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Abstract
The lack of winter cold is a severe limitation for the cultivation of grapevines (Vitis vinifera L) in areas with warm winter 
climates. This phenomenon is currently becoming quite important due to global warming, which will increase winter tem-
peratures in many temperate regions of the planet where grapevines are cultivated. Although various physical and chemical 
stimuli have been used to address the lack of winter cold in grapevine cultivation, quantitative studies on its effects on dif-
ferent cultivars are limited. Here, the effects of (a) low temperatures during endodormancy (ED), (b) temperature increases 
during eco-dormancy (ECD) and (c) the effects of dormancy-breaking compounds such as hydrogen cyanamide (HC) and 
sodium azide (AZ) on the budburst of an early budbreak cultivar, Chardonnay, and an late budbreak cultivar, Thompson 
seedless, were assessed. The results were analysed by the Kaplan–Meier method, and the log-rank test was used to establish 
statistical significance between the control and treatments. In general, Chardonnay grapevines were more sensitive than 
Thompson seedless grapevines to all budbreak stimuli, and a temperature increase during ECD was the stimulus that had 
the greatest effect on the budbreak in both cultivars. Exposure to cold temperatures during ED increased the cold hardiness 
and improved the budbreak in both cultivars. Based on the results, a relationship between the degree of bud cold hardiness 
and budbreak potential is suggested, and it is proposed that the greater the cold hardiness achieved by the buds, the better 
their subsequent budbreak will be.

Keywords  Endodormancy · Bud cold hardiness · Grapevines

Introduction

Most deciduous fruit trees grown under temperate climatic 
conditions experience a period of growth recess or endodor-
mancy (ED) during the autumn–winter season. For grapevines, 
ED is triggered by the short-day (SD) photoperiod (Kühn et al. 
2009; Grant et al. 2013; Cragin et al. 2017) and is preceded 
by growth arrest. At the physiological and metabolic level, 
the ED in the grapevine buds is characterized by a decrease in 
respiration and metabolism (Parada et al. 2017), the arrest of 
cell division (Vergara et al. 2017), the accumulation of starch 
(Rubio et al. 2019), and the thickening of the cell wall of the 
bud meristematic cells (Dantas et al. 2020). ED in grapevines 

is important since it allows the survival of the bud throughout 
the winter, prevents its sprouting in response to transient warm 
spells during the winter (Jian et al. 1997) and is essential for 
the development of cold hardiness (Rubio et al. 2016; Cragin 
et al. 2017). It is generally believed that low winter tempera-
tures in deciduous fruit trees promote the release of buds from 
ED (Faust et al. 1997; Campoy et al. 2011) and that the accu-
mulation of a certain amount of cold during the autumn–winter 
season is required for bud dormancy release (Arora et al. 2003; 
Rinne et al. 2011). However, the low temperatures also induce 
bud cold hardiness, which could also be related to their bud-
ding (Rubio et al. 2019). However, regardless of the role of low 
winter temperatures, these are required to produce a high and 
homogeneous budbreak in the spring, and when they are lack-
ing, the commercial production of most deciduous fruit trees, 
including grapevines, is limited (Lavee and May 1997; Dokoo-
zlian 1999). In the context of climate change, the ED and cold 
hardiness of deciduous fruit trees is increasingly attracting 
the attention of researchers and growers. Warmer winters can 
cause striking and unpredictable effects on deciduous fruit 

Handling Editor: Rhonda Peavy.

 *	 Francisco J. Pérez 
	 frperez@uchile.cl

1	 Facultad de Ciencias, Laboratorio Bioquímica Vegetal, 
Universidad de Chile, Casilla 653, Santiago, Chile

http://orcid.org/0000-0002-8947-1305
http://crossmark.crossref.org/dialog/?doi=10.1007/s00344-021-10343-0&domain=pdf


	 Journal of Plant Growth Regulation

1 3

trees by advancing or delaying phenological stages such as 
flowering, fruit ripening or leaf senescence (Luedeling et al. 
2009; Luedeling 2012). To overcome this problem, various 
chemical and physical tools have been developed as substitutes 
for cold winters. Hydrogen cyanamide (HC) was widely used 
around the world (Lavee and May 1997), however, due the 
negative impact of this molecule on human health, its used 
has been banned in several countries. Sodium azide (AZ) has 
similar effects than HC (Pérez et al. 2009) but it has not been 
used commercially. Alternative treatments such as soaking the 
buds in hot water and, more recently, the use of cold plasma, 
has been proposed to stimulate budbreak and release the buds 
from ED (Halaly et al. 2011; Ben Mohamed et al. 2014; Muja-
hid et al. 2020). When dormancy release takes place, increase 
in temperatures is required for growth resumption (Campoy 
et al. 2011; Fadón et al. 2020).

ED is generally determined by estimating the time it takes 
for buds to sprout under forced conditions (Dennis 2003; 
Rubio et al. 2016). When the time elapsed between sampling 
and budbreak is long, buds are considered to be endodor-
mant. Recently, methods based on the time to event or sur-
vival analysis have been used to evaluate ED and budbreak 
in grapevines (Cragin et al. 2017; Pérez et al. 2007; Londo 
and Johnson 2014; Camargo Alvarez et al. 2018). In this 
study, different treatments that stimulate budbreak of grape-
vines such as: (a) an increase in temperature during ECD; 
(b) exposure to chilling temperatures during ED; and (c) 
the application of dormancy breaking compounds, such as 
HC and AZ (Pérez et al. 2009) were evaluated in two grape-
vine cultivars, one early budbreak (Chardonnay) and one 
late budbreak (Thompson seedless) using the Kaplan–Meier 
method and the log-rank test.

Material and Methods

Plant Material

One-year-old cv. Thompson seedless and Chardonnay 
rooted during the spring were placed into 1:1:1 (v: v: v) 
soil:sand:peat in 1/3 L bags. One group of plants remained 
outdoors, and the other was transferred to the greenhouse 
on January 10 before their entrance into ED (Vergara and 
Pérez, 2010). On June 25, the group of plants kept in the 
greenhouse were pruned, cutting the leaves and green shoots 
and leaving the central shoot with periderm.

Treatments

Increase in Temperatures During Eco‑Dormancy

On 26 June, once the buds of Thompson seedless were 
released from the ED (Vergara and Pérez, 2010), the effect of 
the increase in temperature on the budbreak of Chardonnay 

and Thompson seedless was studied. For this, three groups 
of 5 plants of each cultivar was used to compare the bud-
break between grapevines that remained in the greenhouse 
under controlled conditions at a temperature of 15 ± 3 °C 
with those that were transferred to the growth chamber under 
forced condition at a temperature of 23 ± 1 °C.

Effect of Dormancy‑Breaking Compounds

On the same group of plants that remained in the green-
house, the effects of dormancy breaking compounds were 
studied, and the following treatments were applied on June 
26 and July 22 (a) a 250 ml solution that contains 2% sodium 
azide + 1% unifilm; (b) a 250 ml solution that contains 5% 
Dormex (hydrogen cyanamide) + 1% unifilm; and (c) a 
250 ml solution that contains water + 1% unifilm. Each treat-
ment was applied to 10 plants of each cultivar, and budbreak 
was assessed every 5 days for one month in the greenhouse.

Effect of Chilling During Endodormancy

To analyse the effect of chilling, three group of 5 plants 
of each cultivar that remained outdoors until 22 July and 
accumulated 580 chilling hours were transferred to the 
greenhouse and their budbreak was compared with those 
that remained in the greenhouse without being exposed to 
the cold. The budbreak was analysed weekly for five weeks. 
On 22 July, the Chardonnay and Thompson seedless grape-
vines that remained outdoors were at the ECD stage, because 
at that date 100% budbreak was obtained after 20 d under 
forced conditions. The outdoor temperature was recorded 
from an automatic metereological station located in the 
same place at which the experiment were performed and 
from this record, the chilling hours (Weinberger 1950) were 
calculated.

Bud Cold Hardiness

Following the method described by Mills et al. (2006), a 
device for differential thermal analysis (DTA), the “Kry-
oscan”, was used to measure the cold hardiness of grape 
dormant buds (Rubio et al. 2016,2019). The DTA was per-
formed with a freezing and data acquisition device that uses 
Peltier elements for the cooling and detection modules (Bad-
ulescu and Ernst 2006). Two peaks were observed, one cor-
responded to the high temperature exotherm (HTE), which 
was assigned to the freezing point of extracellular (apoplast) 
water that is non-lethal (Burke et al. 1976), and the other 
to the low thermal exotherm (LTE), which was assigned to 
the freezing point of intracellular water that is lethal (Burke 
et al. 1976). Due to that the lethal damage to the grapevine 
buds occurs at temperatures equal or less than LTE, the low-
est temperature that the grapevine bud can resist without 
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damage corresponds to its LTE value, which is a measure 
of its cold hardiness (Ferguson et al. 2011; Mills et al. 2006; 
Pierquet and Stushnoff 1980). Each value corresponds to the 
average of 16 biological replicates of single buds.

Data Analysis

The time required to budbreak of each sample and cultivar, 
including right-censored observations of the buds that did 
not break during the treatment, were adjusted to the survival 
distribution function by the non-parametric Kaplan–Meier 
(KM) method. The KM method calculates the percentage 
or probability of the absence of bud-break as a function of 
time after sampling. However, for practical reasons Cama-
rgo Alvarez et al. (2018) used the complement of the prob-
ability or percentage of the absence of bud-break, which 
correspond to the probability or percentage of budbreak. A 
log-rank test was carried out to compare the estimated sur-
vival distribution of the control samples against the treated 
samples. A significant difference indicates differences in the 
budbreak distribution curve, and the larger the value of the 
Chi-squared (χ2) is, the greater the difference between the 
control and treated samples. Survival analysis, or time to 
event analysis, is a category of statistical methods designed 
specifically to handle a response variable that measures the 
elapsed time until a specific event occurs (here, budbreak), 
which may be censored (Klein and Moeschberger 2003). 
Kaplan–Meier survival curves are the simplest way to esti-
mate survival over time when data are censored (Altman 
and Bland 1998). The survival analysis was carried-out with 
Minitab statistical software.

Results

Effect of Low Temperatures on the Bud Cold 
Hardiness of Chardonnay and Thompson Seedless 
Grapevines

The bud cold hardiness of both cultivars was measured by 
DTA in grapevines that remained in the greenhouse and out-
doors. The grapevines that remained outdoors accumulated 
580 chilling hours (Weinberg 1950) and the LTE of their 
buds was lower than that of the grapevines that remained 
in the greenhouse (without chilling accumulation) (Fig. 1). 
This result indicates that grapevines that remained outdoors 
acclimatized to the cold, while those that remained in the 
greenhouse were not cold acclimatized. Interestingly, no 
significant differences between the bud LTE of both grape-
vine cultivars was observed when they remained outdoors 
and exposed to 580 chilling hours. This result indicates a 
similar capability of both cultivars to acclimatize to the cold 
(Fig. 1).

Effect of Low Temperatures on the budbreak 
of Chardonnay and Thompson Seedless Grapevines

The budbreak of both cultivars was measured by survival 
analysis in grapevines that remained in the greenhouse and 
outdoors during the entire period of the ED. The results 
showed that in both cultivars, the time required to reach 
50% budbreak was shorter in grapevines that remained 
outdoors (Fig. 2). However, the effect of cold exposure 
on reducing the time required to reach 50% budbreak was 
greater in Chardonnay than in Thompson seedless grape-
vines, as reflected by the greater Chi-squared (χ2) obtained 
between the control buds (not exposed to cold) and the 
buds exposed to cold (Fig. 2; Table 1).

Effect of the Temperature Rise on the Budbreak 
of Chardonnay and Thompson Seedless Grapevines

The effect of the temperature rise on the budbreak of both 
cultivars was studied in grapevines that have completed 
their ED cycle (July 22). The budbreak was determined in 
one group that remain in the growth chamber (23 ± 1 °C), 
and in another group that remained in the greenhouse 
(15 ± 3 °C). The results indicate that the rise in tempera-
ture during the ECD period significantly improved the 
budbreak of both cultivars, as indicated by the high value 
of the χ2 obtained between the budbreak of plants kept 
in the greenhouse (control) and in the growth chamber 
(Fig. 3). However, the effect of the temperature rise was 
greater on Chardonnay´s buds than on those of the Thomp-
son seedless grapevines (Fig. 3; Table 2).

Fig. 1   Cold-exposure of Vitis vinifera cultivars Chardonnay and 
Thompson seedless during their endodormancy period increased the 
cold hardiness of their buds relative to the buds of plants not exposed 
to cold. The bud cold hardiness was determined by the low thermal 
exotherm (LTE) of buds collected from plants that remained outdoors 
until July 22 and accumulated 580 chilling hours and from plants that 
remained in the greenhouse without chilling accumulation. Values are 
the average of 16 buds, and bars represent ± sd
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Effect of Dormancy‑Breaking Compounds 
on the Budbreak of Chardonnay and Thompson 
Seedless Grapevines

Dormancy-breaking compounds HC and AZ were applied on 
June 26 and July 22, which corresponds to the periods of ED 
and ECD, respectively (Vergara and Pérez, 2010), and bud-
break was assessed every 5 days in the greenhouse. The results 

showed significant differences between the budbreak of control 
vines and those treated with AZ and HC when the applications 
were made on June 26 (Fig. 4a, b). However, when the appli-
cations were made on July 22, no significant differences were 
detected between the control and treated grapevines (Fig. 4c, 
d). The effect of both compounds was greater in Chardonnay 
than in Thompson seedless grapevines, as reflected by the val-
ues of the χ2 between the treated and non-treated grapevines, 
and in Chardonnay, the effect of AZ was greater than that of 
HC (Table 3).

Fig. 2   Kaplan–Meier survival curves for the budbreak of a Chardon-
nay and b Thompson seedless unexposed (control) and exposed to 
cold during their endodormancy period. The budbreak measurements 
were performed under greenhouse conditions from July 22 onwards

Table 1   Log-rank comparison between the Karl-Meier survival func-
tion, for the sprouting of control buds (not exposed to cold), and buds 
exposed to the cold of the Chardonnay and Thompson seedless culti-
vars

Chi-square (χ2) P-value

Chardonnay 14.75  < 0.01
Thompson seedless 6.67  < 0.05

Fig. 3   Kaplan–Meier survival curves for the budbreak of a Chardon-
nay and b Thompson seedless under greenhouse and growth chamber 
conditions

Table 2   Log-rank comparison between the Karl-Meier survival func-
tion, for the sprouting of buds in the greenhouse and in the growth 
chamber

The analysis was carried-out in two grapevine cultivars, Chardonnay 
and Thompson seedless

Chi-squared (χ2) P-value

Chardonnay 72.9  < 0.001
Thompson seedless 27.3  < 0.005
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Discussion

For deciduous fruit trees such as grapevines, bud dormancy 
is a crucial step as their progress during winter determines 
the quality of sprouting, flowering, and fruit setting (Beau-
vieux et al. 2018). Bud dormancy is a complex process, and 
depending on the factor that inhibits bud growth, it has been 
classified as para-dormancy (PD), where growth is inhibited 
by factors external to the bud, endodormancy (ED), where 
growth is inhibited by internal factors, and eco-dormancy 
(ECD) where growth is inhibited by environmental factors 
(Lang 1987). Before budbreak occurs, the buds of decidu-
ous fruit trees move from PD to ED, a phenomenon that is 
induced by low temperatures or by the shortening of the pho-
toperiod (Maurya and Bhalerao, 2017). To break free from 
the state of ED and move towards ECD, the buds need to 
accumulate cold, and finally to budbreak they need to accu-
mulate heat. In the context of global warming, the release 

Fig. 4   Kaplan–Meier survival curves for the sprouting of control 
buds and those treated with sodium azide and hydrogen cyanamide 
during a, b endodormancy and c, d after endodormancy release. The 

budbreak measurements were carried-out under greenhouse condi-
tions in the Chardonnay and Thompson seedless cultivars

Table 3   Log-rank comparison between the Karl-Meier survival func-
tion, for the sprouting of control buds and buds that were treated with 
hydrogen cyanamide (HC) and sodium azide (AZ) on

a June 26 (endodormancy) and bJuly 22 (ecodormancy)

Chi-squared (χ2) P-value

aChardonnay (HC) 25.7  < 0.01
aChardonnay (AZ) 38.8  < 0.01
aThomson seedless (HC) 9.16  < 0.05
aThompson seedless (AZ) 9.84  < 0.01
bChardonnay (HC) 1.43  > 0.05
bChardonnay (AZ) 0.47  > 0.05
bThomson seedless (HC) 2.68  > 0.05
bThompson seedless (AZ) 3.64  > 00.5
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of buds from the ED can be a critical step due to insufficient 
cold accumulation, which affects the quality and uniform-
ity of flowering and therefore leads to a drastic reduction in 
fruit production (Beauvieux et al. 2018; Fadón et al. 2020). 
Here, the effect of different stimuli that induce budbreak in 
the grapevine as: (1) exposure to low temperatures during 
the ED period (2) exposure to high temperatures during the 
ECD period and (3) the application of agents chemicals such 
as HC and AZ, were studied in an early budbreak variety, 
such as Chardonnay and in a late-budbreak variety, such as 
Thompson seedless.

Relationship Between Bud Cold‑Hardiness 
and Budbreak

The exposure to low temperature during ED (580 chilling 
hours), increased the budbreak and the bud cold-hardiness of 
both cultivars; however, the increase in budbreak was greater 
in Chardonnay than in Thompson seedless cultivar (Fig. 2), 
while the degree of bud cold-hardiness was the same for both 
cultivars (Fig. 1). Interestingly, the physiological, biochemi-
cal and molecular changes induced by the development of 
cold hardiness such as, the increase in the expression of anti-
oxidant genes (Rubio et al. 2019), and the increase in the 
expression of genes coding for starch degrading enzymes 
(Rubio et al. 2016), could be important for the subsequent 
budbreak. The grapevine bud is relatively hypoxic at the 
earliest stages of budbreak (3 h), followed by a considerable 
oxygenation within 24 h (Meitha et al. 2015, 2018). There-
fore, the transition from an anaerobic to an aerobic condition 
occurs rapidly within the bud tissue, which must be prepared 
to face this situation. Therefore, the physiological, biochemi-
cal and molecular changes induced by the development of 
cold hardiness may impact the budbreak, and it is possible 
to envisage that the degree of cold hardiness achieved by the 
buds would be related to their subsequent budbreak potential 
and, therefore, the greater the cold hardiness achieved by 
the buds, the better their subsequent budbreak will be. Our 
results, agree partially with this hypothesis, since the dor-
mant buds of the same cultivar exposed to low temperatures 
increased their cold hardiness and their budbreak in relation 
to buds that were not exposed to low temperatures. However, 
when the comparison is performed between the two culti-
vars, although their buds reached a similar degree of cold 
hardiness, the budbreak of Chardonnay was greater than that 
of Thompson seedless. However, since both low and high 
temperatures are important in the budbreak response, the 
better budbreak of Chardonnay could be due to the fact that 
they respond better to temperature increase than Thompson 
(Fig. 3). Consequently, the hypothesis that the greater the 
degree of resistance to cold that the buds reach, the greater 
their capacity for subsequent budbreak, is only valid for the 
same cultivar, since when comparing between cultivars, 

other factors may intervene in addition to low temperatures 
that affect budbreak.

Heat Requirements

The heat requirement (HR) is another factor that affects the 
budbreak of deciduous fruit trees (Citadin et al. 2001). In this 
study, the effect of raising the temperature from 15 ± 3 °C 
(green house conditions) to 23 ± 1 °C (forced condition) had 
a significant effect on the budbreak of both V. vinifera culti-
vars; however, the effect was greater in Chardonnay´s buds 
than in the Thompson seedless ones, a result that supports 
why even though the buds of both cultivars reach the same 
degree of cold hardiness after being exposed to 580 chilling 
hours, Chardonnay´s buds sprout better.

Dormancy Breaking Agents

It has been demonstrated that the dormancy-breaking com-
pounds reduced the content of ABA in the grapevine buds 
by activating the transcription of the ABA catabolic gene 
VvA8H3 (Zheng et al. 2015,2018; Vergara et al. 2017), and 
in this way, they can release the buds from ED earlier. It 
has also been shown that the effects of these compounds 
depend on their time of application, and thus, their effect 
gradually decreases as the buds approach the end of their 
ED period (Vergara and Pérez 2010; Zheng et al. 2015). 
Here, we confirm that the effects of HC and AZ on budbreak 
depend on the time of application. Thus, a greater effect was 
observed in both cultivars when the applications were per-
formed on June 25 (ED), while when they were performed 
on July 22 (ED released), they had no effect, indicating that 
at this date, the ED period was finished. The greater effect 
of dormancy-breaking compounds on Chardonnay´s buds 
than on Thompson´s seedless could also be due to the higher 
response of the former to the increase in temperatures.

Conclusion

In conclusion, the budbreak of the grapevine that were 
exposed to chilling temperatures during ED increased sig-
nificantly compared to that of the grapevine buds that were 
not exposed to chilling temperatures. This improvement in 
budbreak could be associated with the physiological and 
molecular changes produced by the development of bud cold 
hardiness. Consequently, for the same cultivar, an increase 
in the bud cold hardiness will increase the bubreak potential 
of the buds. On the other hand, an increase in temperature 
during ECD is an important environmental cue that pro-
motes budbreak, and the response of the ecodormant buds 
to temperature increases was greater in Chardonnay than in 
Thompson seedless grapevines .
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