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concentrations and shoot LT50 (lethal temperature 
at which 50% of the total ion leakage occurs) were 
found, respectively. Root LT50 also followed the same 
correlation response as shoot LT50. ʻAsgariʼ water-
stressed plants performed better under drought by 
maintaining leaf water status and chlorophyll index, 
and less damage to photochemical efficiency as com-
pared to ʻYaghutiʼ. Drought stress affected positively 
the cold hardiness, with higher freezing tolerance and 
less damage to shoot and root tissues.

Keywords  Abiotic stress · Cold hardiness · Ion 
leakage · Stress memory

1  Introduction

Over the last century, the increase in the concentra-
tion of greenhouse gases due to the burning of fossil 
fuels has been the major reason for the global warm-
ing associated with changing climate patterns (Has-
san et  al. 2020). The reports issued by the intergov-
ernmental panel on climate change (IPCC) indicate 
that because of continuously changing environmental 
conditions, global air temperature could increase up 
to 4–6  °C by 2100 (Rai et  al. 2020), along with an 
increase in the rate and/or intensity of super-optimal 
temperatures (Hoffman et  al. 2012). In addition to 
the observed warming during the last three decades, 
the warming trend has not been globally uniform and 
temperatures have increased more at northern high 
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latitudes in winter months (Tomczyk et  al. 2019). 
This will affect negatively the winter survival of per-
ennial crops by inhibiting complete cold acclimation 
before freezing temperatures (Hoffman et al. 2012).

Overwintering temperate fruit trees cease growth 
and acclimatise during autumn in response to 
decreasing temperature alone or in combination with 
decreasing photoperiod (Hellman 2003). The process 
of acclimation consists of many synchronous activi-
ties including decrease in water content of some tis-
sues, change in composition of membrane lipids and 
membrane permeability and synthesis of specific 
proteins and cryoprotectant molecules such as solu-
ble sugars, sugar alcohols and low-molecular mass 
nitrogenous compounds that overall increase cold 
hardiness (Joudmand and Hajiboland 2019). When 
cold acclimated plants are exposed to temperatures 
below 0 °C, they increase their freezing tolerance fur-
ther by preventing ice crystal formation. On the other 
hand, freezing damage in non-acclimated plants, is 
generally due to osmotic dehydration that may lead to 
water diffusion from the cells to the growing ice crys-
tals (Hincha and Zuther 2020). Therefore, research is 
needed to recognize strategies that may help to pro-
mote cold acclimation and improve plants freezing 
tolerance.

One strategy to increase freezing tolerance might 
include subjecting plants to a transient limited envi-
ronmental stimulus (priming) to respond effec-
tively to a future freezing stress without advancing 
resources into continued maintenance of the accli-
mated state (Leuendorf et al. 2020; Wang et al. 2020). 
Throughout a range of natural ecosystems, plants 
often experience water stress and freezing concur-
rently, raising the potential of interactions between 
them. This interaction may be particularly important 
at temperate land-margins, where low winter temper-
atures are more likely to follow by low precipitation. 
Rajashekar and Panda (2014) addressed the question 
of whether the imposed water stress is as effective as 
typical cold acclimating conditions to induce freezing 
tolerance. Data obtained in such a study indicated that 
water stress is a main factor in acquired freezing tol-
erance in strawberry, resulting in 56% of freezing tol-
erance attained by normal cold acclimation (Medeiros 
and Pockman 2011).

Grape (Vitis spp.) is an important healthful tem-
perate fruit with economic value and is generally 
cultivated in arid and semi-arid areas (Ju et al. 2020). 

However, growth of the grapevine industry and its 
products has led to expansion of vineyards into many 
regions of the world (Londo and Kovaleski 2019). 
Although this may appear a considerable advantage, 
growing in cooler and more restrictive climates could 
frequently increase the injuries of environmental 
stress during grape production (Kaya 2020a). If given 
time to acclimate to low temperatures in the autumn, 
grapevine can tolerate temperatures as low as – 15 °C 
(Masocha et al. 2020). Nevertheless, the plant genetics 
based and its interaction with environmental signals 
play a significant role in freezing tolerance (Karimi 
2019). According to Londo et  al. (2018) during the 
process of cold acclimation in grapevine (covertion 
from a cold sensitive to a cold-hardy state), nearly 
800 genes are upregulated and 2300 genes downregu-
lated contributes to the enhancement of freezing tol-
erance. The severity of freezing damages in vineyards 
have been and will continue to be increasing as the 
incomplete cold acclimation are predicted to occur 
more frequently due to global warming (Wang et al. 
2020). So, investigation of approaches or cultural 
practices for increasing freezing tolerance would be 
favorable to the security of grape production. In this 
study, we asked the following questions: are effects of 
cold acclimation on freezing tolerance influenced by 
water stress conditions? Is the effect of drought accli-
mation on freezing tolerance influenced by genotype 
differences? We hypothesized that genotypes with 
higher drought resistance would have better response 
under freezing conditions.

2 � Material and methods

2.1 � Experimental materials

1 year-old, own-rooted ‘Asgari’ and ‘Yaghuti’ grape-
vines (V. vinifera L.) were grown in 7  L pots, con-
taining soil: sand: leaf mould (2:1:1, v/v/v), and 
a gravel layer at the bottom in the research green-
house of the Isfahan University of Technology, Isfa-
han, Iran (32,72°N, 51,52°E). ‘Asgari’ is seedless, 
the most popular cultivar in Iran and semi-tolerant 
to drought stress and ‘Yaghuti’, is a drought sensi-
tive and very precocious. In Iran, ‘Asgari’, ‘Yaghuti’ 
and other grape cultuvars are propagated  by cut-
ting and the majority of vines are self-rooted plants. 
The field capacity (FC) of the substrate soil used 
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for potting was determined according to the pro-
tocol described by Richards (1949). Potted grape-
vine trees were irrigated daily for 4  months to FC 
level (25.6  g H2O 100  g−1 air-dried substrate), until 
the plants were established. Mean average day- and 
night-time temperature, relative humidity and pho-
tosynthetic photon flux density (PPDF) in the green-
house were 25–29 °C, 11–13 °C, 61–65% and about 
1200 mmol m−2 s−1 at midday, respectively.

2.2 � Irrigation regimes

The experiment started in May 2018, when 60 plants 
of each cultivar were subjected to three irrigation 
regimes. One of them, termed well water (WW), 
maintained substrate water at FC. In the second 
regime, termed water deficit (WD), the plants were 
subjected to a water shortage period by withholding 
irrigation for 20 days until the plants showed a strong 
loss of turgescence and majority of leaves became 
withered. The third group (water deficit-recovery/
WDR) was subjected to water stress treatment by 
withholding irrigation for 13  days until the stressed 
plants began to show visual signs of water stress. In 
these plants, recovery of water stressed plants was 
carried out by re-watering of pots for 7 days. In both 
WD and WDR plants, in order to decrease the rate of 
development of water stress, the top of the pots was 
sealed with a plastic film.

To further confirm that the studied cultivars differ 
in drought tolerance, the proline, total soluble carbo-
hydrates (TSC), sucrose, fructose and starch concen-
trations of WW, WD and WDS plants was determined 
in 5 days intervals. The relative water content (RWC), 
chlorophyll fluorescence (Fv/Fm) and chlorophyll 
index of plants was determined at the end of the water 
stress period.

2.3 � Freezing procedure

To measure the freezing tolerance, shoot and root 
samples of both cultivars were tested in a program-
mable freezing chamber (Eyela, Tokyo, Japan) 
based on a stepwise lowering freezing program 
that started from the prevailing outdoor tempera-
ture. The shoots were cut at the soil base and roots 
cleaned carefully under tap water. For freezing the 
shoots and roots were cut into 10 cm stem and root 
pieces. The root and stem segments (containg at 

least one node) were first washed in distilled/deion-
ized water, covered in a moist paper towel and then 
with aluminium foil, and carried into the freezing 
chamber. The samples were subjected to low tem-
peratures at 0, −  5, −  10, −  15, −  20 or –  25  °C 
for 12  h. The temperature was decreased stepwise 
down at 1.5 °C h−1 to 0 °C and then at 5 °C h−1 to 
− 25 °C (Cansev et al. 2009). Then, from each low 
temperature treatment, the samples were removed 
and recovery was done by increasing the tempera-
ture at the same rate until 5  °C for slow thawing 
(Hashempour et  al., 2014). The electrolyte leakage 
of samples was quantified based on Saadati et  al. 
(2019). Briefly, five pieces of 1 cm long shoot and 
root segments were placed in test tubes containing 
10 mL of deionized water. These samples were then 
incubated at room temperature on a shaker (model: 
Gerber GmbH) set at 250 rpm for 1 h and kept for 
24  h before the first electrical conductivity (EC1) 
measurement was carried out using an electrical 
conductivity meter (CC-501, Elmetron, Zabrze, 
Poland). The tubes were then transferred into a boil-
ing water bath at 100 °C for about 20 min and then 
EC (EC2) was measured again. Finally, the elec-
trolyte leakage was measured as EC1/EC2 and pre-
sented as a percentage.

2.4 � Quantitative estimate of freezing tolerance

Freezing tolerance was calculated and expressed as 
LT50. The LT50 in the case of our study is a lethal 
temperature at which 50% of the total ion leakage 
occurs. LT50 was calculated by fitting response curves 
using the following logistic sigmoid function:

In which: x represents treatment temperature; b 
shows the slope of the function at inflection point c, c 
denotes the temperature at the inflection point (LT50) 
and a and d are the upper and lower asymptotes of the 
function, respectively (Saadati et al. 2020).

2.5 � Determination of relative water content (RWC)

The RWC was measured according to the 
method of Farzi et  al. (2017). Leaf segments 

Relative ion leakage percentage
(

based on LT50estimation
)

=
(

a∕1 + eb(x−c)
)

+ d
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of mature leaves were gathered, and the RWC 
was determined by the following equation: 
(FW − DW) ∕ (TW − DW) × 100 , where FW is 
the fresh mass; DW is the dry mass after oven-drying 
the leaves in forced air circulation at 80 °C for 48 h, 
and TW is the turgid mass after re-hydrating the 
leaves for 24 h at 4 °C.

2.6 � Chlorophyll a fluorescence 

The maximum photochemical efficiency (Fv/Fm) 
of photosystem II was measured on young fully 
expanded leaves with a Plant Efficiency Analyzer 
(Hansatech Instruments Ltd.) after 30  min of dark-
adaptation. The Fv/Fm was estimated by (Fm–F0)/
Fm where Fm is the maximal fluorescence, and F0 
the minimal fluorescence from a dark-adapted leaves.

2.7 � Chlorophyll index (SPAD)

SPAD chlorophyll meter reading is a tool for rapid 
evaluation of chlorophyll density in leaves. The chlo-
rophyll index of the three youngest fully-expanded 
leaves on four plants was determined using a chloro-
phyll cocentration meter (CL-01 Chlorophyll Cocen-
tration Meter- Hansatech Instrument Ltd, UK). The 
chlorophyll meter readings were used as relative val-
ues for chlorophyll contents (Moradi et al., 2017).

2.8 � Assay of total carbohydrate, sucrose, fructose 
and starch

The carbohydrate concentrations were measured 
based on the anthrone colorimetric procedure pro-
posed by Kang et  al. (2009). Briefly, leaf samples 
(100  mg) were homogenized in 5  mL of 80% (v/v) 
ethanol, and the extract was centrifuged at 14,000 g 
for 10 min. This was repeated twice, and the super-
natants were collected and pooled. To assay the total 
soluble carbohydrates (TSC), 0.1  mL of the extract 
was mixed with 4 mL of anthrone reagent (150 mg of 
anthrone in 100 mL of 98% (v/v) H2SO4) and shacked 
briefly. The mixture was placed into boiling water for 
15  min and then was set on ice. The absorbance of 
the mixture was read at 620 nm using a spectropho-
tometer (UV-160A, Japan). The amount of TSC was 
measured using the standard curve prepared from glu-
cose. The sucrose concentration was determined by 
reacting 250 µL of the ethanolic extract with 100 µL 

of 2 M KOH and by placing the extract in a boiling 
water bath for 10 min. After cooling at room tempera-
ture, 3.0 mL of the anthrone reagent was added to the 
mixture and then incubated at 40 °C for 15 min. Like-
wise, the standard solutions of sucrose were tested to 
obtain the calibration curve. Fructose was analyzed 
by reacting 250  µL of the extract with 2.5  mL of 
the freshly-prepared anthrone reagent and placed in 
a water bath at 40 °C for 30 min. After cooling, the 
absorbance was read at 620 nm. Starch concentration 
was measured according to the method of Fukao et al. 
(2012). The ethanol-insoluble fraction was washed 
several times with water, resuspended in 2 mL of dis-
tilled water and incubated at 95 °C for 30 min. After 
cooling, the suspension was mixed with 2 mL of 52% 
(v/v) perchloric acid and then 6 mL of distilled water. 
After centrifugation at 4  °C for 20  min at 16,000  g 
the glucose concentration in the supernatant (100 μL) 
was quantified by the anthrone method described 
earlier.

2.9 � Proline concentration

Proline was spectrophotometrically appraised based 
on the method developed by Bates et  al. (1973). To 
put it in a nutshell, 0.5 g of the fresh leaf tissues was 
homogenized in 10  mL of 3% sulfosalicylic acid, 
and the homogenate was centrifuged at 15,000  g at 
4 °C for 10 min. Then, 2 mL of the supernatant was 
mixed with 2 mL of acid ninhydrin and 2 mL of gla-
cial acetic acid. This mixture was incubated at 100 °C 
for 1  h and then cooled by transferring the reacted 
mixture from water bath to ice bath. After this, 1 mL 
toluene was mixed with reaction mixture vigorously 
(for 30 s). The chromophore layer having toluene was 
taken from the upper aqueous phase and warmed to 
room temperature. The proline was spectrophotomet-
rically quantified at 520  nm. The proline concentra-
tion was determined using a standard curve.

2.10 � Data analysis

A complete randomized design was used in this 
study with four replications and two pots per replica-
tion. The data were subjected to analysis of variance 
(ANOVA) based on a split-plot factorial experiment 
for characteristics measured drought stress period or 
based on factorial experiment (2 × 3 factorial scheme 
consisting of two grape cultivars and three irrigation 
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regimes) for other characteristics. All statistical anal-
ysis was performed using SAS software Version 9.1 
(SAS Inc., Cary, NC, USA) and the least significant 
difference (LSD) test was used to separate means at a 
probability value of p ≤ 0.05.

3 � Results

In the present study, the effect of irrigation regimes 
on the RWC, maximum photochemical efficiency 
(Fv/Fm), chlorophyll index and proline, TSC, starch, 
fructose and sucrose concentrations were significant. 
In addition, analyses of variance showed differences 
among cultivars for RWC, Fv/Fm, chlorophyll index 
and proline, TSC, starch, and sucrose concentrations. 
Cultivar × irrigation regime treatments were signifi-
cant for proline, TSC, starch, and sucrose concentra-
tions. The effect of time on the proline, TSC, starch, 
fructose and sucrose concentrations were significant 
as indicated by the F test and mean separation data in 
supplementary Tables S1 and S2.

To know whether the two cultivars ‘Asgari’ and 
‘Yaghuti’ differed in the development of drought 
stress symptoms, irrigation was withheld for 20 days 
and the RWC was measured after this time. RWC was 
altered by water stress, decreased to reach 63.6% in 
‘Asgari’ and 54.4% in ‘Yaghuti’. There were statisti-
cally significant differences between RWC of WW, 
WD and WDR plants. A slow recovery of RWC val-
ues after rewatering was noted in the stressed plants. 
RWC in WDR plants was 19.9% greater than in the 
WD plants (Fig.  1). RWC was negatively correlated 

with LT50 in the shoots and roots (p < 0.05; Table 1). 
Regardless of the irrigation regimes, the Fv/Fm was 
significantly higher in ‘Asgari’. The WD plants lost 
maximum photochemical efficiency of photosystem II 
after 20 days going from about 0.81 to 0.72. The val-
ues of Fv/Fm increased during rewatering, regardless 
of cultivar (Fig.  2). The chlorophyll index (SPAD) 
in WW plants was significantly higher than those in 
WD and WDR plants. ‘Asgari’had 10.2% more SPAD 
value, as compared to ‘Yaghuti’ (Fig. 3). SPAD value 
was negatively correlated with LT50 in the shoots and 
roots (p < 0.05; Table 1).

F To know whether the two cultivars ‘Asgari’ 
and ‘Yaghuti’ differed in the accumulation of differ-
ent osmolytes, irrigation was withheld for 20  days 
and the carbohydrate and proline concentrations 
were measured regularly during this time. After 
five days, TSC and fructose concentrations in both 
studied cultivars were similar in all treatments. Ten 
days after the last irrigation, the TSC of WD plants 
started to increase in both grape cultivars, but sig-
nificantly stronger in ‘Yaghuti’ than in ‘Asgari’ (20.9 
and 12.2%, respecively). Despite differences in TSC 
after 20 days of drought stress, both cultivars showed 
a decrease in TSC from about 44% in ‘Asgari’ to 
about 58% in ‘Yaghuti’. In contrast to ‘Yaghuti’, 
TSC concentration of leaves in ‘Asgari’ tended to be 
higher in WDR plants than in WW plants (Table 2). 
In cultivar Asgari, the patterns of change in fructose 
concentration was similar in plants from both WW 
and WD treatments, while mean fructose concentra-
tion decreased over the same period in WD plants 
of ‘Yaghuti’(Table  3). Different irrigation regimes 

Fig. 1   Effect of drought 
and re-watering periods 
(right) on the cultivars 
Asgari and Yaghuti (left) on 
relative leaf water content. 
The values are presented 
as the mean ± standard 
deviation
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did not affect sucrose concentration of ‘Yaghuti’ 
leaves during the experiment. The results show that 
WDR plants in ‘Asgari’ presented the highest val-
ues of sucrose concentration. Among the two tested 
cultivars, ‘Asgari’ had higher sucrose concentra-
tion than ‘Yaghuti’ under water deficit conditions 
(Fig.  4). Regardless of the cultivar, sucrose in WW 
plants was unchanged by the water stress period, but 
began to significantly decline in WD plants by the 
20 days (Fig. 5). This decline led to decrease in TSC 
concentration over the same time period (Table  2). 
Under water stress conditions, leaf starch concentra-
tion dropped in ‘Asgari’ by 45.0% and in ‘Yaghuti’ 
by 39.7% below control concentration. No statisti-
cally significant differences in the starch concentra-
tion was found among the WD and WDR plants for 
either of the cultivars (Fig. 6). Water stress duration, 
on the other hand, was found to significantly alter 
the starch concentration of grape cultivars. Although 
there was a significant increase in starch concentra-
tion during the whole stress course from WW treat-
ment, however, there was a sharp decrease in starch 
concentration from WD and WDR treatments after 
10 days of drought stress (Fig.  7). Control plants of 
both studied cultivars, which had not been exposed 
to water stress, had a low proline concentration in the 
leaves (Table 4). After 10 days of drought treatment, 
the proline concentration of the WD plants increased 
by 90.1 and 11.1% in ‘Asgari’ and ‘Yaghuti’, respec-
tively in comparison with that of the control plants. 
Afterwards, the amount of proline in WD plants 
continuously increased, whereas that in the control 
plants remained constantly. At the end of the drought 
stress (20 days), the highest proline concentration was 
recorded in WD plants of both cultivars (Table 4).      

Table 1   Correlation coefficients of different characteristics 
with LT50 in different tissues of the grape cultivars Asgari and 
Yaghutia

a Pearson correlation coefficient
ns  not significant
*Significant at p < 0.05; **Significant at p < 0.01

Time (day) LT50 in shoots LT50 in roots

5
 Proline 0.53** 0.47*
 Starch 0.13ns − 0.01ns

 Sucrose 0.56** 0.50*
 Fructose − 0.20ns − 0.18ns

 Total soluble Carbohydrate 0.33ns 0.38ns

10
 Proline 0.72** 0.59**
 Starch − 0.56* − 0.35ns

 Sucrose 0.66** 0.57**
 Fructose 0.35ns 0.28ns

 Total soluble carbohydrate 0.72* 0.42*
15
 Proline 0.82** 0.67**
 Starch − 0.63** − 0.45*
 Sucrose 0.27ns 0.27ns

 Fructose − 0.03ns 0.12ns

 Total soluble carbohydrate 0.18ns 0.24ns

20
 Proline 0.74** 0.44**
 Starch − 0.74** − 0.46*
 Sucrose − 0.25ns 0.29ns

 Fructose − 0.48ns − 0.40ns

 Total soluble carbohydrate − 0.32ns − 0.25ns

 Relative water content − 0.71** − 0.53**
 Chlorophyll index − 0.55** − 0.39*
 Fluorescence index 0.49* − 0.15ns

Fig. 2   Effect of drought 
and re-watering periods 
(right) on maximum pho-
tochemical efficiency (Fv/
Fm) for the grape cultivars 
Asgari and Yaghuti (left). 
The values are presented 
as the mean ± standard 
deviation
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Table  5 expresses the osmoregulatory substances 
of two grape cultivars under controlled and water 
stress conditions. As shown in Table, the ‘Asgari’ 

proline, TSC, sucrose and starch concentrations were 
significantly higher than those of ‘Yaghuti’. When 
grown under water stress conditions, the starch, 

Fig. 3   Effect of drought 
and re-watering periods 
(right) on cultivars Asgari 
and Yaghuti (left) on 
chlorophyll index. The 
values are presented as the 
mean ± standard deviation
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Table 2   Change in total soluble carbohydrates over time for grape cultivars Asgari and Yaghuti under control and drought treat-
ments

Mean values ± standard deviation (n = 4) for each variable with the same letters are not significantly different at p ≤ 0.05 by the LSD 
test

Cultivar Drought treatment Days

5 10 15 20

Total soluble carbohydrates concentration (mg g−1 dm)

Asgari Well-watered 126.61 ± 10.56 def 142.57 ± 8.78 b–e 150.99 ± 12.62 bcd 148.68 ± 5.39 bcd
Drought 143.92 ± 2.88 b–f 172.42 ± 5.21 ab 165.16 ± 5.12 b 83.46 ± 8.93 ij
Recovered 127.57 ± 6.58 c–f 150.48 ± 4.18 bcd 161.75 ± 15.06 bc 180.45 ± 8.10 a

Yaghuti Well-watered 99.60 ± 8.79 ghi 117.18 ± 9.16 fgh 123.69 ± 6.90 efg 122.68 ± 7.48 efg
Drought 82.44 ± 5.54 ghi 131.49 ± 16.41 b-e 69.48 ± 9.12 ij 51.09 ± 12.55 j
Recovered 84.22 ± 11.11 hi 143.52 ± 11.12 bcd 69.78 ± 10.50 ij 80.07 ± 16.51 hij

Table 3   Change in leaf 
fructose concentration over 
time for grape cultivars 
Asgari and Yaghuti under 
control and drought 
treatments

Mean values ± standard 
deviation (n = 4) for each 
variable with the same 
letters are not significantly 
different at p ≤ 0.05 by the 
LSD test

Cultivar Drought treatment Days

5 10 15 20

Fructose concentration (mg g−1 dm)

Asgari Well-watered 7.60 ± 0.77 bcd 6.86 ± 1.66 b–e 7.31 ± 1.09 bcd 5.99 ± 0.18 d–g
Drought 6.37 ± 0.38 def 8.39 ± 0.24 a–d 8.49 ± 0.14 a–d 2.43 ± 0.81 gh
Recovered 6.25 ± 1.20 de 8.79 ± 1.03 a 8.67 ± 0.76 ab 8.71 ± 1.95 a

Yaghuti Well-watered 8.31 ± 0.61 a–d 6.62 ± 1.13 def 7.77 ± 0.21 bcd 8.52 ± 1.22 a–d
Drought 5.93 ± 0.88 cde 6.68 ± 0.80 de 3.63 ± 0.54 fgh 3.49 ± 0.82 h
Recovered 6.12 ± 0.75 de 7.26 ± 0.25 b–e 6.17 ± 0.67 de 4.81 ± 1.66 efg
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fructose and TSC concentrations were reduced. Inter-
ruption of water stress by rewatering increased starch, 
fructose and TSC concentrations to the concentration 

achieved by the plants under WW conditions. The 
results also indicated how the effect of irrigation 
regimes strengthened with the passage of time. At the 

Fig. 4   Effect of drought 
and re-watering periods on 
sucrose concentration in 
the leaves of the grape cul-
tivars Asgari and Yaghuti. 
The values are presented 
as the mean ± standard 
deviation
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Fig. 5   Changes in sucrose 
concentration over time for 
the grape cultivars Asgari 
and Yaghuti under drought 
and re-watering treatments. 
The values are presented 
as the mean ± standard 
deviation
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Fig. 6   Effect of drought 
and re-watering periods on 
starch concentration in the 
leaves of the grape culti-
vars Asgari and Yaghuti. 
The values are presented 
as the mean ± standard 
deviation
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Fig. 7   Changes in starch 
concentration over time for 
the grape cultivars Asgari 
and Yaghuti under drought 
and re-watering treatments. 
The values are presented 
as the mean ± standard 
deviation
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Table 4   Change in leaf 
proline concentration over 
time for the grape cultivars 
Asgari and Yaghuti under 
control and drought 
treatments

Mean values ± standard 
deviation (n = 4) for each 
variable with the same 
letters are not significantly 
different at p ≤ 0.05 by the 
LSD test

Cultivar Drought treatment Days

5 10 15 20

Proline concentration (µmol g−1 dm)

Asgari Well-watered 0.077 ± 0.004 e 0.077 ± 0.004 de 0.072 ± 0.004 e 0.075 ± 0.002 e
Drought 0.085 ± 0.002 de 0.147 ± 0.005 b 0.166 ± 0.007 a 0.176 ± 0.020 a
Recovered 0.073 ± 0.003 e 0.136 ± 0.004 b 0.127 ± 0.002 b 0.075 ± 0.002 e

Yaghuti Well-watered 0.079 ± 0.002 de 0.081 ± 0.003 de 0.077 ± 0.002 e 0.080 ± 0.001 e
Drought 0.072 ± 0.008 e 0.090 ± 0.014 c 0.121 ± 0.015 cd 0.124 ± 0.012 c
Recovered 0.074 ± 0.004 e 0.102 ± 0.005 c 0.087 ± 0.002 d 0.086 ± 0.003 e

Table 5   Effect of drought and re-watering periods, Asgari and Yaghuti cultivars and time on leaf proline and carbohydare concen-
trations

Mean values ± standard deviation (n = 4) for each variable with the same letters are not significantly different at p ≤ 0.05 by the LSD 
test

Treatment Proline (µmol g−1 dm) Soluble car-
bohydrate 
(mg g−1 dm.)

Starch (mg g−1 dm.) Fructose (mg g−1 dm.) Sucrose (mg g−1 dm.)

Cultivar
 Asgari 0.11 ± 0.01 a 146.17 ± 4.25 a 63.56 ± 4.02 a 7.16 ± 0.36 a 29.20 ± 1.68 a
 Yaghuti 0.09 ± 0.00 b 97.94 ± 4.93 b 53.90 ± 3.11 b 6.28 ± 0.32 a 20.49 ± 1.12 b

Drought treatment
 Well-watered 0.08 ± 0.00 b 129.00 ± 4.24 a 83.36 ± 3.25 a 7.38 ± 0.34 a 21.35 ± 1.1 b
 Drought 0.12 ± 0.01 a 112.43 ± 8.31 b 45.01 ± 3.42 b 5.68 ± 0.43 b 25.70 ± 2.44 a
 Recovered 0.09 ± 0.00 b 124.73 ± 7.80 a 47.82 ± 3.06 b 7.10 ± 0.44 a 27.49 ± 1.86 a

Time (day)
 5 0.08 ± 0.00 b 110.73 ± 5.92 c 69.98 ± 3.05 a 6.77 ± 0.34 a 27.44 ± 1.65 a
 10 0.11 ± 0.01 a 142.94 ± 5.05 a 55.64 ± 4.60 bc 7.44 ± 0.40 a 29.30 ± 2.68 a
 15 0.11 ± 0.01 a 123.48 ± 9.22 b 49.56 ± 6.39 c 7.01 ± 0.43 a 21.74 ± 1.91 b
 20 0.11 ± 0.01 a 111.07 ± 9.95 c 59.74 ± 5.38 b 5.66 ± 0.67 b 20.90 ± 2.06 b
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end of the experiment, there was negative and posi-
tive correlation coefficient between starch and pro-
line concentrations and shoot LT50, respectively. Root 
LT50 also followed the same correlation trend as shoot 
LT50. There also was negative correlation coefficient 
between starch concentration and shoot LT50 after 10 
and 15 days of the drought treatment. Overall, there 
were positive correlation between the root and shoot 
LT50 and proline concentration (Table 1).

The results demonstrate that freezing tolerance 
expressed as the LT50 was significantly affected by 
cultivars and irrigation regimes, but was not affected 
by the interaction of cultivars and irrigation regimes. 
According to EL of shoot tissue values, between 
two tested cultivars, ‘Asgari’ presented higher freez-
ing tolerance (by lowering LT50) in comparison 
to ‘Yaghuti’. Withholding irrigation significantly 
affected LT50 for grape shoots and roots, indicating 
that summer drought can lead to a significant decrease 
in LT50 (i.e., more negative values). Cold hardiness in 
grape shoots and roots (LT50  in controlled freezing) 
in the plants subjected to WD treatment, increased 
by 29.1 and 27.1%, respectively. Compared with the 
WW plants, the recorded levels of decreased in LT50 
in the shoots and roots were 16.1 and 13.9% for WDR 
plants, respectively (Table 6). The effect of irrigation 
on LT50 was almost consistent between two tested 
cultivars. In grape shoots, both WD and WDR plants 
always exhibited the highest freezing tolerance (lower 
LT50 values) (Table 7). In cultivar ‘Asgari’, although 
WD decreased the root LT50 value by 30.7%, there 
was no measurable improvement in freezing toler-
ance of ‘Yaghuti’ roots, when compared with control 

group. In both cultivars, differences between the LT50 
values in irrigated and non-irrigated plants reduced 
with re-irrigation. Regardless of the sample type 
(shoot or root), the cultivar ‘Asgari’ exhibited lower 
LT50 values in all WW, WD or WDR treatments than 
ʻYaghuti’ did (Table 7). 

4 � Discussion

Abiotic stresses are perceived by different signal-
ing mechanisms, among which few are specific, and 
some may have cross-talk at different stages and are 
also expected to interact in a similar manner. Moreo-
ver, numerous abiotic stress pathways share common 
elements that are likely ‘nodes’ for cross-talk (Divya 
et  al. 2019). When exposed to low intensity of a 
stressor (priming), plants exhibit several physiologi-
cal and morphological changes (Thomas and Puthur 
2017). According to the results, drought-primed 
plants developed a stress imprint that improved toler-
ance to subsequent freezing stress.

In this study, drought stress decreased leaf RWC. 
Nonetheless, ʻAsgariʼ exhibited higher RWC than 
ʻYaghutiʼ. The capacity of plants to absorb water is 
widely reduced under drought conditions, which can 
lead to reduction in RWC (Bagheri et al. 2021). It was 
observed that RWC was affected by cultivar. Grapes 
were considered to withstand drought stress and as a 
result of the higher accumulation of osmolytes, the 
reduction in RWC in the studied cultivars alleviated 
when re-irrigation was applied. These findings were 
in line with the results of Erdal et al. (2021). Although 

Table 6   Mean lethal temperatures for 50% (LT50) of shoot or 
root damage in the  grape cultivars Asgari and Yaghuti  under 
control and drought treatments

Mean values ± standard deviation (n = 4) for each variable with 
the same letters are not significantly different at p ≤ 0.05 by the 
LSD test

LT50 in shoot (°C) LT50 in root (°C)

Cultivar
Asgari − 12.36 ± 1.27 a − 10.54 ± 2.00 a
Yaghuti − 11.29 ± 1.54 b − 9.44 ± 1.14 a
Well-watered − 10.28 ± 0.90 c − 8.79 ± 0.90 b
Drought treatment
Drought − 13.27 ± 0.82 a − 11.17 ± 2.18 a
Recovered − 11.93 ± 0.83 b − 10.01 ± 0.73 ab

Table 7   Mean lethal temperatures for 50% (LT50) of shoot or 
root damage for the grape cultivars Asgari and Yaghuti under 
control and drought treatments

Mean values ± standard deviation (n = 4) for each variable with 
the same letters are not significantly different at p ≤ 0.05 by the 
LSD test

Cultivar Drought 
treatment

LT50 in shoot 
(°C)

LT50 in root (°C)

Asgari Well-watered − 11.05 ± 0.37 d − 9.29 ± 0.64 b
Drought − 13.82 ± 0.59 a − 12.14 ± 1.83 a
Recovered − 12.21 ± 0.56 bc − 10.20 ± 0.78 ab

Yaghuti Well-watered − 9.51 ± 0.43 e − 8.28 ± 0.91 b
Drought − 12.72 ± 0.66 b − 10.21 ± 0.80 b
Recovered − 11.64 ± 1.03 cd − 9.82 ± 0.74 ab
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grapes are considered drought-tolerant species that 
can sustain long periods of water stress conditions, 
we observed variations in tolerance between the two 
studied cultivars in response to water stress. ʻAsgariʼ 
plants were able to maintain higher rates of Fv/Fm 
with higher values of chlorophyll index and could 
thus better mitigate the damages of drought stress. 
Our results indicate that the plants of the drought 
susceptible ʻYaghutiʼ exhibited a lower photochemi-
cal efficiency than ʻAsgariʼ. However, no decrease in 
growth due to drought stress was observed, suggest-
ing that plants in our experiment were able to regulate 
to the low water content conditions (Mendanha et al. 
2020). The lower values of Fv/Fm found for drought 
susceptible cultivar is in accordance with literature 
(Sousaraei et al. 2021).

The cold hardiness of the grape cultivars is influ-
enced by a combination of genetic factors, cultural 
practices, environmental conditions such as photo-
period and temperatures fluctuations and physiologi-
cal and biochemical features including carbohydrate 
concentration, and bud water content (Kaya 2020a). 
Drought stress caused modifications in source-sink 
relationship of grapes and the resulting carbohy-
drates accumulation in leaves improves the freez-
ing response in shoots and roots. In this study, the 
TSC, fructose and starch concentrations differed 
significantly between the WW and WD treatments 
and were higher in WW and WDR plants compared 
to WD plants (Table  5). The higher concentrations 
of TSC and sucrose found in the drought-tolerant 
cultivar ʻAsgariʼ compared to ʻYaghutiʼ (Table  5), 
which confirms the involvement of carbohydrates in 
water stress protection in grapevine. Although TSC 
and fructose concentrations increased up to 10  days 
after drought stress in both cultivars, we observed 
decrease in TSC and fructose concentrations after 
15 and 20  days of exposing to drought stresses in 
ʻYaghutiʼ and ʻAsgariʼ, respectively (Tables  2 and 
3). A positive correlation coefficient between TSC 
and shoot and root LT50 (p ≤ 0.05) at day 10 was also 
found (Table 1). At the end of the experiment how-
ever, the correlation coefficients between TSC and 
shoot and root LT50 were not significant. Nonetheless, 
upon exposure to drought stresses for 20 days, starch 
and soluble sugars distinctly followed an increas-
ing and reducing trend, respectively. Although some 
researchers believe that changes in the TSC concen-
trations could be used as an indicator to evaluate 

freezing damage (Kaya 2020b), this non-significant 
effect might be due to this fact that some soluble sug-
ars may have persisted trapped in the insoluble starch 
and would, hence, be unavailable to contribute to the 
osmotic potential and consequently cold hardiness of 
the organs (Xu et al. 2020). On the other hand, carbo-
hydrate metabolism plays a central role in the induc-
tion of plant tolerance to environmental stress, by act-
ing as the primary source of energy and carbon (Li 
et  al. 2021). Plants allocate carbohydrates produced 
at the early phases of stress to produce carbon based 
secondary metabolites such as antioxidants (Hernan-
dez et al. 2021). According to Jørgensen et al. (2020), 
the increase in TSC in timothy (Phleum pratense) 
when grown under water stress conditions, was a real-
location of storage carbohydrates from roots to leaves. 
This could partly explain the higher LT50 values we 
found in roots after freezing compared to shoots.

Here, drought primed plants clearly increased 
the accumulation of proline as compared with non-
primed plants. Proline accumulation was involved in 
the protection of plants from the detrimental effects 
of water stress. High endogenous proline level pro-
ceeded not only by mediating osmotic adjustment, 
but also by meliorating deleterious effects of drought-
induced oxidative stress (Gohari et al. 2021). In this 
study, the higher proline concentration by WD and 
WDR was accompanied with a more effective cold 
hardiness compared with WW treatment. According 
to Xu et al. (2020), glycerophosphoserines -the domi-
nant component of biological membranes in plants- 
and some unsaturated fatty acids such as eicosanoid 
and linoleic acid, are upregulated under water-deficit 
conditions. The higher proportion of these fatty acids 
in the membrane lipids increases the stability and 
cellular functions of membranes and improves mem-
brane cryotolerance and functional integrity during 
freezing stress. In the present study WD and WDR 
treatments increased the proline and soluble sugar 
concentrations, especially of sucrose. Therefore, it 
seems both increased osmolyte accumulation and 
membrane stabilization as a result of changes in lipid 
composition might play significant roles in improv-
ing the freezing tolerance of grapes under drought 
conditions.

Drought primed plants showed less LT50 values 
under controlled freezing stress as compared with 
non-primed plants, indicating that drought priming 
effectively alleviated the adverses effects of freezing 
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stress (Table  6). The finding is in agreement with 
those, which reported stress imprint developed by 
the stress priming to encourage resistance against 
subsequent stress in plants (Tankari et al. 2021). The 
improvement value of shoot LT50 in the plants under 
WD and WDR conditions occurred in both monitored 
cultivars. However, the highest concentrations of car-
bohydrate and proline coincided with the lowest LT50 
in ʻAsgariʼ. Oraee et  al. (2020) also reported that 
drought stress-induced accumulation of carbohydrate 
and proline caused higher cold tolerance of viola 
(Viola × wittrockiana). In contrast, the lowest carbo-
hydrate and proline accumulation in ʻYaghutiʼ was 
related to the susceptibility to low temperatures, espe-
cially of roots. It appears that in a drought-susceptible 
cultivar, responses to freezing could be more severe 
than the effects found in drought-hardy cultivar.

Winter survival of vineyards have been and will 
continue to decrease as the incomplete cold acclima-
tion are predicted to occur more frequently due to 
global warming. As grapevines are grown in more 
restrictive climates, genotypes and practices, which 
present adaptive traits and help to bring about posi-
tive changes with regard to cold stress, increases the 
necessity for a sustainable viticulture. In this study we 
have documented that drought pretreatment induces 
an adaptation to freezing temperature in grapes by 
improving the osmoregulatory capability. We found 
higher concentrations of proline, TSC and sucrose 
and lower LT50 values in WD and WDR treatments 
in drought-tolerant cultivar ʻAsgariʼ compared to 
ʻYaghutiʼ, which confirm our hypothesis. This study 
brings purposes for the viticulture, specially in 
regions were the two drought and freezing factors 
takes place with recurrence.
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