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Abstract—Here, two field-grown grape species including Vitis amurensis Rupr. ‘Shuangfeng’ and V. riparia ×
V. labrusca ‘Beta’ showed different survival capabilities after overwintering. Their shoots’ cold hardiness and
associated physiological changes were analyzed during seasonal cold acclimation and deaaclimation to illu-
minate response mechanisms on low temperature. The fluctuations of cold hardiness were synchronized in
the two species, but ‘Shuangfeng’ had a higher tolerance than ‘Beta’ to cold stress, which was consistent with
the field performance. Leaves and shoots of ‘Shuangfeng’ reddened, responds quickly to the natural low tem-
perature, while those of ‘Beta’ remained green during the same period. Perhaps owing to variations in the car-
bohydrate accumulations in different colored leaves, so the freezing tolerance of ‘Shuangfeng’ correlated with
total soluble sugars in the phloem, while the starch in the xylem and phloem determined the ‘Beta’s tolerance.
The timing and types of the accumulated carbohydrates may be responsible for the difference in the water sta-
tus, energy accumulation and cold hardiness between the two grape species.
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deacclimation
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INTRODUCTION

Geographical distributions of horticultural crops
and their cultivation in temperate and boreal zones are
highly dependent on their freezing tolerance [1, 2].
Most grape cultivars need to be buried in the soil when
the temperature is below –10°C in boreal zones to
avoid freezing injury in the winter [3]. Thus, research
on the cold resistance of grape cultivars during over-
wintering is slow. However, Vitis amurensis is a cold-
resistant grape species, which can endure extreme low
temperatures during overwintering, without being
buried in the soil to prevent cold injury [4]. Conse-
quently, it is a good material to study the mechanisms
of cold hardiness formation during overwintering. The
levels of freezing tolerance and associated adaptations
vary among grape species, cultivars and ecotypes,
demonstrating the genetic variability in cold hardiness
and the genetic adaptation to the local climate [5].

Freezing tolerance can be induced by the seasonal
cold acclimation, which involves physiological and
biochemical changes that are driven by temperature
and photoperiod, and these changes enable woody
perennials to survive under severe winter conditions
[6–8]. Deacclimation, the reverse process of cold

acclimation, occurs in the spring and is mainly driven
by warm temperatures in the field [9, 10]. In the fall,
starch produced during the summer is hydrolyzed into
soluble carbohydrates that accumulate in tissues. In the
spring, starch is resynthesized and then mobilized
during bud break [11]. The appropriate timing and rates
of cold acclimation and deacclimation are important
for the growth and survival of woody plants and they
may determine the cold hardening of species [12].

Changes occur in soluble carbohydrates during
cold acclimation and deacclimation in woody plants.
Sugar metabolism and carbon partitioning are two
effective ways to sustain the balance required for
growth and energy supply in cold acclimation [13]. In
many woody plants, carbohydrates produced mainly
by starch degradation, and cold hardiness is closely
correlated with the soluble carbohydrate concentra-
tion [4, 14, 15], because soluble carbohydrates play
roles in ROS scavenging, protecting cell structures
from freeze-induced dehydration and in depressing
the freezing point under deep supercooling [16, 17].

To date, most studies in grapes have focused on
associations between cold hardiness and key physiolog-
ical parameters, such as tissue water content, related
compounds and antioxidant enzymes [4, 18–21], but
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Fig. 1. Cross-sectional anatomical structure of grape
shoots.

Phloem Xylem
very little information is available on changes in the
varieties of carbohydrate during cold acclimation and
deacclimation. Particularly, the different low-tem-
perature response mechanisms that act in the different
tissues of grape shoots under cold stress remain elu-
sive. However, understanding these mechanisms is
vital, given the theoretical and commercial impor-
tance of the improvement and breeding of cold -resis-
tant grapes cultivars in the field.

The objectives of the present study were to (1) esti-
mate seasonal changes in cold hardiness in the shoots
of two grape species without burying them in the soil
for the winter and to (2) determine differences in carbo-
hydrate levels during autumn acclimation and spring
deacclimation in the phloem and xylem of two grape
species (V. amurensis ‘Shuangfeng’ and V. riparia ×
V. labrusca ‘Beta’). Particularly, an attempt was made
to correlate alterations in primary physiological fac-
tors in the phloem and xylem with seasonal changes
and differences in shoot freezing tolerance in the two
species. Additionally, possible reasons for the different
temperature responses of the two species are dis-
cussed.

MATERIALS AND METHODS

Plant materials and samples. Shoots were sampled
from the National Field Gene Bank for Amur Grape-
vine located in Zuojia Town, Jilin Province, China
(44°04′ N and 126°05′ E, 190 m above sea level). The
soil at this site is dark brown forest soil, and its meteo-
rological data are recorded by a meteorological moni-
toring system (model: HOBO, Onset Equipment,
United States). Each germplasm in the nursery is a
self-root seedling on an espalier. The row spacing at
the nursery is 1.0 × 2.5 m, and the column spacing is
RUSSIAN JO
6 m. A normal management model was adopted for
the nutrient and water supplies.

In generally, the shoots of grape ‘Shuangfeng’ can
naturally overwinter, but grape ‘Beta’ needs to be bur-
ied in soil before November in Zuojia area. In order to
explore the mechanism on the difference in cold toler-
ance, the 1-year-old shoots of V. amurensis ‘Shuang-
feng’ and V. riparia × V. labrusca ‘Beta’ (without bury-
ing in winter) as test materials, which were taken on
August 18, September 1, September 15, September 29,
October 18, November 18 and December 18 of 2018,
January 18 and April 18 of 2019. All the sampled
shoots were survival, healthy, mature and 0.6–0.8 cm
thick, and they were collected at a height of 1.0–1.8 m
on the south side of the espalier.

The cold hardiness and water contents of test
shoots were determined immediately as sampled from
the field. The rest of test shoot epidermises were dis-
card, and the phloem and xylem of shoots in two grape
species were independently separated using a sharp
surgical blade. Accurate sampling of phloem and
xylem based on the cross-sectional anatomical struc-
ture of shoots (Fig. 1), then were ground in liquid
nitrogen and stored as powders at –80°C for the car-
bohydrate analysis. Each experiment was repeated
three times with three independent biological repli-
cates. Three shoots from one plant of each grape spe-
cies represented one independent biological replicate.

Freeze–thaw treatment. Shoots were freeze–thaw
treated in accordance with the method of Zhao et al.
[4]. The freeze–thaw treatment of shoots was carried
out using a high–low temperature alternating test
chamber (model: GDJW-225, Beijing Yashilin Test
Equipment). Ten freezing temperatures were used:
4°C as control, –5, –10, –15, –20, –25, –30, ‒35,
‒40, –45 and –50°C. The freezing treatment lasted
12 h, and the recovery period was 4 h at room tem-
perature for thawing. Both the cooling and heating
rates were set at 4°C/h.

Evaluation of cold hardiness. After the freeze–thaw
treatment, the cold hardiness of shoots from two grape
species were evaluated using the 2,3,5-triphenyltetra-
zolium chloride (TTC) staining method as described
by Zhao et al. [22]. In total, 10 5-mm thick sections
were cut from shoot internodes and placed in 10 mL
0.5% TTC in the dark in a 30°C incubator for 4 days.
Then, the samples were dissected to obtain longitudi-
nal sections, which were projected onto a LA2400
scanner having image analysis software (WinRHI-
ZOTM; Regent Instruments, Canada), and the areas
stained by TTC on the longitudinal sections were
measured. The level of cold injury for each shoot was
recorded as the area of staining in the whole longitudi-
nal section. The LT50 value was calculated using a
logistic equation of staining indices, which is an
inverted sigmoid curve appropriate for analyzing data
on plant responses to temperature stress.
URNAL OF PLANT PHYSIOLOGY  Vol. 70:158  2023
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Fig. 2. Leaf colour difference between ‘Shuangfeng’ (Vitis amurensis) and ‘Beta’ (Vitis riparia × Vitis labrusca) at the end of Sep-
tember in 2019.

Beta
September 29

Shuangfeng
September 29
Measurement of water contents. Total water (%) in
shoots was determined as (FW–DW) × 100%, where
FW represents the fresh weight, DW represents the dry
weight after oven-drying at 90°C for 16 h until a con-
stant weight. Free water (%) was determined using a
digital display saccharimeter in accordance with the
method of Chen et al. [18]. Bound water (%) = Total
water (%) – Free water (%).

Determination of carbohydrate contents. Carbohy-
drate extractions and analyses were performed in man-
ners similar to those outlined by Xiong et al. [23], with
some modifications. The lyophilized sample powder
(200 mg) was placed into a 2 mL tube containing 1 mL
ice-cooled 80% (v/v) ethanol and homogenized by
ultrasound in an ice bath for 15 min. After centrifuga-
tion at 8.000 g for 10 min at 4°C, the supernatants were
dried to remove the ethanol, dissolved in water and
cleaned by passing through a 0.45-μm nylon syringe
filter and a Sep-Pak C18 cartridge.

The supernatants were immediately used to analyze
the soluble sugars, including sucrose, fructose, glu-
cose and trehalose, by injecting the samples into a
high-performance liquid chromatography system
(Ultimate 3000, Thermo Scientific, United States)
equipped with a Sugar-Pak I column (6.5 × 300 mm,
10 μm) maintained at 80°C and a Shoedex refractive
index detector. The starch content was determined
using a kit (no. 207748).

Statistics. All the statistical analyses were pro-
cessed using a SAS 9.0 system (SAS Institute, United
States) for Windows. Means separations were per-
formed using Tukey’s honestly significant difference at
the 0.05 level. The Pearson’s correlation coefficients
and gray relational degrees were used to assess the asso-
ciations among physiological parameters. The graphs
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70
were constructed using SigmaPlot 10.0 (Systat Soft-
ware, United States).

RESULTS

Seasonal Changes in Air Temperature 
and Cold Hardiness

At the end of September, ‘Shuangfeng’ leaves red-
dened, while most leaves of ‘Beta’ remained green
(Fig. 2). The cold hardiness levels of both species were
analyzed along with the changes in the air tempera-
ture. Daily air temperatures at the experimental site
decreased consistently from August and reached a
minimum temperature (–33.0°C) at the end of Janu-
ary (Fig. 3a). Daily minimum temperatures were
below 0°C for 172 days. The change in winter air tem-
perature was not significantly different from the usual
pattern. Then, the daily temperatures continued to
increase from the beginning of February to April 2019.

Changes in cold hardiness from August 2018 to
April 2019 were assessed using changes in temperature
causing 50% injury (LT50) to shoots of ‘Shuangfeng’
and ‘Beta’ (Fig. 3b). During the cold acclimation,
accompanying the seasonal drop in air temperature
(August 2018 to January 2019), LT50 values for the two
grape species decreased rapidly. That of ‘Shuangfeng’
dropped from –13.47 to –39.27°C, while the value of
‘Beta’ from –6.23 to –38.25°C. The cold hardiness of
‘Shuangfeng’ was significantly stronger than that of
‘Beta’ during the cold acclimation, except in Decem-
ber and January when the cold hardiness levels of both
species were similar. Thereafter, the cold hardiness of
both species decreased dramatically during deaccli-
mation (from February to April 2018), and the LT50
:158  2023
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Fig. 3. Changes in environmental conditions at the experimental site of Zuojia Town, Jilin Province from August 2018 to April
2019. (a) Changes in the maximum (1) and minimum (2) daily air temperatures; (b) Seasonal changes in cold hardiness estimated
using temperatures at which 50% of shoots (LT50) of Vitis amurensis ‘Shuangfeng’ (1) and Vitis riparia × Vitis labrusca ‘Beta’ (2)
were injured as assessed by the TTC staining area. Data are means ± standard errors of three replicates.Different lowercase letters
indicate significant differences in cold tolerance between the two species at the same sampling time (P ≤ 0.05). The same below.
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values of ‘Shuangfeng’ and ‘Beta’ in April increased
compared with in January by 15.74 and 13.53°C,
respectively. The cold hardiness levels of the two spe-
cies were not significantly different during this period
(Fig. 3b). However, the bud burst rate of ‘Shuangfeng’
(95.00%) shoots was significant higher than that of
‘Beta’ shoots during natural overwintering in the field
(30.12%).

Seasonal Changes in Water Content

The total water content of ‘Beta’ was higher than
‘Shuangfeng’ from August to November, but this was
reversed from December to April, when the total water
content of ‘Shuangfeng’ was higher than that of ‘Beta’
(Fig. 4a). The free water content was significantly dif-
ferent in the two species until January, when the free
water content of ‘Shuangfeng’ was higher than that of
‘Beta’ (Fig. 4b). However, the free water contents of
the two species decreased greatly during acclimation
and then increased during deacclimation. The free
water content of ‘Shuangfeng’ decreased from 55.11%
at the beginning of this experiment to 13.85% in
December, and then increased to 29.18% in April
along with the rise in air temperature. The free water
content of ‘Beta’ decreased from 70.76 to 19.15% and
then increased to 24.37% (Fig. 4b). The change trend
of the bound water contents in the two species during
cold acclimation and deacclimation were similar to
the ratios of bound water to free water, which gradually
increased until December and then decreased slightly
(Figs. 4c and 4d). During the whole experiment, the
bound water content and the ratio of bound water to
free water in ‘Shuangfeng’ were greater than in ‘Beta’
(Figs. 4c and 4d).
RUSSIAN JO
Seasonal Changes in Carbohydrate Contents
At the beginning of experiment, the total soluble

sugar content of ‘Shuangfeng’ and ‘Beta’ in the
phloem were 5.29 g and 6.74 g/g FW, respectively, and
the contents in the xylem were 4.52 and 3.13 g/g FW,
respectively. Accompanying cold acclimation, the
total soluble sugar contents in the phloem and xylem
of the two grape species increased gradually (Fig. 5a).
The maximum total soluble sugar contents in the
phloem and xylem were reached in January (‘Shuang-
feng’ was 17.52 g/g FW and ‘Beta’ was 11.18 g/g FW)
and December (‘Shuangfeng’ was 14.57 g/g FW and
‘Beta’ was 12.03 g/g FW), respectively. Thereafter, the
total soluble sugar contents decreased significantly
during deacclimation (Fig. 5a). In April 2019, the total
soluble sugar contents in the phloem of ‘Shuangfeng’
and ‘Beta’ were 6.92 and 6.08 g/g FW, respectively, and
the contents in the xylem were 4.95 and 2.96 g/g FW,
respectively, similar to August 2018. The trends in
starch accumulation in the phloem and xylem of the
two grape species during cold acclimation and deaccli-
mation were coincided with those of the total soluble
sugar (Fig. 5b). However, in general, the total soluble
sugar and starch contents in the phloem of the two
species were higher than in the xylem from October
2018 to April 2019 (Figs. 5a and 5b).

In this study, the soluble sugars, including sucrose,
fructose, glucose and trehalose, of the two species
were measured from August 2018 to April 2019. The
soluble sugar contents varied to different extents
depending on the sugar and cultivar (Figs. 6a–6d).
Trehalose was present at a low level, while fructose was
the most abundant sugar in the shoots (Figs. 5b and 5d).
A significant seasonal pattern was observed for fruc-
tose in the phloem and xylem of both species, and its
URNAL OF PLANT PHYSIOLOGY  Vol. 70:158  2023
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Fig. 4. Changes in physiological parameters in the shoots of Vitis amurensis ‘Shuangfeng’ (1) and Vitis riparia × Vitis labrusca
‘Beta’ (2) from the end of August 2018 to the end of April the following year. (a) total water contents; (b) free water contents;
(c) bound water contents; (d) the ratio of bound water to free water.
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Fig. 5. Changes in carbohydrate contents in the phloem (1) and xylem (2) of ‘Shuangfeng’ (Vitis amurensis) and the phloem (3)
and xylem (4) of ‘Beta’ (Vitis riparia × Vitis labrusca) from the end of August 2018 to the end of April the following year. (a) total
soluble sugars; (b) starch.
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Fig. 6. Changes in soluble sugar contents in the phloem (1) and xylem (2) of ‘Shuangfeng’ (Vitis amurensis) and the phloem (3)
and xylem (4) of ‘Beta’ (Vitis riparia × Vitis labrusca) from the end of August 2018 to the end of April the following year.
(a) sucrose; (b) fructose; (c) glucose; (d) trehalose.
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contents in the phloem and xylem of ‘Shuangfeng’
were higher than in ‘Beta’ from October 2018 to Janu-
ary 2019 (Fig. 6b). The sucrose contents of the two
species in the phloem were higher than in the xylem
during cold acclimation and deacclimation, but no
significant seasonal pattern was observed for sucrose
(Fig. 6a). At the beginning of the experiment, the glu-
cose level temporarily increased in both species, and the
glucose contents in the phloem and xylem of both spe-
cies showed seasonal changes after October (Fig. 6c).

Correlation Grey Relation Analyses between Cold 
Hardiness and Physiological Factors

The grey relational analysis method was used to
explore the correlations between cold hardiness (rep-
resented by LT50 values) and physiological factors to
determine the primary factors affecting the cold hardi-
ness of two grape species in response to seasonal low
temperature. The ranks according to the gray rela-
RUSSIAN JO
tional degree represented the primary and secondary
correlations of physiological factors with LT50 values
between the two species. Total soluble sugar in the
phloem, as the most crucial factor affecting the cold
hardiness of ‘Shuangfeng’, ranked first, followed by
bound water and starch in the xylem. Their gray rela-
tional degrees were 0.934, 0.923 and 0.904, respec-
tively (Table 1). In addition, seasonal changes in LT50
values for ‘Shuangfeng’ were significantly negatively
correlated with changes in total soluble sugar in the
phloem and bound water (r = –0.869 and –0.816,
respectively, at p ≤ 0.01; Table 1). While the content of
total soluble sugar in the phloem of ‘Shuangfeng’ was
positively associated with bound water, ratio of bound
water to free water, total soluble sugars in xylem,
sucrose in phloem, and the content of glucose, fruc-
tose, starch in phloem and xylem (Table S1).

The cold hardiness of ‘Beta’ was correlated with
bound water, starch in the xylem and starch in the
phloem, with grey relational degrees of 0.921, 0.917
URNAL OF PLANT PHYSIOLOGY  Vol. 70:158  2023
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Table 1. Correlation coefficients and grey correlation degrees between cold tolerance estimated as LT50 values and physio-
logical factors in the shoots of ‘Shuangfeng’ (Vitis amurensis) and ‘Beta’(Vitis riparia × Vitis labrusca) during seasonal cold
acclimation and deacclimation

* and ** indicate significant at P ≤ 0.05 or 0.01, respectively.

Physical factors

LT50 (Shuangfeng) LT50 (Beta)

correlation 
coefficient

grey 
correlation 

degree
rank correlation 

coefficient

grey 
correlation 

degree
rank

Total water 0.791* 0.899 5 0.799** 0.864 12
Free water 0.925** 0.823 13 0.894** 0.814 15
Bound water –0.912** 0.922 2 –0.868** 0.921 1
Bound water/Free water –0.820** 0.790 16 –0.806** 0.774 16
Total soluble sugars (phloem) –0.869** 0.934 1 –0.762* 0.899 4
Total soluble sugars (xylem) –0.824** 0.869 10 –0.767* 0.876 8
Sucrose (phloem) –0.747* 0.838 12 –0.188 0.866 11
Sucrose (xylem) –0.347 0.812 14 –0.705* 0.874 9
Glucose (phloem) –0.865** 0.894 6 –0.388 0.868 10
Glucose (xylem) –0.883** 0.810 15 –0.793* 0.895 6
Fructose (phloem) –0.835** 0.902 4 –0.784* 0.898 5
Fructose (xylem) –0.871** 0.848 11 –0.872** 0.878 7
Starch (phloem) –0.850** 0.889 8 –0.816** 0.911 3
Starch (xylem) –0.867** 0.904 3 –0.834** 0.917 2
Trehalose (phloem) –0.737** 0.873 9 –0.179 0.847 14
Trehalose (xylem) –0.811** 0.894 7 –0.732* 0.860 13
and 0.911, respectively, and they were also signifi-
cantly negatively correlated with LT50 values of ‘Beta’
(r = –0.868, –0.834 and –0.816, respectively, at P ≤
0.01; Table 1), which was consistent with the results of
the grey relational analysis. And the content of starch
in the xylem of ‘Beta’ was positively associated with
bound water, ratio of bound water to free water, total
soluble sugars in xylem, and the content of sucrose,
glucose, fructose in phloem and xylem (Table S2).

DISCUSSION
Normally, the shoots of ‘Beta’ need to be buried in

late October, but those of ‘Shuangfeng’ can overwinter
naturally in the nursery. A significant survival differ-
ence was observed between field-grown ‘Shuangfeng’
and ‘Beta’ without burying, corresponding to their bud
burst rates were 95.00 and 30.12% after overwintering in
April of following year. The low semi-lethal tempera-
ture (LT50) values represent the cold-tolerant levels of
the plants [24]. There were significant increases in the
cold tolerance levels of both species during the cold
acclimation basing on their LT50 values.

Cold acclimation in certain trees species is mainly
regulated by low temperatures over a period of time.
However, different stages of acclimation to low tem-
perature in our experimental periods might proceed
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 70
depending on the species [25, 26]. The cold acclima-
tion of ‘Shuangfeng’ proceeds in three stages, while
‘Beta’ has four stages. During the first stage, plants
achieve tolerance to short frosts of 0 to –3°C in late
September. In the second stage of cold acclimation,
which starts in October, has minimum temperatures of
–10 to 0°C. A third phase occurs in November in
response to temperatures from –20 to –10°C. During
this phase, ‘Shuangfeng’ reached its strongest cold
hardiness. The fourth phase involves December and
January, with the acclimation to cold temperatures
from –30 to –20°C. The surviving ‘Beta’ proceeded to
this phase of acclimation and its LT50 value continued
to decrease to its lowest value.

Interestingly, the leave and shoots of ‘Shuangfeng’
reddened gradually and underwent accelerated aging
during the first stage, while most leave of ‘Beta’ plants
were still green during this period. This may result
from the variation in soluble carbohydrate accumula-
tion with different colored leaves [27]. In this study,
compare the change of soluble sugar and starch in
phloem between two grape species, the soluble sugar
content of ‘Shuangfeng’ was significantly lower than
‘Beta’ in August, then subsequently became higher
than ‘Beta’ in September and October. But the differ-
ences in starch content of two grapes were opposite to
the soluble sugar in phloem before October. It sug-
:158  2023
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gested that the starch degradation increased the accu-
mulation of soluble sugar accompanying the decrease
of air temperature, leading to the leave and shoots of
‘Shuangfeng’ reddened earlier and enhanced its toler-
ance to low temperature. Meanwhile, the sugar soluble
contents of ‘Shuangfeng’ were always higher than
‘Beta’ from October to January. For ‘Beta’ grape, the
starch was served as an energy storage to help plants
resist low winter temperatures. In woody plants, the
majority of studies revealed the crucial roles of soluble
sugar as compatible solutes in cold hardiness [19, 22].
So this might be the reason that the cold tolerance and
survival rate overwinter of ‘Shuangfeng’ shoots were
stronger than ‘Beta’.

In generally, hexoses such as glucose and fructose,
are frequently correlated with freezing tolerance in
herbaceous plants [28, 29], whereas they are not cor-
related with the cold acclimation of woody plants.
However, our results suggested that glucose and fruc-
tose participate in the increasing cold hardiness of the
two grape species. In addition, the sucrose content
made a relatively small contribution to freezing toler-
ance. Sucrose may be broken down into glucose and
fructose, thereby doubling the osmotic solute concen-
tration, which increases the bound water content during
cold acclimation, allowing the more effectively resis-
tance to cold stress [30, 31]. Furthermore, the protec-
tive functions of glucose and fructose may be attributed
to their abilities to interact with extracellular ice to mod-
erate the rate of ice growth at low temperatures.

Compared to January, the change in water content
is not significant of two grape species in April. But
their LT50 value has obviously decreased accompany
the deacclimation. Meanwhile, the contents of total
soluble sugar, fructose, glucose and starch in phloem
and xylem of two grape species relating to tolerance
showed drop sharply. So it is becoming increasingly
clear that compatible solutes play a key role in mediat-
ing the cold tolerance during the cold acclimation and
deacclimation.
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