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This study was conducted to evaluate the correlations between the low-temperature tolerance level of buds and bio-
chemical parameters such as malondialdehyde (MDA) as a lipid peroxidation marker, total soluble carbohydrate 
content, total soluble protein content, peroxidase (POD), superoxide radical (O2

•-) and hydrogen peroxide (H2O2) 
in buds of Vitis vinifera cv. 'Karaerik'. For the experiments, the dormant grape buds in the cold acclimation (CA), 
hardening (HA) and deacclimation (DA) stages were used. The tolerance levels of buds were determined by mea-
suring low-temperature exotherms (LTEs) obtained from thermal analysis (TA). It is the first report, that mLTE is 
related to mHTE (mean temperature at which high-temperature exotherms occurred). The mLTE is the temperature 
at which intracellular ice formation occurred. Intracellular ice formation is lethal. The mHTE is the temperature at 
which extracellular ice formation occurred. Extracellular ice formation is non-lethal. mHTE was statistically corre-
lated (r = 0.676) with mLTE. Also, the relationships between the mLTE and total soluble protein (r = -0.433), total 
soluble carbohydrate (r = -0.486), O2

•- (r = -0.515), H2O2 (r = -0.360), peroxidases (POD) (r = 0.586) and MDA (r = 
-0.490) were statistically significant. In conclusion, we suggest that O2

•-, H2O2, and MDA can be used as indicator for
low-temperature stress of grapevine, but although there was a correlation between POD activity and the mLTE value 
of dormant bud, it has been hypothesised that POD did not affect cold-tolerance of 'Karaerik' grapevines. Further-
more, it can be accepted as the first report with respect to the fact that decreasing extracellular freezing temperatures
decrease the temperature of intracellular ice formation.
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Beurteilung des Zusammenhangs zwischen Winterhärte und den Gehalten biochemischer Verbindungen in Win-
terknospen der Rebsorte 'Karaerik' in Phasen der Akklimatisation, Abhärtung und Deakklimatisation. Diese 
Studie wurde durchgeführt, um den Zusammenhang zwischen dem Toleranzniveau von Knospen (Vitis vinifera cv. 
'Karaerik') gegenüber tiefen Temperaturen und biochemischen Parametern, wie Malondialdehyd (MDA) als Lipid-
peroxidationsmarker, Gesamtgehalten an löslichen Kohlehydraten und löslichem Protein, Peroxidase (POD), Su-
peroxid-Radikal-Anion (O2

•-) und Wasserstoffperoxid (H2O2) zu untersuchen. Für die Experimente wurden ruhen-
de Knospen in den Stadien der Kaltakklimatisation (CA), der Abhärtung (HA) und der Deakklimatisation (DA) 
verwendet. Die Toleranzniveaus der Knospen wurden durch Messung von Tieftemperatur-Exothermen (LTEs) 
bestimmt, die durch thermische Analyse (TA) erhalten wurden. Dies ist der erste Bericht darüber, dass mLTE mit 
mHTE (mittlere Temperatur, bei welcher Hochtemperatur-Exotherme auftreten) in Beziehung steht. mLTE ist die 
Temperatur, bei der die intrazelluläre Eisbildung erfolgt, die zum Zelltod führt. mHTE ist die Temperatur, bei der 
extrazelluläre Eisbildung auftritt, die nicht zum Zelltod führt. mHTE korrelierte statistisch (r = 0,676) mit mLTE. 
Auch die Zusammenhänge zwischen mLTE und dem Gesamtgehalt an löslichem Protein (r = -0,433), dem Gesamt-
gehalt an löslichen Kohlenhydraten (r = -0,486), O2

•- (r = -0,515), H2O2 (r = -0,360), Peroxidasen (POD) (r = 0,586) 
und MDA (r = -0,490) waren statistisch signifikant. Zusammenfassend schlagen wir vor, dass O2

•-, H2O2 und MDA 
als Indikatoren für Niedertemperaturstress bei Weinrebe verwendet werden können, aber obwohl eine Korrelation 
zwischen der POD-Aktivität und dem mLTE-Wert der ruhenden Knospe besteht, wird angenommen, dass POD 
keinen Einfluss auf die Kältetoleranz der Karaerik-Reben hatte. Darüber hinaus kann diese Arbeit als erster Bericht in 
Bezug auf die Tatsache angesehen werden, dass abnehmende extrazelluläre Gefriertemperaturen die Temperatur der 
intrazellulären Eisbildung verringern.
Schlagwörter: Erzincan, Weinrebe, Karaerik, mHTE, mLTE

Tolerance to cold damage is a basic feature that determi-
nes the suitability of grapes for cultivation in Northern 
climates where the climate is characterised by low tem-
peratures (Fallahi et al., 2001; Lisek, 2012). In these 
regions severe low temperatures can significantly influ-
ence crop productivity, quality and even survival th-
rough tissue and organ destruction caused by freezing 
injury (Ershadi et al., 2016). However, the grapevines 
have developed a series of mechanisms for resisting low 
temperatures (Burke et al., 1976). These mechanisms 
occur in winter buds during seasonal events of growth 
and dormancy. Towards the end of the autumn season, 
grapevines cease growing and undertake a dormant and 
cold-hardiness status protecting buds against inconveni-
ent hard winter temperatures (Badulescu and Ernst, 
2006). In grapevines, like many other woody plants, 
cold-tolerance traces a general series of cold-acclima-
tion (CA), hardening (HA) and deacclimation (DA) 
phases (Ferguson et al., 2014). CA leads to an increa-
se in cold-tolerance which enables grape buds to survi-
ve low-temperature stress (Grant and Dami, 2015), 

and full CA needs a short photoperiod together with 
low temperatures (Fennell and Hoover, 1991). The-
rewith, during HA, growth is suppressed by endogenous 
substances within the dormant buds and cold-demand 
absolutely needs to be satisfied before growth is regained 
(Perez and Lira, 2005). The DA occurs in response to 
seasonal increases in temperature (Fennell, 2004), but 
bud break is suppressed by unfavorable environmental 
conditions, and usually DA occurs during spring and late 
winter. Grapevines have different tolerance levels to low 
temperatures at CA, HA and DA phases. Thus, under-
standing the factors related to cold-hardiness in these 
phases is required. At the same time, cold-hardiness is 
the result of a complicated process including a number 
of biochemical and physiological events (Wisniewski 
et al., 2003), such as changes in lipid-membrane com-
pounds (Chinnusamy et al., 2007), backlog of speci-
fic proteins (Thomashow, 1999), increased amounts 
of sugars and actuation of antioxidative mechanisms 
(Thomashow, 1999).
As is known, the main target of frost damage are the cell 
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membranes (Levitt, 1980). Stress in cell membranes 
caused by frost damage can increase the rate of reactive 
oxygen species (ROS) and then results in intense oxida-
tive damage which fosters malondialdehyde (MDA) for-
mation, protein degradation and alteration of metabolic 
functions (Hashempour et al., 2014). Exposure to low 
temperatures induces widespread changes of other plant 
metabolites playing a key-role in cold-tolerance ( Jiang 
et al., 2014). Antioxidants can mitigate the injury caused 
by ROS to the membrane under freezing temperatures 
and lead to general alterations in the antioxidant system 
(Alberdi and Corcuera, 1991). These changes are ex-
pressed as a resistance mechanism against the unfavor-
able impacts of ROS (Selman et al., 2000). In order to 
reduce oxidative damage and ROS, grapevine like many 
other plants has to alert its antioxidant protection sys-
tem consisting of enzymes like peroxidases (POD).
The antioxidant system prevents or reduces oxidative in-
jury by scavenging the ROS like O2

•-. and H2O2 (Kose 
et al., 2011). Therefore, grapevines should maintain the 
antioxidant enzyme activities for overcoming low-tem-
perature damages. Nevertheless, antioxidant capacity of 
grapes may not be adequate to reduce the detrimental 
influences of oxidative injury under hard cold-stress cir-
cumstances. In these circumstances, augmentation of 
cold-tolerance in grapevines is vital and necessary. The 
total contents of carbohydrates and soluble proteins 
have a fundamental role in maintening the frost toleran-
ce in plants. (Grant and Dami, 2015). Therefore, it is 
possible to use changes in these biochemicals in bud tis-
sues exposed to cold-stress to evaluate low-temperature 
tolerance in grapevine varieties during the CA, HA and 
DA phases.
Tolerance to low temperatures of the grapevine is a 
well-researched phenomenon. Grapevines, like other 
woody plants, avoid freezing in their tissues or survive by 
deep supercooling (Grant and Dami, 2015). Deep su-
percooling is an avoidance mechanism that allows cellu-
lar water to remain in the liquid phase at low, subfreezing 
temperatures (Wisniewski and Arora, 2000). Super-
cooling has a significant role in determination of cold-to-
lerance distribution of grapes and has been studied by 
a lot of scientists (Mills et al., 2006; Ferguson et al., 
2014; Grant and Dami, 2015). Thermal analysis (TA) 
is a method utilized to measure HTE and LTE exotherms 

that result from freezing of dormant tissues (Andrews 
et al., 1984). TA is based on detecting the heat released 
by the hidden heat of fusion, called high-temperature 
exotherms (HTE) and low-temperature exotherms 
(LTE), that is given off when ice is formed in the tissues 
as measured by using thermocouples or thermoelectric 
modules. The freezing of extracellular water, particularly 
in the bud primordia, produces an exotherm called the 
HTE. This extracellular freezing does not damage the 
bud tissue and is accepted as non-lethal. The mHTE is 
the mean of temperature at which the high-temperature 
exotherms (HTE) are observed.
On the other side, the freezing of intracellular water cre-
ates an exotherm named LTE. The initiation of the LTE 
coincides with the intracellular ice formation which 
generally is fatal for tissues, leading to cell death (Wis-
niewski, 1995; Mills et al., 2006). The lethal tempe-
rature is defined as mLTE (determined by calculating 
the heat that kills 50 % of the bud population). The 
mLTE is calculated as the mean of temperature at which 
low-temperature exotherms occur. The idea that mLTE 
is closely related to the temperature, at which the buds 
die, has been raised by numerous scientists studying 
cold-hardiness by TA, (Quamme, 1972; Nus et al., 
1981; Andrews et al., 1984; Fennell, 2004; Mills et 
al., 2006; Ferguson et al., 2014).
Many investigations have shown the close correlation 
between cold-hardiness and carbohydrate contents in 
dormant buds of the grapevines, but the full nature of the 
changes of antioxidant systems in response to cold-tem-
perature stress during cold acclimation (CA), hardening 
(HA) and deacclimation (DA) phases in dormant grape-
vine buds has not been fully understood (Wample and 
Bary, 1992; Zhang et al., 2012).
In our previous studies, the amount of water, total solub-
le protein contents, and antioxidant enzyme activities of 
dormant buds have been determined in order to explain 
the difference between the frost tolerance levels of the 
dormant buds at nodes with or without lateral shoots 
(Kaya and Kose, 2017). Furthermore the MDA con-
tents of dormant buds at different positions have been 
measured in order to confirm the natural mortality rate  
based on tissue browning of dormant buds exposed to 
low temperature in vineyard condition (Kose and Kaya, 
2017). However, the aims of the current study were to 
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(1) investigate the temperature of extracellular and of
intracellular ice formation at different stages of cold-to-
lerance, (2) identify relationships between the tempera-
ture of extracellular ice formation and the temperature
of intracellular ice formation, (3) determine the relation
of biochemical parameters such as MDA, total soluble
carbohydrate content, total soluble protein content,
POD, O2

•- and H2O2 and the temperature at which extra-
cellular and intracellular ice formation occur. All studies
included dormant buds during CA, HA and DA phases.
Finally, the possible mechanisms for cold-tolerance in
bud tissue and its relationships with these physiological
changes are discussed.

MATERIALS AND METHODS

PLANT MATERIAL

The study was carried out with V. vinifera L., cv. 'Karae-
rik' buds found in the 1st, 2nd, 3rd, and 4th nodes of one-
year-old canes obtained from a 20-years-old vineyard at 
Uzumlu distric of Erzincan, Turkey. Vines were spaced 
2.5 m × 2.5 m (row × vine) apart, fertilized and watered 
regularly and the amounts of spur-pruned canes were 10 
to 12 per vine. The height of head was 0.3 to 0.4 m abo-
ve ground. Shoots were collected from the vineyard at 6 
sampling dates (30th Nov. 2015; 20th Dec. 2015, for cold 
acclimation (CA) phase; 10th Jan. 2016; 30th Jan. 2016, 
for hardening (HA) phase; 20th Feb. 2016 and 10th Mar. 
2016, for deacclimation (DA) phase) during the dor-
mant season of 2015/2016. Approximately 150 to 160 
canes with 4 to 5 dormant buds were cut in the vineyard, 
put into plastic bags, and transferred to the laboratory. 
In order to eliminate the effects of bud position on both 
cold-tolerance levels and biochemical parameters, a si-
milar number of dormant buds obtained from each 1st, 
2nd, 3rd, and 4th node was used for thermal test and the 
other analyzes. In other words, obtained values were a 
mean of 4 buds from different positions.

EVALUATION OF COLD-TOLERANCE OF 
DORMANT BUDS BY THERMAL ANALYSIS 
(TA)

Copper-constant thermocouples (36 gauge) were in-
serted in the unspoilt dormant primary buds and then 
wrapped with flexible band. Silicon grease was utilized 
to cover the thermocouple entry to catch maximum heat 
transfer in dormant buds. TA of dormant primary buds 
was realized on 36 unspoilt buds (9 replicates, and 4 
buds per replicate) both in 2015 and in 2016 and repea-
ted twice for each sampling date. Then, measurement of 
cold-tolerance of dormant buds by TA was carried out 
according to the methodology proposed by Kaya and 
Kose (2017).

EVALUATION OF PEROXIDASE ACTIVITY OF 
DORMANT BUDS

For the determination of peroxidase (POD) activi-
ty bud tissue (0.5 g) was homogenized in 5 ml of 10 
mM phosphate buffer (pH 7.0) including 4 % (w/v) 
polyvinylpyrolidone and 1 mM ethylenediaminetetra- 
acetic acid (EDTA). The homogenate was centrifuged at 
15.000 × g for 15 min at 4 oC and the supernatant ob-
tained was utilized as enzyme extract. The extraction 
was carried out at 4 oC. POD activity of dormant buds 
was determined according to the methodology used by  
(Yee et al., 2003). Guaicol was used as a hydrogen do-
nor. The activity of POD was assayed from the measure-
ment of absorbance at 470 nm.

EVALUATION OF LIPID PEROXIDATION, SI-
GLENT OXYGEN AND HYDROGEN PEROXIDE 
CONTENTS OF DORMANT BUDS

MDA content in dormant buds was assayed according 
to the thiobarbituric acid method used by Heath and 
Packer (1968). Absorbance was recorded at 600 and 
532 nm. MDA content in dormant buds was calculated 
using the following equation: MDA (nmol/ml) = [(A532-

A600)/155000] × 106. 
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The superoxide radical (O2
•-) content in dormant buds 

was measured according to the methodology described 
by Elstner and Heupel (1976) with a slight modifica-
tion. The absorbance wavelength was 530 nm, and sodi-
um nitrite (NaNO2) was used as a standard solution to 
calculate the formation rate of O2

•-.
The hydrogen peroxide level of dormant buds was de-
termined by monitoring the absorbance at 410 nm wa-
velength in titanium reagent (He et al., 2005).

EVALUATION OF SOLUBLE PROTEIN 
AND TOTAL SOLUBLE 
CARBOHYDRATE CONTENTS

Soluble protein content of dormant grapevine buds was 
measured according to the methodology based on mo-
nitoring the absorbance in bicinchoninic acid at 562 nm, 
described by Smith et al., (1985). Total carbohydrate 
content from dormant grapevine buds was determined 
with a spectrophotometer (at 630 nm wavelength), 
using Anthron reagent (Dische et al., 1962).

STATISTICAL ANALYSIS

The test was determined using a completely randomi-
zed design with three replications. Data were analyzed 
using the statistics software SPSS 16.0, with correlation 
analyses and principal component analysis being used 
to determine the relationship between temperatures of 
exotherms and the variables. One-way analysis of vari-
ance (ANOVA) was performed on the data set. Mean 

separations were performed by Duncan’s multiple range 
tests. Differences at p ≤ 0.05 or 0.01 were considered as 
significant.

RESULTS

FREEZING-HARDINESS AS ESTIMATED BY
TA MEASUREMENTS

In the current study, the mHTE and mLTE values, indi-
cators for freezing of apoplastic and symplastic water, re-
spectively, were clearly idendified in the bud primordia. 
Both mHTE and mLTE values of dormant buds changed 
according to acclimatization phases (Table 1). The mean 
temperature of freezing of extracellular water (mHTE) 
ranged from -5.79 °C (10 Mar.) to -7.67 °C (10 Jan.). At 
the DA phase (20 Feb. and 10 Mar.) mHTE values were 
significantly higher than during the other two phases 
(CA phase and HA phase). The mLTE values obtained 
from this experiment are shown in Table 1. According to 
our results mLTE's of dormant buds at CA, HA and DA 
phase were between -9.07 °C and -9.37 °C, -11.60 °C and 
-12.70 °C, -8.60 °C and -8.63 °C, respectively. Cold-to-
lerance in buds began to increase from 30 Nov. through
10 Jan., and then decreased through 10 Mar. At the DA
phase mLTE values were significantly higher than during 
the previous HA phase. In this study, it was determined
that the temperature of extracellular freezing might af-
fect the temperature of intracellular freezing. Indeed, a
statistically significant relationship between mHTE and
mLTE was found (p ≤ 0.01) (r = 0.676**).

Table 1: Mean values of HTE and LTE of dormant buds at CA, HA and DA phases 

Exotherm 
Temperatures 

Sampling dates 
CA phase HA phase DA phase 

30 Nov. 2015 20 Dec. 2015 10 Jan. 2016 30 Jan. 2016 20 Feb 2016 10 Mar. 2016 
mHTE -7.06 ± 0.31ab -7.17 ± 0.25ab -7.67 ± 0.30a -6.98 ± 0.23 ab -6.25 ± 0.10 bc -5.79 ± 0.44 c
mLTE -9.07 ± 0.13 bc -9.37 ± 004 bc -12.70 ± 0.16 a -11.60 ± 0.29 b -8.63 ± 0.10 c -8.60 ± 0.14 c
Data are means (± SE) of at least four determinations with 9 replicates. 
Different letters in the same column indicate statistically significant differences (p ≤ 0.01). 
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CONTENTS OF H2O2, O2
•- AND MDA OF DOR-

MANT BUDS AT ACCLIMATION, HARDENING 
AND DEACCLIMATION PHASES

The ROS level was evaluated by measuring the H2O2 

and O2
•- content in dormant buds at CA, HA and DA 

phases. H2O2 content of dormant bud was the highest at 
30 Nov. (1.118 µmol/g FW), whereas after this date, a 
continuous decrease in the content of H2O2 to the mini-
mum level at 10 Mar. (0.523 µmol/g FW) was recorded 
(Table 3). In addition it was determined that decrea-
sing temperatures of extracellular and intracellular free-
zing were associated with increasing H2O2 contents of 
the buds. The relationship between H2O2 content and 
mLTE value of buds was not statistically significant (r = 
-0.360ns), while the H2O2 content significantly correla-
ted (r = -0.623**) with the mHTE value of the buds.
In terms of the O2•- content of dormant buds, 20 Dec.
and 10 Jan. were statistically different from the other
sampling dates. The content of O2

•- was higher in dor-
mant buds taken at 20 Dec. and 10 Jan. than in buds

taken at other sampling dates (Table 2). It was also de-
termined that after November 30th, superoxide content 
of dormant buds reached its maximum level at Decem-
ber 20th, afterwards a rapid decline in the superoxide 
content was observed until March 10th. The amount of 
O2

•- in dormant buds was negatively correlated with both 
mHTE (r = -0.550**) and mLTE (r = -0.515**) values 
(Table 3).
The oxidative stress was assayed by measuring the 
amount of MDA in the dormant buds. The MDA con-
tent of dormant buds, except for the DA phase, was sig-
nificantly increased at the CA and HA phases. The MDA 
content of dormant buds increased till 20 Dec. sampling 
date, and decreased gradually afterwards. Significant dif-
ferences in MDA contents of dormant buds between the 
DA phase and the other phases were recorded whereas 
buds collected in the CA phase and the HA phase were 
not statistically discernible (Table 2). The MDA cont-
ent of buds was negatively correlated with mHTE (r = 
-0.678**) and mLTE (r = 0.490*) values (Table 3).

Table 3: Correlations between mHTE and mLTE with biochemical parameters of dormant buds during dormancy phases 

mHTE O2
•- H2O2 MDA POD Soluble protein Total soluble carbohydrate 

mHTE 1,00** -0,550** -0,623** -0,678** 0,570** -0,483* -0,414*
mLTE 0,676** -0,515** -0,360ns -0,490* 0,586** -0,433* -0,486*
ns: not significant, *: significant at p ≤  0,05, **: significant at p ≤  0,01 
 

Table 2: Changes in POD activity (EU/mg protein), O2•- (µmol/g FW), MDA (nmol/g FW), soluble protein (mg/g FW), total 
soluble carbohydrate (mg/g FW) contents of dormant buds at CA, HA and DA phases 

Biochemical 
parameters 

Sampling dates 
CA phase HA phase DA phase 

30 Nov. 2015 20 Dec. 2015 10 Jan. 2016 30 Jan. 2016 20 Feb 2016 10 Mar. 2016 
POD activity 19.39 ± 1.07 b 20.31 ± 4.50b 11.90 ± 2.41 b 18.02 ± 0.+90b 29.55 ± 1.97 a 20.84 ± 1.59 b 
H2O2 content 1.12 ± 0.014a 0.98 ± 0.001b 0.97 ± 0.034b 0.65 ± 0.014c 0.56 ± 0.014d 0.52 ± 0.044d 
O2

•- content 5.36 ± 0.40b 7.07 ± 0.25a 6.93 ± 0.38a 4.76 ± 0.21b 4.73 ± 0.18b 4.69 ± 0.07b 
MDA content 148.6 ± 3.28a 162.7 ± 2.49a 157.9 ± 1.96a 137.3 ± 10.48ab 119.6 ± 4.63bc 103.2 ± 5.43c 
Soluble protein 
content 192.42 ± 20.27a 182.59 ± 17.96a 183.80 ± 8.02a 184.13 ± 6.63 a 115.71 ± 1.48 b 144.57 ± 8.81ab 

Total soluble 
carbohydrate 
content 

3.09 ± 0.64c 9.75 ± 1.40a 8.14 ± 0.87ab 7.69 ± 0.88bc 5.17 ± 0.17bc 5.04 ± 0.28 bc 

Data are means (± SE) of at least four determinations with 3 replicates. 
Different letters in the same column indicate statistically significant differences (p ≤ 0.01 and p ≤ 0.05). 
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POD ACTIVITY OF DORMANT BUDS AT 
ACCLIMATION, HARDENING AND 
DEACCLIMATION PHASES

As seen from Table 2, POD activity of dormant buds 
showed a fluctuating change at CA, HA and DA phases, 
and there was no statistically significant difference in 
POD activity between the HA and CA phase. In general, 
the lowest POD activity was observed at the HA phase, 
while the highest POD activity was determined at the 
DA phase. Significant differences between sampling da-
tes were only recorded for the buds collected on 20 Feb., 
at this date POD activity was statistically higher than at 
all the other sampling times. At the same time statistical-
ly significant positive correlations between POD activi-
ty of dormant buds and both mHTE (r = 0.570**) and 
mLTE values (r = 0.586**) were observed (Table 3).

SOLUBLE PROTEIN CONTENT AND TOTAL 
SOLUBLE CARBOHYDRATES OF DORMANT 
BUDS AT ACCLIMATION, HARDENING AND 
DEACCLIMATION PHASES

According to Table 2, soluble protein content of dor-
mant buds was higher at the CA and HA phases compa-
red to the DA phase, whereas soluble protein contents in 
samples taken at the CA and HA phases were statistically 
similar to each other. During CA, HA and DA phases, 
the maximum and minimum soluble protein content 
was observed in samples taken on 30 Nov. (192.41 mg/g 
FW) and in samples taken on 20 Feb. (115.71 mg/g 
FW), respectively (Table 2).
As shown in Table 2, total soluble carbohydrate cont-
ents of dormant buds showed significant differences (p 
≤ 0.01) at CA, HA and DA phases. Total soluble car-
bohydrate content was the lowest (3.09 mg/g FW) in 
samples taken on 30 Nov., and then it reached the hig-
hest level (9.75 mg/g FW) at the following sampling 
date on 20 December and decreased gradually towards 
the last sampling date on 10 March. Statistical analysis 
proved a significant (p ≤ 0.05) correlation between so-
luble protein contents of dormant buds and their mHTE 
(r = -0.483*) and mLTE (r = -0.433*) values (Table 3).

DISCUSSION

The results on cold-hardiness of dormant buds at 
cold-acclimation, hardening and deacclimation pha-
ses, investigated in this research, were in accordance 
with the results of previous studies ( Jones et al., 1999; 
Kaya and Kose, 2017). At CA phase (30 Nov. to 20 
Dec.), 'Karaerik' grape variety increased in cold-toleran-
ce as shown by a reduction in mLTE. Minimum mLTE 
value of buds in midwinter (at HA phase) is the most 
common published index to estimate cold-tolerance of 
dormant buds of grapevine varieties (Andrews et al., 
1984; Mills et al., 2006; Shellie et al., 2014). It is 
well known that during the first phase (CA phase), in 
late summer, cold-acclimation begins; the second phase 
(HA phase) at which cold-hardiness of dormant buds 
is at its maximum, continues from the time of first fall 
frost to late January; and at the third phase (DA phase), 
late February, deacclimation begins and cold-hardiness 
of dormant buds decreases (Mills et al., 2006; Grant 
and Dami, 2015). This knowledge and our results pro-
ve that dates of CA, HA and DA phase analyzed in this 
study were selected correctly. On the other hand, Mills 
et al. (2006) determined that dormant grapevine buds’ 
LTE range was wide (3 °C to 7 °C) during the acclimati-
on and deacclimation phase in fall and spring but, it was 
narrow (2 °C to 3 °C) when buds were fully acclimated 
in winter. In our study, at HA phase mLTE range was 1,1 
°C, which is consistent with previous findings (Mills et 
al., 2006). However, mLTE range at HA phase was wider 
than mLTE range at the other phases (0.3 °C at CA pha-
se, and 0.03 °C at DA phase). The reason why the ranges 
of mLTE were narrower at CA and DA compared to HA 
can be the fact, that our sampling dates were late in fall, 
early in spring, and/or acclimation and deacclimation 
phases are nested with the hardening phase. Indeed, it 
is clearly known that to gain cold-tolerance, plants fol-
low different phases and it is impossible to separate the 
phases with exact time limits (Ferguson et al., 2014).
The correlation between the mHTE and mLTE of the 
dormant buds observed in our study indicated that a 
decrease of the temperature of extracellular ice formati-
on also reduced the temperature of intracellular, lethal 
freezing. In other words, we think that extracellular free-



---   74   ---

MITTEILUNGEN KLOSTERNEUBURG 68 (2018): 67-81 RENDE et al.

zing temperatures may change the intracellular freezing 
temperatures. To our knowledge this relation between 
mHTE and mLTE values of dormant grapevine buds is 
described for the first time.
Up to now there are no studies explaining the relations-
hip between extracellular and intracellular freezing tem-
peratures. Fennell (2004) stated that water content of 
tissue is strongly related to cold-tolerance and decreased 
water content is thought to contribute to an increased 
capability to supercooling. To tolerate low temperatu-
res, dormant buds supercool, and thus water in the bud 
tissue remains un-frozen at subzero temperatures. It was 
also reported that plants generally survive low tempera-
tures by extracellular freezing (Rajashekar and Lafta, 
1996). Characteristically during freezing some of the 
intracellular water within the primordium migrates to 
the growing extracellular ice crystals, due to water po-
tential differences (Ashworth, 1992). Because of the 
fact that the extracellular ice crystals grow, the intracel-
lular solution becomes more concentrated. As a result, 
concentrating the intracellular solution could lower the 
temperature of ice nucleation ( Jones, 1997).
Cold-stress could initiate the accumulation of reactive 
oxygen species (ROS) causing oxidative damage. ROS 
such as singlet oxygen (1O2), superoxide radical
(O2

•-), the hydroxly radical (OH-) and hydrogen pero-
xide (H2O2) are indicators for cold-stress or damage in 
plants. ROS have also been implicated as important re-
gulatory and signalling elements in a variety of cellular 
processes. However the exact mechanisms, e. g. how the 
balance between ROS production and elimination is re-
gulated and how signals are transmitted to the cell ma-
chinery to trigger senescence processes in plant organs, 
are still being unveiled (Bajguz and Hayat, 2009).
One of the undesirable biochemical changes that the 
cold-stress causes in the plants is the accumulation of 
O2

•- (Bajguz and Hayat, 2009). Although O2
•- has been 

frequently studied during the last decade, no studies 
have been found about changing O2

•- contents during 
the CA, HA and DA phases in dormant buds of grape-
vines. However, there is evidence that in different plant 
species exposed to low-temperature stress, the amount 
of superoxide in tissues increases (Hola et al., 2007; 

Bajguz and Hayat, 2009; Liu et al., 2009; Jiang et al., 
2014; Aazami et al., 2014; Min et al., 2014). Based on 
these evidences, we think that low-temperature stress 
during December 20th and January10th was higher than 
at other sampling dates, so the content of superoxide 
anion at the end of December and at the beginning of 
January was higher than at other sampling dates. Also, 
these changes observed in O2

•- content may be linked 
to the adjustment in metabolic activity to survive the 
constraints imposed by cold-stress. It is well known 
that plants have improved mechanisms to wipe out the-
se ROS by enzymatic and non-enzymatic antioxidant 
systems, such as superoxide dismutase (SOD), peroxi-
dase (POD) etc. Thus, plants protect themselves from 
or alleviate oxidative injury caused by low temperatures 
(Wise, 1995; Lee and Lee, 2000; Bajguz and Hayat, 
2009). On the other hand, according to our results O2

•- 

contents of dormant buds negatively correlate both with 
temperature of extracellular ice formation and tempera-
ture of intracellular ice formation. To our knowledge up 
to now there are no studies confirming this correlation. 
Based on our results we think that buds with lower free-
zing point have been exposed to more severe and longer 
stresses. Therefore, the amount of superoxide may have 
increased in the buds that freeze at lower temperature.
Another ROS known to accumulate during cold-stress 
is H2O2, ( Jiang et al., 2014). In the present study, ho-
wever, the highest level of H2O2 in dormant buds was 
recorded on 30 Nov. (early CA) and then it gradually 
decreased during the following colder months. The mi-
nimum level of H2O2 at the DA phase can be explained 
by the absence of low-temperature stress in this period. 
Qsaib et al. (2014) detected that the amount of H2O2 of 
dormant buds of grapevine cv. 'Merlot' was the highest 
in July and then decreased until the end of October. The 
amount of H2O2 increased from the end of October to 
mid-November. It decreased again until mid-December. 
The findings of Qsaib et al. (2014) are similar to our re-
sults. However, the high amount of H2O2 in November 
(before cold-stress did occur), indicated that the amount 
of H2O2 may have been affected by the other factors in 
addition to as well as low temperature. Verslues et al. 
(2007) reported that daily decreases in photoperiod re-
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duces the amount of H2O2. In addition, the fact that the 
amount of H2O2 was significantly negatively correlated 
(r = -0.623**) with only mHTE may suggest that slight 
cold-stress may have a bigger effect on the amount of 
H2O2. Indeed, the temperature of extracellular ice for-
mation occurs at higher temperatures than the tempera-
ture of the intracellular ice formation.
In plants, cellular functions are affected by ROS dama-
ging nucleic acids, oxidizing proteins, and causing lipid 
peroxidation (Gill and Tuteja, 2010; Xi et al., 2013). 
Therefore, low temperature leads to MDA production. 
It was determined that changes observed in MDA cont-
ents of dormant buds depending on sampling date were 
similar to those of ROS investigated in this research, 
especially superoxide radical. Our results are consistent 
with previous findings, indicating that the superoxide ra-
dical may trigger the creation of other reactive oxygen 
species like hydroxyl radical (OH•-) and more possible 
singlet oxygen (1O2), each of which may cause peroxida-
tion of membrane lipids and cellular weakening (Biel-
ski et al., 1983; Halliwell, 2006; Gill and Tuteja, 
2010). In our research, MDA contents of dormant buds 
at DA phase were lower than those at CA and HA pha-
ses, which is consistent with previous findings (Zhang 
et al., 2012; Karimi et al., 2015). In a study conducted 
with six grape varieties, Karimi et al. (2015) found that 
the lowest MDA content was in the DA phase and the 
highest MDA content was in the HA phase with all varie-
ties. It was reported by Zhang et al. (2012) that MDA 
content of dormant buds is linearly related to cold-stress. 
Observations of Zhang et al. (2012), Theocharis et 
al. (2012), Xi et al. (2013) and Karimi et al. (2015) 
support our findings that the MDA contents of dormant 
buds statistically significantly correlate with mHTE 
values and mLTE values. Indeed, they have reported 
that the correlation between MDA content of buds and 
low-temperature stress is positive while there is a negati-
ve correlation between MDA content and low-tempera-
ture tolerance of dormant buds.
In order to reduce or avoid cold-induced oxidative da-
mage, plants have developed mechanisms to scavenge 
reactive oxygen species by antioxidant systems, such as 
ascorbate peroxidase (APX), POD, SOD and catalase 
(CAT) (Hasempour et al., 2014). POD is an important 

multifunctional enzyme and is involved in a large num-
ber of biochemical and physiological processes in plants. 
PODs regulate H2O2 levels and ROS production within 
cells and catalyse the reduction of H2O2 by employing 
various substrates (Barcelo et al., 2003; Kashefi et 
al., 2010). Also POD plays a key role in determining the 
final cell wall architecture and the turnover of phenolic 
metabolites in the plant cell vacuole (Barcelo et al., 
2003). The results of several studies conducted on her-
baceous and woody plants showed that the peroxidase 
activity in autumn and winter was higher than during 
the growth season (Ebermann and Stich, 1984; Zol-
faghari et al., 2010; Chen et al., 2006; Thakur and 
Kapila, 2017). Zolfaghari et al. (2010) reported that 
the seasonal of POD activity in beech was related to the 
annual cycle of cambial activity, season, temperature and 
physiological stresses. These facts comfirm the course of 
the POD activity observed in our current study. We de-
termined that POD activity did not show any significant 
difference between all sampling dates except for 20th Fe-
bruary in DA phase. The reason for the rise of POD ac-
tivity in the DA phase can not be fully explained due to 
the fact that studies on seasonal change of POD activity 
of dormant grapevine buds are limited. With respect to 
our sampling dates, the pattern of changes in the activity 
of POD obtained from this study was similar to seaso-
nal changes observed in previous studies (Ebermann 
and Stich, 1984; Kuroda et al., 1990; Chen et al., 
2006; Zolfaghari et al., 2010). Ebermann and Stich 
(1984) reported that in trunk tissue of oak, the POD 
activity which was stable during Sep. to Dec., increased 
during Jan. to Feb. and then decreased in Mar. Zolfag-
hari et al. (2010) found that in beech (Fagus orientalis) 
twigs, POD activity decreased simultaneously with the 
increase of air temperature and the onset of cambial acti-
vity at the end of March although peroxidase activity did 
not show any significant difference during all sampling 
months from Feb. to Nov. Similar results where obtained 
from apple flower buds, the POD activity increased from 
Sep. to Dec., then decreased in Jan. and again increased 
in Feb. as reported by Kuroda et al. (1990). In addition, 
the fact that the amount of H2O2 was lower in the DA 
phase than the amounts in the CA and HA phases could 
be indirectly explained by the high amount of POD pre-
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sent at DA phase compared to CA and HA phases. In-
deed, it is well known that POD converts H2O2 into wa-
ter and oxygen (Sudhakar et al., 2001). The high POD 
activity observed during the DA phase in our study may 
have resulted from the increasing metabolic activity in 
this period. Barcelo et al. (2003) outlined that peroxi-
dase levels are strongly modulated during plant cell de-
velopment and in response to both biotic and abiotic en-
vironmental factors. Thus the rising temperatures in the 
DA phase may have initiated cell growth in the bud axis 
thus resulting in the observed high POD activity in the 
DA phase. In contrast to the general scientific knowled-
ge, in the current study the correlations between POD 
activity and mHTE and mLTE values were found to be 
positive, and also the POD activity was higher at the DA 
phase compared to the CA and HA phases. Therefore, 
we suggest the hypothesis that POD may not play a role 
in protecting 'Karaerik' variety grapevines against free-
zing injury.
Our finding that the amount of soluble protein of buds 
was lower at the DA phase as compared to the CA and HA 
phases corresponds to results of many studies (Wang, 
1987; Salzman et al., 1996; Wake and Fennell, 2000; 
Zhang et al., 2012). Also Fennell (2004) noticed 
that soluble proteins and carbohydrates were related to 
rises in low-temperature tolerance during the transition 
from acclimation to hardening in grapevine buds. Also 
Salzman et al. (1996) and Wake and Fennell (2000) 
determined that soluble proteins increased under short 
photoperiod during acclimation, which is consistent 
with our findings in the present study. The statistically 
significant correlation between the amount of protein of 
dormant buds and mHTE, mLTE values was found to 
be negative. In other words, increasing contents of so-
luble protein were positively related to cold-hardiness of 
buds. Gusta et al. (2009) stated that positive relations 
between protein content and cold-hardiness of buds 
exist in many species. Also Salzman et al. (1996) stated 
that the maximum amount of soluble protein was asso-
ciated with the highest cold-tolerance of the grapevine 
bud cells. In our study, however, we found statistically 
comparable levels of protein in the CA and in the HA 
phase, while the mLTE value of the buds in HA phase 

was higher than in CA phase. Therefore, we consider that 
in addition to soluble proteins other factors contribute 
to the enhanced cold-tolerance in the HA phase. This 
presumption is in accordance with studies by Fennell 
(2004) who established that rises in proteins may cont-
ribute to increases of cold-tolerance, but a direct effect 
has not been verified in grapevines.

The accumulation of soluble carbohydrates in dormant 
grapevine buds may protect the bud from the injury cau-
sed by cold-damage in many ways because soluble car-
bohydrates function as protectants of proteins and cell 
plasma membranes from the effects of cold-stress ( Ji-
ang et al., 2014). Stushnoff et al. (1993) determined 
that the total amount of carbohydrate started to increa-
se in autumn as a reaction to low temperatures, reached 
the maximum level in mid-winter, and decreased again 
towards spring. Grant (2012) also reported that car-
bohydrates have a special role in the acclimation period. 
In a study with the varieties 'Riesling' and 'Chardonnay' 
it was determined that total carbohydrates are associa-
ted with frost tolerance, and also started to increase in 
buds from Aug., and then reached the maximum level 
in Dec. and Jan. when cold-hardiness of dormant buds 
was at the highest level (Hamman et al., 1996). So, our 
results are consistent with results of previous studies. 
Our finding that the content of total soluble carbohyd-
rates was lower at the DA phase than at the HA phase 
is also confirmed by a previous study (Ershadi et al., 
2016). In agreement with our study, Levitt (1980) as 
well as Sakai and Larcher (1987) demonstrated that 
the total soluble carbohydrates have been implicated in 
the cold-hardiness process of plants. The total soluble 
carbohydrates can function as protective materials and 
their amount is correlated with cold-tolerance (Zhang 
et al., 2012). The amount of total soluble carbohydrates 
of dormant buds exhibited a similar pattern as soluble 
protein content of buds in this work. Statistically (p ≤ 
0.05) significant negative correlations were established 
between total soluble carbohydrates and both mHTE 
and mLTE values of dormant buds, which is in agrement 
with findings by Hamman and Dami (2000). Fennell 
(2004) also reported that total carbohydrates were rela-
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ted to low-temperature tolerance of dormant buds, and it 
was stated that the relationship was stronger at CA pha-
se than at HA phase (Wample and Bary, 1992; Jones 
et al., 1999). However, the correlation between soluble 
carbohydrates and cold-tolerance of dormant buds was 
the strongest during the HA phase as compared to the 
other phases presumably because starch converts into 
sugar at the HA phase (Hamman et al., 1996; Jones et 
al., 1999; Hamman and Dami, 2000).

CONCLUSIONS

Knowledge on the changes of the amounts of reactive 
oxygen species, antioxidant enzyme activities, contents 
of MDA, carbohydrates and soluble proteins, and on 
their relations to cold-tolerance is compulsory in un-
derstanding the mechanisms responsible for tolerance 
of grapevines to low temperatures. Results of this stu-
dy have shown that cold-stress increases the amount of 
ROS and lipid peroxidation as generally known, but it 
can be hypothesized that the amount of H2O2 may be 
more affected by slight cold-stress at which the tempera-
ture is a few degrees below freezing point. Furthermore, 
in our current as well as our previous studies we have not 
detected an effect of PODs on cold-tolerance of dormant 
grapevine buds. This is the first report that decreasing of 

extracellular freezing temperatures decreases the tempe-
rature of intracellular ice formation. Further research on 
elongation of cell walls and on changes of negative pres-
sures in the cells with different cold-resistant or cold- 
susceptible grapevine varieties are needed to elucidate 
the mechanism by which extracellular ice nucleation 
may contribute to cold-tolerance of dormant grapevine 
buds.
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