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The effects of salicylic acid(SA) and water deficit on growth and proline accumulation were
investigated in cucumber(Cucurmis sativus L.) seedlings. Exogenous application of SA(100
UM-1 mM) led to a noticeable decrease in root and shoot growth, and dry weight of seedlings.
Anatomical observation on leaf of cucumber revealed that the thickness of all leaf tissue
components decreased in SA-treated plants. The effect was most pronounced on the width
of the adaxial epidermis. In the separate effects of SA(0, 100, 500 and 1000 pM) and water
deficit induced by PEG(0, 4.4, 7.0 and 9.6 %) on growth, the water deficit treatments had
greater effects on growth traits than SA. Combinations of SA and PEG(SA+PEG) decreased
shoot and root dry matter, and root length. Proline increased slightly in SA-treated seedlings,
but exhibited a marked increase in water deficit application. Combinations of SA+PEG induced
higher proline in both shoots and roots than SA stress alone. Shoots had higher proline than
roots. Our data support a role of SA potentiating the osmotic stress response of germinating
cucumber seedling.
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1. Introduction

Salicylic acid(SA), an natural plant phenolic,
was recognized as an endogenous regulator in
plants after the finding that is involved in many
plant physiological processes. SA was detected in
the leaves and reproductive organs of agro-
nomically important species’. One of the most
studied functions of SA is associated with its
involvement in plant resistance response to dif-
ferent pathogen attacks”. Exogenous application
of SA to plants exerts diverse physiological and
biochemical effects”, such as inhibition of dry mass
accumulation® and sugar and amino acid uptake”,
promotion of stomatal closure”, control of ion
uptake and transport through the root membranes”
and inhibition of ethylene synthesis”. In a num-
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ber of species, SA promoted flowering in com-
bination with other plant growth regulators”, and
marked increases in anthocyanins and chlorophyll
content in SA-treated Spirodela were observed'”.
Evidence for the involvement of SA in induction
of an alternative respiratory pathway'” and ex-
pression of nuclear gene encoding the alternative
oxidase protein in Sauromatum guttarum'® has
been presented. As a result of SA treatment,
breakdown in the synthesis of ribulose -1,5-
biphosphate ~ carboxylase/oxygenase(RuBPCO)'”
and an inhibition of the Hill reaction activity'®
as well as changes in net photosynthetic rate,
carotenoid and sugar contents'> were reported.
Although the focus has been mainly on the role
of SA biotic stresses, it was reported that SA also
accumulates during exposure to ozone or UV
light'®'”. SA has also been implicated in protection
against chilling'®" and heat shock'”. SA is now
considered as an hormone-like substance and is
recognized as a key signal molecule involved in
local and systemic responses to viral infection”®?".
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Pancheva et al.”” showed that treatment of barley

with SA exericised a considerable effect on the
growth of the seedlings. Leaf emergence was
delayed, blades expanded more slowly over a
longer period of time, and mature blades were both
narrow and shorter. The anatomical observations
were focused on leaf anatomy, particularly on
chloroplasts, because thylakoids undergo the
greatest changes during adverse environmental
conditions, such as drought, heavy metals, or after
exogenous treatment with growth regulators”™. The
observed inhibition in the rate of photosynthesis
may be related to the changes of the membrane
structure of chloroplasts.

Environmental stresses such as salt and drought
are among the factors most limiting to plant
productivity. Such stresses are becoming even more
prevalent as the intensity of agriculture increases.
Therefore, elucidation of the mechanisms by which
plants perceive and transduce these stresses in
critical if we are to understand the plant response
and introduce genetic or environmental improve-
ment to stress tolerance. Drought and salt tolerance
are developmentally regulated, stage-specific phe-
nomena because tolerance at one stage of plant
development is not necessarily correlated with
tolerance at other stagesy). The mechanisms of
tolerance at specific stages of plant development,
such as seed germination, were investigated by
many authors with special regard to the biochemical
events that play an important role in the responses
to abiotic stresses.

There are well established metabolic traits
leading to proline accumulation under stress
conditions that are assumed to be involved in stress
tolerance™. However, there is no definite evidence
for the adaptive value of proline itself under adverse
conditions. Kishor et al®® observed increased
resistance to water deficit and salinity stress in
transgenic tobacco plants, but could not conclude
whether stress resistance was enhanced by proline
over-accumulation or by some other mechanism.
The adaptive significance of proline accumulation
in higher plants during stress remains uncertain,
but it appears that cells use them as osmolytes
to regulate cell water pressure””.

The aim of this study was to determine the effects
of SA and water deficit, administered separately
and in combination, on growth traits and pro-

line accumulation in cucumber seedlings. Detailed
comparisons of separate and combined effects
between SA and water deficit would help identify
plants for tolerance to these factors to enhance
plant improvement procedures.

2. Materials and Methods

2.1 Plant material

Seeds of cucumber(Cucurmis sativus 1..) were
germinated for 2 d in 2 layers of moist filter paper
in moist vermiculite in the dark at 25 T, allowing
for some air exchange. At either 2 or 3 d after sowing,
the seedlings were grown in a growth chamber at
25/20 C day/night, 12 h photoperiod, light intensity
of 200 umol m”sec” under white fluorescent lamps
and relative humidity of 60+5 %.

2.2 Growth conditions and measurement

The seedlings were placed in two layers of moist
filter paper in Petri dishes containing 40 mL distilled
water or equal amount of water solution of the
required SA concentrations(100, 500 and 1000pM).
Stock of SA(Sigma) was prepared in a small volume
of ethanol(final concentration 1 %), diluted to its
final concentration in water, and kept refrigerated
until use. The solution was changed every 24 h.

Short-term experiments(4 or 7 days) were de-
signed to study early growth kinetics. To monitor
growth, lengths and widths of seedlings were
measured to the nearest 0.5 mm using a magnifying
lens and graph paper printed with 1.0 mm markings.
Initial and final fresh and dry weights of the
seedlings were determined. Dry weights were
measured after incubation the samples at 60 C
for 12 h. For anatomical observations, leaf samples
were taken at mid-lamina from the second leaf
of 10-d-old seedlings and fixed with 2.5 % glu-
taraldehyde in phosphate buffer(pH 7.4). The
thickness of the lamina between bundles was
examined. Cross sections were cut by hand.

To determine the effects of SA and water deficit
on seedling growth, 7-d-old seedlings were trans-
ferred to plastic tray submerged in half-strength
Hoagland solution”” and grown for an additional
3 d. Uniform sized seedlings were transferred to
1.9 L containers(4 plants/container) and grown an
additional 4 d with full-strength Hoagland solution.
At this time, plants received new full-strength
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solutions containing SA and water deficit treat-
ments, and grown an additional 10 d before ex-
periments were terminated. Experiment 1 treat-
ments consisted of 0, 100, 500 and 1000 pumol/L
SA and water deficit was induced with polyethylene
glycol-8000(PEG) at 4.4, 7.0 and 9.6 %(w/w) in
solution(equivalent to approximately -0.09, -0.13
and -0.17 MPa) as separate treatments. Combination
of 0, 200 and 500 uM and 0, 4.4 or 7.0 % PEG
made up the treatments for Experiment 2.

2.3 Acidity content

Total titratable acidity was measured in the leaf
tissue of 7-d-old seedlingsl3). 0.5 g fresh material
collected from different plants was ground in a
prechilled mortar and pestle with 50 mL of CO,-free
distilled water and filtered through four layers of
cheese-cloth. An aliquot(2-4 mL) of the homogenate
was titrated with 0.01 M KOH(prepared freshly in
COs-free distilled water) to an end point of pH 7.0.
Acidity was expressed as |1 equivalents/g fresh weight.

2.4 Proline determination

The protein contents were determined ac-
cording to Bates et al™. 0.5 g of the plant material
was homogenized in 10 mL of 3 % aqueous
sulfosalicylic acid and the homogenate was
centrifuged at 1,500 g for 10 min. A 2 mL aliquot
of the supernatant was mixed for reaction with
2 mL acidic ninhydrin and 2 mL of glacial acetic
acid in a test tube for 1 h at 100 C. The mixture
was extracted with 4 mL toluene. The extract was
vigorously mixed for 20 sec. The chromophore-
containing toluene was then separated and its
absorbance was spectrophotometrically determined
at 520 nm using toluene for a blank. The proline
concentrations were calculated on a fresh weight
basis.

Data were statistically evaluated by the standard
deviation and T-test methods. The results presented
are combined from at least 3 replicated experiments
for survival data, or at least 2 replicated experiments
for biochemical measurements.

3. Results and Discussion

3.1 Effects of SA on the seedling growth and
leaf anatomy

Treatment of cucumber with SA exercised a

considerable effect on the growth of the seedlings
(Table 1). Concentrations of the order of 100 uM
to 1000 UM tended to inhibit growth. The concen-
trations lower than 100 uM SA had no effect on
the seedling growth, while concentrations of SA
higher than 1000 UM completely inhibited the
seedling growth(data not shown). In the ex-
periments carried out with three levels of SA
treatment, proline levels increased with increasing
SA concentrations. The most prominent effect was
at 1000 UM SA, an over threefold rise as compared
with the control. Relative to control, SA-treated
seedlings also exhibited a higher accumulation of
leaf titratable acidity. The extent of changes in
titratable acidity was not strong as that of changes
in proline levels. The increase in the values of
this parameters occurred much lower than those
observed for proline content. 100 UM SA had no
effect on the level of titratable acidity. The in-
creased values of proline content and titatable
acidity claim that SA could provide alterations very
often associated with plant responses to stress-
related reactions. Further study of the changes in
the endogenous levels of SA after exposure of
plants to environmental stresses seems warranted.

Application of SA reduced cell elongation in
root length, and the degree of inhibition of root
length was dependent upon the SA supply,
indicating that root growth rate was correlated with
external SA concentrations(Fig. 1). These effects
of SA on cucumber root are quite similar to those
on barley roots™. Time course of the root elon-
gation is shown in Fig. 2. Significant effect of
SA on growth was observed on the second day
of incubation, suggesting that SA affect the seed
germination. The effects of SA on elongation and

Table 1. Effects of SA on the growth, proline ac-
cumulation and the values of titratable
acidity in cucumber seedlings

Length of  Proline Titratable
SA . o
(M) seedlings contﬁm ac1(_illty
(cm)  (umolg FW) (ueqg FW)
O(control) 12.60+0.14  1.4+0.5 11.1£0.4
100 11.39+023 2.5+04 11.5£0.2
500 8.43:0.15 4.4x0.5 14.8+0.4
1000  7.85£0.25 5.5+0.4 15.9+0.4
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Fig. 1. Effects of SA on the root elongation in cu-

cumber seedlings grown for 4 days in the

dark.
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Fig. 2. Time course of root elongation of cucumber
seedlings exposed to 500 uM SA for 4 days.

lateral expansion appeared in the subsequent
incubation period.

In control leaves, the thickness of the lamina
decreased with an increase in SA concentration
(Table 2). The abaxial epidermis consisted of cells
almost equal in size. The mesophyll tissue was

composed of loosely packed mesophyll cells, and
the vascular system was well developed between
the bundles. Distinct diffences were observed in
leaf components of the control and SA-treated
cucumber seedlings. The average thickness of the
lamina declined with increasing concentrations. A
marked reduction in the width of the adaxial and
abaxial epidermis was observed in ali SA-treated
plants. The reduction of epidermal width was more
pronounced on the adaxial epidermis. The distance
between bundles was also reduced. The mor-
phometric values showed that treatment of cu-
cumber with 100 and 500 pM SA caused a uniform
decrease in the thickness of adaxial and abaxial
epidermis. The mesophyll tissue was also thinner
compared to the controls, the effect being more
expressed at higher application of SA concen-
trations. Morphometric values indicated that the
epidermal tissue of plants treated with 1 mM SA
consisted of smaller cells. The cells of adaxial
epidermis were smaller in size in SA-treated plants
as compared with the control. Recently, Uzunova
and Popova’ reported a similar result in the barley.

It has been proposed that treatment of barley
seedlings with SA reduced leaf and root growth,
and rate of photosynthesiszz). Other authors have
shown that SA and other phenolic compounds may
reverse ABA-induced stomatal closure in Lemma
gi bba™. The successful operation of photosynthetic
reation is dependent upon the presence of reaction
components, their specific organization within
photosynthetic cells, and their being under control
of environmental factors and hormonal status of
the plant™. It was hypothesized that the observed
photosynthetic differences among untreated and
SA-treated plants could be partially due to dif-
ferences in internal organization of leaf tissues and
by their ability to produce ATP and reducing

Table 2. Morphometric values of thickness of leaf lamina and its tissue components(um) of cucumber plants

after treatment with SA

SA Thickness of lamina A@axia! A.baxiaF Mesophyll Distance
uM) between bundles epidermis epidermis between bundles
0 38.34+3.28 11.42+1.27 8.52+1.13 16.40+3.04 99.52+8.37
100 32.82+0.78 7.60£1.25 7.60+1.20 16.12+4.49 83.64+7.03
500 27.60+3.03 5.62+1.60 5.60£1.05 14.72+3.13 73.62+8.46
1000 25.82+3.32 3.33:0.98 6.10£1.76 13.68+1.20 61.65+8.03
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equivalents. Many of the observed plant responses
to SA may have adaptive significance because they
comserve water. Probably the most significant
among the morphological changes is the reduction
of leaf expansion, This is a common effect of stress
that tends to reduce the total transpiring area.
Analogous results were observed as an effect of
salinity stress”" or after treatment of barley plants
with jasmonic acid’”. In summary, the results show
that SA treatment to cucumber seedlings causes
alterations in leaf anatomy, suggesting that
exogenous SA application decreases photosyn-
thetic activity as a result of effects on the thylakoid
membranes and light-induced reactions connected
them. The lower leaf photosynthetic area and pro-
bably changes in its water balance could be another
possible explanation.

3.2 Effects of SA and water stress on growth
and proline content

The effects of SA(O, 100, 500 and 1000 pM)
and water deficit induced by PEG (0, 4.4, 7.0 and
9.6 %), administered separately and in combination,
on growth traits and proline accumulation in shoots
and roots of cucumber were determined. Plants
grown with the highest levels of SA had root length
less than half that of 0 and 100 pM SA(Fig. 3).
Roots of plants grown in PEG had little change

1 :

Root length {(cm)

0 100 500 1000 9 8

SA (uM) ' pea %)
B

E
S
£
B
4
k]
g
o
o £

. IE J ol
SA tuM O 100 500 100 500 100 500
peG o 0 06 &0 AL 70 7.0

Treatment
Fig. 3. Root elongation of cucumber seedlings grown

with SA and PEG alone(A) and in com-
bination(B).

in root length ; that is, the roots did not elongate
when PEG was added. Increased levels of SA and
PEG progressively decreased root length ; PEG
treatments had a greater effect than SA. Plants
grown with 1 mM SA+9.6 % PEG combined died
within 4 to 5 day after addition, so the results
of this treatment are not shown. Growth traits for
plants grown with the 100 and 500 pM SA and
4.4 % and 7.0 % PEG treatments separately were
relatively similar to those presented in dry matter.
The root length for plants growth with 500 yM
SA+7.0 % PEG was 87 % lower compared to
control plants. The root length of plants grown
with various SA+PEG treatments were lower than
for control plants. The SA+PEG treatments had
relatively little effect on root length.

Cucumber had higher shoot dry matier than
control when plants were grown with 100 pM SA
(Fig. 4). However, shoot dry matter decreased at
concentration higher than 500 uM SA. Shoot
and root dry matter decreased as water deficit
increased. Plants grown with high water deficit
had greater decrease in shoot and root dry matter
than plants grown with high SA. Shoot and root
dry matter was lower in most cases when SA and
PEG were combined compared to separate SA and
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Fig. 4. Shoot and root dry matter of cucumber
seedlings exposed to different concentrations
of SA and PEG.
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Fig. 5. Shoot and root dry matter of cucumber
seedlings grown with SA and PEG alone and
in combination.

PEG treatments(Fig. 5). Plants grown with 500
UM SA+7.0 % PEG had 84 % lower shoot dry matter
than the control plants. SA reduced root dry matter
most likely by reducing root elongation. The root
length values decreased smaller to dry matter when
the level of SA and PEG increased. Reductions
in root length induced by SA+PEG were noted
in this study. These stresses affected growth traits
differently, although similarities of symptoms
between SA and PEG stressed plants were apparent.
Although plants were not grown to maturity, re-
ductions in root length would likely cause sig-
nificant reductions in leaf area and grain yields

of mature plantsm.

Shoot and roots of plants grown with SA had
considerably lower proline than plants grown with
PEG (Fig. 6). Shoots had higher proline than roots
when plants were grown with either SA or PEG.
Proline in shoots and roots were highest for plants
grown with PEG. Plants grown with combinations
of SA+PEG had higher shoot and root proline than
plants grown with SA separately. Water deficit
had greater effects on shoot and root proline
accumulation than SA, and shoots had higher
proline than roots. Proline was generally higher
in shoots than in the roots as water deficit increased,
which supports results of other studies®. Plants

growth with SA+PEG had much higher proline
than plants grown with SA alone. Under some
environmental stress conditions, proline accumu-
lation may be an osmoregulatory process and may
also protect cell membranes and enzymes.
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Fig. 6. Proline contents in shoots and roots of
cucumber seedlings grown with SA and PEG
alone(A) and in combination(B)

Proline accumulation could be a symptom of
water deficit, and may not be directly involved
in water deficit resistance. A strong correlation
between high proline in seedlings and water deficit
resistance did not support the concept that proline
accumulation potential could serve as an index of
water deficit resistance™. In conclusion, this study
contributes to define a role of SA during the osmotic
stress, suggesting that SA increases the oxidative
damage generated by osmotic stress™ .
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