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Abstract. Spring frosts and subsequent crop losses threaten the economic sustainability of
fruit crop producers all over the world. This study used a controlled-freezing technique
to impose a post-budburst freezing stress to grapevine shoots forced from one-node
cuttings [‘Albariño’, ‘Cabernet Franc’, ‘Cabernet Sauvignon’, and ‘Pinot Grigio’ (Vitis
vinifera)] and whole plants [‘Noiret’ (Vitis hybrid)]. Our goal was to investigate the
incidence of freeze injury among cultivars, stage of phenological development, and
a potassium salt-based fertilizer (KDL) with potential cryoprotectant activity. Among
the V. vinifera cultivars, the incidence of mortality of shoots exposed to L3.5 8C was
highest for ‘Albariño’ (71%) and lowest for ‘Cabernet Sauvignon’ (51%). Cuttings
sprayedwithKDL 24 hours before cold temperature exposure exhibited 16% lower shoot
mortality and lower osmotic potential (Cs) (L0.92 MPa) than the unsprayed cuttings
(L0.77 MPa). However, application of KDL did not impact shoot mortality for whole
‘Noiret’ vines. Mortality for ‘Noiret’ shoots greatly increased with the advancement of
phenological development, ranging from 10% in wooly buds to 78% in shoots ’’10-cm
long. The practical significance of KDL remains questionable; cultivar selection still
appears to be a more reliable method for avoiding spring frost, by planting late bursting
cultivars in more frost-prone areas.

Crop losses to freeze injury represent
a major economic threat to horticultural pro-
duction. In the United States, economic
losses related to cold-temperature injury are
greater than to any other weather-related
phenomenon (Snyder and de Melo-Abreu,
2005). Freeze injuries to perennial fruit crops
can occur before dormancy in the fall, during
the dormant season, and in the spring during
and after budburst (Rodrigo, 2000). To date,
studies on plant acclimation to low temper-
atures have mostly focused on tolerance of
dormant tissues to low winter temperatures,
a major environmental constraint on the
distribution of fruit crops in cold-climate re-
gions (Wolf, 2008). Freeze injury to vulnerable,

green, and actively growing plant tissues can
also negatively impact production of many
fruit crops all over the world (Barranco et al.,
2005; Kappel, 2010; Molitor et al., 2013;
Rowland et al., 2013). For example, in 2007,
widespread spring frosts in the eastern and
midwestern United States resulted to esti-
mated $2 billion in crop losses (Warmund
et al., 2008).

Factors affecting the extent of freeze in-
jury in young and developing plant tissues
include cultivar, dew point and surface mois-
ture, probability of an ice nucleation event,
prefrost environmental conditions, and stage
of development, with budburst considered
the onset of the most susceptible period
(Trought et al., 1999). To avoid or reduce
the risk of a post-budburst frost-damaging
event, growers preferentially plant cultivars
with delayed phenological development in
more frost-prone areas. However, cultivar
differences in frost resistance appeared to
be related to factors other than bud phenol-
ogy. Small but consistent differences in frost
resistance of buds at the same growth stage
were reported between ‘Concord’, ‘Vidal
Blanc’, and ‘Baco Noir’ vines (Johnson and
Howell, 1981a). Severity of freeze injury was
affected by cultivar in olive (Barranco et al.,

2005), almond (Imani et al., 2011), blueberry
(Rowland et al., 2013), and sweet cherry
(Kappel, 2010) trees.

In addition to cultivar selection, growers
can adopt other frost protection methods to
reduce the risk of spring freeze injury. Frost
protection methods have been developed to
either modify microclimate conditions in the
orchard or vineyard (i.e., wind machines,
heaters, etc.), inhibit formation of ice in plant
tissues (i.e., over-vine/tree sprinkling irriga-
tion), or decrease the probability or severity
of frost damaging events (i.e., site selection,
application of chemical compounds to delay
budburst, and cultural practices) (Evans,
2000). Installation and operation of frost
protection methods may require large invest-
ments and growers managing small size
orchards or vineyards cannot justify the costs
involved. Therefore, there is an extensive
need for low-cost methods for protecting
crops against spring freeze injury.

A potentially affordable approach to de-
crease freeze injury to young plant tissues is
through exogenous application of surface or
systemic cryoprotectant products. Surface
cryoprotectants are thought to cover green
tissues with a physical barrier, which may
prevent the formation of ice crystals inside
the plant (Fuller et al., 2003). Systemic
cryoprotectants are used to mimic natural
frost tolerance or avoidance mechanisms
(Wilson, 2001) by stabilizing proteins and
membrane functions (Nuccio et al., 1998)
and/or by cellular changes in Ys. Indeed,
a decrease in Ys resulting from increased
intracellular solute concentration may lower
the freezing point of the cytoplasm and
reduce cell dehydration caused by extracel-
lular freezing (Sakai and Larcher, 1987).

Agrochemical companies have promoted
the application of chemical compounds for
frost protection, and many products have
been screened over the last 30 years for
cryoprotectant activity with inconsistent re-
sults. Foliar applications of antitranspiring
compounds (surface cryoprotectants) were
ineffective to decrease post-budburst freeze
injury in peach (Matta et al., 1987), young
citrus (Burns, 1973), and tomato and pepper
(Perry et al., 1992). On the contrary, the
application of a hydrophobic particle film
(CM-96-018) led to a decrease in freeze
injury in potatoes, grapevine, and citrus
plants (Fuller et al., 2003).

Foliar applications of systemic cryoprotec-
tants (e.g., glycine betaine, ethylene glycol,
and BRIJ 35) increased freeze resistance in
grapevines (Himelrick et al., 1991) and in
Arabidopsis thaliana (Xing and Rajashekar,
2001). However, another commercial product
advertised as a systemic cryoprotectant (e.g.,
frostgard) was ineffective in decreasing freez-
ing temperature in ‘Pinot Noir’ vines (Gardea
et al., 1993) or ‘Arking’ strawberry plants
(Anderson and Whitworth, 1993). Similarly,
several cryoprotectants (e.g., frostgard, frost-
free, and KDL) were ineffective in reducing
flower freeze damage of ‘Honeoye’ straw-
berry plants (Warmund and English, 1994).
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A foliar macronutrient, Agro-K’s Potas-
sium Dextrose-Lac� (KDL; 0N–0P–24K)
(Agro-K Corporation, Minneapolis, MN)
has received increased attention for its po-
tential cryoprotectant activity. Foliar appli-
cation of KDLwithin 36 h of a predicted frost
event is advertised to protect green tissues of
plants against freeze injury. Although the
mechanism of action is not clear, the product
is attractive to growers due to its low cost and
several positive testimonials (Agro-K Corpo-
ration, 2016). The product label indicates that
KDL derives from potassium carbonate
(K2CO3) and Ascophyllum nodosum. There-
fore, a hypothetical mechanism of action may
include increased frost resistance due to A.
nodosum extract and/or to an increase of
potassium (K) concentration. Potassium is
one of the major osmotic solutes of plant
cells, therefore its accumulation in the cell
could increase tolerance to cellular freezing
(Keller, 2010). An extract of the brown
seaweed A. nodosum increased tolerance in
A. thaliana to cold temperatures (–5.5 �C)
when the plants were irrigated 48 h before the
freezing treatment (Rayirath et al., 2009).

In this study, we used four grapevine
cultivars (V. vinifera L.) to test the hypothesis
that post-budburst freeze injury varies be-
tween genotypes and in response to applica-
tion of KDL. To assess if the mechanism of
action of the KDL was related to an increase
of intracellular solute concentration, Ys was
measured. A second experiment was con-
ducted on ‘Noiret’ (Vitis hybrid) vines to
assess the impact of KDL on post-budburst
freeze injury on a hybrid grapevine cultivar
and to explore the relationship between shoot
mortality induced by freezing temperature
and stage of phenological development.

Materials and Methods

A controlled-freezing method was used to
impose freezing stress on grapevine shoots
forced from one-node cuttings of four culti-
vars (V. vinifera L.) and on container-grown
‘Noiret’ (Vitis hybrid) vines.

Controlled-freezing experiment on cuttings.
Single-bud cane cuttings of ‘Albari~no’,
‘Cabernet Franc’, ‘Cabernet Sauvignon’,
and ‘Pinot Grigio’ vines (Vitis vinifera L.)
were selected for this study. The plant
material was collected from a vineyard lo-
cated at the Fruit Research and Extension
Center of the Pennsylvania State University
in Biglerville, PA. The vineyard was estab-
lished in 2008 as part of the research project
NE-1020 ‘‘multi-state evaluation of wine
grape cultivars and clones.’’ ‘Cabernet Franc’,
‘Cabernet Sauvignon’, and ‘Pinot Grigio’
are grapevine cultivars widely grown in
the eastern United States (Wolf, 2008).
‘Albari~no’ is a white grapevine cultivar
widely grown in the Galicia region in the
northwest of Spain, which has been gain-
ing popularity among growers and wine
consumers in the eastern United States.
The four cultivars were planted in a ran-
domized complete block design with six
blocks, each consisting of four vines per

cultivar. The vines were grafted on Millardet
et de Grasset 101–14 (101–14 Mgt) rootstock
and trained to bilateral flat cane system with
vertical shoot positioning.

The cuttings were obtained from nodes
three to seven of 1-year-old canes collected
from the six blocks during the dormant
season (1 Feb. 2015). The canes were brought
to the laboratory and cut into 6- to 8-cm-long
sections with a single node and bud. Single-
bud cuttings were placed in vented plastic
bags containing damp toweling and stored
in a refrigerator at �4 �C until processing
(Anderson and Whitworth, 1993).

A temperature-controlled programmable
freezer (VersaTenn; Tenney Engineering,
NJ) was used for this experiment. Due to
the limited space in the freezer cabinet
(0.28 m wide · 0.41 m long · 0.40 m high)
up to 40 cuttings could be used in each
freezing test. Starting 1 Mar. 2015, 30 cut-
tings of each cultivar were removed every 4 d
from the refrigerator and forced in a growth
chamber (temperature 21 �C day/18 �C night;
12 h daylength at a photon flux density of
150 mmol·m–2·s–1 of photosynthetic active
radiation). The single-bud cuttings were
placed in plastic cups filled with water and
randomly assigned to the treatments: 1)
control (C): unsprayed cuttings, 2) KDL24:
cuttings sprayed with KDL 24 h before low-
temperature exposure, and 3) KDL48:
cuttings sprayed with KDL 48 h before low-
temperature exposure. Cane cuttings did not
produce roots during the time period of the
study. An average of �10% budburst failure
was recorded.

Time intervals between KDL application
and low-temperature exposure were included
to evaluate for potential increase in KDL
effectiveness over time, as suggested
for other cryoprotectant products (Wilson,
2001). Manufacturer recommendation was
followed for KDL application (Agro-K Cor-
poration, 2014). KDLwas applied as aqueous
solution at a rate of 1% (v/v) by spray bottle
until runoff to avoid phytotoxicity (Wilson,
2001). Spray mixture was agitated before
spraying.

Because freezes were controlled, we eval-
uated freeze injury at a specific stage of
development (Rowland et al., 2013), defined
as stage nine of the modified Eichhorn and
Lorenz (E–L) system of grapevine develop-
ment (Coombe, 1995). The grapevine shoots
selected for the freezing test were 2- to 3-cm
long with two leaves unfolded. Since bud-
burst in the four cultivars occurred over
a range of days, it was not possible to test
every cultivar at the same time.

A total of 15 freezing tests were per-
formed. In each freezing test, the samples
were placed in a completely randomized
arrangement in the freezer cabinet. The base
of the cutting was placed into moist floral
foam (Johnson and Howell, 1981b) on a plas-
tic tray. Before positioning the tray in the
freezer, the young shoots were sprayed with
distilled water to induce external ice nucle-
ation formation (Pearce, 2001). In laboratory
tests of freezing resistance, the absence of

surface moisture could facilitate artifactual
supercooling, resulting in plants surviving
cold temperature exposure undamaged. For
each CV tested, the three FP treatments were
loaded on the same run (n = 5 or 6 cuttings for
each CV · FP); a total of five to six freezing
tests were conducted for each CV · FP
combination (n = 30 cuttings).

The temperature in the freezer was low-
ered from 16 to –3.5 �C at a rate of �2 �C
per h before rewarming to temperatures
above freezing at the same rate. The air
temperature took �10 h to reach –3.5 �C
and the target temperature was held for
30 min. The temperature of –3.5 �C was
determined based on data of critical temper-
ature for developing grapevine buds (Fuller
and Telli, 1999; Johnson and Howell, 1981b).
Air temperature in the freezer cabinet was
monitored by wireless temperature data log-
gers (iButton Fob, Model DS9093F; Em-
bedded Data Systems, Lawrenceburg, KY)
placed at four points across the cabinet at the
shoot height. Air temperature was recorded
every 2 min to monitor variation in temper-
ature in the freezer cabinet and among
freezing tests.

At the end of the freezing test, the samples
were transported to the growth room and 2 d
later, shoots were evaluated for freeze injury
by visual assessment. Injury on the young
shoots (leaves and apex) was assessed on
a five-point scale as in Fuller et al. (2003),
where 0 = no visible injury, 1 = slight, 2 =
moderate, 3 = severe, and 4 = complete kill.

Osmotic potential measurement. In Mar.
2015, buds were forced from stored
‘Albari~no’, ‘Cabernet Franc’, ‘Cabernet Sau-
vignon’, and ‘Pinot Grigio’ cuttings in the
growth chamber under the same growing
conditions of the cuttings used in the freezing
test. The cuttings were randomly assigned to
treatments C, KDL24, and KDL48. KDL was
applied following the same protocol used in
the freezing test. When shoots reached stage
nine of phenological development (modified
E–L system), leaf tissues were sampled,
immediately frozen in sealed test tubes, and
stored at –20 �C until Ys analysis. A total of
20 cuttings for each CV · FP combination
were selected for Ys measurements. There-
after, leaf tissues were thawed and 10 mL of
expressed leaf sap was used to measure the
osmolality using a 5500 vapor pressure os-
mometer (Wescor Inc., Logan, UT). Solu-
tions of sodium chloride (NaCl) were used
for the calibration of the osmometer. As
reported by Turner (1981), potential mixing
of symplast and apoplast solutions may cause
an overestimation of Ys. Osmotic pressure
(p, Pa) was calculated using the Van’t Hoff
equation and expressed as Ys (MPa):

p = m · R · T

where m is the osmolality (mol·kg–1), R is the
universal gas constant (J·mol–1·K–1), and T is
the thermodynamic temperature (K).

Controlled-freezing experiment on whole
vines. Sixteen 3-year-old ‘Noiret’ (Vitis hy-
brid) vines grown in 19-L pots were used for
this experiment. The vines were pruned to
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two canes of 12 ± 2 buds each in Nov. 2014
and stored in a cooler at 3 �C until Apr. 2015.
The vines were transferred outdoors at The
Pennsylvania State University Russell E.
Larson Agricultural Research Center at Rock
Springs, PA, and arranged in two rows with
the canes horizontally tied to a trellis wire to
promote uniform budburst. Half of the vines
(n = 8) were randomly assigned to the C
treatment, and the other half to the KDL24
treatment. Vines were visually evaluated for
budburst (stage four, modified E–L system)
twice a week.

A freezing test was performed when 70%
of the buds per vine reached or passed stage
four of development (modified E–L system).
Shoots and buds of the vines assigned to the
KDL24 treatment were sprayed with an
aqueous solution of KDL 1% (v/v) 24 h
before low-temperature exposure. The vines
were transported to Cornell University (Ithaca,
NY) where a customized programmable
freezer (Mitsubishi Reefer CPE-15; Mitsu-
bishi Heavy Industries, Tokyo, Japan) was
available. Three chambers separated by in-
sulated doors and walls had been previously
installed inside the freezer.

Phenological stage of each bud/shoot was
recorded and vines were sprayed with water,
again to induce extracellular ice nucleation,
immediately before positioning them in the
freezer. The vines were placed in a com-
pletely randomized arrangement in the mid-
dle freezer chamber. The middle chamber
measured 2.29 m · 3.35 m with a 0.91-m
door arc. Prior testing of the freezer with
potted vines suggested that –4 �C was the
minimum temperature needed to induce
moderate tissue injury in ‘Noiret’. Tempera-
ture was set to 6 �C the night before freezing
to stabilize temperatures inside the chamber.
Once the vines were placed inside the cham-
ber, temperature was held constant for 1 h
before decreasing by 1.5 �C per hour to a
minimum temperature of –4 �C. The mini-
mum temperature was held for 1 h before
increasing 2 �C per hour until reaching 7 �C.
Three temperature data loggers were used to
record air temperature every 2 min at differ-
ent locations in the freezer chamber. The
temperature data loggers were distributed
evenly and diagonally across the interior
freezer space.

After the freezing test was completed, the
vines were transported to The Pennsylvania
State University Agricultural Research Cen-
ter at Rock Springs, PA, and visually evalu-
ated for freeze injury 48 h following the
freezing test. Injury on the young shoots
was assessed on a five-point scale, similar
to the cuttings experiment.

Statistical analyses. Statistical analyses
were carried out using the SAS software
package (SAS Institute, Cary, NC). The ex-
perimental design was a completely random-
ized design for both experiments. In the
cuttings’ experiment, two-way analysis of
variance (ANOVA) was used to examine CV
and FP material treatments and their interac-
tion effect on incidence of shoot mortality and
Ys. Because the interactionwas not significant,

the main effects of CV and FP were compared
using the Tukey–Kramer adjustment for mul-
tiple comparisons. In the whole vines’ exper-
iment, one-way ANOVAwas used to examine
KDL24 effect on shoot mortality. In both
experiments, binomial distributed data (i.e.,
shoot mortality) were analyzed using Proc
GLMMIX employing the logit distribution
option. Osmotic potential data were analyzed
using Proc MIXED. Regression analysis was
used to explore relationship between stages of
phenological development and shoot mortality
for Noiret C vines.

Results

Controlled-freezing experiment on cuttings.
The temperature profile used injured the
young shoots. No variation in air temperature
among freezing tests was recorded. Of the
360 shoots evaluated for injury, only three
were assigned to class 2, moderate injury. All
the other shoots were scored either as 0 = no
visible injury, or 4 = complete kill. Likewise,
a clear bimodal distribution of score data, i.e.,
either no injury or complete injury, was
observed after a freezing test on whole grape-
vine, potato, and lemon plants (Fuller et al.,
2003). Therefore, only shoots assigned to
class 0 and 4 were used for data analyses.
Freeze injury was evaluated as shoot mortal-
ity, expressed as the percentage of dead shoots
over the total number of shoots tested.

The CV factor had the greatest impact on
shoot mortality (Table 1). Shoot mortality for
‘Albari~no’ was 19% (P = 0.035), 20% (P =
0.028), and 17% (P = 0.077) higher as
compared with that for ‘Cabernet Franc’,
‘Cabernet Sauvignon’, and ‘Pinot Grigio’,
respectively. Difference in shoot mortality
due to FP treatment was significant at PFP =
0.075 level. Shoot mortality of cuttings
sprayed with KDL 24 h before low-
temperature exposure was 16% lower than
that of unsprayed cuttings (P = 0.099). Shoot
mortality for C cuttings and those sprayed
with KDL 48 h before low-temperature
exposure was similar (P = 0.996). We elected
to use a more liberal critical value to test our
hypotheses (probability value of 10% instead
of 5%) (Table 1). As suggested by Marini
(1999), we presented the exact P value to

allow readers to develop their own interpre-
tation of the data to decide, for example, if
16% lower shoot mortality would be eco-
nomically important or not.

Cultivar and FP significantly influenced
Ys (Table 2). Osmotic potential ranged from
an average of –0.74 MPa for ‘Albari~no’ to
–0.98 MPa for ‘Pinot Grigio’. Osmotic po-
tential was lower for shoots treated with
KDL24 (P < 0.001) and KDL48 (P = 0.002)
than for C shoots.

Controlled-freezing experiment on whole
vines. Freeze injury scores on ‘Noiret’ shoots
revealed a clear bimodal distribution, i.e., the
shoots were either not injured or completely
injured similar to previous work (Fuller et al.,
2003). Shoot mortality was unaffected by
KDL application (P = 0.316) (Fig. 1). A
similar number of shoots in the C (50%)
and KDL24 (56%) ‘Noiret’ vines died after
the freezing test.

Data of C vines were used to explore the
relationship between freeze injury and pheno-
logical development. Our data showed that the
incident of shoot mortality was positively re-
lated to the stage of phenological development
(R2 = 0.81, P < 0.001) (Fig. 2). Shoot mortality
increased from 10% at stage three ‘‘wooly
bud’’ to 78% at stage 12 ‘‘shoots�10-cm long,
five leaves separated, and inflorescence clear.’’

Discussion

Our study used controlled-freezing tests
on single-bud cane cuttings and whole plants
to assess freeze injury in grapevine shoots in
the post-budburst stages. Incidence of shoot
mortality in response to freezing stress was
evaluated in relation to cultivar (controlled-
freezing experiment on cuttings) and stage
of phenological development (controlled-
freezing experiment on whole vines). The
impact on shoot mortality of a commercial
product (KDL) with potential cryoprotectant
properties was also evaluated.

Estimates of frost resistance under natural
conditions are challenging and complicated.
Frost events are unpredictable in nature and
limited detailed information is available on
minimum temperatures reached during frost
events as well as their duration (Neuner et al.,
1997). Hence, studies on frost resistance are

Table 1. Impact of cultivar (CV) and frost protection (FP) treatments on incidence of shoot mortality (%).

CV

Albari~no Cabernet Franc Cabernet Sauvignon Pinot Grigio Mean

FP Shoot mortality (%)

Cz 72y 61 54 56 60 ax

KDL24 67 27 41 44 44 b
KDL48 73 68 57 60 64 a
Mean 71 a 52 b 51 b 54 b

P value CV 0.020
P value FP 0.075
P value CV · FP 0.353
zFrost protection treatments abbreviation: C = control; KDL24 = KDL sprayed 24 h before low-
temperature exposure; KDL48 = KDL sprayed 48 h before low-temperature exposure.
yValues are percentages of 30 cuttings, except for Albari~no-KDL24 (n = 29) and Pinot Grigio-C (n = 29).
xWithin individual cultivar or frost protection treatment different letters indicate significant differences
between means at P < 0.1 level (Tukey’s test).
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often conducted under controlled conditions.
The use of excised shoots under controlled-
freezing conditions may increase frost re-
sistance of plant tissues when compared with
field observations or to freeze tests on whole

plants (Neuner et al., 1997). Nevertheless,
previous studies found that freeze injury data
obtained with laboratory-based tests corre-
sponded to those measured under natural
conditions (Barranco et al., 2005; Larcher,
1985). Neuner et al. (1997) suggested that
excised twigs/stems may have greater ability
to supercool, and therefore greater freeze
avoidance ability, than whole plants. This
could be related to a decreased probability of
active ice nuclei in samples of small size. In
our study, to reduce the chance of super-
cooling and to be able to assess freeze
survival, we sprayed plant material with
distilled water before exposure to low tem-
perature, as recommended by previous stud-
ies (Fuller et al., 2003; Johnson and Howell,
1981b; Pearce, 2001).

Shoot mortality varied significantly
among the four V. vinifera cultivars tested.
Previous research also indicated variability in
spring frost resistance between cultivars of
grapevine (Johnson and Howell, 1981b), as
well as sweet cherry (Kappel, 2010), high-
bush blueberry (Rowland et al., 2013), and
olive (Barranco et al., 2005) using either
controlled-freezing tests or under natural
conditions. To date, it is unclear what mech-
anism is behind the different level of freeze
injury observed in different cultivars at the
same stage of growth. Mechanisms suggested
include differences in concentration and ac-
tivity of ice nucleation–active bacteria or
intrinsic ice nucleators which impact freezing
temperature of plant tissues (Kappel, 2010).
Moisture content, which is considered to
increase freezing risk and reduce supercool-
ing, may also vary among cultivars (Rodrigo,
2000). Finally, differences in leaf morphol-
ogy and texture may account for differences
in leaf ice nucleation when ice nucleation is
caused by external ice (Fuller et al., 2003;
Johnson and Howell, 1981a).

Single-bud cuttings were collected from
grapevines exposed to the same environmen-
tal and growing conditions. Below average
air temperatures were recorded at the vine-
yard site for the two winters prior the study
(Tmin = –19 �C, 7 Jan. 2014; Tmin = –17 �C,
24 Feb. 2015). In the 2015 growing season,
a lower than average number of shoots

and clusters per vine were recorded for
‘Albari~no’ in response to winter cold injury
(unpublished data collected as part of the NE-
1020 project). No visual symptoms of winter
cold injury were observed in ‘Cabernet
Franc’, ‘Cabernet Sauvignon’, and ‘Pinot
Grigio’. Compromised health conditions of
‘Albari~no’ vines may have contributed to
lowered soluble carbohydrate concentrations
resulting in higher susceptibility to post-
budburst freeze injury compared with the
other cultivars tested. Accumulation of in-
tracellular water-soluble solutes, including
sugars, can decreaseYs and potentially cause
freeze-induced dehydration of cell proto-
plasm (Sakai and Larcher, 1987). Osmotic
potential for ‘Albari~no’ was indeed the high-
est among the four cultivars tested. Sugars
and other compounds such as lipids, soluble
proteins, and free proline may also enhance
membrane stability and preserve protein
structure and function (Jacobsen et al., 2007).

Although cultivars may have different
sensitivity to post-budburst freeze injury,
differences in natural development rates
could be more important than small changes
in frost resistance, as suggested by Johnson
and Howell (1981a). Early budburst cultivars
could still be subjected to higher risk of
spring freeze injury compared with those
with later budburst. Our work supports pre-
vious studies on the increase of freeze injury
with the advancement of bud/shoot develop-
ment (Fuller and Telli, 1999; Gardea et al.,
1993; Johnson and Howell, 1981a). How-
ever, while previous research only evaluated
a few stages of phenological development,
our study explored the extent of shoot mor-
tality over a wide range of growth stages,
varying from stage three to stage 12. We
found that shoot mortality in ‘Noiret’ vines
increased from 10% when the buds were still
dormant, but approaching budburst up to
78% when the shoots had five leaves sepa-
rated. Higher water content in advanced
compared with early stage of bud/shoot de-
velopment may in part explain differences in
freeze injury in response to phenological
stage (Fuller and Telli, 1999).

Our results indicated that shoot mortality
was, on average, 16% lower in KDL24-
treated shoots as compared with the C treat-
ment. No impact on shoot mortality was
observed when increasing the timing be-
tween KDL application and cold temperature
exposure (24 and 48 h). Similarly, KDL
sprayed 48 h before controlled-freezing test
did not protect flowers of strawberry plants
from freeze injury (Warmund and English,
1994). Future work could investigate if fur-
ther reducing the time interval between KDL
application and low-temperature exposure
(<24 h) may increase the product efficacy.
Nevertheless, KDL sprayed 24 h before low-
temperature exposure did not affect shoot
mortality for ‘Noiret’ vines. Different vine
species, experimental protocol, equipment
used, as well as low temperatures tested
(–3.5 and –4 �C) prevent direct comparison
of the outcomes of the two controlled-
freezing tests. Since no extra ‘Noiret’ plant

Table 2. Impact of cultivar (CV) and frost protection (FP) treatments on osmotic potential (Ys) of leaf
tissues.

CV

Albari~no Cabernet Franc Cabernet Sauvignon Pinot Grigio Mean

FP Ys (MPa)

Cz –0.70y –0.78 –0.77 –0.83 –0.77 ax

KDL24 –0.78 –0.89 –0.95 –1.08 –0.92 b
KDL48 –0.74 –0.87 –0.80 –1.02 –0.86 b
Mean –0.74 a –0.85 b –0.84 b –0.98 c

P value CV <0.001
P value FP <0.001
P value CV · FP 0.211
zFrost protection treatments abbreviation: C = control; KDL24 = KDL sprayed 24 h before low-
temperature exposure; KDL48 = KDL sprayed 48 h before low-temperature exposure.
yValues are averages of 20 cuttings.
xWithin individual cultivar or frost protection treatment different letters indicate significant differences
between means at P < 0.1 level (Tukey’s test).

Fig. 1. Percentage of not injured (black bars) and
completely injured (gray bar) ‘Noiret’ shoots
after the controlled-freezing test. Treatments
abbreviation:C= control;KDL24=KDLapplied
24 h before low-temperature exposure. Total
number of shoots analyzed for C and KDL24
treatments was 186 and 185, respectively.

Fig. 2. Relation between incidence of shoot mor-
tality (%) and stage of phenological develop-
ment (modified E–L system) for ‘Noiret’
control (C) vines. (R2 = 0.81; P < 0.001). For
each phenological stage the number of shoots
analyzed was: stage 3 (n = 40), 4 (n = 15), 5 (n =
20), 7 (n = 18), 8 (n = 17), 9 (n = 19), 10 (n =
15), 11 (n = 27), and 12 (n = 15).
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material was available for a freezing test on
cuttings, we were unable to assess if using the
same genotype in the two experimental sys-
tems (cuttings and whole vines) would have
generated similar results. Therefore, we
did not find a clear evidence of the efficacy
of KDL as a cryoprotectant against post-
budburst freeze injury. We recognize that
the effectiveness of KDL may be greater
under a natural frost event, different exper-
imental protocols, or higher temperatures
tested.

Although it has been suggested that
changes in osmotic solutes may be corre-
lated with frost resistance mechanisms
(Levitt, 1980), there is no information
available on how Ys in leaf tissues relates
to differences in post-budburst frost resis-
tance. Only one study measured Ys follow-
ing applications of FP products (Wilson,
2001). Among the three treatments, the
lowest Ys was observed in the KDL24-
treated shoots, which translated to the
lowest mortality of shoots assigned to this
treatment. However, KDL48-treated shoots
exhibited lower Ys but similar shoot mor-
tality as compared with the C shoots. It may
be possible that the change in Ys was too
small to increase frost resistance of the
tissue. Moreover, although KDL was ap-
plied a low concentration (1% v/v), we
cannot preclude the possibility that resi-
dues of salt (i.e., potash) on the leaf surface
affected osmolality values. Finally, induced
protection mechanisms against freeze
injury involve multiple factors, includ-
ing osmotic, but also membrane protec-
tion mechanisms (Coughlan and Heber,
1982).

To shed light on the mode of action
behind KDL, foliar application of the brown
seaweed ingredient A. nodosum should be
tested. A. thaliana plants exhibited in-
creased cold temperature resistance when
irrigated with an A. nodosum extract (Rayirath
et al., 2009). Furthermore, A. thaliana plants
treated with the seaweed extract showed
a greater freezing recovery as compared
with untreated plants. Rayirath et al.
(2009) suggested that chemical compo-
nents in A. nodosum extracts protected
cell membrane integrity and affected the
expression of genes involved with stress
response, including frost resistance. How-
ever, it is not clear if foliar application
could result in a similar plant response.
We suggest that future studies should
consider foliar seaweed extract application
rather than irrigation due to its practical
relevance.

Frost protection of grapevine following
budburst is a major concern for grapevine
producers, particularly in light of changing
climatic conditions and a projected increase
in unpredictable weather patterns like early
spring warming and late spring frosts
(Mosedale et al., 2015). Planting late burst-
ing cultivars still appears to be a more
reliable method for avoiding spring frost
injury as compared with the use of cryopro-
tectant products.
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