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Abstract: Two chickpea (Cicer arietinum L.) lines (AKN 87 and AKN 290) that have different chilling susceptibilities were exposed
to 2 chilling temperatures (4 and 2 °C), either cold-acclimated (10 °C) or nonacclimated (25 °C), in order to understand and compare
physiological and biochemical changes at the vegetative stage. Chilling temperatures resulted in reduced growth parameters, particularly
in cold-acclimated lines, whereas nonacclimated plants exhibited the lowest water contents. Cold acclimation treatment led to protective
changes of increased flavonoid, proline, and antioxidant enzyme activities, mostly superoxide dismutase (SOD) and ascorbate peroxidase
(APX), in the lines. However, the 10 °C treatment did not significantly influence photosystem II (PSII) activity in chickpea plants. In
chilling treatments, cold-acclimated plants exhibited better tolerance; of the 2 lines, AKN 87 had the higher PSII photochemical activity.
The chlorophyll contents of lines decreased, while the anthocyanin and flavonoid contents of lines increased at decreasing temperatures.
MDA and proline accumulation increased with the severity of the chilling stress. In conclusion, when the plants were exposed to cold
acclimation, chilling induced the enhancement of antioxidant enzyme activities, particularly SOD and APX. The results demonstrated
that cold acclimation reduced the deteriorative effects of chilling and provided better tolerance, specifically in AKN 87. The line AKN
87 has greater potential for cultivation as a chilling-tolerant cultivar.
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1. Introduction

Suboptimal chilling temperatures can adversely affect crop
production, mainly through the inhibition of key processes
such as growth and photosynthesis. Physiological and
biochemical damage occurs at temperatures below 10
°C, especially in chilling-sensitive plants of tropical
or subtropical origin (Wang et al, 1997). Chilling
causes reduced enzymatic activities, rigid membranes,
destabilization of protein complexes, stabilized RNA
secondary structure, accumulation of reactive oxygen
species (ROS), impairment of photosynthesis, and leakage
across membranes (Ruelland and Zachowski, 2010).
Dysfunction caused by chilling was reported in previous
research on various chilling-sensitive species, such as
chickpea (Kaur et al, 2009), soybean (Strauss and van
Heerden, 2011), and canola (Qaderi et al., 2012).

For chilling-sensitive species, exposure of the plant
body to chilling temperatures results in a drastic decrease
in photosynthetic activity. A major reason for disorder in
photosynthetic function is the decreased activity of Calvin-
cycleenzymesasaresult of decreased temperature. Reduced
activity of these enzymes leads to a decrease in utilized
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photons and an increase in photoinhibition (Sonoike,
1999). Therefore, chlorophyll antenna complexes trap more
energy than can be processed biochemically (Ensminger
et al, 2006) and thylakoid membranes become over-
energized, which results in increased levels of formation
of ROS, including singlet oxygen ('O,), superoxide (O,),
hydrogen peroxide (H,0,), and the hydroxyl radical (-OH)
(Ruelland et al., 2009). As a result of the overproduction
of ROS, oxidative stress responses such as membrane
lipid peroxidation, protein denaturation and aggregation,
DNA damage, and enzyme inactivation occur in plants.
Plants have evolved many protective defense mechanisms
including ROS scavenging systems such as enzymatic
antioxidants [superoxide dismutase (SOD), peroxidase
(POD), catalase (CAT), ascorbate peroxidase (APX),
glutathione reductase (GR), and glutathione peroxidase
(GPX)] and nonenzymatic antioxidants [ascorbic acid
(vitamin C), glutathione (GSH), a-tocopherols (vitamin
E), carotenoids, and flavonoids] to mitigate the effects of
oxidative stress (Gill and Tuteja, 2010; Baloglu et al., 2012;
Gharari et al., 2014; Verma et al., 2014). Cold acclimation,
a phenomenon involving exposure to cool, nonchilling
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temperatures before chilling, reduces chilling injury to
chilling-sensitive plants. Cold acclimation is a cumulative
process, and there is an inverse relationship between
temperature and acclimation rate (Fowler, 2008). Cold
acclimation decreases the susceptibility of cells to chilling
temperatures by causing several metabolic alterations such
as changes in gene expression and membrane composition,
accumulation of substantial amounts of compatible solutes
and antioxidants, and increases in ABA and calcium
(Yuanyuan et al., 2009).

Chickpea (Cicer arietinum L.) is an important legume
crop, and Turkey ranks third in production worldwide after
India and Pakistan (http://www.fao.org, 2009). Croser et
al. (2003) suggested that temperatures within the chilling
range can limit the growth and viability of chickpea at
all phenological stages, but chilling temperatures mostly
damage the yield at the reproductive stage. Therefore,
most studies on chickpea at chilling temperatures focused
on reproductive development and yield (Clarke and
Siddique, 2004; Nayyar et al., 2005b; Kumar et al., 2011).
There are limited studies on the physiological approach to
the vegetative stage of chilling-stressed chickpea cultivars
and lines (Nayyar et al., 2005a; Turan and Ekmekgi, 2011).
Moreover, chickpea vegetative-stage studies at chilling
temperatures have recently become important in Turkey.
Despite decreasing yields due to high temperature and
drought, chickpea is still grown mostly in summer in
Turkey. Hence, in order to eliminate the effects of drought
and high temperature during its development period, the
idea of planting chickpea in autumn instead of summer
has been considered. In accordance with the information
above, the aim of this study was as follows: 1) to compare
physiological and biochemical changes in 2 recently
developed chickpea breeding lines (AKN 87 and AKN
290) through exposure to low chilling temperatures (4 and
2 °C), either cold acclimated (10 °C) or not (25 °C); 2) to
observe the contribution of cold acclimation to tolerance
levels of the lines; and 3) to find a tolerant line that can be
cultivated as a breed cultivar.

2. Materials and methods

The seeds of the chickpea (Cicer arietinum L.) lines (AKN
87 and AKN 290) that were selected from pretreatments
were obtained from the Ankara Central Research Institute
for Field Crops in Turkey, surface sterilized with 2%
sodium hypochlorite (NaOCI) solution for 20 min, and
soaked in distilled water for 12 h. After incubation, 8 seeds
were planted in PVC pots holding 1000 g of air-dried soil
with 38% water-holding capacity (Richards, 1954) and
thinned to 5 after emergence. Some characteristics of the
soil were as follows: texture, clay loam (Bouyoucos, 1951);
pH 8.3 (Jackson, 1958); EC, 0.145 dS m™ (Richards, 1954);
total N, 0.19% (Bremner, 1965); P, 40.3 mg kg™ (Pratt,
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1965); and K, 525 mg kg™ (Olsen et al., 1954). N, P, and
K levels of the soil were sufficient for chickpea growth.
Plants were grown in well-watered conditions at a constant
temperature regime of 25 + 1 °C with a 16-h photoperiod
at 40 + 5% humidity and 250 pmol m™~s™* light intensity
in a controlled growth chamber. Plants were grown
under the conditions mentioned above for 12 days (until
they reached the 4-5 leaf stage) and were then randomly
divided into groups to obtain the following combinations:
- C, C, C; 12-, 19-, and 31-day-old control plants,
respectively;
- CA: 19-day-old cold-acclimated plants (12 days at
control temperature, then 7 days at 10 + 1 °C);
- CA+S: 31-day-old chilling-treated plants that were
cold acclimated and then subjected to 4 °C for 12 days;
- NA+S;: 31-day-old chilling-treated plants that were
grown at control conditions for 19 days and then
subjected to 4 °C for 12 days;
- CA+S;: 31-day-old chilling-treated plants that were
cold acclimated and then subjected to 2 °C for 12 days;
- NA+S;: 31-day-old chilling-treated plants that were
grown at control conditions for 19 days and then
subjected to 2 °C for 12 days.

Plants were harvested at 12, 19, and 31 days after
sowing to perform proper analysis.

Shoot length (the distance from soil surface to the
node of a newly emerging leaf) of chickpea seedlings was
measured (mm plant™) and the leaves were counted. Three
plants from each group were taken randomly to determine
fresh weights (g FW plant™) and were kept at 80 °C in an
oven for 48 h to measure their dry weights (g DW plant™).

The water status of the leaves (3 leaflets from each
treatment, 6 replications) was evaluated by calculating
the percentage of relative water content (RWC) (Farrant,
2000).

For each treatment, photosynthetic pigments were ex-
tracted from leaflets (2 leaflets from each, 6 replicates). The
content of chlorophyll (a + b) and carotenoids (x + ¢) was
calculated as mg mL™" g FW™!, using adjusted extinction
coeflicients (Lichtenthaler, 1987). The anthocyanin con-
tent was calculated according to Mancinelli et al. (1975)
and reported as mg mL~ g FW~'. The flavonoid content of
leaves (0.1 g of fresh leaf tissue, 3 replications) was deter-
mined using the method of Mirecki and Teramura (1984)
and was calculated as the percentage of 12-day-old control
plants (C ).

Chlorophyll a fluorescence measurements were
performed in a growth chamber at 25 °C using a portable,
modulated fluorescence monitoring system (FMS-2,
Hansatech Instruments, UK) on randomly selected leaves
(6 replicates). Following 30 min of dark adaptation, the
minimum chlorophyll a fluorescence (F)) was determined
using a measuring beam of 0.2 umol m™ s™ intensity. A
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saturation pulse (1 s of white light, 7500 pmol m= s™)
was used to obtain the maximum fluorescence (F,,) after
a dark-adapted state. The maximal quantum efficiency
of photosystem II (PSII) of dark-adapted plants (F /F,)
was calculated using (F, - F)/F,. The efficiency of the
water-splitting complex on the donor side of PSII (F /F,)
was also calculated to assess PSII activity. Light-induced
changes in chlorophyll a fluorescence were recorded
following actinic illumination (300 pmol m™ s™) prior to
measurement of F ' (minimum chlorophyll a fluorescence
in light-saturated state) and F,' (maximum fluorescence in
light-saturated state). The quantum efficiency of PSII open
centers in the light-adapted state, referred to as ®PSII (F M’
- FJF,/), was determined from F,’ and F; (steady-state
fluorescence in the light-saturated state) values, and the
quantum efficiency of PSII excitation energy trapping (F,'/
F,/) was calculated according to the method of Genty et al.
(1989). The actinic light was then removed, and minimum
fluorescence in the light-adapted state (F ') was determined
by illuminating the leaves with far-red light (7 pmol m
s7'). The photochemical quenching, q,= (F, - F)/(F,/
- Fv), and nonphotochemical quenching, NPQ = (F,, -
F,/)IF,/, were calculated (Bilger and Bjorkman, 1990), and
electron transport rate (ETR) was also calculated by the
following formula: ETR = (F, - F)/( F,/) x PAR x 0.84 x
0.5 (Genty et al., 1989).

Lipid peroxidation in the leaves was determined
by measuring the amount of malondialdehyde (MDA)
according to the method of Heath and Packer (1968) with
some modifications (extraction solution contained 0.5%
trichloroacetic acid and the homogenate was centrifuged
at 12,000 rpm for 10 min). The content of MDA was
determined by using the extinction coeflicient of 155
mM™ cm™ and was expressed as nmol g FW™'.

Free proline content of control and treated leaves
(umol g DW™) was determined using the method of Bates
et al. (1973). Proline was extracted from leaf samples (20
mg DW, 3 replications) according to Weimberg (1987),
with minor modifications.

For determination of enzyme activities, fresh leaf
samples (0.5 g) from each treatment were ground with
liquid nitrogen and suspended in specific buffer for each
enzyme extraction. The protein concentrations of leaf
extracts were determined according to Bradford’s (1976)
method.

Total SOD (EC 1.15.1.1) activity was assayed as
described by Beyer and Fridovich (1987). One unit of SOD
activity was defined as the amount of enzyme required to
cause 50% inhibition of NBT photoreduction. The activity
was expressed in units per milligram of protein.

APX (EC 1.11.1.1) activity was determined according
to the method of Wang et al. (1991). The enzyme activity
was calculated from the initial rate of the reaction using

the extinction coefficient (¢) of ascorbate (¢ = 2.8 mM cm™!
at 290 nm).

GR (EC 1.6.4.2) activity was determined according
to the method of Rao et al. (1995). The enzyme activity
was calculated from the initial rate of the reaction after
subtracting the nonenzymatic oxidation using the
extinction coefficient of NADPH (¢ = 6.2 mM cm™ at 340
nm). Guaiacol POD (EC 1.11.1.7) activity was based on the
determination of guaiacol oxidation (& = 26.6 mM cm™) at
470 nm by H,O, (Bergmeyer, 1974). A unit of peroxidase
activity was defined as nmol H,0, decomposed per minute
per milligram of protein.

The experiments were performed in a randomized
design with 3 replicates. Differences among the treatments
were tested using SPSS. Counted data, such as plant leaf
numbers, were transformed into square roots to obtain the
continuous scale and provide the normality assumption
(Sokal and Rohlf, 1997). Statistical variance analysis
was performed using ANOVA and compared with least
significant differences (LSDs) at the 5% level.

3. Results

Cold acclimation (CA) (10 °C, 7 days) led to a 15%
decrease in the shoot length of line AKN 87, whereas line
AKN 290 exhibited no significant decrease according
to corresponding controls (C,) (Table 1). Chilling at 4
°C decreased only the shoot length of cold-acclimated
lines. However, severe chilling temperature (2 °C) led
to a significant decline in shoot elongation of both lines
in both cold-acclimated (CA+S,) and nonacclimated
(NA+S)) seedlings. The leaf numbers of AKN 87 and
AKN 290 in CA treatments were significantly lower than
in their controls (4% and 11%, respectively) (Table 1).
Similarly, at both chilling temperatures (4 and 2 °C), the
leaf numbers of both cold-acclimated (CA+S , CA+S,) and
nonacclimated (NA+S,, NA+S)) plants were significantly
lower than in their corresponding controls (C,), and this
reduction occurred to the same extent in both lines (Table
1). The shoot fresh and dry weights for both lines in the
CA+S, treatment decreased almost to the same extent at
the drastic chilling temperature (Table 1).

Chilling treatments reduced the water content in
leaves of the lines, whether they were cold-acclimated or
not (Table 1). The reduction in water content of lines was
marked at 2 °C, but the lowest RWC was determined in the
NA+S, treatment of AKN 290 (30%).

CA resulted in a decrease of chlorophyll pigment of AKN
290 (34%) (Figure 1A). Similarly, at 4 °C the chlorophyll
content reduced only for AKN 290, and to an approximately
similar extent even when it was cold-acclimated, as compared
to C,. At the highest stress intensity, total chlorophyll content
of lines decreased, mainly in nonacclimated leaves and to a
lesser extent in AKN 87 than in AKN 290. The carotenoid
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Table 1. Growth parameters and water contents of chickpea lines exposed to chilling temperatures.

Lines Treatments Length of %hoot Number of leav?s Fresh Wf:ight of shoot Dry weifght of shoot RWC
(mm plant™) (Vnumber plant™) (g plant™) (g plant™) (%)
AKN 87 C, 135+ 1 2.2*£0.02 0.8 £ 0.04 0.1** +0.010 75%* £ 1.3
. 170 £ 1 2.8+0.01 1.3+0.10 0.2 +£0.002 75+0.5
CA 146 + 1 2.7 +£0.03 1.0 £ 0.02 0.2 £ 0.004 74+£0.5
C, 184 + 1 3.3+0.01 1.5+ 0.04 0.4 £ 0.005 75+0.4
CA+S, 154+ 1 2.8 +£0.02 1.4+0.05 0.3+ 0.010 70+£0.7
NA+S, 179+ 2 2.9 +0.02 1.5+ 0.10 0.3 +0.020 64 +0.5
CA+S, 147 + 1 2.7 +0.02 1.0 £ 0.06 0.2 +0.020 65+ 0.7
NA+S, 1751 2.9+0.02 1.2+0.10 0.2 £0.030 60 £ 0.7
AKN29% C; 124 £ 2 2.3+0.02 0.8 £0.03 0.1 £0.004 77 £0.4
C, 159+1 2.8+0.02 1.0 £ 0.04 0.2 +£0.010 76 £0.8
CA 155+1 2.5+ 0.03 0.8 £0.07 0.1 £0.020 75+0.6
C, 175+ 3 3.2+0.03 1.5+0.25 0.3 £ 0.060 76 £0.9
CA+S, 162 + 2 2.7 £0.02 1.2+ 0.11 0.3 £ 0.020 69 £ 0.6
NA+S, 172+ 3 2.8 +0.05 1.2+ 0.10 0.3+ 0.010 62 +0.5
CA+S, 156 £ 1 2.6 £0.03 1.1 £0.06 0.2£0.010 63+0.3
NA+S, 165+ 1 2.8£0.02 1.2+ 0.07 0.3+0.010 53+£0.6
LSD 5% 5 0.1 0.4 0.1 2

*: Each value represents the mean of 3 replicates, 5 plants each (n = 15), and its standard error (+SE).
**: Each value represents the mean of 3 replicates (n = 3) and its standard error (+SE).
***: Each value represents the mean of 6 replicates (n = 6) and its standard error (+SE).

content of the NA+S, treatment of AKN 87 increased
significantly (14%) at the severe chilling temperature (Figure
1B). In the leaves of both lines, content of anthocyanin was
higher in cold-acclimated leaves than in nonacclimated
leaves when both were exposed to chilling temperatures
(Figure 1C). Higher anthocyanin contents of lines were
always significant compared to related controls (C,). Similar
to anthocyanin content, the flavonoid content was higher
in both lines in CA, and it was more remarkable in AKN
290 (84%) (Figure 1D). Chilling temperatures resulted in a
progressive enhancement of the flavonoid contents of AKN
87 and AKN 290, especially in cold-acclimated treatments
(CA+S,, CA+S,). Slight differences in flavonoid content
enhancement were also recorded between the 2 lines at 2 °C.

The Fo values of dark-adapted leaves of nonacclimated
chickpea lines at 4 °C and both chilling treatments at 2 °C
increased significantly (Figure 2A). On the other hand, F, ,
F F,, and F IF, values of dark-adapted leaves declined
significantly at chilling temperatures, with the exception of
the CA+S, treatment of AKN 87 (Figures 2B-2D). Similar
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to F,, F/F, and F /F values, chilling temperatures
induced a decreased pattern in ¢PSII, FV’/FM’, and ETR
values of the leaves of both lines (Figures 2B-2D and 3A-
3C). The reduction of these parameters was most evident
for AKN 290 (Figures 3A-3C). No significant differences
in the g, values of light-adapted leaves were recorded
for 4 °C treatments, while only the NPQ value of cold-
acclimated AKN 87 rose sharply (80% of related control)
(Figures 3D and 3E).

Chilling treatments resulted in a remarkable increase
in MDA accumulation in leaf tissues of both lines in
comparison with their controls (C,) (Table 2). The gradual
significant increase in the MDA content of both lines was
more marked in nonacclimated leaves than in acclimated
ones. Furthermore, severe chilling resulted in the highest
MDA accumulation in both lines, specifically the NA+S,
treatment of AKN 290 (2.5-fold of control).

Proline content of both lines increased progressively
when compared with the corresponding controls (Table
3). Among the 4 °C treatments, proline accumulation in
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Figure 2. Chlorophyll a fluorescence parameters of the dark-adapted leaves of chickpea lines exposed to chilling temperatures: A)
the minimum (F)) and B) maximum (F,,) fluorescence, C) quantum efficiency of PSII (F,/F, ), and D) efficiency of the water-splitting
complex on the donor side of PSII (F,/F,). The error bars represent the standard error (+SE) for 6 replicates.
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transport rate (ETR), D) photochemical quenching (qp), and E) nonphotochemical quenching (NPQ). The error bars represent the
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AKN 87 and AKN 290 was 45% and 49%, respectively,
when nonacclimated leaves (NA+S,) were compared to
cold-acclimated leaves (CA+S,).

Both SOD and APX activities in leaves of the 2 lines
increased significantly by CA treatment at 10 °C (Figures
4A and 4B). A remarkable increase in total SOD activity
was determined in CA+S, as 5- and 7-fold of related
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controls (AKN 87 and AKN 290, respectively) (Figure
4A). Similar to 4 °C, severe chilling temperature resulted
in highly significant increase in SOD activity in cold-
acclimated leaves of AKN 87 and AKN 290 (2.5- and 5.8-
fold of related controls, respectively). The APX activity of
the cold-acclimated AKN 87 increased significantly at 4
°C, whereas the APX activity of the lines declined sharply
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Table 2. The MDA content (nmol g FW™) of chickpea lines exposed to different chilling temperatures.

Treatments
Lines
G, C, CA C, CA+S, NA+S, CA+S, NA+S,
AKN 87 8%+0.3 12+0.3 13+0.1 15+0.5 19+0.1 20+1.1 26+0.4 31+£0.3
AKN 290 11+0.3 14+0.2 14 +£0.1 15+ 0.1 22+0.2 27+0.7 36+0.8 38+£0.6
LSD 5% 2
*: Each value represents the mean of 3 replicates (n = 3) and its standard error (+SE).
Table 3. The leaf proline contents (umol g DW™) of chickpea lines exposed to different chilling temperatures.
Treatments
Lines
C, C, CA C, CA+S, NA+S, CA+S, NA+S,
AKN 87 1.8+ 0.03 2.6+0.02 3.9+0.03 2.9 +0.05 4.2+0.01 6.1 +0.02 5.7+ 0.02 6.8 +0.04
AKN 290 1.8 £0.01 2.2+0.03 3.6 +0.01 2.6 £0.03 3.9+£0.02 5.8 £0.06 4.9 £0.05 6.6 £ 0.05
LSD 5% 0.1
*: Each value represents the mean of 3 replicates (n = 3) and its standard error (+SE).
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in the NA+S, treatment (Figure 4B). Similarly, drastic
reduction of APX activity of lines was recorded at 2 °C,
with the exception of AKN 87 at CA+S,. The CA treatment
of AKN 290 substantially increased GR and POD activities
(1.5- and 2.1-fold, respectively) (Figures 4C and 4D).
The effect of 4 °C on the GR activity of lines was variable
(Figure 4C). The CA+S, treatment increased GR activity
by 69% in AKN 290, while NA+S, decreased it by 47% of
the control in AKN 87. At 2 °C, GR activity was raised
only in the leaves of CA+S -treated AKN 290 (52%), while
the lines exhibited significantly lower GR activities under
NA+S,. Chilling at 4 °C resulted in an enhancement of the
POD activity of lines, with the exception of nonacclimated
AKN 87, where 20% reduction was determined (Figure
4D). CA+S, treatment induced an enhancement of POD
activity in the 2 lines, and AKN 290 had the highest activity
(85% of the related control).

4. Discussion
The effects of cold acclimation on some growth and
physiological aspects of 2 Cicer arietinum lines at 2 chilling
temperatures were investigated. Under suboptimal but not
yet freezing temperatures, plants of tropical or subtropical
origin, such as chickpea, frequently suffer chilling injury. In
our study, the 2 chilling temperatures (4 and 2 °C) had adverse
effects on lines, even if the seedlings were cold-acclimated.
The vegetative growth parameters of nonacclimated plants
appeared to be higher than those of cold-acclimated ones,
probably since the former continued vegetative growth
under controlled conditions for 7 days more than the latter,
which were exposed to 10 °C during this period. The shoot
elongation and leaf production in both lines were reduced
by chilling temperatures to nearly the same extent. Croser
et al. (2003) mentioned that chilling temperatures negatively
affect chickpea growth and dry matter production at the
vegetative stage. The CA+S, treatment of chickpea lines,
specifically AKN 87, resulted in a pronounced reduction
in both fresh and dry weights of shoots, due to the lowest
shoot elongation under this treatment (Table 1). The effects
of chilling are compounded by its effect on plant water
relations since chilling reduces the ability of roots to supply
water (Aroca et al., 2003). Chilling led to drastic reductions
in water content of both chickpea lines according to RWC
values (Table 1). According to water content results, AKN
290 had the greatest dehydration. Treatments involving
cold acclimation had significantly higher leaf water content
compared to nonacclimation treatments. Elevated levels of
cryoprotectants such as sugars and proline during the CA
period may play a crucial role in maintaining water potential
and thus the metabolic homeostasis of the chilled cells.
Chilling impairs all photosynthetic components by
provoking reduction of stomatal conductance, changes in
pigment complexes, and loss of photochemical efficiency
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(Fortunato et al, 2010). Total chlorophyll contents of
lines were decreased dramatically by chilling temperature,
regardless of severity, particularly in AKN 290 (Figure
1A). Mohanty et al. (2006) suggested that the reason
for reduced chlorophyll content in chilled cells could
be decreased chlorophyll synthesis, faster chlorophyll
degradation, or both. CA resulted in a significant decline
in total chlorophyll content of AKN 290, but, interestingly,
that reduction did not lead to any photosynthetic
activity disorders as determined by chlorophyll a
fluorescence measurements (Figures 2 and 3). Contrary
to total chlorophyll, the content of protective pigments,
which prevent the photoinhibition of photosynthesis,
increased at varying rates by chilling temperature. The
gradual increase in carotenoid content was significant in
NA+S, for AKN 87 (Figure 1B). Carotenoids protect the
chlorophyll molecules from photooxidation by inhibiting
the generation of singlet oxygen and scavenging the
produced singlet oxygen. Chilling temperatures induce
the enhancement of carotenoid content in leaves (Aroca
et al,, 2001). Accumulation of anthocyanin in the leaves
of both lines was more pronounced at 2 °C (Figure 1C).
Similar results regarding the increase in anthocyanin
content at low temperatures were reported by Hasdai
et al. (2006). Flavonoids have antioxidant roles such as
scavenging ROS and preventing plants from chilling-
induced photoinhibition and photooxidation under
excess visible radiation (Havaux and Kloppstech, 2001).
The flavonoid content of lines increased under all chilling
treatments (Figure 1D). Moreover, CA enhanced the
flavonoid content of the lines, and accumulation of
flavonoids proceeded during treatments involving CA
(CA+S,, CA+S). It has been reported that soybean
plants enhance chilling tolerance by enforcing defense
mechanisms against oxidative stress via expression of
genes for flavonoid biosynthesis (Toda et al, 2011).
In chilling treatments, the increased anthocyanin and
flavonoid contents of chickpea could act as a potential
safeguard against the damage induced by chilling and,
thereby, protect the photosynthetic apparatus against ROS.

Stress-induced alteration in the photosynthetic
apparatus measured during chilling conditions by
chlorophyll a fluorescence is a rapid screening method
to assess chilling tolerance (Baker and Rosenquist, 2004;
Strauss and van Heerden, 2011). In the present study,
chlorophyll a fluorescence measurements showed that CA
did not cause photoinhibition of PSII in the lines (Figures
2 and 3). However, exposure to chilling temperatures,
cold acclimated or not, led to significant alterations of
the chlorophyll a fluorescence parameters of the lines,
reflecting the chilling-induced photoinhibition (Figures 2
and 3). There was a significant increase in the F values
of dark-adapted leaves of lines subjected to chilling
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temperatures, except in CA+S, treatment (Figure 2A). F is
a measure for the initial distribution of energy to PSII, and
the rise of F reflects reduced energy transport effectiveness
from the antenna to reaction center of PSII (Georgieva
and Lichtenthaler, 1999). The photochemical efficiency of
dark-adapted leaves (F /F, ) of the lines declined in NA+S,
and all 2 °C treatments (Figure 2C), which indicates that
4 °C seems to be the threshold chilling temperature at
which the photosynthetic apparatus can protect itself
from photoinhibition when the leaves are cold-acclimated.
Loss of photochemical efficiency of PSII, as assessed
by decreased F /F,, indicates photochemically inactive
reaction centers and reduced electron transport capacity
in PSII (Genty et al,, 1989). The efficiency of the water-
splitting complex on the donor side of PSII (F,/F) is the
most sensitive component in the photosynthetic electron
transport chain (Kalaji et al., 2011). In the present study,
F /F values showed a marked decrease in both 2 °C and
nonacclimated 4 °C treatments (Figure 2D). Pereira et al.
(2000) suggested that decreasing F/F, ratios result from
photosynthetic electron transport impairment. Similarly,
the actual PSII photochemical efficiency of light-adapted
leaves (@PSII) was reduced by decreasing temperatures
(Figure 3A). According to Colom and Vazzana (2003),
reductions of @PSII are related to significant reductions
of F//F,/. Hence, reductions of both ¢PSII and F//F,’
occurred to the same extent at the chilling temperatures
applied to the lines, and of the 2 lines, AKN 290 had the
lowest values of these parameters (Figures 3A and B).
F//F, is the maximum efficiency of PSII when all PSII
reaction centers are ‘open’ (Farage et al., 2006). Decreased
levels of this parameter occur as a result of increased
energy dissipation. Moreover, chilling temperatures
reduced the electron transport rate (ETR) of the leaves
of the lines (Figure 3C). The g, value that shows the
intensity of light energy consumption in photochemical
processes decreased only in AKN 290 for nonacclimated
treatments (Figure 3D). That result may demonstrate the
chilling susceptibility of AKN 290 and the necessity of
cold acclimation. Light energy dissipation as heat, which
is indicated by increasing nonphotochemical quenching
(NPQ) of chlorophyll fluorescence, is an important
protective response mechanism to prevent over-reduction
of quinone molecules (Demmig-Adams et al., 2005).
NPQ is often used as an indicator of the excess energy
dissipation to heat in PSII antenna complexes (Rohécek,
2002). In the present study, only the CA+S, treatment of
AKN 87 led to an increase in the NPQ parameter (Figure
3E). Consequently, chlorophyll a fluorescence results
indicated that cold acclimation enhanced the protection
of photoinhibition of PSII from subsequent chilling
temperatures. Nonacclimated treatments of severe chilling
temperature caused slowly developing photoinhibitory

damage in both lines, but this damage was marked in AKN
290.

Lipoperoxidative activities, reported as MDA levels
and leading to loss of membrane integrity, increased
progressively in chilling temperature treatments (Table
2). During severe chilling, the increase was much higher
than in control plants, specifically in AKN 290. This result
indicates a distinct deterioration of membrane integrity
and activation of lipid peroxidation in the leaves of the lines
and is in accordance with previous findings that presented
increased levels of MDA due to chilling injury (Ma et
al., 2010). Lipid peroxidation triggers the action of free
radicals. Carotenoids and flavonoids are physiologically
important for protection against these radicals (Oliveira
et al., 2009). However, in this study, the increase in lipid
peroxidation occurred together with increased carotenoids
and flavonoids at 2 °C (Figures 1B and 1D). This finding
suggests a partial inability of these pigments to inhibit
the peroxidation action of free radicals. The amino acid
proline is thought to be a compatible solute and plays a
role in protecting enzymes from denaturation, stabilizing
the machinery of protein synthesis, regulating the cytosolic
acidity, and increasing water-binding capacity (Ruelland
et al,, 2009). CA induced a remarkable accumulation
of proline to the same extent in both lines (Table 3).
Moreover, proline contents in nonacclimated treatments
were always higher than in cold-acclimated treatments.
Accumulation of proline during stress conditions was
mostly correlated with tolerance (Ashraf and Foolad,
2007). However, our results indicate that enhanced levels
of proline in nonacclimated leaves of lines may occur as a
result of chilling injury-induced protein degradation.

The increased synthesis and accumulation of ROS
have been associated with injury development through
oxidative stress. Induction of oxidative stress in chilling-
stressed plants has been described in previous studies
(Pennycooke et al., 2005; Turan and Ekmekgi, 2011). These
studies showed that the contents of enzymatic antioxidants
played an important role in scavenging harmful oxygen
species, and the activities of antioxidant enzymes were
altered when plants were subjected to chilling stress. In the
current study, we have shown that exposure to 10 °C led to
a significant increase in the activities of tested antioxidant
enzymes in both lines (Figure 4), with the exception
of GR and POD activities of AKN 87 (Figures 4C and
4D). Among the activities of antioxidant enzymes, SOD
activity reached the highest values during CA in both lines
(Figure 4A). The ability of cold acclimation to enhance or
preserve antioxidant enzyme activity in chickpea seedlings
may contribute to the ability of this treatment to increase
chilling tolerance. SOD provides the first line of defense
against the toxic effects of elevated levels of ROS and
removes superoxide ion (O,) by catalyzing its dismutation
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to hydrogen peroxide (H,0,) and molecular oxygen (O,)
(Gill and Tuteja, 2010). At both chilling temperatures, cold-
acclimated chickpea lines enhanced their SOD activities
(Figure 4A). APX is the first enzyme of the ascorbate-
glutathione cycle and functions by reducing H,O, to water
(Asada, 1999). The APX activities of lines were variable
(Figure 4B). While activity of APX increased with CA, it
decreased dramatically by chilling temperature in both
lines, with the exception of cold-acclimated treatments
of AKN 87. GR is the last and rate-limiting enzyme of
the ascorbate-glutathione cycle and it participates in the
removal of H,O, (Asada, 1999). In our study, the analysis
of variance for GR activity indicated a highly significant
difference between lines (Figure 4C). AKN 290 always
had the highest GR activity and, among the treatments,
CA and subsequent chilling temperatures resulted in
increased GR activity, while nonacclimated treatments
of this line remained unchanged (NA+S ) or decreased
(NA+S,). To scavenge H,O,, plants evolved an antioxidant
system, including POD, APX, GR, and CAT (Xu et al,,
2008). Compared to optimum temperature, POD activity
increases when plants are exposed to low temperatures
(Song et al., 2006). Likewise, POD activities of leaves
of chickpea lines increased in all chilling temperature
treatments, except nonacclimated AKN 87 (Figure 4D).
Enhancement in the leaves of AKN 290 was more marked.
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