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Chilling injury is reduced in cucumber and rice seedlings
and in tomato pericarp discs by heat-shocks applied after

chilling

Mikal E. Saltveit *
Department of Vegetable Crops, Mann Laboratory, Uni6ersity of California, One Shields A6e., Da6is, CA 95616-8631, USA

Received 9 March 2000; accepted 13 June 2000

Abstract

A number of abiotic shocks (e.g. heat-shock) applied before chilling have previously been shown to increase the
chilling tolerance of cucumber and rice seedlings and of tomato fruit. The subsequent rate of radicle growth after
chilling of these seedlings is a sensitive measure of chilling injury as is the subsequent increase in ion leakage from
chilled discs of tomato pericarp fruit tissue. Data is presented to show that a brief heat-shock applied after chilling
also decreases the subsequent development of chilling injury symptoms in cucumber and rice seedlings and in tomato
pericarp discs. Development of this post-chilling, heat-shock induced tolerance is optimal if applied 1 h after removal
from chilling, so induced synthesis of heat-shock proteins is not excluded as a possible mechanism of action. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

Chilling injury is a physiological disorder that
occurs in a number of agriculturally important
crops such as avocado, banana, cucumber, maize,
rice, and tomato (Saltveit and Morris, 1990;
Saltveit, 2000). Its severity is dependent on the
duration of exposure and the degrees below the
non-freezing threshold temperature of around
12°C. Chilling injury symptoms, that include re-
duced vigor, abnormal ripening, stimulated respi-

ration and ethylene production, increased
permeability of cellular membranes, and increased
disease susceptibility, can be reduced by a number
of pre- and post-chilling treatments (Lyons, 1973;
Saltveit and Morris, 1990; Saltveit, 2000). A num-
ber of abiotic stresses (e.g. cold-shock, ethanol,
heat-shock, osmotic shock, and salinity) applied
before chilling increases chilling tolerance
(Saltveit, 1991; Collins et al., 1993; Jennings and
Saltveit, 1994). A significant increase in chilling
tolerance is conferred on seedling radicles of cu-
cumber, maize and tomato (Rab and Saltveit,
1996b), and rice (Mangrich and Saltveit, 2000b),
and tomato pericarp discs (Saltveit, 1991) by heat-
shocks applied before chilling.
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Pre-chilling heat-shock treatments that increase
chilling tolerance are thought to work through the
induced synthesis and accumulation of specific
heat-shock proteins (hsps) (Lafuente et al., 1991;
Collins et al., 1995; Sabehat et al., 1996). These
hsps could act as chaperones to protect chilling-
sensitive components of the cell, e.g. enzymes and
membranes (Vierling, 1991).

Research reported in this paper describes the
effects of post-chilling heat-shock treatments on
the development of chilling injury symptoms in
cucumber and rice seedlings and in excised discs
of tomato pericarp tissue.

2. Materials and methods

2.1. Plant material

Cucumber (Cucumis sati6us, L., cv. Poinsett 76)
and rice (Oryza sati6a L., cv. M202) seeds were
obtained from a local vendor. Five g of seeds were
imbibed in 1-l aerated water overnight at 20°C.
Imbibed seeds were transferred to moist paper
toweling overlying capillary cloth which was sand-
wiched between two 15×30 cm Plexiglas plates
(6-mm thick) that were held together with rubber
bands. The seeds were oriented normally in the
radicle down position and the units were held in a
vertical position at 25°C in a humid, ethylene-free
atmosphere for about 24 h, or until the radicles
were about 10-mm long.

Germinating seeds with 1091-mm long radi-
cles were removed from the large Plexiglas sand-
wich and gently transferred to moist paper
toweling overlying capillary cloth and sandwiched
between 7×13 cm Plexiglas plates (3-mm thick)
as before. Each smaller plate held seven seedlings
and was treated as a unit of replication. The
plates were positioned vertically in a 20×26×14
cm tall white translucent plastic tub and covered
with aluminum foil. The trays were either held at
25°C for the initial measurements of radicle
growth, or chilled at 2.5°C before being moved to
25°C for the growth measurements.

Mature-green tomato fruit were obtained from
the Vegetable Crop Department’s field facility
(UC Davis) or from local commercial sources.

The fruit were washed and pericarp discs excised
with a 1-cm diameter cork borer. The pericarp
discs were trimmed of adhering locular tissue to
produce �5-mm thick discs which were washed 3
times in deionized water and blotted dry. Three to
four discs from each fruit were put into one sector
of the four-sectored plastic petri dish with the
epidermis surface down. The dishes were put into
plastic tubs lined with wet capillary cloth. The top
was covered with aluminum foil and the tub
placed at 20°C for 18 h. The tubs were then held
at 2.590.2°C.

2.2. Application of heat-shocks

Each small plate of cucumber or rice seedlings
with 1091 mm long radicles was placed in a
plastic bag and immersed in 40 or 45°C water.
The bagged plates were then held for 15 min in
room temperature water before being removed
from the bags and placed in plastic tubs lined with
wet capillary cloth. The plastic petri dishes con-
taining the tomato pericarp discs were heat-
shocked by floating them on 45°C water. The
dishes were then floated on room temperature
water for 15 min before being placed in plastic
tubs lined with wet capillary cloth.

In some series of experiments the dishes or
plates were removed from chilling and held at
20°C for varying lengths of time (0–18 h) before
being heat-shocked at 45°C for 10 min. The plates
of chilled cucumber and rice seedlings were placed
at the 25°C growth temperature after the heat-
shock. The ion leakage from the pericarp discs
was either immediately measured after the heat-
shock, or the dishes were held at 20°C for 18 h
before ion leakage was measured.

2.3. Measurement of chilling injury

The extent of chilling injury of the cucumber
and rice seedlings was measured as the subsequent
linear growth of the radicle after chilling (Rab
and Saltveit, 1996a) by a method modified from
that previously described (Jennings and Saltveit,
1994). Radicle length was measured with a clear
ruler to the nearest mm before and after treat-
ment, after chilling, and periodically during
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growth at 25°C. The growth measurements for
each seedling were regressed over time and the
slope and correlation coefficient calculated. Only
growth rates with R2 greater than 0.99 were used
in the analysis.

After chilling at 2.5°C, the dishes were removed
to 25°C for 2 h before two pericarp discs were put
into 20 ml of an isotonic 0.3 M mannitol solution.
The conductivity of the solution was periodically
read (e.g. at 0.5, 1.5, 3.0 h), and the tubes were
gently shaken between readings. The tubes were
then capped, and frozen and thawed twice with
shaking over the next few days. The total conduc-
tivity of the solution was read after the tubes had
come to room temperature (ca. 20°C).

2.4. Statistical analysis

All experiments were replicated with similar
results. Each treatment had at least seven repli-
cates. Means and S.E.s were calculated from the
data. Linear regressions were calculated for the
change in radical length and solution conductivity

over time to find the rate of radical growth and
the rate of ion leakage, respectively.

3. Results and discussion

3.1. Heat-shocks reduce chilling-induced inhibition
of cucumber radicle growth

As previously shown (Mangrich and Saltveit,
2000a), the rate of cucumber seedling radical
growth was reduced by about 10% for each day of
chilling at 2.5°C for the first 3 days (Fig. 1). The
rate of radicle growth is given by the linear equa-
tion: rate (mm/h)=1.10− (days of chilling at
2.5°C×0.104), with an R2 of 0.97. Extending the
chilling period beyond 3 days resulted in a much
more rapid reduction in subsequent radical elon-
gation. For example, 3 days of chilling at 2.5°C
reduced subsequent radical growth by 32% from
1.1090.08 mm/h for the non-chilled control to
0.7590.7 mm/h. In contrast, 4 and 5 days of
chilling reduced growth by 71 and 89% to 0.329
0.05 and 0.1290.05 mm/h, respectively.

Fig. 1. Radicle growth rate at 25°C of cucumber seedlings with radicles initially 1091 mm long either heat-shocked at 45°C for 0
or 8 min and chilled at 2.5°C for 0–5 days. The linear regression line for the chilling induced reduction in subsequent radical
elongation for 0–3 days of chilling is shown as a dashed line. The vertical bar associated with each mean represents the standard
error about that mean.
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Fig. 2. Rate of cucumber seedling radicle growth at 25°C after chilling at 2.5°C for 4 or 5 days. The seedlings had radicles initially
1091 mm long and were heat-shocked at 45°C for 0–15 min 1.0 h after removal from chilling. The vertical bar associated with each
mean represents the standard error about that mean.

An 8 min, 45°C heat-shock applied 1 h before
chilling had no effect on the linear reduction in
radicle growth caused by 0–3 days of chilling, but
it was able to almost completely eliminate the
non-linear component of the reduction in elonga-
tion (Fig. 1). For example, after 4 and 5 days of
chilling at 2.5°C the rate of subsequent radicle
growth in the heat-shocked seedlings was 0.669
0.06 and 0.5090.6 mm/h, respectively, which are
very close to the calculated rates from the linear
regression equation of 0.65 and 0.53 mm/h.

Applying a 45°C heat-shock 1 h after removal
of the cucumber seedlings from 4 or 5 days of
chilling at 2.5°C significantly increased the rate of
subsequent radicle elongation (Fig. 2). An in-
crease in the radicle growth rate was achieved
with 3 and 6 min of heat-shock to seedlings
chilled for 4 days, while 15 min was needed to
significantly increase the radicle growth rate in
seedlings chilled for 5 days. The maximum rate of
radicle growth for seedlings chilled for 4 days was
0.7190.07 mm/h, which is close to the rate of
0.65 mm/h calculated from the linear regression
equation. Five days of chilling is a very severe

treatment, but 15 min of heat-shock at 45°C was
able to increase the subsequent rate of radicle
elongation to 0.4890.3 mm/h, which is again
close to the rate of 0.53 mm/h calculated from the
linear regression equation for 5 days of chilling.

3.2. Heat-shocks reduce chilling-induced inhibition
of rice radicle growth

Rice seedling radicles are more sensitive to
chilling than cucumber radicles (Mangrich and
Saltveit, 2000b; Saltveit, 2000). Whereas chilling
for 24 h at 2.5°C caused a 12% decline in subse-
quent elongation of cucumber seedling radicles
initially 1091 mm in length (Fig. 1), the same
chilling treatment caused a 95% reduction in rice
with radicle initially 1091 mm in length (Man-
grich and Saltveit, 2000b). Chilling-induced inhi-
bition of subsequent radical growth was reduced
to around 50 and 78% by chilling at 5°C for 24
and 48 h, respectively. Radicles of non-chilled
seedlings grew at a rate of 1.1690.09 mm/h.

Heat-shocks at 45°C applied after chilling in-
creased seedling chilling tolerance so that the rate
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of radicle elongation increased linearly from
0.7190.03 mm/h for non-heat-shocked seedlings
chilled for 18 h at 5°C to 0.8590.02 mm/h for
chilled seedlings heat-shocked for 12 min (Fig. 3).
Increasing the duration of the heat-shock beyond
12 min resulted in reduced rates of elongation
such that the rate of radicle growth was 0.809
0.01 mm/h after 18 min of heat-shock. The opti-
mum heat-shock treatment of 12 min gave a rate
of radicle growth that was still 27% below that of
the non-chilled seedlings. None of the heat-shock
treatments which have been applied to chilling-
sensitive tissues (e.g. cotton, cucumber, kenaf,
maize, mung bean, okra, and tomato) have been
able to completely eliminate the detrimental effect
of chilling (Collins et al., 1993; Jennings and
Saltveit, 1994; Rab and Saltveit 1996b; Mangrich
and Saltveit, 2000b). As with cucumber seedling
radicles (Mangrich and Saltveit, 2000a), there may
be two components to chilling injury in most
chilling sensitive tissue: damage which accumu-
lates linearly with the duration of chilling, and
damage which accumulates exponentially after a
‘threshold’ is reached. The exponential compo-

nent appears to be reversible with heat-shock
treatments, while the linear component is
irreversible.

3.3. Heat-shocks reduce ion leakage from chilled
tomato pericarp discs

Chilling increased the rate of ion leakage from
1 cm×5 mm thick pericarp discs excised from
mature-green tomato fruit. The rate of ion leak-
age increased from 1.490.12% of total conduc-
tivity per hour for non-chilled discs to 4.690.26,
and 7.990.51 for discs chilled at 2.5°C for 4 and
7 days, respectively (Fig. 4). Heat-shocks applied
either 1 h before chilling or 1 h after chilling
reduced the rate of ion leakage by about the same
amount. The rate of leakage from discs chilled for
4 days slowly declined to 4.490.33% of total per
hour as the duration of heat-shock increased to 4
min, and then declined more rapidly to 3.890.39
at 10 min. The decline continued for tissue heat-
shocked before chilling, reaching 3.490.35 at 16
min, while it only slightly changed to 3.890.37 in
discs given 16 min of heat-shock after chilling.

Fig. 3. Rate of rice seedling radicle growth at 25°C after chilling at 5.0°C for 18 h. The seedlings had radicles initially 1091 mm
long and were heat-shocked at 45°C for 0–18 min 1.0 h after removal from chilling. The vertical bar associated with each mean
represents the standard error about that mean.
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Fig. 4. Rate of ion leakage from 1-cm diameter×5-mm thick pericarp discs excised from mature-green tomato fruit. The discs were
heat-shocked for 0–16 min at 45°C either before or after being chilled for 4 or 7 days at 2.5°C. The conductivity of 20-ml of 0.3
M mannitol containing two discs was periodically measured over a period of 3 h. The conductivity readings were converted to a
percent of the total conductivity and the rate of increase calculated from the periodic readings. The vertical bar associated with each
mean represents the standard error about that mean.

The pattern of the heat-shock-induced reduc-
tion in ion leakage was roughly the same for
tissue chilled for 7 days as it was for tissue chilled
for 4 days. Leakage from tissue heat-shocked
before 7 days of chilling declined linearly from
7.990.51 to 6.490.32% of total per hour for
0–8 min of heat-shock, respectively. Extending
the duration of heat-shock beyond 8 min caused a
much smaller decline in leakage, reaching 6.29
0.39 for 16 min of heat-shock. The decline in ion
leakage for tissue heat-shocked after chilling did
not start until the heat-shock duration exceeded 4
min. The rate of ion leakage declined from 7.99
0.45% of total per hour for 4 min of heat-shock to
6.690.29 for 8 min. Extending the duration of
the 45°C heat-shock beyond 8 min did not result
in any further significant reduction in ion leakage.

3.4. Timing of the heat-shock after chilling

A 45°C heat-shock was able to reduce the
development of the chilling-induced reduction in

the rate of radical elongation, and increase in ion
leakage by about the same amount whether it was
applied before or after chilling. The induced syn-
thesis of heat-shock proteins is thought to be
involved with the ability of a heat-shock to in-
crease chilling tolerance (Collins et al., 1995;
Sabehat et al., 1996). If protein synthesis is also
involved in the tolerance induced by heat-shocks
applied after chilling, then the timing of the heat-
shock after chilling should be important.

The rate of ion leakage was relatively constant
at 8.390.31% of total conductivity per hour for
tomato pericarp discs chilled at 2.5°C for 7 days
and then held at 20°C for 0.0, 1.0, 3.0, or 6.0 h, or
for an additional 18 h (i.e. 18.0, 19.0, 21.0, or 24.0
h after removal from chilling) (Fig. 5). Heat-
shocking the tissues at 45°C for 10 min increased
the rate of ion leakage to 9.790.42% of total
conductivity per hour across all times of removal
when the leakage measurement was started within
15 min of heat-shocking the tissue. However, if
the heat-shocked tissue were held for an addi-
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tional 18 h at 20°C before the conductivity mea-
surements were taken, then there was a significant
reduction in ion leakage at the 1 h removal time.
After holding at 20°C for 18 h, the average rate of
ion leakage for the 0, 3, and 6 min heat-shock
treatments (i.e. 8.490.60% of total conductivity
per hour) was similar to that of the non-heat-
shocked tissue (8.390.31), while the rate of leak-
age for the 1 h treatment (i.e. 6.490.32% of total
conductivity per hour) was significantly lower.

3.5. Heat-shocks before and after chilling

Damage to cells and tissues caused by chilling is
though to occur primarily during exposure to the
chilling temperature, while development of chill-
ing injury symptoms mainly occurs upon removal
from chilling to a warm, non-chilling temperature
(Lyons, 1973; Saltveit and Morris, 1990; Saltveit,
2000). However, some symptoms such as excessive
water loss and surface pitting can develop during
prolonged storage at chilling temperatures. Pro-
tective treatments such as temperature condition-

ing and heat-shocks that are applied before
chilling are thought to make tissue more resistant
to the physiological damage that occurs during
chilling. Treatments applied during chilling, such
as storage under controlled atmosphere and inter-
mittent warming are thought to work either by
preventing chilling damage, or by allowing the
periodic repair of chilling damage at the warm,
non-chilling temperature. In contrast, post-chill-
ing treatments such as storage under high relative
humidity or rapid use of the commodity seek to
minimize the development of chilling injury
symptoms.

Heat-shocks applied before chilling induce the
synthesis of hsps, which are thought to act as
chaperones (Vierling, 1991) which could protect
sensitive enzymes and membrane components
from the ‘phase changes’ that are thought to
underlie chilling injury (Saltveit, 2000). The obser-
vation that a heat-shock applied after chilling can
be as effective in reducing the development of
chilling injury symptoms as a heat-shock applied
before chilling implies that the protective effect of

Fig. 5. Rate of ion leakage from 1-cm diameter×5-mm thick pericarp discs excised from mature-green tomato fruit. After being
chilled at 2.5°C for 7 days, discs were moved to 20°C 0, 1, 3, or 6 h before being heat-shocked for 10 min at 45°C. The rate of ion
leakage was then either immediately measured or the discs held at 20°C for an additional 18 h before ion leakage was measured.
The rate of ion leakage was measured as described in Fig. 4. The vertical bar associated with each mean represents the standard
error about that mean.
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heat-shocks may not be through protecting the
tissue during chilling but by protecting or prevent-
ing something from happening after the chilled
tissue is warmed.

In wounded lettuce tissue, heat-shocks prevent
the synthesis of wound-induced proteins of phe-
nolic metabolism by diverting protein synthesis
away from the wound response and toward the
synthesis of heat-shock induced proteins (Loaiza-
Velarde et al., 1997). Similarly, the beneficial ef-
fect of a heat-shock applied after chilling may not
be through its induction of the synthesis of
proteins which reduce the development of symp-
toms, but through the prevention of some set of
reactions which produce the symptoms of chilling
injury.

If the cellular damage associated with chilling
injury has already happened during chilling, then
a heat-shock applied after chilling could not pre-
vent this damage, but it could prevent expression
of the incurred damage as symptoms. However, if
damage does not occur during chilling but occurs
when the tissue is warmed after being chilled, then
the induced synthesis of hsps could be protective
if their synthesis occurred before the injury be-
came manifest. Since the level of chilling damage
increases with increasing duration at the chilling
temperature, it is not simply the transition be-
tween the chilling and non-chilling temperatures
that induced chilling injury. There must be some-
thing happening during the period of chilling
which, if not actually causing the injury, at least
predisposes the tissue to develop the symptoms of
chilling injury.

If protection by the heat-shock after chilling
was caused by its interfering with some sequence
of reactions initiated by the transition from the
chilling to the warm, non-chilling temperature,
then the timing of the heat-shock would be very
crucial. The rate of ion leakage was similar when
it was measured either 0, 1, 3 or 6 h after removal
from chilling or after an additional 18 h at 20°C
(Fig. 5). A 10 min heat-shock at 45°C stimulated
ion leakage around 20% if it was measured imme-
diately after the heat-shock, while waiting 18 h
after the heat-shock to measure ion leakage al-
lowed the tissue to recover so ion leakage was
similar to the non-heat-shocked tissue for the 0, 3,

and 6 h times of removal from chilling. This
means that the chilled tissue was not responsive to
the heat-shock if it was applied immediately after
chilling or 3–6 h after chilling. However there was
a window around 1 h after chilling when the
tissue was responsive and the heat-shock signifi-
cantly reduced ion leakage. This could be inter-
preted to mean that the chilled tissue was
unresponsive to the inductive aspects of the heat-
shock when it was just removed from chilling and
still recovering from that stress, and that by 3 h
the injury sustained during chilling had already
exerted its effect and the response induced by the
heat-shock was too late to overcome the develop-
ment of chilling injury symptoms. The data pre-
sented in this paper will require a rethinking of
the mode of action by which heat-shocks can
reduce chilling injury when either applied before
or after chilling.
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