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Abstract

The response of tomato (Solanum lycopersicum L.) to abiotic stress has been widely investigated. Recent physiological
studies focus on the use of osmoprotectants to ameliorate stress damage, but experiments at a field level are scarce. Two
tomato cultivars were used for an experiment with saline water (6.57 dS m™') and subsurface drip irrigation (SDI) in a silty
clay soil. Rio Grande is a salinity-tolerant cultivar, while Heinz-2274 is the salt-sensitive cultivar. Exogenous application
of proline was done by foliar spray at two concentrations (10 and 20 mg L) during the flowering stage. Control plants
were treated with saline water without proline. Proline at the lower concentration (10 mg L) increased dry mass of
different plant organs (leaves, stems, and roots) and it improved various chlorophyll a fluorescence parameters compared
with controls. Regarding mineral nutrition, K" and P were higher in different organs, while low accumulation of Na*
occurred. However, Mg?" was very high in all tissues of Rio Grande at the higher concentration of proline applied. Thus,
the foliar spray of proline at 10 mg L' increased the tolerance of both cultivars. The growth of aboveground biomass of
Heinz-2274 was enhanced by 63.5%, while Rio Grande improved only by 38.9%.
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Introduction

Salinity is considered a significant factor affecting crop
production and agricultural sustainability in arid and
semiarid regions of the world, reducing the value and
productivity of the affected land (Khadri et al. 2007). The
identification of tolerant genotypes that may sustain a
reasonable yield in salt-affected soils has been a strategy
adopted by scientists to overcome salinity (Kingsbury and
Epstein 1984).

Salt tolerance in plants is a complex phenomenon that
involve morphological and developmental changes as well
as physiological and biochemical processes. Two compo-
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nents have been identified as the probable cause of salt
toxicity: osmotic stress and ion toxicity. The osmotic stress
is associated to reduced cell wall extension and cell
expansion leading to cessation of growth. The ionic effect
includes interference with the transport of essential ions
within the plant and lowered net photosynthetic rates in the
affected plants (Greenway and Munns 1980, Khadri et al.
2007).

The accumulation of compatible solutes may help to
maintain relatively high water contents necessary for plant
growth and cellular function. Plants respond to salt stress

Abbreviations: Chl — chlorophyll; CK — control; DM — dry mass; ECw — electrical conductivity of water; Fm — maximal fluorescence in
the dark-adapted leaves; Fn' — maximal fluorescence in the light-adapted leaves; Fo — minimal fluorescence in the dark-adapted leaves;
Fs — steady-state fluorescence; Fv — maximal variable fluorescence in the dark-adapted leaves; Fv' — maximal variable fluorescence in
the light-adapted leaves; Fv/Fm — maximal efficiency of PSII photochemistry; Fv'/Fu' — efficiency of excitation energy capture by open
PSII reaction centers; NPQ — nonphotochemical quenching; ®psu — the quantum yield of PSII electron transport; PQ-pool —
plastoquinone pool; Pro — proline; Pro10 — proline concentration of 10 mg L™!; Pro20 — proline concentration of 20 mg L™!; SAR —
sodium adsorption ratio; ROS — reactive oxygen species; SC — salt-sensitive cultivar; SDI — subsurface drip irrigation; TC — salt-tolerant
cultivar.
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by accumulating certain specific metabolites, the most
conspicuous being amino acids in general, and proline
(Pro) in particular. The content of free Pro has been
reported to increase when plants were growing under
saline stress (Lutts ef al. 1999, Lin et al. 2002). It has been
proposed that Pro accumulation can serve as an adaptive
mechanism to salt stress in higher plants (Kumar et al.
2003, Nounjan et al. 2012). The physiological effect of Pro
accumulation may be expressed in sustained photo-
synthesis, osmoregulation, and/or prevention of protein
(including enzyme) degradation (Rajasekaran et al. 1997).
Pro can also serve as an easily available source of nitrogen
and carbon during the recovery from stress (Hellmann et
al. 2000). The Pro accumulation in plants depends on
species (Nounjan et al. 2012). Some authors did not
observe any appreciable increase in free Pro contents
(Kumar et al. 2003) whilst others consider enhanced
content of Pro merely a stress effect, rather than a cause of
stress tolerance (Kumar ef al. 2003). In contrast, Zhu et al.
(1998) demonstrated that the Pro overproduction enhanced
root biomass and flower development in transgenic
tobacco under water-stress conditions.

Biological approach to crop management for reducing
salinity effect in agriculture includes the identification of
plant mechanisms for salt tolerance and the selection and
breeding of new cultivars and it represents one of the two
essential strategies besides soil improvement (Poustini et

Materials and methods

Plant material: The experiment was carried out during the
summer 2008 (from May to the end of August). Two
tomato cultivars (Solanum lycopersicum L.) have been
used: the salt-tolerant cultivar (TC), Rio Grande (Kahlaoui
et al. 2011a, 2011b), and the salt-sensitive cultivar (SC),
Heinz-2274 (Kahlaoui et al. 2012). Seeds were provided
by the Laboratory of Seeds and Plant Control of the
General Direction of Protection and Control of the
Agricultural Production and Quality, Tunisia.

Experimental design: The experiment was located at the
Cherfech Agricultural Experimental Station located 25 km
north of Tunis in the Low Valley of Mejerda River.
Climate of the region is Mediterranean with an annual
rainfall close to 470 mm and an average yearly evapo-
transpiration of 1,370 mm (Penman method). The soil is a
silty clay with about 40% clay, 50% silt, and 10% sand.
The organic matter is about 1% and total CaCOs is about
40%. The soil pH is around 7-8 and no fertilizer was used
in our experiment. The experiment was set using emitters
with filters and drip lines buried at 30-cm depth as
subsurface drip irrigation (SDI). Transplanting date was
2 May 2008. Plants were grown in single lines. The plants
with 5-7 leaves were used. Tomato plants were spaced
1 m between rows and 0.4 m between plants. This experi-
ment was carried out according to a randomized design
with two factors (cultivar and Pro concentration). Each
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al. 2004). In addition, great effort have been made to
search other strategies to generate improved tolerance to
salt stress in plants. Exogenous osmoprotectants have been
reported for their osmoprotective role in plant response to
abiotic stress and they have been suggested as an alter-
native approach to improve crop productivity under saline
conditions (Nakayama et al. 2005, Nounjan et al. 2012).
The role and mechanisms of action of exogenous osmopro-
tectants are complex and remain controversial. The
beneficial effects of external supply of osmoprotectants
vary depending on various conditions, including plant
species, developmental stages, and the severity and
duration of salt stress. The effectiveness of the osmopro-
tectants also depends on whether they are applied prior to
or during stress, on methods of application, and their
concentration (Nounjan ef al. 2012). In leaf tissues of
tomato, Pro does not accumulate to sufficient concen-
tration to contribute significantly to osmotic adjustment
(Aziz et al. 1999).

The aim of this work was to evaluate the exogenous
appplication of Pro in tomato. Specifically, the objective
was to test two tomato cultivars of contrasting tolerance to
salinity under field conditions. Plants were irrigated with
saline water (6.57 dS m') and sprayed with Pro at 10 and
20 mg L' considering growth, chlorophyll fluorescence
and nutritional aspects.

treatment was replicated three times and each replicate had
10 plants (30 plants per treatment for both cultivars).
Treatments were two exogenous applications of Pro for
each cultivar:

Prol0 10 mg(proline) L™
Pro20 20 mg(proline) L'
CK 0 mg(proline) L'

Pro spraying was performed six times from 30% anthesis
at June, using 1 L per plant. In each treatment, four
plants/replications were used in statistical analysis.

Irrigation water: The irrigation water came from a well
with ECw = 6.57 dS m™' and SAR = 11. Water chemical
characteristics are described in Table 1. The total water
quantity used for the whole irrigation cycle was about 700
mm (7,000 m* ha™').

Determination of growth: Plants were harvested and
separated into roots, stems, and leaves. The dry mass (DM)
was determined after drying samples at 80°C during 48 h
until constant mass.

Chlorophyll (Chl) fluorescence measurements: Chl
fluorescence emission from the upper surface of leaves of
intact plants was measured by a modulated fluorimeter
(Mini PAM, Walz, Effeltrich, Germany). The minimal (Fo)
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Table 1. Characteristics of the irrigation water used. EC — electrical conductivity; SAR — sodium adsorption ratio.

pH EC
[dS m™'] HCOs~

Tonic composition [meq L]

SO CI Ca¥* Mg K

SAR

Na*

7.8 6.57 4.2 241 37.1 147 102 1.1

412 11

and maximal fluorescence (Fn,) emissions were assessed in
leaves after 30 min of dark adaptation and the maximum
quantum efficiency of PSII photochemistry was calculated
as Fy/Fm = (Fm — Fo)/Fm (Fy — maximum variable Chl
fluorescence yields in the dark-adapted state). Then, the
leaves were continuously illuminated with a white actinic
light (1,500 W) , which was equivalent to the actual growth
light in order to measure steady-state fluorescence in the
light-adapted state (F;) and maximal fluorescence level in
the light-adapted leaves (Fn'). The intrinsic efficiency of
open PSII (or efficiency of excitation energy capture by
open PSII reaction centres) was calculated as F,'/Fy’
(Fy' — maximum variable Chl fluorescence yields in the
light-adapted state) (Genty et al. 1989, Harbinson et al.
1989).

Proline content was estimated by the method of Bates et
al. (1973). The plant material was homogenized in 3%
(w/v) aqueous sulfosalicylic acid and the homogenate was
centrifuged at 720 x g for 10 min. The supernatant was
used for the estimation of Pro content. The reaction
mixture consisted of 1 ml of 140 mM acid ninhydrin and
1 ml of glacial acetic acid, which was boiled at 100°C for
1 h. After termination of the reaction in ice bath, the
reaction mixture was extracted with 2 ml of toluene, and
the absorbance read at 520 nm by spectrophotometer

Results

Growth parameters: DM of all plant organs of the SC
(leaves, stems, and roots) was significantly lower
compared with the TC (Table 2). The exogenous appli-
cation of Pro had a significant effect on both cultivars
compared to the CT. The low concentration of Prol0
increased DM in both cultivars, particularly in SC. At
Pro20, this parameter decreased significantly in leaves of
the TC (Table 2).

Proline content was higher in leaves of the TC than in the
leaves of the SC cultivar and in the CT (Fig. 1). The exoge-
nous application of Pro caused the Pro accumulation in
leaves of both cultivars. The higher accumulation of Pro
occurred in leaves of both cultivars after the application of
Pro at the lower concentration.

Chl fluorescence: Fy was higher in SC than in the TC but
lower compared with the CT (Table 3). Fodecreased after
the treatment with Prol0 in both cultivars, particularly in

(Spectro 2000 RS, Labomed-inc, USA). Pro content was
expressed as mg g”'(DM).

Analysis of Na*, Mg?*, K*, and P in plant tissues:
Leaves, petioles, stems, and roots were used for chemical
analyses. Organic ions were extracted from dry matter by
HNO; at room temperature for 48 h. K™ and Na* were
analyzed by flame emission using an spectrophotometer
(Jenway PFP7, Jenway LTD-Essex CM63LB, England ).
Mg?" was determined by atomic absorption spectrophoto-
metry (Model 2380, Perkin Elmer, USA). Phosphorus was
estimated by the chloro-stannous molybdophosphoric blue
colour method (Gericke and Kurmies 1952) where
5 ml of extract solution is mixed with 5 ml of reagent
nitrovanadomolybdate and then completed with distilled
water. After waiting 1 h, samples were passed to the
photoelectric colorimeter (Model AE-11, Erma optical
works LTD, Japan).

Data analyses: Statistical processing was performed by
the software STATISTICA, Version 5 (Statsoft France,
1997). All the recorded parameters were subjected to an
analysis of variance with two factors (cultivars and
concentration of Pro). Mean comparisons were carried out
by the LSD test at the significance level of 0.05.

SC. In F,, a significant increase at the lower Pro concen-
tration was found in both cultivars (Table 3). The increase
at Pro20 was observed in both cultivars of tomato,
reaching 6% increase. Both concentrations of Pro caused a
significant increase of F./Fm, F./Fo, and F,'/Fy' in both
cultivars compared with the CT (Table 3).

Ton content: According to our results, Na“ content was
higher in shoots (leaves, petioles, and stems) in TC and in
the roots of SC in the CT treatment. At both concentrations
of Pro used, the Na* content was lower in all organs of the
TC plants (Fig. 24). Regarding SC, the lower concen-
tration of Pro led to a decrease in the accumulation of Na*
in all organs. The exogenous application of Pro20 ex-
hibited a significant effect only in leaves (Fig. 2B). The CI
content was reduced significantly by Pro10 in both tomato
cultivars. At Pro20, the effect of the exogenous application
was significant in all organs of TC and in petioles and roots
of SC (Kahlaoui et al. 2013).
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Table 2. Effect of exogenous application of proline (Pro) on dry mass (DM) per plant of two tomato cultivars (Rio Grande and Heinz-
2274) irrigated with saline water (6.57 dS m™"). All values are the mean of three replications (n = 4). Mean + SE with the different letters
are significantly different at P<0.05 according to LSD test. ns or ** — insignificant or significant differences at P<0.01, respectively,
according to the variance analysis. CK — control; Pro10 — 10 mg(Pro) L'; Pro20 — 20 mg(Pro) L-'. C — cultivar.

Treatment DM of leaves [g] DM of stems [g] DM of roots [g]

Rio Grande (TC)

CK 32.56 +2.15¢ 23.89 £ 1.64° 16.02 £ 0.42°
Prol0 4242 £3.12¢ 3429+1.699  23.92+1.71¢
Pro20 28.78 £2.2b 20.52 +£0.76° 15.27 £1.05°
Heinz.2274 (SC)
CK 2329+ 0.6 19.38+0.8° 11.85+1.478
Prol0 36.51+£0.81¢ 30.54 + 3.22¢ 22.07 +1.74¢
Pro20 24.50 £ 0.66* 19.12 £ 1.08° 14.75 +£0.77°
Effect of C - ns ns
Effect of Pro - ** -
Interaction C x Pro - - -
A B
= 100
o
[=2]
£
E 75
i
g Fig. 1. Effect of the exogenous appli-
O 5o cation of proline (Pro) on endo-
ugJ genous Pro content in leaves of two
o tomato cultivars (4: Rio Grande; B:
o5 Heinz-2274), irrigated by SDI and
saline water (6.57 dS m™'). Values
represent the mean + SE of four
0 plants per assay and bars with diffe-

0 10 20 0 10 20
PROLINE [mg L™"]

rent letters are significantly different
(P<0.05) according to the LSD test.

Table 3. Effect of exogenous application of proline (Pro) on fluorescence parameters Fo, Fm, Fv/Fm, Fv/Fo, and F'/Fn' of two tomato
cultivars (Rio Grande and Heinz-2274) irrigated with saline water (6.57 dS m™). All values are the mean of three replications (n = 4).
Mean + SE with the different letters are significantly different at P<0.05 according to LSD test. CK — control; Pro10 — 10 mg(Pro) L';
Pro20 — 20 mg(Pro) L.

Fo Fm Fv/Fm Fv/Fo FV'/Fr'

Rio Grande

CK 385 +10.84¢ 1,763 £ 10.9° 0.781 £0.003°  3.585+0.067° 0.691 +0.014°
Prol0 325 +4.852 1,887 + 8.84¢ 0.827 £0.002¢  4.809 £ 0.07¢ 0.803 + 0.0024
Pro20 360.75+£12.5> 1,866 +1.25¢ 0.806 +0.006¢  4.175+0.1834 0.732 + 0.004¢
Heinz-2274

CK 543 +18.8f 1,654 £12.95* 0.671+0.011? 2.05 +0.109? 0.658 £ 0.003?
Prol0 415 +4.344 1,877 £15.25¢ 0.778 £0.01°¢ 3.53+0.219¢ 0.812 + 0.0044
Pro20 485 +9.64° 1,755+ 10.36>  0.723 £0.006®  2.619 + 0.08" 0.722 £0.012¢
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RESPONSE

The K* content was higher in petioles and leaves of
both tomato cultivars when they were irrigated with saline
water (Fig. 2C,D). Pro had a significant effect on K*
content in both cultivars. In TC compared with the CT, K*
was greater in leaves and petioles after the treatment with

0.4

OF TWO TOMATO CULTIVARS TO FIELD-APPLIED PROLINE

both Pro concentrations. In SC, the exogenous application
of Prol0 caused a significant increase of K* in all plant
tissues with the exception of petioles. At Pro20, we noticed
a significant reduction in K* in all organs when comparing
with the CT.

A Rio Grande B

BCK OPro10 mPro20

Na* CONTENT [meq g~ (DM)]

K* CONTENT [meq g"'(DM)]

Heinz-2774

Mg2* CONTENT [meq g-(DM)]

0.12

0.10
de

0.08
0.08
0.04
0.02

P CONTENT [meq g (DM)]

Fig. 2. Effect of exogenous appli-
cation of proline (Pro) on Na®, K¥,
Mg?', and P contents in different
organs of tomato cultivars (Rio
de Grande and Heinz-2274) irrigated

ul d with saline water (6.57 dS m™).

c Means comparisons were made sepa-

be ab be a rately for each cultivar. All values are
a the mean of four replications (n=4)

and bars with different letters are

significantly different at (P < 0.05)

according to the LSD test. CK —

leaves petioles stems roots leaves
ORGANS

petioles stems roots control; Prol0 — 10 mg(Pro) L';
Pro20 — 20 mg(Pro) L.
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Table 4. Analysis of variance of the fluorescence parameters Fo, Fm, Fv/Fm, Fv/Fo, and Fy'/Fn' in two tomato cultivars (Rio Grande and
Heinz-2274). * and ** — significant differences at P<0.05 and at P<0.01, respectively, according to the variance analysis. C — cultivar;

Pro — proline.

Mean squares

Source of variance  dl Fo Fm Fyv/Fin Fv/Fo FV'/Fn'
C 1 92,008.6™ 35,266.7  0.039™ 12.7" 0.001™
Pro 2 17,776.2™ 60,386.7  0.011* 3.6 0.034™
Interaction C X Pro 2 2,346.2" 6,618.3" 0.0018™ 0.0047"  0.009*
Error 18 126.7 1,438 5.8.10°  0.018 0.0017

According to our results, Mg?" content increased
significantly after the exogenous application of Pro. The
highest increase was observed in leaves and petioles of the
TC after the Pro20 treatment and in the petioles of the SC

Discussion

Exogenously applied Pro may play a significant role in
enhancing crop tolerance to various abiotic stresses.
According to some reports, exogenous Pro provides
osmoprotection and facilitates growth of plants subjected
to salt stress (Yancey 1994, Ashraf et al. 2008). This result
was in agreement with our experiment. The 10 mg L' dose
of Pro was the most effective in promoting growth in both
cultivars of tomato (Rio Grande and Heinz-2274)
(Table 2). The increase in growth parameters caused by
Pro was in conformity with Cnoska and Hanson (1991) and
Yancey (1994), where the exogenous application of Pro
provided osmoprotection in cells of plant tissues. In
contrast to the beneficial effect of Prol0, the inhibitory
effect of Pro20 was more prominent in the leaves. These
results were similar to the observations of Jain et al. (2001)
in Arachishypogaea, in tomato (Heuer 2003), and in
mustard (Wani et al. 2011). According to the work of
Ashraf et al. (2008), the concentration of Pro used for
exogenous application to Arabidopsis might be too high,
which resulted in more harmful than beneficial effects.
Accumulation of Pro under salt stress has been
correlated with stress tolerance in many plant species, and
its concentration has been shown to be generally higher in
salt-tolerant than in salt-sensitive plants (Petrusa and
Winicov 1997, Ashraf et al. 2008). It was confirmed by
our present study, where the high accumulation of Pro was
noticed in the salt-tolerant cultivar contrary to the salt-
sensitive one. However, these findings are in contrast with
the results of Aziz et al. (1999) in tomato. They reported a
negative relationship between Pro accumulation and salt
tolerance. Nevertheless, Lutts et al. (1999) demonstrated
that the salt-sensitive rice accumulated higher concen-
trations of Na* and Pro than the salt-resistant rice. They
concluded that the accumulation of Pro is related to salt-
stress injury. However, Vaidyanathan e al. (2003) and
Theerakulpisut et al. (2005) noted that salt-sensitive rice
cultivars showed higher growth inhibition and accumu-
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after the treatment with Pro10 (Fig. 2E,F).

Compared with the CT, P content was higher after Pro
treatment. This increase was noted in all organs of TC and
in leaves, petioles, and roots with the Pro10 (Fig. 2G,H).

lated greater amounts of Pro than the tolerant ones. They
concluded that high Pro contents in sensitive cultivars did
not afford much protection. In our experiment, the foliar
application of Pro improved the behavior of the SC
irrigated by saline water, suggesting that the endogenous
content of Pro might be a limiting factor for salt resistance.

Fluorescence induction patterns and derived ratios
have been used as an empirical, diagnostic tool in plant
physiological studies (Kocheva et al. 2004, Efeoglu et al.
2009). Chl parameters showed that Fo was higher in leaves
of SC than of TC, indicating that PSII reaction centres are
affected negatively more in the SC than in the TC. Fy
tended to decrease with the exogenous application of Pro,
particularly at the Prol0 in both cultivars. However, the
CT showed the higher reduction of Fy,, F\/Fn, Fv/Fy, and
F,/Fn' in SC than in TC. PSII is a membrane-protein
complex, which is believed to play an important role in the
adaptation of leaf photosynthesis to environmental stresses
(Loukehaich et al. 2011). The decrease of ®@psir might be
caused by excess of light energy, which would increase the
excitation pressure on PSII, raising the probability of
reactive oxygen species (ROS) generation and the
photoinhibition of PSII (Miiller ez al. 2001). However, the
excess of light energy could be partly dissipated via
nonphotochemical quenching. These results are in
agreement with the findings of Loukehaich ef al. (2011) on
tomato crop. They showed that the parameters F./Fp,
F.,'/Fu' decreased in tomato cultivar (T8) in 200 mM NaCl.
In addition, Demetriou et al. (2007) and Loukehaich et al.
(2011) showed that the organelle chloroplast is the most
sensitive organelle to salt stress in the sensitive cultivar
than in the tolerant cultivar of tomato. These results may
confirm that salt stress might change the thylakoid
structure, damage the PSII reaction centers, and the
chloroplast apparatus. These results are in accordance with
those of Tiwari et al. (1997) in rice and Loukehaich ef al.
(2011) in tomato.
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We observed the trend of these parameters (Fm, Fy/Fm,
Fv/Fo and F,'/Fy") to increase significantly with the Pro
application in both cultivars, independently of the Pro
concentration. The significant increase in Fo with the
corresponding decrease in Fy, indicates the impairment of
the LHCII (Fernandez et al. 1997). Similarly, Fy increase
may have several causes. The dissociation of the LHCII
from the reaction centres may occur due to the presence of
photoinhibited reaction centres and also due to a more
reduced PQ-pool in dark-adapted leaves. Likewise,
Sivakumar et al. (1998) showed that Pro protects PSII-
mediated photochemical activities in isolated thylakoids
against photodamage.

Under optimal conditions, F,/Fy, ranges from 0.80 to
0.86 in different plant species (Bjorkman and Demmig
1987). A decline in F./Fn, is a good indicator of the
photoinhibitory impairment when plants are subjected to a
wide range of environmental stresses, including drought,
salinity, and heat (Araus ef al. 1998). In our experiment, a
sustained decrease in F,/F, could indicate the occurrence
of photoinhibitory damage. Similar results were reported
by Maxwell and Johnson (2000) and Colom and Vazzana
(2003) in Eragrostis curvula. However, the observed
increase of F,/F, after the exogenous Pro application
implied an increase in photochemical conversion
efficiency of PSII in both tomato cultivars. Similarly,
transgenic Arabidopsis (Alia et al. 1999), tobacco (Holm-
strom et al. 2000), Zea mays (Quan et al. 2004), and
Brassica juncea (Prasad and PardhaSaradhi 2004) also
maintain higher F,/F,, values than wild-type plants when
subjected to photoinhibition caused by high irradiance
combined with salt or low-temperature stress. F./Fy is a
very sensitive indicator of the potential photosynthetic
activity of healthy as well as stressed plants (Ranjbar-
fordoei et al. 2006). A decrease in F,/Fo shows that the
efficiency of the photochemical process and the electron
transport chain in PSII were affected. In our experiment,
the increase in F,/Fy reflected that the potential photo-
synthetic activity was strengthened by the exogenous
application of Pro (Table 3).

In the present experiment, the Pro applied exoge-
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