC797 chick-
pea genotypes under different
freezing temperatures. [means
with the same letters are not
significantly different using
LSD (p value <0.05)]
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Fig. 7 Pearson correlation %
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the EL (Christen et al. 2007; Su et al. 2015). Freezing stress
decreased F,7F,,"and F,7F,," of the genotypes differently.
The cold-tolerant genotype F,7F,,"and F,/F,'significantly
decreased at — 12 °C. While, in the cold-sensitive genotype,
those parameters were significantly diminished at —9 °C.
The genotypes were also different regarding the time of
recovery onset. The cold-tolerant genotype recovery started
earlier (24 h AFS) than the cold-sensitive genotype (48 h
AFS). It has been observed that freezing temperatures sig-
nificantly decreased F,/F,, of wheat (Triticum aestivum L.)
leaves (Si et al. 2017). Hasanfard et al., (2020) also reported
that a temperature decline from — 12 °C disrupted the carbon
exchange and PSII electron transport. They found that tur-
nipweed (Rapistrum rugosum (L.) All.) F,/F,,' decreased by
28% with a temperature decline from — 12 °C during the first
24 h after compared with before the freezing stress. Taibi
et al. (2018) reported that cold-tolerant Pinus halepensis
seedlings showed a higher stomatal conductance, transpira-
tion, net photosynthetic rate, and F,/F,,. In the present study,
it seems that the cold-tolerant chickpea genotype could
establish a balance between intercepting and converting light
to dry matter during the active photosynthetic period under
freezing temperatures.

Leaf proline content and enzymatic antioxidant (APX,
CAT, POD, and SOD) were increased in both genotypes
exposed to freezing temperatures; however, the increase
was greater in the cold-tolerant genotype. A greater proline
content led to a decrease in the cell internal water potential
(Chen and Li 2002); resulting in a decrease in the freezing
point and an increase in the cold resistance. Higher proline
levels might be one reason for the greater freezing tolerance
in the cold-tolerant genotype. Recent studies showed that
proline had a distinct protective function in mitochondria
and can enhance oxygen uptake by the alternative oxidase
(AOX) through the catabolism cycle (Fang and Beattie 2003;
Szabados and Savouré 2010); therefore, mitochondria may
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avoid ROS generation and supply cell survival (Rurek et al.
2015). Proline also can protect the complex II of the mito-
chondrial ETC (Hamilton and Heckathorn 2001).

Accumulation of ROS and cell death in plant leaves are
triggered by freezing stress (Iba 2002; Chen et al. 2015).
Evidence indicates that the plant’s tolerance to freezing
stress is tightly associated with the intracellular ROS level
(Iba 2002); the accumulation of ROS can trigger irrevers-
ible oxidative damage and cause cell death (Apel and Hirt
2004). Tan et al. (2018) reported that freezing stress induces
the accumulation of salicylic acid (SA), which contributes
to freezing-induced ROS production and plant freezing sen-
sitivity. They observed that SA content was higher under
freezing temperatures and SA content was associated with
the H,O, content. In a plant cell, the production of anti-
oxidants is activated by oxidative stress imposed by ROS
accumulation to maintain cellular redox homeostasis (Foyer
and Noctor 2011).

Our results also indicated that the greater enzymatic anti-
oxidants content of the cold-tolerant genotype caused lower
lipid peroxidation and ROS production. Hence, the mem-
brane damage and leaf EL were reduced and led to greater
plant survival and DW. These findings are consistent with
those of Heidarvand and Maali-Amiri (2013) in chickpea
(Cicer arietinum L.), Nazari et al., (2012) in black chickpea
(Cicer arietinum L.), and Li et al., (2018) in tea (Camellia
sinensis L.) plant. APX, CAT, and SOD increasing due to
freezing stress in chickpea (Cicer arietinum L.) were previ-
ously reported by different studies (Fortunato et al. 2010;
Gill and Tuteja 2010; Heidarvand and Maali-Amiri 2013).
Studies suggested an association between freezing stress tol-
erance and an efficient antioxidant system (Kaur et al. 2009).
Positive correlations were also observed between leaf SOD
content with plant survival and DW (Fig. 7). Shulaev et al.
(2008) reported that metabolic homeostasis was disrupted
by chilling stress. Under low-temperature conditions, plants
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Fig.8 The relationship between cat, pod, proline gene expressions, CAT, POD, APX, SOD, and proline of MCC505 and MCC797 chickpea

genotypes under different freezing temperatures

adjust different metabolic pathways to acquire stress toler-
ance, which antioxidant accumulation is one of the most
important of those pathways.

The results showed that freezing stress increased cat, pod,
and proline gene expression in both genotypes. However,
their expressions were more significant in the cold-toler-
ant genotype. The results also showed a positive correla-
tion between cat, pod, and proline gene expression and leaf
CAT, POD, and proline content, respectively (Fig. 7). Few
researchers studied plant gene expression alteration induced
by freezing stress. For instance, CAT, APX, and GPX (glu-
tathione peroxidase) expression were increased in the gin-
seng (Panax ginseng) plant under freezing stress (Devi et al.
2012). In chickpea, higher freezing tolerance was correlated

with an increased Cu/Zn SOD gene expression (Arslan et al.
2018). Fan et al., (2014) also observed that SOD, POD, and
APX genes were dramatically over-expressed in bermudag-
rass (Cynodon dactylon) under freezing stress conditions.
Karami-Moalem et al., (2018) investigated the expression
changes of AOX (alternative oxidase), CaCOX (cytochrome c
oxidase), and CaSDH (succinate dehydrogenase) in chickpea
(Cicer arietinum L.) under low temperatures and found that
those genes were more over-expressed in the cold-tolerant
genotype. Our results showed that gene expression, enzy-
matic antioxidant, and proline content were positively in line
with each other (Fig. 8). In other words, similar mechanisms
of freezing stress alleviation were simultaneously activated
under freezing stress conditions in both genotypes. However,
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those mechanisms were more effective in the cold-tolerant
genotype, where the cold-tolerant genotype could cope with
freezing stress and remained higher survival and plant DW.

Conclusion

Due to the increasing cultivation area of autumn chickpea in
Iran, screening the tolerant genotypes and recognizing the
mechanisms upon which plants can tolerate the freezing tem-
peratures, especially in cold regions, is of great importance.
Laboratory- and controlled-condition-based studies provide
repeatability situations to understand the plant responses to
freezing stress. Our results indicated that the freezing stress
hampered chickpea plants through ROS production, lipid
peroxidation, EL, and ultimately decreasing plant DW and
survival percentage. To cope with those damages, chickpea
genotypes showed different responses in different levels,
such as molecular (gene expression), biochemical (enzy-
matic and non-enzymatic antioxidant), and physiological
(EL and chlorophyll fluorescence) modifications. However,
the genotypes responded differently to freezing tempera-
tures. The cold-tolerant genotype had a faster reaction to
freezing stress; gene expression, antioxidant enzymes, and
proline content increased faster than the cold-sensitive geno-
type. Lipid peroxidation (MDA and H,0O, content) showed a
decreasing trend after the plant adaptation to freezing stress
(below —9 °C) in the cold-tolerant genotype. The cold-tol-
erant genotype showed a higher relative gene expression and
a greater enzymatic and non-enzymatic compounds content
than the cold-sensitive genotype. F,/F,,"and F /F,," were
significantly decreased at — 12 and —9 °C, respectively, in
the cold-tolerant and cold-sensitive genotype. Furthermore,
the cold-tolerant genotype F,/F,,"and F,/F,," also recovered
sooner (24 h AFS) than the cold-sensitive genotype (48 h
AFS). Hence, the cold-tolerant genotype has advantages
over the cold-sensitive genotype for chickpea fall cultivation.
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