Effect of Gradual and Shock Chilling Stress on Abscisic Acid, Soluble Sugars and
Antioxidant Enzymes Changes in ‘Sultana’ Grapevine

Shima Sadat Beheshti Rooy?!, Ghasem Hosseini Salekdeh2, Mehdi Ghabooli3, Mansour Gholami 4,
Ehsan Mohsenifard 5, and Rouhollah Karimi % &

1. Grapevine Production and Genetic Improvement Department, Iranian Grape and Raisin Institute,
Malayer University, Iran
2. Department of Systems Biology, Agricultural Biotechnology Research Institute of Iran, Agricultural
Research, Education, and Extension Organization, Karaj, Iran.
3. Department of Agronomy, Faculty of Agriculture, Malayer University, Iran.
4. Department of Horticulture, Faculty of Agriculture, Bu-Ali Sina University, Iran.
5. Department of Agronomy and Plant Breeding, Faculty of Agriculture, University of Zanjan, Iran.
6. Department of Landscape Engineering, Faculty of Agriculture, Malayer University, Iran.

Abstract

Plants may show different behaviours during exposure to low temperature stress through various
mechanisms. In this study, the chilling responses of ‘Sultana’ grapevine were investigated during a gradual
chilling (2 °C/h) and also during a shock chilling (5 °C/h) from 24 °C to 4 °C. After artificial chilling stress,
electrolyte leakage, lipid peroxidation, hydrogen peroxide production and antioxidant enzymes activities
were measured in all plants leaves. Moreover, the potential of plant to accumulate abscisic acid and
osmoregulants were compared under both gradual and shock chilling stresses. Based on the results, a
significant difference was found between the electrolyte leakage, lipid peroxidation and hydrogen peroxide
content of plants under two chilling regimes. These indices were found to be higher in shock chilling stressed
plants compared with gradual chilling stressed vines because of the lower catalase, peroxidase and ascorbate
peroxidase activities. Moreover, gradual chilling stressed vines exhibited higher accumulation of abscisic acid,
proline and total phenolic compounds. The chlorophyll degradation and relative water content were lower
in gradual cold stressed plants. Glucose and fructose, unlike sucrose showed higher concentration in gradual
cold stressed vines. Totally, under gradual chilling stress grapevine plants showed better cold acclimation by
lower oxidative stress and higher accumulation of osmoregulants in compared with shock chilling stressed
vines.

Keywords: Chilling regimes, Cold stress, Grapevine, Metabolic changes.

Beheshti Rooy, Sh. S., Gh. Hosseini Salekdeh, M. Ghabooli, M. Gholami, E. Mohsenifard and R. Karimi 2017.
Effect of Gradual and shock chilling tress on abscisic acid, soluble sugars and antioxidant enzymes changes in
‘Sultana’ Grapevine'. Iranian Journal of Plant Physiology 7 (4), 2211-2224.

Chilling stress often affects grapevine
growth and productivity in temperate regions.
) Therefore, improvement in chilling tolerance is
*Corresponding author . . . . .
E-mail address: R.Karimi@malayeru.ac.ir one of the main ObJeCtS In grapevine breedmg
Received: March, 2016 programs. The study of grapevine plants under
: 201 . s . . .
Accepted: May, 2017 different chilling regimes and observation of their

Introduction

2211


mailto:R.Karimi@malayeru.ac.iremail

2212 Iranian Journal of Plant Physiology, Vol (7), No (4)

behaviour at these conditions would help to
breeders to use these physiological cold- related
indices for selection of cold tolerant cultivars.
Therefore, comprehensive understanding of
mechanisms involved in chilling tolerance has
become one of the main objectives of biological
researches which would help the development of
grapevine cultivars that perform better under cold
stress.

Cold acclimation is a favourable trait that has
a main role in plant growth, reproduction
and survival (Thomashow, 1999). In nature, plant
especially woody temperate species such as
grapevine may undergo two forms of gradual or
rapid chilling stress in late summer and mid-
autumn. For example, harsh autumn frost in early
November of 2016, while temperature dropped to
-14 °C for three days, damaged at least 5000 ha of
vineyards in Malayer, the second grape producing
region in Iran, and had serious damages to
vineyards. Incomplete development in canes
periderm, abnormal or rapid leaf abscission and
weak constitution and formation of lignin and
suberin in bud’s scales are common results of
sudden or shock chilling stress during early stage
of cold acclimation in autumn (Karimi and Ershadi,
2015). During shock decreasing temperature the
genetically potential of trees for copping to cold
stress condition may not have been achieved
completely compared to gradually chilling
stressed plants. Indeed, under gradual decreasing
temperature the plants have sufficient time to
conduct an array of morphological and
physiological change upon exposure to chilling
stress (Karimi and Ershadi, 2015).

Woody plants acclimate to low temperature
by decreasing day length and non-freezing
temperatures of less than 10 °C in late season
(Schnabel and Wample, 1987; Keller, 2010).
Changes in soluble sugars, proline, proteins, and
increase in polyamines, antioxidant capacity,
phenolic compounds and abscisic acid (ABA) levels
are some of the most important metabolic
defences against low temperature stress during
cold acclimation process (Compose et al., 2003;
Atici and Nalbantoglu, 2003; Ershadi et al., 2016;
Karimi, 2017). Moreover, cold stress has been
shown to induce the overproduction of reactive
oxygen species (ROS) (Lukatkin et al., 2012; Anjum
et al., 2014; Karimi et al., 2016), but grapevine

plants may also activate antioxidant enzymes,
such as superoxide dismutase (SOD), catalase
(CAT), peroxidase (POD) and ascorbate peroxidase
(APX), to eliminate ROS or to alleviate the
deleterious effects of ROS (Lukatkin et al., 2012;
Anjum et al., 2014; Karimi et al., 2016). The nature
of acclimatory responses is complex and differs
among species and cultivars, thermal treatments
and timing and rating of exposure (Thomashow,
1999; Gusta et al., 2005; Ershadi et al., 2015).

Electrolyte leakage (EL) assay is a commonly
used means to measure the amount of plant
damage in relation to cold stress (McKay, 1992,
Linden, 2002). The assessment is based on the
principle that damage to cell membranes results in
enhanced leakage of solutes into the intercellular
water (Compos et al., 2003). Recording the extent
of leakage after chilling stress treatments thus
provides an estimate of tissue injury (Linden,
2002; Ershadi et al., 2016).

Chilling stress effects have been widely
investigated in both herbaceous and woody plants
(Compos et al., 2003; Guo et al., 2012; Karimi and
Ershadi, 2015); however, experimental designs
frequently have focused on only one type of
chilling stress. So far no studies have
simultaneously examined the specific
contributions of the two distinct forms of chilling
stress (i.e. rapid chilling (RC) stress and gradual
chilling (GC) stress. The following experiments
were carried out to investigate the effect of the
two forms of chilling regimes on tolerance of
‘Sultana’ grapevine to chilling stress conditions. In
particular, the physiological and biochemical
changes including antioxidant enzymes activities,
lipid peroxidation, Hydrogen peroxide (H203)
production, EL, soluble sugars, chlorophyll
content, proline and phenolic compounds
accumulation in grapevine leaves under both
rapidly and gradually applied chilling stress was
investigated.

Materials and Methods
Plant material and growth conditions

The cuttings of ‘Sultana’ grapevine (Vitis
vinifera L.) were planted in 6 L pots and placed in
a greenhouse with maximum irradiance of 1400
umol m2s?, 12/12 h day/night photoperiod, day/
night temperature of 25/ 18 °C and relative
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humidity at 60% for four months. The vines were
watered three times a week and fertilized using
0.5gL?t NPK (20-20-20) fertilizer until
appearance of 15 functional leaves. The
experimental design was completely randomized
with three replicates (two vines per replication).

Controlled chilling tests

Potted vines were subjected to chilling
stress in a programmable cooling chamber.
Chilling was accomplished at two distinct forms
including of gradual temperature decrease of 2
°C/h and shock temperature decrease of 5 °C/h
from 24 °C to +4 °C and kept at +4 °C for 12 hours
(Karimi and Ershadi, 2015). The plants incubated
at 24 °C were considered as control untreated
vines. After chilling exposure, the EL, lipid
peroxidation, H,0,, relative water content (RWC),
phenolic compounds, proline, soluble sugars
(glucose, fructose and sucrose), ABA, soluble
protein, ROS-scavenging enzymes (CAT, POD, and
APX) and photosynthetic pigments of leaves of
‘Sultana’ grapevines were measured. For
evaluating the changes of above mentioned
indices, the first three fully expanded leaves near
the shoot apex were taken for further analysis.

Electrolyte leakage

The EL measurements were started by
cutting three leaves of cold stressed vines.
Samples (0.5 g leaf) were rinsed with distilled
water, wiped dry and immersed separately into
50-mL test tubes containing 40 mL of distilled
water for 24 h on a shaker at 120 rpm. The
electrical conductivity (EC;) of the bathing
solutions was measured using an electro
conductivity meter (Cond 720, Germany). Samples
were subsequently autoclaved at 120 °C for 20
min, allowed to cool to room temperature, and
electrical conductivity was measured again (EC,)
(Ershadi et al., 2016). Relative electrolyte leakage
(REL) was calculated using the following formula:
REL= (EC; /EC,) x100.

Lipid peroxidation

Membrane lipid peroxidation was measured
in 200 mg of each leaf sample (n = 5 per
treatment), which was homogenised in 5 mL of
0.1% (w/v) trichloroacetic acid (TCA) and
centrifuged at 6,000 x g for 5 min. The supernatant

was collected and lipid peroxidation was
measured in terms of thiobarbituric acid relative
substances (TBARS), according to Heath and
Packer (1968).

Hydrogen peroxide

H.0; was measured
spectrophotometerically after the reaction with
potassium iodide (KI), according to Velikova and
Loreto (2005). One g of fresh leaf tissue (n = 5
samples per treatment) was ground and
homogenised in a mortar containing 10 mL of 0.1%
(w/v) TCA. The homogenate was centrifuged at
6,000 x g for 15 min and 0.5 mL of the supernatant
was added to 0.5 mL of 10 mM potassium
phosphate buffer, pH 7.0 and 0.1 mL of reagent
(0.1 M Kl in fresh double-distilled water). The
absorbance of the supernatant was measured at
390 nm. A blank was prepared using 0.1% (w/v)
TCA in the absence of leaf extract. The
concentration of H,O, was calculated using a
standard curve prepared using known
concentrations of H,0..

Relative water content

Leaf RWC was determined as described by
Kirnak et al. (2001). For measurement, small
sections of fresh leaves were weighed (4 leaves) to
determine fresh weight and plunged in deionized
water at +4 °C for 20 h and turgid weight was
recorded. For dry weights measurement, the
samples were placed for 48 h in an oven (65-70 °C)
and dried. RWC was calculated as following
formula: RWC = [(fresh weight- dry weight) /
(turgid weight- dry weight)] x 100.

Soluble carbohydrates

Total soluble carbohydrates content was
determined based on anthrone method according
to Yemm and Willis (1954). Fresh leave samples
were grounded wusing liquid nitrogen. For
extraction, about 5 mL of ethanol (80 %) was
added onto 1 g of ground tissue for three times.
After centrifugation for 15 min at 1500 g,, about
100 pL of the supernatant (ethanolic extract) was
added into test tubes contained 3 mL of 0.2%
anthrone solution (2 g anthrone in 1 L of 72%
sulfuric acid). The samples were heated in a boiling
water bath (95 2C) for 10 min, and then rapidly
transferred into an ice bath and cooled down to
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room temperature. Absorbance of the samples
was read at 620 nm using a Cary Win UV 100
spectrophotometer (Varian, Australia). Finally,
soluble carbohydrates concentration of the
samples was calculated through a calibration
curve drawn for glucose standard solutions and
expressed as mg soluble carbohydrates g* fresh
weight (FW).

Soluble sugars

The samples of leaves from each replicate
were ground into powder in liquid nitrogen. Half
gram of the powder was extracted with 10 mL
ethanol (80%). After centrifugation at 8000g for 15
min, the supernatants were passed through a 0.2
uM filter (Shin et al.,, 2002). The filtered
supernatants were used to measure fructose,
glucose and sucrose using a Crystal 200 series
HPLC pump (ATl Unicam, Cambridge, UK)
equipped with a SPD UV —Vis detector (Philips,
Cambridge, UK) and a Spherisorb ODS-2 Column
(0.3 um, 150 mm x 4.6 mm i.d.) from Hichrom
(Berkshire, UK). Sodium Citrate (pH 5.5) and
ultrapure acetonitrile (1:99, v/v) at a flow rate of
0.1 mL min? was used as the mobile phase. The
injection volume was 10 pL (Comis et al., 2001).
External standard solution calibrations of sucrose,
glucose and fructose (Sigma, Australia) were used
to integrate peak. Sugar concentrations were
expressed in pumol g FW.

Proline

Fresh leaves samples were grounded
using liquid nitrogen and 10 mL of 3% (w/v)
aqueous sulfosalicyclic acid was added onto 0.5 g
of powdered tissue. Then 2 mL of filtered extract
was placed into test tubes and 2 mL ninhydrin and
2 mL glacial acetic acid were added. The tubes
were heated in a boiling water bath (95 2C) for 60
min, and the reaction was finished in an ice bath.
Four mL of toluene was added to the mixture and
the organic phase was extracted (Bates et al.,
1973). The absorbance of extract was recorded
spectrophoto-metrically at 520 nm, while toluene
used as blank. Proline concentration was finally
calculated through a calibration curve drawn for
proline standard solution and expressed as pmol
proline g1 FW.

Abscisic acid

For ABA analysis, the leaves tissue (1 g) was
homogenized in liquid nitrogen and extracted in
10 mL methanol (80%) containing 0.01%
polyvinylpyrrolidone and 0.01 g vitamin C, and
shaken (120 rpm) overnight in the dark at 4 °C. The
homogenate samples were centrifuged at 4000 g,
for 15 min at 4 °C, and the supernatant was
collected and its pH was adjusted to 8 with 10%
phosphate buffer. Then the homogenates were
filtered through 0.45 u Whatman filters and dried
in a stream of air. The remained extract pH was
adjusted with HCL (0.2 N) approximately to 2.5 and
then 10 ml ethyl acetate was added to it. After
evaporation of ethyl acetate, the extracts were
dissolved in 1 mL methanol (3%) and acetic acid
(0.1 M), and then the obtained homogenates were
filtered through 0.45 u Whatman filters and
analyzed quantitatively by reversed phase high-
performance liquid chromatography (HPLC).
Chromatography was performed with a Crystal
200 series HPLC pump (ATl Unicam, Cambridge,
UK) equipped with a SPD UV-Vis detector (Philips,
Cambridge, UK) and a Diamonsic-Cig Column (5
um, 250 mm x 4.6 mm i.d.) from Hichrom
(Berkshire, UK). Elution was achieved at a flow rate
of 4 mL min with acid acetic: methanol (97:3 v/v)
as the mobile phase. Injection volume was 20 pL.
A photo-diode array detector (PDA) was used to
monitor the presence of ABA by UV detection
(Gilson, Luton, Bedfordshire, UK) at a wavelength
of 260 nm (Li et al., 2010).

Total phenolic compounds

Total phenolics were determined
colorimetrically using Folin-Ciocalteu reagent as
described by Velioglu et al. (1998) with slight
modifications. In brief, a volume of 0.3 mL from
each diluted methanolic extract (10 %) was mixed
with 1 mL Folin-Ciocalteau reagent (10 %) and
vortexed. After 5 min, 1 mL of 7% sodium
carbonate solution was added to the mixture. The
final solution was shaked for 20 min at room
temperature and then the absorbance was
spectrophotometerically measured at 765 nm.
Total phenol concentrations were calculated using
a calibration curve drawn for gallic acid standard
solution and expressed as mg gallic acid g* of FW.

Total soluble protein
Total soluble proteins were extracted from
leaves (five per treatment), and total soluble
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proteins concentrations was determined using the
colorimetric method of Bradford (1976) by
measuring the absorbance at 595 nm, with bovine
serum albumin as the standard. The values of total
soluble proteins were expressed as mg g FW of
leaf.

Anti-oxidant enzyme activities

One-hundred mg of frozen leaf powder from
each grapevine sample was homogenised in
1.0mL of 0.05M sodium phosphate buffer
(pH 7.8) containing 1.0 mM EDTA and 2% (w/v)
polyvinylpolypyrrolidone. Each homogenate was
centrifuged at 10,000 x g for 20 min at4 °C and the
supernatant was used for all enzyme activity
measurements. All activities were performed at 4
°C.
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CAT activity was determined by measuring the
decrease in absorbance of H;0;, at 240 nm
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Panel B), peroxidase (POD; Panel C), and ascorbate peroxidase (APX; Panel D) in leaves of ‘Sultana’ grapevine. Unit

pH 7.0 with 1.0 mM EDTA and 3% (v/v) H,0.
The decrease in absorption at 240 nm was
monitored for 3 min. One unit of CAT activity was
defined as the amount of enzyme that resulted in
1.0 umol of H,0, degraded mL* min.

POD activity was measured by following the
oxidation of guaiacol by H,0; at 470 nm according
to Herzog and Fahimi (1973). One mL of each

was initiated by adding the H,0,. One unit of POD
activity was defined as the amount of enzyme that
degraded 1.0 pmol guaiacol mL* min™.

APX activity was determined by measuring the
decrease in absorbance at 290 nm for 1.0 min as
ascorbate was oxidised (Nakano and Asada, 1981).
Each 3 mL reaction mixture contained 50 mM
sodium phosphate buffer, pH7.0, 0.5mM
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ascorbate, 0.1 mM Na; EDTA, and 1.2 mM H,0,.
One unit of APX activity was defined as the
amount of enzyme that oxidised 1.0 pmol
ascorbate mL* min™.

The specific activity of each anti-oxidant
enzyme was then expressed in unit’s mg? protein.

Photosynthetic pigments

Total chlorophyll and carotenoids were
extracted from each leaf sample using 80% (v/v)
acetone. The absorbance of each supernatant was
measured spectrophotometerically using the
equations according to Lichtenthaler (1987). Chl a
concentrations were determined at 663 nm, Chl b
at 645 nm, total Chl at 652 nm, and carotenoids at
470 nm and all were expressed as mg g FW leaf.
All  spectrophotometric measurements were
carried out using a UV-visible spectrophotometer
(Cary 100; Varian, Sydney, Australia).

The results were subjected to analysis of
variance using GLM procedures of the SAS
software package (SAS Institute Inc., Cary, NC,
USA), and mean separation was done using
Duncan’s multiple range test at P < 0.05.

Results

Electrolyte leakage and Relative water content

Significant increases (P < 0.001) in leaf EL
percentage were observed as a result of chilling
stress. However, leaf EL of GC- treated vines was
lower approximately 13.8% compared to RC-
treated plants (Fig. | A). Totally EL percentage of
control non-chilled vines was shown to be 23.1%
and 34.2% lower than both GC- and RC- treated
plants respectively.

Chilling treatment had significant effect (P <
0.001) on leaf RWC of grapevine plants (Fig. | B).
The lowest RWC was found in plant under GC
treatment condition which was 4.9% and 10.5%
lower than RC- treated and non-chilled control
plants respectively.

Lipid peroxidation and Hydrogen peroxide

Leaf TBARS and H,0;, concentrations, as
oxidative stress biomarkers, increased noticeably
in the leaves of all grapevine plants during
exposure to chilling stress, although no significant
difference  was observed between H,0;
concentrations of both GC- and RC- treated plants

(Fig. I A, B). Nevertheless, both TBARS and H,0,
were shown to be lower in GC- treated plant
compared to RC- treated vines (Fig. Il A, B). Leaf
TBARS and H;0O: concentrations of GC- treated
plants exhibited 18.6% and 2.62 % lower oxidative
stress respectively compared to those of RC-
treated vines.

Total soluble protein and antioxidant enzyme
activity

Significant difference (P < 0.001) was
observed in leaf total soluble protein content,
CAT, POD and APX activity as a result of low
temperature stress. As shown in Fig lll, leaf total
soluble protein content, CAT, POD and APX activity
of both GC- and RC- treated plants increased two
to three folds in compared to control non-chilled
vines (Fig Ill). However, leaf soluble protein of GC-
treated plants was higher significantly than those
of RC- treated grapevine plants. Interestingly,
antioxidant enzymes activities of CAT, POD and
APX were shown to be higher in GC- treated plants
in compared to those of RC-treated vines (Fig IIl B,
C, and D).

Proline and total phenolics content

Proline and total phenolics content increased
under chilling stress and differed significantly
(P<0.001) in the leaf of both GC- and RC -treated
plants. The concentration of proline in RC-treated
vines was higher than GC-treated plants (Table 1).
In contrast to proline changes, the total phenolics
content of GC- treated plants shown to be higher
than those of RC- treated vines (Table 1).

Total soluble carbohydrates and soluble sugars

Total soluble carbohydrates and soluble
sugars including glucose, sucrose and fructose
increased in vines leaves under chilling stress
condition. In GC- treated plants leaves, total
soluble carbohydrates and glucose concentration
was shown to be higher than those of RC- treated
plants (Fig. IV A, B). Interestingly in RC-treated
plants sucrose was significantly (P<0.001) higher
than GC-treated vines (Fig. IV C). Fructose
increased under low temperature stress but did
not differed significantly in both GC- and RC-
treated plants (Fig. IV D).

Abscisic acid
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Significant difference (P < 0.001) in leaf ABA
concentration was observed as a result of low
temperature stress. Chilling stress dramatically
increased ABA concentration of both GC- and RC-
treated grapevine plants (Fig. V). Under the
gradually chilling temperature, the leaf ABA
concentration was shown to be approximately
18% higher than RC- treated plants (Fig. V).

Photosynthetic pigments

Contrary to carotenoids, leaf chlorophyll
content of grapevine plants decreased under two
chilling regimes compared to non-chilled vines.
The chlorophyll content of GC- treated plants was
higher than those of RC- treated plants (Table 1).
Contrastingly, carotenoids content of RC- treated
plants was higher than those of GC- treated vines
(Table 1).

Discussion

In this study the response of ‘Sultana’
grapevines were investigated under two chilling
temperature regimes. The plants showed different
behaviour in front to these temperatures
decreasing patterns. Solutes leakage recording
after chilling stress is one of the common and
reliable methods for membranes damages
estimation in different woody and herbaceous
plants (McKay, 1992; Linden et al., 2000; Ershadi
et al., 2016). The rate at which the temperature is
lowered is important in determining the plant
response (Zhang et al.,, 2008). Based on our
results, leaf EL as a membrane injury index in RC-
treated vines was shown to be higher than GC-
treated plants. This suggested the better cold
acclimation and chilling tolerance adaptation of
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grapevine plants through exposure to moderate
temperature decreasing compared to vines which
were treated by sever chilling stress. In other
word, gradually chilling stress may cause mild
injury to cell membrane and an increase in EL
perhaps is resulted from ROS accumulation in leaf
tissues (Karimi et al., 2016).

400 -

Abscisic acid concentration

accumulation of H,0; in chilled leaves was
reported in previous works (Said et al.,, 2014,
Karimi et al., 2016).

Anti-oxidant systems are thought to play a
critical role upon exposure of plant to chilling
stress. The major ROS-scavenging enzymes in
plants, (SOD, CAT, POD, and APX) are the first

Non chilling  Rapid chilling Gradual chilling

chilling treatments

Fig V. The effect of a gradual temperature decrease and a rapid cold shock on abscisic acid concentrations in leaves of

‘Sultana’ grapevine.

TBARS is another cell membrane injury
indicator that has been used for cold tolerance
measurement in plants (Guo et al., 2012; Karimi et
al., 2016). In the present study, TBARS levels were
found to be lower in grapevine leaves under GC
temperature regime. The lower lipid peroxidation
upon exposure to GC-treated plants was
associated with higher anti-oxidant activities in
their leaves. Indeed, solutes exudation occurrence
from damaged biomembranes usually is result of
higher ROS accumulation that observed by higher
TBARS production in RC-treated plants compared
to others. EL and TBARS are among the main
consequences of ROS accrued impact on
biomembranes (Halliwell and Gutteridge, 2000;
Anjum et al., 2014).

In the present study, chilling stress caused a
dramatic increase in H,0, concentrations in both
RC- and GC- treated vines. Although, H,0, was
found to be higher in RC-treated grapevine leaves
than GC- treated vines but did not significantly
differed from each other. ROS, especially H,0,, are
thought to be involved as secondary messengers
in cellular signalling to induce anti-oxidant
defences under abiotic stress (Foyer and Noctor,
2003; Karimi et al., 2016). The higher

defence against the deleterious effects of chilling
stress. In the current study, the antioxidant
enzymes system of chilled leaves exhibited higher
activity in GC- treated vines than RC- treated
plants. This finding confirmed the lower solute
leakage and lipid peroxidation observed in GC-
treated vines in current study and the results of
other relevant studies (Yang et al., 2011; Guo et
al., 2012; Karimi et al., 2016). On the other words,
higher ROS-scavenging enzymes activities of GC-
treated vines could have explained the
biomembranes  stability and  subsequent
photosynthetic capacity which were approved by
lower H,0, production in these plants. ROS-
scavenging enzymes may be protecting the
photosynthetic apparatus from oxidative stress
(Van Breusegem et al., 1999; Karimi et al., 2016).
ROS accumulation can induce damaging
biomembranes by oxidizing membrane
biomolecules such as lipids and proteins if not
scavenged by antioxidant enzyme activities
(Lukatkin et al., 2012; Anjum et al., 2014).
Therefore, the efficiency of antioxidant enzymes
activities for scavenging ROS mainly determined
the plant sensitivity to chilling stress (Lukatkin et
al.,, 2012; Anjum et al., 2014) as confirmed in
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Table 1.

The effect of a gradual temperature decrease and a rapid cold shock on proline, total phenolic compound, chlorophyll and carotenoid

content of ‘Sultana’ grapevine

Chilling treatments Proline Total phenolic Total chlorophyll Carotenoids

(Lg gt FW) (mg gt FW) (mg g™ FW) (mg g™ FW)
Rapid chilling 3.54+0.08 a 4.62+£0.35b 1.16x0.34c 0.78£0.14 ¢
Gradual chilling 3.24£0.12b 5.33£0.19a 1.93+0.24b 1.52+0.12b
Non chilling 1.53+0.13 ¢ 2.27+0.33 ¢ 2.41+0.09 a 1.64+0.26 a

current study. An increased anti-oxidant capacity
is one approach used by plants to improve their
tolerance to cold stress (Yang et al., 2011; Guo et
al.,, 2012). The current study indicates that the
activities of POD, CAT and APX obviously enhanced
when plants were treated by GC temperature
regime, which was consistent with the findings
reported by Karimi et al. (2016).

Tissues water content is a key factor affecting
susceptibility and resistant of grapevine canes and
buds to cold stress (Karimi and Ershadi, 2015). In
the current study, grapevine plants exposed to
chilling stress exhibited a reduction in leaf RWC. It
is assumed that decreasing in water uptake and
transportation through roots and stems due to
reduction of metabolic activity and disruption of
leaf transpiration is the reason of tissues
dehydration in chilling stress affected plants
(Turan and Ekmekci, 2011). Nevertheless, the RWC
of GC-treated vines were lower than RC- treated
plants. Tissues dehydration during cold
acclimation is one of the basic strategies of plant
to concentrate their cells sap for overcoming
harsh temperatures (Pogosyan et al., 1975).

Tissues dehydration during cold acclimation
plays a key role in chilling tolerance of vines
(Karimi and Ershadi, 2015). During gradually
lowering of temperature, leaf RWC was shown to
be lower compared to the amounts of this
parameters in RC- treated vines. This suggested
that tissue dehydration occurred in better
condition under mild decline in temperature. In
other words, cold acclimation helped the plant to
decline their tissues water content to the levels
that is essential for enduring of chilling
temperatures.

The chlorophyll stability of GC-treated
plants was higher than those of RC-treated plants.
The chlorophyll concentration is regulated by its
biosynthesis and degradation under
environmental stresses including chilling stress
(Turan and Ekmekci, 2011; Mohanty et al., 2006).
Under chilling stress, the rate of temperature
decreasing is critical for chlorophyll stability and
photosynthetic efficiency. We did not measure the
photosynthetic capacity but it is assumed that step
by step decline in temperature might have
provided better condition for continuing the
photosynthesis than shock chilling stress which is
documented by lower EL and TBARS of cell
biomembranes and higher antioxidant activity in
this study and previous works (Karimi et al., 2016).
On the other hand, the lower chlorophyll content
of RC-treated vines may be related with lower
enzymes activities and higher ROS production
which could damage cellular, chloroplast and
thylakoid membranes of these plants (Shu et al.,
2012).

Abscisic acid mediates plant responses to
adverse environmental stimuli since the level of
ABA in plants usually increases during abiotic
stress conditions (Koussa et al., 1998), and
exogenous application of ABA can enhance plant
adaptation to cold stresses (Karimi and Ershadi,
2015; Karimi et al., 2016). In the present study,
under the gradually chilling temperature, the ABA
content was shown to be higher approximately
18% compared to RC-treated plants. It is possibly
due to higher expression of certain genes related
to ABA synthesis under gradually decreasing
temperature condition. Abscisic acid activates a
wide array of genes associated with low
temperatures and other abiotic stresses (Giraudat
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et al., 1994; Busk and Pages, 1998). Abscisic acid is
also postulated to mediate cold acclimation
through induction of a family of cold-inducible
transcription factors referred to as “C-repeat
binding factors (CBFs),” (Bark and Pages, 1998).
Therefore, higher accumulation of ABA in GC-
treated vines indicated greater adaptation of
these plants under chilling stress condition.

Plants change their osmolytes concentration
such as soluble sugars, proline, and soluble protein
during exposure to low temperature stress. In the
current study, increased levels of total
carbohydrates and soluble sugars including
sucrose, glucose and fructose were exhibited
under chilling stress regimes with higher
accumulation of these sugars (except of sucrose)
in GC-treated vines than those of RC- treated
plants. Calderon and Pontis (1985) studied sucrose
biosynthesis in wheat (Triticum aestivum) plants
subjected to a chilling shock of 4°C. This
temperature shift increased the level of sucrose
and fructans in leaf tissue. The only enzyme,
related to sucrose metabolism, affected by the
temperature treatment was sucrose synthase,
which activity rose within 1h of shift. The lower
concentration of sucrose in GC-treated vines
possibly is associated with increased conversion of
this disaccharide to other monosaccharaides such
as glucose and fructose as documented by higher
accumulation of these simple sugars under GC-
treated plants. Soluble sugars have a main role in
biomembranes stability by interacting with the
phosphate in their lipid headgroups, decreasing
membrane permeability (Strauss and Hauser,
1986; Tarkowski et al., 2015) under chilling stress
which confirmed lower leaf EL of GC- stressed
vines in current study. Moreover, carbohydrates
were suggested as main components of the
cellular ROS scavenging system with higher
oxidizing ability against OH'~ than other radicals,
such as superoxide (0O7;) (Couée et al., 2006;
Nishizawa et al., 2008). Therefore, this potential of
soluble carbohydrate has a key role in scavenging
of highly deleterious hydroxyl radical and
subsequent protection of biomembranes during
exposure to chilling stress which could explain
lower lipid peroxidation of GC-stressed vine than
RC-treated vines. Furthermore, abscisic acid is also
known to interact with sugars (Kang et al., 2004)
and numerous results have been obtained with

transcriptional mutants that provide evidence that
ABA and sugar can act either in parallel or in
intersecting pathways (Finkelstein et al., 2002).
Considering the signaling and cryoprotective
involvement of sugars and its interaction with ABA
in cold acclimation (Gusta et al., 2005), higher
accumulation of these compounds in GC- treated
vines, could explain the lower chilling injury of
these plants.

Proline concentration changes upon exposure
to chilling stress in higher plants (Ghasemi et al.,
2012; Ershadi et al., 2016) and plays as an
osmoprotectant and antioxidant, which improves
stress adaptation (Delauney, and Verma, 1993). In
present study, proline concentration increased in
both GC- and RC-treated vines and interestingly,
proline was higher in RC-treated vine than GC-
treated plants. Proline is thought to play a main
role in plant subjected to low temperature stress
but its higher concentration did not necessarily
ensure lower chilling injury (i. e., lower EL and
MDA levels) as shown in current study. It has also
been suggested that this accumulation is merely a
general symptom of stress (Hanson and Hiz, 1982).
The lower correlation between proline and cold
hardiness was reported in other studies under
cold and freezing stresses (Ghasemi et al., 2012;
Ershadi et al., 2016).

The increased levels of soluble proteins in the
vines leaves under the GC treatment were higher
than those in the RC- treated plants leaves, which
suggest that vines under GC- treatment could
acclimate to chilling stress at least through higher
accumulation of soluble proteins. Our results were
consistent with a more recent study by Karimi and
Ershadi (2015) who concluded that protein
protection plays an important role in maintaining
cold tolerance in grapevine. The anti-freeze
effects of proteins on cell membranes and several
cell structures also have been well documented
(Atici and Nalbantoglu, 2003).

Acclimation to low temperature has been
shown to increase concentrations of phenolic
compounds in several fruit tree species including
grapevine (Said et al., 2014; Karimi and Ershadi,
2015) and Pistachio (Pakkish et al., 2009). The
data presented in this study indicate that GC-
treated plant exhibited higher total phenol
content than those of RC-treated vines in their
leaves which may be an adaptation to surviving
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chilling stress conditions. Biosynthesis of
secondary metabolites such as phenolic
compounds is partially affected by regulating
genetic expression and mainly by environmental
factors such as chilling stress (Dixon and Paiva,
1995). Besides their role as free radical
scavengers, these  compounds increase
membranes stability by cellular osmotic
adjustment (Pennycooke and Stushnoff, 2005).
Our results suggest the importance of chilling
regime or acclimation rate in regulating the
production of secondary metabolites in
grapevines.

In conclusion low temperature evoked
different metabolic compounds in the leaves of
‘Sultana’ grapevine plants. During two chilling
regimes of GC and RC, plants changed metabolic
pathways to endure this condition. However, the
adaptability of plants at GC treatment was shown
to be better than RC treatment. Indeed, the
efficiency of GC- treated vines for acclimation to
chilling stress was better because of higher
accumulation of ABA, soluble sugars and protein
as well as phenolic compound which resulted in
lower cell free water as documented by lesser
RWC. Moreover, higher ROS scavenging activity in
GC-treated vines beside the above mentioned
metabolic changes resulted in lower chilling injury
as exhibited by lower cell biomembranes lipid
peroxidation and solute leakage than those of RC-
treated vines. Studying the expression pattern of
CBF genes in ‘Sultana’ grapevine under both
gradual and shock chilling temperature is worthy
to be considered in future researches.
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