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Abstract Paclobutrazol (PBZ) is a member of the tria-
zole plant growth inhibitor group that is responsible for
inducing tolerance to a number of biotic and abiotic
stresses. An experiment was therefore conducted to
examine whether the application of PBZ at various con-
centrations (0, 25, 50, and 75 mg 1_1) by seed soaking or
foliar spray would protect cucumber (Cucumis sativus)
seedlings subjected to high-temperature stress. Thirty-five-
day-old seedlings were exposed to heat stress at 40°C for
4 h per day for 5 days. PBZ improved the majority of the
physiological (for example, relative chlorophyll content
and chlorophyll fluorescence ratio) and morphological
parameters (for example, shoot and root fresh and dry
weights) measured in cucumber seedlings subjected to
high-temperature stress. PBZ ameliorated the injuries
caused by heat stress by increasing leaf proline content and
preventing an increase in leaf electrolyte leakage. PBZ was
more effective at increasing the heat tolerance of cucumber
seedlings when using the seed-soaking method rather than
the foliar spray method. The best protection was obtained
when seeds were soaked in 50 mg 1~' PBZ.

Keywords Application method - Cucumis sativus -
High-temperature stress - Paclobutrazol
Introduction

Heat stress due to increased temperature is an agricultural
problem in many areas in the world. Transitory or
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constantly high temperatures cause an array of physiolog-
ical changes in plants such as photosynthesis dark respi-
ration, membrane stability, and mitochondrial respiration,
which affect plant growth and development and may lead
to a drastic reduction in economic yield (Almeselmani and
others 2006; Wahid and others 2007). Due to an excessive
excitation of the respiratory and photosynthetic electron
transport systems, high temperature increases the produc-
tion of reactive oxygen species (ROS) such as superoxide
and hydrogen peroxide (Mishra and Singhal 1992; Dat and
others 1998), which are toxic to plants.

The development of methods to induce stress tolerance
in plants is vital and still receives considerable attention.
Approaches taken to develop stress-tolerant plants include
genetic engineering (McKersie and others 1988), breeding
(Vettakkorumakankav and others 1999), in vitro selection,
and the use of growth regulators (Senaratna and others
2000). Paclobutrazol (PBZ) [(2RS, 3RS)-1-(4-chloro-
phenyl)-4,4-dimethyl-2-(1,2,4-triazol-1-yl) pentan-3-ol], a
member of the triazole plant growth inhibitor group, is a
broad-spectrum gibberellin biosynthesis inhibitor (Davis
and Curry 1991). Triazoles have both fungitoxic and plant-
growth regulatory effects (Webb and Fletcher 1996). They
also increase tolerance of various plant species to biotic
and abiotic stresses, including fungal pathogens, drought,
air pollutants, and low- and high-temperature stress
(Fletcher and others 2000). Therefore, the triazoles have
been characterized as plant multiprotectants (Fletcher and
others 2000). There is evidence that components of the
photosynthetic system and molecules that regulate antiox-
idant activity constitute some of the principal targets for
triazole-induced enhancement of stress tolerance (Kraus
and Fletcher 1994). PBZ has been reported to confer pro-
tection to plants experiencing stress by reducing oxidative
damage via elevation of antioxidants or reducing the
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activity of oxidative enzymes (Lin and others 2006). Kraus
and Fletcher (1994) reported that the damage caused by
heat stress was due in part to increased generation of active
oxygen, and that PBZ protected wheat plants by main-
taining increased antioxidant enzyme activity. PBZ nor-
mally is applied as a foliar spray or growth medium drench
(Still and Pill 2004).

High temperature in summer is common in the regions
of Iran where cucumbers are grown extensively; it affects
the growth of plants and reduces the yields of marketable
fruit. According to our knowledge, there are no reports on
the effects of exogenous PBZ enhancing cucumber toler-
ance to heat stress. Therefore, the objectives of this work
were to determine (1) which method of PBZ application
would be more effective and (2) the optimum concentration
of PBZ that could provide the best protection against high-
temperature stress.

Materials and Methods
Plant Material and Cultural Practice

Cucumber seeds (Cucumis sativus L. cv Super Aston;
Asgrow Vegetable Seeds, Saticoy, CA, USA) were used in
this experiment. Seeds were disinfested in a 1% (v/v, active
ingredient) sodium hypochlorite solution for 10 min to
eliminate possible seed-borne micro-organisms, then rinsed
for 1 min under running water prior to drying for 30 min at
room temperature.

Eighty seeds were soaked in PBZ at 0 (control), 25, 50,
or 75 mg 17" (20 seeds treated at each concentration) for
24 h at room temperature (23 £ 2°C), after which the
seeds were washed and immediately planted. Five seeds
were sown in 1.5-1 plastic pots filled with a 1:1:1 (v/v)
mixture of fine sand, leaf mould, and soil. One week after
emergence, the emerged ones were thinned to three seed-
lings per pot. The pots were then transferred to a green-
house with an average temperature of 25.5/19.5°C (day/
night) and natural light.

Before sowing, a second batch of seeds was soaked in
distilled water under the same conditions as above to obtain
60 seedlings for the foliar application of PBZ at the con-
centration above; these seedlings were also raised in a
greenhouse under the same conditions. When the seedlings
had two true leaves (35 days after sowing), they were
sprayed with O (control), 25, 50, or 75 mg 1=! PBZ until
both sides of all the leaves were completely wet.

The layout was a 2 x 4 factorial experiment in a com-
pletely randomized design with four replications and three
plants per replication (plastic pot).
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Stress Imposition

One week after the foliar PBZ application and 5 weeks
after the seed treatment, all seedlings (seed soaked + foliar
spray) were exposed to heat stress by transferring plants to
a growth chamber and increasing the temperature from 25
to 40°C over 1 h, and holding at 40°C for 4 h before
returning them to the greenhouse (Still and Pill 2004). The
stress period was repeated for 5 days. All plants were
assessed 24 h after the end of high-temperature stress to
determine the extent of injury (Shi and others 2006), and
data were collected.

Relative Leaf Chlorophyll Content (RLCC)

Relative total leaf chlorophyll content of the youngest fully
expanded leaf of all three plants per replicate was deter-
mined by using a chlorophyll content meter (Hansatech
Instrument Ltd, King’s Lynn, Norfolk, UK). Relative leaf
chlorophyll content is measured using dual-wavelength
optical absorbance (620- and 940-nm wavelength) from
leaf samples. The chlorophyll meter readings were used as
relative values for chlorophyll content (Kapotis and others
2003).

Electrolyte Leakage

Electrolyte leakage was used to assess membrane perme-
ability. This procedure was based on that of Lutts and
others (1996). Electrolyte leakage was measured using an
electrical conductivity meter (CC-501, Elmetron, Zabrze,
Poland). Five leaf discs of one randomly chosen plant per
replicate sample were taken from the youngest fully
expanded leaf. After three washes with distilled water to
remove surface contamination, the five leaf discs were then
placed in a test tube containing 10 ml distilled water. The
samples were incubated at room temperature, on a shaker,
for 24 h. The electrical conductivity (EC) of the solution
(EC)) was then read after incubation. The same samples
were then placed in a boiling water bath for 20 min and a
second EC reading (EC,) was taken after cooling the
solution to room temperature. Electrolyte leakage was then
calculated as EC,/EC, and expressed as a percentage.

Chlorophyll Fluorescence

Measurements of the maximum efficiency of photosystem
IT photochemistry (F,/F,,) were performed using a plant
efficiency analyzer (Hansatech Instrument Ltd.) after
30 min of dark adaptation. The F,/F,, ratio was calculated
as:
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FV/F :(Fm_FO)/Fm

where F,, and F are the maximum and basal fluorescence
yields, respectively, of dark-adapted leaves (Abreu and
Munne-Bosch 2008).

Proline Determination

Proline was determined according to the method described
by Bates and others (1973). Seedlings (0.5 g of fresh leaf
material) were homogenized with 10 ml of 3% aqueous
sulfosalicylic acid and filtered through Whatman’s No. 2
filter paper. Two milliliters of filtrate was mixed with 2 ml
of acid-ninhydrin and 2 ml of glacial acetic acid in a test
tube. The mixture was placed in a water bath for 1 h at
100°C. The reaction mixture was extracted with 4 ml of
toluene and the chromophore containing toluene was
aspirated and cooled to room temperature; then the absor-
bance was measured at 520 nm with a Shimadzu UV 160A
spectrometer (Shimadzu Corporation, Kyoto, Japan).
Appropriate proline standards (Sigma Chemical Co., St.
Louis, MO, USA) were included for calculation of proline
in the sample.

Shoot and Root Characteristics

The shoots of seedlings were cut off at the level of the
substrate and their fresh weights (FWs) were recorded. The
roots of seedlings were washed carefully under running tap
water to remove all traces of growth medium, then dried
with paper towels to remove the surface water and their
FWs were also recorded. The shoots and roots were dried at
80°C for 72 h and their dry weights (DWs) were deter-
mined.

Statistical Analysis
Data were analyzed for significant differences using a

factorial analysis of variance, with PBZ application method
and PBZ concentration as the main factors. Statistical

analysis was performed using the MSTATC v1.4 statistical
software program (Michigan State University, East Lan-
sing, MI, USA), and means were compared using the least
significant differences (LSD) test at P = 0.05.

Results and Discussion

Our results showed that RLCC was affected by both the
method of PBZ application and PBZ concentration (Table 1).
Plants treated by the seed soak method showed greater RLCC
compared with plants treated via the foliar spray method
(Table 2). All concentrations of PBZ increased RLCC sig-
nificantly compared with the control. However, 25 and
50 mg 1~' PBZ concentrations were more effective. There
was a significant interaction between the method of PBZ
application and PBZ concentration. There was an increase
in the RLCC when 50 mg 17! PBZ was applied by the
seed-soaking method (Tables 1, 2). This result is in
agreement with those reported by Zhou and Leul (1999) in
winter rape; they found that triazole-treated plants had less
of a decrease in chlorophyll concentrations than the non-
treated plants following heat stress. The higher RLCC of
PBZ-treated cucumber leaves may be related to its influ-
ence on the endogenous cytokinin content. Fletcher and
others (1982) showed that plants treated with PBZ syn-
thesize more cytokinin that in turn enhances chloroplast
differentiation and chlorophyll biosynthesis and prevents
chlorophyll degradation. The use of GA biosynthesis
inhibitors increased cytokinin content in Dianthus caryo-
phyllus (Sebastian and others 2002).

An increase in electrical conductivity indicates elevated
leakiness of ions due to a loss of membrane integrity. This
is an inherent feature of plants that are exposed to stresses
such as extreme heat (Kraus and Fletcher 1994). The
method of PBZ application and PBZ concentration, but not
the interaction between the two, significantly affected
electrolyte leakage (Table 1). Cucumber seedlings treated
by the seed-soaking method showed significantly lower
percentages of leaf electrolyte leakage than those treated by

Table 1 Analysis of variance (ANOVA) of application method (A), PBZ concentration (P), and their interaction (A x P) for physiological and
morphological parameters in cucumber seedlings subjected to high-temperature stress

Source of variance df P values

RLCC EC,/EC, FJ/F,, PC SFW SDW RFW RDW
A 1 0.002 0.001 0.037 0.012 0.0001 0.0001 0.0001 0.0001
P 3 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
A x P 0.027 0.82 0.51 0.031 0.0001 0.0001 0.0001 0.0001
Error 24 - - - - - - - -

RLCC relative leaf chlorophyll content, EC;/EC, leaf electrolyte leakage, F\,/F,, chlorophyll florescence ratio, PC proline content, SFW shoot
fresh weight, SDW shoot dry weight, RFW root fresh weight, RDW root dry weight
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Table 2 Effect of PBZ

-1 .
concentration and method of PBZ (mg 1) RLCC EC/EC, (%) FJF,, Proline
L. . . content
application on physiological
parameters of cucumber Application method
seedlings subjected to high- N
temperature stress Seed soak 0 2.80e 40.26a 0.71cd 161.7¢c
25 6.23ab 25.71c 0.77ab 193.5b
50 6.52a 16.24de 0.77ab 215.7a
75 5.71bc 14.51e 0.79a 208.9a
Foliar spray 0 3.09 43.62a 0.70d 166.4c
25 5.44c 30.26b 0.73b—d 191.4b
50 5.94a—c 17.45de 0.75a— 193.0b
75 4.79d 19.55d 0.78a 192.0b
Means for application method
* Values followed by the same Seed soak 5.32a 24.18b 0.76a 194.9a
letter within the column are not Foli 489b 2779 074b 185.7b
significantly different at olar spray ) -fea ) :
P < 0.05 Means for PBZ concentration
RLCC relative leaf chlorophyll 0 2.95¢ 41.94a 0.71c 164.0c
content, EC}/EC; electrolyte 25 5.84a 27.99b 0.75b 192.5b
leakage, F/F,y chlorophyll 50 6.23a 16.84c 0.76ab 204.4a
fluorescence ratio, PC proline
75 5.25b 17.03c 0.78a 200.6ab

content (1g g’l FW)

foliar spray application (mean values of 24.18 vs. 27.72%,
respectively) (Table 2). The application of PBZ signifi-
cantly decreased electrolyte leakage in leaf discs, with the
largest decrease in leaf electrolyte leakage measured when
50 mg 17" PBZ was applied (Table 2). In agreement with
the present results, seedlings of winter rape and tomato
treated with uniconazole and PBZ, respectively, had much
less electrolyte leakage than the control seedlings follow-
ing high-temperature stress (Zhou and Leul 1999; Still and
Pill 2004). Data also exist showing that triazole compounds
could reduce leaf electrolyte leakage and malondialde-
hyde (MDA) accumulation and consequently decrease
heat-induced lipid peroxidation of rape plants. MDA is a
product of lipid peroxidation that damages enzymes and
plant membranes, and enhanced electrolyte leakage was
considered a symptom of stress-induced membrane damage
(Senaratna and others 1988).

The chlorophyll fluorescence ratio (F\/F,,) was used as a
noninvasive method to determine the functional state of the
photosynthetic machinery. The F,/F,, ratio was signifi-
cantly affected by the method of PBZ application and PBZ
concentration, but not their interaction (Table 1). PBZ
treatment significantly increased the F,/F, ratio in
cucumber leaves. The highest F,/F, ratio was observed in
the leaves of seedlings treated with 75 mg 17! PBZ (0.78),
which was approximately 10% higher than in the controls
(Table 2). Seedlings treated by the seed-soaking method
showed a significantly greater F,/F, ratio compared with
those treated by the foliar spray method (mean values of
0.76 vs. 0.74, respectively) (Table 2). The F,/F,, ratio in
PBZ-treated plants was higher than in control plants during
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heat stress, indicating that PBZ reduced the heat-induced
photoinhibition by protecting photosystem II. The chloro-
phyll fluorescence ratio (F,/Fy,) is correlated with the
efficiency of leaf photosynthesis. A decline in this ratio is
an indicator of photoinhibitory damage caused by incident
photon flux density when plants are subjected to a wide
range of environmental stresses (Bjorkman and Demmig
1987). The maintenance of F,/F,, in PBZ-treated plants
under high temperature stress has been observed in previ-
ous studies (Mahoney and others 1998).

The method of PBZ application and PBZ concentration
significantly affected the proline content of leaves
(Table 1). The PBZ treatment significantly increased pro-
line content. The highest proline content was obtained
from leaves of the seedlings treated with 50 mg 1-' PBZ
(204.4 pg g~' FW), which was 24.6% higher than that of
the control (Table 2). Plants that had been treated by the
seed-soaking method had higher proline content than those
treated by the foliar spray method (mean values of 194.9
vs. 185.7 ng g~ ' FW, respectively). There was a signifi-
cant interaction between the method of PBZ application
and PBZ concentration. There was an increase in the pro-
line content when 50 mg 1~' PBZ was applied by the seed-
soaking method (Tables 1, 2). This result is consistent with
that reported by Saleh (2007), who showed that PBZ
treatment increased the proline content of mung bean
seedlings grown under stress conditions. Our results were
consistent with previous reports on the effect of triazole
compounds on corn (Pinhero and Fletcher 1994), peanut
seedlings (Muthukumarasamy and Panneerselvam 1997),
and winter rape (Zhou and Leul 1998). Proline has multiple
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Table 3 Effect. of .PBZ and PBZ Shoot Shoot dry Root fresh Root dry
method of application on shoot (mg 1Y fresh weight weight weight weight
fresh and dry weights (mg) and
root fresh and dry.weights. (mg) Application method
of cucumber seedlings subjected N X
to high-temperature stress Seed soak 0 4,353¢ 337e 420g 33f
25 7,846bc 623bc 751c 60c
50 8,516a 682a 969a 75a
75 7,946b 633b 881b 69b
Foliar spray 0 4,754¢ 357e 405¢g 32f
25 6,559d 521 631f 50e
50 6,227d 506d 682e 53d
75 7,464c 595¢ 715d 53d
Means for application method
Seed soak 7,165a 569a 755a 59a
Foliar spray 6,248b 495b 608b 47b
Means for PBZ concentration
0 4,549¢ 347c 412d 32d
* Values followed by the same 25 7,202b 572b 691c 55¢
letter within the column are not 50 7,371b 594ab 826a 64a
significantly different at 75 77054 614a 798b 61b

P <0.05

functions in plants, including regulation of osmotic pres-
sure, protection of membrane integrity, stabilization of
enzymes/proteins, maintenance of appropriate NADP+/
NADPH ratios, and as a scavenger of free radicals (Hare
and Cress 1997).The accumulation of proline under stress
conditions has been correlated with increased stress toler-
ance in plants (Misra and Gupta 2005). Our results showed
a substantial increase in proline levels following PBZ
treatment, which might be attributed to the strategies
adapted by plants to cope with stress conditions.

PBZ treatment significantly increased shoot FWs and
DWs (Tables 1, 3). However, 75 mg 1=! PBZ was more
effective than the other concentrations used (Table 3).
These data showed that PBZ could effectively improve the
growth of high-temperature-stressed cucumber seedlings.
Seedlings treated by the seed-soaking method showed
significantly higher shoot FWs and DWs than those treated
by foliar spraying (Table 3). A significant interaction
between PBZ concentration and the method of PBZ
application was observed for shoot FWs and DWs
(Table 1). Applying 50 mg1~' PBZ by seed-soaking
increased shoot FWs and DWs by approximately 2.0-fold
compared to controls. On the other hand, 75 mg 1! PBZ
applied as a foliar spray resulted in increases in shoot FWs
and DWs of 57.0 and 66.7% over controls, respectively
(Table 3). From the RLCC results, it can be inferred that
the higher chlorophyll contents in leaves, leading to higher
photosynthesis, might have increased shoot FWs and DWs
in the PBZ-treated seedlings (Table 2). In agreement with
our results, Pinhero and Fletcher (1994) observed that PBZ
improved the growth rate of corn seedlings subjected to

high-temperature stress. Stimulation of shoot growth under
chilling stress by PBZ was reported by Baninasab (2009) in
watermelon seedlings.

PBZ application also significantly increased both the
FWs and DWs of roots, with the largest increase occurring
when 50 mg 17! PBZ was applied (Tables 1, 3). Seedlings
treated by the seed-soaking method showed significantly
greater root FWs and DWs than seedlings treated by the
foliar spray method (Table 3). There was a significant
interaction between the method of PBZ application and
PBZ concentration. The greatest increase in root FWs and
DWs occurred when 50 mg 1~' PBZ was applied by the
seed-soaking method (Tables 1, 3). Stimulation of root
growth under salt stress by PBZ was reported by Abdul
Jaleel and others (2008) in Catharathus roseus. Increased
root growth by PBZ is also associated with increased levels
of endogenous cytokinin (Fletcher and Arnold 1986).

In this study, the relatedness between and among various
physiological indices (for example, RLCC, leaf electrolyte
leakage, F,/F,, and proline content) and various morpho-
logical parameters (for example, shoot and root FWs and
DWs) in cucumber seedlings subjected to heat stress was
analyzed (Table 4). Our results showed that significant
correlations exist between and among these physiological
indices and morphological parameters. These correlations
suggest that various morphological parameters are posi-
tively correlated with RLCC, F,/F,, ratio, and proline
content but negatively correlated with leaf electrolyte
leakage. Therefore, we conclude that PBZ ameliorated the
negative effects of injury caused by heat stress by pre-
venting decreases in RLCC and the F./F,, ratio, by
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Table 4 Correlation between physiological and morphological parameters of cucumber seedlings subjected to high-temperature stress

RLCC EC,/EC, FylFp PC SFW SDW RFW RDW
RLCC 1 —0.80%* 0.63%* 0.82%* 0.85%* 0.86%* 0.85% 0.86%*
EC,/EC, - 1 —0.77%* —0.80%* —0.82%* —0.84%* —0.89%* —0.87**
FuFp - - 1 0.64%% 0.71%% 0.72%% 0.74%% 0.72%%
PC - - - 1 0.87%* 0.88%* 0.87%% 0.87%*
SFW - - - - 1 0.99%* 0.947 0.93%*
SDW - - - - - 1 0.95% 0.947
RFW - - - - - - 1 0.99%*
RDW - - - - - - - 1

Pearson correlation coefficient
** Significant at P < 0.01

RLCC relative leaf chlorophyll content, EC;/EC, leaf electrolyte leakage, F,/F, chlorophyll florescence ratio, PC proline content, SFW shoot
fresh weight, SDW shoot dry weight, RFW root fresh weight, RDW root dry weight

increasing leaf proline content, and inhibiting increases in
leaf electrolyte leakage. Higher RLCC may have caused
higher shoot and root FWs and DWs because all these
variables are closely related to photosynthetic capacity.
In summary, the response of cucumber seedlings to PBZ
treatments outlined in this study suggests that the appli-
cation of PBZ could partially protect cucumber seedlings
against high-temperature stress. PBZ applied either through
seed soaking or through foliar spray was most effective at
50 and 75 mg 17" in providing high-temperature tolerance.
However, because the seed-soaking method is simpler and
more convenient it, would be a more desirable method for
PBZ application. The fact that PBZ, readily available,
could be used to prevent crop losses due to high-temper-
ature stress may have a significant practical application.
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